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ABSTRACT -

Many .-field and laboratory studies testing the growth of
phytoplankton. and the survival of .the early developmental stages of
zoopiankton and benthic organisms have shown that sea waters that
are alike in salinity and temperature are nevertheless different in
other properties (qualities). These differences in quality may be
aésociated with variations in the concentrations of dissolved trace
elements and organics. The concentration of a trace element or or-
ganic may have beneficial or harmful effects on marine organisms.
Bary (1963) suggested that, in certain areas, tﬁese variations in the
properties of sea waters may be sufficiently great, and the tolerance
of zooplankton sufficiently small, for species to be restricted to
various waters. These waters, called water bodies, were described
by their temperaturé and salinity :characteristics and the distribution
of species was described in relation to these water bodies. .

Many of the species Bary .(1963) studied were at the northern.
most or southern-most boundaries of their geographic ranges. It Qas,
the purpose of this study to investigate whether or not, within the
‘geographic range of an organism, variations. in water quality are an
important environmental variable in determining a épecies“.abundance
and distribution. The study organism wa§ the calanbid copepbd

Pareuchaeta elongata. Lewis and Ramnarine (1969) had shown that, in

the laboratory, the egg and the prefeeding naupliar stages were

sensitive to variations in water quality.
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The -biological portion of this study consists of three parts.
The first part is the results of three survey cruises of the waters
of the inlets of the British Columbia mainland, the west coast of
Vancouver Island, the connecting passages, and the Pacific Ocean.

Six groups of water were identified on the basis of the similarity
in.the temperature-salinity characteristics of their subsurface waters.
The results indicate that P. elongata is capable of breeding in all

the waters studied, thus suggesting that variations .in the species®
abundance -are unrelated to variations in water quality. Variables
which may affect the species' abundance were suggested as being asso-.
ciated with the primary production of that area, and the.origin and
the residence time of the water in that area.

The one-year laboratory study, testing P." elongdata egg clusters
in various natural sea waters, .indicated that there were differences
in the survival among egg clusters from various areas. It was also
shown, by testing egg clusters from one area in a number of -seawaters
of similar salinities, that there were variations in the quality .of.
these wateérs.

Egg clusters were collected from G.S.-1 (in the Strait of
Georgia) and Indian Arm, and were tested'iﬁ their home Q;tef once -a
month over a 12-month period. Field colléctions were made af these
two stations over a 2¢9-month period. The laboratory.data were evalua-
ted in'terms of the field data.. The number of nauplii in the water
was correlated with the number of eggs in the water, and was apparehtly

not significantly affected by variations in the.survival of the egg
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in its home water (as measured in the laboratory).. This lack pf

any significant-effect of variationgin survival was probably due to

the very large effect of variations: in egg production. There was a
high mortality from the hatched nauplius to the adult.(épprokimately
97%), indicating that the mortality -of the egg due to its -inter-

action with the water had a small role in determining .the final po-
pulation size. The data suggested that variables, rsuch as prey
availability,‘and predationy, are probably the.mostvéffective variables
in regulating the abundance of the species in these two areas. -

In conclusion, while 'the data showed that the species was more
abundant in some areas than others, these differences could be ex-
plained by considering the primary .production of:theﬁarea, and the
origin and residence time -of the water. Althoﬁgh seawaters within the
study area may vary in quality, these variations probably do not sig-

nificantly affect the abundance and distribution of-the species.
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1
INTRODUCT ION

A planktonic organism-is carried by the water in which it.
lives from one area to another, and is incapable of swimming against
this current. Because the range of such organisms .is, by necessity,
dependent upon currents, descriptions of a species' range have fre-
quently been made in terms of some of the physical characteristics:
of the water in which it lives.. These physical characteristics have
been described from measurements of temperature and salinity, and de-
finition has been given to water masses, domains, and the various
mechanisms which transport water from one area to another.

Species may be associated with particular water masses (Bieri
1959; Kriss 1960; Kriss et al. 1960a, 1960b; McGowan 1960; Brinton
1962; Fager and McGowan' 1963; Johnson and Brinton 1963)... They may
also be associated with smaller volumes of water, and the currents
~adjacent to coasts (Russell 1935, 1936, 1937, 1939; Fraser 1937,
1939, 1952; Marumo 1957; Sheard 1965).

Marine organisms pdsséss a range of tolerances for temperature
and salinity (Kinne 1963, 1964): Within the .oceanic environment,
salinity .is ‘probably not'limiting to oceanic plankton (Hopper 1960),
although it may be limiting innestuaries (Gunter-1961). Temperature
may limit the.viability or fecundity of zooplankton.(Hutchins 1947),
and is limiting to certain species carried from warm tropical waters
into the colder temperate and polar regions (Somme 1929; .Berner and
Reid 1961; Woodhouse 1971). However, while temperature and salinity

may limit a planktonic species at the boundaries of its .range, it is



less likely that temperature and salinity variations, per se, are
significant variables in determining.a species' abundance within
its range.

(1) -The concept of  variations in the 'quality' of sSed waters
, P qu

Sea waters of.similar salinities may have different concen-
trations of the minor elements, although the eleven major elements,
which account for 99.9% (by weight) of the salt .in oceanic waters,
occur in constant proportions (Sverdrup.et al., 1942). Many of.
these minor elements are involved in the more important inorganic.
and biochemical reactions in the marine environment (Goldberg 1965) .
These reactions may be important in determining the concentrations
of "these dissolved elements.v‘The concentrations of dissolved nitrogen
and phosphorou; in the euphotic.zone are largely dependent ﬁpon these
reactions, and largely independent of variations in.salinity. The
concentrations of dissolved copper.(Atkins -1953), silicone (Armstrong
1954), iron (Armstrong 1959), and dissolved organic carbon, nitrogen
and' phosphorous (Duursma 1961) vary seasonally in certain waters.

Many of the' eélements .present .in sea .water are concentrated by
marine -organisms (Goldberg“}9§7; Bowen,1966); and have known functions’
(Lehninger 1950; Williams 1953). Nitrogen and phosphorous are.the
general limiting factorS'ﬁo growth in the sea (Redfield 1958), and -
have been studied at various levels in the marine ecosystem.(Clowes
1938; Marshall and Orr-1927; King and Demond 1953; Sette 1955;‘Holmes

t al. 1957; Steeman and Jensen 1957; Bogorov 1958; Heinrich 1962;



Reid 1962). However, in certain areas, other trace elements may
~limit phytoplankton"grthh,'bothnin'lakes (Lund 1950; Goldman 1960,
1961) and in the marine environment (Harvey 1947; Ryther and
Guillard'1959§ Johnston 1963). The concentration of dissolved copper
may be important to the setting of oyster larvae (Prytherch 1934).
Dissolved organics may have several effects upon the biota within

the marine environment (Lucas 1938, 1947, 1949, 1961), being toxic
(Bainbridge '1953; Gunter et al., 1948; Procter .1957)..or beneficial -
(Chu 1946, Collier et §4.3_1953; Rodhe 1955; Provasoli 1963; Stephen
et al.; 1961; Barber and Ryther 1969).

Johnston (1963, 1964) indicated that sea waters of similar

salinities (and temperatures) may vary in quality, this quality

being associated with the availability of dissolved trace elements.
He determined these variations in quality by eiamining the growth of
phytoplankton in several sea waters collected from different areas
and at different times. Wilson (1951) and Wilson and Armstrong (1952,
1954, 1958, 1961) also indicated that there.were variations.in the
duality of sea waters collected from different areas. However, they |
were unable to determine the source of variation.. Gilfillan (1970)

showed that the zooplankter Euphausia pacifica.collected from two

areas, eﬁhibited different respiration rates in waters of similar
temperatures and salinities. Few studies have, however, investigated
the role of variations in the QUality of natural sea waters in the
distributional ecology of zooplankton; a motable. eiception has been

the work of Bary: (1963).



Bary (1963) surveyed'the surface waters around Great Britain,
and subdivided them into 'water bodies' on the basis of their temper-
ature-salinity characteristics. Certain species of zooplankton were

“associated with particular water bodies, e.g., Pareuchaeta norvegica

was associated with the Cold (Northern)-Transitional water bodies but
not with the Warm (Southern) water body. Species have been shown to
be associated with particular waters many times in the literature,
and from these associations arose the concept of .indicator species.
However, very little of the work on indicator species has attempted’
to explain why an organism is associated with one water and not-ano-
ther.

Bary (1963) stated that .zooplankton-watér-body associations were
due, not to variations in-the temperature and salinity of the water-

bodies, but to variations in the other properties of the waters. A

body because it was tolerant of the properties of that water. Converse-
ly, it was not associated with the other water bodies because it was
intolerant of the properties of that water. The earlier work of
Wilson and Armstrong had shown thattVariations did occur in the quality
of these waters, and the later work of Johnston confirmed this.
Bary's contribution was to hypothesize that these variations were
sufficiently great, and the tolerances of zooplankton sufficiently
small, for the species to bbe limited to certain waters.

Séveral criticisms may be made of Bary's work (1963). Many.

of the species -he examined were at the northern-most or southern-



most boundaries .of their geographic ranges; at' these boundaries
temperature may have been limiting. Bary believed that this was

not the variable limiting zooplankton.to their native water bodies,:
because, over the year, the species ekperiencedifluctuations in tem-
perature and salinity which .were greater than the variations between
water bodies. As the .native water body varied seasonally in tempera-
ture and.salinity, the.zooplankton associated with these waters must
have had a wide temperature and .salinity tolerance over the year. -
However, Gilfillan (1970) showed that the temperature and salinity-

tolerances of the zooplankter Euphausia pacifica.varied through the.

year, with the result that the tolerances over.the year were greater
than the tolerances in any one month. An alternative e&planation of
Bary's data is that although the zooplankton'specieS'he‘eiamined

were able to tolerate changes in temperature and salinity during the
year, this ability to tolerate changes.was not the same at all times
of .the year.  Because of this, temperature and salinity variations .,
between water bodies .could have been limiting; either because the
variations were lethal to the species, or because the species avoided
the surface layer and remained deeper in the water column.

Another criticism of Bary's work was that he ‘examined only
one depth in the water column and, by this, failed to describe -ade-
quately the dimensions of the water bodiés, the events occurring in
the zone of mixing between water bodies, and the vertical distribution

of ‘the species within the water bodies. Therefore, while his data



are open to the interpretation that species are associated with-
certain water bodies because of their tolerances to the properties
of these waters, the'data are inconclusive.  Also, as his studies
were not conducted well within the geographic range of most of the
species he studied, he‘failed to give a'good evidence.that.a species
is affected by variations in the properties or quality of the water
within its range.

The - purpose of this study is to test Bary's hypothesis by

investigating whether or not the.calanoid copepod Pareuchaeta elongata’

is affected by temporal and spatial>Variations'in,the.properties of
water bodies. This species is an ideal study organism.for many rea-
sons. . Lewis and Ramnarine  (1969) showed tﬁat the egg cluster was
sensitive to variations in water quality.. These clusters were reared
in their native water, and experiments conducted once a month-over a
12-month period indicated that there were'temporal‘variations in the
survival of the eggs. This suggested that there were temporal varia- -
tions in the quality of sea water. Survival could be enhanced at
certain times of .the year by the addition of trace elements or the-

synthetic chelator EDTA to the sea water.

Unlike Euphausia pacifica, which Gilfillan (1970) showed to

round. It is possible to collect all the developmental stages.each
month, and to observe changes in their distribution. Although P.
eléngata has been captured in many ‘areas in the open and coastal

North Pacific, it has generally been captured in very low numbers;



conversely, the species occurred in large numbers in the Strait. of
Georgia. This suggested that P. ¢longata survives best in water
bodies 'such as those associated with the Strait of Georgia, and is
less able to survive in water bodies with a closer geographic.and

oceanographic connection with the open waters of the.Pacific Ocean.

(ii) The distribution and biology of P. elongata

Very little is known about the biology of P. 'elorgata. Most
of the field work haé consisted.of statihg its occurrence in various
areas, and most of the descriptions have been in oceanographic rather .
than geographic terms. Few studies have described the vertical dis-
tribution of the. species and the temperature and salinity of the water
in which ‘the species was found.

The species has been described by various authors as Pareuchdeta

elongata, P. japonica, Euchaeta elongata, and E. ‘japonica. A litera-

ture search was made to determine the basis for the geneTric and species

names, and, from this, it is decided. that the name Pareuchaetd elongata

is correct. The results of this literaturessearch are reported in the
appendix. -

P. elongata has been captured from the Bering -Sea, the Sea of
Okhotsk (Brosky 1950), the Sea of Japan (Marukawa, 1921), the -Izu
region of Japan (Tanaka and Omori 1968), the subarctic Pacific Ocean,
with smaller numbers in the transition zone between the subarctic and

subtropical North Pacific Ocean (Morris 1970), the Alaskan72E§ihSQié_



(Davis 1949), the Queen Charlotte Island region (Cameron 1957),

the Strait. of Georgia (Campbe11‘1929, 1934) and Howe Sound (Pandyan
1971) which lies east of the strait; and the'San Diego region
(Esterly 1913).

The life history of P. elongata consists of an egg (retained
in a cluster of 8 to 24 eggs; Lewis and Ramnarine 1969), sik naupliar
stages, and six copepodité stages. The first two naupliar stages
are nonféeeding, and the reméining«fpur are ‘herbivorous.  The copepo-
dites are primarily carnivorous, with the ekception of the adult male,
which is.herbivorous (Pandyan 1971). The morphology of the develop-
mental -stages has been described .by Campbell (1934). -

This thesis presents the results of four studies. These are:

1) Two physical oceanography studies. The first consisted of
three survey cruises of a number of stations in the waters of the
west coast of Vancouver Island .the .British Columbia mainland, the con-
necting passages, and the Pacific Ocean. ' The second was a two-year
study at-Juan de Fuca Strait, Haro Strait, Boundary Passage, G.S.-1.
(in the Strait of Georgia), and Indian Arm.

2) The study of the temperature-salinity -associations of the
developmental stages of P. elongata as determined by the three survey
cruises.

3) A 'l-year laboratory study of the responses.of P. elongata
egg clusters.collected from G.S.-1 and Indian Arm to various natural
sea waters, and five shorter studies using egg clusters collected from

other areas.



4) A study of the temporal fluctuations in the -distribution
of the developmental stages of P. elongata at G.S.-1 and Indian Arm,
and an evaluation of this . in terms of the laboratory data and the
temperature-salinity data.

In order to maintainuclarity«and“to better illustrate trends, -
the four sections are pregehted separately with an introduction, a
materials and methods section; a results section,and a discussion or

summary. - ’
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CHAPTER I
(13 PHYSICAL OCEANOGRAPHY OF ‘THE STUDY AREA

INTRODUCTION

A prerequisite for a successful study of the temperature-
salinity associations of an organism.is theAekamination of a com-
prehensive range of waters with different temperatures and salinities..
The area consisting of the inlets, and the inside passage between
Vancouver Island and the British Columbia.mainland, and the Pacific
Ocean is ideal for such a study. The waters within this  area possess
distiﬁct temperature-salinity characteristics -and are,-on this basis,
divisible into a number of groups and domains (Pickard 1961, 1963;
Dodimead et al. 1963; Herlinveaux.and Giovando- (1969).  This area is
also ideal because there.is a continual eichange of water between
the inshore and offshore.environments, so that a-study conducted over
a l-year period should reveal whether or not a species ‘is limited to
a.particular water. This wotild be indicated if the species were asso-
~ciated with one water, .and disappeared .as this water‘was‘transported
into another area.

Within the study area, the dominant process,By which oceanic

' 1
water is transported to the inshore environment and fresh water to
the offshore environment is estuarine -circulation. Estuariﬁe circu-

lation consists of a 3-layered system with a surface layer.of fresh and

low-salinity water moving out towards the ocean, and‘a deeper, high-
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salinity layer moving inshoref Befweeﬁ'the surface and.deep layers,
is an intermediate layer where the deeper, high-salinity water is
mixed upwards into the lower-salinity water and carried seaward. The
lower 1limit of the halocline represents the point -of no net transfer
(Tully 1958).

A second process by .which .subsurface Pacific Ocean water is
transferred to the inshore .environment is upwelling. Upwelled water
is moved inshore, generally in the summer, by estuarine circulation

and tidal currents (Tully .1958; Tully and Barber 1960; Lane 1962, 1963).

Materials and Methods

The three survey cruises were conducted in May and July 1970,
and in February 1971, where 22, 26 and 18 stations respectively were
ekamined; Figﬁre 1 shows the positions of the stations.  Not all the
stations were occupied during each cruise ‘either due to the ‘design of
the cruise or to the weather. Table 1 lists the stations occupied-
during each cruise, the.depth of the water column, and the greatest
depth to which plankton and water samples were madef, The data, in-
cluding the co-ordinates of the stations and the time of sampling, are
reported in.the Institute of Oceanography Data Reports (1971, 1972).

Measurements of temperature and the collection of water sam-.
ples for salinity analysis were made by using NIO bottles equipped
- with reversing thermometers. A surface sample was collected with a

bucket.
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Figure 1. The study area and the position of the stations

' occupied ‘during the three survey cruises@, the
two year study® , and two short cruises in the
Pacific Ocean A.
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TABLE 1. The depth of the water column, the depth of the
deepest sample, and the month of sampling for the
stations occupled during - the three survey crulses

Station Depth of Depth of Months
: ’ Water Column Deepest Sampled
(meters) . Sample
. (meters) .

Howe Sound (How) 248 225 MJ'F
Georgia 6 (Geo 6) 132 100 J
Malaspina Strait (Mal) 402 340 MJF
Georgia 10 (Geo 10) 143 100 J

. Georgia 11 (Geo 11) 358 325 MJF
Jervis Inlet -(Je) 677 600 MJF
Pendrell Sound (Pe) 431 400 MJF
Bute Inlet - (Bu) 658 600 MJF
Nodales Channel (Nod) 333 275 MJ
Loughborough Inlet (Lo) 256 . 220 MJF
Johnstone Strait (Jo) 483 450 MJF
Knight Inlet (Knight) 527 475 JF
Kingcome Inlet (Kin) 475 450 MJF
Seymour Inlet (Se) 490 ' 450 MJ
Belize Inlet (Be) 388 375 MJ
Smith -Inlet (Sm) 358 340 MJEF
Queen Charlotte- Stra1t(QC‘Str)373 340 MJ
Queen Sound (QC snd.) 298 250 MJF
Kashutl Inlet (KAS) 256 200 MJF
Muchulat Inlet (MUC) - 358 340 MJ F-
Alberni Inlet (ALB) 311 275 MJF
Pac 1 1,902 1,000 MJ
Pac 2 1,390 1,000 MJF
Pac 3 1,792 1,000. MJF
Pac 3-1° ' 227 150 MJF
Pac 4 274 250 MJE
Pac 5 2,578 1,000 F

M = May; J = July; F = February
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Temperature was read at sea with an accuracy of £0.01°C
Samples for salinity .analysis were drawn from the NIO bottles, and
the salinity was estimated in.the laboratory by using the Model 601
MK3 Auto—Lab Inductively Coupled Salinometer (EXtended Range Model).
For salinities‘above 28%, the salinometef has a reported accuracy
of i0.00S%o(Institute.of,Oéeanography Data Report, 1970).

A bathythermograph was used before. the bottle cast at.all the
stations occupied during -the three survey .cruises, .and at all the
five stations occupied during the second year of sampling (October
1970 to October 1971). of the 2-year study. Also, additional samples -
were drawn from the water bottles, and the dissolved okygen concentra-
tion was measured, at sea, by .using the Winkler method as modified by

Carritt -and Carpenter. (1966).

(ii) The 2-Year Study

Five stations were studied from October 1969 to October 1971
inclusive, with each station béing occupied once a month. . These sta-
tions were in Juan de Fuca. Strait, Haro Strait, Bdundary Passage, the
Strait of Georgia (G.S.-1), and Indian Arm; Figure 1 shows the posi-
tions of the stations. .The data are reported in the Institute.of-
Oceanography Data Reports (1970, 1971,and 1972). The methods used
at.each station are as described above for the survey cruises.

The: station (48° 23'N; 124° 21'W) in Juan de Fuca Strait was
located in the coastal .seaways domain (Herlinveau* and G}ovando 1969), .

in a trough approximately 230 -m deep communicating with Juan de Fuca
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canyon which runs across the continental shelf. The physical
oceanography of this strait has been described by Herlinveauk_and
Tully,(1961). The station in Haro Strait (48° 29'N, 123° 9'W) was
located in a narrow depression approximately 300 m deep. The Boun-
dary Passage station (48° 50'N, 122° 59'W) was located at the junc-
tion of Boundary Passage with the Strait of Georgia, and was over a
flat plain approiimately’220 m deep. Both the Haro Strait station
and fhe.BOUndary Passage station were located within the southern
homogeneous domain (Herlinveauk and Giovando 1969)..

The station in.thé‘Strait of Georgia (49O 17'N, 123° 51'W)
was located in the center of a Y-shaped trough; the water column was
approiimately 420 m deep. The physical oceanography of the Strait of
Georgia has been described by .Waldichuk (1957). The Indian Arm sta-
tion (49O 24'N, 122° 53'W) ‘was located in the middle of the inlet;
the water column was approﬁimately‘ZZO m deep. The physical oceano-

~graphy of this inlet has previously been described by Gilmartin (1962).

Results -

(i) Survey Cruises

Although the. temperature and salinity of the upper 150 m of
water at the stations were different during the three times they were
studied,; theideep waters were similar in these characteristics. Second-
ly, thg relative -abundance of the developmental stages of'Pareuchaeta

elongata among the stations was similar during the three cruises.
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Because of these observations, the results of only one survey cruise
are presented. The July 1970 survey cruise was ‘chosen for represen-
tation because it was the most e&tensive.

The stations were divided into six groups on the basis of the
temperature—salinity characteristics -of their subsurface waters. The
classificationsof Pickard (1961, 1963) for the inlets, Herlinveauk and
Giovando (1969) for the waters of the inside passage, .and Dodimead
et gl;, (1963) fof the sub-arctic Pacific Ocean were referred to, and
with slight modifications, used. The groups.are: (i) low-salinity
'southern' waters, (ii) southern waters, (iii) intermediate and nor-
thern wateré, (iv) west coast inlets, (v) coastal seaway waters, and
(vi) sub-arctic Pacific Ocean waters.

Figure 2 shows the temperature-salinity curves for the six
groups of stations studied -during the July 1970 survey cruise. In the
summer, surface waters are generally warmer and lower in salinity than
deep water; therefore, the upper.left portion of .each curve represents
the near-surface water, and the lower right portion represents the
deep water. All the temperature-salinity data collecfed from 10-m
to the deepest water sample were used in drawing the curves; tempera-
ture-salinity points where horizontal plankton samples were collected
are indicated by symbols on each curve.

The temperature-salinity curves confirm the differences in the
deep. water characteristics -as discussed by Pickard f1961, 1963),
-Herlinveaui and Giovando (1969), and Dodimead et al.. (1963). There

was a gradient of salinity and temperature from the warm, low-salinity
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The  temperature-salinity curves for the six groups of
stations studied during the July 1970 cruise (with
the exclusion of the 0-meter data). (a) low salinity
'southern' waters, (b-1,2) southern waters, (c) in- -
termediate and northern waters, (d) west coast inlets:
waters, (e) coastal seaway waters, (f) sub-arctic
Pacific ‘Ocean waters (abbreviations as in Table 1).
The missing 10-m (*) data for the southern inlets are:

Inlet Temgerature Salinity
' C %o
Howe 13.6 27.0
Mal 15.2 26.8
Geo 6 12,7 - 28.2
Geo 10 15.7 26.9
Geo 11 15.9 27.1
Je 15.0 26.3
Pe 13.7- 28.1
Bu 9.5 28.5
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southern waters through to the cold, high-salinity west coast inlet
waters. The-coastallseaWay waters .were .higher in salinity and cooler
indicating less dilution of oceanic water by the warm, low-salinity

surface waters from the inlets and the inner straits.

(ii) The 2-Year Study

Figure 3 shows the fluctuations in temperature, salinity, and’
dissolved,oxygeﬁ concentration which occurred during the 2-year study
period at Juan .de Fuca Strait, Haro.Strait, Boundary Passage; the
Strait of Georgia (G.S.-1), and Indian Arm. The data for the.period
November 1971 'to February 1972 for Indian Arm.and G.S.-1 are from
Mr. G. Gardner (pers. comm.).. Broken lines on the figures indicate
uncertain data points. The sampling depths are indicated on each
‘graph; horizontal plankton samples were collected from the same depths
with the exclusion -of .0 and 20 meters.

Temperatures of the surface waters at all five stations were
lowest in the winter .and early spring, and highest in the late summer
and autumn. The lowest salinities .occurred from the late spring to
the late summer associated with the increased discharge of rivers such
as the Fraser (Water Survey of Canada 1971, unpublished data for 1971).
A second period of low salinity occurred in the late winter; and was
associated withuthé.period in which direct precipitation was greatest.
The dissolved oiygen concentrations of the near-surface waters were
high in the early spring and winter, and low from the late summer to

October or November.
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The deep water in Juan de Fuca Strait was coldest and most
saline from April to October or November. This was because upwelled
subsurface Pacific Ocean water was present in the strait at this time.
During the late summer, when upwelling ceased, this oceanic water
was gradually,miied into the overlying warmer, less—saline-waters:

This mi*ing continued through the autumn and winter, at which time

the deep waters reached their lowest salinities -and highest tempera-
tures. Similarly, the dissolved oxygeﬁ concentrations were low from
the spring to the iate summer when the undiluted, low-oxygen Pacific
Ocean subsurface water was present .in .the strait, and increased through
the autumn and winter as this water wasrmi&ed with ‘the overlying,
higher-o&ygenlwater.-

The deep water in Haro Strait was most saline from.the spring
to the late autumn. In 1970, the deep water reached its maximum salini-
ty and lowest temperature in' September although,. in Juan de Fuca Strait,
the maiimum salinity 'and minimum. temperature were reached in July.

From this it is estimated that the deep water in Juan de Fuca Strait
takes one to two months to reach Haro Strait.  The dissolved o#ygen
conéentration of the deep water in Haro Strait was lowest in the late
summer and early autumn, when the low—oiygen subsurface Pacific Ocean
water was mixed into the waters of the San Juan Archipelago. Values
were higher during the rest of the year, being greatest in the winter
when intensive miXing-of the.water'éélumn.occurred'as evidenced by

the -water being almost completely isothermal and isohaline.



Figure 3.

The temperature, salinity, and dissolved oxygen

. concentrations of the water at (i) Juan de'Fuca

Strait, (ii) Haro Strait, (iii) Boundary Passage,
(iv) G.S.-1 in the Strait of Georgia, and (v)
Indian Arm during the study period. Dashed lines

-indicate uncertain or missing datam points. The

depths at which samples were collected are indi-
cated by dots. -
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The deep water of Boundary Passage was highest in salinity
from the late spring to the late autumn. The temperature of the
deep water was lowest in the winter. The dissolved okygen concén-
trations were low from the late spring to the late aufumn, presumably
owing to the'lowaokygen'Pacific Ocean subsurface water being miked
into the waters of Boundary Passage.' Values were high during the
winter and early spring when there was intensive miiing of the water.

The temperature and salinity of the deep water at G.S.-1 in
the Strait of Georgia, were lowest in the early épring and highest
in the late autumn.. Beginning in the late summer, the bottom water
of the Strait of Georgia was replaced by the warmer, higher-salinity
water which was formed in the San.Juan Archipelago. This water was
formed from the miXing of subsurface Juan de Fuca Strait water, and
sﬁrface water from areas such as the Strait of Georgia and Puget
Sound. The replacement of the bottom water of the Strait of Georgia
continued until October or November, after which the 'new' water was
gradually eroded away and mi&ed into the overlying colder, less-saline-
Qater.. The dissolved'oiygen.concentration of the deep water at G.S.-1
was lowest in the late.autumn when the low-oxygen water from the San
Juan Archipelago replaced the bottom water. In the winter and spring-
the- values increased as the higher-oiygen water formed in the San-
Juan Archipelago intruded into the Strait of Georgia at intermediate

depths, and eroded away and mixed into the low-oxygen water.
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In Indian Arm, the deep. water was most saline from the late
autumn to the'early spring when the water was replaced by an influx
of more saline water. This "'new' water was only .slightly eroded
"away and mixed into thg'overlying, less-saline wateér during the
* summer. The deep water. was. relatively isothermal .through the year
with changes occurring at the time of deép water replacement. The
dissolved okygen concentration was‘highest when the deep water was
replaced by the'higher—okygen water formed in the vicinity .of the
sill at the mouth of the inlet. Okygen values decreased through the

late summer and early autumn.

Summary -

(1) The three survey cruises of a number of inlets of the
British Columbia mainland and the west coast .of Vanéouver Island, the
connecting passages, and the Pacific Ocean examined a wide range of
waters with distinct temperature-salinity characteristics. These
stations could be .subdivided .into siX_groups on the basis of the tem--
perature-salinity characteristics of the subsurface waters.

(2) The survey cruises, because they covered'an.ektensive
range of waters with distinct temperature-salinity characteristics,
were ideal for determining the temperature-salinity associations of

‘Pareuchdetd elongata, and determining whether or not the species was

restricted to various waters.
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(3) The 2-year study at Juan de Fuca Strait, Haro_Strait,-
Boundary Passage, G.S.-1:'(in the Strait of Georgia), and Indian Arm
observed the transfer of subsurface Pacific Ocean water .inshore, and
the transfer of fresh and low salinity water to the offshore environ- -
ment. -

(4) The 2-year study, while covering a less extensive range
of waters than the three survey cruises, was ideal for showing whef
ther or not temporal .variations in the distribution of Bg'elbngata

in an area were associated.with changes in the water of that area.
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CHAPTER II
P. ELONGATA TEMPERATURE-SALINITY ASSOCIATIONS AS DETERMINED
BY THE THREE SURVEY CRUISES

INTRODUCTION

Pandyan (1971) showed that, in Howe Sound, the naupliar and
first copepodite ‘'stages of'E:.elongata were found in the‘déep water,
while the later stages were found higher up in the water column.
Secondly, she-indicated that the third to sixth copepodite :stages
were found nearer the surface at.night‘than during the day, although
they were always found throughout a large portion of the water column.
This suggests that these stages ekhibit diel vertical migration, al-
though the vertical migration is less pronounced than that of zoo-

plankton such as Euphausia pacifica, which are found at more discrete

depths during the day and night.

In Howe;Sound, the vertical distribution of P. ‘elongata ap-
peared to be a function of the stage of development of the organism,
and the variabiés affecting diel migration. What was not known for
Howe Sound or .for any other area, was the role of temperature, salinity
and. the other properties of sea watérs in determining the distribution
of P. elongata. The purpose of.the‘thrée survey cruises was to inves-
tigate the'qualitatiye and quantitative -distribution of the develop-
mental stages Qf P. ‘elongata in a number of groups Qf(waters with
distinct temperature-salinity characteristics. In particular, the

following were investigated:
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(1) Is P. elongata capable of surviving across the range _
of waters which constitute the oceanic and coastal environments?

(2) Is P. elongata capable of reproducing across the range
of waters which constitute the oceanic and,coastal environments?

(3) Is the vertical .distribution of P. elongata. throughout
its range a function of temperature and salinity, or is the vertical
distribution similar both in the oceanic and coastal environment?

(4) What other environmental variables might account for
populations of P. elongata.being relatively small in.the Pacific

Ocean, and relatively large in areas such as the Strait of Géorgia?

Materials and Methods

(i) Field Procedures -

Figure 1 shows the positions of the stdtions occupied during
the three survey cruises, and Tabie 1 shows the stations occupied dur-
ing -.each cruise, and the maximum depth of plankton and water sampling.
The techniques employed at each station were the same. Horizontal
plankton tows were made, and .the temperature, salinity, and dissolved
okygen concentration of the water were measured at a number of depths.
Plankton samples were made‘at the same depths as the water samples, -
with the ‘exclusion of 0 and 20 meters.

Discrete horizontal plankton samples were collected by using
the opening and closing Clarke-Bumpus samplers equipped with a. pumber
2 mesh (approkimate pore size-360 p). The samplers had a mouth diame-.

ter of 12-cm, and were each mounted with a flowmeter. The samplers
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had earlier been calibrated thereby allowing 'quantitative' samples
to be collected. Two plankton tows were made at each station, with-
six samplers being used for the first tow, and a variable number of .

up to six-during the second tow. All samples were .preserved in a 10%

formalin-sea-water solution buffered with borax.

(ii) Treatment of the P. elongata Field Data

Thg data .collected during the three survey cfuises were ex-
amined in two ways. There were:

(1) The total numbervqf animals at each stage in a 1—'m2 column
of water was estimated for each station. This was accomplished by
determining the concentration of animals caught at each depth, .calcu-
lating the mean between two successive depths, and then multiplying
this . value by the distance between the two sampling depths. This was
done for all sample. depths, and the values summed to give the total for-
the water-column.

(2) A second method was to draw the standard temperature-sa-
linity-plankton graphs to show the occurrences of P.. elongata with
water types. The most common method has been to use various sized
~symbols to represent the numbers or the concentrations of animals caught
at various temperature-salinity values (Bary 1963). There were several
disadvantages to using this technique in this study, and so it was
modified slightlyt The first.disadvantage was that unless all the
temperature-salinity values were shown on the graph, zero-values for
captures did not appear. A second problem occurred because few samples

were taken in water in which 'the temperature and salinity changes with
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depth were great (i.e. the upper 30-m), and many samples were taken

at depths in which the temperature and salinity varied only slightly.
It was difficult to present all the datam:points”on the temperature-
salinity-plankton graphs for those areas in which temperature and
salinity varied only slightly. , Also, it was felt that presenting the-
data in this fashion would place. a bias on interpreting the results;
if the animals, were uniformly distributed throughout the water column,
the graph would have a tendency tO'Suggest'thatAthey were more concen-
trated in the relatively homogeneous zone simply because more. symbols
appeared there,

In.order to circumvent these problems, the mean concentration
of organisms in temperature-salinity areas (O.25~Co X'O.ZS%Q on the
temperature-salinity-plankton graph weré calculated. The study sta--
~tions had earlier -(Chapter I) been divided.into.sii‘groups on the
basis of the similarities of the temperature-salinity characteristics
of their subsurface waters... For each group, the temperature-salinity
~ graph ‘(Figure 2) wés'divided into rectangles 0.25 €° X 0.25%. ~All
the plankton data were eﬁamined, and each sample was assigned to its
particular temperature-salinity rectangle on a master sheet. When
all the data for each stage had been entered onto the master sheet,
the mean value for each rectangle was calculated. - On the final graph,
the temperature-salinity rectangles for which there were plankton sam-.
ples were drawn, and the mean concentration of organisms for each

rectangle was written inside. By referring back to the temperature- °
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salinity «curves (Figure 2) for the six .groups of stations, one can

determine how many sample points were used to calculate the mean.

Results .

(i)'The’Abundance'of'P.'elongata-in'the~Sii'GrOupslof'Watérs

Tables 2, 3, and 4 show, for each station, the estimated number
of P. ¢elongdta at each developmental stage (the six naupliar stages
are combined), and the estimated mean concentration of animals between .
10 m and the deepest horizontal plankton sample. For the purposes of
comparison; the calculations for IndiaﬁfArm,vG.St—1~(in the Strait of
Georgia), Bdundary Passage,aHaro.Strait,-and Juan de Fuca Strait are
included in the tables.

Although the number ' at each station varied from one cruise to
the ‘next, the relative abundance of P. elongata within_the si* groups
of stations ‘was similar during the. three time periods studied. Second-
ly, there was no consistent pattern for the particular stages to be
. more numerous.during one gruisefthah during another.

Complete populations of E}*eiongata,-consiSting-of all the
developmental stages, were associated with the low-salinity .'southern'
waters, although Seymour and Belize Inlets had relatively small popu-
lations in comparison with Indian:Arm, and in comparison with the’
populations in adjacent inlets such as Smith and Kingcome. . Complete

populations of P. 'elongata were also associated with southern waters,
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TABLE 2. The estimated number of the developmental stages of P.

elongata in a.column (1l-m“) of water between 10 meters
and the deepest plankton sample.* (1) low-salinity
'southern' waters; (2) southern waters, (3) intermediate
and northern waters, (4) west coast inlet waters, (5)
coastal  seaway waters, and (6) sub-arctic Pacific Ocean
waters.

May 1970 Cruise

Station and Maximum Egg N c-1 ¢-2 C-3. C-4. C-5 C-6

* %k * %
Total Total

Type * Sample Depth
Depth
o (m
Seymour (1) 475 3 75 557 42 3 22 23 13 235 0.49
Belize (1) 240 4 25 40 67 3 5 0 8 148 0.61
Howe (2) 225 10 268 -103 103 88 98 84 23 767 3.41
Mal. (2) 340 44 586 375 639 246 112 88 103 2149 6.32
Jervis (2) 600 25 613 1006 1589 472 385 120 109 4294 7.16
Geo-11 (2) 325 50 89 127 478 299 156 53 141 1343  4.13
Pendrell. (2) 400 18 815" 670 1202 518 60 24 159 3448  8.62
Bute (2) 600 105 870 737 1475 755 263 447 642 5189  8.65
Nodales (2) 275 0 0 0 0 0 0 0 0 0 0.00-
Lough. (2) 220 0 5 28 27 48 39 18 27 192 0.87.
John. (3) 450 - 0 0 49 0 0 47 . 0 0 96 0.21
King. (3) 400 23 152 201 237 138 213 326 86 1354 3.39
Smith (3) 325 36 774 764 697 271 253 175 61 2995 9.22
Kashutl (4) 200 13 49 43 137 71 9 30 30 369 1.85
Much.. (4) 340 83 425 413 722 309 133 41 159 2202 6.48
Alb. (4) . 275 23 1158 745 1006 481 68 63 124 3645 13.25
Q.C.-Str.(5) 340 0 0 0 0 0 7 0 0 7 0.02
Q.C. Snd.(5) 250 0 0 0 44 0 0 0 0 44 0.18
Pac 4 (5) 250 0 13 0 13 23 6 14 15 84 0.34
Pac 1***(6) 750 0° 0 0 7 28 7 0 0 42 0.05
Pac 2***(6) 1000 0 12 181 92 54 23 30 4 396 0.40
Pac 3***(6) 1000 0 78 205 117 130 45 45 0 620 0.62
Ind (1) 200 18 1423 530 286 175 . 32 . 11 51 2508 12.54
G.S.-1 (2) 390 23 630 588 678 349 198 159 109 2711 6.95
Bound. (2) 200 0 0 0 2 2 1 0 0 5 0.03
Haro (3) 250 0 0 0 0 0 0 0 0 0 0.00
J.F. Str. (5) 215 0 10 0 4 66 55 .24 0 159 0.74

** excluding -the egg cluster

*** shallowest sample was at 25 meters
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TABLE 3. The esti?ated number of the developmental stages of P. elongata
in a 1-m® column of water between 10 meters and the deepest
plankton sample* (1) low-salinity ‘'southern' waters, (2) southern
waters, (3) intermediate and nerthern waters, (4) west coast
inlet waters, (5) coastal seaway waters, and (6) sub-arctic
Pacific Ocean waters. ‘

July 1970 Cruise

Station and Maximum Egg N C-1 C-2- C-3 C-4 C-5 C-6 Total Total

Type* Sample *k Depth**
Depth A
_ (m). »
Seymour (1) 450 0 85 59 74 43 24 16 15 316 0.70
Belize (1) 275 3 47 72 77 - 30 53 36 3 318 1.16 .
Howe (2) 225 14 242 99 97 122 190 - 44 .86 880, 3.91
Geo-6 (2) 100 0 0 1 29 35 0 .0 0 65 0.65
Mal (2) 340 35 1018 682 459 354 132 37 82 2764 8.13.
Jervis (2) 600 5 582 1004 964 396 390 98 93 3527 5.88
Geo-10 (2) 100 0 0 0 12 . 11 91 229 22 365" 3.65
Geo-11 (2) 325 34 366 271 151 191 316 309 142 1746 5.37
Pendrell (2) 400 17 604 1203 1360 566 61 64 23 3881 9.70
Bute (2) 600 38 564 723 1042 1000 72 0 53 3454 5.76
Nodales (2) 255 0 0 0 2 2 2 0 0 6 0.02
Lough. (2) 220 0 99 52 48 32 6 27 6 270 1.23
John. (3) 450 0o 0 0 0 0 0 0 0 0 0.00
Knight " (3) 475 13 80 88 144 72 140 1076 157 1757 3.70
King. (3) 450 27 341 160 187 175 91 212 98 1264 2,81
Smith - (3) 340 16 370 178 123 98 226 194 86 1275 3.75
Kashutl (4) 200 39 468 349 578 - 836 460 1339 122, 3152 15.76
Much, (4) 340 14 466 346 336 273 363 193 52 2029 5.70
Alb. (4) 275 10 884 1175 758 315 458 309 55- 3954 14.38
Q.C. Str.(5) 340 0 0 0 0 0 0. 8 0 8 0.02 -
Q.C. Snd.(5) 250 3 O 0 313 14 16 3 46 0.18
Pac. 3-1 (5) 150 0 0 0 51 29 14 ‘6 3 103 0.69
Pac 4 (5) 250 0- 0 5 12 38 18. 5 0 78 0.31
Pac 1***(6) 1000 0 9 9 86 90 18 15 2 229 0.23
Pac 2***(6) 1000 0 26 22 173 100 43 20 39 422 0.42
"Pac 3***(6) 250 1 0 0 129 . 68 18 4 6 225 0.90"
Ind (1) 200 8 . 163 148 148 120 76 160 109 870 ~ 4.35
G.S.-1(2) 390 25 626 535 476 402 132 50 92 . 2313 5.35
Bound. (2) 200 3 0 0 0 0 4 15 8 35 0.18
Haro (3) 250 0 8 0 0 9 27 29 0 73 0.29
- J.F, Str.(5) 215. 0 1. o0 16 . 76. 72 17 .. 0...192. 0.89

**% excluding the egg cluster
*** shallowest sample was at 25 meters. Pac 3 is the result of only one tow
as the second malfunctioned.
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TABLE 4. The estimated number of the developmental stages of P..
“‘eélongata in a 1-m? column of water between 10 meters and
the deepest plankton sample* :(1) low-salinity 'southern'
waters, (2) southern waters, (3) intermediate and northern
waters, (4) west coast.inlet waters, (5) coastal wiseaway
waters, and (6) sub-arctic Pacific Ocean waters.

February 1971 Cruise .

Station and . Maﬁimum- Egg N C-1 c-2 C-3 (C-4 C-5 C-6 Total Total

Type* , Sample v , ** ° Depth**

Depth

(m)

Howe (2) 200 3 26 10 7 30 9 37 14 133 0.67
Mal. (2) 340 17 229 59 82 28 36 60 55 549 1.61
Jervis (2) 150%*** .. 0 4 0 26 19 16 8 3 76 0.51
Geo-11 (2) 325 - 17 86 47 103 40 25 119 91 511 1.57
Pendrell (2) 375 44 239 110 64 54 111 113 94 785 2.09
Bute (2) 600 94 828 830 674 548 139 40 220 3279 5.47
Lough. (2) = 220 7 368 169 ° 65 32 0 13 40 687 3.12 -
John. (3) 450 0 53 16 7 0 4 7 0 87 0.19
Knight (3) 475 15 466 386 672 89 7 42 75 1737 3.65
King, (3) 450 3234 265 176 ° 39 11 9 26 760 1.69
Smith (3) 330 106 176 51 128 5 11 0 126 497 1.51
Kashutl (4)' 200 27 137 107 291 115 207 982. 263 2104 10.52
Much. (4) 340 11 209 + 116 251 26 21 270 165 1058 3.11
Alb. (4) 275 46 338 191 333 70 139 590 223 1884 6.85
Q.C. Str.(5) 340 0 21 18 16 7 14 0 0 76 0.22
Pac 4 (5) 225 0 8 0 15 23 5 10 0 61 0.27
Pac 3***(6) 1000 0 27 38 o1 10 1 0 1 166 0.17
Pac 5***(6) 1000 0 0 112 56 0 0 0 0 168 0.17
Ind. (1) 200 -8 348 225 75 5 0 0 33 . 611 3.06
G.S.-1. (2) 390 48 338 128 177 148 88 101 203 1183  3.03
Bound. - (2) 200 0 0 2 3 6 3 0 3 17 0.09
Haro (3) 250 0 0 0 0 0 5 8 0 13 . 0.05
J.F.-Str.(5) 220 0 o0 5 4. 4 16 17 10 56 0.25
*x Ekcluding egg clustér
*kk Shallowest sample was at 25 meters

**%%.  QOne tow only as the second malfunctioned.
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intermediate and northern waters, and west coast inlet waters with
four exceptions; these were Georgia 6, Georgia 10, Nodales Channel,
and Johnstone Straitf.

Georgia 6 and Georgia 10 were located in shallow areas
adjacent to deeper areas (Howe Sound and Georgia 11, respectively)
with'thebpurpqse of -comparing the distribution of P. elongata in deep
and shallow areas. . The naupliar -and first copepodite stages were
absent from the two shallow areas, while they were present in the two
adjacent deep areas. This absénce from the. shallow areas.could be due
to the fact that these stages were.not transported, by currents, from.
the adjacent deep areas.to the more shallow banks. A second possibility
is that these stages could not survive in the waters associated with
these shallow areas.

Nodales Channel and Johnstone .Strait form part of the
northern homogeneous domain.(Herlinyeaué'and Giovando. 1969) and, dur-
ing the three times studied, had only relatively small .populations of
P. elongata.. Similarly, Haro Strait and Boundary Passage, which form
part of the southern homogeneous domain.(Herlinveaux.and Giovandow.
1969), had small populations of P. elongata; this was consistently
observed during the 2-year study period. The largest estimated popula-
tion ‘at Haro Strait, in a.‘l—m2 cplumn'of water, was 74 organisms and,
at Boundary Passage, was 122 organiéms. However, because all the
developmental stages have been captured in the two homogeneous domains,
the species is probably capable: of completéng its ‘development in these

waters. .
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Relatively small populations of P. elongata were associated
with the northern coastal seaway waters and Juan de Fuca Strait. These
low numbers were.consistent during the 2-year study-period; with the
largest estimated population in a 1—m2 column of water of Juan de
Fuca Strait being 232 oiganismsf As all the developmental stgges Have
been captured in coastal seaway:s waters, the species ‘is probably capable
of completing its development in these waters.

Complete populations of 'P. élongata were generally asso-
ciated with the waters of the eastern sub-arctic.Pacific Ocean, although
the concentration of animals'was~10w.. All the developmental stages
have been captured in these waters, which indicates that P. elongata is
capable of completing its life cycle in .sub-arctic Pacific Ocean water.

Loughborough Inlet had high dissolved oiygen concentrations
(5 m1/1) throughout the water column in May 1970. These values were
comparable to those for Johnstone Strait and Nodales Channel, ‘which
suggests that the inlet had been flushed at some earlier interval. ' As
the. salinity of the deep'watér was iﬁtermediate.to“the high-salinity
water of Johnstone Strait and the lower-salinity water of Nodales
Channel, this 'new' water probably originated from JohnStoné Strait.

In May 1970, the population of P. elongata was relatively small.and

was comparable in size to those associated with the homogeneous domains. -
In July 1970, the population was larger, and reached its largest size-

in February.1971. - Associated with this, was a decrease in the dissolved
oiygen concentration of the deep water, which suggests that the deep-
water, which had been brought into the inlet during the spring influkn

(1970), remained in the inlet with little replacement.



34

""Stages of P. elongata (July 1970)..

Figure ‘4 shows the temperature-salinity associations of the
egg, the combined (six) -naupliar stéges, and the siX copepodite ‘stages
of E:Felbngata., These graphs, with the eiception of that for .the
southern waters, were drawn on the same.scale.as the temperature-salini-
ty curves'(Figure 2) for the six groups of waters.  On these curves,.
the points at which plankton samples were taken are indicated by
symbols. -

Generally, the-egg cluster was associated with the deep water
of the various stations, although occasional egg clusters were found
higher up in the water -column. The temperature-salinity associations
of the naupliar stages were similar to that of the egg cluster, in that
the strongest associations were with the Qeep water. In the southern
waters group, a few nauplii aére captured in neér—surface waters (307m).
During the 2-year field study, nauplii were usually found below 100 m,
although occasional samples collected as shallow as 10 or 30-i had a.
small number of nauplii.  This, along with the observation that egg
clusters were occasionally .found in near-surface wateér suggests that,
although egg clusters normally hatched in deep waters, they were capable
of hatching in near-surface waters.

Plankton samples were collected as.deep as 1,000 m in the
Pacific Ocean.  There, the nauplii'wefe associated.with Pacific Ocean

subsurface ‘water and were most abundant between 500 and. 750 meters.



Figure ‘4.
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The temperature-salinity associations of the egg cluster,
nauplius, and the six copepodité stages of P. elongdta
in (a) low-salinity 'southern' waters, (b) southern
waters, (c¢) intermediate and northern waters, (d) west
coast inlet waters, (e) coastal seaway waters, and (f)
the sub-arctic Pacific Ocean. The value inside ‘each
temperature-salinity regtangle is the mean concentration
of specimens (numbers/m”) associated with that rectangle.
The ‘data are from the July 1970 survey cruise.
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The. temperature-salinity association of the  first copepodite
was similar to that of the naupliar stages in that they both tended
to be associated with deep water. The second copepodite was less
restricted to deep‘watér, being found higher up in the water column.

The temperature-salinity associations of the third to the
siith copepodite were similar. These stages were found throughout the
water column although they occurred in higher concentrations in the
near-surface waters.. No appapent difference was noted in the distri-
bution of males and females (which can be distinguished beginning with
the fourth copepodité), and so the sexes were not plotted separately.

Although it is not well indicated by the graphs, it was ob—
served that the-third to sixth copepodites were found nearer to the
surface in those stations occupied.at.night, than those stations occu-
pied'duriné the .day. . For example, the particularly high value for the.
fifth copepodite (65.18 animals/ms) was from a sample collected in
Knight Inlet at 0010-0025 PDT, July 24, 1970 at 10 m depth.

There was an obvious discrepancy between the distribution of
the adult female and the egg cluster. Although adult females were
found throughout the water column, the egg clusters were generally re-
stricted to the deep water. As egg clusters were always captured with -
at least as many females, females bearing egg clusters must have been
associated with ‘the deep water. Females without egg clusters must hgve-

been associated both with deep and near-surface water.
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Discussion

The results of the three survey cruises indicate that P. .
‘elongata.was réstricted neither to the oceanic nor to the neritic water
within the study area. Throughout this area, the vertical distribu-
tion remained similar with ‘the egg, nauplius, gﬁd early copepodite -
stages being associated with the deep water of all six groups of
waters studied, and the later stages being found in deep and near-
surface waters. As the:si# groups of waters had different temperature- .
salinity characteristics, the vertical distribution of the.species
throughout the study area could not be associated withvtémperature
and salinity, per se. However, there may be temperatures and salini-
ties of £he‘surface waters (0 to 20 meters), which the species avoids.-
As the species is capable of breeding in-all the waters studied, varia-
bles other than water quality may account for the differences in the
relétive abundances of the'species»within the study area.

Although there are few estimates available for the primary, pro-
duction in the areas studied, the available data indicate that there is
a good correlation between the total primary production of some areas,
and.the relative abundance of P. elongata in those areas. Low concen-
trations of P. elongata. were associated with the eastern Pacific Ocean
sub-arctic wafers. However, this area is characterized by low primary"
production . (43 to 78 gC/m2 year; Anderson 1964). The Strait of Georgia

had higher~concentratioﬁs of P. 'elongata, and higher primary production
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.(120 gC/m‘2 year; Parsons et al., 1970). Indian Arm had, on the average,
higher concentrations of B:'eIOngata than the Strait of Georgia, and
higher primary production (609 gC/mzkyear; Gilmartin 1964).

The coastal seaways domains have low concentrations of P..
elongata probably because the waters in these areas are continuous
with surface and subsurface Pacific Ocean water which also has low
éoncentrations'of P. elongata. As the subsurface water in Juan de Fuca
Strait and Queen Charlotté Strait moves further inshore, it mixes with
the low=salinity waters from the inlets and the Strait of Georgia. in
the regions of turbulent mixing in the two homogeneous domains. Here
also,'the populations of P. -elongata are small. One of the reasons for
this is that theAtWO'waters which contribute to the resultant water
both have comparatively small populations of P. elongata. The sub-
surface Pacific.Ocean water has small populations of P. elongata pro-
bably because of the low production of the oceanic environment. The
surface waters from the inlets and the Strait of Georgia have low popu-
lations because of the characteristics 'of the species' diel vertical
miération‘and the estuarine .circulation.of these areas.

In the British Columbia inlets and the Strait of Georgia, the
surface layer usually extends only as deep as 20 m (Pickard 1961, 1963;
Waldichuk 1957). P. elongata has only been found to be associated with
this layer from the third to the siXth copepodite, and then only during
the nightsduring this time they are carried seaward. However, during

the day, these stages are associated with the subsurface layer and so

are carried back towards the head of the inlet or back into the Strait
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of Georgia. Because of this pattern of diel vertical migration in
relation to .the estuarine circulation :of these areas, P. elongata is
'conserved' within the inlets and the Strait of Georgia. This conseér-
vation mechanism has previously been proposed for the plankton in

inlets (LeBrasseur 1955), and estuaries :(Rogers 1940). Therefore,
because of this conservation mechanism, areas such as Haro Strait, °
Boundéry'Paésage, Nodales Channel, and Johnstone Strait receive-a rela-
tively small number of immigrants from the inlets and the Strait of
Georgia.

In order for a population to increase.in size in an area
through reproduction, the residence time of the-population in- the area
must be longer than the time required to complete the life cyclé. In
the inlets, the bottom water is replaced at intervals of one year or
greater (Pickard 1961, 1963), and it 'is probably only rarely that the
major portion of the inlet water is replaced by new water. It is esti-
mated that B:felonggta requires a minimum of six to eight months to com-
plete its life cycle (pers. obser.).. Because of the long residence
time of the deep water in the inlets relative to the time~required for
P. elongata to complete its life cycle, it is possible for the popula-
tion to increase .through repréduction.‘

Whether or not a population of P. elongata will increase in
size by reproduction in an inlet or the Strait of Georgia will depend
upon several variables. Considering only the replacement of the deep
water, two variables are the rate of replacement and the origin of the
deep water. - The west coast, northern and intermediateinlets, and -

Seymour, Belize, and Loughborough Inlets all open almost directly onto



40

the Pacific Ocean or to the waters in the northern homogeneous domain.
These latter areas have relatively small populations of P. ‘e¢longata

so that an intrusion of water from these regions into an inlet might
dilute the relatively large resident population. Whether it does
should depend .on the .rate of‘inf1u¥;'if it is.so rapid-that the species
cannot retain its -vertical .distribution within the inlet, and is car-.
ried out with the older water, then there will be a reduction in the.
size ;of the:-population. Such an event may have occurred in Loughborough
Inlet in the spring of '1970. However, if the rate of intrusion is low,
and P. elongata can retain-its vertical 'position in the water column, .
then the population should not be appreciably reduced. The southern
inlets, with deep sills which open onto the Strait of Georgia, are less
likely to have their populations reduced by-anvinflui of new water,
since this watér originates in the:Strait of Georgia. This latter area
generally has comparatively large populations of P. elongata all year
around. .

The waters in the areas of turbulent mixing have-a very short
residence time, with water passiﬁg»thrqugh areas such as the San Juan
Archipelago in one or two months. The currents.in this area are furbu—
lent currents,.and P. elongata is probably transported. through thegér
areas at much the same rate as the water in which it lives. Because
it takes only one or:two months for the species to pass through such
an area, while it requires a minimum of six to eight months to complete
its life cycle, it is highly unlikely that populations of P. elongata

will :increase significantly in numbers in these turbulent areas
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through reproduction. The loss.of the later developmental stages
from the inlets, the Strait of Georgia, and the Pacific Ocean may
be more important in determining the size of the popﬁlations of P.
¢élongata in the regions of turbulent mixing in the homogeneous

domains.

Conclusions

(1) Breeding populations of Eﬁ'eiongata are associated with
all sii groups of waters studied, i.e. low-salinity 'southern' waters,
southern waters, intermediate and northern waters, west coast inlet
waters, coastal seaways waters, and sub-arctic -Pacific Ocean waters.

(2) The vertical distribution of the developmental stages
throughout the study area is independent .of the temperature and salini-
ty of the-subsurface water, .but dependent upon the stage.of development
of the organism, and possibly upon the factors which affect diel-
vertical migration.

(3) Populations of P. elongata in. the Pacific Ocean are probably
small because of the low production of this environment.

(4) Populations of P. elongdta in the coastal seaways are pro-
bably small because this area is simply.ﬁnr@§ﬂ¥¥¥ﬁiﬁlof the oceanic
environment.

(5) The homogeneous domains are .characterized by small popula-

tions of P. élongata. The populations are small because (i) the two

waters which contribute to the formation of the water in the homogeneous
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domains both contain small populations 'of P. elongata, and (ii) the
short residence time of the water in.the homogeneous domains relative
to the time required for P. elongata to complete its life cycle prevents
a significant increase in the size of the population through breeding.
(6) The relatively large size of the populations of P. elongata
associated with the .inlets and the Strait of Georgia is probably due:
to several factbrs. -Three of thése are (i) the high primary production
of these areas, (ii) the long residence time of the deep water relative:
to the time required for P. elongata to complete its-life cycle, and
(iii) the vertical distribution of the developmental stages in relation

to the characteristics 'of the estuarine circulation.in these areas.
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CHAPTER III

) THE LABORATORY STUDY-AN EXAMINATION OF THE HATCHING SUCCESS
OF P. ELONGATA EGG CLUSTERS IN VARIOUS NATURAL SEAWATERS

INTRODUCT ION

It was shown in the preceding section that breeding populations
of P.'elongata are restricted neither .to the oceanic-nor to the neritic
watér within the study area. This implies that the species ‘either has
a wide range of tolerances for temperature, salinity, and the other
properties ‘of the waters of its range, or else is able to adapt to its
environment. - Physiological variationswithin a species in different
parts of its range have been demonstrated.for responses to tempefature
(Moore 1949, 1950; Stauber 1950; Loosanoff and Nemejko -1951; Vernberg
1962; Gilfillan 1970), to salinity (Prosser.1955, Guillard and Ryther
1962;. Gilfillan 1970), and to the.'other' properties -of sea water |
(Gilfillan 1970).

Although P. elongata has been shown to be restricted neither
to oceanic nor to neritic water within the study area this does not
imply that variations in temperature, salinity, and the.other properties -
of the water within the species' range do not affect the organisms.
Subpopulations of the species may possess a narrow range of tolerances
for temperature, salinity, and othexr properties of sea waters. However,
if the species can adapt to its environment, then it will have a wider
range than would be. inferred from determining the tolerances of a'sub-

population collected from one area.
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This chapter presents.the results of two investigations:

{1) A study was conducted to determine whether or not sea waters
with similar salinities and temperatures have different other properties.
The .properties which were measured were the concentrations‘éf dissolved
zinc, copper, hickel, and .manganese. .Lewis and Ramnarine (1969)
indicated that the survival of P. elongata egg clusters collected from
G,S.;l (in the Strait of Georgia) was affected‘by the addition of trace-
elements to the sea water.

(2) A study was conducted to.determine whether or not P. elongata
egg clusters collected from different areas and at different timés,
from waters of similar temperatures and salinities, were distinct in.
their ability to survive in various natural sea waters of similar
salinity. Ekperiments were also conducted-tO'determine»whether or .not
E} elongata egg clusters collected from various areas with large differ-
~ences in salinity were distinct in their ability to survive in waters
with large differences in salinity.

The egg cluster was tested because this stage is. frequently the
most sensitive stage in the life history of an organism. - It was thought
that testing this stage would have a greater probability of indicating

differences between waters than testing one of the more 'hardy stages.

.Materials and Methods
Water for.eXperiments was' collected with a 96-L fibreglass -and

lucite water sampler. The water was.passed through two thicknesses of
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a number-20 mesh. net (approkimaterpQre size-64p), and placed in 5-
gallon Nalgene carboys. A portion of the water was further filtered
through a 0.45u-millipore filter for dissolved trace element analysis.
This was done only for the water collected from Inﬁian Arm, G.S.-1 and
Juan de Fuca Strait. In the laboratory, all sea water was stored in
'a non-illuminated. cold-room at 8°C. - Water»collect§d from the Pacific
Ocean was stored at 4°C.

‘Egg clusters were collected with a 1-m ring net.(approkimafe
pore size-700u). The plankton sample was placed in plastic trays,
along with water collected by the~water sampler. . Egg clusters and egg-
cluster bearing females were eiamined, and .young, undamaged .clusters
(and females) were transferred with a large bore pipette-to a cooled
4-L isotherm containing sea water. -

In the. laboratory, the egg.clusters were sorted under a bino-
cular microscope, and only young egg clusters were set ésidevar use
in-eiperiments. Young egg clusters are a uniform blue ‘in.colour, while
in older egg clusters, the individual eggs are.polarized, with one"
pole being -blue and the other white.

Egg clusters were individually reared in 1,000-ml Nalgene
Erlgnmeyerr'flasks.‘ These flasks were rinsed’fhree times Qithva.total'
of 400 ml of sea water, and then 600 ml of sea water was added. The
number of eggs in a cluster were counted, and the egg cluster added: to

a flask. The mouth of the flask was then covered with a piece of

Parafilm (American.Can Company, Marathon Products) to reduce evaporation.
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Flasks were maintained in the dark at 8°C in a Psyérotherm incubator
(New*Brunswick:Sciéntific Company), and were horizontally rotated at
40 rpm. In supplementary ekperiments,~f1asks were maintained in the
dark in a cold-room; flasks maintained in thé cold-room were not ro-
tated.

Every three days, the contents of each flask was.placed in a
large fingerbowl, the number of organisms at each stage were counted,
and dead organisms were removed. Each flask was again rinsed with a
total . of 400-ml of sea water, and 600 ml of sea water was added. ‘The
remaining living organisms were replaced, and the flask was returned
to the incubating chamber. |

Eggs were reared through to the first copepodite. However,
only the hatching success of the egg was used because (i) most of the.
mortality between the egg and the first copepodite occurred in the egg
and “the first two naupliar -stages (Lewis and Ramnarine 1969), (ii) 90%
of the eggs hatch directly into the second nauplius (Borgmann 1971),
and (iii) the mortality of the hatched first .and second nauplius was

low, being 1eés than 5% (Whitfield, pers. comm.; pers. obser.).

0f the five stations studied over the 2-year period; only
Indian Arm and G.S.-1 had large; breeding populations of .P. elongata;
therefore,; the laboratory work was largely restricted to these two’
populations. The specific procedures were:

(1) Egg clusters were collected from Indian Arm and G.S.-1
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once a month, from March 1971 to February 1972. Tﬁese egg clusters
were tested in three waters; i.e. (1) Indian Arm 200-m water, (ii)
G.S.-1 350-m water,.and (iii) Juan de Fuca 200-m water until October
1971. After this time, tests wére made using oniy*Indian Arm and G.S.-1
water. Five replicates were used for each test, and all tests were
run in the Pyscrotherm incubator.

(2) Egg clusters from Indian Arm were collected and tested
in a second series -of Indian Arm 200-m water, and Juan de Fuca 200-m-
water (April 1971). A third watér was made by diluting the Juan de
Fuca water with distilled water, so that its salinity was the same as
the Indian Arm 200-m water. Five replicates were used for each test,
and these tests were run.in an 8°C cold-room.

(3) Egg clusters were.collected. from PéC?6 (Figure 1) in May
1971, and tested in Pac-6 750-m water, Juan de Fuca 200-m water, G.S.jl
350-m water; and Indian Arm 200-m water; .the salinities of these waters
were 34.4%, 33.8%, 30.9%, and 27.8% respectively. Five replicates were
made for each test, except for Indian Arm where only 3 replicates were
made. All tests were run in a 4°C cold-room.

(4) Egg clusters were collected from.Pac-8 (Figure 1), in
July. 1971, and tested in Pac-8 750-m water, Juan de Fuca 200-m water,
G.S.-1 350-m water, and Indian -Arm 200-m water; the .salinities of these
waters were 34.2%, 33.9%, 30.9%, and 2778%7respective1y. Five replicates
were used for each test, and the tests were run in a 4°C cold-room.

(5) Egg clusters were collected from Bute Inlet in.June 1971,

and tested in Bute 600-m water (salinity:- 31.1%) and G.S.-1 350-m
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water (salinity - 30.8%) .. Nine replicates were used for each test,
and the tests were run in an .8°C cold—room!

(6) Egg clusters were collected from Séymour Iplet, in
August 1971, and tested in Seymour 450-m water (salinity .- 28.9%) and
'Indian»Arm 200-m water (salinity - 27.8%); five replicates were used
for each test. Egg clusters:were also collected from Indian Arm and.
tested in the two waters using four replicates for each test. The
tests were run -in an 8°C cold-room.

(7) Egg clusters were collected from Alberni Inlet, in September
1971, and reared in Alberni 250-m water (salinity - 32.8%) and in Juan
de Fuca-éOO-m water (salinity - 33.9%). Five replicates were used for
each test, and the tests were run in an 8°C cold-room.

(8) Egg clusters were collected from Indian Arm and G.S.-1, and
reared in G.S.-1'20-m water (salinity - 29.6%) in January 1972.- Five
replicates were used for each test, and the tests were run in the

Psycrotherm incubator.

Results

(1) Variations in the Concentrations of Dissolved Zinc¢, Manganese,
" Copper and Nickel ‘ ' '

Figure 5 shows the concentrations of the four measured trace.
elements during the study pefiod:at.the three stations. These values
are higher than values previously determined from other studies, and’
some contamination .may have been introduced either during the collecting

or the filtering of the water (E. Grill, pers. comm.).: The data were
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Figure 5. ' The concentrations.of dissolved.zinc, manganese,
: copper, and nickel in Juan de Fuca 200-m water
(e—m=—=+), G.S.-1:350-m water.( ~ ), and Indian
Arm 200-m water (essses). The data for dissolved
nickel are incomplete as analyses .were not made
every month.
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interpreted by asSuming‘that they were qualitatively .correct.

Figure 5 shows the fluctuations in the concentrations of.
dissolved zinc in Indian Arm 200-m wateri G:S;fIJXSEO-m'water; and
Juan.de Fuca 200-m water during the period:of the laboratory study.

- Concentrations were generally greatest in Indian Arm Water, interme- -
diate in Juan de Fuca water, and lowest in G.S.-1 350-m water. There-
fore; the concentration of dissolved zinc was not directly related to.
the.salinity .of the water. Secondly, while the concentrations of -
dissolved zinc at the three stations fluctuated with time, there was’
no apparent association with changes in the deep water-as measured by
temperature and salinity (Figure 3).

Figure 5 shows the fluctuations in.the concentratidns of .dis- .
solved manganésé, copper, and nickel at the three stations. Concentra-
tions were generally highest at Indian Arm, and lowest at G.S.-1. Again,
there was no. apparent relationship between fluctuations in the concen-
tration of an element and changes in the teﬁperature and salinity of
the deep water. While the concentrations of .the four elements at each
station varied with-timeé'there was .little similarity -in their fluctua-
tions. This implies that different processes regulate .the concéntration
of each element, rather than .one procesé.regulating all four. These
processes were probably chemical and biological, and other physical
processes not adequately described by temperature and salinity measure-

ments. -
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Figure 6a shows the fluctuations in the percentage hatching
of G.S.-1 egg clusters in the three waters. With five replicates,
one standard deviation was 10 to 30%, and the standard error was 5
to 15%. Although there were large differences in the salinities of
the three waters, survival was generally god@ﬁausually~being above
60%.

' Survival of G.S.-1 egg clusters in Indian Arm water was sig- -

nificantly correlated with the .concentration of dissolved copper
(r =..8; p = .004), and in G.S.-1 water with the concentration of
dissolved manganese (r = 7.68; p = .04). - Survival did not appear to
be associated with ‘changes in the temperature and salinity of the deep
water, although survival was lowest in Indian Arm water in December,
January, and February, when the-deep water was replaced.(Figure 3).

Figure 6b shows the fluctuations in the percentage hatéhing of
Indian Arm egg clusters in the. three waters. These fluctuations were
distinct from those of G.S.-1 egg clusters. Suyvival was - generally
highest in Indian Arm water, and lowest in Juan de Fuca water.

Table 5 presents the results of theieXperiments using Juan de
Fuca water, diluted.Juan de Fuca water, and Indian Arm water as a
rearing medium for Indian Arm égg clusters. These results suggest
that the high salinity of the Juan dé Fuca water was probably the causal

factor in preventing the hatching of Indian Arm egg clusters. The
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Figure 6. The mean percentage hatching of (a) G.S.-1 egg clusters,
and (b) Indian Arm egg clusters in Juan de Fuca 200-m
water . (------), G.S.-1 350-m water ( - . ), and Indian
Arm 200-m water (..... ).



‘e
W

111}

-~ -
S -

PERCENTAGE HATCHING
- N [ 2] - o - -4 -4 ["-] ;
° 3 > s o > o 3 S S S
o
4
y
\
\
\
\
\
//
’/

LL6l

L6l

Hol

N
(3
r

PERCENTAGE HATCHING

©w o o
o o o
2 2 e

09
0

08

[ 06

S0014

A



53

TABLE 5. Results and the.analysis of variance of the survival of
Indian Arm egg clusters in Indian Arm 200-m water, Juan

de Fuca 200-m water, and diluted Juan de Fuca 200-m

water.
Percentage Survival
Indian Arm Juan de Fuca Diluted Juan de
Water Water Fuca Water
200-m 200-m 200-m
Replicate 1 61.5 59.0 78.5
Replicate 2 61.5 5.2 100 -
Replicate 3 64.7 30.7 61.5
Replicate 4 62.5 5.2 69.2
Replicate 5 71.4 64.2 68.4
Mean Survival 64.3 32.8 75.5
Sum of Degrees of Mean sum of F-ratio
Squares Freedom Squares
Category. means 0.489 2 0.245
Within means . 0.416 12 0.035 7.00
Total 0.905 14

A significant difference in the means at the 99% confidence level.
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actual factor may have been associated with the'ability>of the eggs to
osmoregulate in high-salinity water. ASecondly, survival in the diluted
Juan de Fuca water was higher than in Indian Arm water'indicating-that
there were differences in the properties of these two waters.

The survival of Indian Arm egg clusters in Indian Arm water
and Juan de Fuca water in the.cold-room was higher than in the duplicate
series run in thei Psycrotherm incubator, This was noted several times
during the.study when duplicate series were run; the reason for these
differences ‘is-not known. -

Survival of Indian Arm eggtclusiters in the three waters was not
significantly.correlated with the concentration of dissolved zinc,
manganese, copper, or nickel. Similariy, changes in survival did not
appear to be associated with changes in the temperature and salinity of
the deep water (Figure 3).  The smallest fluctuations in survival of
Indian Arm egg clusters in Indian Arm and G.S.-1 waters occurred from
September. 1971 to February 1972, and it was during this period that the
deep water of these two areas was replaced.

An analysis of variance was made by using the method outlined
in Steel and Torrie'(1960).for factorial eiperiments with three varia-
bles. The data analyzed were the survival of Indian Arm and G.S.-1
egg clusters in Indian Arm 200-m water and G.S.-1 350-m water. Sur-
vival in Juan de Fuca 200-m water.was excluded because it was believed
that the failure of Indian Arm egg clusters to hatch in this water was

probably due to an osmotic stress imposed on the.eggs by the relatively
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high 'salinity of the water. Since the purpose of this series of tests
was to examine differences in water other than.saiinity, it was decided
to eiclude~the Juan de Fuca data from this. analysis.

Table 6 presents the results of the analysis of variance.  Over
the 12-month period, there was a statistically significant difference
in the properties of Indian Arm and G.S.-1 waters, and in the survival
of Indian Arm and G.S.-1 egg clusters. Survival of the egg clusters
in the two waters varied over the 12-month period, as did the proper-
ties of the waters from these two .areas. - There was no significant
interaction over the 12-month period.

The data were further analyzed to determine the source of
variation. Three analyses of variance were made, testing (i) the sur-
vival of Indian -‘Arm egg clusters in the two waters over the 12-month
period, (ii) the'surviyal of G.S.-1 egg clusters in the two waters
over the 12-month period; and (iii) the survival of G.S.-1 egg clusters
in Indian Arm, G.S.-1 and Juan de Fuca water over fhe 8-month test
period. The analysis was made by using the method described in Diﬁon
and Massey (1957) for two variables1ﬁb¥tclassification and repeated
measurements.

Table 7 shows the results for Indian Arm egg clusters; there
was a significant difference in the response of the egg clusters to
the two waters tested, and a significant difference in the response

‘over the 12-month period. Conversely, there was no significant differ-

ence in the. response of G.S.-1 egg clusters to the two waters tested
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TABLE 6. Results of the analysis of variance of the percentage

hatching of Indian.Arm and G.S.-1 egg clusters in

Indian Arm 200-m water and G.S.-1:350-m water. (March
1971-February 1972). .

Source df SS MS F ratio Probability
Blocks 4 0.399 0.099 . 2.475 > .05
A (Populati::j.

tion) 1 0.510 0.510 12.750 <.005
B (Water) 1. 0.323 0.323 8.075 <.005
C (Time) 11 0.739 0.067 1.675 >.05
AB - 1 0.491 0.491 12.275 < .005
AC 11 1.401 0.127 3.175 < .005
BC 11 0.870 0.079 1.975 <.05
ABC 11 0.410 0.037 0.925 - >4.05

7.650 0.040 ‘ o

Error 188
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TABLE 7. Analysis of variance of (a) the survival of Indian Arm
egg clusters in Indian Arm 200-m water and G.S.-1. 200--
m water (12 months), (b) the survival of G.S.-1 egg
clusters in G.S.-1 350-m water and Indian Arm 200-m
water (12 months), (c) the survival of G.S.-1 egg clus-
ters in Indian Arm 200-m water, G.S.-1 350-m water,
and Juan de Fuca 200-m water, (8 months).
Sum of Degrees of Mean Sum of F-ratio = p
Squares Freedom Squares
A) _ .
Row means 0.322 1 0.322 5.919° < 0.025
Column means 1.465 11 0.132 2.430 < 0.025
Interaction 1.122 11 0.102 1.873 > 0.05
Subtotal 2.909 23 0.126
Within groups 5.226 96 0.054
Total 8.135 119
B)
Row means 0.004 1 0.004 0.144 >0.05
Column means 0.331 11 0.030 0.984° > 0.05
Interaction 0.466 11 0.042 1.382 > 0.05
Subtotal 0.801 23 0.035 '
Within groups 2.938 96 0.031
Total 3.739 119
C) \
Row means 0.327 2 0.164 4,810 - <* 0.001
Column means 0.247 7 0.035 1.035 > 0.065
Interaction 0.708 14 - 0.051 1.481 > 0.05
Subtotal 1.283 23 0.037
Within groups 3.280 96 0.034
Total 4.562 119
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(Table 7b), nor in the responses over the 12-month period. Therefore
whether or not there are significant differences in the. 'quality' of
the Indian :Arm or G.S.-1 water tested depends on whether- or not Indian
Arm or G.S.-1 egg clusters are used as a bioassay. Table 7c shows the
results of the analysis of G.S.-1 egg clusters in the three waters. In
this case there were significant differences in the response to the
three waters, although there were no significant temporal variations.
Over the 8-month test period, Juan de Fuca water was a léss satisfac-
tory rearing medium for G.S.-1 egg clusters (and Indian -Arm egg clus-

ters) than G.S:-1 water, giving a mean survival of 57.9% Vs. '65.6%.

(iii), Survival of Pacific Ocean Egg Clusters in Four Natural Sea
Waters of Different Salinities

Table 8 presents thg results of the Pac-6 experiments. - Survi-
val was good in all four waters, although it was lower in Indian Arm
water (43.8%).- This indicates that Pac-6_egg_01usters_were tolerant of
large variations in salinity, -and.of the other properties associated
with.these waters. It also suggests that the populations of P. elongata
in the Pacific Ocean are.not relatively small because the properties
of the water are unfavourable for the survival of the species. Because
the .station was close to the coast. (50 miles), it is possible that a
significant percentage of P. elongata originated from the neritic en-
vironment. This could account for the tolerance for low salinities.

Table 9 presents the results of the.Pac-S ekperiments. Sur-

vival was highest in Pac-8 water, higher in Juan de Fuca water, high
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TABLE 8. Results and the analysis of variance of the hatching
success of Pac-6 egg clusters in four different sea
waters.

Percentage Hatching
Pac-6 750-m J.F. 200-m G.S.-1 350-m. Ind. Arm 200-m

Water- Water ‘Water ‘Water
Replicate'l 89.4 52.9 82.3 ©20.0
Replicate .2 31.8 76.1 47.3 50.0
Replicate 3 83.3 65.4 75.0 65.2
Replicate 4 - 23.5 94.4 31.1
Replicate 5 57.1 83.3 55.5
Mean
Survival 57.0 74 .4 58.3 43.8
Sum of Degrees of Mean Sum of - F-ratio
- Squares " 'Freedom Squares
Category
means 0.175 3 0.058 . 1.137
Within
means 0.724 14 0.051
Total 0.899 17

No significant difference at.the 95% confidence level.




60

TABLE 9. Results and the analysis of variance of the survival
of Pac-8 Egg clusters in four different sea waters. .

Percentage Hatching

Pac-8 750-m J.F. 200-m G.S.-1 350-m Ind. Arm 200-m

Water ‘Water Water. = . Water

Replicate 1 63.6 90.0 9.5 0
Replicate 2. 88.8 65.0 - 47.8 " 40.0
Replicate 3 85.7" 65.0 57.1 36.8
Replicate 4 85.0 66.6 56.5 42.1
Replicate 5 70.0 76.1 38.0 0
Mean survival 78.6 72.5 41.8 23.8

Sum of Degrees of Mean Sum of F-ratio

Squares ‘Freedom' .~ 'Squares =~ =
Category means 1,005 3 0.335 12.41
Within means 0.437 16 0.027
Total 1.442 19

A significant difference in theé means at.the 99;95%§¢oﬁfmdenéé?;§Vé1r
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in Gts.-l_water, and low -in Indian Arm water.  There was a sﬁatisti—
cally significant difference in the means at the 99.95% confidence
level. However, it is questionable whether this difference was due
to differences in the salinity of the four waters which exerted an
osmotic stress on the eggs, or due.to the other properties of the
waters. The salinity factor, per se, was probably more important,
just aS'this’factor was more important in causing the low survival of
Indian Arm eggs in Juan de Fuca deep water. Pac-8 egg clusters may
have been less tolerant.of low-salinity watef than Pac-6_égg clusters
because-the P."elongata in the former region were more isolated.from
the neritic environment .(80 miles from the coast), and had fewer immi-
grants from fhe coastal region. Correspondingly, there may have been
a larger percentage of the P,'elOngéta'populatioh-whith had spent

several generations in the oceanic environment.

(iv) ‘Bute, Alberni, and Seymour Experiments

Table 10 presents the results‘éf the series ‘testing Bute.egg
clusters in Bute water and G.S.-1 water; there were no significant dif-
ferences in the survival in the two waters. Table 11 presents the re-
sults of the series‘testing Alberni egg clusters in Alberni water and
Juan de Fuca water; again there were no statistically significant.
differences in the results. Table 12 presents the results of the
series testingSéymour and Indian Arm egg clusters in waters from the.

two areas. Indian Arm egg clusters survived equally well in the two
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TABLE 10. Results and the analysis of variance of the survival of
Bute Inlet egg clusters in Bute Inlet water-and G.S.-1l

water.
PregentagetHatching
Bute 600-m G.S.-1 350-m
Water- - Water

Replicate 'l 60.0 66.6
Replicate 2 88.8 53.3
Replicate '3 37.5 76.9
Replicate 4 90.9 76.9
Replicate 5 43.7 76.9
Replicate 6 76.4 - 52.9
Replicate 7 58.8 81.2
Replicate 8 86.6 66.6
Replicate 9 66.6 "75.0 -
Mean Survival 67.7- 69.2.

Sum of Degrees of Mean Sum of F-ratio

""" Squares .~ Freedom: '~ ' Squares - O

Category means 0.001 1 0.001 0.042
Within means 0.338 16 0.024
Total - 0.039 17

No 'statistically significant difference in the means at the 95%
confidence level.
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TABLE 11. Results and the analysis of variance of the survival of
- Alberni egg clusters in Alb

erni water and Juan de Fuca

water. ‘
Percentage Hatching
Alberni 250-m Juan de Fuca 200-m
) Water e Water ’
Replicate ‘1 ~75.0 64.7
Replicate 2 83.3 82.3
Replicate 3 100 72.2
Replicate. 4 93.7 94.1
Replicate 5 60.0 73.3
Mean Survival 70.4 77.3
Sum of Degrees of Mean Sum of F-ratio
~ Squares Freedom Squares o B
Category means 0.012 1 0.012 0.090
Within means 1.063 8 0.132

Total 1.075

No significant difference in the means at the 95% confidence level.
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TABLE 12. Results and the analysis of variance of the hatching
- success of Seymour egg clusters and Indian Arm egg
clusters in water collected from the two inlets.

Percentage Hatching

‘Seymour egg cl.. Indian Arm egg cl.
Seymour '450-m - Ind. Arm 200-m Seymour 450-m Ind. Arm 200-m

Replicate 1 84.2 61.9 94 .4 61.1
Replicate 2 78.9 55.5 80.9 95.0
Replicate 3 63.1 50.0 71.4 57.8
Replicate 4 5.2 0 35.2- 78.9
Replicate 5 72.2 28.5 '
Mean survival 60.7 39.2 70.7 73.2
Sum of Degrees of Mean Sum of F-ratio
_ Squares " Freedom = = Squares '
Category mean 0.329 3 0.109 - 1.626
Within means 0.942 14 » 0.067
Total 1.271 - 17

No significant difference in the means at the 95% confidence leyel.
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waters. Seymour.eggAclusters had lower survival in Seymour water -
than.Indian Arm egg clusters, and very low survival in Indian Arm
water. This suggests that there were differences in.the egg clusters
from the two areas, and that for Seymour egg clusters, the two waters
were qualitatively different.. However, thére were no statistically

significant differences in the results.

(v) G.S.-1 20-m Water

Table 13 presentsthe results of the series testing G.S.-1 and
Indian Arm egg clusters in G.S.-1 20-m water. Survival of these egg’
clusters in G.S.-1 350-m water and Indian Arm 200-m water is shown on
Figure 6. Survival of Indian Arm egg clusters in G.S.-1 20-m water
was slightly higher than in G.S.-1 350-m water while .the reverse wés
true for G.S.-1 egg clusters. There is, from this experiment, no evi-
éénce.to suggest that egg clusters are incapable of developing in the
near-surface water. This supports the hypothesis tﬁat one of the rea-
sons nauplii are usually found only in deep water is that. the females, .
which carry the egg clusters until the nauplii hétch, normally remain

in deep water.

Summary
The analysis of the concentrations of dissolved zinc, manganese,

copper, and nickel in Indian Arm 200-m water, G.S.-1'350-m water, and

Juan de Fuca 200-m water, indicated that the values associated with
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TABLE 13. Results of the survival of Indian Arm and G.S.-1 egg
clusters in G.S.-1 near surface (20-m) and deep (350-m)

water.
“PereentagetHatching
Indian Arm egg c¢lusters - G.S.-1 egg clusters
G.S.-1 20-m G.5.-1 350-m G.S.-1 20-m G.S.-1 350'm

Replicate 1 50.0 50.0 50.0 76.9
Replicate??2 50.0 54.5 28.5 90.9.
Replicate 3 71.4 12.5 76.9 92.3
Replicate 4 58.3 75.0 45.4 54.5
Replicate 5° 72.7 26.6 64.2 53.8
Mean survival 60.4 43. 53.0 73.6

~
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each water were not a.function of salinity. G.S.-1 deep water general-
ly had the lowest concentrations of dissolved trace elements, and yet
was intermediate in saliﬁity to the deep waters of Juan de Fuca Strait
and Indian Arm. There were,;at each of -the three stations, temporal
variations in the concentrations .of the four measured trace elements. .
While the salinity of the water also varied, there was no apparent.
relationship between the fluctuations in the salinity -(and temperature)
of the waters, and fluctuations in the concentrations of the dissolved
trace elements. This suggests that unmeasured biological and chemical
processes, and physical processes not adequately described by measure-
ments of temperature and salinity; were affecting the concentrations
of these trace elements.  Therefore, within each of the. three areas
studied, measurements of temperature and salinity by themselves would
not give a good indication of the concentrations of the trace elements
which would be associated with that water.

The laboratory data indicated that the survival of G.S.-1 egg
clusters in G.S.-1 water was significantly correlated with the concen-
tration of dissolved mdnganese, and in Indian Arm water with the con-
centration of dissolved copper. There were no other significant corre-
lations between the survival of egg'élusters in a water and the concen- .
trations of the dissolved trace éleménts.- e

The laboratory data also indicated that P. elongata egg clus-
ters collected from different areas may exhibit different responses to

a series .of sea waters (when tested at the same temperature). The
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factor to which‘the egg responds may be . the salinity of the.water or
its other properties. For example, it was shown that both Indian Arm
eggs and Pac-8 eggs reacted differently to a series of waters which had
large differences in salinity (28 to 34%). These differences in re-
sponse were probably due to the egg responding to the salinity of.the
test waters per se, rather than to their other properties.

It was also shown that 'egg clusters may react differently to
a series of waters with similar salinities. It was shown that Indian
Arm egg clusters reacted differently to Indian Arm and G.S-1 deep waters,
that GiS.-l'egg clusters reacted differently to Juan de Fuca deep water
than to Indian Arm and G.S.-1 deep waters, and it was suggested that
Seymour Inlet egg clusters .may react differently to Indian-Arm and
Seymour deep waters. As the .salinities of these waters were similar;
fhe egg cluster may have been reacting to differences in other proper-
ties of these waters.

Many of the tests indicated that egg clusters did not react
differently to sea waters with similar salinities. G.S.-1 egg clusters
had similar responses.to Indian Arm and G.S.-1 water, Alberni Inlet
egg clusters had similar survival in Alberni and Juan de Fuca deep
waters, Bute Inlet egg clusters had similar survival in Bute and G.S.-1-
deep waters, Indian A;m,egg clusters had similar survival in Indian
Arm and Seymour deep waters, and Pac-6 egg clusters had similar sur-
~vival in Pac-6, Juan de Fuca, G.S.-1, and Indian Arm deep waters.

This study has therefore shown that sea waters with similar

salinities may vary in quality. Whether these differences are
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biologically detectable depends largely upon the test organism which-
is used as a bioasSay. Secondly, P. elongata egg clusters collected
from different areas may be distinct in their response to salinity,
and in their response to the other properties of sea waters. Whether-
or not P. elongata living in areas such as Indian Arm and G.S.-1 are.
significantly affected by variations in water quality will be discussed
in the final section of this thesis. .

There are no data to suggest that areas such as Juan de Fuca
Strait 'and the eastern sub-arctic PacificAOCean, which consistently.
had relatively small populations of P. elongata, have waters whose
properties are unfavourable for the survival of the egg (collected
from or near these areas). This supports the results of the survey
cruises (section 3), which -indicated that the relatively small popula-
tions in these areas were probabiy associated with iow primary produc-

tion.
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CHAPTER IV
7. AN EVALUATION OF THE ROLE OF THE VARIATION IN WATER QUALITY
IN THE DISTRIBUTION OF P. ELONGATA AT INDIAN ARM AND G.S.-1-

INTRODUCTION

.The-data in Chapter II indicated that P. elongata was capable
of ‘breeding both in the oceanic and the neritic waters examined by the
three survey cruises. This suggests that the species is‘probably not
limited in these areasby variations in the quality of natural sea wateérs.
However, the laboratory data (Chapter III) indicated that within areas
such as Indian Arm; the survival of egg clusters in their home water
varied over a 12-month period. As the abundance of the species is, in
part, dependent upon the survival of the egg clustérs, local variations
in water quality may affect the abundance of local populations. |

Gilfillan (1970) showed that the zooplankter Euphausia pacifica

was sensitive to variations in water-quality. However, he indicated
that variations in watér quality were probably not a major limiting
factor in the distribution of the species.

Wilson (1951) and Wilson and Armstrong (1952, 1954, 1958, 1961)
showed, by using sea urchin larvae collected near Eddystdne, that there
were variations in the quality of sea waters. While they attempted to
determine the sources of the variation within the test waters, they’
did not attempt to evaluate the significance of this variation in the
ecology of sea urchins near Eddystone. Sea water collected from

Eddystone gave poof survival over the 12-year study period (1948 to
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1960) and yet there was no apparent decline in the size of the adult
sea urchin population. Smith (1972) estimated thaf echinoderm popu-
lations turnover at a range of 0.1 to 1.6 per year. An apﬁlicatiqn
of this estimate to the sea urchin population near Eddystone indicétes
that, over the 12-year study period, the population was replaced 1.2
to 9.2 times. As the size of the population did not diminish, varia-
tions in the quality of 'sea water (or larval quality) at Eddystone
as determined in the laboratory must have had a minor role in affect-
ing the local abundance of sea urchins.

This section investigates whether or not variations in water
quality were a significant factor in determining the abundance of
P. ‘elongata in G.S.-1 and Indian ‘Arm. As ‘temperature and salinity -
have been used to describe water bodies, fluctuations in the tempera-
ture and salinity of the water in an area may be indicative of changes
in the 'quality'rqf the water. If the species is affected by variations
in the quality of sea water, thien there might be-some relationship be-
tween fluctuations in the species* distribution and fluctuations.in
the temperature and salinity of the water. This does not imply that
temperature and salinity -act directly on the species, but rather,
fhat these measufements may be indicative of some fluctuating environ-
mental variable (water quality) that is less easily measured.

This chapter also attempts to determine what other variables
might be important in regulating the abundance of P. elongata in G.S.-1-
énd Indian Arm. It was shown, in Chapter III, that there were no sig-
nificant differences in the survival of G.S.-1 egg clusters in G.S.-1

350-m water over the 12-month study period. However, the field data



72

indicated that there were pronounced fluctuations in the number of
nauplii .in the water. This suggests that variables other than water
quality may be more important in regulating the abundance of nauplii

at this station.

Materials and Methods

The methods for the. collection of the field data have been
described earlier (Chapters I and II), as have been the techniques
for estimating the abundance and vertical distribution of the develop-
mental stages (Chapter II). The field data were ekamined iﬁ the fol-
lowing ways:

(1) The vertical distribution of the developmental stages
were eiamined,.aﬁd were subjectively compared with the changes in the
temperature and salinity of the water.

(2) The variation in the abﬁhdance of the developmental. stages
were examined over the 29-month study period to determine whether or
not the species was more abundant: at some times than others.

(3) The correlation coefficient between the number of nauplii
in the water and (i) the survival of the egg in its home water.as
determined in the laboratory, and (ii) the number of eggs in the water.
was calculated. The estimate of the number of eggs was obtained by
multiplying the number of egg clusters in a 1—m2 column of water:
(Clarke-Bumpus sampler data) by -the mean number of eggs per cluster

(laboratory data).
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(4) The mean percentage mortality of the developmental stages
was calculaﬁed by estimating the mean concentration of each stage over
the 29-month study period, and comparing these estimates with the mean
number ekpected.~ The mean number ekpected was- calculated by estimating
the proportion of the population each stage should represent simply on
the basis of the time spent in that stage relative to the total time
of the life cycle. The data for the development time of the egg and
the'sik naupliaf stages are from Borgmann (1971). The first and second
copepodites require three to four :weeks to complete development
(Ramnarine, pers. comm.; pers. obser.), and an estimate of three to
four weeks can be used for the other three copepodite stages. The'
average time spent in each of these stages is shown in Table 14. The
laboratory studies indicate that the adult male and female can survive
for at least three months (Ramnarine, pers. comm.; ﬁers.'obser.). From
these data, the mortality bétween stages, and the cumulative mortality
from the egg to the adult can be calculated. The number of nauplii “and
successive 'stages e*pected were also recalculated with the assumption
that 30.5% of the G.S.-1 eggs and '38.5% of the Indian Arm eggs failed
to hatch dwinggto their interaction with their home water. This esti-
mated mean mortality was obtainééwfrom the laboratory study.(Chapter III).
The recalculation of these data allows the cumulative mortality from
the egg to the adult to be estimated with an allowance being made for -
the mortality due to the interaction between the egg and the water.
These calculated mortalities are therefore due to other environmental

stresses such as food limitation and predation.
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TABLE 14. . The estimated mean time spent in each of the develop-
mental stages of P.. elongata, the percent of the
total spent in edch stage, and the time spent in each
stage relative to the time spent in the -egg and first

nauplius. -

Stage . Time (days) % of Total Relative -to
egg + N-1

Egg + N-1 7 2.9 1
N-2 to N-6 19 7.9 2.7
c-1 25 10.4 3.6
C-2 25 - 10.4 3.6
C-3 25 10.4 3.6
C-4 25 ' 10.4 3.6
C-5 25 10.4 3.6
C-6 90 37.3

Total 241
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(5) The stability of the measured biological, chemical, and
physical variables was estimated. Leigh (1971) states that "a system
is stable if it returns to equilibrium when disturbed; the stabler the
system, the more quickly equilibrium is restored.'" Patten (1961, 1962),
while not formally defining stability, obtained a quantitative value

for the stability of the system where

n=1
det P.
Stability = - j=1 J
n=1 ~ :
(s/x)
j=1 T

h

sj,isjthe standard deviation for the jt variable and x is the mean

of the jth variable,

H
=
[«N
|
=

and P. .

' J which is the matrix of

'Pdd Pdi transition probabilities for
the jth-of m variables. For

a series of measurements,

i

Pid probability of an increase followed by a.decrease.

P..
i1

probability of an increase followed by ané%gqiééé?

P

ad = -probability of a decrease followed by a decrease

Pdiv probability of a decrease followed by an increase

and Det Py = (P4 Py; = Pyy Pyg).

The biological data used in the analysis were the;a@pﬁndance of
the developmental stages of P. elongata at Indian Arm and G.S.-1 over

the .29-month study period. The physical data were the temperature, aﬁd
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salinity of the water at a number of depths. These were 0, 10, 75,
100, 150, and 200"m at Indian Arm and G.S.-1, and 250 and 350%m at
G.S.-1. The chemical data were the concentrations of dissolved zinc,
manganese, copper, and nickel in Indian Arm 200-m water and G.S.-1

350-m water. The analys#és was made by using the HBM)IiBQ;COmputer.

Results

(i) The vertical distribution.of the nauplius and the third copepodite
‘at Indian Arm and G.S.-1 from October 1970 to October 1971

As the vertical distributions of the developmental stages were
similar over the study period, only the data for the second year of
the study (October 1970 to October 1971) are presented. This year Was
chosen because of the greater changes which occurred in the temperature
and salinity of the deep water than in the preceding year. Only the.
vertical distribution of the'nauplius‘and the third copepodite are
presented as this is sufficient to illustrate the trends.

Figure # shows the vertical distribution of the nauplius at
G.S.-1 and Indian Arm. At -each station, the nauplii were found deep
and were seldom above 100 meters. Over the years, the yertical dis-
tribution was essentially .the saﬁe (although the abundance varied), aﬁdA
was not affected by changes in the temperature and salinity of the deep
water (Figure 3). . Although the deep water at bothlstations was replaced,
the vertical distribution 'of the nauplius remained unchanged.

The third copepodite was found through a large portion of the

water column, although it was found nearer to the surface at G.S.-1
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Figure 7. The vertical distribution of the nauplius and the

S third copepodite at Indian Arm (a) and at G.S.-1
(b). Broken lines indicate an uncertain datum’
point. (ns) indicates that no sample was collected.
from that depth.
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than at Indian ‘Arm. However, the former station was always occupied
during the day, and the latter was always occupied during the night.
As the third copepodite may be found nearer to the surface at night
than during the day (Pandyan 1971; pers. obsér.), these differences
may be accounted for by considering the time of sampling. The verti-
cal distribution of the third copepodite was not affected by changes
in the temperature and salinity (and other properties) of the water.
Nor was the vertical distribution altered at the time of deep water.

replacement at both stations (Figure 3).

Figure @ presents the data showing the temporal variations in
the total number of P. elongata (excluding the egg) at G.S.-1 and
Indian Arm during the study period. The species was abundantp during
the spring, summer, and autumn, was low in numbers in the winter, and
was possibly less abundant in 1971 ‘than in 1970. There is no evidence
that the deep water replacement at either.G.S.-1 or Indian Arm resulted
in a marked reduction in the number of gg'elongatat»

The 'new' deep water at G.S.-1 was formed in the San Juan
Archipelago, and this latter area is characterized by relatively small
populations of P. elongata. The 'new' deep water at Indian Arm was
formed from surface and neaf—surface waters in the vicinity of the.
shallow sill (26 m) at the mouth of the inlet, and this area is probably

also characterized by relatively.small populations of P. elongata.
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The failure of the populations to be reduced at either G.S.-1 or

Indian Arm at the time of deep water replacement support§ the hypothesis
that, within these areas, deep water replacement occurs at a slow enough
rate for the species to retain its vertical position in the water col-
umn, and so reduces the tendency for the species to be lost from the
area with the 61derudeep water.

Nauplii- and the first four .copepodite-stages were most abundant
during the - spring, summer, and‘early autumn, and were less abundant dur-
ing the late autumn and the winter. There was no apparent seasonal
trend in the abundance of the fifth and sixth copepodites at.G.S.-1.

At Indian Arm, these stages were less abundant in the spring and early
summer. ’

The number of egg clusters varied throughout the year, and were
more numerous at G.S.-1 during'the'sfring. Egg clusters were possibly
more numerous at Indian Arm during the late summer and autumn.

The number of eggs per cluster varied throﬁgh the year, with -
clusters containing the fewest eggs in the winter and the most during
-the summer. Increases in the number of eggs per cluster. occurred at-
the same tiﬁe at Indian Arm and G.S.-1. However, Indian Arm egg

clusters tended to have fewer eggs than G.S.-1 egg clusters.

(iii) Correlation between the number of nauplii and (i) the survival

The number of nauplii at .G.S.-1 was not significantly correla-

ted with the survival of G.S.-1 eggs in G.S.-1 350-m water (r = .25;
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The estimated number of the-developmental stages of
P. ¢longata in. the water column at G.S.-1 (10-390m)
( ), and at Indian Arm (10-200m) (...... ). The.
estimate of the total number of P. elongata includes
only the naupliar and copepodite stages.  The data
for the mean number. of eggs per cluster were calcu-
lated from the laboratory data.
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p>.1) but was significantly correlated with the number of eggs

(r = .76; p<.005). Simiiarly,‘the number of nauplii at Indian Arm
was>not significantly correlated with the survival of Indian Arm

eggs in Indian Arm 200-m water (r = -.17; p >.1) but was significantly
correlated with the -number of eggs (r =.79; p<..005). This indicates
that the number .of nauplii at G.S.-1 and at Indian Arm were not sig-
nificantly affected by the interaction between the egg and the native -
water (as measured in the laboratory), but were affected by processes
which affect egg production. This may be because variations.in the
survival of eggs during the study period weré very much smaller than

the variations in the numbers of eggs produced during the study period.

(iv) The estimated mean mortalities of the developmental stages of
P. élongata at G.S.-1 and Indian Arm

Table 15 shows, for G.S.-1 and Indian Arm, (i) the mean number
of the developmental stages, (ii) the estimated mean mortality between
stages, (iii) the estimated mean cumulative mortality fromlthe egg to
the -adult, and (iv) the estimated mean cumulative mortality from the
egg to the adult excluding the estimated mortality of the ‘egg due to
its interaction with the water. High mortality between stages occurred
at G.S.-1, between the egg and the first nauplius and the second to
sixth nauplius (68.5%), between the second and third copepodites (52.4%),
and the fifth and sixth copepodites (76.3%). No valid estimate was

made ‘for the mortaility between the first and second copepodites, and
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TABLE 15. The mean number of the developmental stages during the
29-month study period in a 1-m? column of water at G.S.-1
(10-390m) and at Indian Arm (10-200m), (ii) the.estimated
mean mortality between successive stages, . (iii) the
estimated mean cumulative mortality from the egg to the
adult, and (iv); the estimated mean cumulative mortality
from.the egg to the adult excluding the possible mortality -

Percentage Mortality

Stage Mean Number Between Cumulative Cumulative
' Stages (iii).. (iv)
G.S.-1
Egg + N-1 408
N-2 to N-6 357 68.5 68.5 53.2
C-1 308 33.1 78.9 68.7
C-2 363 X X X
C-3 173 52.4 88.2 82.4
C-4 129 25.5 90.4 86.9
C-5 140 X X X
C-6 120 76.3 97.8 96.7

‘Indian Arm,.

Egg + N-1 - 292

N-2 to N-6 385 51.1 51.1 20.2
C-1 213 58.1- 79.5 66.5
C-2 155 27.3 85.1° 75.6
C-3 80 48.4 - 92.3 87.5
Cc-4 55 31.3 94.7 91.4
Cc-5 78 X X X
C-6 88 68.8 97.7 96.2
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the fourth and fifth copepbdites; The cumulative mortality from the

egg to the adult was 97.8% with only 2.2% of the eggs matﬁring to the
adult stage. If the mortality of the egg due to its interaction with
the water is removed from this estimate, 3.3% of the eggs which are:

successful in hatching reach the adult stage.

Table 15 also shows the calculation for Indian Arm. High
estimated mortality between stages occﬁrred between the egg and the
first nauplius and the second to the sixth nauplius (58.1%), the:
second and third copepodites (48.4%), and the fifth and.sikth copepo-
dites (68.8%). No valid estimate was made for the mortality between
the-fourth and fifth copepodites, possibly because-a longer time is
spent in the fifth copepodite .than estimated. The cumulative mor-
tality from the egg to the adult .stage was 97.7% with -only 2.3% of
the eggs reaching the adult. This was similar to the estimate . for -
the cumulative mortality from the egg to the adult at G.S.-1. If ‘the
mortality of the egg due to the interaction with the water is removed
from this estimate, 3.8% of the.eggs which are successful in hatching

reach the adult stage.

(v) ‘Stability Analysis

Tables 16 and 17 present the determinants, the mean variabili-
ties, and the stability indices for the biological, chemical, and phy-
sical variables measured at G.S.-1 and Indian Arm. The physical varia-

bles were generally characterized by negative determinants and negative -
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TABLE 16. - The analysis of stability of the biological, chemical,
and physical variables measured at G.S.-1

Variable Determinant- Mean Stability
Variability Index
Egg clusters -0.03 00773 0.04
Nauplii - 0.04 0.69 0.06
C-1 0.34 0.63 . 0.54 .
Cc-2 0:12 0.58 0.21
C-3 0.23 0.60 0.38
C-4 0.11- 0.70 - 0.16
C-5 0.23. 0.61 0.38:
C-6 0.26 0.38 0.63
Total biological 0.24%,
Copper -0017 0.37 -0746
Nickel . 0.27 0.26 1.04
Manganese 0.60 0.58 - - 1,03
Zinc 0.25 0.61 0.41
~Total chemical . 0.52*
Temperature 0-m -0.35 - 0.40 - -0.88-
Salinity . " -0.15 0.14 -1.07
Temperature 10-m -0.38 0.25 -1.52
Salinity " 0:.00 0.06 - 0.00
Temperature 75-m -0.15 - 0.09 - -1.67
Salinity " 0.08 0.01 8.00
Temperature  150-m -0.14 0.07 -2.00-
Salinity " -0.03 0.01 -3.00
Temperature . 200-m -0.28 0.05 -5.60
Salinity " -0.31 0.004 -77.50
Temperature  250-m -0.12 0.04 -3.00
Salinity ' " -0.46 0.003 -153.53
Temperature  350-m -0.07 0.03 -2.33.
Salinity " -0.58 0.003 -193.33
Total . .physical -2,53* -

*Obtained by dividing the sum of the determinants by the sum of the
mean variabilities (Patten 1963).

An examination of Patten's analysis of stability is presented in
the appendix.
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TABLE 17. The analysis of the stability of the biological, chemical,
and physical variables measured at Indian Arm

Variable Determinant Mean Stability
' Variability Index.

Egg Clusters 0.41

0.69 - 0.59
Nauplii 0.12 0.72 0.17
C-1 0.16 0.77 0.21
C-2 0117 0.99 -0.17
C-3 0.12 1.17 - 0.10
C-4 0.28 1.20 - 0.23.
C-5 0.20 - 0.84 0.24
C-6 0.04 0.63 0.06
Total biological 0.17*
Copper 0.60 0.51: 1.17
Nickel 0.40 0.41 0.98
Manganese 0.50. 0.57 0.88
Zinc 0.60 0.64 0.94
Total chemical 0.99*%
Temperature 0-m -0.18 - 0.43. -0.42
Salinity " 0.60 0.47 1.28
- Temperature 10-m- -0.55 0.18 -3.06
Salinity " -0.31 0.04 -7.75
Temperature 75-m -0.26 0.09 -2.89
Salinity " -0.48 0.01 -48.00
Temperature  150-m -0.18 . 0.07. -2.57
Salinity " -0.10 0.01 -10.00
Temperature 200-m, 0.14 - 0.08: 1.75
Salinity " -0.21 0.01 -21.00 "
Total physical _ -1.10*%

*Obtained by dividing the sum of the determinants by the sum of the
mean' variabilities  (Patten 1963).
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stability indices. . Conversely, the biological variables were charac-
terized by positive determinants and positive stability indices (with
the e&Ception of the number of egg clusters at G.S.-1, and the number
of second copepodites at Indian Arm). The overall,stability of the
measured biological system was greater than that of the measured physi-
cal system, suggesting -that the biological system‘was'relatively in-
sensitive to the physical system. Patten (1961, 1962) also measured
a highér stability of the biological system over that of -the physical
system.

The - chemical variables were (with the ekception of copper in
G.S.-1 350-m water), characterized by positive determinants and posi-
tive stability indicesi; The overall stability inde* was higher than
that for the physical system, again suggesting that the measured chemi-

cal system was relatively insensitive to the measured physical system.

Conclusions

There was no indication that variations in the temperature
andfsalinity of the deep water, and variations in water quality were.
important in determining the abundance of P. elongata at Indian Arm
and G.S.-1. At both stations, the number of nauplii in -the water was
significantly correlated with the number of eggs present in the water;
but not with the survival of the eggs due to their interaction with
- the water.

The estimated mean mortality from the egg to the adult stage

was. 97.8% at G.S.-1 and 97.7% at Indian Arm. If the mortality of the-
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egg due to the interaction between the égg and the water is removed
from these estimates, the mortality -from. the égg to the adult becomes
96.7% at G.S.-1 and 96.2% at Indian Arm. This indicates .that there
is a large mortality (or loss) of the‘developmental stages after . the
nauplius hatches, and again suggests that the interaction between the
egg and the water has only a minor role'in determining the abundance
of P. elongata at Indian Arm and G.S.-1.

| The vertical distribution of the nauplius and the third cope-
podite at Indian Arm and G.S.-1 was similar throughout the study period.
This would not be'ekpected if (i) variations in the temperature and
salinity of the deep water were associated with variations in the
quality .of the water, and (ii) these variations in the quality of the”
water affected the developmental stages!

While the vertical distribution of the developmental stages
‘was.similar throughout the study period, . there were pronounced fluctua-
tions in their abundance. The species was most abundant during the
spring, summer, and early autumn: This is the period 'in which primary
production is highest both at Indian Arm . (Gilmartin 1964) and at G.S.-1

(Parsons et al.1970). This relationship between increases in the number

of P. elongata and increases in primary production suggest that environ-
mental variables associated with primary production may be important
in regulating the abundance of the species in these two areas. These

variables .may be associated with the availability of prey organisms and

predation.
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Many zooplankton breed at those.times of the.year when primary
production.is greatest. The increase.in the primary production:of
the surface wafer in the Strait of Georgia.is aISO'associafedawith an
increase in secondary produgtion~(Parsons et a2l.1970). This increase-
in secondary production .may provide more prey organisms for .the-carni-
vorous copepodite stages of P. ‘elongata. Secondly, there may-be é
reduction .of the predation pressure on the nauplii and the copepodites,
which are, in the main, found below the surface layer, where the high- .
est primary -and secondary production occurs.

In the autumn and winter, there is a reduction in the primary
and secondary production in the surface water (Parsons §L al. 1970}, and’at
these times the developmental stages.may be food limited. Secondly,
the predation pressure on these stages may be increased if predators
are no longer able to obtain sufficient food in the surface-layer.
There is also an increase in the concentration of carnivorous zooplank-

ton such as Sagitta elegans .and Tomopteris septentrionalis -at this

time (Stephens et al. 1969), which may also increase the predation

pressure on the developmental stages of P. elongata. -
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APPENDIX

THE’GENERICZNAME AND SPECIES NAME OF THE STUDY ORGANISM

It was apparent from the literature that there is some dis-
agreement over the generic and species name of the study organism. It
is the purpose of this appendix to present an unbiased picture of the
arguments for.and ggainst each hame, and then to give the reasons why
the final name was .chosen. However, only detailed laboratory studies
can determine{whether or not .the genus Pareuchaeta is valid, and whe-

ther or not the species -elongata and japonica are so genetically dis-

tinct as to constitute separate species.

(1) Genus Euchaeta or Pareuchaeta?-

(Prestandred), was established by Phillippi in 1882 (Scott 1909). 1In

the foliowing'years, the genera Valdivella, Pseudeuchaeta, and Pareuchaeta

have been added to the family (Brodsky 1950). There are at least
eighty-five species within the faﬁi1y5 of}which‘ohe belongs to the

genus Pseudeuchaeta, eight to the genus Valdivella, nineteen to the

genus Euchaeta, and fifty-seven to the genus Pareuchaeta.

The genus Pareuchaeta was established by Scott' (1909) who

used; as distinguishing characteristics, the armature of the second
maxilla in the adult female, and the structure of the fifth leg in the
male. In Euchaeta, some of the spines on the apex of the second

maxilla are equipped with long spinules; in Paréuchaeta, the spines

are equipped with short spinules. In the adult male Euchaeta, .the
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third segment of the éxopodite of the left fifth leg is long and
spinform; inﬁPareuchaeta{ it :is short and rudimentary. Scott (1909)
identified twelve species of the genus Pareuchaeta and seven of the
genus Euchaeta by using thése two characteristics.

Sars . (1925, in Sewell .1929) agreed with the establishment of
the genus Pareuchaeta, and addedba third distinguishing characteris-
tic based on the structure of the accessory setaé of the furcal rami.
In Euchaeta, these setae -are more.strongly developed than the other
furcal setae; in Parguchaeta,. these setae are quite slender, and.form
a 'knee-joint' a short distance past their point of origin. -

Brodsky'(1950) and .Tanaka (1958) also accepted the validity of
the genus Pareuchaeta although each used only xwd of the three disting-
uishing characteristics. Brodsky (1950) used the structure of the
left fifth leg in the male, and the caudal rami. Tanaka (1958) used
the. structure of the left fifth leg in.the male, and the second maxilla.
While the-above used only two of the three distinguishing characteris-
tics, they gave no indication that .they considered the third invalid.

Veervoot (1963) did not accept the validity of the species

Pareuchaeta. He found that it was.equally possible to divide the

thirteen Euchaeta-Pareuchaeta species he examined into five -groups
which would probably not deserve any more than a sub-generic rank.
However, three of his groups contain only Euchaeta species, and the
remaining two‘contain only Pareuchaeta species (according to the above®

who recognize the genus Pareuchaeta). 1In effect, Veervoot.used certain
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characteristics to divide the species into two groups which could be
further subdivided. -

Sewell (1929) also found it possible to further subdivide the
genus Euchaeta (into two groups), and the genus Pareuchaeta (into four
. groups). Secondly, he acknowledged that there was at least one
species of those he examined which &8z intermediate in character to

Euchaeta and Pareuchaeta, but he believed that this species was a

connecting link between the two genera. = It -is probable that thére are
several such intermediates and, that with a thorough study of the
- morphology of the family Euchaetidae, their role in the phylogeny of
the family will be better understood.

Veervoot examined thirteen of the known seyenty—sii species of

Euchaeta and Pareuchaeta and concluded that. the separation of the

species into two genera was not justifigd. Conversely, Scott (1909),
Sewell (1929), Brodsky (1950), and Tanaka and Omori (1968) examined
fifty-nine of the known seventy—si& species -and. concluded that the
separation was valid. As the latter group have examined a more repre-
sentative sample of the family Euchaetidae, if was decided to accept
their classification of Euchaetidae. Therefore, the genus Pareéuchaeta
is accepted as being valid,

Brodsky (1950) and Tanaka' and Omori (1968) have both placed
the study organism in the genus Pareuchaeta. - The structure of the
second maiilla (Campbell 1934), the male fifth leg (Campbell 1934),

and the caudal furci (pers. obser.) indicate that the study organism

form.
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(2) Species “japonica or 8longata?

In 1913, Esterly identified 'a new species, Euchaeta elongata,

from the San Diego region. The specimen, an adult female 4.13 mm
in length, was characterized by the blunt projection on the side of
the last.thoracic ségment, the. asymmetric genital protuberance, and
the structure of the first and second pairs of feet.

In 1921, Marukawa described .a new species from thé Sea of
Japan, using the same4identifying characteristiCS'as Esterly (1913).
However, the adult females was larger, being 8 mm in length. Marukawa
named the species japonica.:

It is apparent, from the literature, that the species -name
japonica -has been accepted by certain authors over that’of'elongata,
and yet none of the reasons given .are satisfactory. Wailes (1929)
identified E. japonica from the Strait of Georgia, but was apparently
unaware of Esterly's original description of elongata. Campbell (1929)
captured E. japonica from Deep Cove; Rocky .Bay, Sherington, and-
Seaside Park. She noted that her specimens differedtslightly in the
structure of the. second foof'from Marukawa's descriptions, and that
Vancouver Island region specimens were only 5 to .6.3 mm in length{
While -she assigned the species name japonica to her specimens, she
was aware of Esterly's description.and concluded (Esterly (1913)
seems to have described the same species (as Marukawa)." In a later:
paper (1934), Campbell was less .certain as to whether or not élongata’

and japonica were, in fact, two forms of the same ‘species.
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v Brodsky (1959) noted the’ occurrence of a species which he
called B;-jagonicé in the Sea of Ohkotsk, and the Sea of Japan, the 
Bering Sea, and the northwest Pacific Ocegn,' He was aware of Esterly's
description and stated ''this species (japonica) is identical to P.
‘elongata of Esterly."

Tanaka and Omori (1968) noted the occurence of P. elongata
from the. Izu region of Japan, and state that Esterly's elongata and’
Marukawa's japonica are synonomous. Morris (1970) collected E.’
elongata from the sub-arctic Pacific.Ocean, and agrees that elongata
aﬁd jagonica.are.synonomous.species‘(pers..comm.).

Davis (1949) captured specimens of E."japonica from off the
mouth of Juanfde Fuca Strait and from the Portland Canal.  He concluded
that these specimens were distinct from Esterly's élongata because of
qualitative differences in the species. His specimens were 5.4 to 6.4
mm in length in comparison to 4.13 mm of Esterly‘'s elongata. There
were also qualitative differences in the frontal‘fapilla, and the con-
cavity of the border of the ekopod of the first 1egf

The validity of Davis' arguments'(1949) are hard to accept.
First, he believes that his specimens and Esterly's are distinct spe-
cies because they differ in size. However, his specimens were inter-
mediate in size to Marukawa's japonica and Esterly's‘elongéta; and so
were similar to neithér.holotypes.

It is well documented-in the literature that a-species can
mature to different sizes.  Species 1living in the same area may, for

example, eihibit different sizes at maturity. Campbell (1929)
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measured adult female E.. japonica as being 5.0 to.6.3 mm in length,
Fulton (1968) measured adult females as being 6.3 to 6.5‘mm in length,
and Pandyan (1971) measured adult females as being 4.4 to 5.99 mm in
length. These specimens were all .captured from the Strait of-Georgia
or its .surrounding waters. |

A species may exhibit differeht sizes at maturity -in different
parts of its range (Deevy 1966; McLaren 1965). McLaren (1963, 1965)

showed 'that Pseudocalanus minutus living in different areas attained

sizes at maturity.which could be correlated with the temperature of
the water in which the species was living and with possible physiolo-
~gical differences within the species.

Davis (1949) accepted the differences in the structure of the.
second foot between his specimens and Marukawa's, but did not accept
the differences in the structure of the first foot and.the frbntal
papilla between his specimens.and Esterly's. In both cases, the dif-
ferences were qualitative rather than quantitative. There is ample
evidence in thevliterature.of morphological variation witﬁin a species:
in different parts of its range.’ Brinton (1962) observed morphological
variations within two.species .of Euphausiids~in different parts of
their range. Morphological variation within a species does not mean,

a priori, that.the.variants are distinct species-only extensive.

studies can resolve this. In the caseﬂof:eIOngata-jaEQnica, this kind

of study has not been done, and so there is no valid reason for con-

sidering the species distinct. As Esterley's (1913) description was
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the original, his species name is accepted. It is concluded that

the study organism should be calleéd Pdareuchaeta elongata. .
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AN EXAMINATION OF PATTEN'S ANALYSIS OF STABILITY

Patten's_(l96l; 1962) analysis of stability is of interest
as it attempts to quantitize fluctuations in the variables of
an egosystem.VSeverai criticisms can be made of Patten's analysis.
The major criticism stems from the fact that 'stability' can be
defined in several ways, and sé be applied to quite different
systems."For the purposes of this discussion, they will be'called.
statistically stable and physically staﬁie systems.

A system in which the measured variable does not fluctuate
with time is a static'system. A statistically stable system is
one in which the measured variable remains, in theory, constant
with time\,;j but, due to‘sampling error, fluctiates in a random
direction about the mean value. For example,.an experiment could
be conducted in which-the same coin was tossed one hundfed times
and the number of 'headsf recorded. This could be repeated several
times, and the data plotted with the number of 'heads' recorded
at the end of each experiment on the Y-axis, and the experiment
number on the X-axis. The data would be:described by the line
y=50, and the actual data points would be scattered randomly
about that line. This system is sﬁable in thét the variable
'number of heads' remains statié;icaily constant with time,.and
the data fluctuates in a random direction about the mean value.

Conversely, a system in which the‘measured variable fluctuates
in a predictable and cyclic direction about the mean with time

is physically stable. For example, the swing of a pendulum is



107

- a physically stable system. Therefore, to state that a system is
stable is ambiguous unless the type of stability is described.

There is a tendency amoﬁg ecologists té consider a
physiééllyAstable system as Being ecologically inétable, and a
statistically stable system as being ecologically&'stable. For
example, Dunbar (1960), in discussing the stabiiity of the marine
environment, based his arguments on the premise that " oscillations
are bad for any system and that violent oscillations are often
.1etha1." In this paper, he.discussed the vafiables which dampen
"oscillations (ie increase the trend towards a static or statisticallly
stable system), and increase the eé;ﬁogical stability of that
ecosystem.

Patten (1961, 1962) failed to describe what he meant be
'stability'. From his 1961 paper, it is Suggested that he considered
a physically stable system to be ecologically instable, and a
system.which fluctuates less abouﬁ%the mean over the same time
interval to have a greater ecological stability. However, Patten
failed to recdgnize that the system with thé highest ecological
stability is a statistically stable system and, because of this,
made several errors in deriving his index.

Patten (1961) deriVed the stability index empirically, and
the assumption of which he based the index is incorrect. Patten
stated " if all the variables of an ecosystem were random variables,
- randomly sampleé”.thengeach variable might be regarded as most

stable if andwhen the probablity for an increase in value when low



108

and for a decrease in value when high were unity." This is
incorrect. In a statistically (and ecologically) stable system,
the probability of a low value followed by a high is 0.5, and the
probablity.of a low value followed by‘another lﬁw is 6.5.
Similarly, the probability of a high value followed by another
high is 0.5, and the probability of a high value followed by a low
is 0.5,

Patten (1961) dériQed a stability measure, o, for the

determinant of P, where

ii
P= , - (as on page 75)

When ozgﬁt}héﬁ$ystem, according to Patten, is stable. The greatest

ecologicél stability is when o=1, ie, pid=pdi=l’ and P, 0.

i Pdd
Thus, a system in which an increase is followed by a decrease, and
then by an increase, etc, is stable. However, this is a phygitally
stable system in which fluctuations in direction about the mean

are cyclic and predicatble. The system does not possess statistical

stablity and is therefore ecologically instable.

When 0=0, the system, according to Patten, has null stability. This
value is applicable to three systems. In a static system, Py Pyi”

=0. In a statistically stable system, p,, =0.5, ™

Pi17Paq “Pai Pi3 Pdd

Patten predicts that both these syétems have null stability, and are

less stable than the above system in which the variables fluctuate
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inAa less random manner. This is incorrecty) as tﬁe greatest ecological
étability occurs when the measured variable remains constént with
time, or else fluctua;és in a random mannér.

A null stablity isialsq~obtéinéd~if the meagﬁred variable
iqcréaseslxyor decreases) continuously with time, ie, pii;1.o, and
Pdd=Pia=Pdi=éaf§$hUSg Patten's stabiiity index fails to disfinguish
between a system in ﬁhich the variable is constant, or varies in a
random méﬁner,’and between a syétemlin which the variable increases-.
(or decreases) continuously with time. it is also obvious that a
variable which do;s not approach‘an equilibrium value is ipstabie
- (both statistically and physically), ééd does not‘possess a null

stability}A

Whén ;<0,-thezsystem, accordiﬁg tovPatten; is iﬁstable. The greatest
instability occurs when pii=pdd+i}ﬁaﬁd P;4=Py;70» and o1, Thés
type of system is a physically stable syétem in which the variaﬁle
fluctuateé in a cyclic and predicatéble direc;ion with time.AA
criticai examination qf Patten's analysis indicates thét there is

no differgnce in the stabilityvof a sjstem when 0=1ryand o=-1 fof,
in both systems, the fluctuationé are cyclic and are predictabléez>

in direction, rather than being random.

A second limitation to Patten's anaylsis is that it is
‘sensitive to sampling freqﬁency. Figure 9 shows a system in which
an environmental variable fluctuates‘inva cyclic manner with time, ie

the system is ﬁhysically stable; (but ecoiogically instable).
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Figure 9. A hypothetical syétem in which the measured variable

has ph&sical stability.
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Depending on when the variable is measured, at least three different
values of o can be obtained.
(i) if measurements are made only'$£t=l,5,9, etc,
or t=2,6,10, etc, orit=3,7,11,etc, then ;;01 According to the analysis,
and with the available data, the system has null stability.
(ii) if measurements are made only at t= 1,3,5,7,etc,
~.

then o=1 as p;;=py;=1, and b, =P,

=0. According to the analysis;
the system is stable @;cologically&ﬂ
(iii) if meny measurements are made during each cycle,
then as the sampling frequency iﬁcreases, o1, as pii=gdd +1, and
pid=pdi+0. According to the analysis, the system in instable
ecologically. | |
These problems could be avoided by choesing the sampling
such that it coincided with several stages in the phases of a variaable -
which varied cyclically. Secondly, it might be better to consider
. only the absolute value of-o. A stable system would be one in
which 0=0, and a less stable system would be one in which |G|>0.
Those systems in whieh variables increased or decreased with time .~
would have to be excluded from the analysis in its present form.
Patten (1962) 'improved' the stability index by dividing o by
the mean variability. Small mean variabilities tend to increase
the magnitude of the stability index, and large mean variabilities
decfease the magnitude of the stability index. However, it is
unlikely that an ecologically instable system with a small mean
variabiiity is actﬁally less stable than an ecologically
instable system with a large mean variaﬁiiiﬁ?. Therefore, if

Patten's approach to stability analysis is to be retained, it is
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probably best to consider only Io .
The data in Tables 16 and 17 were re-examined, and the mean
values of |o| for the biqlbgical, chemical, and physical variables

determined. These were;

G.S.-1 Indian Arm
Biological ' O.i§> o 0.19
Chemical | 0.32) 0.53
Physical | 0.22 | 0.30

The biological system has a higher ecological stability than either
the physical or chgmical system;Hﬁaéﬁer, the chemical system is
less stable'gCOlogically than the physical system while, in the
previous analysis, it was more stable.

Patten;s stability measure therefore might be modified to
give a better index of staﬁility than it its present form. However,
this index, like any index, has limited use in describing ecosystem
processes. A better approach would be to make uéé of some of the

mathematical techniques used by physicists,&ﬁé

tepfologists, and

astronomers in time lag studies to describe the dynamics of the

interactions between the variables within a system.



