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Abstract

Simultaneous discrete volume samples and synoptic continucus

transect samplés were taken in Hamilton Harbour during stratified and
. -4
unstratified conditions in order to look for small scale pattern in
- the phytoplankton community.
; Continuous transect data collected from the measuremenf of
fluorometric chlorophyll a, spectrophotometric chlorophyll é, nitrate+
"nitrite, nitrite, filtered reactive -phosphorous, total phosphate,
filtered reactive silica and some species enumeratiéns were examined
using mean square pattern analysis and power spectral analysis,

The excessive spatial variability encountered precluded the
use of pooled variance analysis techniques.

Power spectral analysis was much more sensitive to small scale
variations than mean square pattern analysis although the latter may
be more indicative of larger scale structure, |

Cross comparisons (covariance, correlation, cross-spectra)
couldlnot be performed because of peak shift phenomena and because of

large differences in the estimates of parameter values.

. The fluorometric determinations of chlorophyll a -smoothed out

-structure revealed by the more precise spectrophotometric determinations.

The spectrophotometric chlorophyll a estimates, in most cases, did not

reflect the distributions of the numerically dominant species.

xiii
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The spectral analyses for_most'parameterﬁ displayed structure

predominately at scales less than 25 m'whichlare a reflection of the

fundamental periodicities présent in the harbdur at all times of the

- . - . i '
year. Parameter distributions at length scales beyond 25 m tend to be
randomized under the influence of increased wind speed. Parameter

distribution at basin scales appears to be & function of the wind

driven circulation. ' v

. Xiv



1.0° STy Introdugtion
A general charﬁcteristic of all ecosystems is that they are
patchy. Factors inflﬁencing the physiological condition, behavioural
state or ultimate fitness of individuals exh1b1t d1scont1nu1t1es on
" many scales in time and space. The patterns of these di§continuities
influence the interaction and adaptations of organisms, which
ultimately dictate their.distribufion. Spgtial and temboful hetero-
‘genéity of the biotic and abiotic environment has been proﬁosed'as the
basis for such phenomena.as the maintenance of genetlc polymorphisms:
and ' the regulatlon of communlty diversity (Wiens, 1976; Levin, 1976) .
A community ma; be defined as an assemblage of populations of all the
. living organisms in an area which potentially interact with one another.
Heterogeneity has beeﬁ cited further as the single most important factor
ensuring the Stability of ecosystems (Huffaker, 1958'-MacArthur aﬁd
Wilson, 1967; Simberloff and Wllson, 1969; Mam 1973).
Phytoplankton populatlon dynamics and community structure

" were traditionally assumed tq be verned by temperature, light and a
few major nutrients such as nit en, phosphorous and silica. The AN

¢ : .
ahdatic planktonic enviro;ment was assumed to be relatively isotropic
with respect to these parameters, aﬁd local patches were regarded as
anomalous (Hutchinson, 1961). Hutchinson {1961) qpestioneg the persistence
of multispecies phytoplankton assemblages in this homogeneous
- environment since their coexistence appeared to violate the competitive

-

1



‘resvurce, only

exclusion principle‘(Hardin.-1960). This principle_essentially states

.that in an environment whgre more than one species utilizes a given

: ‘a3 . |, SR
one species will survive. Hutchinson referred to .

this apparent violation as the "paradox of the plankton" (Hutchinson,
1961) .. He suggested that the principle was not violated but that
temporal fluctuations in the environment allowed coexistence. This

implies that the necessary criterion of equilibrium conditions for

competitivc'exclusion is never attained. Richerson et al. (1970) also

proposed a non-equilibrium theory_of coexistence which was however

based on contemporancous rather than femporal heterogeneity. They

suggested fhat the vertically mixed portion of a lake is probably notw<
homogéneous on a timc'scale of a few hours, a featurc which provides

a number of unique niches  These afe however, quite unstnbic and arc
.dcstroyed and reconstituted at frequent random intervals., Some investigators

have suggested the answer to the coexistence paradox is that the species

.do not interact with one another strongly (Hulburt and Horton, 1973).

The non-equilibrium theories stress the importance of turbulence

. for.the maintenance of species diversity. Margalef (1967) has stated

that the spectruﬁ of species diversity is rclated to the spectrum of
turbulence. In a stable environment. where turbuleht‘dispcrsion is
small (e.g. pycnoélines), numerical dominance by one or a few
species can bc expected (Margalef, 1967; Pingree ct al., 1975; Fee,
1976) . Conditions of environmental complexity promote increased
diversity iMargalef, 1963, 1967; Richerson et El-» 1970)." However,

strong turbulent mixing reduces diversity and therefore spatial variabil-

ity (Margalef, 1967; Therriault, 1977; Small, 1963).
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. . The Ae ailed investigation of these.spatia1¢éna-teﬁﬁbrai
inhomogeégr/les of phytoplank;on is 1mportant for a number of Teasons.
Stee{9//3974) has demonstrated the critical need for this information

///p/be incorporated into our modelling of ocean1c-productivity and

T Lasker (1975, 1977) has related the effects that phytoplanﬁfon spatial

heterogeneity has on the su;vival of anchovy and éardine larvae. Most

aquatic data are gathered by discrete samplihg at preselected stations.

The representative nature of thesedata and the validity.df the results,

clearly depeﬁds on the space and time scales of the physical, chemical

and biological processes.
The, phenomenon of plankton patchiness is not‘a new observation.

Early records of visual siéhtings inciude those of Captain James Cook .

in 1773 on his first rouna the world voyage and Darwin in 1839 in his

account of the voyage of the Beagle. They-both made several references

to bands, lanes or stream; of coloured water. These‘pbservationstere,

unfil the 1930's, confined to.a vﬁsuallassessment of the surface waters
which documented both sFregks, and ellipsoidal configurations.

Phytoplankton "patches" in:this sense are thereforelsurface water masses

containing a concentration of a single species which is several times the

background (Bainbridge, 1957). In the 1930's more intensive sampling
techniques were used and new instrumentatioé was developed in an atfempt
to quantify the extent of patéhes‘and describe their composition (Hardy,

1935, 1936a, 1936b). Thegé'investigations demonstrated the ubiquitous

naturc of plankton patchiness but did not disclose all of the scales or

explain their causes.. The results did show the potential difficulties



"of evaluating data from conventional poinf sample surveys, but the °

L]

'warn1ngs went unheeded

McEwen (1930) flrst described the spat:al 1nhomogeneities of
plankton in a statlst1ca1 sense using Po1sson cf;ter1a of randomness.
Winsor and Walford (1936) described the phenomenon us1ng;g. tests-on
pnlred rep11cate sampleq as another method of examining thls phemonenon.
This early work was followed by thc use of more intense samp11ng networks
of data colleétion which used Paissﬁn criteria.(i.e. variance = mean)
‘nnd.Fisher's cocfficient of dispersion iﬁ.an-at empt to describe the
:non-randémﬁeés Qbéeeré-(Cassie, 1559, 1962, 1963]. Platt;fpiékie.and
Trites (1970) using a grid.arréngement of discyete chlorophgﬁf samples
and also periodic sgmplcs along a straight liﬁc transect found a series
of discrete scales of variabiliiy, rather fhan a continuous spectrum of
vafiability. fhcy sdggestcd that the scale-sizes probably vary from mm
to kh and that the sampling desigﬁ used will restrict the range of ’
variability that can be studicd.l'Thcy also stated the need to distinguish
those scales which are stricﬁly due to physical action from those scales
with biological origin. The discreteness of these sampling techniques
has imposed severe restrictions in the range of scales of variability
that could be ;tudied. In order to obtain a mofe complete statistical
analysis, one requires a continuous samplg record which extends from
the smallest resolvable scéle up to the largest scale feasible.

In vivo fluorescence of chlorophyll is frcquentiy used’ to measure

biomass and temperaturc is used as a physical marker for water masses

(Platt, 1972; Denman and Platt, 1975; Powell et-al., 1975; Denman, 1976;



Fasham and Pugh, 1976).. Measurements.are taken in éithe: a Eulefién |
‘or a Lagrangian frame of referenée. The adjective "Lagrangian" i;
used to indicate that 1t';e1ates to moving p01nts ("fluid particles")
and the adjective "Euler1an“ is used whenever correlat1ons between two
flxed p01nts in a flxed frame of reference are considered (Okubo, 1971a).
In addition to chlorophyll ; and temperature other parameters such
as’ current speed; sal;nxtyﬁ speC1es distributions and some nutrient
information, have been measured (Powell et al., 1975; McAlice, 1970;
. Fasham and Pugh,.1976; Richer;pn et al., 1977; Estrada and Wagensberg,
1977; Harris and Smith, 1977);‘ Experimental one-dimensional spectra
are obtained by moving a sampler so rapidly through the turbulence thai
the velocity field does not change appreciably during the time of measurement.
" The samplerﬁ"sees" a fluctﬁéting velocity! which is a function of time;
if the traversing speed (u)} of the sampler.is large ;nough, the velocity
signal u(t) may be identified with u(x[u); where x is distance. This
approximation is known as Taylor's hypothesis. It is also referred to as
the frozen turbulence approximation {Taylor, 1938).

Power spectral analysis is a form of an analysis of variance
of a one-dimensional series, although a two-dimensional analysis may be
employed (Bartlett, 1964), in which the variance of the series of
numbers about their mean is partitioned into. contributions at frequencies
which are harmonics of the length of the data set. Spectral analysis
takes a statiétical approach and assumes that the series is just a

single realization of a stochastic process (i.e. a random or non- determ1n-

istic result whose future behaviour can be predicted only in a statistical

sense). The power spectrum is the Fourier cosine transform of the



autocovariance‘funbtiAh.‘ The au;ocovag}ance fuﬁctionris the resu;t'
of slidingrthg data set along beside a copy of itself and summing
products of adjacent data poiﬁts; This pro#ides information.abouﬁlhow
neighbouring points are correlated (Platt and Denman,1975a). The
spectrum plot iélthereforc-a simutaneous least squares fit of a finite
number of siné and cosine functions of different freﬁuencies to a
series of a fixed length wherq\the error in the approximation to the
6figina1 series has attempfed to be minimized. An erfor.estimate or
confidence interval can be evaluated knowing the spectral window and

assuming a){z distribution of the estimates (Blackman and Tukey, 1958;

LI

Jenkins and Watts, 1968; Rayner, 1971). Spectfhl analysis is particularly
suited to analysing small scale ﬁattcrns and it is also particularly
sensitive to any genuine pcriodiciéics (Usher 1975). It is therefore
a good indicator of the "grain" or spatial pattern (Piclou, 1969). It
is however very insensitive to pattern with léng wavelengfhs and is also
restricted in the maximum wavelength fhat it can examinc (Usher, 1975). The
maximum data window practical is n/4 (where n i? the number of unit
samples}, since the power spectral values repf&éent smoothed estimates
which are a result of the averaged specific wave number values for the
quartered data series (Platt and Denman, 1975a).
Spectral analysis is not necessarily 'the best forﬁ of variance
analysis for all ecological situations, as Hill has stated. |
"Unfortunately, spectral analysis has been obscured by its use
in electronic engineering and control systems. There is for example,

a baffling concern with smoothing techniques (spectral windows) which
has been deplored by Bartlett (1967). The connection between spectral

" analysis ‘and electronic engineering is accounted for by the fact that it

is a natural way of dealing with linear and quasi-linear systems. However,
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anyone who has examined a population of organisms will be aware that
their responses to each other_and to the environment are not in the
-least linear. ‘In ecological contexts, therefore, spectral analysis
bears no particularly important relation to any presumed underlying
structure of the data and must be regarded as merely another method
of pattern analysis." (Hill, 1973)

Another technique of pattern analysis which has not been
utilized in aquatic studies, is mean square pattern analysis., It has

-

been used for a number of .years by terrestrial plant écologists for {
the detection of pattern in plant communities?

Initially, pattern or non-randomness was detected by enumerating
the conténts of a number of arbitrarily sized unit samples (quadrats)
'placed at random throughout a sample area. This method was chensiveLy
used since varidus workers (Blackman, 1935; Clapham, 1936; and Archibald,
1948) made it evident that individuals are rarely distribﬁted at random,

It was however, limited iﬁ the interpretation of the re§u1t5 to an .
indication only of the dagree and perhaps the type of nqh-randbmness
present and gave no clues’ to the nature of more complex patterns (Thompson,
1958). Interpretation of the results was further hampered as a consequence
of using a fixed size sample unit in non-randomly distributed vegetation.
As a result, measures of aggregation based on quadpat data will not as

a rule be unique so that differenf values will be/obtained with different
quadrat sizes (Greig-Smith, 1964; Kershaw, 1973).'

| Greig-Smith (1952) first introduced thélmethod of mean square
pattern analysis. The technique examines the densities of individuals
contained in a grid of contiguous unit quadrats. The data from the

unit blocks were then adjacently summed into successively larger blocks.

s



The mean square or variance (assuming the null hypothasi is that
of a Poisson distribution) when plotted against the block size Qhould

then show & peak (oa a sharp-point of inflection) at the block siza

. »

wh1ch corresponds to the mean 51zc of the patch or mosiac unit. Reérshaw

(1957) developed an important modification of this method which nvéidod

-

the previous implicit assumption that the nreas‘of eterogcncity were

1sodiamctr1c and allowcd enumeratlon of pattern nlong gradients. ' This
f.\

o
method émploys a series of strai transects divided into =a

preselected series " ) of uniff sample quadrats. The transccts are

3 ek
trcated as rcplicatcs of oné- another which allows the measures of abundance -

to be pooled for cach successive 2" block size. “The mean square is then .

’ ‘. . ' -f-_'f'

calculated for cach successive block size and plotted against this

grouping.' Thé determination of the significance of any nppareﬁt péak presents
a problem since once non;rindomness has been cstablishéd, the classical .
Qnriancc ratio test cannot be usecd. Thompson (1955) discussed this

problem in detail and demonstrated the lalck of any valid test under the

non-randomness condition existing in most communities. Mead (1974)

introduced what he describes as a fully valid, distribution free test. , \

This test however, basically skirts iho problem of-the depcndcnt nature
of the adjacent unit samples which tend to show high autocorrelation
3[Ri£herson ct al., 1977; Fasham, private communication). If these basic’
units are then combined into larger blocké and used to give mean square
estimates, then these estimates are not independent of one another and

cannot be tested. In the absence of a valid test for the significance

of a particular peak, a subjective assessment of the graphs 14 employed _‘ﬂ_fr

¢
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using‘thecriterionof che reappearance of a particu{ur scale of pattorn

in the serias of replicate transects (Korshaw, 1973), This has alwnys o A

precluded a clear interpretation of ‘peaks occurring at tho maximum block

size. The fundamental test requires at leoast a doubling of snmﬁlo‘sizo

and a ro-examination of thc data unless somo & priori information about tho
causal nature of this scale iq avnilnblo (Korshnw and Rouse, 1971a, 1971b).

ﬂfhhe initial stydy of the transoct pattorn nnalysiq (kcrahhw 1957) showed

that the peak in varianco occurred at the mean diamcter of the clump and

that penk drift to the right might be cncountored at low populntion dcnsiticq

-

Usher (1969) showed that- ‘peak drift to the lcft is also possible and }
cmphnsizcd the importnnce of the start position in a pattern analysis. -
Errington (1973) using models of rcguyzrly and randomly di;tri@gtod cldhﬁsJ
demonstratod the importance of thoe s?icc size (i.e. di§tn:cc Bé&woon
clumps) in influencing the posipicnfcf pcaks: The peak position is -

.
indicative of the clump size, thc Qpacc size, or one half the total unit

of pattern. In general, for nny g1von clump sizg if thc moan spaco‘iiff::)

s ‘less than the mean patch size thcre will bo a peak d:ift to the 1

“and if the mcan space size is Inrgcr thcn the mean clump size there wilf
be a drift to the right. Usher (1975) has also pointed out nnothcl type Lo
of behaviour durlng peak drift wh1ch he rcfcrs to as peak 1ntorfcrcncc “:¢f:?
If for cxamplc, two peaks arc present, at N gt and at N 16, the N 4 peak |

may completely dlsappcar if the peak at N 16 shifts to N & The

amplitude of the peak was also shown to be influenced by a number of -

et P I S

.factors. As the S;aﬁp and block sizes become cqual a maximum amplitude
* ' i

is rcached which is a function of this tendency of the 'nnlysis to peak
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at the clump size, theispaée size and bfienrat a;\avéréhe between
these two Qélue% At a cover of‘SD%‘ theicluhp, sp&ce and half the
total un1t of pattern are 1dent1ca1 confinlng the peak to only one
position thé&eby g1v1ng it a maxlmum amplltude High amp11tudes also
suddenly appedr when. the sum of the clump‘51ze plﬁs space sizéllies
exactly on the series 2", Errington (1973) has;§uggested that, "the
fact that the methodlof analysis relies on the series 2# is largely |
respongible for thesé anomalies",

In comparlng spectral analy51s ‘with-mean square pattern

analy51s Usher (1975) suggested that with sgectral analys1s it is

sometimes difficult\to sort out the actual peaks from harmonics and

i
!

spurious peaksuﬁhichxarise owing to the discrete nature of some
botanical data and bécausé of the square—wave.nature of artificial
data. He further stafes that there are advantageéland disadvantages
in both of these methods aéd that a more complete analysis.of pattern
should include both methods. -

Except for a study by Fasham and Pugh (1976) thelmajoritf of
marine research using spectral analysis on continuous sample Tecords
has taken place in the uppér ten metres of coastal and estuarine
waters. "The results of these investigations are explained on the
basis of turbulenée theory through the KISS model (Kierstead and
Slobodkin, 1953; Skellam, 1951).

Kierstead and Slobodkin (1953) proposed a mathematical model
}Healing with;the blooming of dinoflageliates under the adverse
influcnce;;f turbulence which tends to transport cells from a favourable

_ to.a less favourable environment (Strickland, 1965; Ragotzkie et al.,
. . =L al
L 5
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' 1957). This model is similar iﬁ if5 formulation to one proposed by
Skellam (1951) and the models are now collectively referred to as the
KISS model (Okubo, 1577; Denman et al., 1977). The KISS model attempts
~ to predict thé minimum si;e possible for a-water mass containing a
single spécies phytoplanktqﬁ increasing exponentially which can maintain
i;s in£egrity against the dispersive forces of turbulent diffusion. -
The proposed relationship was: | ‘
L= T (oK)

for a spherical watef mass, where Lc is the critical lehgth, D is the
turbulent diffusion rate ﬁerived from the fundahental equations of
tufbulence theory, and K is the rate of increase of the population.

ﬁroblewski, O'Brien and Platt further developed the theoretical
' concept of a critical length scalé of phytoplankton patchiness By
incorporating the effect of losseé due to herbivore predation into the

KISS model (Wroblewski et al., 1975).

The equation théy proposed was:

L =n( X

-2
c K-R A
m

where Rm is the herbivore maximug grazing rate and X is the Ivlev
constant, an empirically determined value tq‘;ccount fér feeding rate
dependence upon the food concentration (Parsons et al., 1967).

-Wroblewski and‘O'Brien (1976) further developed their graiing
model to include nutrient limitation of phytoplankton growth in‘order
to achieve realistic solutions for the oceanic regime. |

The original KISS model was developed for a single species

population growing in a particular location and in order to apply it

o et A AT
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in general circumstances parameters of the'modél sﬁould be examined
“in more detail. This'ﬁill be done in the following section.
The constant K represents a net population groyth rate. The
. doubling time fof communities may range from_U;ZS to 1.0 per day.
- Egéley (1972) and Beers et al. (1971) néte that the accuracf of these
esfimates'is only within a factor of two. In addition to the gross
rafe of increase one must consider losses due to.sinking and increases© u
du; to vertical redistribution. Sinking rates vary with the plankton
species‘from 0.1to 6.8 m per day (Smhyda, 1970, 1974; Smaydé and
Boleyn, 1965, 1966; Eﬁpley et al., 1967). The rate depends on
physiological state and shows nutrient- dependance {Titman, 1975;
Titman and Kilham, 1976}. The importance of vertical redistribution
to thg biomass and the prihary productivity measured at aﬁy given point
has been shown by Fee (1976) and Denman (1977). The major phyéical
force of vertical transport is via internal waves (Kamikowski, 1974:
Fasham and quh; 1976). The precise influence of internal waves on the
estimates of biomass made in pr;vious studies has been difficult to
quantify {Denman, 1976): R
The variance spectrum of a turbulent flow field that is
isotropic in three dimensions and for which the turbulence ig generqtéd
at largé scales only, contains a range of wave numbers, called the
inertial subrange, over which the velocity variance is transferred
conservatively f;om lower to higher wave numbeés until it reaches scales
smali enough for viséous dissipaéion to become important. We can
denote the one-dimensional turbulent energy spectrum as E{k). The

value of this function depends only upon the wave number k and on the
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rate of kxnetlc energy transfer within the 1nert1a1 subrange Since

‘thls cascade is conservat1ve. the transfer rate must be constant and

equal to the rate of viscous dissipation, ¢, ~at small scales. A
dimensional analysis based on these assumptions leads to the
relatlonshlpf . :
E(k) = A e2/3 § -5/3
where A is a dimensionless constant. Therefo?e, the turbulent energy
Spectrum and any passive scalar within the flow field will’ show a
-5/3 slope within the inertial subranée (Denmaﬂ‘and Platt, 1976).

The turbulent diffusion rate, D, depends on those factorq
causing a random change. in the concentration of a parameter within
the water mass under con51deration; The value is scale dependent
and therefbre & constant cannot be used (Okubo, 1971b; Boyce and Lam,
private communication). 'The rate of turbulent diffusion is greatly
affected by the basin size (Boyce, 1974). The largest eddies (i.e.
stirring processes) are dictated by the smallest cross-basin length
scale (Boyce and Hamblins 1975; Murthy? 1877). The depfh of the
water body, to a solid bottom or a density surface, also affects
turbulent diffusion. Wind speed is another factor affecting rate of
turbulent diffusion (George and Edwards, 1976). The turbulent diffusion
rate changes as a function of density and therefore can be rclafed to

salinity or temperature. Another factor, which should be considered

~when applying D to local plankton blooms, is the potential modification

~rof the turbulent diffusion rate as a result of the particulate matter
L

suspended in it (Okubo, 1968, 1974}, Thereare at present no data

available on this effect in aquatic media (Boyce and Murthy, private

e

Y
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communication). All these factors deﬁonstfate that .D is locally
modi fied. . ST . T

Incorporation of the éffects of zooplankton grazing is
definitelydesirable in that it improves the‘redlism of the model. It
does however present the a@ded difficulties of dealing with the
grazers and the grazing. Zooplﬁnkton feeding is selective for both
filter and rapt;rial feeders (Conover, 1960; Gauld, 1966; Hargrave and
Geen, 1970; Wilson, 1973; qufé?, 1973; Boyd; 1976) . The apimnls are
'tﬁemselves patchi}y distributed tﬁutchinson, 1953; Cassie, 1959;

Wiebe, 1970). Brooks (1969)‘and Dodson (1970) have shown that changes
in the phytoplankton species comfosition are as important to the zco-
plankton species composition and total biomass as an increase in the
abundance of the phytoplankton. These factors must also be locally
determined and app;ar as functions rather than constants in the model
”;ﬁ or&cr to improve its realism.

The inclusion of a limiting ﬁutrient effect on phytoplankton
growth prevents the severe ﬁdpulafion densify fluctuations for both the
phytoplankton and the zooplankton populations which were present in.the ~
Wroblewski, O'Brien and Platt model. The concept of a single limiting
nutricng_for a mixed species assemlage appears to bé untenable in view
of the "Competitive Exclusioq Principle“ (Hardin, 1960; Hutchinson,"
1961). The necessary result of a single-limiting nutrient for a ‘number
of species, given the coﬁstant physical and biological conditions
imposed by all of the mﬁdcls, is the persiétence of only one speéics.
fhe inclusion of a single limiting nutrient concentration must further

assume that this concentration has an effect on all of the phytoplankton
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pfesent. "Allen (1977) suggested that there is a great disbarity
between the measure&'nutrient levels in.the.environment and the levels
actually exﬁerienced by -the phytoplankton since theif immediate
neiéhbourhood.is gbierned By molecular processes rather than éurbulent
ones.. Niensi(1977) and Grenny Eﬁ.ﬁl- (1973)_h§ve postulated that _ \\
the flu&tuations of VnribOS'pﬁééﬁeters in the environment are as
important or more important than an average value for survival and growth
of the organisms. _ ) .

In summary, the KISS model and ips modified versions may be
able to relate phytoplankton patchiness to growth and turbulent
dissipation but the terms in the model need to be functions rather
than constants for g;neral applications,

‘The~app1ications of the pr?dictions of the KISS model to the critical
length scale or minimum patch size of field results have been accomplished
as tollows. ’

The spectral analyéis of data from somé of the marine studies
shows é high degree of correlation between temperature and chlorophyll
over a wide range of scales. Thi§ is taken to mean that the chlorobhy]l
behaves, like temperature, as a passifé scalar in a turbulent field.
However the chlorOphyll-spectral plots tend to show a change in the
slope of the variance versus distance plots after length scales that
bracket 1 km (.2 to 20 km).' The point at which this chaqge in slope
takes place is postulated to be the length scale at which phytopfaﬁkton
growth dominates over the physical transport processes to produce a

patch of phytoplankton (Platt, 1972; Platt and Denman, 1975a, 1975b).

This point is suggested by Platt and Denmann (1975a) as being
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"equivalent to the criticalvlength scale (Lc) Qf:the KISS model’. The

peint of infle;tion of thé spectral plots of chlbrophyll does not
necessarily occur at the ;amg position and may‘in fact be totally
‘absent,, which suggests that it is‘probably locally determined (Fasham
‘and Pﬂgh, 1976; Horwood, 1976). Temperature also divérges from tﬁe
antiéipéted -5/3 power relationship predicted from tﬁrbulence theory
which indicates local modifications to the physical regime (Fasham
and Pugh, 1976).

‘A short discussion of thelparameters measured‘in these studies
and the method af analysis used on the data, relative to the
theoretical models, is essent;al for an interpretation-of the current
state of knowledge with respect to phyt;plankton patchiness.

- Temperature measured via a sensor implanted at a fixed depth
cannot be used as a passive;marker in a turbulent field. Woods and

:Fosberry (1966) have shown that the vertical structure likely consists
:0of uniform layers of Qater sepafated by thin sheets of high temperature
and density.gradiénts; Phillips (1971) has subsequently shown that the
observations obtained from a temperature sensor fixed at one depth in
such a situation will produce a -2 power relationship (i.e. very nearly
-5/%) irrespective of the underlying motions of the water. Therefore,
little information can_be deduced from the slope of the temperature:
spectra (Fasham and Pﬁgh, 1976).

Ehlo;ophyll a as an indicator of population density.chanée may
produce a large error in the estimate of'phytoplankton biomass since
the per cell chlorophvll content varies as a function of species and

physiological response to nutrient and light ‘changes (Yentsch and
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Scagel, 1958; Ballester, 1966). These changes may be extremely rapid.

As Margaleff.has stated: T

"Chlorophyll is more quickly synthesized and decomposed than
other pigments and responds more rapidly than other pigments to changes
in opportunity for growth. Such changes can be detected even on an
hour basis, in circadian rhythms." ' .

: ;
(Margaleff, 1967)
In vivo fluorescence using the standard filter combinations

will reasonably estimate the ambient chlorophyll g_céncentration

- providing there is little interference from phaeophytin or suspended

Oy

solids [Lorenzen; 1966a, 1866b; Lincoln, 1976; Oppenheimer, 1966;
Carter, 1974). Phaeophytin is a chlorophyll degradation product which
is often correlated with zooplankton grazing. The suspended-solids

arc a particular problem in the coastal zone and result from extraneousa
silt and detritus. Fluqrescence also gives physiological information
since the fluorescence yield shows rapid changes with nutrient stress,
light and teﬁperaéure changegl(Kiefer, 1973b; Blasco, 1973; Lorenzen,
19665). Some species of phyt;plankton do not show a méximum fluorescence
induction/response with the standard exéitation/measurement wave
lengths of light used (Kiefer, 1973a; Heany, 1978). The difficulties
encountered in estimating the spatial variability of phytoplankton
communities Sy fluorescence are further compounded by the ﬁroblems of
estimating the net'gréwth rate of the phytoplankton. These problems

were discussed previously in connection with estimating the K term

.in the KISS model.

In summary, studiés using the above techniques do not have
adequate information regarding the relationship between the physical

environment and the biological rcsponse to it. 1In fact, they may have
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some erroneous infofmation about these relatidnships.
Intensive studies, similar to those just described fof"
marine systems, have been d@ne in freshwater (Powell et al., 1975;
Richerson et 51., 1975). Powell et al. (1975) working in Lake Tahoe,
a large deep oligotrophic lake, discovered a significant change in the
distribution of variance of-chlorophyll at a length-scale_of 100 m
(Goldmn and Armstrong, 1969). Richerson et al. (1975) found a

similar variance peak at 220 m for the dominant‘plankter Cyclotella

L Pl
v o
el

stelligera. They suggestéd~that the chiorophyll peak was due to

biological variations in cell growth rate, sinking and grazing at these

scales. TheAvariancg distribution beyond this 100 m p
~to rise to the.limits of resolution,?probably'as a result o
inflows at basin scales. At scales below 100 m the chlorophyyl
appeared as a passive cont#@jgaﬁt in a turbulent field. Harris and
Smith (1977) working in Cootes Paradise, a shallow highly eutrophiﬁ .
marsh (Bacchus, 1974; Harris and Bacchus, 1974),.using periodic

: .
discréte volume samples found considerable variance in the chlorophyll
and sgpcies distributions over scales of one metre. The fresh water
result; suggested potential links between basin morphometry and patch
size, and between tfophic states and patch size.

- The purpose of this study was to examine the spatial variability
in the phytoplankton communities of a small eutrophic body of water in
pursuit of a basin size and/or trophic state relationship with the scale
of heterogeneity. The programme was designed to study scales of

heterogeneity less than 200 m in size, of biomass, species and nutrients

during different conditions of water coelumn stability. The results
- . ) 2t

b w v

.
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should show smaller scale distributions than Lake Tahoe but larger
scale distributions than Cootes Paradise. The sampling technique

was - to collect replicate transect samples from the surface metre of

water and to examine the variance distributions of the various

parameters measured both through spectral analysis and through mean

square pattern analysis.

TR PR T A AAR A AC—— . n
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2.0 . Materials and Methods :

PR

2.1 Descriﬁtion of Sample Site

Hamilton Harbour is a partially open bédy of water located
at the western tip of Lake Ontario. 'It has & maximum length of
é km in an eﬁst—west direction and a maximum width of 4.8 km, in
a north-south direction. At its eastern end, the harbour is
rggnnected to Lake Ontario via a ship canal (732 m long; 107 ﬁ wide
and 9 m deeb). At its’'western end, the Desjardins Canal joins tﬁe
harbour to a polytrophic marsh (Cootes Paradisej. The canal is
approximately 240 m long, 24 m wiée and 2 m deép (Figure 1). -

The harbour contains approximately 2.8 x 10B m3 of water .
with a maximum depth of 24 m. The watershed (about 500 kmS] supplies
a total annial flow of 1.27 x 108 m3 via several sméll_crceks. This

provides a natural throughput of approximately 45% a_l. The

harbour is also used as a receiving water for about 3.2 m3 5_1 of

treated municipal wastes and for an estimated 0.1 m3 5_1 of untreated
storm sewer overflows during overflow periods. All of these contributions
result in an approximate throughput of 80% a_l. There are in addition,

a number of industries léEated along the south shore which utilize

some 27 ms's—l in a steady state exchange.

The shoreline has been exteniﬁyely developed, and a great deal

of landfilling has taken placc for many vears. These shoreline changes

~ 20
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have probabiy led to complex chaﬁ;bs in the currenf_EIOW‘pafterns.

;The bottom topography is quite variable due to filiing, dredging and

heavy sedi&entation.from various soufces; ‘The sediment density and

composition.show marked differences aéross the basin (OME, 1974-1977).
‘The surrounding relief varies éonsiderably, from bluffs some

30 m above water level along the eastern and north eastern shores, to

large industrial warehousey, factories and coal pilés along the

southern shore. This highly irregular relief ﬁromotes complex wind
phenomenon err the harbour. This overall basin morphometry suggests
‘that very complex current fields and irrégular mixiﬁg events should
occur. i

" The harbour is a dimictic body of water, with‘winter ice
cover and summer stratification. The stratified period is characterized
by rapid and larde deviations of the thermocline of up to 7 m (Harris,
1976; Piccinin, 1977). The water body is cutrophic, with high organic
loading and predictably suffers from severc hypolimnial oxygen depletion
during the stratified period with bottom dissolved oxygen levels
declining to Oxngd_l (OME, 1974-1977; Harris, 1976; Piccinin, 1977).
Soluble nitrogen and phosphqrus concentrations remain high througho&t ;/_/—;
tbe'whole of the water column all year (Harris, 1976; PiccinigﬁflgiT).
The total phosphorous loadings for the h;rbour are in excess of 17$z-rn"2
a_l. The total nitrogen loadings for the harbour are in excess of
348gqn_2 a-1 (Snodgtass,nﬁrivate communication). The photic
zone is shallow and varies from 4.5 to 9 m due to a high vertical
extinction cécfficicnt\of the photosynthetically available incident

l). )

radiation (.5-1.5m
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Figure 1

“1 Hamilton Harbour

Hamilton Harbour with accompanying survey station
locations and bathymetry in m. Survey stations are numbered

4, 252, 258 and 270.
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" More specific and detailed descriptions of the harbour's
’ physicai, chemical and biological relations can be found in Palmer
and” Poulton {1976), Snodgrass (1976),~Chan“3£:gl. (19771; James and

E1d (1978) and Polak and Haffner (1978}.
.#*-
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2.2 Preface -
_Continuéus samplés were obtained from eight straight line

transects on three separate occasion®;(Figures 37, 38 and 39,'ﬂ§péndix ).

-

The transects were arranged suththat four of the eight were aligned
parallel to the wind direction. The remalnlng four transects were .

allgned at rlght angles to. the first set. ThlS de51gn was tested for

existing w1nd ~or wind-induced - ghgrent flow effects ¢ on phytoplankton patchiness.

“

The numbér of transects for each occasion and the numﬁfr of samples .

’

‘per transectueredeterm1ned,by the constraints of mean 'square pattern
analysis (Kershaw, 1973). This series of transects taken synoptically
would allow a pooled varlance analy51s for all the samples using both

.

methods of variance analy51s The length of an 1nd1V1dual transect was

660 m w1th shmples being taken continuously at'5 m intervals, The

total numbeq;of samples per transect was 132. The mean'squaré pattern

0' e -
analysis required only 128 (i.e. 27) samples for analysis. This number

was ana 'ég from each transect and the remaining four samples per

transect wene used to test the effect of .the start position on the mean

square pattérn analysis. The length of each transect gave a 5pectra1
rom 5 m to 165 m and mean square pattern results from 5 m to

320 m fbr individual transects.  The pooled wariance analysis (see section .
.o ¥ .

i +
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3.5) will increase the ;imits oflahalytical observation for the meah

LY

Square pattern analysis to 660 m but will not affect the spectral

S

window. -

’

Samples were taken on September 16, 1975; July 20, 1976; and
November3,.1976.i The cruises were planned for these detes to compare
sggtiai heterogeneity during different liﬁnologicel conditions.

~ + The July‘sample was taken during a period of surfdee“heatiﬁg
in a bilayered system of ;armer epilimnial water overlying colder
hfﬁolimniaf weter. Under these conditions vertical exchange between
surface and bottom waters will be limited. Biological activities should
be more intense ﬁuring this peried of warmer temperatures and limited
vertical circulation leading to intense small scale pattern.

The September sample was ‘taken duringea period of surface

cooling with some sporadlc vertical exchange.b Vertical exchange causes
a deepening of the mlxed layer and an increase in the nutr1ent levels
in‘the epilimnion. These changes sheuld result in the rapld growth of
some species and the rapidj?écline of others.

. The November sample was taken during a period.of'vertically
isothermal conditions with much reduced water temperatures. Autumn

. turnover causee higher nutrient concentrations‘in the surface waters
but anﬁincrease in the mixed layer depth. These cohditions should y
result ‘in a dramatic change in the'phytoplankton assemblage present and
reduced growth rates. The result should be larger scales of
:ﬁeterogeneitxgin the community.

The wind direction was determined at CCIW (Figure 1) immediately

before each cruise. Wind speed data were later collected from various
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sourcés (Tables 13 and 14, Appendix) in order to assess.the'effect
of wind on phytoplaﬁkton structure (patches). Structure is used here
to refer in a general sense to patches.

. The vertical thermal gradient of the water column was meastired

' prior to each sample collection using either a portable electronic

bathythermograph or a temperature and dissolved oxygen meter. ¢The
former has an accuracy in excess of 0;056C and the latter-has an
accuracy of 0:256C.l |

The zoopiankton present in‘tﬁé hérbo;r are mosfly cladocerans
(Boswmina and Eubosmina), rotifers an&‘a very few cyclopoid copepods.
The community composition changeé radically.throughoht the yeg;

(Piccinin, 1977; Wade, private commundcation). It was assumed that

these animals had no significant effects on phytoplankton biomass or

their disfribution because approxihately 80% of the particulate carbon
préscnt in the system is bacterial or detrital (Harris, 1976; Piccinin,
1977; OME, 1977; Gliwicz, 1969; Gliwicz and Hillbficht-llkow§ka, 1972).b
An initial sample 3c£eme based on the simultaneous collection
of discrete samples along a transect was investigated. A sampliné
apparatus coﬁposed of five, clear, cast.plexiglass, van Do;;}fype
samplers tFigure 2) was constructed to allow simultaneous water samples
to betaken.within one cubic m of water. Each sampler was about 62.5 cm
long and had an inside diametér of 6.3 em. This gave a total volume

' s 2
sample slightly in excess of 2 2. The sampling apparatus covered 1 m”~

of water with one axis oriented in the vertical and the other axis in
2

43 )
ttikhprireﬂtal.plane. A series of samples were taken both parallel to
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taken. Upoq returning to -the laborafory, the containers we e vigorﬁusly
shaken and 500 ml from each was immediately filtered u;der a vacuum of
not mote than 69 k?a through Whatman 4.25 cm GF/C filters. A volume
of the filtrate from each sample was removed and an#lysed for filtered -

reactive phosphorous (FRP) and nitrate + nitrite (N03+N0 The

2) -

particulate material was analysed for chlorophyll a (section 2.4a).

Three replicates of each_gfjthé above pargmeters were analysed for
s -

cach sample. Quncan'ifﬁultiple range’gggim:as used to ascertain the

significance of the/d&fferences between mean parameter values. The

‘measured.

analysis ysed a set of significant ranges—with—each range depending

"ppon the number of means in the comparison. Therefore, this takes inta

account the number of samples involved which the least significance
i

ditference does not. It is also not necessary to compute an F

value and proceed only if it is significant since the précedure may be
used regardless of the significance of F (Steel and Torrie, 1960; Winer,
1962; Bliss, 1967). i

Thé results (Table 1) show no obvious trends for the individual
simultaneous samples. Chlorophyli a appears to have greater variation
in samples taken in a cross-wind oriéntation. No such generalization

seems possible for the FRP or N03+N02 determinations. Also, there

would appear to be no simple correlations between the parameters
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Figure 2

.

Discrete Volume Samgigr

An end view of the simultaneous, discrete volume -

sampling apparatus showing the arrangement and separation
of the individual 2 % samplers arranged to sample in the
horizontal plane. The labels (A, B, C, D, E) allow (i;

reference to be made to a particular van Dorn bottle.



Table 1

“

Significant Differences (95% level) Between
: Discrete Volume Samples

Sumple * Chlorophyll a Orthophoaphata Nitrate + !‘i;rtu
: 1 ) (c~a), (c-B) (A-0), (a-D) Bove
. (cross current) {O~2) (=L}, CA-B)
b
2 -9, (=00 (o), (c-B) 0, (A-T)
{with curvent) {»=D), 3~

3 .
) - (3-1), () Doas ‘ (D-C)

E'S . 7 .
e + 1,2,3 represents samples taken at stn. 270
' approximately 20 minutes apart.

Figure 2
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These findings suggest parameter values are significantly

-

different over horizontal -and &erfical‘distanées as small asO.Sﬁfo Im
when discrete samples are taken. The significance of these‘estimﬁtes

is further illustrated by examining Table 16 (Appendix 1) which displays
the ﬁaiues for the same parameters measured for two weeks prior to

the sample period (Harris, 1976). The chlorophyll E;for both surface

and- depth integfated values appears not to be significantly different

frah each other. Significance is determined by +2 standa;d deviations

of the measured‘value. The FRP and the N03+N02 concentrations show
similar results with differences which appear to be of the same order as
those observed from the discrete volume sample programmgl .A few anomalous
values do however appear during the survey périod. !

Nwr . -
Since no simple correlations between biomass and the major .

nutrient parameters were observed, the biomass-vériance might reasonably
be attributed to physical forces; The nature of this variance cannot be
examined in more detail using.this type of sampling. The method cannot
be used due to sample aliasing which occurs when the variance at scales
.
smaller than-those actually being measured appears erroneously at larger‘
scales which is an especially serious problem for periodic discrete
samples. Also, there may be interference from lgfger scales of pgttern.
The sample numberlm;sklbe augmented in orﬁgr that more sophisticated
techniques of analysis may be employed to reveal any systematic

differences and correlations. Therefore, the continuous transect

sampling technique outlined in the next section was employed.
{
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2.3 Continuous Transect Sampling

A3.7m, 5 cm by 10 cm wooden beam was fastened to thé deck
of a launch and.a small submérsible pump (model éE-SBN, Little Giant
Pump C?mpany) w;s fixea to the beam goaas to be suspended. approximately
0.5 m below the surface while sgmpling. This arrangement assured that
the sampling dccurred away from the influence of‘tﬁe'bow shock. Water
.was pumped inboard from this depth at !’Eixed rate through a 6 m length
of plastic hose into_é Turner model ITI fluorometer fitted with a fast
flow door. The cuvette had an inside diameter of 1.7 cm. The
fluorometer was equipped with a primary blue filter (Corning CS 5-60,
maximum transmission 430 nm) and a red secondary filte% (Cdrning CS 2-64
.with a cut-off at 645 nm and a maximum transmission at 650 nm) in
order to measure chlorophyllag’{Lorenzen, 1966a, 1966b). The range
selector of fhe fluorometer was set to measure the ambient chlorophyll
concentration and the mathine was zeroed with distilled water in the
cuvette. The measured résponse time of this Turner fluorometer is
5 s, with 1.2 s being necessary for cuvette clearance and an additional
3.8 s to reach 95% of its stabie response for a constant input at a
scale range of 10 mv. The machine hasla measured accuracy of + 3%.

The watér, after'leaving thgufluorometer, passed into a Elastic
temperature measuring.chamber, in wﬁich was imbedded a Rosemount
temperature sensor (linear bridge model 414L and sensor 156 LC). The
sensor calibration was determined to be_l.mvoc from 0°C to 30°C with
a normal accuracy of less than 0.02 °C or 20 ¥ volts and a time constant

of .25 s. The temperature sensor and fluorometer were connected to a

two channel Hewlett-Packard chart recorder model 7100B, at a full scale

P a1k ey

T
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reading of 10 mv. The recorder had a time constant of 0.5 seconds
to full scale with an accuracy of 0.5%. T

~ After- leaving the temperature chamber, the water was collected

in white plastic 946 ml capacity bottles aftg; c{earing. Each bottle
was.capped and placed in wooden storage cases.’ ?T;e cases were covered
to évoid light. damage to the samples.

Each sampling cruiég’was comprised of a series of eight straight
line transects. Four P¥ansects were taken ééraiiéi to the wind and
four more perpendicular to the wind. Eé;h transect was 660 m long aﬁg_
was partitioned into 132 samples. The speed of the launch reflected
the volume sampled and the volume of water encountered by the pump as

follows:

length scale resolution per unit sample = 5 m
1

inside diameter of pump opening = 1.27 cm

sample volume encountered ih S m = 633 ml

pump rate at 0.5 m (with head) = 180 ml s

time to collect 633 ml = 3.51 s

1

time to travel Sm = 1.42m s

"

5.13 km hr'1

3.2 knots

Radar fixes were made at the beginning and end of each
transect. The total saﬁple time did not exceed 2.5 hours.

The samples were immediateiy transported to McMaster University
gnd stored in a cold room (BOC) in the dark. Within two days they were

removed and partitioned for various analyses.
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Each sample was shaken vigorously and a 20 ml. aliquot'was

poured into a: plastlc scintilation vial contalnlng approxlmately 1 ml

of Lugol's solutlon as a preservatlve.‘ An additional 20 ml were

removed from e;;h sample and fast frozen in a plastic scintiliation

vial for analysis of total phoéphorous at a later date. A 450 ml
éubsamplé was filtered under a vacuum.not exceeding 69 kPa

through # Whatman 4.25cm GF/C filter, labelled and frozen (-23 C) Two
20 ml aliquots of filtrate were placed in scintillation vials containing
a few drops of concentrated HCL or chloroform (Golterman, 1971) as
preservatives, and placed in thé freezer for subsequent chemical analysis
(section 2.4). The former was to be analysed for FRP and FRS and the
‘latter, for N03+N02 and NO2 when necessary.

Chlorophyll samples were corrected for degradation. The

'following preceédure was used to check for the correction. A large
volume sample was collgcted after each excursion and 450 ml aliquots
were filtered. Time zero determinations of cﬁlorophyll a concentration
- were made on five aliquots and the rest were frozen. The frozen samples,
three at a timg, were.withdrawn periodically and analysed. This éave
a chlorophyll degradation curve and allowed corrections to the sample
chlorophyll concentrations to be made. A test. for the potential
preservative effects of MgCO3 was carried out. MgCO3 solution was
added to 12 aliquots which were filtered as described above for
chlorophyll analysis (Strickland and Parsons, 1968); These were then
frozen along with some untreated samples taken from the same initial

sample and analysed at a later date.
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-
The datawere subjectgdlio a power spectral analysis using the
IMSL subroutine FTFREQ and the resﬁlts plotted using USPLH. The specfral
window'eméloycd in this analysis approximatcs that of the Parzen -
window, which for a given number of lags, achieves a smaller variance
than either the Bartlétt dr the Tukey window'since it is wider and
and flatter than the other two windows. A larger bandwidth implies
that the ﬁumber of degrees of freedom of the ;ﬁé;fhgd‘estimator is
large and the variance is small giving rise to ﬁ-igrgér bias (i.e.
averaging out real peaks and valleys; Jenkins and Watts, 1968); The
spectral cstimatcs seen, have been smoothed by an-averaging process [a
low pass filterj which removes the ﬁigher and, in part the modium-scale-
disturbancés'(freqﬁcncies or inversc wavelengths) while allowing the low
frequencies through (Rayner, 1971}. Thisﬁimplies that the spectral
estimates rci)resent. much reduced variance values for the highw medium-
scale frequencies (inverse wavelengths). This procedure has very likely
eliminated some of the small-scale structure but has ensured that any
surviving small-scale strucfurc is significant. The datawere further

analy{ﬁﬁ for blocked pattern, covariance and correlations (Kershaw, 1961).

2.4 Paramcter Analysis

2.4a - Biological Parameters , :

Fluorometer

Each fluorometer trace was divided into 132 equal sections. The
geometric mid-point of each section was measured and this value was

used as reading for that sample. The data were analysed in relative
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units and no attempt was made 'to convert the readings,into'nctual'

chlorophyli a values., No informafion on pheophytin was obtained#

Chlorophyll a

The frozen, filtered samples were ground in 90% aqueous acetone

using a pyrex tissue grinder which was attached to an electric¢ Eberbach

.

Con-Torque grinder assembly.. The volume was made:up to 12 ml and thg
samples were left in tﬁe-refrigerator, in the dark for two hours - b
(Strickland and Parsons, 1968; IFYGL.chlorophyll working group, 1972).

They were then centrifuged at 7000 rpm in an International Clinical -

Centrifuge, model CL for 10 minutes. The Supernatant was carefally

decanted into 5 cm path length optical grade cuvettes and measurements

of absofbahce at 750, 663, 645 and 630 nm were taken using a Zeiss PMQ

IT spectrophotometer.- The chlérophyll E_éoncentration for each sample

was calculated using the SCOR UNESCO equatibns (Strick{and and Parsons,

1968). No corrections for pheophytin were done. &he accuracy (+2 sd)

of the estimates of concentration are i 12%. This was determined by

examining five replicates from each sample period.

Species Enumerations

The preserved samples were shaken vigorously and poured into
specially designed 10 ml settling chambers and allowed to stand for at
least 12 hr. This would allow time for all the cells to settle to the
bottom plate (Utermohl, 1958; Lund ct al., 1958). For each sample,
four_or five of the commonest species were counted over 40 random fields

(Table 19) through the 40 x objective on the Zeiss Invertescope D. The

[PL T PP PE VIS

=



tdtal magnification 5eing 400 x.

The above figur; of 40 fields per sample was decided upon
after an analysis of variance.was déne on sets of cell counts for one
very Eommon species ﬁnd one much iess commé?f% The change in the level
of accuracy, after 20, 30, 40 and 50 fields were enuﬁérated, was
reeorded and then tested for significance., The results shoq significant
reductions in variance up to couﬁts of 40 fields per sample (Table 2}.
The ant1c1pated error in estimates for these many f1e1ds are: for cells
with a density of the order of one per field the counts are accurate
to about + 20%(i.e. 2 standard errors for five samples and 3 subsamples
each); for cells withla density of the order of one per two or threg .
fields, the counts are accurate to about + 50%.

Né attempt was made to convert these density measurements to a
concentration measurement, however, 51mp1e multlpllcat1on by a constant
factor of 32 3 will yield the number of cells ml -1 if one assumes a

Poisson distribution of the cells (Lund et al., 1958). A

2.4b Chemical Analysis

All chemical parameters were measured using the Auto Analyser II
system, manufactured by the TCChﬂlCOH Corporation. The coefficient of
variation (standard deV1at1on/mean) was determined using 10 replicate
samples for each parameter.’

Standards were measured for each method every 10 or 20 samples
in order that correctionsifor system drift might He made. FRP was
determined usipg the molybdate hydrazine, stannous chloride method

(Kramer et al., 1972). Totaﬁlphosphorous was measured in a similar fashion



R o St ¥,
Nl v RECET R AN BT T T AL B S AT e , V T.\ J‘W{;\
[RETN — . i . i v e et - LSS LN 'f..:..‘.w “ e

35

_after persulfate digestion for 30 minutes at 82°C and 101 KpPa

in an autoclave. The coefficient of variatzon for FRP analysis is 5%

at 2S:ug1 orqhophosphate Flltered react1ve silica was measurad
using a methdﬁ“ﬁnsed.onﬁxhe reduut1on of silicomolybdate in an acidic
solution to 'molybdenum blue' by nscorblc acid (Techn1con Corporation,
1975). The coefficient of variation of the method was quoted as 0.36%_
at 5 mgl‘1 and measured as 1.61% at 1 mgl'l. N03+N02 concentrations
were determinpdﬁusing 4 copper cadmium reduction system (Tecﬁﬁicon

Corporation, 1971) which reduces NO to NO

3 2’

The individual NOZ

concentrations.were measured by circumventing the copper cadmium column.

The coefficient of variation for the NO3 method is 0.62% at 1 111glh1 NO

N0y and 4.25% for N0, at .7 mg1”} NO,.

wT

3
The measured coefficient of variation wa§ 2.04% for NO3 + NO2 at 1 mg'l—1

—k e e
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3.0 - | Results and Discussion
B . \ . . ’ .

-3

3.1 Chlorophyll Degradation Studies

.

‘The'September 1975 study (Figure 3) indicates a ‘decrease
in the mean value of chlordphyll a by approximately 25% after 20-30

days, after which no further ‘decline (i.e. dégradatiqn) is observed.

. ‘The November'1976 results (Figure 3) SHOW no such discernible changes,

since the mean values lie within the limits of error of estimation

which are defined as plus or minus twicé the ‘standard deviation.

¥ .

In July 1976 the potential effects of cold room storag?/(i.e. a delay

in sample filtering and preservation) were examined. The results

" (Figure 3)3c1ear1y show no effect of a delay of up to two days for

samples-stored according to the’conditions described, In July a study"
was also conducted to examine the effects of using MgCO3 to prevent '
chlorophyll degradation (Strickland and Parsons, 1968). The results

(Figure 3) indicate no increase in preservation with the addition

- of MgC03. Therefore, MgCO3 was not added to samples taken for the

purposes of determining the chlorophyll a concentration.

The‘degradation observed in the September 1975 study was

probably a result of the storage temperature. The September 1975

‘ . . . + 350
samples were stored in a refrigerator-top freezer at approximately *-12°C
vhereas, all the other sdmples vere kept in a chest freezer at

approximately -23%.

"



‘Figure 3: e - -

Chlornphyll Degradation Studies

The mean value + 2 standard deviations for samples not.

treated with MgCOS and stored,at -23°C for up to 233days

after filtration. -
k]

The medan value f 2 standard deviations for samples

!

and stored at -23°C.for up to 23ldays

o

treated with
after f{ltﬁ tion.
2 standard deviations for samples collected on
July Zb, 19?%, filtered one day later and stored at -23%
for’ up to 28 days. | |

The meanAf 2 standard deviations for samples collected oﬁ
~July 20, 1976, filtered two days later and storéd at —230C"ﬁ_2r
for-uﬁ to 28 days.

The mean * 2 standard deviations for samples collected
Noveﬁber 3, 197% and stored at -23°C for up to 39 days.
‘The méan + 2 standard deviations for.samples collected

September 2, 1975 and stored at -12°
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3,2 Species Enumeration ANOVA

The results (Table 2) show that for both C, erosa and Cyclotella

men. “there is an osc111at1on of the accuracy of the est:mate WIth\k\\

1ncreasxng number of fields counted. There appears to be a s1gn1f1cant
increase in the levelaef“heaurqcy of the estlmate of the mean: when

= e C
enumeratlng 40 rather than 30,f1e1ds. There was however, no correspondlng

increase in the accuracy when 50 rather ‘than 40 fields are enumerated.
Therefore the greatest accuracy fbr a un1t effort is avallable by

enumeratlng 40 fields per sample.

The oscillatory behav1our of the accuracy is a regular phenemenon
of the counting procedure and a 51gn1f1cant 1mprovement in the level of
accuracy max/ﬂbt be realazed unt11 quite a large.numbér of additional
fields are cnuuerated. Lund et al. (1958) showeeithat the ceunting

accuracy varies inversely with the square root of the number of units

counted Therefore to doubly improve the accuracy requires a uuadrupled

. unit effort A

3.3 Transect Data

In order to give a general 1mpre551on of the raw-data, plots of . :

L]

some of the parameters measured are presented in figures 40 through 47

e

(Append1x1) These represent sequent1a1 values taken‘from only two of

the 24 transects (transect A, September 16 1975 and transect A, July 20,

1976} . ' oo

In general, the data fluctuate a great deal over short distances

(155'samp1es) with the possible exception of the fluorometer and NOZ plots.

»
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Table 2 |

Analysis of Variance for Species Enumerations . = .

Species : Number of _'F Ratio ProbaBility

Fields Compared . of F >

Cryptomonas 20 x 30 1.6364 225003
' erosa 1 .

: 30 x 40. | - 3.12498 102495

40 x 50 . 1.18785 .297166

' Cyclotella 20 x 30 .198409 .663937

sp. 2 : . .
B 30 x 40 45455 .512961
40 x 50 - .281245 .605561

1

F ratio here tests S2 = Sg (whéte Sl > 82); therefore, the
closer the ratio to unity, the higher the probabili;y that

this is ;gﬁe {(i.e. that they are from the same sample).

1. greater than one per field.
2 less than one per field.
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There appears to be no Jdong. term trends in any of the plots with the
possible exceptxon of 0. borgei  (Figure 44) _ However, an examination

of th1s plot (Figure 44) shows that the h1gher values are found in

less than 15% of the transect Within this subset, t&efelipe/Extremely
.large fluctuations in the values over 3-5 samples. :}hese fluctuations
would give rise to a high variaﬁce.in tﬁe-estimate of the subset meaﬁ
,value which suggests that the subset mean is not significantly dlfferent
from that of the Test of the data set, Therefpre all the parameters would
.appear to satisfy the stationary series requirement'for power spectral
analysis; that is,.no long term. trends were observed in the data seties.
Tpis hypothesis was not statisticalfy tested as outlined by Estrada and
Wagensburg (1977) since the short lengthjef the total seriee prohibitively'
restricts the number of subsets avaélable for purposes of-statistieel
comparisons (Kennett, private commun;cation).l The-large differences in
values over short sections would also give rise to excessively large
variances in the estimation of subset means. No attempt was made therefore
to apply any data detrending algorithm, which in the absence of the
eorrectl} identified trend Would give rise to spurious resulte.

In contrast to the other parameters measured, the temperature

~traces show no fluctuations over the 660 m'distence‘covered for each
transect. A sample trace can be found in figure_47 (Appendix ij_ Another
- trace, taken at the end of the September 1975 cruise is alsolpresented
(Figure 47, Appendix I). It represents a transect: of some 1200 ‘m taken
o across the width of the harbour. .Very slight end point effects can be

seen with temperatures dropping by less than 1°C near the shores. No
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.furthér analysis of temperature data was made because of the lack of

variation. o - . .

3.4 Mean Square Pattern Anzlysis and Speétral'AnaIysis of Some Test Data

In order to gain a better understanding of the limitations of the

" methods of data analysis used, six data series were tested. Two random

nuﬁbgr sequences were obtained frdm.a‘}able:bf random numbers and these
values were sequentially added or subtracted from a ‘constant value. This
was ddne to insure stationarity of the data series (Figure 9). The other
four number sequences were from data supplied by Dr. K. A. Kershaw. ‘These

data came from four transects of contiguous quadrat samples for a lichen,

Cladonia rangiferina and aiéhrub, Ledum groenlandicum. The samples were

obtained using a 5 ¢m square sampling device in an.area of spruce-lichen-
“

woodland near Hawley Lake Ontario. The complete study can be found in

" 'Kershaw and.Rduse (1971a, 1971b).; The first two data sequences were taken

from the recorded values of transect number one. The remaining two data
sequences were obtained by summing the four transects of_tﬁat study,
one qqadrat at a time.

Figures 4a and 4b show that the meaﬁ square pattern analysis of
the two random numbér series generally disPIéys peaking rather than a
gradual incréase in the variance to the end of the resolvable information
which is block size (NS) 64. None of these peaks are §ignificant using
the ?ariance ratio test. However, peaks.as large as that appearing at

N532 in figure 4a demonstrate the difficulty in an objective assessment

of peaks appearing in the analysis. .



Figure 4

Mean Square Pattern Analysis of Some Test Data

‘ .
a Random number serids 1
b Random number series 2
c -Hawﬁey Lake Transect 1 L. gfoenlandicum
d. Hawley Lake Transect 1 C. rangiferina
e " Hawley Lake Summed Transects L. groqnlandicum
f Hawley Lake Summed Transects C. rangiferina.
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. The spectral analyses of the random number sequences show

‘scale independent variance (Figures 5 and 6). There are slight

oscillatfﬂns in the plotted values but mno points fall outside the195%
confidence limits, These results agree with the theoréticaf expectations
for a random number series.

The mean square analysis of ;he Hawley Lake data taken from

transect number one (Figures 4c and 4d) "shows a slight drop in the variance .

from Nsl to §52‘and also a sharp peak at Nsi6 for L. groenlandicum.
These.results agree with the analysis by-Kershaw and Rouse (1971a, 1971b).
Howe&er the results for C. rangiferina do not agree with‘the original
analysis (Kershaw and Rouse, 1971b) in that there is a siénificant

variance peak ht'NSS rather than N_16.

. 1 .
y The spectral analyses for both of these species (Figures 7 and 8)

show random fluctuations at short wavelengths with no identifiable peak
in rne variance which corresponds to N516 (Table 3). However, the

) L)
variance does drop after this point is reached, but more points would be
needed‘to clearly show a peak. This is termed an end-window effect.
The NS and wavelgngth transforms to length scales can bé obtained from

et

Table 3.
The mean square analysis for the four summed transects shows
the disappearance of the slight variance drop at Nsl-NSZ, but maintains '

the peak at N516 for L. groenlandicum (Figure 4d). The results from

C. fangiférina show.:a broad peak at N 16 which ranges over N 8-16-32 and
then plumﬁéfs to N.64. This peak, although in geheral agreement with the

standard mean square pattern analysis of Kershaw and Rouse (1971b) does

e e o b b
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Table 3

+

]
FFREQ EE} Terfod Pletence dutch WS
{~ve) . (m) Size {n}
.J010) 30000 2,00 10.0 s 1
L3182 48438 2,06 10.3 5 1
.32906 AEBTS 2,13 10.7 s 1
+34378 45313 2.1 11.0 s 1
35502 43750 2.29 11,4 s 1
L3nez .A2188 2.9 11.9 5 -1
ann 4023 2.46 12.3 5 1
.A0B28 39043 2.56 11.8 . 3 1
" L.A2597 37500 2.67 13,3 s 1
Abk4S 35938 1.13 13.% S 1
46376 L7 2.91 14.3 L} 1
~43236 J32813 3.08 15.2 10 2
50315 31250 2320 16.0° 10 2
52743 29638 L1}/ 16.8 10 2
35091 28115 1.56 17.8 . 10 2
.57573 +25583 16 188 10 2
.60206 -25000 4.00 20.0 10 2
63009 L23438 4.27 21.3 10 2
-66005 21873 4.57 21,9 10 2
68224 .20013 492 24.6 10 2
.12100 18750 5.3 26.7 18 Zord
LT6AT L1718 5.8 29.1 15 2ord
BO618 - 15625 5.40 3.0 15 Zor4
5194 14043 .11 5.6 20 4
90309 13500 8.00 40.0 20 4
96108 10938 9.14 45.7 23 4ord
1.02803 09373 10.67 53.3 23 dor 8
1.10721 07813 12.80 64,0 30 4dor 8
1.20412 06250 16.00 80.0 40 ]l
1.32906 04888 21.33 108.7 55 8 or 16
1.5051% 103123 32.00 160.0 80 16
1.80618 01563 63.98 31%.90 160 N

vife
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Figuré 5

Spectral Analysis of Random Number Series 1
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Figure 6 .

.

Spectral Analysis of Random Number Series 2
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Figure 7

Spectral Analysis of L. groenlandicum at

Hawley Lake ©

L L

The data are taken &fom Transect 1. This figure
v

should be compared with its.coriespondipg mean square
.o T ¢

pattern analysis (Figure 4c¢) and the slight drop

in variance after the length scale.corresponding

to Nslé (secohd?boint from left-hand side) noted.
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Figure 8

Spectral Analysis of C. rangiferina at Hawley

Lake -

The data are taken from transeét 1. This figure
should be compared with its cofresponding mean square
pattern analysis (Figure ‘4 d) and the slight drop

in variance aﬁgpf‘the length-scale corresponding to

'Ns16 (second point from left-hand side) noted.
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Figure 9 .

Spectral Analysis'of'ﬁ. groenlandicum at -

Hawlez lake

- The data are taken from the four symred transects.
This figure should be compared with its corresponding
mezin square pattern analysfg (Figure 4e) and the
slight drop in variance after the length-scale
correéponding to Nsl6 (second poiné from the left-

N .

hand side)} noted.
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- Figure 10 o
,/‘ L — -
Spectral Analysis of Q} rangiferina at Hawley

Lake

The data arenfaken from the summed transects td].
This figure should be compared with its corresponding
mean square pattérn analysis (Figure 4f) aﬁd the
slight drop in fariance after the length-scale
correspbnding to Ns8-Nsl6 (second and third points

from the left-hand sihe) noted. ‘ v
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not have as sharp a peak gt'NSIG. The peak;shift seen in the two
analyses of the C. raﬁgifbrina data shows the averaging effect of the
standard mean sduare pattern ;nalysis which#as coled variance analysis
of the four replicate traﬁsects, "The patch andj;j\gsﬁce size for

each individual transect does not exactly correspond to NSIG but - :

appears when a pooled variance analysis is used. ‘ ¢
' The spectral analyses for the summed data series (Figures 9 and

10) are similar to the single transect resuf%i\fith the same non-significant

'-drop in variance after a point corresponding to NSIG for L. groenlandicum -
is reached. The plot for C. rangifefina élso shows the averaging effect
of the summed transects by displaying a drop in the variance after a

point corresponding to N58—16.is reached.

In summary, an objegtive assessment of the peaks appearing in a
mean §quaré pattern analy;gs may be difficult or évan erroneous since
peaks appear in thé analyse§ of random numbers. - Therefore, for the
purposes of this study, peaks appearing at length-scales of up to one half
the spectral window will be judged significant if and only if they also
appear in the spectral analysis. Spectral analysis may not reveal
péfferns at scales between one quarter and one half the spectral window
used. This problem is illustrated in the analyses of both C. rangiferina

and L. groenlandicum. ' _ | ' | T

3.5 Pooled Variance Analysis of Continuous Transect Data

Y

Some rcpresentative plots for a poaled variance analysis using

both a standard mean square pattern analysis and ensemble averaged spectral

T2 4 LR
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analysis are presented in figurés 11 through 25. The data for these

plots were taken from transects E, F G and 1 from July 20, 1976,

- -

Similar analyses were performed for each set of four transects having
parallel orientations during sampllng cruises. This method of grouping
the transects required that the pooled varxance analyses techniques be
performcd On two separate sets or groups. ‘of transects for each sampling
cruise. This arrangement of grouped transects was necessary to test
any wind directiqn and spatiai‘patchiness reiationéhips.

The standard mean square pattern analysis treats the separate

“

transects as repllthes of one another and pools the data for each Ns
examined in a 2" ser;;s."ln the pooled analysis of these data, the

range of n is 0 to 7.

The mean square pattern plots for the pooled variance techn1que
(Figures 11 to 14) when compared to the results obtained from a mean
square pattern analysis of each of the individual transects comprising
the pooled set shows the potentially misleading information which may
be obtained through the pooled variance analysis. Table S presents a
summary of the pattern peaks eﬁcountgred when each parameter from each
transect was analysca. PeaLs at NSS in transect G and NSZ in tranéect H
are entirely missed in the pooled chlorophyll g;zanélysis. The pooled
analysis flattens*the peak at NSI whiéh fs préséﬁt‘ih all transects
except H.  The same general results of flattened and missed variance
peaks are seen for all the parameters except for N03+N02 and FRS which

did not show any structure in the individual transect analvses. There

is in general a rise in the variance to the end of the plots.



r <

Peaks at the maximum block size or a sharp rise in the

varlance to the end of the resolvable 1nformat10n are of doubtful

' 51gn1f1cance They can be a reflectlon of real pattern at th1s scale

or an indication of pattern of the next smallest block size overlapplng

' into the larger scale (peak shift).  They may also be result.of inter-

transect variance. If the length of the transect can be doubled, then

"the peak may become apparent (Kershaw, 1973).

The s1mp1est way to pool the variance estlmates from power
spectral analyses is to flrst analyse each transect separately according

to ‘its wavelength components and then, assuming that each is a replicate

a

of the other, add or average the variance estimates over each wavelength

“to give a composite periodogram (Woods, private communication)

The results of the ensemble average analysis (Figures 15 through
A}

25) when compared to the analyses for each transect show that the

-
\ ?

assumptlon of replication is not true. Table 5 presents the signifi;ant
peaks for each parameter from each transect which was amalysed. For the
sake of brevity, only three'figures will be presented here (15—1%) and
the remainder can be found in Appendix II. There is a general
flattening of the ensemble oufputs resulting in missed significant peaks
in several nf'the parameters in most of the fransects.

These results show that the harbour is so spatially variable at

any point in time that the individual transects can not be regarded as

replicates of one another. Therefore, the pooling of variance at

,

various length scales cannot be done.

These results also support the decision of the initial sample

N

design which was to obtain a series of short transects rather than a

single long one. The analysis of a single long transect wouldvlikely

have been grossly misleading about the extreme horizontal heterogeneity

present.-
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Figure 11 °

Mean Square Pooled Variance Analysis

Plots 'of the MS versus Ns for the pooleci variance
) :analysis from July.20, 1976, 'transect_s E-H for the .

following parameters:

2  Chlorophyll a - N
DA
P NOS + NOZ i)
c N, |
~
~
N . .
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following paramégbrs:

1 ¢

- _ Figure 12

Mean Square Pooled Variance Analysis

Plots of the MS versus Ns for the pooled Variance'

. analysis from July %,|1976, transects E-H for the

Ne
a Filtered Reactive Phosphorous
b Total pho sph'cjfl‘i'gus

¢ Soluble Reactive Silica



v

1x$

"

iy




ll‘

H\ﬁﬁgure i3

‘Mean Square Pooled Variance Analysis

o

v

Plots of thé MS versus Ns for the pooled variénce
analysis from July 20, 1976, transects E-H for the
following parameters: |

a E:'minutum

b‘- Mougeotia‘sp;

¢ . C. sEhagﬁicola

»( :
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Figure 14

Mean éﬁdare Pooled Variance Analysis

Plots of the MS versus Ns for the pooled variance
analjsis from July 20, 1976, transects E-H for thé

following parameters:

a Chlorella vulgaris

b g, borgei
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Figure 15

Pooled Spectral Analysis

Pooled variance estimates (with 95% confidence

limits) for July 20, 1976 transects E-H Chlorophyll a

Y
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Figure 16

Pooled Spectral Analysis

Pooled variance estimates (with 95% confidence
limits) July 20, 1976 transects E-H Filtered

Reactive Phosphorous
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Figure 17

Pooled Spectral Analysis

Pooled variance estimates (with 95% confidence

limits) July 20, 1976 transects E-H Mougeotia sp.
i g
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These results further suggest that a great deal more caution
should be exercised in the use of pooled variance. analyses in terrestrial’

applications. They also suggest that a loss of information at.small scales

may result from smoothing the spectral estimates via an averaging |

technique. The data collected from a long transect may be so heterogeneous
at the smaller scales that the smoothed spectral estimates will not

Tesolve it.
" : : s
. In summary, no composite picture of the variance distribution

N ' w . R s vsvs
for any parameter is possible due to the extreme spatial variability
present in the harbour. Information about the spatial pattern of

parameters must be obtained through the,vafiancg analysis of individual -

- -

¥
transects. . .

“*

3.6 Comparisoﬁ of Spectral Analysis and Mean Square Pattern Analysis

of the Individual Transect Data

The significant spectral éeaks and all of the mean square
paﬁtern peaks for all 32 transects are summarized in tables 4, 5 and 6.
The comparison between pattern pedks‘and-significant spectral peaks,
at first glance, appears.rélativeiy poor. However, considering problems
"outlined in section 1 ‘for an anélysis af variance using a 2" series, the
agreement between the results from the two fsrﬁs of analysis can be
reconciled. The pattern peaks reported in tables 4, 5 and 6 are encoded

to indicate the most probable explanation for the disparity between

'-themselves and the spectral peaks.

e



|
{ Parsheter = Significant Pattern Pattern . Pattern
Spectral Ui Block Size Peak **  Peak
Transect (m) (N") (m) . Code
A Chlorophyll a 5, 10 1 'S +
flwormetar nooe 8 40 NS
xo, o ¢ Done (r) none ) )
PO none (r) - 16 80 R
Cnﬁou none (r) k¥ 160 |5
R. miputum . 5 8, 12 40, 160 NS
Cyclotella 5p. 3 1, 4, 32 5, 20, 160 = NS, N5
-0. borgel 5, v 4 20 KS
SES ’ nona (r) 32 160, -
] Chlorophyll a none - 1 5 + NS
. flvoromater none 16 80 . NS.
NO’ nona h ¥ 3 . 160 !
5,15 2, 8 10, 40 .-
(‘.céou. nons {r) oona -
R. minutum none {r) 4, 32 20, 160 - NS, NS
Cyclotella ap? pone (r) 1, 32 5, 160/, ®s, #
Q. borgei no r} 2,16 10,80 - NS, ¥
SRS . none (r) 2, 32 .+ 10, 160 Ks, §
Tot. Phosphorus none 16 . i 80 t
c Chlorophyll a nona none
fluorcaeter nana 16 80 L
0, s, 10 (r) 1, 8 5, 40 - # =
’ - none (r) 4 20 . NS
Catosa s, 10, 15 1, & 5, 40 -
R. minutum nona none .
Cyclotella sp. none (r) & 20 ‘NS .
0. borgel - 1, 4, 16 5, 20, 80 - S, #
SRS : 5 (r) 8, 32 40, 160 NS, ¢
Tok. Phosphoruas vone (r) . 8, 32 40, 160 NS, NS -
D Chleorophyll a nons (r)- 4 20 - ’s
lluorontar ' pone N 4 20 ]
¥, 5, () 4 Zo NS
PO, - ' mone (r) 2, 32 10, 160 NS, KS
Cetosa none 4 32 20, 160 NS, NS
R, oiloutum 25 . 4, 20 -
Cyclotella sp. 5 1, 4 5. 26 -, NS
0. borgel 10 8, 32 40, 160 ‘NS, #.
SRS 20 4 20 -
Tot. Phosphorus 5 (x) 1, 4 5, 20 - kS
Footpnota
NS - not significant
+ -+ peak interference
*+ non-discriminatory -
* + peak shift
¥ + not detectable by PS .
¥ = random .
- =0k, R ’

‘Tabie L

Mean Square and Spectral Analysis Patterns for the
September 16,1975 Cruise

I
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loplﬁbor 18, 1973 - '
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‘ Table 4 cont'd
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Pacasater Significant Pattarn Pattayn
: Spsatral Ala Blook Bine Pank .. Peak
~Teansset (w) AN) () - ' Code
4 Chlorophyll a "3, 10 i cd, B 10, 40 +, N3
: . NOy nane (r) 2,8 10, 40 NE, N8 -
0 : 3, 10, 2% 4, 12 20, 160 -, NS -
Cadona nena (r) 1, n 10, 140 NB, #
K. minutum C 10 {x) 4, N2 20, 160 “a
Cyclotalla ap. ' nons {r). 5, B 10, AQ NB, Nd
0. horge 5,10 (e) . (] A0 i
.IRE - nona {r) 1, 8, N2 .5, 40, 180 NS, % 4.0}
T Phoaphoruas 3 (x)~ 1, 16 10, 80 .
- . - : .(
B Chlorophyll a " none 1, 4 8, 20 X8, M
NDJ nohe 4 20 N
. N . nons none
calosa 15, 2, 16 10, 80 -
A sinutus 5. 10 ‘. b} !0. 160 .| '
Cyclotalla ap. none {r) 2, 18 10, 80 NB, N8
‘0. borgei nona (r) 1, 18 .5, 80 NS, N4
S ¢, B8 " nona (r) 8, N 40, 100 N8, NS
. Tor, Phoaphorus none 4, 02 20, 160 N,/
) Chlorophyll a ) 1, 8 3,40 =y W
-+ flvorometer ‘hone _ none .
KO’ ‘nons {r).. . 16 80 N A
ro . 10 . 1 s Y
caloss T 1,8, 12 S, 40,160 -, 4, ¥8
R, minutum none {r) 1, 4, N 8, 20, 140 NS, N8, &
Cyclotalla wp. 10, {r) 8, 12 40, 160 NS, Nt
0, bo"'.’. 5. 10 (I') l. s. n 5. ‘o. 160 bl Y “. N
ns . 5, () 1,44, 186 3, 20, 80 -, N9, N8
Tot, Phosphorus - 3, 10 (r) 1, 4 5, 0 - *
H Chlorophyil- a 5, 15°(r) 1, 31 13,7180 +
-flyoromatar s ié 40 : K8
ll'): nona 4, 32 20, 160 NS, #
4] none . nona
caloua none (r) 2,08 10, 40 NS, NS
R minutum nona (r) 1, 4, 32 %, 30, 180 NB, NS, N
Cyclotella mp. nona (r) 2, 8, 32 10, 40, 160 NS, 1, N8
‘0. borgel 10 (r) 1, 8 3, 40 LI
ENS 3, 10 (r) 16 80 ’
Tot. Phosphorua nons {x): 4, 32 20, 180 NS, N3

' ﬁ + not li.nlilclnt

&

I W

+ paak intetfarince

+ none<discrininatory
» peak shifle

+ not detectable by P3
* random

.+ 0K, . Tl

[l
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‘Table 5 -

Menn Square and Spectnl Analyais Pat.t.ernn for

TR

the

i

July 20, 1976 Cruise
!'
Taramate Signifisant Pattern Pattern Pattarn
Bpaotral A/, Moak Biua Pash Pask
Trananet {m) (Ilz_v (w) Coda
" Chlorophyll a none i 10 ‘NS
Wy none . 4, )2 20, 140 w, !
[ o4) lo \ . ’. ’: lo. 150 "y ' .
Tob, Phosphorus 10, (r) A 20 B
11 ' s. 10. ’o (') 1’ ’2' ’. 100 -y “
Ml.o‘l. IP. 3| ('I.') ' l' ‘. 33 ’. ?0. loo - Nl. ”
€. sphagnicola 3 () S Y 11 20, 160 N, -
: l.'lnlnu:m none () 4, 3 20, 160 ", N{) ’
oralla vul, ¥
____ﬁlnméi Ay Je Y 38 Ho ba: by
[ orophyll a nobe (t) Ty & B IR
80: nona (r) 3 18 10. 8 Ne, 8
N, nona 16 ' ]
, none 2, 3 10. 160 N3, %8
o8, Phosphorus " none (F) 2, 16 ‘10, 80 NS, K8
s 5, 15 1, 1 5, 180 . my N8
Maugeetia lp. 3,10 1, 8 3, A0 -, W8
C. sphagnicola nona (r) -1, 10, 160 NS, 4
R, minutum nona (r) A, N2 lg. 160 Ny, 4
Chlorells wul, N3, MO
i, 1 g T § 200 o ity
orphy 1) L
MO, - L} ) |
No, nona 1, 18 3. 80 M, f
PO 3 - 1, § . s, 40 -, N
Tol, Phosphorus  none (r) 2,8 10, 40 N, N8
(1] 10, (r) 1, 12 s, 160 - !
Mougsotia sp. none (r) A. 14 10, 80 N8, NS
C. aphagnicola ' 80 n
- N Ilh:tu. nonc (x) ' 3, 80 -Hl. K8
Shl re lt vul. -36-1 P
_A=gﬂﬂll gﬂﬂﬂ.&{) 4m.l;_!2___.,____ 18
b Chloxophyll a . 30 (r) 89 ‘!L.-
HO, 1. 31 3, 180 NS,
no: b 1] 180 !
4] . 5. lO | 10 +
Tob. Phosphorua 3, 10 1, 8, 32 3, 40, 160 4, N8, /
l“ ’ 1. ‘ 5. 20 - N'
Maugcotia ap. 10 ‘2, 8, N2 10, 40, 160 -, NS, N8
C. aphagnicols 10 1, 16 10. 80 - .
R. minutus nona {r} 1, 4,18 3, 20, 160~ NS, N8, NS
----‘___-Shlﬂrcllt wil, 13 Sr!t) !: ia: ‘18, 38 Uﬂ.“kﬁ i

Eg .+ not ll.nl!lclntl

+

[ B & 4

+ paa

k tnterfarance

* nan-discriminatory
+ peak shift
* not detectable by ™

“» Tan

doa

+ 0.K.
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) : Teble 5 cont'd
qk‘ﬂﬁ‘““s\{ ] ﬁ;
. TP | -
July 20, 1878
Paremater fignifioant Patkarn Pattern Pattern
_ Upactral lla Block Sine Pask Peak .
Transeat _ S (V) R (m) Coda
[ Chl.ornphyl.l. . [] i, fﬂ 3, 8 -, f
o, 3 2, 18 10, 80 0N .
NO: :’ (I’) . " 1‘ ’o. .0 - Nl '
©10 (e) N A0, 180 xs, # l
of. Phosphorus 10 0, 32 40, 160 NS, NS,
[17] . L : 1. 5 -
Hougeotta wp, none [ A0 N
C. aphagnloola none (r) l. 8 5, 40 N, N
S R sdmutum none (r) 1) N ~
Chlorells vul, nona (r) A. 16 :g. 80 NS, W
Ha
ﬂi rpﬂ h _‘l!d E i T'l kI L TR 1 L3 Y
. 13, (r) 2. 32 10, 160 -, NB.
l nona a0 [}

‘ 3 (r) n 160 ' .
™. Phosphorus 3 (r) A, 18 20, 180 1, N8
'Hougeotin mp. nona (r) 1, 4, 16 S, 20, 80 N8, w8, #
C. aphagnicola none (r) 2, 8 10, 40 N, T
R, _minutus 10 (r) 4, 18 20, H0, LI
0 L W LA hlor Mo WH

[} Chlorophyll a 10, 40 1, 4 ¥, W
NOJ . noene 2, 18 10, 80 1. X3
ND’ 10 (r}) 18 80 Ny,
ro s, 10 1, 8 3, 40 +, N8
Tof. Phosphorus 8, 20 1, 16 3, 80 . N
({1} none {r) 1, & 5, 10" N8, ks

m~—r.___Hougeotis ap, 3, 10 (r) 1, 1 y, 160 %,
. nicola 10 (r) 1, 8, 12 10, 40, 180 ny NB, NS
R, minutum none () 2 10 B G |
- EE gnlllt vul, ng:l_ r ; {§ " vs -

[} Chiorophyll & 1,3 10, 1 -y
NOJ nonn ‘Mﬁ\HIU‘- N3
N, 10, 25(r) A, 18 20, 80 +, !
ro 3 nona
Tbt. Phosphorus 3 . 1, & 5. 0 -y N8
BRS nons {x) 16 a0 (1]
Hougaotia wsp. nona {r) 2 10 N8
C. nphagnfcola s 2, 12 10, 1680 *. M
R. minutun 1% (¢} A, }6 20, ao . N8

]

azfgrall vul,
R RXRA

ro t

3 + not significant

+ + paak interfarence

* non~diacriminatory
. + paak ahife
! * not detactable by IS
x =+ random
- *O.K.

—onatR

‘io 20




-Tabla 6
‘Mean- Bqunre and Spoetrnl Annlysia Patternn for ‘the
Novembor 3.1976 Cruise
- Pavamatoy ll.nllhnl Pattara Pareara _Pattern
Spentral ll’ * Blosk Mas Paak . Paak
_ Teanssat (m) . AN} () Cads
S Chlorophyll & none_ (T} ¥ - 3 - -
‘03 lo. ” ’. 1‘ io. 40 y NS
N0, none (r) 14 80 ]
’ ‘l) . l. ‘| :' 5. lﬂ. l‘o =y l'. "'
Tol. Phosphorus - mona N 20, 160 N, N
C. satona ' 3. ") ’ I. ,.I. .. n 10. A0, 180 LIS N ]
C. sphagntieola none (r) - l 40
- R minutum nane .
l!-phlnodlluu- po S0 !. !2 " 10, 160 L |
D ) Chloraphyll a L P Y] " ) 7
un, none 1, 14 "8, 80 N8, NB
N, none (r) s B A0 . Lt
' T ') 5, 10 e 1 - 10 *
Tol. PHosphorus | 10 16 0 »
(1] noans (¥) 4, N1 20, 180 N, N3
+ Gy aroas 10, 20 1, 33 3, 140 L
C. sphagnicola 10 {¢) 1§ AD, 160 NS, N8
R. ainutum none ir) . N 10, 40, 160 NS, 1, NB
Staphanodisous ap, nons (r) , 8 10, AO NS, 1
o] Chlorophyll a none (r) 1, 8, )2 5, 40, 180 NE, N3, NB
nona (1) 1, §, 12 3, A0, 160 NS, NB, NB
N' 3, 10 (x) 9, N 40, 160 NS, WO
153 {;) 2, n 10, 160 = M
t Phosphorus 3, 10 {r) [ 0
s nona {r) 1, 5, A0 N, N
C. erosa 10 {r) 1, 18 5 00 N
C. :{hnlnlnoln ‘nona (r) 4, 21 20, 160 Xe, 1/
nutum none (r) 1, )1 5, 180 e, N8
staphanodisaus sp. 3 (r) 4, 22 20, 180 N8,
o Chlorophyll & 5 (r) i, 31 15, 160 W, v .
no, none 8, N 40, 160 1, N
nona (r) 4, 18 20, 80 N8, N8
m 3, 10 1, 1 s, 160 )
Tal, Pholphnrul 10 {r) none
me nons (r) 146 A 20 2 N
C. sroma ) 1. ’| - N8
C. sphagnicola 15"‘(2’\ 2, 18 10, 80 A -, Nf
N, ninutum nona (r) 1, 18 3, 80 NS, N8
stephanodincus ap. 5, 10 (r) 1, 4, 16 3, 20, 80 v NB, N8

% » not aignlficant

L

FEEEFE

prak intorfecence
non=discriminatory .
peak shife

not datsctable by P8
randon
oK,
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Table 6 ‘cont'd
- )
Noveaber 3, 1978 CO
N Y v S e
" Favametey fignifieany Patiarn Fattern- Pattarn ;‘%,
- . . Apastral Mg Sloek-Bize °  Paak Paak . | ‘
Transeat ' W - " (Jl) o (w) Code
_ Chloraphyll a4 none (r) L I 1] L] ™
. Mo, ' none PO | AO N
no, 10, 2% (r) " oA . 20 o+ :
0 nons (‘ W\ l. 14 ’. ID. ‘ ".' NS
Tol, Phosphorus  none (r L1, s, 40 . NS, N9
"m S TR ' 3 160 TN 1 .
. €. wroas none :r . 1, 8 3, 40 NI, W T
€. wphagnicola nons {r)" A | 3, A0 ‘NB, N§ - :
- N. minutum nona. ' _ '\ 3 LLd i
Staphanodinqus ap, nona (r) - 2 10 ) ‘N i
y Jcﬁorophyu A L EGN nona .
] NO, . none (1) 1, 4, N2 - 3, 20, 180 NS, Wi, NS
f N, nons J2 180 /. '
-0 ' nons (1) [ ‘ 20 ! NS
Tol, Phosphorus  none (1) s, 32 40, 160 TN I
sny nona (r) 2, 8, 12 10, 40, 160 ( NS, N8, N8 |
-0, arosa 3 ‘. 32 ‘0. 140 N.. [ ;‘I
C. sphagnicols - none (r) 16 o 1]
R sinutum nona (¥ [ ] 0 | - NB
Staphanodiseva ap. nona (r L 8, N 10, A0, 160 ° N», NS, N8
] Chlorophyll a nona .8 . AD ] ]
Iﬂ‘ . 3 (v) 2, 8 . 10, &0 LI |
m, none ' b H 180 N
0 3 (r) 1, 4, 18 3, 20, 8O =, NS, N3
Tob. Phosphorus 8 (r) W WY .3, 40, 160 -, NS, N
NS none 'il) 8, N 40, 160 Ki, N8
C. arosa none r; 2, n 10, 1e0 NS, NB
R. sphagnicela nens {r 2, 12 16, 160 Ns, #
R. mlnutum 3 (v) 4, 12 - 20, 160 NE, W8
. Btephanodiscus ap. nona {r) 1, 18 5, 80 NB, WM
n Chlorophyll a S (r) . 1, 8, 12 3, 40, 160 -y NS, N§
NO, 3, 15 (x) [ ] AQ NS
Ny none (r) 4, 18 . 20, 80 Ns' ¢
ro . 3 (') lg 18 ’. .14) =) N!
'Dot. Phoaphorus nona {r) i, 18 NS, NB
SRS nona (r) nons
C-.ll’ﬂ!. 5 (l‘) l. " H ’. :0. 100 " N" '
C. nphagnicola 5 {r) 2, 8, 32 10, 40, 140 h, N&, Xt
R. minutus 8 (r) 2, 1 . 10, 180 L
Btephanodiscus np, 10 1, 18 10, 80 -, 4
ﬁmn-%‘i'i'ut signiffeant o )
+  * paak interfarence &
_* non~diseriminatory
+ peak shift
* not datectable by P8
* randoa
- olxl




wo chronic problonl “of the mean |qunro pattorn nnalylli are

 oak shifts and its 3ontral 1nlonnlt1vity to pnttorn at small block
| hizél. e analysis is nlso 1ncnpnblc of indicating peaks 1n the.
/vnrinnco whtch oqpur in adjneont block uizon. ’ .
. The problem of peak lhlfting was 1nvoltigatod through the use
of the four ndditionll samplos collected for oach transect. The qdditionnf
samplos nllowod an oxamination of the offpctn of five difforent start
‘positions on'tho.meﬁn‘squnri'haakl. The results for two parametors,
chlbrpphyll a and C, sphagnicola for transect G July 20, 1976 are 1 '
'ﬁAgrnunntdqlln”Iigurel 26 and .27, The peak shift responso to tﬁo changed
start positions are summarized in Tablo 7.
i?' Poak shifts in both parametors nro.rnnaily_obaervnhlo. The
;nnl Qtnrt soquence for chlorophylil a lhows_compléte uuroomeﬁ% wifh |
the spoctral analysis. Howover, the rﬂnultu for (. sphagnicola change
from initial agroement to a loss of aignificnnue for tho peak appearing
at 10 m which was present in both the . inifizi mean nqunro and the spectral
annlysiu. The peak at Ng2, which is nlso indicated in the npqctpnl
analysis, is diminished in nmplitudo but remhins fixod over the five varied
start positions., Most of tho rosults from tho analysos of otﬁor paramotors
wore ﬁigilnr, howevor, some Eero pot. Thoso aro too fow ndditional samples
(i.o;ﬁggo fow ndditionnl start positions) to perform a dotailed analysis
for nll block sizes. Usher (1969, 1975) rocommends nn nddlfionnl 20-25%
of tho 2" serios of anmplos to bo taken and tho nvorngc or modnl ponk

Ve
from the changed start position ananlyses be usod as tho truc pattorn poak,

—_——
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Figure 26

Moan Square Pattorn Peak Shifts

- ®

Plots of MS vorsus Ns for chlorophyll a from
July 20, 1976 transoct G, showing tho offoct of
shifting tho start position through five

consoecutivo samples (n-e).
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Pigure' 27 '

Mean Squayo.Pattorn Poak Shifts

. . ‘ i
Plots of MS versus Ns for C. sphagnicola from

‘July 20, 1976 transect G, showing tﬁo offoct
of shifting the start position through five

consocutive samples (n-oj.
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Table 7 5 ond b

‘Altored_Stnrt Position MS Pattern Annlyaiu Chlorophyll a

.July 20/76 Transect G

Mook llu mmn Poaltion Poaition - Positten Posltion

(He) 1 : ) O

1 ™ " . .
o 1 . ‘

4 . . |
. N | | .

18

n .-

“ -

Altored Start Position MS Pattorn Analysiy Chlorophyfl h
CJuly 20/76 Transoct G

” BMoek f1te Position Poaition Pouition Yoafition Posieion
{ve) | I 1 b ] oA S
i
] * L L1 L L]
‘ .
[ ] ]
14 .
2 N3 » .- - om
“ . .

* Eignifisant by Yariawee Ratis
M8 Mot Rignificant by Vaviancs Ratie




No more thun four ndditionnl lamples par trnnsact could ‘be
1‘_taken due to handling connidorntions both 1n the fiald und in the a
‘lnboratory. _ L

' | No covnrianca or correiation nnalysis using tha 2" series

can be umployod due to the peak. shift phenomenon and the lack of rosolution
H at small scales shown by tho mean squnro pnttern nnalysis. In addition,
no cross covariance or cross spoctral nnalysis are to be ropo1ted hereo
for two basic reasons. The 1ndiv1dunl pnramoters are subjoct to
difforont magnitudos of error qurrounding the ostimntos of thioir vnluun..
Thoso errors nre constant for any givon paramoter but only through carofﬂl
normalizatjon procodurcs could cross comparisons bo nccurntely mndo
(Rlchoraon ot gl » 1977).. Also, thoro i3 an a nzigz_ reason hnot to _
oxamine cross comparisons bctwoon tho pnrnmeturs of groatost interest -
which are thoe spocies, biomass nnd nutriontq. Rocent invostlgntionq have
nhown that phytoplankton productivity nnd growth aroe not nutriont limitod
in the harbour (Piccinin, 19773,
‘ In summnry, thu comparod roSults'of.mcnnVthnre.pnttarn qﬁnlyais
and powor spectral nnﬁlysls for individunl;trnnsocts show that tho mean o
sdunre varianco nnnlysis.is an inadequate description of the prndominnnioly
small scale variability present in the harbour since it does not indicate
all of the small scale variance that spoctral annlysis doos ond because
numorous peak shifts occur. The analysis has however indicatcd that
larger scale pattern is presont in somo of thn paramoters in some of tho
transccts, lHowover, this could not be thoroughly invostigntod due to
sample size limitations. In view of these findings, only the variance

results from spectral analysis will be usod in further discussions,

~

AN



'3 7 Pluoromotrie nnd Spectrophotomntric Chlorophyll A snectrel Annlzsi

An exnmination of the spectrai outpyts from the coincident
‘fluorometric and spectréphotomatric chlorophyll a analysen shows them
to be quito difforent nt nhort wnvalengthn (Higures 28 whd 29) The
ahor) period structures appedring in the spectrophotomatricannalysia of
transects A and G have no counter part 1n the fluorometric spectra, The
~ fluorometric nnnlyais indﬁé;;os structuro only at one scalo in transect H
“which 13 also indfcated in the spectrophotometric output. “Mhero is
however, unother variance peak present not revealed in tho fluorometor
analysis. ‘The numerlical value of the slope cnnnbt bo usad to imply
anything nbout tho cause of the observed distrihution uf tlie variunco
(Pasham and Pugh, 1976, Pnsham. 1977) but qunlitntlvoly it cnn be usod
to compare the two methods of unnlysls. The fluorometric spectral
annlyses all show a ¥ap1d rise in the varianco from short puriédsato long
poriods (1i.e, vnriance Increases with distance) but the qpoctrophotometric .
‘ graphs show a significant innronno in the slope of the varianco only
.nftor B0 to 100 m, Tranaoct H shows no incroase in the variance with
.1ncrcnslng wavelength aftor an 1nitin1 short wnvolcngth phnk The

\

distribution of thc viariance in trnnsoLt D is vory noarty longth scale
"\

independent (rnndom). N

These results were to some dog ¢ anticipated for u number of

roasons. The ‘response time of this instrdment to n constant input signal

is in excess of the time taken to collect _unit'snmplo and It 15 therefore

averaging unit samplbst Turner 111 fluorometer results nlso show difforences in
\\

output as compared to electronic signal inpufkfor_hoth ident{enl,
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Figure 28

~ Spectral Analysis of Chloroph}ll a Determinations

. P

. The fluorometic ‘analyses show entifoly difforont shaped

spectral plots and omit ;omé high frequency information.

A - Spectroph&tmetrié Determination  for Transect A
Soptember 16, 1975 ° - |

B Fluorometric Determination for Transect A
Soptombo; }6. 1975 t

c Spectrophotometric Détermination for Trndsoct B
Septomber 16, 1975

D Fluorometric Determination for Transect B
Soptember, 16, 1975

E Spectrbph;tometric Determination for Transect C

Septomber 16, 1975

F tlv Fluorometric Detormination for Transect C

(,  Septomber 16, 1975

&% ’
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* 1 pigure 29 -

Spectral Anilysis”of Chlorophyll a Determinnfions

" The fluorometric analyses- show ontirely different
g‘ . shaped spectral plots and omit some high frequency‘

o+

1n£6}matiqn.. .

A Spec;?ophotometric Determination for
Transect D September 16, 1975
. B Fluorometric determination for Transect D
September 16.-1975
c Spéctrophotometric Determination for
Trnﬁsoct C September 16, 1§85
D Fluorometric Determination for Transoct G
September 16, 1975
B Spectrophotometric Determination for
Transect H Septomber 16, 1975
F Fluorometric Determination for Transect H

Soptomber 16, 1975
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-£1uctunt1ng signuls nnd;gpn-identical fluctunting sisnnls administerod
'ovor poriods lonnnrcthan the responso time (X, Miners, privnto communicption)

Tho Eluorometric nnnlysis will also be losa sonsitive to nctunl chlorophyll a

concontration changes (as detormined by spoctrophotometric analysis) for

tho ronsons proviously outlinod (soction 1). The oloctronic dnmping. tho

|
110w rosponse time and the in situ intorforonco proVEﬁt -tho rosolution

of tho small scale pnttorn proscnt in the biomnsq. )

f

3.8 fDistribution of Chlorophyll a dnd Phytoplankton Colls

Comparison of tho power spoctral annlyses for spectrophotometrically
dotjrminod chlorophyll a (horoinuftor roforred to simply ns chlorophyll a) -
nnd{tho spocies cnumerated: for. cach transoct indicatos that the biomass

pnttcrn is not nocossnrily tho samo-as tho spocioes pattorn. The rolation-

'thp botwoen the distribution of tho biomass indicator and the major

‘%pqcios diqtrihu\}onq (Tablo 8) appoars to fall within throo broad

categories, In some instances, an apparont absence of significant

. structure can be obsorved in tho chlorophyll a distribution while significant

ponks are present in most of the qpocicw of tho same transoct. Transoct

'n from Soptembor 16, 1975 oxomplifies this bohaviour (Figure 30). Thu

chlorophyll a spoctrnl output shows rnndom vurinnco until npproximntoly
20 m (-.83) aftor which thore is a grndunl incroase in the variance to

the end of tho resolvable wavelengths, The species, R, minuta  Cyclotella men.

and 0. borgei cach show a significant variance poak which indicatoes a
patch size of 25 (-.96), 5 (-.40), and 10 m (-.69) respectively, €. erosa

howevcr, shows scale independent (random} distribution of variance,



A

S

On oeensiona. structure may be obsorved in the chlorophyll a
with no corresponding structure»in any of the species distributions. |
Transoct G from July 20. 1976 illustrates this phenomenon (Figure 31)

1ho analysis of chlorophyll 8 indicntes peaks at 10 m and 40 m (- 48 aLd
-1.2). The 10 m peak is accounted for by its similar appearance in the

distributions of C. sphagnicola and Mougeotia sp., with the lattor showing

an additional peak at 5 m (-.46). The other upocios'(g. minutum,

4

‘Chlorella vulg. and O, borgei) all show random distributions of variance.

In @ fow instances, the sfructure obsorved in the chloroghyll a
analysis is accounted ﬂor‘ontiroly with coincident structﬁro in some or
all of tho‘spucios.' Transect D from July 20, 1976 clearly shows that
tho penks at S m and 10 m ( »30 and -,46) observed in the chlorophyll a
are prosent in R. minutum (5 m, -.30), C. vulg. (5m, -.40), -
Mougeotia sp. and C. sphngnicoln\(huvlng 10 m peaks around -.55), while
0. borgei displays scale independent variance (Figure 32},

These results point out the potontial probloms of utiilzinﬁ
biomass ostimatos to investigate ecological phonomena., Cassio -(1968)
previously criticized the use of biomass estimates nnd showod that they‘

lump togothor too many sources of error.

3.9 Scasonal and Wind Related Length Scales for Nutrients, Specios *

and Biomass - p

The effocts of seasonal weather changes and wind speeds on the
variance distribution of the various parameters will be oxamined in

n statistical sensc. This is done by relating the proportion of the



R R ‘ .18

Speciea Enumornted for. Euoh Sampling Gruiaa.

, . . P:oportton of Biomass (X)
B?IGI;B- Sth. 16/78 - July 20/76  Nov. 3/76
C. eromsa B B . _ . 22,8
Rv minutn . ) ' . 17‘-‘2 ’ ' A . 2 - 190 3 - ‘
Cyclo:nlln.moh oy .
0. borgel ' 8.2 2.9
Mougeotia sp. 48.2
C. sphagnicola. ‘ 12.6 VI
Chlorella wvulg. : ! .
SEcphlnddi;cun nst. - 22.6
Total 311X 72.6).\1 75.8%
No. Species 27 K} 27

Countad

% it was estimated that 138,5% of biomase was Fragillaria sp.



Figure 30

Spectral Analysis of Species and Biomass

Comparative spectral analysis of chlbrophyll a
and tho major spociosfromﬁranioct D Septomber 186,

-

1975
0. borgel -
Chlorophyll ‘a

Cyclotolla-men.

Q. arosa

Mmoo 0O W >

R. minutum
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Figure 31

- Sgectral.Annlxs{Q of Species and Biomass

- Comparative spectral nnhlysis of chlorophyll a
-

and the major species for transect G July 20.-1976.

A ‘ Chlorophyll a

B R. minutum

c Mougeotia sp.

D €. sphagnicola
E Chlorella vulgaris

F 0. borgeil
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Figuro 32

Spectral Analysis of Species and Biomass

[y

Comparative spectral analysis of chlorophyll a

and tho major species for transect D* July 20, 1976

A Chlorophyll a
B R. minutum

c. Mougeotia sp.

D C. sphagnicola
E  Chlorelia vulgaris

F 0. borgei




-

g
"
3

R
-

;

-
=
L
f




' totnl number of trnnuocta displly nn structure for a givan pnrametar. ¢
: ‘Structure. implying density pnttern. is aacertnined by the uppaarnnca
of significant ponks in the power spectrnl analysiu (Tables 4, 5, and 6)
In some cases, an assessment of trend is not poasible because of the
"small number of transects (8 per cruise] analysed |
The wind regimes are recorded as_dnily‘summatits in Table 12

tAppendix) and by hoJfly analysis over a.thirty hour'parioé prior to

the completion of sampling for cach ctuiso (Table 13, Appendix 1), Thosc:ﬁ

»

Yecords show the September 16, 1975 snmplo period to be a time of

-

littlo or no wind (the volocity dropping to zero during tha qnmplo
-period), also a feature of the two preceeding days. July 20, 1976 in .
‘shnrp contrast diSpluyS wind speeds of ‘around 20 km hr- during the
poriod of study and similnrly for at 1onst two days pripr to the
_oxcursion On Novombnr 3, 1976 t;;ro wore a more moderato wind speed
of n:ound 12 km hr l, with tho. two duys precoeding it having slightly
.higher wind vetocities. The vurticnl tomperature profilos‘(Tnblo 9) shnw
n 4°C stratification appearing around 6 m for the July cruise., The
September profile shows n similar thnrmnl ﬁtndiont whilo the November
profile shows a gradual temporaturo chnngé_of loss than 2°C ovor the
© 20 m dopth mensnrod.

The results of the spoctral analysis for chlorophyll a have
u tendency to display motc structuro in a cross wind oriontation fo¥.
all dates. The grcntOst.Bymbor of significant porks appears during the

'July sample., Also, more transects show at least one signlficnnt'pcukn

This 13 followed by the Septembor reosults which show a grentof total
.

2

e

- t
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Table 9
\ . v xi
Vertical Temp‘araturé (°C) Profiles
’ -, - . ’
K ) e 2T .
~ Depth (m) -~ ~ Sept. 16/75/ July 20/76  Nov. 3/76
g, - |
2 6.4 205 . 9.8
2 3. C T 16.4 20.5 9.4
6 164 184 9.3
12 13.4° 14.5 8.9
"20 | C - 84 . 12.8 8.1
|
) _ ,
)
g
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'number-ef peake than tbe November results. However, the November resulte
_are the seme as the September ones with respect to.the number of .
transects which do not show any significant peaks. This would suggest N
that the structure seen in not a simple function of wind speed since the
November 3, 1976 wind velocity far exceeded th&t;ef September 16, 1975.
In goneral, all the transects for September show a rise 1n the variance
plot to the end of the spectral window either directly or after some
initial short wavefbnggb pesk. Wherees, most .of the plots from July and
November show na change in slope (i.e. are random) or else a slight increase
in the variance; after an initial short wavelength peak to a value no
greater than that-of the largest short wavelength peak.

ThelNO3 + NO2 results are charecterized by a flat variance
response regardless of wind direction, speed, or time of the year. The
actual concentrntions vary little from season to season (Harris, 1976,
Piceinin, 1977). There is structure present in some transccte for cach of
the cruises.  Spectral plots of the July 1976 results for NO3 + NO2 ; .
in general show significant peaks in those transects where there are
significant chlorophyll a peaks. The results although not coincident
in length scales, arc Yositively related. The Soptember and November
results sbow~that‘significant peaks do not appear in NO3 + NOz‘plots
for transecte in wbich chlorophyll a peaks appear. Significant peaks
do however appear in a number of those transccts which show no
structure with respect to chlorophyll a.

The FRP resu show n greater number of significant pedks

and fower totally random distributions for the July 1976 results, as
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<. each excursion (Tables 14, 15 and 16.;5pgeh§1x ).
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did chlorophyll a. However, the November results show o greater
Ty \ ,

: ﬁumber of sigﬁlficant‘peaks and fewer'EBtally‘random distributions

than did the Sg;teﬁber results. Therefore, ﬁhe FRP results show
ppsitive_relationsh{ps throughout all excursions Gith chlorophyll a.
The ‘end point trohds are rather different than thosefor chloroph}ll‘g
with a highly variable response in Sept;mber 1975, arflatten;ng‘
tendency for November 1976 and a general increase in tho slope for

July 1976. The nppearnﬁce of structure would seem to be indifferent

~ to the tronds in the concentration over the two or three weeks prior to

_ The total phosphorous analyses dféblny more cross wind structure

- for July and September (stratified periods) but less during the November

sample poriod. The largest wnvetdhgths genernlly}hgye flattened |,
slopes during July and Septembar but a high percontage of the total
number of, transects rise in slope (from righf to left) ﬁpr November 1976,
The total structure exhibited is gr@utost in July 1976 nﬁd approximately
the same for the other periods. There is in geneéalﬂno discernable
relationship with chlorophyll a. The generdl lack in structure and flattened
variance is probably a result of tﬁe high constant basin wide loadings ‘
which result from large bacterial populations and high dissolved organic
and cplloiﬁnl organic carbon (OME, 1977}.
The FRS results for total structure show sharp contrasts
between sample periods. July 1976 has peaks in 75% of its transects thlc

November 1976 has only a single peak. September 1975 shows structure in

about 50% of its transects. The average FRS concentration is higher
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during the summer méﬁths when thore are only fow diatoms present (Harris, il
1976; Piccinin. 1977). Theré'apbenrs to be no rolatio;ship between
structure and wind-orientaplon. The spectral slopes tend to be compietaly
.flat or else become flat after an 1ni;i&i:penk(s}.
The NO, wnalysis, conducted.only for Juiy 20, 1976 and
November ?, 1976 shows somewhat ﬁs;ﬁgfbtal structure in July with a
dofinite crosS wind mnximum..'The November rosults are almost ontirely
flat but the downwind transects of July show a dofinite rise in slope ’
to the ond of the spectral window. ~ The concentrations of NO, are
royghly constant throughout tho year (Piccinin, 1977).

.Tho surﬁey data of Harris (1976) and Piceinin (1977) from Hamilton-
Harbour ffém'IQ?g through to 1976, (Table 10) for the above mentioned
pnrnmétcfs. also shows no trends or corrolntions in terms of station or
basin differences for different parameters and wind rogimes. There u#c
periods pr{or to each cruise ih which there are no numerical differences
in the parﬁmetcrs between anf of the stations. There are on other
occasions quite noticeable statioq difforences. Sometimes, a diSh ceffect
is seen whereby the values at either end of the harbour are very nearly
identical while the middle of the basin shows lawer values. On other
occasions definite gradients appear with values increasing or decreasing
frﬁm one end of the harbour to the other.

It is instructive to compare (Tables 10 and 11) the maximum
differences for a given parameter between stations for a particular day

to some of the typiLnl differences displayed by the synoptic transect

- - ke

-
data, Theézhuaiugs are all reported for the same day and are for the

most part the maximum differences ever observed for that parameter

Dt s A s .



Table 10
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-L.ximum Pa*Lmeter Varinbility for Estimates Between Stations ]

Stations

Date Parameter
Compared Difference
Sept. 15/75  Chlorophyll a 252 =270 38.9
Nba . 4 - 258 5.4
POQ 4 - 270 86.6
SRS | 4 - 270 21.9
July 19/76 Chlorophyll a 4 - 270 58.0
o NO, "4 - 258 21.7
PO6 252 -~ 258 29.9
- 8RS 4 -~ 270 37.6
N02 4 - 270 36.0
Nov. 1/76 Chlocophyll a 252 - 270 37.6 .4
NO3 4 - 252 9.7
P0~ 252 - 258 72,6
SRS 4 - 258 45.5
NO2 4 - 270 16.0

——-———-n—a—-u—-u-——-—-—-———.—_—c—--———————.———_—u---——————-.—.-——n——————

v - — —— -

Parameter Variance Estimntes Detween Samples Along a Transect

Datao Parameter "Distance X
(m) Difference
Sept. 16/75 Chlorophyll a 60 41.0
N03 20 -~ 6.0
PO 40 7.0
SRg 20 73.0
July 20/76 Chlorophyll a 40 40.0 - 50.0
NO 40 60.0
20 60.0 - 200.0
snﬁ 40 70.0
NO, 40 50.0
Nov. 3/76 Chlorophyll a 30 25.0 - 35.0
N03 70 30.0 35.0
PO 25 . 65.0
sid 20 50.0 - 60.0
NO2 25 60.0

Toable 11
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during the ohe‘month'ﬁefiod of survﬁy prior to an ox;urﬁion. In‘ill
"cases, the differences observed bétweon'sa@plps for aﬁy single p;rnmoter
usun}ly taken 50 m hpért 6r loss,are as great or greater than those
maxiﬁum diffordqces between the stations which are at loasf 2.4 km apart.
These results Qhow that there are no cbﬁsistont‘rolationships between
stfucture and wind speed br_giroct;pn as have been found in some
preﬁious studies (Small, 196§;\Géorge‘nnd Edwards, 1976j. The lack of
consistont trend found in this study is simiqu to the results of
Billington and Jones (1876). The traniect analysis for‘nll parameters
in general ‘shows a tendoncy toward ‘the flattening of spectral slopes

fo the end of the window with increased wind spbeds.

The specios spectral analyses appear to show more consistent
rolat{onships with wind (Tﬁblo 12). The Septomber 1975 distributions
exhibit structure for all specios in at least two transects, with no
structure at all in only one transect. | .

It is convenient to collectively examinoe the 'significant
peaks from the spoectral ananlyses for each of the major species préscnt
in any singlo cruise. The results from each transect can show structure

for all of the specics cnumerated. Since therd always are eight

transects per cruise, the to¥al number of possible transect/spocies

T,
L

permutations of structure will be n x 8, where n is the number of species
enumerated for cach cruise.

Fért)’ percent of the transect/species analysesin September (ic. 4x8
paired permutations possible) show flattened spectral slopes toward the

end of the window, while 22% (of the transect/species paired permutations)
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display ontirely random distrinutions. In July i976‘a11 species ehow.
structure in at least ene transect, and only one transect has no .
structure nhatsDSVer. An examination of the possible _transoct/species
._pnirod permutntions (5 x 8), indicatos that 58% show entirely random
distributions while some B8% show the flattened spectral slopes to the"
ond of the spectrnl window, November 1876 shows structure for all the
'species in at loast two transects, nnd has only one transecct with no .
structure, The flattening of spectral slopes at longer wnvelengths is
exhibited-by 81% of the possible paired permutations, .with 40% of the.
totnl‘being‘ontirely.tnndomly‘distributod. These results show that
incroasing wind sggeds reduce the total nmount of structure and flntton:
the vnrinnco at longer wavelengths (i.o. implies a roduction in basin
effects). There.nppenrs to be more downwind structure during July and

November only, for those species present in the greatest numbers (e.g.

Mougeotia s 8p. during July, Stephnnodiscusmqt during November) and wind

orientation indifferonce for the spocies which are preosent as a small
fraction of the total cell number.

An oxamination of the cell densities of the species concorned
from gpc survey periods prior to the cruises (Tables 17, 18 and 19,
Appendix 1) 'in general ineicntcs that thosc specics‘prcsent in the greatest
densities immedintely before a sample excursion exhibit the freatest
amount of structurc in their transect variance analysee (Tables 8 and 12),
There are no reasonable estimates for speeics specific growth rates
avatlable other than using the.change in the cell density evcr time.

The particulate organic carbon of the harbour is up to 80% bacterial



‘and colloidil (OME, 1977) Thero is a great deal of error surrounding
| single discroto volume station samples of chlorophyll and the bast

-

conversion value to ‘estimate carbon contents from chlorophyll concentrntions
is difficult to assess due to rapid chsnges in tho spocies assemblago
and -bacause of facultative hoterotrophy by some of the higher dsnsity
‘sbecios (Horris, 1976). Therofofe,'carbon fixation rates as measured
by 014 uptake cannot be readily converted to growth;rates. There are -
some exceptions to the relutionship between high cell donsities and tﬁo
iﬁtqnsity of structura.l " ,' R . .
anfncr; D.(private communicption) has suggoested that these
sxcoptions are a rosu;t of vertical dilution and redistribution. The.
basic vertical thermal instability_snd anky nature of the harbour
thermocline has been well documented and commented upon by numerous:
other workers (Harris, 1976; Piccinin, 1977; OME, 1974, 1975, 1977),
Further cvidencelfor this being the most likely cxplnnntson to‘those
exceptions lies in the disparity of both the cell density and the
rqlafive assemblage composition between the station survey samples and
the coptinuous trsfk transect-samﬁlcs taken 24 to 48 hours apart
(Tabies 16-19, Aﬁpendix I).These disparities could not be explained on
.;he basis of cell growth, grazing or sinking. The same oxplanaﬁion is
likely truo.of the observed variancc.distributioﬁ of nutrients as a
result of the physical forces operating in the vertical and horisontal
d1mcn51ons

In summary, therc is a general lack of structure in. the

-nutrients which is probably a result of the continuous high loadings. The
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greatest intensity of structure can be found in those speeies present

. in the greatest densities. Increases in wind speed tend te reduce

variance atscalesgreater than 160 m.

3.10 Haﬁilton Harbour Periodicities and Circulation

The Ontario Ministry of ‘the anirehment‘conductod a study
in 1972-197% to examine the ieriodic ﬁiriations of wator chemistry and

movement in Hamilton Harbour, and to examino the mass oxchange and lake

"influence via the éhips' canal (OME, 1974). The lake exchange

phenomenon was found to be very complex and to have a potentially groat
influence on the harbour as a wholo. The‘offqhore region of the harbour,

unlike the canal, is influenced by both changing geometry und ‘bottom

" friction. A series of lake-induced motions which are semi-diurnal and

diurnal in nature were observed. In addition,to these thore are a

number of higher frequency oscillntions.which can bo associated with

harbour motions. These observed motions were categorized through

theoretical comparisons of motion for Lake Ontario (Rockwell, 1966).

These motions produce temporary displacements of the thormo;line up to
several metres from some average value. This causes severe difficulties in
obtaining synopeic survey data through conventional discrete volume sampling-
methods, and implies that at any point in the harbour, currents and

wﬁ%er quality are a function of waste discharges as well as lake-induced
moeicns. The water motion and quality are also influenced by very high
frequency harbour oscillations eithor due to higher longitudinal or

transverse modes of oscillation. The periods identified occurred at

.l



Figure 33 .

Numerical Circulation Model for Hamilton Harbour

Vector plots of the results of a numerical model, from
Hamilton Harbéur Report, 1974 Ontario Ministry of the
Environment (1974) showing the wind induced current
kfield for Hnmilton.Harbour. As indicated, these are
the results for winds south to south-ecast at a mean

speed of 4.9 ms™! for 40 hours.
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Figure 34

Numerical Circulation Model for ‘Hamilton Harbour

*

Vector plots of the results of nxnumeriénl model, from

the Hamilton Harbour Report 1974,l0ntnrio Ministry of
the Environment (1974) showing the wind induced current
field fro Hamilton Harbour nftér a wind direction
reversal (from Figure 43), As indicated, these are
the-results for winds north to north-west at a mean

speed of 4.9 ms ™! for 40 hours.
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0 1 and 0.2 hrs wlth an additional component at 0. 33 hrs. These

fundamental and persistont high frequency poriodicitios further complicate
convential sSampling. | ' L
The harbour is thoreforo an acrive internal wave region with
-

reflections. Thermal and chemical stratification are both time variant

during various wind climates and are not necessarily coincident (Palmer

H .

| and‘P%ulton, 1976). | : : ' R S .

A two dimonSional estuarlnortype water qdality.simulation
model, originally doreloped.and vorified‘by, Leendertse
(1970 1971); was oonstructod to assess £he ohangos'in water quality
rosulting from changes in harbour geometry, water w1thdrawals and waste

d1schargos for various meteorologlcal conditions {OME, 1974)
The simplifying asaumption§ necessary rofﬂﬁbp development and.’

computational costs reasonable (e.g. basin geometric approximation;

-

constant wind velocity; size of grid spacings and therefore time-scale

increments; vertical homogeneity; etc.) preclude the §pecifio use of
the model in analysing the results of this thesis yorkf_ The model
does however show that even under the large number of simpllfying-

-

. . o . » .
assumptions about the harhour“ﬁhysics, the circulation field is - '

' _oxceedingly complex (Figyro§;33 and 34) in space and in time. Average

»
current speeds in the upper few metres range from 1.75 cm s'1 to

about 2.5 cm s~ ! with ranges of 0.08 cm s™! £0 1.33 em s} for the

resultant currenfs. The dispdrity between resultant and average is

some indication of net movemght relative to average instantaneous inputs.
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3.11 Harbour Motions and<iggggh-8ca1o Variance Distributions ™ .M %

. The fundaﬁental high froquoncy periodicitios of water motions
observed in. the harbour are reflected in the length-scale variance

distributions of most .of tho parameters measured which show small scalo
structure (Figures 35 and 36) ' These motions are the result of surface
and internal stat1onarx'and travelling oscillations. Direct compari:ons
between the physical periodicities measured and the blologlcal or
chomlcal parameters measured in terms of length-scale agroement cannot
be mado with any degree of accuracy The Eulerian measurcments of the
recording current meters are only convertable upprorimations‘to the
Lagrangian dlspors1on field when thc Roynoldq number is ver) large and
when the velocity field is spatially homogencous (Palmor and Izatt, 1971;
Franz, 1974).Thoso assumptions are invalid for tho harbour, Howeuor
u51ng the range of average current speeds ava11nb1o it can be scen that
" the. fundamental high frequency periods of harbour oscillation corrospond
reasonably to the most ifrequently encountered length scale structures of
10, 20 and 30'm periodsl(Figures 35 and 36). ‘fﬁb spatial complexity of
'this_activity is exprcfscd in the appearance of stswicture in identical
measurements taken synoptically over rhe harbour. If we ignore tho

.

anomalous appearanco af a few structures at longer wavelengths, the >

“

results show basin scale vnrlanco predom1nat1ng_dur1ng periods of low
“wind speed (e.g. September 1975). HOwevor, since thc‘harbour is
readily mixed: by wind induced motions-on basin or half-basin scales,

there is an increase in the number of totally random and end window

flattened distributions seen during increased wind speeds.,

»

w
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Figure 35

Frequency Histograms of Significant Spectral Poaks

F:oquenéy histograms of spectfai peaks {n/2) obtained

from all the data (cf. Tables 4, 5 and. 6). Note the

complete absence of structure at larger scalges. The

| clear portions of the zero class bars indicate the

number of completely random distributions observed.

" a
b

C .

Filtered Reactive Silica
Chlorophyll a

Species (all those c¢numerated)
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- Figure 36

Frequency Histograms of Significant Spectral Peaks

Frequency histograms of spectral peaks (n/2) obtained

- from all the data (refer Tables 4, 5, and 6). Note

the complete absence of structure at larger scales.
The clear portions of the zero class bars indicate the

number of completely random distributions observed,

a Filtered Reactive Phosphorous
b Total Phosphorous
c ND2 -

d NOS + NO2
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The only results'frﬁm.tﬁis study which shbw‘any agreement witﬁ
the KiSS model ‘and previous oﬁ;ervations‘by other rescarchers are those
-of the'fluoromotef. This sampling situation is perhaps the Qorst‘possiblo
for this method and it is not surprising thorqfore. thaf the rosults ‘
begr no resemblance to any of the othor\simultaneous-purameter
. measuréments. It therefore sugéests that other fluorometric analyses

may be nvernéing out heterogeneity prcseht.

‘inAsummhry, the high frequency periodicities of harbour motions
can be scen in the small scale variability of most of the parameters
measured in this study. Tho§e findings reinforce previous hypotheses
concerning the diffiﬁulty in obtaining §§;optic survey information on
th& harbour, Thu} also demonstrate the absolute necessity for specific

information about the length and time scales of the physical envircnment

when designing a survey programme.



4.0 . | : e Conclusions

Richerson EE.EL' (1977) hcve stated thnt'".;; the existence

of ecologically‘significant heterogeneity of'phytopiankton on very
sm111 scales (10 m) is unexpected under most circumstances and is seldom
found by more sophlsticated tcchn1ques" It can be soen l'ever that
in some special cases extreme. small -scale variability is common (Harrxs
and Smith, 1977), Indeed, the results of this study show that in .
Hamilton Harbour the horizontal varlnb111ty is completely conta1ned at
small scales (Figures 35 and 36) rather than at basin wide scales {Tables
10 and 11). Discrete- volume simultaneous sampling has shown that in
Hamilton Harbour there is significant variance or patchiness in the
environment at or below scales of 1 m (Table 1). The preliminary
sampling also poihted out the difficulties encountered in the precisc.
measurement of patchiness using discrete volume saﬁpling techniques,

The major difficulcy encountered is data aliasing (section I) and the .
comman occurence of this problem at small scales leads one to question the
representativeness of discrete volume ‘survey data gathered from a few
stations which are uch to describe largc areas. It was the results of
thesc preliminary studies that led to the use of a cont1nuous qampllng
'prcgram to investigate patchiness in the phytoplankton commqnzty of
Hamilton Harbour. The continuous sampling results revealed extreme
horizontal variations. in both biological and chemical parameters which
wcfc'not evident in conventional survey sampling programs (c.f. Tables
10 and 11)., &
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;'Kithugh,the resulks obtained‘frpm any sinéle transect are
ggnefallf siﬁilﬁr to fhose of the other seven‘trnnsects‘which comprise
a singie sampling perioﬁ, they are hot-identical; showing phase shifts in
the length gqgges.ossarved. These shifts leéé to erroneous interpretations

of the scales of variancefpreSent when ensemble averages are used to

e ST P,

' represent pafchiness in any single dimension. Ensemble averages qsing
both mean square pattern analysis:(Figures lyild).and power spodtral'
;nalysis (Figures 15-25) were computed for ajs{ngle synoptic data set’
comprised of.foﬁr transects oriented in thé same direction. These |
results which show no significant_penks,;&hen comp#réd with the results
from the individuai ffapsects presentedjin Tnbles-4; 5 and 6 which record
only the statistically ;ignificant pqﬁks. demonstrate the smoothing
eéfect ob¥ained by averaging out variance (sectidn 3.5). |

Previous investigators have used a one-dimensional analysis,

- or a quasi two-dimensional analysié which has attemptod to include
vertical information, to investigate phytoplankton patchiness (Platt,
1972; Powell et al., 1975; Denman, 1976). The data rocofds, while‘“
not simultaneous, were doeﬁed to be synoptic according to Taylor's ;
frozen furbulence hypothesis (Taylor, 1938). The spatial records. )

collected were then related to time records under this hyﬁothesis.

These results not only show differénces between transects -
oriented in two dimensions of the same plane, but also differences

-between transects oriented in the same diﬁensisn which are seﬁarated

by a feﬁ hundred metres and a few minutes (c.f. Tables 4, 5 and 6).

The results show that the frozen turbulence hypothesis (refer to section

I).is violated for scales below 100 m. These findings lead one to

-



102

.quésiion the correctness of previous interpretations concerning Shall
scale variance imbedded in data records some 10-20 km long wpicﬁlare‘
collected over two hours or more. v

Examinatlon of the transect data using two statzstical
technxdues which describe patchlness revealed several interesting
points. Power spectral analysis is indeed more sensitive to small
scale variation than*mean square pattern analysis as Usher (1975)
SUggested A comparison of the scales of variance or patchiness
revealed by the two methods is éresented iﬂ Tables 4, 5 and 6. It can
be seen that the mean square analysis is less sensitive to the small
scale 1nfbrmat10n which is conveyed in “the power spectral results,
However, analysis of the transect data as well as some test data (Figures
4, 7, 8, 9 and 10) demonstrated the inndequgtc resolution of spectral
analysis for variénce scales which approximate the maximumAlength of :
record available for this type of analysis. This has been termed the
end-window effect, Mean.square pattern analysis dlso showed peak

shift or peak driff. This problem was ;nvestigated in some detail by

sequentially changing the data start positions for two parameters and

comparing the results for each subsequent nnaly51s (Flgures 26 and 27,

. Tables 7a and 7b). A compar1son of the scales of patchiness estimated

by mean square analysis with the scales of patchiness estimated by
spectral analysis (Tables 4, 5 and 6).showed that peak shifts in the

mean square pattern nnalysis werce a commonly occuring problem and were

a function of the start position of analysis (refer to section I). As

a result of thisrand the predominance of small scale variancc, mean
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squafe-patterﬁ apalysis:was not used in a detailed investigation of
pﬁtchiness.

The most-commonlf used parameter.for the inyestigation of
phytoplankton patchiness is in vivo fluoresceﬁcc. Under certain
circumstances fluorescence ﬁay be a good indicator of chlorophyll a
concentratipns.‘but it should not be used to study phytoplankton‘
patchiness for numerous.reasons which were outlined in section 1
(Intro&uction).r'Figures 28 nﬁd 29 show that fluorgsceﬁcc, using the
Turner 111, underestimates the actual variance present in chlorophyll &
which is revealed in point by point spectrophotometric determinations.
However chlorophyll a, whether spectrophotometrically determined or
not, is an inadequate measure pf the spatial variation exhibited by
the individual species of phytoélankton. The spectral ploE; of
chlorophyll a are a composite picture of the spatial patterns.of the
major species present (Figures 30, 31 and 32). These species patterns
are a result of their individual interactions with the environment.

Temperature is commonly used in patchiness studies as a marker
for different water masses. It is dcemed to be a passive contaminané
which follows, the energy cascade observed duringlenergy dissipation due
to viscosity‘(Denman and Platt, 1975). Fasham and Pugh (1976) have
argued that temperature cannot be used as a water mass marker and the
results from this thesis support this argument. The tcmperaturé traces,
of which only two are presented (Figure 47), show no apprcciabl&
variance along either a single transect or across the harbouf. Althbugh,
significant patchiness was scen in other parameters which were measured

simultancously.
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. The spectral RHEIYSib rosultn of the various_parameters*arﬁﬁ" '?7

| completoly differont from those found by previous workers in hoth
freshwater and marine onvironmonts. The rosults aro not only uniqgo
- in their concontration of variance at small scales, But also in‘their'
general variance distribution...ganloq of pntchxncqs when present, are
entirely contained below 100 m, 'Thc shape of the spoctral plots, for
all parametors oxcopt fluoresconce, deviates from the previously reported
-5/3 sloho fo; length scnlesllcss than 100 m; ‘Prcvious workers have
~been unable to resolve smullér scale patchiness because of the methods
of measurement and the methodldf‘nnalysis used. Fluorescence, or for
that matter Any biomass measure, cannot be used to examine the genoral
occurrence, persistence or ccologicnl importance of phyfoplunkton
patchiness. One-dimbnsionql'snmpling routines cannot be used since the
. plankfonic onvironmeqt is.uncquivocally threc-dimcnsionnl and physically
non-isotropic. Long data records probably violate the fru:cn;turhulcncc
hypothesis for small scales. In addition, the probability of traversing
arcas which differ significantly over short scales according to their
chemistry, physics or biology inereases with the length of record. The
power spectral analysis technique used coﬁpounds the problems outlined
above by segmentally averaging the variance present.  The result oflthis
averaging process on unphased variance wag demonstrated in section 3.5,
- The averaging cffect is most serious at'small scales since so many
measurements are made here.
The length-scales of patchiness in Hamilton Hapbéur could not

have been predicted on the basis of existing theory, nor can they be

expléinea using the KISS model. The patchiness present in the phytLplankton
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communities is & direct result of the phys%cal environment in which the

communities nrc found and the interactions of the individual wpecies

with that enV1ronment. The KISS mode} is not however applicgble to ‘f

diffusion rates. and three-dimen$ional isotropy - The application of
the model as an explanatory mechanism for patchiness in the aquatic
environment has imposéd the further requirement of analagous behaviour
lof chlorophyll with energy. .Although?for turbulent e#ergy & cascading
process i;,ngcessary for kinetic energy to be dissipated by viscosity.-
as heat, there is no substatiated reason for chlorophyll t6 cascade to -
smaller and smaller Scales. The -5[3 slope of this energy.cnsénde does

not consistently appear in the chlor 11 spectra. The breakpoint-of

these chlorophyll spectral plots, which is purborted to identify the
point at which growth sustains patch integrity in tho-prcsencerof the
dissipative process, not only shows dramatic length-scale shifts but
may‘be entirely absent. The analogy.of the behaviour of chlorophyll
with the behaviour of turbulent energy is therefore n poor one.

| ,Recent studies of phytoplankton patchiness have not vielded
consistent results. Some s}udies have demonstrated that biomass
variance increases with distance at a constant rate pﬁtil scaleﬁ of
0.1-10 kﬁ are reached. The breakpoiht in the vdriance distrihutioﬂ
plots which occurs at this scale defines a stable patch. The casual
mechanisms éhjch are purported to underly patch formation arc ths_‘

antithetical processes of growth and turb ulent dissipation. .These

processes arc related to the empirical results through the KISS model.

3

s
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The disparity of patch sizes in marine and freshwntor onvironments is
thought to ‘be due -to the smaller scalés of motion present in lakesa
Other studies have not "found a breakpoint in the Variancc distrgbution
of biomnss. Although these StudiES show that variance genernlly
incréases with distance, they also show thnt the rates of variance
increasa with distancc are not constant Studics in Hamilton Hnrhour
and other small basins have found small scale patches (Harr1q and Smith,
1977}, The longevity of an individual patch cannot be ascertained due
to our lack of knowledge of the physicnl environment n% these scales.,
One can conclude from these studies that phytoplankton'are not strictly
passive contaminnnts in a turbuléni.cnvironment nPhytopiankton must |

' nctivoly exploit their turbulent environment b) utxlizing tholr repertoire

[
-y

of adapted physiological responses (Harris 1978).

The diversity of species present in a community and the
successional_squences observed are not only the.result of éross
changes in light, temperature and nutrients which take place over several
division cycles, but are also the result of environmental changes which
are experienced in less than one division cycle (Harris, i978). We are,
as Pingree et §1¥“(1975) have stated, limited in our undenstnnding of
primary production (and for that matter all of phytoplankton ecology)

- -

by an inadequate knowledge of the turbulent nature of the physical
: N )
environment in which the phytoplankton exist. Future work must seek to
integrate and improve our knowledge of physiological responses of

phytoplankton and the physical environment in which they occur.
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* because of large differences in the estimates of parameter values.

- Summary

e .

Hamilton Harbour is a highly'spafially vaiiahle body of

‘water, a consequence of basin morphometry and Lake Ontario

influences.

N
'

- ‘
Significant differences in discrete-volume, simultaneous

samples- exist for chlorophyll a, filtered reactive.

phosphorous and nitrate + nitfite.wifhin-dimensions of 1 ﬁs.

. ¢

Coiﬁcident:scnig-strgcthre was nﬁt present in all of the
.transects, or even all of the parallel tran ‘s,‘ sa
resu{t of the extreme.syatial heterogeneity of the-hanbour.
_This préclﬁded the use of pooled variance analyses and forced
the, treatment of each transect as am iﬁdividual'samgle in

a spatial frame of referencé. These results reinforced the

- validity of the original multi-transect sampling’ design.

Power spectral analysis was much more sensitive to small scale

variations than mean square pattern ana1y51s although the

former may.be less 1nd1cat;ve of larger-scale structure.

Cross comparlsons (covarlance, correlation, cross- spectral)

could’ not be performed because of peak shift phcnomena and

07

\‘___/
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to the’ spectrophotometric analysi

Lo P ST . 108"

Perameter distrlhutions at length-eeales, beyond 25 m tend

to be randomized under the influence of increased wind speed.

Significant Etructure, as determined by spectral varience peaks; -

in all parameters at small sceles is a constant feature of

this body of water which is un11ke observatxons from studies
conducted elsewhere.
The variance observed at small scales often exceeds that
. \
observed at bas;n scales under cond1tzons of wind-induced basxn

circulatibn.

In vivo Fluorescence (as measured a Turner III fluorometer);

. chlorophyll a. Tne fluorometric analysis, in sharp contrast

Cow

showed a smooth increase
in variance with d1stance. These results although in agreement
with results from other researchers, were atypical for all the

other parameters measured during this study.

The variance distribution of chlorophyll a (spectrophotometrically
determined) was often found to be different from the variance
distributions of the numerically dominant species. On‘odcasion?
structure can be seen in the cnlorOphyil periodogroms without
corresponding structure in any of the species enumerated. On
other occesions, structure present in the species distributions

is not reflected in the chlorophyll analysis.




<1i. The spectral oistributions for nitrate . nitrite. nitrite and
) total phosphorous are characterized by 8 general lack of -
structure accompanied by scaie-independent variance due to

“the presence of exceedingly high loadings throughout the basin

.12. ‘Structure in filtered reactive silica, ‘when present, is
almost entirely at small scales. The intensity of this
' structure appears to‘dininish with the appearance_of-signific

- densities of diatoms in the community.

13. ‘The intensity'of structure, and lengthuscalcs'of variance for’

filtered roactive phosphorous approximate those for chlorophylllgg
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Figure 37

~

Continuous Transect Sampling .

Transect locations (A-H) for September 16, 1975 Map
also indicates bathymetry (M) and survey stations from

OME, 1974.
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Figure 38

Continuous Tra*ect Sampling

Transect locations (A-H) fgﬁ-.}uly 20, 11976,
Map also indicates bathmetry (M) and survey

. stations from OME, 1974.

—alpl

I.de

o



a2

e = e = r———— . ——




¥

Figure 39
Continuous Transect Sampling
. , ! _ ‘
Transect locations (A-H) for November 3, 1976.

~ Map also indicates bathymetry (M) and survey

stations from OME, 1974,

LN
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\hnd Dat.a from the Royal Botanical Gardens | Headquart.ers'
{d) Plains Road VWest, Burlmgton and

Table 13

"\

(2) Hamilto.n Marine Police.

-r,

114

. 1
Dats Average Max Speed Pravailing Pravalling Mean Maximum °
Spead (mph) & -Direction Dicection Speed Velacity
(wph) Direction (wph) ~ (mph)
July 14/75 (X3 SV 13 s SE 8.7 1
July 21778 8. W1 W B 10.¥
July 26/7S 5.5 . T | =] v 6.1 8
Aug. 25778 8.5 sV 16 W . . *
Sepr. /78 8.} - sV W 10.0 1}
Sept. 9/75 1.2 W w™ SUL 9.8 0}
Sept. 15/75 3.6 P Y v a3 s -
_ Sept. 1675 11 ™4 W W LR 1 s
June 29/76 & s L N . a "
July 3/76 Al T W W 4.8 (]
July 13/36 106 W 17 w W 1.3 18
July 18/76 B.4 w1 sW . SW. 8.7 12
July 20/76 - 9.8 SW 16 s 3] 9.6 15
Sept. 30/78 2.8 + B10 K& * * w
Oct. &/76 4 E 10 Nx *
Nov. 176 8.3 W12 v "SE 6.2 15
Bov. 3/76 $.9 sV 12 W SE 6.6 12
a Sampling excursion
* ot obtained
SUL several
S



Wind Speed (wph) and Direction Data for 30 hr. I'crlod‘

Table 14

"

-Prior to Completion of Kach Extursion
1 - Hamilton Marioe Police and ‘

-
-Saptember *73° July ‘28’ Kovenber *76'
- . 13-18 19-10 ) -
(Lodal) 1 2 /x 2 1 2
) v o2 n A vy w7 s 6 w9
10 M4 N6 v v ? SL 7 su )
n NE§ 0 we w7 SE 3 sws
i’ s & NE & U ] U | SE10 5 16
n w8, W7 w2 w2 SE10  sw 1Y
" o8 s 1l SW10  sw 9 SE10 516
13 o8 Uy w1 v e SE1Y. gV 18
H) T M 10 SM10 s 7 SE11 M8
1? w7 5V 10 sl oWl SE11  swY
ERT Y VI su 11 M1l 5w SE 9 EW16
19 M4 857 g9 s ST 9 suis
0 ¥l wy my sy I BT
n v o4 Wy WY sw Y C S |
1 w2 5 1 w8 W TS swlr  sw @
n ¥ o3 00 W T . w7 st 11 w10 5
b)) v s 00 T ] N & st & TR 3 :
1 ¥ Nl M3 W6 st 8 v s
2 s 4 s A A ¥ o6 SE 4. WS
3 w3 N o2 e W e SE Y w6
4 vl N2 Noa VOB SE &8 N6
s N3, N2 w7 N3 St 6 W 6
's v o4 W2 O swe e St 6w
B Vo4 vy se sue TS . V7
3 v o4 WA w8 swl SE 6 s ¢
$ L ) w3 SW 10 sW 14 SE 7 U
10 v o4 LTI W12 sw A SE 9 v s
.1 WS oW o7 W12 s 5T 8 w7
" 12 W3 W3 w12 s sE1L 9
* 1y W3 N | ™M12  sw1s SELL sw 2
. 14 W1 00 W1 s SE12  su 10

¢ % pagicds during excursion
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_ .. Table 15 L )
b : . -
Survey, Results for Surface Water Samples;
. - Station 270, July 1975. .
* .+ . (after Harris 1976)
1 ; . 2
. pa h*"an.' PR e m ‘
- It e e e
July 19 I - 5y, "2 5.8 A8
" . m 19.0 2 1.68
» e < 1.7 7.4 1.40
¥ My n . T 9 - 20.9 1.3 % 1 T
L 18.4 1.0 0.0 )
. (Y 1.9 51.0 1.10
* T'- top

M - middle
B - bottom -

l.,'
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b Spectrophotometric Chlorophyll a
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‘ . Figure 40
. MR
Parameter Data Plots
‘September 16, 1975 Transect A
a ’ Fluorometer_
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i Figure 4]
| :

- Parameter Data Plots
! I L ,
September 16, 1975 Transect A
o . R .
o
a Filtered Reactive Silica

b filtéred‘Reactive Phosphorous
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Figure 42

Parameter Data Plots

September 16, 1975 Transect A

a NOs + NO2 __\
b C. erosa
/"\
*1
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. ‘Figure 43 | ' : ‘
Parameter Data Plots
\

_ &' NO, July 20, 1976 Transect A

b Cyclotella men. September 16, 1975

- Transect A
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Figure 44 T

Parameter Data Plots

Of borgei September 16, 1975 Transect A
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Figure 45

Parameter Data Plots

R. minutum Septembér 16, 1975 Transect A
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Figure 46

Parameter Data. Plots

g -

Total Phosphorous September 16, 1975

Transect A
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Figure'47
Parametér Data Plots

Temperature Trace Nermber 3, 1876
Transect H
Temperature Trace September 16, 1975

Willow Point to Leander Boat Ciub
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1976 for One Month Period Prior
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_Pable 18

to (most recent date Pirst) the November 3,1976 Excursion

Hémilﬁoh Herbonr Suréey Data
(after Piccinin, 1976)
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'

(most recent date first) the July 20,1976_ Excursion -

(after Piccinin, 1976)
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(most‘récént drte firs;) the November 3,1976 Excursion

i

»

'Species Counts (‘b&ls/hl (%ﬁotrl)) for One

(rfter P

1976)

iccinin,

N

coot (¢°o1) 90c (L*92) 198 (z) o  (@en) L 852
L6it (z°8 ) L61 (s°00) 26 ©T)ey (91 it y
szo (T 1L @en) ssr G'y) TIT @D vt 52
yore - rTU 2sg (9°12) LL9 @z)ss @D o otz 52/0¢. *3d05
oty (0'9 ) 95t (rza)-fB8T - (1) 6y (9°92) yOTT 25t
T91¢ (99 ) Yoz (#°12) 689 c'zywe  {zooz) ovd y .
ozey ws o (c*Ly) vz (z)9 (621 st 95z
£99¢ €'y ) z6e @eniecse . (¢ )sz (sten) emez ote 9l 3%
z5t ﬂ
) | o
. ) -
zost ac) ey (6*07) 80¢ @r) sz e st 95z .
. . oer se/er *3%0
Wit (0*y2) €82 (L) 6ot @sro i s z5t
0902 (§°¥1) 562 (€°z2). s5% (rz)ey (€50 g y
1611 won sn (s* 1) 60t (O T)zr  (5°tT) 602 85z
8692 (L767) Toy (s°22) 995 (z)ey (LD Ly ot 9¢/1 Aok
1noL !puuvoﬁ_t.u.. l_ua_:-.:- 1—3..:5-&—- b ] "0IR ¢) o) UOTITLIS nrg



-

)

1re




-

“.
1. q ha
' Figure 18
'Pooled‘§pectral‘Analysis ' -

Pooled variance estimates {with §S%.confidgnce

limits) July 20, 1976 transects E-H NO; + NO,

.
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Piguro 19

Pooled Spectral Analysis

Poolod varianco eostimates (with 95% confidonce

1imits) July 20, 1976 transocts B-ll total phosphorous
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Figuro 20 .

Pooled Specfrnl Analysis .

Pooled variance ostimatos (with 95% confidenco
1imits) July 20, 1976 transects E-H Solublo
Roactivo Silica (SRS)
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Figurg 21

Pooled Spectral Analysis -

Qoplcd variance estimatos (with 95% confidence

limits)"July 20, 1976 transects E-H 35 minutum
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Figure 22

Pooled Spectral Analysis

Pooled variance estimates (with 95% confidence

limits) Juiy 20, 1976 transects E-H NOZ .



e M (K19N3VIAYR - 3SUIAHIY DI¥S 209 .

C- . ‘ 9 -gpe300 NNt~ $042)040° = T0e208210= 134330977« T0+3000
U - otoo...otot.t‘toooobo-oooo-ot+otnconpbnﬁotbstnonoo.oooo-.voo-¢.‘-o.04Qth‘QQQOotto-oaotto.\..no.ot .ou-uun..
. # *
u . ° . . - .
. - » - . *
S . : : :
ST + - . : + ThedObS2 =
e . .
- - . * -
- - re *
. - :
- 4 ) + T0+38002°~
PR * - -
. H . . . -
B . - . b
. 2 ‘- - -
_ . ' * TRe3R05T%
* . ’
i , , - - - s
. . . - -
. - . s
. * - + T0¢30083°%=
R P * .
. , . . . *
. . . - - . . *
™ P 2
K ¢ . . ¢ B8N0~
- . . . : »
ER a _ — *
P . ) . R ' » .
- L J
° . “Ill!.ll'-'.‘. ﬁ H d ] o hd b
. e i oo ’ *
P4 - ”
N - : i
o - . . . - . *
; 4+ . - . . 4 00e¢30005°
. 'E . .
: '3 . . . *
. 7 & . . - -
' ; . - .
; Do H . ) ¢ T0+36003°
,,\ \, ) ' ) ) .
: P ' - »
: i - - L4
. . L e . - -
! .4 ] . . . + TRe20853°
/ - T e L *
i . - *
: ' . . . X .
s *
ouosoo;wow..ooosv‘obcoov-ono.;ton\oo.-oo.ov.oocooo.oo.to.toooovo otto erdsessasssetosrarevact TH230902°

T . <o¢.00.0
R - . (IIV424Y  3WUISH]) LIsAYYNY ¥2103148

’ . -

AVN-Ondd  PairmaTuw

O



Figure 23

Pooled Spectral Analysis

Pooled variance estimates {with 95% confidence

limits) July 20, 1976 tfansécts E-H C. sphagnicola
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Figure 24

Pooled Spectral Analyéis

_ Pooled variance estimates (with 95% confidence

‘limits) July 20, 1976 transects E-H Chlorella
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Figure 25

Poolod Spoctral Analysis

Poolod varianco ostimates (with 95% confidence

1imits) July 20, 1976 transocts E-ll 0. borgei



144.

1H1983134¥8  3SE3AKI) 0384 30

N | i §5+32008° -~ - I8e3M2Te- - Lat3383T . TRe30LEZ e
ooln-..0.!.!Ouoitu.n.‘t.;.!.i&httolttil:..vﬁno.:-::n!‘u-noﬁtoononuvoﬂo.b.ot!.‘...‘i‘l!tt..!-.. TEeIRLEG -
i .. . - -

s .
- - »
- . - i - .
- . ‘ .
- - o - - ’ - ¢+ TE+385548%
- - )
L J - L ]
- .
- »
. ¢+ FPe35E% "%~
-* - *
- . »
- - .
- i .
s , + TE+30850%~
. » 3
- » R 2
- - M
-. * | 4
a + TH4325891 % I
L4 - g
3 N - 1 ]
* ) - - A
- *
- ¢ THe3L252%-
. ~ L
ol *
e . . ‘. .
* - - - .
e : a—. + ICe3lr2"~ p |
- - M » V4
- T - - 5
- ~ P M
- ] - .
. o TLeZ0031°~
» _ . k]
- - - » c
- . - 1
- » *
. . ’ ) + T0435001%-
* . - - .
- . -
. ’
c . s - .
. . ¢ SLeINL5%~
. .- »
- " .
-« - . . 2 »
. - e m -
Ot.;t.-!.zootﬁom.%!o“.tiizuvs‘iotooosoo‘.nﬂov!obou!oba‘OQOQOQo.octoo.oo!-o.&o-lno s

(FIVAZRY FWEW2SHI)  SISAICNN ATdLSEeS



-

-

" Reforences

| “Allen, T.F.H.. 1977. Scale in Microscgpié Aihnl Bco!9gy: a
Neglected Dimension. Phycologia 16:253-257. o

Archibald, B.E.A., 1948. Plant Populations I. A New Appllénti;ﬁ

| of Noyman's Antagious Distribution. Ann. Bot., Lnnd.; N.S.,
12:221-235, | X L

_Bncchus; H.,. 1974, An BEcological Study of Phyfoplnnkton in.Cooto's

Paradise. M.Sc. Thosis, McMastor University, Dopnrtﬁent of

-. Biolqu, Hamilton, Ontnrlé. |

Bainbridge, R., 1957, The Sizo, Shﬁpo and Donsity of Mnrino'Phytopidnkton.
Concentrations. Biol. Rev. 32(1):91-115.

Béllostor, A., 1966, A Pﬁpur Prosentead at the Second International
Oceanographic Congress, Moscow, 17-18.

Bnrflott. M.S., 1967, Some Remarks on the ﬁnnlysis of a Time Series,
Bomotrikn 54:25-38..

Bartlott, M.S., 1964. Tho Spectral Annlyses of Two-Dimensional Point
Procosses. Blomotrika 51:299.311,

Beors, J.R., M.R. Stovcnsdn, R.W. Eppley and E.R., Brooks, 1971, Pinnktonr
Pobulntions and Upwelling of the Coast of Poru, Juno 1969.

. Fish. Buil. 09:859-876.

Billington, C.A. and A.K. Jones, 197G6. Aspoects of the Spatinl
Distribution of the Algae of the Nan-y-Moch Reservoir,
Ceredigion, Wales. Hydrobiologin 50:43-54.

Blackman, G.f., 1935. A Study by Statistical Mcthods of the Distribution
of Species in Grassland Associations. Ann. Bot., Lond. 49:

749-778.



. 146

Blackman, R.B. mnd J.W. Tukey, 1958. The Measurement of Power Spectra.
Dove Publ'lnc., N.Y.

Blasco, D...1973. Va ation of -the ratio fluoresconco in 3132/
thorophyll 8 and its application in biological ocoanogrnphy.
Invostigncion Pesq. §1:533-

Bliss, C.I., 1967, Stnt}atics in Biology. Vol. 1, McGraw-Hill, Book
~ Company. .

.‘nbyce, E.M. and P.F. Hamblin, 1975. A Simple Diffusion Model of the
Moan Fiold Distribution of Soluble Matorials in the Great
Lakos. Limnol. Ocoanogr. 20:511-517,

Boyce, .M., 1974, Some Aspocts of Groat Lakes Physics of Importance to
Biological and Chomical I'rocesses. J. Fish. Res. Board Can.
31:689-730, |

‘Boyd, C., 1976. Selection of Particle Sizes by Filtor-Feeding édpopods:
A Plea for Ronsonﬂ Limnol. QOceanogr. gl:l}5~180.

Brooks, J.L., 1969, Eutrophication and Changes in the Composition of

Zooplankton, In tutrophication Nat. Acad. Sci., Wash., n.C.

Carter, ., 1974, ThclNonsurcmont of Rhodomine Tracers in Natural
Systems by Fluorescence. Rapp. -V, Reun. Cons. {nt. Explor,
Mer., 167:193-200,

Casste, R.M., 1968, Sample Design in Zooplankton Sampling. UNESCO

Monogr. Oceanogr. Method #2, Geneva, p. 105-121,

Cassie, R.M., 1963, "Microdistribution of Plankton". Oceanogr. Mar. Riol.

Ann. Rev, 1:223-282.

Cassie, R.M., 1962, Frequency Distribution Model in the Lcology of

Plankton and Other Organisms: J. Animal tcol. 31:05-92.



a7

Y

Cassie, R.M., 1959, An Experimental Study of Factors Inducing
) Aﬁgrogntion in Mgrino Pln;ikton. N.2. J. Sel. 3:26-50. .
Chan, Y.K., W.J. Snodgrnss#ﬁnd‘P.T.S. Wong, 1977. Snmpior for collectinﬁ ,
| evolvod gases from sodiments, Water Res, 11:807-809.
Claphan, A:R., 1936, Ovordispersion in Grassland Communities and
tho Use of Statistical Methods in Plant Ecology. J. qu;.
24:282-251, | |
Conover, J., 1960, The Freding Behnviorvnnd Respiration of Some Mqrine
Planktonic Crustacea. Biol. Bull. 1197399-415. _
Donman, K., .A.0. Kubo and T. Platt, 1977. The chlorophyll Fluctuation
| Spectrum in the Sea. Limnol. Ocounpgr. 22:1033-1038,
Denman, X., 1977. Shﬁrt.Torm Varinbility in Chlorophyll Structure.
| Limnol. Oceanogr. 21:434-441.
hDonmnn, K.L., 1576. Covariability of Chlorophyll and Temperaturo in the
Sea. Doep-Sea Ros. 23:539-550.
Denman, K.L. and T. Plnft. 1975. Cohoronces in the Horizontnl Distributléns
’ of Phytoplankton and Temperature in the Upper Ocean. Mem. Soc.
r. Sci. Liege 7:19-30.
Dodson, S.I., 1970. Complementary Feeding Niches Sustqined by Size.
_ Selective Predation, Limnol. éceanogr. 15:131-137.
Lppley, R.W., 1972, Temperature and Phytﬁplankton Growth in the Sea.
Fish. Bull. 70:1003-108S.
Eppley, R.W.; R.W. Holmes and J.D.H, Strickland, 1967. Sinking Rates of
Marino Phytoplankton Measured with a Fluoromctér. J. Exp. Mhr.
Biol. Ecol. 1:191-208.
Errington, J.C., 1973. The Effect of Regular and Random Distributions

on the Analysis of Pattern. J. Ecol. 61:99-105,



Estrada, M. and M. Wagensburg, 1977. Spectral Ahglysis of Spatial °

. 148

Series of Ocoanographic Variables. J. Exb. Mar. hiol.

. Y

Beol. 30:147-164,

Fasham, M.J., 1977. Horizbntal Dispersion and Critical Scales - A

Iecture given nt the Internationnl School of Marine Biology(.

November 1977, Erice. Sicily, Italy.

Fasham, M.J. and P.R, Pugh, 1976 - Observations on the horizontal

“coherence of Chlorophyll a and Temperature. - Dgep=Sca’Res.

23:527-538,

Fee, E., 1976. The Vertical and Seasonal Distributidn of Chlorophyll

in Lakes of the Experimental Lakes Aren.‘NofthweStorn Ontario:

!
Implicntions for i Production Estimates. Limnol. Oceanogr.

21:767- 783

» H., 1974, On Langrangion and EulorinnCorrolutioﬁs. Rapp. P,-v,

13

Cons. int. Explor. Mer., 191:125;i28.

Gauld, B.T., 1966. The Swimming and Feoding of Planktonic Copepods '

In H. Barnes (ed.) Some Contemporary Studies in Marine Science,

p. 313-334, Allen and Unwin,

Goorge, D.G. and R.W. Edwards, 1976. The Effcct of Wind on the

Distribution of Chlorophyll a and Crustaccan Plankton in a

Shallow Eutrophic Reservoir. J. Appl. Ecol. 13:667-690.

)

» .M. and A, Hillbricht-Ilkowska, 1972, Efficiency of the Util-
ization of Nonoplankton Primary Production by Communities of Filter
Feeding Animals Mecasured in situ. Verh. Internat. Verein Limnol.

18:197-203,



-
‘149

Gliwiéz,fz,u.. 1969, -Studies on thé Feeding of Pelagic'ZGOplankton
" in Lakes wiih varying T&ophy; Ekdl. Pol. A. 17:663-708.~
‘Goldman, C.R. and C. Armstrong, 1969. Primary Productivity Studies
in Lake Tnﬁoe, California. Verh. Int. Verin Limnol. 11549-

Golterman, H.L. and R.S, Clymo (editors), 1969. AMethods for Chemical

Analysis of Fresh Waters. IBP Handbook No. 8, Blackwell
Sci. Pub. " | |

Gfeig-Smith, P,, 1964, Quéntitativé Plant Ecology. Butterworths,

2nd edition.

. Greig-Smith, P., 1952. The Use of Random and Contiguous ‘Quadrats in '
the Study of Structure of Plant.Communities. Ann. Bot.,
ﬁond., N.S., 16:293-316, |

Grenny, W.J., D.A. Bella and H. Curl, Jr., 1973. A Theoretical
Approach to Interspecific Compotifion in Phytoplankton
Communitics. Am. Nat. 107:405-425. |

Hardin, G., 1960. The Competative Exclusion Principle. Science

131:1292-1248.

Hardy, A.C., 1935, A Furthor Example of the Patchiness of Plankton
Distribution Papers. Marine Biol. Oceanogr. Deep-Sea Res.
3(suppl.):7-11. v

Hardy, A;C., 1936a. Thé coﬁtinuous plankton recorder. D{scovéry
Reports 11:457-510. |

Hafdy, A.é., 1936b. Obéervations Qﬁ fhé ﬁnéven Distribution of
Oceanic Plankton. ‘Discovery Reports 11:513-538.

Hargrave, B.T. nnd G.H. Geen, 1970, Effect; of Copepoa Grazing on
Two Natural Phytoplankton Populations. J. Fish. Res. Board

Can. 27:1395-1403.



\ai
150

Harris, G. P., 1976. The Biological Survoy of Hamilton Harbour. Mcuaster

University. Dept Biol. Tech. Report Series No. 1.
Harris, G. P., 1978 Photosynthesis, Productivity and Growth' The

Physiolog;gal Ecology of Phytoplankton. Ergebnie der
Limnologie.10, 170p. 7
Harris, G.P. and R.E.H. Smith, 1977, Observations of Small-scale
3

Spﬁtial,Patterns in Phytoplankton Populations. Limnol. and

Oceanogr. 22 887- 899

R e ey e mm—ty s ntmm w

' Harris, G.P. and H.M. Bacchus, 1974, Chlorophyll and Production in a

Polytrophic Marsh. Proc. ch Can. Symp. Water Poll. Res..

Canada.

Heany, S.I., 1978. Some Observations on the Use of the in vxvo

Fluorescencc Technlquc to Detormine Chlorophyll a in Natural
Populations and Culturos of Freshwater Phytoplankton.
Freshwater Biolog)er

Hill, O.M., 1973.. The Intensity of Spatial Pattern in Plant Communltics
J. Ecol. 61:225-235,

Horwood, J.W., 1976. A Critical Investigation of Small Scale Variabilities
in Phytoplankton. Int. Counc. Explor, Sea, Plankton Comm., Pop.
CM1976/L: 7 Statucton Meeting; Copenhagen, Sept 1976.

HuffaEE?, C.B.; ¥ 1958 Experimental Studies in Predation: Dispersion
Fgctors‘and Predator Prey Oscillations. Hilgar&ia, 27:343-383,

Hulbert, E.M. and, D, ﬁorton, 1973. Minimum Interference between Plankton
Spécie; and its Benificial Effect. Mar. Biol. 23:35-38.

Hutchihson. G.E., 1961. The Paradox of the Plankton. Ann. Nat. 9s:

137-145,



™

-t

Hutchinson,AGZB., 1953,  The Concept. of Pattern in Ecology; Proc. Acad.
Nat. Sci., Philad. 105:1-12.

-

IFYGL Chlorophyll Working Group, 1972. Procedure of Chlorophyll Determin-

ation to be used on IFYGL Studies. -‘Inland Waters Memo, F.R.B.

Canada. - -

‘JSmes, W. and B. Bid, 1978. Threé-dimensional Lake Models Incorporating

Spatial Distribution of Transient Surface Drag. Can. J. Civ.
Eng.  (in press).

Jenkins, G.M, and D.G. Watts, 1968. Spectral Analysis and its Applications.

Holden-Bay, San Francisco, Cambridge, Lond, Amstordam.
Kamikowski, D., 1974. Possible Interactions between Phytoplankton and

éemi-diurnal Internal Tides. J, Mar. Res. §3;67189v

Kershaw, K.A., 1961. Association and Co-variance Analysis of‘élgnt

| Communities. J. Ecol. 48:443-453.

Kershaw, K.A., 1957. The Use of Cover aﬁd Frequency in the Detection of
Pattern in Plant Communities. Ecology 38:291-299.

Kershaw, K.A., 1973, Qunﬁtitativc and Dynamic Plant Ecology. Edward

Arnold, 2nd edition. ' .
Kershaw, K.A. and W. Rouse, 1?4:;7\;::;ies on Lichen-Dominated Systems.

I. The Water Relations of Cladonia alpestris in Spruce-lichen

Woodland in Northern Ontario. Can. J. Bot. 49:1389-1399.
Kershaw, K.A. and W. Rouse, 1971b. Ibid II. The Growth Pattern of

Cladonia alpestris and Cladonia rangiferina. Can. J. Bot. 45:1401-

1410.

Kiefer, D.A., 1973a. Fluorescence Properties of Natural Phytoplankton

Populations. Mar. Biol. 33:2534269.



it

- LR e o
bs .

o . : ’
'Kiefer, D.A., 1973b. Chlorophyll a Fluorescence in Marine Centric |
| Diatoms: Responses of Chloroplasts to Light‘anthutrient
- Stress. Mar. Biol. 23:39-46. . | ' N
Kierstead, H. and L.B. Slobo&kin, 1953, The Size of Water Mases )
‘Conteining Plankton Biooms. J. Mar. Res.‘l3(13:141-147.
Kramer, J.R., S.R. Herbes and H.E. Allen} 1972, Phosphorous: Analysis
of Water, Biomass and Sediment, In: ‘H.f. Allen and

J.R. Kramer (editors) "™Nutrients in Natural Waters'. Wiley-

Interscionce.

R SR = N

Lasker R. 1975. Field Criter1a for the Survival of Anchory Larvae:-

L

the Relation between Inshore Chlorophyll Maximum Layers and

b

Succcssful First Feedlng Fish. Bull. U.S. 73:453-462,
Lasker, R » 1977 Larval Fish: Dependence on Structure. A lecture
given at the Interndtional School of Marine Biology, November

1977, Erice, 81c11y, Italy -

Leendertse, J.J., 1971 A Nater Qyn11ty Simulation Model for Well-mixed

Estuaries and Coastal Seas: Volume 2. Computation

Proceedures R-708-NYC, 53 p. Communication Sept. Rand Corp.
Leendertse, J.J. and E.C. Gritton, 1970. lgig_Voiume 1. Principles
' of Computation, RM-6230-RC, 71 p.
Levin, S.A., 1976, Population Dynamic Moéels in Heterogeneous Enviromments.

Ann. Rev. Ecol. Syst. 7:287-310.

Lincoln, A., 1916. The Use of a Fluorometer to Measure the Standing

Stock of Marine Phytoplankton . Fish. Res. Tech. Rep.
No. 10.



Lorenzen. CJ., 1966a} A Method for the Continuous Measurement of
' In Vivo Chlorophyll Concentration. Deep-Sea Res. 13 223-227
Lorenzen, C.J., 1966b. "Oceanography and Tuna Ecology of Southern Baja

California Waters: Phytoplankton." Scripps. Inst. Oceanogr;,i )

Univ Calif., Progress Report, §.1.0.; Rof 67—7 7 8. ‘
Lund, J.W.G., C. Kipling and E.D. LeCren, 1958 The Invorted Microscope

Method of Estimating Algal Numbers and the Statistical Basis

of Estimations by Counting. Hydrobiologiz, 11:143—170,

MacArthur, R.H. and E.C. Wilson, 1967. The Theory of Island Biogeography"

Princoton. Princoton University Press, 203.

Margalef, R R 1963 On Certaxn Unxfying Prxnciples in Ecology Am. Nat.

97:357-374.

: Margnlef. R.,-1967.l Some Concepts Relative to the Organization of

Plankton Oceanogr Mar. ‘Biol. Ann. Rev. 5:257-289.

e - ————— B e LTI I N e PR -

“a), R.M. 1973. On Relationships Betuecn Vnrlous Types of Population
Models. Am. Nat. 107:46-57.
McAlice, B.J., 1970. Observations on the Small-scale Distribution of
Estuarine Phytoplankton. Mar. Biol. 15100-111;
McEwen, G.F., 1930. A paper given for the Proceedings of the 4th
| Pacific Scientific Congress 3:547-548.
Mead, R., 1974. A Test for Spatial Pattern at Several Scales Using Data '

from a Grld of Contlguous Quadrats. Biometrics 30:295-307.

Murthy, C.R., 1977. TUrbulent Diffusion Processes in the Great Lakes.
9th Session of UNESCO Sponsored Int. Higher Hyds. Course,

Moscow State Lomonos%? Universiti.



o 1se

-~ . e ey At ® S e e cmam g o ek amens e

. Okubo, A., 1968 Some Remarks on the' Importance of "Shear-effact“ on

‘ Horizontal Diffusion. J Oceanogr.‘Soc Japan 24 60 69.

. e mm

Okubo,'A.;‘1971a. Horizontal and Vertical Mixing in the Sea in Impiqgement e

of‘Man on the Oceans D.W. Hood (ed1tor) John Wiley and Sons, Inc.

Okubo, A., 1971b. ‘Oceanic. lefu51on D1agrams.> Deep-Sea Res.:l§;789-802.

'Okubo, A., 1974. Diffusion-Induced Instability in Model'Bcosystoms:

Another Possible Explanatidh of Patchiness. Chesapeak Bay Inst.

‘The Johns Hopkins Universify; Tech. keﬁ. 86. _Referencé 74-3.
‘6kubo; A., 1977. "Horizonta; Dispersion in Marine Patchiﬁessﬁ. AE
lecture given at the International-séhool of Marine Biology,
Noﬁember 1977, Eri;e Slc11y, Italy ) Jﬁ

Ontario Ministry of the Envifonment, 1974, Ham11ton Harbour Study,

Toronto.

Ontario Ministry of the Ehvironment; 1975. Hamilton Harbour Study.
Toronto.

Ontario Ministry of the Environment, 1977. Mass E;change_Between Hamilton

Harbour and Lake Ontario. Toronto.

Ontario Ministry of the Environment, 1977. Hamilton Harbour Study.
Toronto.

Oppenheimer, C.H., 1966. "Proceedings of 2nd Int. Interdisciplinary

Conference on Marine Biology". Princeton, N.J., 1962, N.Y.

“Acad. Sciences.
Palmer, M.D. and D.J. Poulton, 1976. Hamilton Harbour - Periodicities
of the Physiochemical Processes. Limnology and Oceanography

21:119-127.



155

Paimer; M.D. and"J B. Izatt, 1991. Lake Hourly Dispersion Est1mates from )
- a Recording Current Metert J. Geophys. Res. 76: 688- 693.
.Parsons, T.R., R.J. LeBrasseur and J.D. Fulton, 1967. Some Observationé-
| on the Dependence of Zooplankton Graz1ng on the Cell S1ze and
Coneentration of PnYtopIenkton Blooms. J. Oceanogr. Soc.
Japan 23:10-17. ' _
Phillips, O.M. 1971. On Spectra Measured in an Undulating Layered
Ey 'Medlum. J. Phys. Oceanogr 1 1-6.

Piccinin,'B.B., 1977. The: Blologrcal Survey of Hamllton Harbour. _—

McMaster Unluersxty, Dept. Biology, Technical Report Series
No. 2. - .

Pie{oq, E.C.; 19695. An Infroducfion to Mathematical Ecology.

leey, 'N.Y.
P1ngree, R.D., P.R. Pugh; P.M. Holligan and G.R. Forster, 1975. Summer
Phytoplankton,Bleoms and Red Tides aiong Tidal Fronts in the
Approaches to the Engllsh Channel Nature 258:672-677.
Platt, T., 1972. Local Phytoplankton Abundance and Turbulence - Deep-
Sea Res. 19 183-187.

Platt, T. and K.L. Denman, 1975a. Spectral Analysis in Ecology. Ann. Rev.

Ecol. Syst. 6:189-210.
Platt, T. and ¥.L. Denman, 1975b. A General Equation for the Mesoscale
istribution oflPhytoplankton in'the-Sea. Mem. Soc:-R. Sei. Liege
6 Ser. 7:31-42.
Platt, T., L.M. Dickie and R.W. Trites, 197b Spat1a1 Heterogeneity of
Phytoplankton in a Near shore Environment. J. Fish. Res. Bd.

3R
Canada 21:1453-1473.



...: | . | . .‘.I i - . . . . | -"l..‘ v . § 156 -

) Polak, J. and G.D. Haffhgr;_1978. Oxygen beplption of:Hamil;pn Harbour. -

" Water Res. 12:205-215. . ;

« Porter, K.G., 1973. Selective Grazing and Differential Digestion
of Algae by Zooplankton. | Nature 244:179-180.
Powell, T:M. et al., 1975, Spatial;Scales of Currgnt’SpeeJ‘dnd Phyto-
plankton Biomass Flucfuatlons.ih Lake Tahoe. .Science 189:
1088-1090. N , : .
o ’ ST o
Ragotzkie, R.A., and L.R. Pomeroy, 1957. Life History of a Dinoflagellate -

Bloom. Limnol. Oceaﬁogr.‘2562—69.

. -

Rayner, J.N., 1971. An.Introducfion‘to Spectral Analysis. Pion Lt&. %“

Richerson, P., h. Arﬁsfoﬁg and é.ﬁ. Gbldmﬁn, 1970. Coﬁfemporaneoqs
Disequilibrium, a New Hypothesis to Explain yhe "Paradox of -
the Plankton". .Proc. Int. Acad. Sci. 92;1710-1714.

ﬁicheréon,lP.J,, B.J..Dozief and Bi;: Maeda, 1975ﬂ The Structufe of
Phytopiankton Associations in Lake Tahoe (Caiiférnia—Nevada).

" Verh. Internat. Verein. Limnol. 19:843-849. _

Richerson, P.J., T;M; ?éwell,ﬁ;: Leigh—AﬁEbft an@‘l. Coil, 1977. Spatial |
HeterogeneityAiﬁ Closed Basins. Paper given at the Inpernational
School of Marine Biology,ANovember‘1977, Erice, Sicily, Italy.

Rockwell, D.C., 1966. Theoretical Free Oségllétion of the Gfeat Lakes.
9th Conf. Great Lakes Research, %966.

Simberloff, D.S. and E.0. Wilson, 1969. Experimental Zoogeography of.
Islands. The Colonization of Empty Islands. Ecology 51:934-937.

Skellam, J:G., 1951. Random Dispersal in Theoreti§a1 Populations. -

| Biometrikia 38:196-218.
Shall, L.F., 1963. Effect of ﬁind on the Distribution of Chlorophyll g in

Clear Lake, Iowa. Limnol. Oceanogr. 8:426-432.

”)



..;Smnyﬂn;_T Jo, 1974 Somo Bxperimonbs on Sinkina Chnrnctoriatics of
) Two Prenhwntor Dintoml.A Limnol Ocoanonr. 19: 628- G&S.' "
Smnydn,;T Wi, 1970, The Suspension and Sinking of Phytoplnnkton in tho
Son. Dconnogr. Mar.’ Biol. Ann. Rov. 8 353 414,
- Smuydn T J. and B.J. Boloyn, 1965 prorimontul Ohsorvntions on the.
- * Floatatdon of Maxino Diatoms. - Thalassiosive cf. tgng, TLpnggjonLlu
rotuln hnd Nitzchin qovito Limnol . Ocodnoaz. 10: 499-509.

u
et .

Smnydn. T.J. nnd B.J. Boloyn. 1966. hxporimontnlﬁOhsorvationﬁ on tho
- 3 blontntion of Myrino Diatoms. 2. Skelotonema Costdtdm'aﬁd
:Rhizosolonin setigera, Limnol. Oceanogr. J1:18-34,
;Snodérnss. W..J., 1976, Pofontinl Effoct ofiMothnno Oxidntion nhd
Nitrificntion_- donitrification on tho.oggyon Rudget of
;Hnmilton Hdrhour Water Pollution Rosearch Canadn g;i01-107.

Steole, J.H., 1974. The Structure of Marine Hcoqutomw. Hoarvard Univ.

Pxoqq. Cnmblidgc, Muﬁquchuquttq

Stecl, R.G.D. and J.H.‘lqrrio, 1960. Principles and Proceduros of
. l . .

Statistics, MeGraw-Hill, Inc.

-

oL Strickland, J.D.H., 1965. Production of Organic Matter in_the Primary

Stages of tho Marine. Food Chain. .in J.P. Rilos amd G. Skirrow

(oditors), gggmicul Ocaanography . Academic Press,- London and

NDYI

,Stricklnnd. JuDWL and T.R. Parsons, 1968. A Practical Handhook of

Seawater Analysis. Fish. Res, Bd., Can,, Ottawa Bull, fb?.

Taylor, G.I., 1938. Tho Spoctrum of Turbulonce. Proc. R. Soc. Lond.

Series A Math. Phys. Sc. 164:476.



~ s
Tbchﬁicgn Intornational Corp., 1971, Autonnalyzor II. Fﬁpthodg for

'Ahnlysis of Nitrate and Nitrate. No. 93-76w.

-

Tochnicon Intorhntionnl'cérp., 1978, Autoanalyzer II. nnothods for

&

Annlysis‘of' Silicatos.>'No}-105-7lw

Therriauit, J.C., 1977 Studio« of tho Spntinl Hotorgggncity in tho

jhytoplankton of St nggprot‘s Bay, Novn Scotin. Ph.D. Thosis

Dnlhouqio Univorsity, Nova Scotin, 89 p. _
‘Thompqon H R.,- 195R Spatial Point Procossos, with Applicntions to
bcology. ‘B{omoﬁriku 42:102,
Thompson, U.R., 1558&:“§ho Statistical Study of P;&ﬁt Distribntion

"
_Patterns Uwing a Grid of Quudrata. Aust. J. Bot. 6:3%22-342,

Titman, 0., 1975 A lluoromotic 1cchniquc for Measuring Sinking Rates
of Freshwater Phytoplankton. Limnol. Oconhogr. gg:§09-875.

Titman, D. and P, Kilham, 1976. Sinking in Froshwater Phytoplankton:
Some HcolochgllImplicntioﬁs.of Cell Nutriont Status and

Physical Mixing Processes. Limnol. Oceounogr, 31:409-417.

Ushor, M., 1975, Analysis of Pattern in Roal and Artificlal Plant

Populations., ., Beol, 63:569-585,

Usher, M., 1969, The Rolation Between Mean Square and Block .Size in

“the Amalysis of- Similay Patterns, J. Ecol, 57:505-514,
UtormUhlﬁ H., ;958. Zur Vorvolkommnung der quantitatimem. Phytoplankton-
* Methodik.Mitt, int. Verein. Limmnol. 9:i~38. .
Wfohc, P. ﬂ., 1970, . Small-sealo Spatial Distlihution in Oceanic

Zooplnnkton lLimnol. Ocoanogr. l§:205-217.

Wions, J.A., 1976. Population Responses to Patchy Enviremmonts. Amn.

Rev. Lcol. Syst. 7:81-130.



R R, ¥

T

w1on* J. A.. 1977. On CQmpo .-‘on~nnﬂ“vﬁbgﬁﬂfé'Environmnnts,'.mn. Séi, .
651590 sqf Ao ' - |

IR hilaon. D, S.. 1973.; ‘nodiﬁiio'Soloc;idh Among Coﬁepods.‘ Hcoioky-§1:

= . .
~

9

L 909 o14.
Statisticnl Princiljoq in Bxperimcntnl nosUg\

McGrnw Hill Bonk COmpnny e " SRR
Sumpling Unrtqtioﬁs 1ﬁ'thbrbSOLof_L_i.~-

~ Winer, B.J.,'IQ62
‘Winsor, CIP.and L.A, Malford, 1936.

- Planktonic Notﬁ. ~J. Cons. lht Expl. ‘Mdv._ll'lqo-°04 :
Ob%orvqtion~ of . tho Bohavior-of |

NOOdb. J D’ nnd G.G. bowborty. 1966
thn Thormoclinc and. Tranqiont Strutifluntion in the Sea Mudo

Visible hy Dio Mnrkors. in. Mnltn Y65, J N Lythgoc und

J.D, Woods (editors). Undorwaterﬂhs*ncintion Eor Mnltu 1Q65, P, 31-36.

Wrablewski, J.S. hndJJ;J.,O'Brion. 1976.° A Rputinl Modeot of Phytoplunkton:

Patchiness. Mar. Biol. gg:lolnygs.

N
I'-e.v' L1 ‘ . 1
L) . . . .

Nrohlewskl J. S.. Jul, O'Brien and T, Plntﬁadddig. On the Physicol and

Biological Scalos of Phytoplnnkton Pntchinnsx in the Ouonn.

Mom. Soc: r. Scl. Liogo n 43-57. ":' ‘ "}f

. Diurnal Study of Phytoplankton Piﬁmcnts.
J.;Hﬁr; Res. 17:567-583.

.

Yontsch, C S. and R, F. Scngol, 1958,
an In Situ Study in Bast Spund} Washington,



