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INTRODUCTION

Types and Significance of Spatial Pattern

Spatial pattern is of significance to many aspects of ecologi-
cal investigations, so that ecologists are concerned both with the
structure and dynamics of a population, as well as population distribu-
tion in space. With the excepgion of very small bodies of water, most
‘aquatic habitats present the ecologist with unique and difficult sam-
pPling problems (UNESCO, 1968). He does not have direct access to the
organisms of his study and thus cannot make direct observations on their
reaction to his surface operated sampling gear. Because of this, strik-
ing a balance between the adequacy and the cost of the sampling methods
becomes somewhat of a problem. The problem is intensified when in the
design of a sampling program, the investigator must consider the spatial
distribution of the population, with regards to minimizing errors due
to sampling areas not representative of the population or to taking
too few a number of samples to adequately describe a spatially variaple
populétion.

Small scale distributions are of interest to investigators con-
cerned with the effects of the physical and biological environment on
individuals and populations. This would include the effects of competi-
tion, the interpretation of population dynamics, and the modeling of
relationships between population densities and factors of mortality
(ex. predator-prey, host-parasite, etc.). Furthermore, spatial hetero-

geneity is becoming increasingly recognized as an important factor in



maintaining the stability of populations and communities (Huffaker,
1958; May, 1973; Stecele, 1974).

The spatial patterns of populations can be categorized into
three basic types of distributions; uniform, random, and aggregated.
These categories are not static and should be thought of as forming a
continuum from the uniform to the aggregated pattern. In a random dis-
tribution, the location of one individual does not affect the probabil-
ity of finding another individual nearby, while in an aggregated distri-
bution, the location of one individual increases the probability of
finding another nearby. Aggregated populations are often referred to
as beiﬁé clumped, patchy, contagious, or overdispersed.

To describe the position of populations on the above continuum,
statistical methods involving the wvariance in a group of samples are
used. Using these methods, it has been shown that many populations
tend to be aggregated, and that uniform and random populations are less

frequently found (Kershaw, 1964).

Previous Investigations

Discontinuity in the vertical profile of plankton has long
been recognized by aguatic ecologists. This situation is not surpris-
ing, considering that the vertical dimensions of lakes and oceans are
marked by variations in temperature, light extinction, density gradients,
and nutrient concentrations. However, horizontal distributions are
harder to explain and many limnologists have assumed the surface mixed
layers of lakes to be homogeneous and the plankton random in distribu-

tion (Hutchinson, 1961). This has been the case even though some early



studies have shown a substantial degree of variability in replicate
plankton samples drawn over small distances.

"Swarms" or aggregates of plankton and an avoidance of shore
by Cladocera were noticed by several investigators at the turn of the
century (Ward, 1896; Huitféldt—Kaas, 1898; Reighard, 1898; Burckhardt,
1910) , although little attention was given them because of their sup-
posed infrequent occurrence. One of the earliest studies to speci-
fically concentrate on the horizontal variability in plankton was that
of Moberg (1918) on Devils Lake (North Dakota). He found that from
stations located 100-200 meters apart, the average variability in dens-
ity of/érustacea was + 50 percent of the mean. This variability was
thought to be a constant phenomena because of reoccurrence in samples
taken during three consecutive summers.

Other studies on the variability between successive net hauls
were performed in the marine enviromment which gave basically the same
results as Moberg (Herdman, 1922; Gardiner and Graham, 1925; Gardiner,
1931; Winsor and Walford, 1936). The results of these studies were sus-
pect because the variance in sample densities may have been due to the
plankton net sampling different quantities of water. Because of this,
Barnes (1949) used a pump in his study which accurately gave samples of
equal volume. His results were similar to the above and so gave defi-
nite evidence of an aggregated population.

Several studies were made on fresh-water habitats that compared
the variance in a set of samples to the mean of the set (Ricker, 1937;
Langford, 1938; Tonolli, 1949). 1In all the studies, there were instances
found where the variance was significantly larger than the mean, giving

evidence to an aggregation of individuals.



Barnes and Marshall (1951) were the first investigators to
obtain a large enough set of samples to produce a frequency distri-
bution from their data. They found that when densities were low, the
distributions cldsely'approached the Poisson distribution, indicating
randomness. At higher densities the Neyman Type A and Thomas series
gave a better fit, indicating an aggregated population. They suggested
that the variable populations were associated with different water
masses that had maintained their identity over a period of time during
which the populations developed.

Cassie (1959%9a) used frequency distributions in investigating’
the sméil scale pattern of plankton and found that when densities were
high, the populations were significantly aggregated. But in the 18 sets
of samples that had densities below 3 per sample, only 6 gave evidence
of aggregation. He showed that at low densities both random and aggre-
gated frequency distributions were quite similar in shape, and at densi-
ties below unity it may take several hundred samples before significant
departures from randomness can be detected. In another set of experi-
ments (Cassie, 1959b; Cassie, 1960), Cassie sampled a mixing zone from
harbor to- ocean waters. Using regression and covariance analysis, he
found plankton densities to be correlated to temperature and salinity,
and that there is reason to believe that physical inhomogeneities in the
open ocean may be of sufficient magnitude to influence the small scale
spatial pattern of plankton.

Weibe (1970) used an empirical method in analyzing his data on
the spatial pattern of marine zooplankton. His approach was to quanti-

tatively assess patchiness in terms of its structural components. His
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approach was to quantitatively assess patchiness in terms of its struc-
tural components. His results indicated that patches were roughly cir-
cular in dimension with an average radius of 38-73 meters. The patches
were distributed randomly with an average patch density of 2.6-5.1 ﬁimes
the background density. Other examples of this approach can be found

in the work of Ziemann (1970) and Fasham et al. (1974).

Early work in the small-scale distribution of phytoplankton was
hindered by the errors associated with laboratoryvmethods of sub-sampling
and counting samples. Because of these errors, only generalized state-
ments on the phytoplankﬁon appearing to have a more ﬁniform distribution
than the zooplankton could be made (Moberg, 1918; Welch, 1935).

Later investigations correlated accumulations of phytoplankton
with wind induced water currents (Sverdrup and Allen, 1939; Neess, 1949;
Verduin, 1951; Wohlschla and Hasler, 1951; Oliver, 1952; Loeffler, 1954).
George and Heaney (1978) found that during periods of calm winds (belbw
50 Km day—l) the motile dinoflagelate Ceratium, produced extreme small
scale variations in density. Wind speeds above 100 Km day--1 were suf-
ficient to break down these patches.

The small-scale distribution of phytoplankton has been investi-
gated by several authors (McAlice, 1970; Harris and Smith, 1977; Richards
and Happey-Wood, 1979). These studies have reported aggregation of phy-
toplankton on scales ranging from 10 centimeters to 10 meters. Some of
these studies have been criticized by Richerson et al. (1978) on the
basis that the sub-isampling and counting error may be large relative to
the in situ variance, K requiring analeis of variance techniquesvto

separate the error terms. Richerson suggested that small-scale patchi-
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ness in small basins is likely to occur only where those basins are sub-
jected to a strong external source of variation, as in the investiga-
tion of Harris and Smith (1977).

The above investigations were limited in the range of varia-
bility that could be studied by the available techniques used in pro-
cessing data. With new methods of continuous in vivo flurometric mea--
surements of chlorophyll, and the data handiing techniques of spectral
analysis, this range has been expanded considerably. These techniques
have been applied to the phytoplankton of oceans by Platt et al. (1970),
Platt (1972), Platt and Denman (1975), Denman (1975), and Denman (197§),
and to/the phytoplankton of 1akes by Powell et al. (1975), Richerson et
al. (1975), Abbott and Coil (1978), and Abbott et al. (1980). The in-
veétigations have shown that the largest variability occur on the largest
scales. At scales between 40 and 1000 meters, the coherence between

the temperature and chlorophyll spectra was found to be high, indicating

that the phytoplankton behave as a passive contaminant of fluid motion.

Aims of the Present Investigation

By definition, the plankton community floats passively, or
exhibits limited locpmotion in the water column. This would impiy that
the density of the plankton at any one point is as much a consequence
of drifting on turbulent water currents, as it is on their own produc~
tivity and mortality. The pattern of plankton then is controlled through
the interaction of the physical transport processes of water motion and
the environmental factors promoting growth under various physical, chemi-
cal, and‘biological conditions. The importance of water currents and

turbulance has been substantiated by past investigations.



During winter conditions, basins with an ice cover exhibit
reduced -turbulance and current flows, which is primarily due to the
absence of wind stress on the basin. Under these conditions the magni-
tude of the small-scale spatial pattern away from randomness may be
great, with the biological and environmental factors predominating
over the physical transport system.

This study will investigate the small-scale horizontal distribu-
tion of the plankton community in an ice covered reservoir at a single
point in time. Populations of both the phytoplankton and zooplankton
will be considered. The basin under study is Papio Creek Site 16. It
is a sﬁéll, shallow, eutrophic reservoir, constructed by the Army Corps
of Engineers in 1973 for the multi-purpose of flood control and recrea-
tion (Table I). The objectives of the inveétigation are:

1. Describe the small-scale pattern of the plankton community
with respect to any departure from randomness.

2. OQuantify any aggregated populations with respect to patch size,
patch density, background density, and patch frequency.

3. Correlate the occurrence of individuals interspecifically and

with environmental factors.



Table I
Morphometric features .of Papio Creek Site 16,

This table was obtained from the Army
Corps of Engineers, 1977.



Surface area
Volume

Watershed drainage area

Dimension Value
Maximum depth 10.4 m
Mean depth 3.4 m
Maximum length 1,432 m
Mean width 38l m
- Shorelength 8,047 m
Shoreline development 3.07

5.46 x 10° m?
1.86 x 10° m3

1.55 x 107 m?
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MATERIALS AND METHODS

Sampling Procedure

Plankton samples were collected from 10:00 A.M. to 2:00 P.M. on
February 15, 1981 along a transect running roughly parallel to the main
axis of the reservoir, Figure 1. The samples were taken at a depth of
2 meters below the ice, over wa£er ranging from 4.2 to 8.5 meters in
depth., The transect line was broken into three subtransects, each of
which were analyzed separately for spatial patterns. Transect A-B
consisted of 40 stations located at 1 meter intervals. Transect A-C
consisted of 40 stations at 5 meter intervals, giving a sampling dis-
tance of 195 meters. The length of transect A-D was shortened because
of unsafe icé conditions and consisted of 28 stations at 15 meter inter-
vals, for a total sampling distance of 405 meters.

Holes were cut in the ice with a hand powered Swedish ice auger,
which allowed the passage of a 3 liter Van Dorn sampling bottle. Since
the bottle was closed at a 2 meter depth, there should have been no
disturbance in the water column at that depth caused by cutting the holes
through the ice. Similarly, the 1 meter sampling interval of transect
A-B was thought to be the minimum distance at which the operation of
the sampling bottle would not disturb the water parcels at adjacent
stations.

'The samples were filtered through a number 12 (119 micron) plank-

ton net and preserved with 5 percent formalin for zooplankton enumeration.



Figure 1

Position of sampling transect and stations
in Papio Creek Site 16.

~

11



NORTH

TRANSECT LENGTH SAMPLE INTERVAL STATION NUMBER
A-B 40 M 1M 1-40
A-C 195 M 5 M 41-71
A-D 405 M 15 M 72-85

12
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Four hundred milliliters of the filtrate passing through the net were
collected, preserved with 4 milliliters of Lugol's solution, and trans-
ferred to sedimentation jars for the enumeration of the phytoplankton.

The entire 3 liter‘zooplankton sample was counted, which greatly
minimized laboratory sampling error. The phytoplankton were counted
in a Sedgwick-Rafter cell using a two stage sampling scheme in order
to maximize counting time against counting error (McAlice, 1971). This
system consisted of counting the individuals in 30 randomly picked mi-
croscope fields in each of 3 separate aliquots of the Sedgwick-Rafter
cell for_each sample.

Conductivity, pH, and oxygen were recorded at each station with
a YSI model 54 oxygen meter, Fisher model 150 Accumet pH meter, and
a Chemtrix type 700 conductivity meter. Temperature profiles were also
recorded at each station and examined for any indications of currents

operating below the ice (Krumholz ahd Cole, 1959; Stewart, 1972).

Statistical Methods

The initial step in analyzing the data will be to examine the
densities of each species along the transect, with the intent of locat-
ing any spatial pattern away from randomness. This will require the
use of different procedures for the zooplankton and phytoplankton,
since the phytoplankton samples were sub-sampled in the laboratory dur-
ing the counting procedure. This will produce an additional error into

the phytoplankton counts that is absent in the zooplankton counts.

I. Zooplankton

There ‘are two standard tests used for the detection of nonran-
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2, — 2 2 . .
domness, the X (x=s” ) test and the x (0=E) test. The first test is the
simplest and most common method and has its origins with R. A. Fisher
(Fisher et al. 1922). It compares the sample mean to the sample vari-
ance. The sample mean and variance are seldom equal, but if their mag-
nitudes differ greatly, then nonrandomness is suspected. The test

statistic is:

_zxn® _ mus®,
= %

D

where D approximates a chi-square distribution with n-1 degrees of free-
dom, and where n is the number of observations. This test statistic has
often béén called the index of dispersion.

The second test, x2(0=E), is one that compares the observed
number of individuals in a sample to the expected number if the sample were
random, and which are obtained from the Poisson series:

P - FR X

x x!

The test statistic used for the comparison is given by Fisher (1950):

x? = 230 1n (0/E),
where 0 is the observed number, E is the expected number obtained from
the Poisson series, and with degrees of freedom 2 less than the number
of classes used in the frequency distribution.

Cassie (1971) stated thatwhere sufficient data are available,
the 12(0=E) test is the more critical one, while Cochran (1954) reported
that the 1?(§¥32) will more often correctly result in the rejection of
the null hypothesis than the 12(0=E) test. Although thejr2(§¥sz) test

is sensitive with regards to aggregation, it will not detect certain

types of skew distributions (Barnes and Marshal, 1951). Despite these
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technicalities, the JP(E;SZ) test is a good one in practice, and the
ease in which it is applied outweighs any slight inadequacies (Cassie,
1971).

Both tests were run on the present data and the results agreed
with Cochran, in that the<12(§%sw) test more often resulted in the rejec--
tion of the null hypothesis. This would tend to indicate that there was
insufficient data for the more critical test. Because of this, only the
3?(§és2) test will be used in the remainder of the paper.

Since previous studies of spatial patterns in ecology have
shown a direction away from randomneSS'(Eész) towards overdispersion‘
(Eksz);Athe test of significance used for the above procedure is a one

. - 2 . - 2 . . , . X
tailed test, Ho: X = s against H x <s , with the rejection criteria

1:
of P(J?}gp.os.

The success of all methods used to detect non-randomness are
dependent on the size of the sample used (Kershaw, 1964). The variance
in a sample from an aggregated population will be the greatest when the
size of the samples taken equals the size of the aggregates or clumps
of organisms. This effect is built into the methods of block size analysis
of variance and is a useful technique where data are too complex or the
degree of aggregation is not apparent to the eye. The technique involves
the laying out and enumerating a set of samples along a transect line,
after which larger samples.are made by combining adjacent samples into
adjacent pairs of samples, adjacent four samples, adjacent eight sampléé,
etc. An analysis of variance is conducted on the data with the variance

partitioned between the different block sizes created. When a graph of

mean squares to block size is constructed, peaks in the graph will indi-
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cate aggregation with the size of aggregation indicated by the block
size corresponding to the peak. Reviews of this methodqlogy can be
found in Greig Smith (1961), Kershaw (1964), Hill (1972), and Poole
{1974).

A second technique used to quantify the dimensions of aggre-
gation will be the empirical method of Weibe (1970). An aggregation
will be defined as a concentration of individuals exceeding a central
value in the data set. Since the data are not normally distributed,
the median will be used as this central value. When a plot is made of
the densities of individuals against distance, it will be possible to
estimaée the frequency of patches by counting the number of values, or
sets of values, above the median with adjacent values below the median.
From this graph, the length of each patch can be measured, as can the
distance between patches. Finally, patch and background densities were
determined from the average number of individuals above and below the
median. In order to compare the results between species, the densities
were expressed as a ratio, Patch density : background density.

Correlation coefficients were calculated between species in
order to find groups of species with like responses to environmental

and biological factors. The Pearson product-moment correlation coeffi-

cient was used for this comparison.

ITI. Phytoplankton
Since the phytoplankton densities are mean estimates for each
sampling station, the appropriate technique for finding significant

differences between them is the analysis of variance. The experimental
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design used for this analysis is a one-way hierarchical classification
of fields within aliquots within stations. The model being:

xijk =N+a + Bij + €4k’
i=1..a, j=1...b, k = 1...n,

A, = 0,6, Bis =~/"(0,JB), €14k = MO, 6)

where € is the population mean,-Ai’refers to the effects of the stations,
Bij refers to the effects of the aliquots, and Xijk refers to the error
associated with the fields (Snedecor and Cochran, 1937). The test of the

null hypothesis of no difference between stations is given by:

_ Station mean square
Error mean square

The raw data were transformed to J§_$_i in order to stabilize
the variances, and normalize the data (Barnes, 1952).

Where the analysis of variance indicated that a significant
difference exists among the station means, Tukey's w-test was used to
show which means differed significantly. Tukey's test was chosen be-
cause it is more conservative than Duncan's or Student-Newman-Keul's test,
and has an error rate that applies on an experimentwise, rather than a
per-comparison basis. The procedure regquires a single value for judging
the significance of the differences between means. This value is com
puted from:

W=g (t, £) SX

where q is obtained from a table of upper percentage points of the
studentized range (Steele and Torrie, 1960, p. 444) for t treatments and
f error degrees of freedom, and S, is estimated from the error mean

square.
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Summary statistics, the X (x = s°) test, the block size analy-
sis of variance, and correlation coefficients were determined as in
the zooplankton data, with the total collection counts for each sample
being used in the calculations. 1In the empirical determination of the
spatial dimensions of the phytoplankton, total collection counts were

[

converted to number per milliliter.
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RESULTS

Physical Data

Little variation was found in the pH, oxyden, temperature, and
conductivity readings along the sampling transects. Conductivity ranged
from 240~250 microhmos/cm, temperature from 2.5-3.0 oC, pH from 7.8-8.0,
and oxygen. from 10.4-10.8 mg/l.\ The sensitivity available in the record-
ing instruments was such that discerning real variations within the
above ranges was impossible.

A plot of isotherms, Figure 2, shows a.wave like pattern, which
may be the result of one or several mechanisms. The reservoir had par-
tially thawed 3 weeks prior to the investigation, with the lower reser-
voir losing its ice cover and the upper reservoir remaining in ice.

The thaw line in the reservoir fell at the 196 meter mark on the sampling
transect. The reservoir then refroze 11 days before the study. The
pattern may also reflect internal waves operating within the basin which

may have been produced during the windy period of the partial thaw.

Zooplankton Distribution

Densities of the zooplankton along the three sampling transects
are given in Figure 3. The plots show a high degree of variability
in all three transects. A set of summary statistics for the species is
presented in Table II, and Fisher's index of dispersion in Table III.
All D~values in transect A-D were highly significant, indicating an

aggregated distribution. In transect A-C only the males of Cyclops



Figure 2

Temperature isotherms along the sampling transect.
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Figure 3

Densities of Bosmina longirostris in transect A-B
(upper), A-C (center), and A-D (lower).
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Figure 3 (continued)

Densities of Diaptomus siciloides in transect A-B
(upper), A-C (center), and A-D (lower).
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Figure 3 (continued)

Densities of Cyclops vernalis in transect A-B
(upper), A-C (center), and A-D (lower).
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Figure 3 (continued)

Densities of Agsplanchna sp. in transect A-B
(upper), A-C (center), and A-D (lower).
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Figure 3 (continued)

Densities of nauplis-:larva in transect A-B
(upper), A-C (center), and A-D (lower).
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Table II
Mean (xX), variance (sz), range, standard error
(SE), and the coefficient of variability (CV)
for the zooplankton of transects A-B, A-C,
and A-D.
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I
)

X S Mih.-Max. SE Cv (%)
Transect A-B
Bosmina longirostris 44.4 173.2 22- 71 2.2 29.6
Diaptomus sicilaides 23.7 42.3 12~ 34 1.1 27.4
' Male 6.1 13.1 1- 20 0.6 59.8
Female 13.1 24.9 0~ 22 0.8 38.2
Copepodid 4.1 5.5 1- 12 0.4 57.6
Cyclops Vernalis 19.2 40.2 7- 38 1.0 33.2
Male 0.6 0.7 o- 3 0.1 134.4
Female 7.6 10.7 2- 14 0.5 42.9
Copepodid 10.9 21.5 3- 28 0.7 42.3
Asplanchng sp. 13.2 19.3 6~ 25 0.7 33.4
nauphis llaivae 28.9 37.7 l6- 40 1.0 21.3
Transect A-C
Bosmina: longirostris 61.9 659.1 20-114 4.1 41.4
Diaptomus sicilaides 38.0 266.6 12- 73 2.6 42.9
male 13.2 72.6 1- 32 1.4 64.6
female 20.0 72.2 9- 38 1.4 42.4
Copepodid 4.4 9.3 o- 12 0.5 69.4
Cyclops Vernalis 18.9 77.5 o- 48 1.4 46.4
male 1.1 1.5 0o- 5 0.2 110.0
female 9.1 21.3 2- 23 0.7 50.9
Copepodid 8.8 20.6 2- 21 0.7 51.6
Asplanchna sp. 10.3 31.3 1- 25 0.9 54.1
nauplis larvae 24.1 48.6 12- 38 1.2 28.9
Transect A-D
Bosmina longirostris 37.7 958.5 6-109 5.9 82.1
Diaptomus sicilaides 45,2 1036.1 14-186 6.2 71.2
male 11.4 77.8 1- 38 1.7 77.1
female 25.7 329.8 9-105 3.5 70.5
Copepodid 8.2 69.5 1- 43 1.6 101.3
Cyclops Vernalis 25.6 400.2 6- 93 3.8 78.2
male 1.0 2.7 0O- 6 0.3 164.0
female 12.0 178.8 2- 58 2.6 111.4
Copepodid 9.9 38.6 3- 30 1.2 62.4
Asplanchna sp. 5.9 18.3 1- 16 0.8 72.3
nauplis larvae 20.7 56.9 9- 35 1.4 36.4



Table III

Fisher's index of dispersion for the zooplankton
of transects A-B, A-C, and A-D.
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Transect Az-B

Transect AzC

35

Transect AzD

c P(X"38) D P (X 39) D P(X 27)

Bosmina longirostris 144.3 0.001 404.3 0.001 661.1 <0.001
Diaptomus sicilaides 65.9 0.01 266.6 0.001 595.7 <0.001
male 80.3 0.001 209.2 0.001 176.8 <0.001

female 70.8 0.001 137.1 0.001 373.1 <0.001

Copepodid 50.1 0.07 80.6 0.001 219.8 <0.001

Cyclops vernalis 77.9 0.001 155.3 0.001 406.7 <0.001
male 41.2. 0.30 50.4 0.10 69.9 <0.001

female 52.2 0.05 89.4 0.001 387.5 <0.001

Copepodid 72.6 0.001 87.3 0.001 100.9 <0.001

Asplanchna sp. 54.2 0.04 115.3 0.001 80.4 <0.001
nauplié larvae 48.4 0.10 76.5 0.001 71.3 <0.001
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vernalis had a nonsignificant D-value. Although the D-value was non-
significant, the coefficient of variation was high, 110 percent. As
pointed out in the introduction, there is an inability of this test to
detect non-randomness in populations with low mean densities (ex. male
C. vernalis x=1.1). This situation is the same for the males of C.
vernalis in transect A-B. Altogether, transect A-B contained three
non-significant, two moderately significant, and six highly significant
D-values.

The results suggest that as the length of the transect and
sampling interval is increased, the number of non-random populations{
and thé degree of departure from randomness increases. This increase
in variability can be seen when the sample variance is plotted against
the sample mean (Figure 4). The straight line in thé plot is unity and
describes a random distribution. The lines for the sampling were fitted
by eye. It is seen that transect A-B has the least variability, while
transect A-D has the greatest. Further, only at low means (below 5) do
the points not depart significantly from randomness.

The results of the pattern analysis are presented in Figure 5.
In some of the graphs there is a steady rise in the variance at the
larger block sizes. This rise is sometimes due to a trend in abundance
of the individuals along the transect which masks some scales of pattern.
Thus, they are not always indicative of aggregation at that block size.
This effect may be reduced by deducting terms for covariance with posi-
tion from the sum of squares for the larger block sizes.(Greig-Smith,
1961). This was not performed in the analysis. Instead, the totals for
the largest block sizes were examined for a trend and taken into consid-

eration when interpreting the results.



Figure 4

Sample variance vs. sample mean. Straight line

indicates Poisson randomness. -+ indicates data

points from transect A-B, © from transect A-C,
and x from transect A-D.
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Figure 5

Block size analysis of variance of zooplankton
densities in transect A-B.
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Figure 5 (continued)

Block size analysis of wvariance of zooplankton
densities in transect A-C.
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Figure 5 (continued)

Block size analysis of variance of zooplankton
densities in transect A-D.
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In transect A-B, Bosmina longirostris, Diaptomus siciloides,

and Cyclops vernalis show a maximum pattern intensity at block size 4,

indicating an aggregated distribution with a distance of 4 meters coin-
ciding or missing patches of the species. Pattern intensiéy for Asplanchna
sp. and nauplis larva were greatest at block size 2, but were small in
intensity. The small change in intensity indicate that these two groups
are less aggregated than the above species, with their distribution being
closer to randomness. The rise in intensity at block size 16 for Asplanch-
na, and especially nauplis larva, reflect a trend in abundance along the
transect which is not very apparent from a visual inspection of the
densit&lvs. distance graphs.

In transect A-C, B. longirostris, D. siciloides, and C. vernalis

have high values of pattern intensity at block sizes 4 and 8, indicating
aggregation on a scale between 20-40 meters. The extreme increase in
the variance of D. siciloides at block size 16 is the result of a quite
apparent rise in abundance along the transect. The graphs for Asplanchna
and the nauplis larva are similar again in being of less intensity and
and rising sharply at block size 16. Relatively high variance values
start at block size 4, indicating a distance of 20 meters for the aggre-
gations.

In transect A-D, only 16 of the 28 stations were available for
use in the pattern analysis. Because of this, interpretation of the

results is made somewhat more difficult. 'B. longirostris, Asplanchna,

and the nauplis larva all have high values at block size 8 (120 meters).
This is attributable to high densities found in the first part of the

transect for Asplarichna and the nauplis larva. Asplanchna and the
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nauplis larva also have a smaller peak at block size 2 (30 meters).
D. siciloides is seen to be aggregated at block size 1 and 2, and thus
at a scale between 15-30 meters, C. vernalis has an aggregated pattern
on the scale of 30 meters (bloék size 2).

Table IV compares the dimensions obtained from the pattern anal-
ysis for the zooplankton along the three transects. BAgain, it is seen
that pattern intensity increases with increased transect length and
sampling interval, with the greatest variability occurring at the largest

distances. The pattern intensities also indicate that B. longirostris

consistently had the highest organized spatial pattern, followed by
QL_Vefﬁalis and D. siciloides. Nauplis larva were considerably less
organized than the above, and Asplanchna seem to be only marginally
organized.

To further investigate the dimensions of spatial pattern, an
empirical method of analysis was performed and is summarized in Table V.
The results show that with an increase in transect length and sample
interval the number of patches per transect decreases, the size of the
patches increases, and the ratio of patch density to background density
increases. It was also found that as the density increases within tran-
sects the ratio of patch to backgrouhd densities tended to decrease.

Tables IV and V show a similarity in some of the spatial dimen-
sions between species within transects. To investigate the interspeci-
fic relationships and the possibility that the patches are multispecies
structures, Pearson's correlation coefficients were determined (Table VI).
The results show that out of the 30 possible pairs of species for the 3

transects, 10 had a significant positive r-value while one had a signi-



Table IV

Block size, size of aggregation, and
pattern intensity for the zooplankton
of transect A-B, A-C, and A-D.
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Table V

Spatial dimensions of the zooplankton distributions.
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Table VI

Correlations among the zooplankton species.
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D.S. C.V. A. Sp. Nauplis
Transect A-B
Bosmina longirostris .2967 .0619 .3401 .0827
Diaptomus sicioloides . 2490 .0243 .2804
Cyclops vernalis .2563 .1792
Asplanchna sp. .3986%*
Transect A-C
Bosmina longirostris .4037* .0384 -.0257 .2319
Diaptomus siciloides . 0481 -.2891 -.3283*%
Cyclops vernalis .7305%*%* .5724 %%
Asplanchna sp. .5836*%*
Transect A-D
Bosmina longirostris "-.0878 -.1328 .4139% .6787**
Diaptomus siciloides . 7239%* -.2412 -.2082
Cyclops vernalis .0544 -.0476
Asplanchna sp. . 7241 %%

*significant at the 0.05 level
**significant at the 0.01 level
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ficant negative r-value (P<0.05). The degree and direction of associ-
ation between species pairs was not constant between transects. The
only species pair that was significantly associated in all three tran-
sects was Asplanchna-nauplis larva. Even so, only 8 out of the 30 coef-
ficients were negative, which would indicate that individuals have high
and low concentrations that tend to occur together, and that patches are
multispecies structures. Disregarding the direction of association, it
was found that the average degree of association between species in-
creased from transect A-B to A-D (transect A-B, r=0.2239; transect A-C,

r=0.3251; transect A-D, r=0.3313).

’

Phytoplankton Distribution

The dominant phytoplankters. in the reservoir were Mallomonas

caudata, and two cryptomonads (Cryptomona ovata, Chroomonas Nordstedii).

In this investigation, the two cryptomonads were counted together with
their total being used in the analysis.

The densities of the phytoplankton are presented in Figure 6.
The results of the analysis of variance on station means are presented
in Table VII. In every case, the null hypothesis of no difference be-
tween stations is rejected. Tukey's w-test is presented in Table VIII,
where any pair of means not connected by the same line differ signifi-
cantly at the 0.05 level.

The low mean square for fields within aliquots and the nonsig-
nificant F value for aliquots within stations indicate that the labora-
tory subsampling and counting procedure was accurate enough, relative
to the degree of variation in the population, to discern real differences

in over 82 percent of the means.



Figure 6

Densities of Mallomonas caudata along transect A-B
(upper), A-C (center), and A-D (lower).
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Figure 6 (continued)

Densities of Crytomonadaceae along transect A-B
(upper), A-C (center), and A-D (lower).
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Table VII

Analysis of variance .for Mallomonas caudata.
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Transect A-B:

59

Source of Variation daf ss ms F
Stations 39 39.586 1.015 2.909*%*
Aliguots within stations 80 27.913 0.349 1.199
Fields within aliquots 2880 837.684 0.291

Total 2999 405.183 :

Transect A-C:

Source of Variation df Ss ms F
Stations 39 102.584 2.630 9.513%**
Aliquots within stations 80 22.122 0.276 1.033
Fields within aliquots 2880 770.717 0.267

Total 2999 895.423

Transect A-D:

Source of Variation af SS ms F
Stations _ 27 103.167 3.821 13.483%%*
Aliquots within stations 56 15.868 0.283 1.105
Fields within aliquots 2016 516.892 0.256

Total 2099 635.927

**sjgnificant at.0.01 level



Table VII (continued)

Analysis of variance.for Crytomonadaceae.
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Transect A-B:

6l

. Source of vVariation - df SS ms f
Stations 39 15.256 0.3%21 2.724%%
Aliquots within stations 80 11.468 0.144 1.009
Fields within aliguots 2880 409.629 0.142

Total 2999 436.353

Transect A-C:

Source of Variation df Ss ms f
Stations 39 138.976 3.563 24.074**
Aliquots within stations 80 11.831 0. 148 0.841
Fields within aliquots 2880 505.989 0.176

Total . 2999

Transect A~D:

Source of Variation af SS ms £
Stations 27 74.932 2.7753 17.378%%*
Aliguots within stations 56 8.943 0.1597 0.924
Fields within aliguots 2016 348.554 0.1729

Total 2099

**gignificant at 0.01 level



Table VIII

Tukey's w-test for .the phytoplankton of
transect A-B.
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Maliomonas caudata

Station

4
36
32
22
28
19
31

6
12
39
37

7
17
38
33

9
20
25
29
13

5
24
21
23
10
15
34
27

8
30
35
14
16
26
18
40
11

3

2

1

=
!

= 5.24 (0.0045)
0.0236

Ranked Mean

2.9868
2.9235
2.8842
2.8789
2.8673
2.8491
2.8444
2.8317
2.8259
2.8239
2.8176
2.8038
2.7993
2.7798
2.7761
2.7738
2.7727
2.7672
2.7619
2.7574
2.7560
2.7509
2.7451
2.7364

2.7306

2.7125
2.7071
2.7065
2.7033
2.6931
2.6883
2.6863
2.6859
2.6827
2.6682
2.6555
2.5579
2.5571
2.5546
2.3156

|
|
”“l“

”lu

0.0094
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Cryptomonadaceae
Station Ranked Mean
1 1.6716
31 1.6543
36 1.6385
39 1.6033
27 1.5792
40 1.5239!
4 1.5169
21 1.5129
33 1.5128
32 1.5116
38 1.5107
19 1.4985
24 1.4894
29 1.4878
6 1.4872
34 1.4872
12 1.4848
30 1.4828
20 1.47esl
11 1.4754
14 1.4656
22 1.4626
35 1.4569
8 1.4564
23 1.4500
18 1.4406
28 1.4391
5 1.4344
13 1.4311
10 1.4305
17 1.4299
7 1.4151
26 1.4124
15 1.4032
16 1.4029
9 1.3996
3 1.3894
2 1.3894
37 1.3869
25 1.3744

W = 5.24 (0.0018)



Table VIII (continued)

Tukey's w-test for the phytoplankton of transect A-C.
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Mallomonas caudata Cryptomonadaceae
Station Ranked Mean Station Ranked Mean
70 3.0418 69 2.1185
69 2.9918 64 2.0846
66 2.9905 63 2.0388
67 2.8774 61 1.9810
44 2.8567 59 1.9332
71 2.8436 66 1.9078
47 2.8275 51 1.9077
49 2,7931 67 1.8944
48 2.7894 71 1.8730
20 2.7727 62 1.8475
41 2.7721 70 1.8100|
45 2.7700 57 1.8052
25 2.7672 53 1.7885
5 2.7560 60 1.7791

64 2.7448 49 1.7157 I
68 2.7418, 54 1.7096
62 2.7395 68 1.6967
10 | 2.7306 , 58 1.6797|
43 2.7166 l 1 1.6716
15 2.7125 52 1.6581
65 2.6941 65 1.6558
30 2.6931 56 1.6290
35 2.6883 l 44 1.5865
63 2.6757 55 1.5708
40 2.6555 46 1.5395|
51 2.6356 47 1.5365
46 2.5404 40 1.5239
52 2.5370 42 1.5142
59 2.5338 45 1.5043
54 2.5264 30 1.4828
62 2.5186 I 20 1.4765 I
57 2.5008 43 1.4740
61 2.4604 35 1.4569
55 2.4558 5 1.4344
60 2.4452 10 1.4305
56 2.4243 48 1.4186
50 2.3822 15 1.4032
58 2.3352 41 1.4012
1 2.3156 25 1.3744
53 2.2979 50 1.2399

W = 5.24 (0.0034) W = 5.24 (0.0018)

0.0181 0.0097



Table VIII (continued)

Tukey's w-test for the phytoplankton of transect A-D.
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Mallomonas caudata Cryptomonadaceae
Station Ranked Mean Station Ranked Mean
74 3.0300 59 1.9332
78 2.9084 71 1.8730
76 2.8623 79 1.8676
73 2.8593 62 1.0475
44 2.8567 78 1.8027
71 2.8436 53 1.7885
83 2.8379 83 1.7862
47 2.8275 74 1.7598
79 2.7861 85 1.7558 '
41 2.7721 73 .1.7549
77 2.7569 82 1.7281
75 2.7519 77 1.7226
68 2.7418 . 72 1.7181
82 2.7396 ‘ 68 1.6967|
72 2.7155 80 1.6861 l
15 2.7125 1 1.6716
65 2.6941 1 81 1.6621 I
30 2.6931 65 1.6558
81 2.6260 56 1.6290
84 2.5602 44 1.5865|
85 2.5410 84 1.5803
59 2.5338 I a7 1.5365
62 2.5186 76 1.5214
56 2.4243 30 1.4828
50 2.3822 15 1.4032
1 2.3156 41 1.4012
53 2.2979 50 1.2399
80 1.9860 75 1.0936
W= 5.24 (0.0051) W = 5.24 (0.0028)

0.0149

0.0265
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Fisher's index of dispersion and summary statistics for the phy-
toplankton are given in Table IX. The statistics in this table were
calculated from the total collection counts for each station. The
D-values are large enough that they would not have been expected by
chance alone (P<0.00l1), indicating that the variance is larger than
that of a random distribution and the individuals are aggregated to
some degree.

Pattern analysis was applied to the total collection counts for
each station with the results presented in Figure 7. The results for
transeqt A-B indicate that M. caudata is aggregated on a scale from 1-2
meter;, while the cryptomonads are aggregated on a scale of 4 meters.
Both groups have a high pattern intensity at block size 16, resulting
from a gradual increase in density along the transect. 1In transect A-C,
this high variance at block size 16 is very pronounced. Considering
the density vs. distance graph for M. caudata, it is apparent that this
species is aggregated on a scale of approximately 80 meters (block
size 16), and while the pattern analysis agrees with this description,
the pattern was clear enough that the analysis was not really needed.
The same is true for the cryptomonads of transect A-C. In the density
vs. distance graph, this group has a low population for the first half
of the transect, with a higher density during the last half of the tran-
sect. Thus, it would seem that this group was aggregated on a scale of
approximately 100 meters, which is in agreement with the pattern analysis.
Because the spatial scale of the phytoplankton in transect A-D is
readily apparent from the density vs. distance graphs, and only.16 of
the 28 stations are available for the analysis, pattern analysis was not

carried out.



Table IX

Summary statistics and fisher's index of dispersion
for the phytoplankton.

Calculations based on total collection counts
of each sample.
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X s SE Ccv D P(1?39)
Transect A-B
Mallomonas caudata 512.9 2524.0 8.0 9.8 191.9 <0.001
Cryptomonadaceae 99.5 319.2 2.9 17.9 125.2 <0.001
Transect A-C
Mallomonas caudata 479.6 5556.2 11.9 15.5 451.8 <0.001
Cryptomonadaceae 146.5 4016.7 10.3 43.3 1041.9 <0.001
Transect A-D N
Mallomonas caudata 479.7 7437.9 13.8 17.9 604.4 <0.001
Cryptomonadaceae 149.2 1688.5 8.1 27.5 305.6 <0.001
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Figure 7.

Block size analysis of variance of phytoplankton
densities in transect A-B (upper) and A-C (lower).
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The results of the empirical method of analyzing spatial pattern
(Weibe, 1970) are presented in Table X. The data show an increase in
patch size with increased transect length and sample interval. This
increase was much larger between transect A-B and transect A-C than be-
tween transect A-C and transect A-D. The number of patches per tran-
sect decreased from transect A-B to A-C, and then increased from transect
A-D. The ratio of patch density to background density increased from
transect A-B to A-C, and then decreased from transect A-C to A-D in
the cryptomonads, and increased only slightly in M. caudata.

The results would indicate that the phytoplankton are aggre-
gated’on a number of spatial scales which increase in patch size and
intensity with the distance of observation, or the increase in sample
interval, or both. This increase in patch dimensions was then found
to level off at a scale found somewhere between transect A-C and A-D
where the number of patches started to increase.

Correlation coefficients were determined for M. caudata and
the cryptomonads and found to be positive and non-significant in all
three transects (Table Xi). Although the density vs. distance graphs
show a similar pattern in transect A-D, the patterns are out of phase
with one another, thus giving the low correlation coefficient.

Correlation between the total zooplankton and phytoplankton
counts was significant only in transect A~D (Table XI). To further
investigate the association between the phytoplankton and zooplankton,
coefficients were determined for each zooplankton species in transect
A-D (Table XI). While none of the zooplankton species show a signifi—

cant correlation value when considered separately, all values were nega-



Table X

Spatial dimensions of the phytoplankton
distributions.
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Table XI

Correlation coefficients between phytoplankton groups (upper),
total phytoplankton and zooplankton (center), and the
phytoplankton and individual zooplankton species
of transect A-D (lower).
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tive, When the densities of the zooplankton species were pooled and
correlated with the phytoplankton, the values were significant at the
0.01 probability level. It was found that the filter feeding species

(B. longirostris, D. siciloides, and nauplis larva) had higher correla-

tions with total phytoplankton than did the raptoral and predaceous

species (C. vernalis and Asplanchna).
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DISCUSSION AND CONCLUSION

The present investigation has found an aggregation of the plank-
ton populations on all observed scales and for all species where the
total collection count was used in the calculations. An increase in
size and intensity of patches was found as the sampling interval and
transect length was increased.\ It would be expected that the minimum
patch size detectable would increase as the sampling interval was in-
creased, so that even though the smaller scale aggregations could not
be detected in the transects with a larger sampling interval, it is
likely that they were present. These smaller and less intense aggre-
gations are then superimposed on the larger variations and act as a
"noise level" over which signals of the larger, more intense, pattern
can be detected as the distance of observation is increased. These
smaller, less intense, variations are probably due to the ambit of in-
dividuals over periods of hours and although they may be of short dura-
tion, their ecological significance is not necessarily lessened by this.

The dimensions of aggregation found in this study are similar
to those observed by other investigators who have conducted their stu-
dies on a similar scale. Weibe's (1970) results from a transect similar
to the present transect A-D found oceanic zooplankton patches with a
median length of 25 meters and a mean patch to background density ratio
of 3.6. The dimensions for the present study are 37 meters'and_a ratio'
of 3.3. On a night tow, which was increased in length by 6x (to 3 Km)

and 2x in sample interval (to 39 m), Weibe observed patches which were



79

approximately 100 meters in length and had a patch to background ratio
of 3.2. This does not necessarily indicate a diurnal change in spatial
structure, since as Weibe pointed out, the increased sampling size of
the night tow could not discriminate smaller scale structures. In
other words, his samples were collected on a larger scale which pro-
vided information on spatial structure for that scale. McNaught (1979)
reported aggregation of fresh-water zooplankton on scales of 4.5, 8, and
30 meters, with a maximum to mean density ratio that ranged from 3.6
to 6.3. The present study found a maximum to mean density ratio ranging
from 1.4 to 4.1.

, In studying the spatial pattern of phytoplankton, Richards and

Happey-Wood (1979) sampled a 128 meter transect at 2 meter intervals

and found Asterionella formosa to be aggregated on a scale of 8, 24,

and 48 meters, with an average maximum to mean density ratio of 1.45.
This ratio in the present study was 1.37 in transect A-B, 1.61 in
transect A-C, and 1.40 in transect A-D. Denman and Platt (1975) averaged
chlorophyll readings over 3.2 meter intervals for distances up to 80
kilometers, and found aggregates on an order of 100 meters and a maximum
to mean density ratio of 5. Richerson's et al. (1975) study, with a
large sampling interval of 68.5 meters and a transect length of 6.85
kilometers, found phytoplankton patches on a scale of 225 to 450 meters.

‘The factors affecting the generation, maintenance, and observa-
tion of plankton patterns can be grouped under observational, biological,
and physical influences. Observational influences include factors such
as aliasing and sampling design. Error due to aliasing is from using

a sample interval which is too large to resolve the shortest fluctuations
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present in the data. Platt et al. (1975) suggested using a sampling
rate of at least four samples per cycle of fluctuation, or using a
sampling device that would integrate or average samples over a dis-
tance. In this study, point samples were collected, and thus some
of the calculated spatial dimensions, particularly the smaller patches
of transect A-B, may be affected by aliasing.

Platt et al. (1977) suggested that patches on the 10 meter scale
would persist for 10 minutes, and on the 100 meter scale for 1.5 hours
before being destroyed by diffusion. Patches larger than 100 meters
would be stable against diffusion. These suggestions refer to the open
ocean/énd are not entirely relevant to the reduced turbulances found'
in ice covered basins. Even so, they point to a shorter life expectancy
for smaller patches. If this is the situation, then the patterns found
in transect A-B may be due more to a sampling error on a time factor
than to what is the actual pattern. The length of time involved in
drilling the sampling holes and obtaining the samples was in the order
of two hours. During this time the zooplankton movements may have been
significant enough to affect the observed pattern. There is no way of
detecting to what extent this error may be present, but it is worth
hoting that the fine scale patterns of transect A-B are similar to in-
vestigations where the length of time in taking the samples is not an
error factor. One way of avoiding the error would have been to obtain
all samples simultaneously, as done by Cassie (1959) and Harris and Smith
(1977). These experiments found a similar pattern which persisted on a
number of occasions. Clutter (1969) and Emery (1968) give further evi-

dence for their persistance of fine scale pattern with their observance
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of patches of copepods and mysids that remained intact in swash over
reefs and near surf zones.

Other observational factors that may affect spatial pattern
thiough acting as a filter that may increase or decrease this pattern
are avoidance of sampler, sample size, and laboratory analysis. Avoid-
ance of the sampler is to some degree common to all sampling devices.

If this avoidance is not excessive and remains constant in all samples,
the error involved will be minimal. Sample size may affect the observa-
tion of pattern through interaction with the method of analysis, such

as discussed with Fisher's index of dispersion. A desirable sample size
would/be large enough to be within the power range of the analytical
method, but not of such size that would make data handling unwieldy.
Length of the sampling interval is also of importance because of the
effects of aliasing. Laboratory treatment of the data may affect ob-
served patterns through the precision of the counts or measurements,

the type of count or measure, and the choice of analytical methods to
use on the data. The choice of species counts or biomass measurements,
such as chlorophyll, will give different pictures of spatial pattern.
Biomass measurements lose much ecologically important information,

though in terms of economics, they allow the gathering of large data
sets, and thus the use of powerful analytical methods such as spectral
analysis. Though the type of analytical method used effects the observed
spatial patterns, little has been reported on the comparability of the
various methods. This experiment compared the results of pattern analysis
and an empirical method of analysis. The results obtained found good
agreement between the two methods.

Biological factors affecting pattern can be grouped into repro-

ductive, social, and coactive factors. Reproduction, through the release
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of the brood close to the parent, and social factors would tend to aggre-
gate populations. Coactive processes involve coﬁpetition, predation,
and parasitism. Although one can conceptualize how predator-prey inter-
actions, grazing, and interspecific competition can create heterogeneity,
it is not known what the relative importance of these processes are to
the development and maintenance of patches. 1In the present study, asso-
ciation between the zooplankton species was predominantly pogitive,
which would tend to indicate that the patches were multispecies struc-
tures whose abundances increase and decrease together. The association
between the phytoplankton and zooplankton ranged from a statistically
insigﬁificant positive correlation in transect A-B, to a statistically
significant negative correlation in transect A-D. On a larger spatial
scale, it is not uncommon to find a negative correlation between the
zooplankton and phytoplankton. This has led to theories of animal ex;
clusion (Hardy et al., 1935), grazing (Harvey et al., 1935), and models
of plankton patchiness (Riley, 1976). Steeman Nielsen (1937) suggested
that this negative association was not a direct relationship, but was
caused by a time 1ég between rates of develdpment of the phytoplankton.
Experimental work in the laboratory has shown both positive (Bainbridge,
1953) and negative (Lucus, 1938) relationships. There is little doubt
that the phytoplankton and zooplankton interact in a way that affects
spatial pattern, but to interpret patterns found in the present study
raises difficulties because there are equal grounds for suspecting both
positive and negative associations, and these two conditions may alter-
nate with time.

The physical factors affecting pattern consist of the physical

transport system, bottom topography, and nutrient dnputs. In the study
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reservoir, nutrient input by feeder streams is significant only during
periods of high runoff in the spring season, when the reservoir inlets
are not dried up. Both advection and diffusion operate in the physical
transport system. Advection is a vectoral process that transports the
organisms with the currents, while diffusion may produce a spatial
exchange of organisms without an overall transport of water. In a reser-
voir with an ice cover and.with no major current inflows, advection
is minimal. The plot of isotherms from the present investigation sug-
gest the possibility of currents operating, which may have been set in
motion during a break in the ice cover prior to the investigation. ;t
may bé that currents larger than those in other ice covered basins were
operating, but to a substantially less degree than in ice free water.
Similarly, turbulent diffusion is reduced ﬁnder an ice cover. It has been
theorized that 100 meters would be the minimum patch size in which growth
couldoffset turbulent diffusion in the open ocean (Platt et al., 1977).
Since mixing processes scale with size, mixing in lakes is diminished
as compared to oceans, and is further diminished by an ice cover. This
would mean that the critical length scale for patches should be less
for ice covered basins, resulting in more intense and longer lasting
patches. This may be likened to George and Heaney's (1978) finding of
an increased spatial heterogeneity during periods of light winds, and
thus low turbulance. This did not seem to be the case in the present
investigation. As discussed earlier, the intensity and dimensions of
pattern were similar to that of studies done in open basins and the
oceans, where turbulance is much greater.

Since this and previous studies have reported an aggregation

of plankton populations in the majority of cases, it is likely that
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aggregation is a common phenomena of plankton which can be observed
over a wide range of scales and habitats. Considering this, the main
questions left unanswered are those dealing with the causes and ecolo-
gical significance of aggregation. If these questions are to be an-
swered, information on the dimensions of aggregations from a wide vari-

ety of habitats will be of value.
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SUMMARY

1. The zooplankton were found to be aggregated on all observed
scales. When the species were differentiated as to sex and juvenile
stage, three groups in transect A-B and one group in transect A-C wére
found to be randomly distributed.

2. Estimates of patch\size, patch density, background density,
and patch frequency are given for the zooplankton and phytoplankton.

.~ 3. Bosmina longirostris was found to have the highest organized

spatial pattern, followed by Cyclops vernalis and Diaptomus siciloides.

Nauplis larva and Asplanchna were considerably less organized than the

above. Mallomonas caudata had greater variability than the cryptomonads,

although this may have been due to the pooling of the counts from two
species of cryptomonads.

4. The largest variability was found to occur on the largest
scale. When the distance of observation and sampling interval were
increased, the intensity of aggregation increased.

5. The degree or intensity of the aggregations and the size
of patches examined in this investigation are similar to those of previ-
ous investigations. This was an unexpected result, as previous theoreti-
cal and experimental work has shown that the degree of éggregation is
inversely related to the degree of turbulance in the water column.

Under winter conditions with minimal turbulance, the degree of aggre-
gation in populations should be higher than that found under ice-free

waters.
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6. Out of the 30 possible pairs of zooplankton in the three
transects, 10 had a significant positive correlation, while 1 pair had

a significant negative correlation. Asplanchna sp. and the nauplis

larva were the only pair found to have a significant correlation in all
three transects. The degree and direction of association between the
remaining zooplankton pairs were not constant between transects.

Correlation coefficients between the phytoplankton were posi-
tive and non-significant in all three transects.

Correlation between the total zooplankton and phytoplankton
count was significant only in transect A-D. The direction of the rela-
tionship was negative. When the individual zooplankton species of tran-
sect A-D were considered against total phytoplankton, all correlations

were negative and non-significant.
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APPENDIX A

Zooplankton Densities (No. per 3 liters)

94

Station Bosmina ‘Asplanchna Nauplis  Diaptomus Cyclops
longirostris SpP. ‘Siciloides ‘Verrnalis
2 38 6 28 16 7
3 50 9 29 31 11
4 37 14 31 39 13
5 65 25 34 27 38
6 58 12 25 31 22
7 71 11 33 26 21
8 60 13 26 22 20
9 41 10 22 24 12
10 46 9 22 12 12
11 22 9 26 17 18
12 29 14 28 14 18
13 56 14 25 25 8
14 37 9 32 31 24
15 41 9 25 14 24
16 30 12 16 19 17
17 39 18 25 20 15
18 45 11 22 21 21
19 30 9 20 24 35
20 36 8 33 27 21
21 53 18 36 26 16
22 55 15 37 32 22
23 59 16 23 28 24
24 47 15 25 15 12
25 61 21 34 25 21
26 lost sample (inadegquate fixitiwve)
27 34 16 34 19 24
28 48 7 21 20 18
29 47 14 31 28 16
30 52 15 27 31 21
.31 43 8 31 16 18
32 42 16 29 22 19
33 51 20 37 19 18
34 40 11 33 29 25
35 49 20 35 30 27
36 50 15 40 20 15
37 31 16 40 23 17
38 ‘32 9 30 34 26
39 59 9 19 30 15
40 34 17 25 15 18
41 46 9 29 28 22
42 45 16 38 23 25
43 45 -8 17 24 14



APPENDIX A (continued)

95

Station Bosmina ‘Asplanchna Nauplis Diaptomus ‘Cyclops
‘longirostris 'Sp.. Siciloides ‘'Vernalis
44 34 14 35 20 22
45 65 20 23 31 33
46 56 15 25 21 25
47 64 9 32 25 14
48 75 11 24 36 21
49 28 13 25 35 19
50 8l 6 24 33 17
51 114 .8 26 42 23
52 94 8 24 27 12
53 109 10 33 51 17
54 68 5 21 31 14
55 54 5 20 41 )
56 80 8 26 26 12
57 58 6 20 46 9
58 92 5 19 59 15
59 109 3 23 67 20
60 53 8 17 52 12
61 83 12 24 73 20
62 79 16 35 62 48
63 97 12 22 73 34
64 73 5 20 58 14
65 64 1 19 55 6
66 75 12 18 36 24
67 35 15 13 59 20
68 20 7 12 41 12
69 20 6 14 44 8
70 23 4 14 50 10
71 23 2 14 32 7
72 12 2 9 46 39
73 13 3 16 63 74
74 19 5 17 31 26
75 19 3 12 32 9
76 18 1 18 52 17
77 17 4 16 42 19
78 14 5 12 36 11
79 20 9 18 27 21
80 11 3 15 186 93
81 20 3 18 38 16
82 19 2 19 64 11
83 6 6 15 69 14
84 16 2 26 30 8
85 12 3 15 20 10
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APPENDIX B

Densities of Copepod Sexes and Copepodids (No. per 3 liters)

Diaptomus siciloides ‘Cyclops vernalis
Station o) ) Copepodid & ' [ Copepodid
2 4 6 6 0 4 3
3 10 19 2 1 6 4
4 20 17 2 1 5 7
5 8 15 4 3 14 21
6 5 20 6 0 7 15
7 9 16 1 0 7 14
8- 6 12 4 1 9 10
9 6 13 5 1 6 5
10 1 10 1 1 3 8
11 3 9 5 1 5 12
12 - 5 7 2 0] 8 10
13 6 15 4 0] 2 6
14 13 13 5 o 11 13
15 4 9 1 0] 11 13
16 6 8 5 0 9 - 8
17 8 7 5 0 5 10
18 3 13 5 1 6 14
19 8 8 8 3 4 28
20 6 0 1 0] 9 12
21 7 18 1 0 8 8
22 13 15 4 1 13 8
23 9 16 3 2 6 16
24 3 8 4 0 3 9
25 2 18 5 1 11 9
26 " lost sample (inadequate fixitive)
27 2 10 7 0 10 14
28 5 13 2 0 8 10
29 7 18 3 0 10 6
30 4 20 7 0 12 9
31 2 11 3 0 4 14
32 8 9 5 1 9 9
33 5 11 3 o 6 12
34 3 22 4 0 13 12
35 5 13 12 1l 10 16
36 5 14 1 o] 7 8
37 6 12 5 0 3 14
38 4 22 8 1 14 11
39 6 20 i) 1 5 9
40 3 9 3 2 6 10
41 10 16 2 1 12 9
42 7 13 3 1 12 12
43. 5 15 4 1 7 (3
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APPENDIX B (continued)

Diaptomus siciloides Cyclops vernalis
Station ¢ Q Copepodid d -9 Copepodid
44 7 13 0 1 10 11
45 10 15 6 1 16 16
46 7 11 3 o 13 12
47 11 12 2 0 5 o
48 13 20 3 5 7 9
49 12 20 3 0] 8 11
50 17 12 4 1 8 8
51 13 25 4 3 o 11
52 10 15 2 (0] 6 6
53 22 21 8 (0] 11 6
54 11 19 1l 1 8 5
55 , 17 21 3 o 3 6
56 16 12 3 0 5 7
57 19 22 5 3 2 4
58 32 26 1 0 10 5
59 28 28 11 2 15 3
60 25 23 4 1 ] 2
61 33 32 8 2 8 10
62 27 27 8 4 23 21
63 24 38 11 2 20 12
64 23 28 7 1 S 4
65 18 33 4 0 3 3
66 6 27 3 2 13 S
67 19 32 8 1 ] 10
68 14 25 2 1 5 6
69 7 28 9 0 4 4
70 10 37 3 1l 4 5
71 8 21 3 0 4 3
72 6 29 11 3 20 16
73 11 38 14 6 51 17
74 6 18 7 1 15 20
75 5 17 10 0 4 5
76 10 32 10 (0] 9 8
77 6 31 5 0 8 11
78 4 22 10 (0] 2 S
79 3 18 6 1 11 S
80 38 105 43 5 58 30
81 5 28 5 1 4 11
82 13 37 14 0 3 8
83 8 41 20 (0] 8 6
84 7 18 5 (0] 3 5
85 1 12 7 0 4 6
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APPENDIX C

Phytoplankton Densities

Mallomonas caudata Cryptomonadaceae
Total X per No. per Total X per No. per
Station Count Field ml Count Field ml

1 340 4.57 348 146 1.95 149
2 443 5.21 451 79 1.05 80
3 456 6.08 464 78 1.04 79
4 661 8.81 672 108 1.44 110
5 512 6.83 521 88 1.17 89
6 550 7.33 559 98 1.31 100
7 537 7.16 546 86 1.14 87
8 488 6.51 496 95 1.26 %6
9 519 6.92 528 82 1.09 83
10 |, 501 6.68 509 88 1.17 ‘89
11 433 5.77 440 98 1.30 99
12 545 7.27 554 100 1.33 101
13 518 6.91 527 89 1.18 90
14 486 6.48 494 97 1.29 98
15 493 6.57 501 82 1.09 83
16 487 6.49 495 82 1.09 83
17 535 7.13 544 89 1.19 91
18 479 6.39 487 92 1.23 24
19 553 7.37 562 105 1.40 107
20 524 6.99 533 o8 1.31 100
21 504 6.72 512 106 1.41 108
22 564 7.52 573 26 1.28 97
23 503 6.71 512 93 1.24 95
24 508 6.77 516 102 1.36 104
25 523 6.97 531 75 1.00 76
26 486 6.48 494 85 1.13 86
27 497 6.63 506 122 1.63 124
28 557 7.43 567 88 1.17 89
29 517 6.89 525 29 1.32 101
30 486 6.48 494 101 1.36 104
31 555 7.40 564 144 1.92 146
32 572 7.63 582 107 1.43 109
33 526 7.01 535 107 1.43 109
34 495 6.60 503 103 1.37 104
35 483 6.44 491 97 1.29 ‘98
36 591 7.88 601 146 1.94 148
37 544 7.25 553 78 1.04 79
38 526 7.01 535 107 1.42 108
39 547 7.29 556 134 1.79 136
40 474 6.32 482 109 1.45 111
41 520. 6.93 528 83 1.11 85
42 509 6.97 518 109 1.45 111

43 496 6.61 504 102 . 1.36 104



APPENDIX C.  (continued)

29

‘Mallomonas caudata

‘Cryptomonadaceae
Total X per No. per Total X per No. per
Station Count Field ml Count Field ml
44 554 7.39. 563 127 1.69 129
45 533 7.11 542 107 1.42 108
46 428 5.71 435 115 1.53 117
47 537 7.16 546 116 1.55 118
48 539 7.19 548 87 1.16 88
49 528 7.04 537 165 2.14 163
50 370 4.93 376 46 0.61 46
51 464 6.19 472 214 2.85 217
52 430 5.73 437 145 1.93 147
53 339 4.52 345 179 2.39 182
54 424 5.65 431 158 2.11 16l
55 | 394 5.25 400 123 1.64 125
56 '386 5.15 393 138 1.84 138
57 409 5.45 415 183 2.44 186
58 357 4.76 363 149 1.99 152
59 . -433 5.77 440 225 3.00 229
60 398 5.31 405 180 2.40 183
61 400 5.33 406 235 3.13 239
62 418 5.57 425 196 2.61 199
63 492 6.56 500 248 3.31 252
64 513 6.84 521 266 3.55 271
65 486 6.48 494 144 1.92 146
66 616 8.21 626 216 2.88 220
67 564 7.52 573 209 2.79 213
68 510 6.80 519 153 2.04 156
69 611 8.15 621 275 3.67 280
70 641 8.55 652 186 2.48 189
71 548 7.29 556 199 2.65 202
72 501 6.68 509 160 2.13 162
73 557 7.43 567 165 2.20 168
74 621 8.28 631 170 2.27 173
75 518 6.91 527 18 0.24 18
76 561 7.48 570 110 1.47 112
77 519 6.92 528 158 2.11 16l
78 585 7.80 595 181 2.41 184
79 534 7.12 543 207 2.76 210
80 238 3.17 242 152 2.03 155
81 460 6.13 467 150 2.00 153
82 504 6.71 512 165 2.21 168
83 548 7.30 557 182 2.43 185
84 439 5.85 446 126 1.68 128
-85 428 5.71 435 167 2.23 170
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