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ABSTRACT

Time series analvsis was used to studv the phvtonlankton
population dvynamics of a small reservoir {Guelph Lake, southern
Nntario). Three statiOAS were sampled dailv for one season (Mav 8 to
August 20, 1981) and weeklv at one station for 2 vears (fall/l19R0 to
€all/1982). Significant environmental variabilitv was detected at time

scales of davs to weeks.

Time series analvsis of the daily data from 3 stations (maximum
separation - 1 km) demonstrated Ehe existence of strong horizontal
advection fdthin the basin with a period of 2-3 davs and 10-20 day
cycles associated with chanqing wgather svystems. Rates and directions
of horizontal advection varied amoné different varlables. The algal
biomass (chlorophyll a) at station 1 lagged that at station 3 by half a

dav. The time lapg between station 1 and station 3 for Aphanizomenon

flos—aquae was 7 days, whereas for Ceratium hirundinella station 1 led

station 3 bv 3 davs indicating opposing motion by the species. Longer
term (10-20 dav) periodfcities occcurred in between and within gtation
comparisons for soluble reactive phosphorus and total phosphorus.
Periodicities in the average daily wind speed and water column stabhility
showed that such lags or leads were due go vertical mixing.

Sedimentation traps were used to examine the settling of diatoms
and the recruitment of summer blﬁe-zreen species. The relationship

2

between physical variables such as water column gtability (N7,

Richardson number) or wind stress and the vertical heterogeneity of
1t
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hererggeneity than low wind soeed or ¥ alone. Figher
corr2lations hetween phvsical variables and vertical heterogeneitv were
. ]
obtained in late summer. Relationshins hetween environmental variables
and phvtoplanktgn population dvnamics wers examined on a dailv and a
waekly basis. Time lags uccurred between changes in environmental

variables and the abundance of particular nhvtoplanktun as well as the

rate of phvtoplankton community change.

The results suggest that non—~equilibrium conditions prevail in

~ .
|

the phvtoplanktun communitv of Guelph Lake. Significant environmental
varfahilitv was detected at time scales of the same magnitude as
phvtoplankton generation times, time lags occurred bhetween changes {in
environmental variahles and algal abundances and the maioritvy of the
1increases In the rate of phvtoplankton communitv chanee occurred in
response to allogenic factors. Some of the prohlems encountered with
tﬁe use of bivariate time series techniques in phyvtoplankton are then

discussed.
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1) INTRODUCTION
I-1 Paradox of the Plankton

Early views of the planktonic environment held that the
environment_was homogenecus and at equilibrium over large scales. Given
this, however, the Competitive Exclusicn Principle predicts one or only
a few species of primary producers, yét.the diversity of phytoplankton
is much higher. The ﬁoexistence of numerous species 1In the same,
apparently homogeneous, environment has been termed the "paradox of the

plantton”(Hutchinson, 1961).

The Competitive Exclusion Principle assumes thaf\{he competing

specles aré at equilibrium and that the two species are ne\er exactly
equivalent and therefore cannot have a competition coefficient o
Equilibrium has the following limiting assumptions: the population/
environment is fully saturated with species so there 1is no temporary
relaxation of selection favoring the optimal response, the optimum does
not vary over time, the optimum is attainable and there is no limitation
from the past history of the population (Harris, 1982). Equilibrium
solutions to the paradox of the plankton based on resource utilization
in chemostats (Titman, °1976, Tilman, 1977, 1980, Tilman et al., 1981),
limie cyqlgi\(ﬁutchinson, 1965) and resource partitioning (Stewart and

Levin, 1973, Peterson, 1975) have been suggested.
1



Non—equilibrium solutions have also been proposed. Hutchinson
(1961} suggested that the main answer to the paradex of the plankton
lies in the viplation of the assumption that the competing species are
at equilibrium. Hutchinson recognized that conditions change rapldly in
aquatic .habitats and perhaps one, and then another organism is the
superior competitor, but‘that in such rapid succession that no species
has the advantage long encugh to eliminate the others. For competitive
exclusion not to oceur, the frequency of environmental fluctuations must
be similar to the generation time of the organisms (Hutchinson, 1941,
1953, 1961, 1967). This principle has bheen re-stated.in the theory of
intermediate disturbance (Connell, 1978) which was propssed as a general
non-equilibrium explanation of ecological diversity. This theorv‘
predicts that diversity 1s wmaximal when environmental perturbarions
disrupt competitive exclusion. The required scéle of environmental
perturbations depends on organism growth rates (Harris, 1980) and
turnover times (Kemp and Mitsch, 1979). If environmental perturbations
ére'lopg relative to growth rates diversity will be low, as competitive
exclusion will lower ‘diversity. If environmental perturbations are
frequent relative to growth rates, an approach to equilibrium is

possible and diversity will be reduced.

Richerson et al. (1970) proposed a contemporaneous
disequilibrium model to explain the. phytoplankton diversity. They
proposed that water 1s patchy and particular species are favored in

different patches. These patches are stable enough to permit a
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considefable degree of overall patchiness to occur in phytoplankton, but
are obliterated frequently enough to prevent the exclusive occupation of
each niche by a single species. Richerson's vaothesis differs from
Rutchinson's by stressing the spatial rather than the temporal

heterogeneity of the plankton habitat.

I-2 Seasonal Succession

The cvele of specieg composition of the phytoplankton is
termed their seasonal succession. This seasonal succession does not
coincide exactly with the concept of terrestrial succession {(e.g. Odum,
1971) in that a strongly directional component 1s not alwayg well
defined for the species compositibn observed (Lewis, 1978a). Water
column stability plays a major role in the determination of
phytoplankton diversity {(Margalef, 1978). A typical vprogression in
temperate lakes that_stratifv in the summer 1s from spring diatoms to
3umﬁer species adapted to survive in gtratified lakes. Reynolds et al.
(1983) guggested that faster growing colonists and opportunistic species
(r-selected) first dominate followed by slower~growing, loss-registant
species that compete more efficientlv for the resources (K-selected).
Diversity increaseg with the onset of stratified conditions due to
increased gspatial and temporal heterogeneity (Harris, 198N, Wall and

Rriand, 1980, Nalewajko et al., 1981).

This typical progression mav be altered by changes in physical

conditions. In the phytoplankton environment, succession consists of a
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serles of episodes of variable length (Margalef, 1967). An episode is
iniliated by an ab;ppt change in physico-chemical conditions, which 1is
followed‘bv a sudden change in phytoplankton composition. Successional
change continues until an abrupt externally inducéd physico~-chemical
alteration initiates another episode. Lewis (1978a) found that troplcal
lakes such as Lake Lanao differed from comparable temperate lakes such
as Lake Erken in the nuﬁber of episodes. The lengths of episodes in
Lake Lanao were shorter than Lake Erken. Variations in the supply of
nutrients are much more irregular and numerocus in Lake Lanao than in
comparable teﬁperate lakes . where seasonal events are the dominant
confrol mechanism. Reynolds (1980) suggests that phytoplankton community
changes are brought about by a) true autogenic succession, under
;elatively constant physical conditions b)_allogenic ghifts, resulting
from more permanent vgriations in physical structure and ¢) reversions,
resulting from temporary perturbations, followed by a renewal of thermal

stability. True autogenic succession is equivalent to the main sequence

as desecribed by Margalef (1978).

Indexes of succession rate have been formulated (Jassby and
Goldman, 1974, Lewis, 1978b). The Jassby and éoldman (1974) 1index does
not weight the species equally. Lewis(1978b) argued that since
succession is a community phenomenon, that the changeé in a given

gspecies should be expressed'in relation to the abundance of all the

species In the community and that all individuéls therein are equally
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weighted. Reynolds (£980) prefers to refer to this index as a rate of
community change since it is sensitive to all major changes in community
composition, whethef they reflect true succession, or other,

non-directional processes.

By examining the rates of phytoplankton community change and
comparing these rates to changes -in physical, chemical and bioclogical
variables 1t is possibie to assess the relative contributions of these
variables to the phytoplankton population dynamics observed. Equilibrium
models of phytoplankton community structure assume that the obgerved
seagonal succession 1is determined by strong competitivé interactions
(autogenic succession) whereas non-equilibrium models assume that
external factors a;erride competition and disrugt the approach to

.cémpetitive exclusicon (allogenic shifrs). In the temperate lakes
examined by Reynolds {1980), only half of the recorded changes in
phytoplankton community structure coincided with changes in physical
stabiiity. Several transitions were directly consequential upon the
rapid elimination of populations of smaller aléae by grazing. Reynalds
(1980) suggests that physical variables determine the direction of
succession whereas chemiéal variables determine the rate and the

starting point.

The abundance ofla particular species depends on the balance
between gain processes, such as growth and recruitment from the inflow

and sediments and loss processes such as sedimentation, grazing, outwash

and death and decomposition. It has been suggested that
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differential loss rates discriminate between potentially competing
specles to an extent far greater than species differences.in light and
temperature optima, photosynthetic behaviour and nutrient uptake
kinetics (Reynolds et al., 1982a). With advancing season, sedimentation
is replaced by grazing and then by decomposition as the dominant sink
for phytoplankton carbon (Gliwicz and Hillbricht, 1975, Reynolds et al.,

19823},
T-3 Models in Algal Ecology

‘m%irect correlations between environmental variables and algal
abundance are commonly sought. If non-equilibrium conditions prevail,
however, time lags will occur bgtween the environmental change and the
phytoplankton response (Vollenweider, 1950, 1953, Allen, 1977, Harris,
1980, 1982). The factors leading to an algal bloom must be sought in
samples taken during the growth phase ra;her than samples taken when ;the
bleom 1s at its peak (Vollenweider, 1953). Harris (1980) demonstrated
the existence of significant environmental variability at scales.froq
seconds to years and showed that many equilibrium plankton meodels are
invalidated by the existen;e of disequilibrium at scaies much less than
a few days. Leving~(1979) argued that such temporal and spatial scales
of variabif?ty-afﬁfz resohrce.to be exploited. Using principal component
analysis (ECA) and a non-metric scaling technique (MDS), Harris and
- Piceinin (1980) found that there was rarely a precige cqrrelation

between the immediate environment and the species composition as cthere

was a response lag of at least a week. In Hamilton Harbour ph&toplankton
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composition reéponded to cﬁanges in the ratio of the depth of the
euphotic zone to the depth of the mixed layer (Zku/zm) and major
comuunity changqs occurred over a time scale of 2-6 weeks as well as

seasonal time scales.

-

1-4 Effects of Water Movements on Sampling

The analysis of phytoplankton dvnamics from samples taken from

- -
-

only one station is complicated by the Ffact that water motions and
horizontal advection cause horizontal redistribution’ of the
phytoplankton (Heaney, 1976, Heaney and Talling, 1980). Water bodies
having density gradients theoretically exhibit countercurrent flow, that
is, currents differing in magnitude.and direction with depth (Kamykowski
and Zentara, 1977). Since different phytoplankton species and nutrients
may show different vertical distribﬁtions, different rates and direction
of horizontal iransport are to be expected under countercurrent flow
conditions. Under conditions of mild to moderate wind stress, alg;l
cells and nutrients that are positioned at the surface are likeiv to
accumulate on the leeward side of the lake (George and Edwards, 1976,
Heaney, 1976, Stauffer, 1982). Similarly, algal cells and nutrients
that are positioned at a lower depth may bé advected in the opposite
direction and may accumulate on the éin&ward shore.

I-5 Qé@onstration of Non-equilibrium conditions

™~

To * demodstrate that phytoplankton communities are
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~,

\

non—equilibrium systems it 1s first necessary to characterize the
environmental variability ovér a wide range of time scales (Harris,
1982). The important time scales may range from minutes to days and
weeks (Harris, 1978). For competitive exclusion to be disrupted, there

must be significant environmental variability at scales of days to weeks
since phytoplankton generation times afe_of this magnitude. 1If
non-equilibrium conditions prevail, time lags will occur between changes
in environmental variables and ﬁhytoplankton abundances, tﬁe majority of
inereases 1in phytoplankton succession rate will occur in response to

allogenic factors and successional episodes will be initiated
.—4=_/ -

Time series analysis can be wused to characterize the

frequently.

I-6 Use of Time—Séries Analysis

environmental and biologi;al variabilitg in a system. A time series is
a sequence of numbers representing the progression of some variable in
time (a stochastic process). The characteristic features of each time
series may be determined by examining the autocorrelation function aﬁd
pdwer spectrum (Platt and Denman, 1975). The autocorrelation function
provides information about how neighbouring points are correlated. The
power spectrum provides inf&rmation as to how the varianée of a series
‘of numbers about their mean is partitioned into coatributions thaﬁ are

» . -

harmonics of the length of the data set. Power spectral analysis
<

determines the dominant cycles in a system (Platt and Denman, 1975).

A\
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Theoretical studies (Xolmogorov 1941, Denman and Platt, 1976)
suggest thgt the turbulent energy spectrum and the power spectrum for
any passive gcalar within thé water flow field will sh;w a -5/3 slopg
with increasing frequency 6r decreasing period, on a log-log plot within
the inertial subrange. The inertial subrange 13 that range over which
the velocity variance is transferred conservatively from lower to higher

4

wave numbers until it reaches scales small enough for viscous

dissipation to becomeé important.

Bivariate.time series ;nalysis has been used to examine time lags
between environmental fluctuations and phytoplankton responses{Sephton,
1980, Harris, 1982, Marra and Reinemann, 1982). The community structure
may be considered to be a lagged damped function of the “2nvironmental
spectrum (Harris, 1980)., If more than one station has been gampled; the
advection pattern for a given variable may be seen through
station~to—station comparisons of the time s;ries obsgrveda . The time
series from one-station may be considered the input anﬁ the timé series
,—EEEP the -second may be cousiered the output. Cross-correlations or

cross—gpectral analysis may be employed to compare an input time geries

to an output time sg&?es.

-

Time 'series analysis has been used to study the spatial and
temporal variability and the phytoplankton ecology of Hamilton Harbour

(Zarull, 1979, Sephton, 1980, Harris, 1982)., Hamilton Harbour is a
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eutrophic bay with high and continuous nutrient loadings which do not
appear to limit algal growth and productivity (Harris et al., 19803i.
Blue-green algae are not dominant in Hamilton Harbour in the late summer
(Harrisg EEI 1., 1980b, Sephton, 19805 as in other eutrophic lakes in
temperate-1;§::udes. Hamilton Harbour is connected to Léke Ontario by a
narrow.channel. Exchanges between ghe lake and harbour dominate the
harbour's physical motions (Palmer and Foulton » 1976, HRarris et al.,
1980a )._The laée oscillations age s;uetimposed on the high frequency
harbour motions resulting in chaotic mixing patterns. Sephton (1980)
demonstfated that the phytoplankton community of Hamilton Harbour is a
non—équilbri m gystem. - There was significant environmental variability

at scales days and weeks and the daily or weekly envirohmental

" fluc represented the strongest temporal scale to which the algae

responded.

1-7 Objectiyes

\

The object of thi; project was to test the generality that
non—equilibrium conditioﬁs prevail in phytoplankton communities. To do
this a lake that was less eutrophic than H lton Harbour, where
blue-green algae were dominént in the late summe:utﬁk wheré the physical

motions were not complicatedAbi exchange with a mwuch larger hody of

. (

! - . ‘
' water was chosen. Sampling was carried out daily at ‘three stations for

one spring-summer per?od and- weekly at one station for approximately two

pa— .
years. Power spectral analysis was performed on time series of

temperature, water column étability (Nz), wind speed, zeu/zm and
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nutrients to determine the dominant physicai and chemical cysles in the
system. Power spectral analysis was also pefformed on the time §eries
for chlorophyll a. Bivariate time series analysis was‘used to examine
the spatial variability of chlorophyll a, nutrients and Dhytoplankton
species. The characteristic horizontal . and vertical mixi?g écales for
Guelph Lake were then‘determiﬁed. The relationship between physical
variables such as water column stability (N2 » Richardson number) or
wind stress and the vertical heterogeneit& of chlorophyll a, nutrients
and phytoplankton'speciés on a dally basis-was examined. Sedimentation
traps were used to study both the loss of diatoms and thé recrultment of
summer blue-green qlgae from the sediments. Relationships between the

environmental variability an Ehe phytaplankton population dynamics were

fe

examined on both daily and weekly time scales. .



IT) MATERIALS AND METHODS
IT-1 Details of site

' éuelph Lake is located in southern Ontario at a latitude of
43.33°Y% and a longtitﬁée of 80.15°W; The lake was created in 1976 by
the damming of the ugper Speed River and has an area of 360 hectares. In
the first summer of {impoundment the main part of the lake was deemed
mesotrophic on the basis of oxygen saturation, secchi dise visibility,
carbon content; chlorophyll <content, primary produectivity ,
phytoplankton abundance and -diversity indices of rotiferan and
crustacean zooplankton, benthos and fish (Mackie EE:ELL’ 1976).

IT1-2 Sampling program
IT1-2~1 Daily time series

Sampling was carried out daily at 3 stations in the main basin
for 105 days (May 8 to August 20, 1981). A raft was moored at station
I. Station 1 (outflow end) a station 2 had a maximui/henth of 12m
whereas station 3 (inflow end) had a maximum depth of 10m. The relative
positions of the 3 g ions are shown in Eigure l. Integrated samples

(0-7m) were collected by way of a flexible plastic tube for the analysis
' 12
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Figure 1 - Locat}{m of stations in Guelph Lake.

Y
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of chleorophyll-a, nutrient concentrations and phytoplankton population
dynamics. Discrete vertical samples (surface, 1, 2, 3, 4, 5 and 10m)
were also collected from station 1. Temoeratﬁre and dissolved oxvgen
(DO) were recorded at each station using a YST model 57 dissolved oxygen
meter with a Clark type polarographic sensor and a buidt in thermistor.
Light profiles of photosyﬁthetically available radiation (P.a.r., 400 to
700 nm)} were recorded at each station using a Li-Cor model LI-185
quantum meter. Daily wind speed data were obtained from the Elora
research station located 5 km away. Wind speed data were obtained
directly from station 1 for a subsample of the 105 davs using a C.F.
Casella and Co. Ltd. Sensitive Anemometer. The anemometer was clamped to
a pole which extended vertically (2Zm) from one end of the raft. Counts
per minute were converted to an.average wind speed in m secul using the

conversion graphs provided by the manufacturer.

Temperature at station ! was measured at 20 min intervals for a
few days in July, 1981. Eleven-  YSI series 400 temperature probes were
fastened together at Im intervals to form a continuous cable. The cable
was secured to anﬁ suspended through an opening in the raft floor. The
temperature probes were fastened to an 18 channel stenning.switch which
gelected the electriéal signal sequentially from the temperature probes
at 0, 1, 2, 3, 4, 5,6, 7, 8 9, and 10m. The complete cycle time of the
switch was 112 seconds, or 6 seconds per thermistor probe. The stepping
switch was connected to a Data Logger which was programmed to read
information from the stepping switch every 20 minutes. The output from

the data logger was calibrate onverted to °C.
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I11-2-2 Weekly time series

Station 1 was also sampled on a weekly basis for 111 weeks
(August 20, 1980 to September 29, 1982). During the spring through fall
an integrated sample (0-7)m and discrete vertical samples (surface, 1,
2, 3, 4, 5 and 10) were collected as in the daily time series. During
the winter, the 7m tube could not he used because it was ﬁo longer
flexible. Discrete vertical sampies were taken at the surface, 1, 2, 3,
4, 5 and Im from the hottom. The values from these samples were then
averaged to approximate an Integrated sample. Since lake levels were
lower in the winter a discrete sample from 10m could not be obtained.
When the 1ce was too thin to allow access to station 1, a surface sample

was obtained as close to station 1 as possible.

I1-3 Hydrology

Hydrological information was obtained from the Grand River
Conservation Authority. Information concerning inflow rates, discharge
rates, lake level and 1lake storaée (volume) was available on a daily
basis. A flushing time for the lake was calculated by dividing the lake

storage by the discharge rate through the dam.

IT-4 Biomass estimates

Subsamples of 20 ml from each water sample were preserved for
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phytoplankton enumeration with a few drops of Lugol's iodide. After
overnight sedimentation the relative abundances of the dominant
phytoplankton species were determined by ' counting 20 fields at 2
magnifications using a Zeiss UPL inverted microscope (Utermdhl, 1958,
Lé;d et El;,lQSS). The larger individual éells, colonies or filaments

were counted at a magnification of B80x, whereas the smaller cells or

colonies (Rhodomonas, Ochromonas, Cveclotella and Merismopedia) were

counted at a magnification of 320X. The standard‘error of the mean
(5.E.M.) may be determined by Vfﬁf_ﬁi where x is the mean number of
individuals per field and N is the number of fields counted, assuming a
Poisson distribution. Since the countihg accuracy varies inversely with
the square root of the number of fields counted, a quadrupled unit
effort is.required éo doubly improve the acecuracy {(Lund et gi;, 1958).,
Due to the large number of samples which were to be counted, a decision
was made to count 20 fields at each magnification. The abundances were
calculated for each individual species by multiplying the total count in
the 20 fields by the appropriate conversion factor (4.1 if counted at
80x and 16.4 if counted at 320x) to obtain the number of individuals
ml-l. Table ! shows what the S.E.M. as a % of the mean 1{is for
individuals of different abundances, when 20 filelds are counted at
either low or high power. Note that the accuracy of the count doubles
as the abundance quadruples. An abundance of 0 1ndividuals ml—1 for a
particular specles does not imply that {t was not present at all, but
merely that 1ts abundance was below the detection limit of the counting

technique used.
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Table 1

Counting accuracy (Standard error of the mean (S.E.M.) as a % of
the mean) obtained for different abundances (cells ml_l) when 20

fields are counted at either low (80x) or high (320x) power.

Low power High power
number %/field S.E.M. aumber X/field  S.E.M.
of cells as a % of cells as a %
ml_1 of mean ml-1 of mean
-~
1230 15 5.8 jgzo 15 5.8
246 3 12.9 984 3 12.9

82 \ 22.0 ////, 328 1 22.0

41 .5 31.6 164 «5 31.6
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Chlorophyll-a concentrations were determined fluorometrically

using a Turner Designs model 10 fluorometer after filtration ( 12 lbs

2 .

in-") of duplicate samples on Versapor filters (pore size = .45 pm) and
extraction in hot methanol (Talling, 1974).  The range of values
obtained between duplicate samples was usually between 2-5% of the mean.
Calibration was done by comparison to chlorophyll-a concentrations

determined spectrophotometrically.
I1-5 Chemical analysis

A subsample of the unfiltered‘lake water from each sample was
preserved by freezing for the analysis of total phosphorus (TP).
Subsamples of 20 ml of the filtrate were preserved to analyse soluble
reactive phosphorus (SRP) and soluble silica (Si) by the addition 6f 1
drop of concentrated HCl and then frozen. 20 ml subsamples to analyse
combined nitrate and nitrite (N03-N + NO,—N) and ammonia (NHB) were

preserved by the addition of 1 drop of concentrated chloroform and then

frozen.

qIJ

TP and SRP were determined using the stannous chloride, ammonium

molybdate method of Kramer et al. (1972) with an Autoanalyzer 11. The

standard error for TP at 54.2 mg/l was 2.25Z. Si was determined hy the

silicate-molyhdate molybdenum blue reaction method (Technicon Corp.,
1973). The standard error for Si at 1.36 mg/l was 5.4 . NO4~N + NO,-N
were determined using a cadmium column with the method outlined by the

Technicon corporation (1971a) with an AAIL. The standard error for

&

.I'\/



combined nitrate and nitrite at .31 mg/l éas 1.487. Ammonia was
determined on the AAll using the‘sodium phen?xide,'sodium hvpochlorite
and potassium tartrate reaction method (Technicon Corp, 1971b). The

standard error for ammonia at .43 mg/l was 1.147. Further details of the

chemical methods may be found in Harris et al. (1980b).

pH measurements were made on samples brought back to the

laboratory using a Radiometer Copenhagen pH meter 29.

2
I1-6 Estimates of zeu/zm and water columm stability (N and Richardson

N

numbers)

The depth of the euphotic zone (ze wag defined as the depth at
which 1% of surface P.a.r. was observed. The wmixing depth (zm)> was
defined és the depth to the region of maximum temperature change over a
lm interval. N2(0—6)m and Nz(O-IO)m were calculated from:

1) -g/p * dp/dz,
where g is the acceleration due to gravity, p 1s ;he dengity of pure
water at 4°C and .dp/dz the density difference over the stated interval.
A high value for N2 means that buoyancy forces are high and as a result
the resistance to mixing 1is high. More information as to the water
columnﬁstability is obtained from a Richardson number than an N2 value

/ » ,
since a Richardson number glves an -estimate of the ratioc of buoyancy
forces to turbulent kinetic energy Iinputs. A mixed layer Richardson

number (Ri) is obtained from :
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2) R4 =ag/ATh , (Fischer et al., 1979)
*2
W
where,

X = coefficient of thermal expansion of water

g= acceleration due to gravity
[\T= temperature difference between the top and bottom of the depth

interval \\\\

h= depth interval

* ' . ‘ .
w = friction velocity for the motion of surface water induced by

wind.

1/2 1

)

3) w* = (a Cd Uz/w ) (em s

where,
 a= density of moist air
w= density of water
Cd= drag coefficient

Uz- square of the wind sgpeed

A rough form of a Richardson number for day i was calculated by dividing
the chahge in temperature from the surface to 6m or 10m (11:00 AM on day
1) by the wind speed2 (wind speed from é&ora =. average of dav 1 or wind
speed from station 1 = average from 11:00 day 1 to 11:00 AM day 1 + 1).

Wind speed2 was used as the denominator since in the caleculation of a
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*
mixed layer Richardson number w 15 squared and w* is a function of the

wind speed. A high Richardson number indicates stable conditions.
. /
TI-7 Phytoplankton diversity and rate of community change

S —W
~HFhZESB}ankton diversity was calculated using the Shannon—Weaver

divergity index (Shannon and Weaver, 1963) where,

! 4) H' = < In NL/N * NL/N.
-

Here, N1 {s the abundance of the ith species and N 1s the number of
individuals in the entire phytoplankton community. The rate of community

change (succession rate) wah calculated using Lewis's (1978a) SD (summed

difference) rate where, n

+5) 8D -‘?;1 ((bi(el)/B(el)-bi(t2)/R(t2))

t2 - tl.
Here bi(t) is the abundance of the ith species at time t and R(t) is the

size of the entire phytoplankton community.

lf!% Sedimentation traps

A series of sedimentation traps similar to those used by \Reynolds
(1975} was placed near station 1 to intercent‘ floating and {nking
phytoplankton cells. Black polyvinyl chloride cylinders (16.5cm x 8.0
cm in diameter) fitted with an inverted funnel at one end and a cap at
the other end were anchored in pairs to a welighted ro;e such that one of

each pair faced upwards and one faced downwards. The first Dair-was

positoned at a depth of 2m, the second at 4m and the third pair at 1Om.
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The_traps were recovered and emptied at approximately weekly intervals
from April 22 to August 26, 1981. The traps were Tefilled with
distilleﬁ water ané repositioned. TP and phytoplankton abundances in

the trap catches were determined as above. \

Trap catches were used to determine the sinking rates (termed Yt)
for some diatoms by the following formula (from Reynolds, 1é763):
6) Vvt = C x v m/day
P xa

where C

daily increment of cells/ml collected in the trap

. 3
v = volume of the sedimentation trap (cm™)
P = concentration of cells/ml in the astation.! (0~7)m
sample taken on the day of trap removal

-

-2
a = area of trap aperture (cm ).

Sinking rates (termed Vd) for some diatoms were also determined
through an. analysis of population dynamics by the following formula

(from Reynolds, 1976a):

—

7Y vd = a x (1 N\AP2/P1)) w/day .

where a = no. of m in integrated sample (7)
n = number of days in sampling iéterval
P2 = concentration of cells/ml in the (6-7)m integrated sample
| after n A;ys ' S . .
Pl = original concentration of cells/ml! in the (0-7)m"
integrated sample.

-/ o .

L
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Vt values could only be calculated when there was a measufﬁble'
) /

(0-7)m concentration of the species in question at the time of trap.

removal. Vd values could only®be calculated when there was a decrease

. L3
in the (0-7)m concentration of the algal species from the time the traps

1g\ifre set to the time the traps were removed.

K}

»

‘The cumulative sinking loss could be compared to the maximum

. , . :
standing crop. The relative contribution of sinking to the loss of some

diatom species could then be estimated. The total trap catches

.

(cells/ml) in the upward trap at 10m were converted to a total areal
- 2 : - '
flgx (cells/cm™) by multiplying by the volume of the sedimentation

chamber and dividing by the areal diameter of the chamber. The total
. - ¢ ) . - ) _
areal flux was then compared to the maximum stgnding crop observed

(maximuq fO—?)m concentration of cells/ml § 1000 to get Cells/cm2 above

the éedimentation trap).
- T -

T o

Trap catches in upward versus dowqyard traps with depth were used
to examine the vertical activicy rangss of some blue—grﬁen ‘algae._
Catches 1in downward facing traps would ta@pture positively buoyant or
motile individuals. Specific migration activitﬁgg.of floating versus
.sinking individuals (trap catch In colonies or filaments/ml
/;oncgntration f colonies or filaments at th;t dépth);l, from Konopka,
1982) were also calcpiated. The pdssibility of recruitment of summer

’

blue-green ‘algae from the sediments could ther’ be examined.
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II~9 Estimates of vertical heterogenelity

Estimates of vertical heterogeneity for chla, SRP and TP over the
105 day time interval were obtained by (standard deviation/ average) of
the 6 depthé and expressing as a % (as in Harris and Smith, 1977).
Phytoplanktoq:counts were done on dailly vertical samples taken from July

21 to August 20, 1981 and vertical heterogeneity for selected algae was

calculated in thé same way.

II-10 Time series analysis

ra

Provided bogg the input and output series have been prgfiltered
to convert them into stationary‘time series (mean and sé;ndard deviatiog
constant over time), the sample éross-correlation function may be used
to test whether the 2 geries are correlated and whether tiée lags or
leads exist between them. Prefiltering is 2§5essary since the
cross—correlation 1s difficult to interpret whenlgéch of the 2 series
are themselves correlatedl (Haugh and Box, 1977). The wvisual
interpretation of cross-correlation estimates between 2 stationary time
series 1s facilitated by the fact that the 957 confidence limits are
approximately + or - 2/{Yn - E , where n = number of points and k =

o

number of lags.

(2R3 “
This prefiltering may be achieved through the application of
ARIMA (p,d,q) models, that is, various combinations of dutoregressive

terms (p gives the number of autoregressive'terqs) differencing (d'gives

<
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the degree of differencing) and moving average terms (g gives the number
of moving avegagé tegms)(Box and Jenkins, 1976). TLoge transformations
may also be used for biological variables. In autoregregsgive models, the
current value of.a-nrocess i1s expressed as a finite, linear aggregate of
p previous values of the process and a current random shock. Tf the
level or mean of a process varies wiéh-time, a first difference filter
{(d = 1) may be applied and the time series will become indevenﬁent of
the level and thereby stationary. If the level or mean as well as the
slope:gﬁ.a process Qaries, a second difference filter (d = 2} may be
applied to correct for this non-stationarity. In moving average models,
the current value of 4 process is expressed as as a finite, linear
aggregate of q previous shocks. In order to check if the residuals are
stationary, the autocorrelation function of the residuals may be
examined. The autocorrelation estima:es of a stationary time series

should be less than + or — 2/Vn, where n = number of points. The

stationary residuals from each time series may then bhe cross—correlated.

If there is a tendency for periodic comnoﬁents to occur,
cross-spectral analysis should also he emploved. IP cfobs-spectrai
analysis the correlation is estimg;ed between pairs of variable; as a
function bf frequency. A squared cdhgrence spectrum and phase spectrum
may be caiculated {Jenking and'Wath,I1968). .This corresponds to a
knowledge of both the maximum crdss—correlation gnd’xhe corresponding

lags or leads at each frequency. Noise-tfi“the system causes the squared

cohereqee estimhtés to be low e con%?hence limits on the phase

e —
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estimates to be correspondinély largé; ‘Prefiltering of the data sets is
unnecce;sary as the.squared coherence spectrum and the phase spectrum
are equivalent when either the non—transformed data sets or equivalently

prefiltered data sets are compared.

Significant cross—correlations at negative lags when a time
series obtained from station 1 is compared to a time series obtained
from station 3 suggest that changes at station 1.lag those at stat;on 3
by k number of days. Significént cross—correlations at positive lags
when a time series obtained from station 1 {3 compared to a time series
obtained from station 3 suggest that chan;es at station 1 lead changes

at station 3. Significant cross-correlations at a lag of 0 suggegt that

changes are occurring on the same day at both stations.

i

Lags or leads between stations could also be determined byl

caleculating the slope of the phase spectrum and the time required for
one cycie. A phase .shift was referred to as a lag when station 1
followed station 3 (-ve slope on phase spectrum when station 1 was
compared to station 3) and as a lead when statioﬁ 1 lead station 3 (+ve

slope on phase spectrum when station 1 was compared to station 3).

Programs uged

A library‘ program (Minita® was used to determine

éutocorrelationé\/—e:%éi:correlations and to prefilter the data

.
(calculations as outlined in Box and Jenkins, 1976). Spectral\hnalysis
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was done using the Bioﬂ:edical library routines\, BMDO2T, BMDX92 and
BMDX68 (Dixon, 1969). The number gt lags that-‘c;eln be fitted to a data
set is determined by N/4, where N is equal to the nu;nber of data points
(Platt and Denman, 1975). Using BMDO2T, the degrees of freedom are
equal to 2.5 x N/M, where N is the numbe¥ of data points and M 1is the
" number of lags. The/éegrees of freedom allows one to determine the 80
or 95X confidence intervals for the spectral estimates (Jenkins and

-

Watts, 1968). r\‘ L



III) RESULTS

III-1 Temporal and Spatial Variability
ITI-1-1 SPECTRAL ANALYSIS OF TEMPORAL VARTIABILITY

Individual spectra obtained from the different data sets
(weekly, daily and at 20 minute intervals for temperature only) were
combined in order to resolve the spectrum over a greater range of
frequencies. "The logarithnx of the power spectral estimates was then

plotted as a function of the logarithm of the frequency.

Temperature-~-

Three 'séparate spectra were combined for temperatures at the .

=~

surface and at 4m. The first spectrum was calculated using 111 weekly
values with 20 lags and covered periods from 280 to' 14 days. The second
spectrum was calculated using 105 daily values with 20 lags and covered
periods from 40 to 2 days. The third spectrum wgf calculated using 576

values taken at 20 minute intervals with 100 lags and covered periods

from 2.8 to .028 days. ,

28



—~/
~

-29~

The powi; spectrum for temperature at Om followed a slope of -5/3
with increasing frequency or deéreasing pericd, when plotted on a
log-log scale (Figure 2), as expected for a passive scalar withi; the
flow field (Kolmogorov, 1941, Denman and Platt, 1976). The first point
in the third spectrum fitted in with estimates from the second spectrum
but was followed by a large increase in the power spectral estimate aat a
iperiod of approximately 1l day.

-

The combined spectrum for the temperature at 4m was gimilar
(Figure 3). A strong diurnal signal was also observed for the
temperature at this depth. At higher frequencies the power spectral

estimates were more variable at 4m than at Om. This extra variability

was likely due to intermal waves.
Chlorophyll-a-

Two separate spectra (calculated from 111 weekly walues and
covering periods from 280 to 14 days and from 105 daily values and
covering periods from 40 to 2 days) were combined. The power spectrum
for chlorophyll-a also followed a slope of -5/3 from a period of
approximately 93 down to 4 days, suggesting that at these time scales,
chlorophyll—-a behaved 1like a passive scalar within the flow field
(Figure 4). Some flattening of the power spectrum for chlorophﬁ}l-a in
Guelph Lake occurred at lower frequencies and at higher frequencies.
Denman and Platt (1976) suggest that when the chlorophyll distg;deion

is controlled by blological processes the variance of chlorophyll will
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Figure 2 - Power spectrum for temperature at Om (80X confidence limit

-

at right). Note the large irerease in the power sgpectral

estimate at a period of 1 day.

rd

@® weekly data set
O daily data set

0 20 min. data set
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Figure 3 - Power spectrum for temperature at 4m (807 confidence limit

-

at right). Note the large increase in the power spectral

\/\ estimate at a period of 1 day. \-/'
/
@ weekly data set
‘ ; —
) O daily data set \

- ’ "
Qj (O 20 mwin. data set . ’
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Figure 4 - Power spectrum for chlorophyll a, (0-7)m sample (80%
confidence limit at right). Note the flattening of the
power spectrum at higher and lower frequencies.
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be a less decreasing ‘;unction of wavelength than will he a pasgive
scalar. This suggests that at those time $cales where a flattening-of

the power spectrum occurred, biological processes were important.

Water column stability (Nz)-. - a__//i

e

f: Two separate spectra spanning periods from 280 to 14 days and
from 40 to 2 days were again combined for Nz(b—B)m and NZ(O—IO)m. The
first 2 estimates for the second spectrum were much higher than

_eétimatés from the:first s;ectrum. fncreases in power spectral
estimétes occurred at periods of 4 weeks and 2 weeks gFiqure 5Y. fhe
siope of the spectrum observed for N2(0—10)m was much steeper than for

NE(O—B)m. This suggests that a lower proportion of the total variance

: 2
for NZ(O—IO)m than for N"(0-6)m is found at higher frequencies.



)

Fige 5 — Power spectrun for water column stability, N2(0-6)m and

N2(0-10)m (80% confidence limit at right).
3
*—o N2(0-6)m weekly data set
_.-—. NZ(O-IO)m weekly data set
D—ON%(0-6)m daily data set

O--O N2(0-10)m daily data set

O
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Wind speed-
1
The power spectrum was calculated using 156 daily values with 39
4
lags. Increasgs in the power spectral estimates were observed at

periods of 10-12, and 4-6 days (Figure 6).

zeu/zm—

The power spectrum was calculated using 105 daily values with 20

lagsg. Increases in the power spectral estimates were observed at

periods of 5-7 and 2-3 days (Figure 7).

Nutrients—

L

Two sepafate gpectra were agaln calculated for SRP, TP, 51 and
N03-ﬁ + NOZ—N (Figures 8,9,10,11). A sharp decrease in the powef
spectral estimates for TP and N03—N + NOZ-N » and to a lesser extent for
SRP, was oBserved after a period of 140 days. qﬁﬂs reflects the

variability of these nutrients at seasonal time scales. The spectra

~observed for TP, NOB—N + NOZ_N were quite flat after this period,

suggesting that these substances were not merely behaving as passive
scalars within the flow field' and thét- biological processes were
{mportant at these time scales. Power spectral estimates for Si were
roughly constant throughout the full range of frequencies examined. &

week and 2 week periodicities were evident in the power spectra for SRP
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Figure 6 - Power spectrum for wind|[speed (80% confidence limit

at right).
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Figure 7 - Power spectrum for zeu/zm (807 confidence limit at

right).
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ure\S - Power spectrum for soluble reactive phosphorus (802
\coufidence limit at right). Note the increases in
the power spectral estimates from the weekly data

set at periods of approximately 2 and 4 weeks.
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Figure 9 - Power spectrum for total phosphorus (80% confidence
limit at right). Note the decrease in the power gpectral

estimates after a period of 140 days.
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% Figure 10 - Power spectrum for silica (80Z7 confidence limit at
right).
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Figure 11 - Power spectrum for combined nitrate and nitrite (80%

confidence limit at right). Note the drastic decrease

.

in the power spectral estimates after a period of 140

.

days.
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(Odaily data set
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calculated.from the weekly data set, but not from the daily data set.
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PIH-I_Z TIME SERIES ANALYSIS OF SPATJAL VARIABILITY

¥

IIT-1-2-1} Horizoq&al Advection.

Thé analysis of phytoplankton population dynamics from samples
taken from only one station 1is complicated by the fact that water
motions and horizontal advection cause hopizontal redistribution of the.
phytoplankton (Heaney, 1976, HReaney and Talling, 1980}. The advection
Datternkfo; any given variable may be seen through station—-to-gtation
comparisons of the time series observed. Different rates and-difections
of.horizontal transport for“d;ffgrent variables were observed 1in
sﬁation—to-station comparisons for the daily time series.

—

Soluble reactive‘vhosphqrus (SRP)~-
“

Results for cross-correlations of non-transformed data, }st
differenced data dd }esidpals fafter ARTMA modelling) indicated that
the iqtegrated SRP at s{;tion 1 lagged thatr at station 3 by 3 days
(Figure 12a)..ﬁignificantfcross;corre%ations were also 9eeé between the
SRP at station 1 and that at station 3, 15 days later. Cross-spectral
,analysis of the non-transformed data (Pigure 12b) also Tevealed a Mﬁiof

R 3 days between station 1 and station 3. This 3 day lag for SRP hetween
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station 1 and station 3 (separation - 1 km) works out to anraévection

rate of .4 em/s. The SRP a;_sta;ion I was found to be highly\zz;?hlated
‘witﬁ that at station 2 é;f:;e same day and ! day earlier (E}gure lZc{“
Significant cross—correlations were aiso observed at a laé of 10 days
and a 1ead of 15 days. Examin;tion of the phase spectrum suggested ;\5'
less than one day lag between stations 1 and 2 (Figure 12d). The SRP at
station\@/was found to be correlated with that at station 3, 3 days
earlief, ,on the same day and 7 days later (Figure 12e). The phase
spectrum rtevealed a 2-3 day /}ag as oSserved between station ! and
station 3 (Figure 12f). N ‘

‘ ST~

Total phosphorus (TP)- N\
/

The TP at station 1 was significantly corrélated with the TP ag\
statioﬁ 3 on the same day.as well as 19 days earlier and 14 days later
(Figure 13a). The TP_at station | was significantly correlated with the
TP at station 2 on the same day as well as 4 days earlier (Figure 13b).
The TP at station 2 was significantl& correlated with the TP at station
3, 15 days later (Figu;;‘/13c). Examination of the phase spectrums

revealed no clear lags or leads since the coherences were low and as a

result the confidence limits were wide.

Combined nitrate and nitrite (N03-N + NOZ"N)-
No lags or leads between the stafions were obsgerved. For
example, when thg nesidﬁals from station 1 were compared_fo station 3

)
—
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Figure 123

Cross—correlation estimates between SRP ARIMA (101)
residuals from station 1 and SRP ARIMA (101)
residuals from station 3 (at k = 0O ,zfor p< .05, r
> 195 , at k = 20 , for p < .05 , ° > .217)
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Figure 12b - Phase spectrum for socluble reactive phosphorus, station 1

Y
versus station 3. (957 confidence limits). The -ve slope

-
suggests that station 1 lags station 3 by 3 days.
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Figure 12c Cross-correlation estimates between SRP ARIMA (101) 48

residuals from station 1 and SRP ARIMA (101)
residuals from station 2 (at k = 0 ,2for p< 05,
> 195 , at k = 20, for p < .05, r > .217).
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Figure 12d- Phase spectrum for soluble reactive phosphorus, station 1
verus station 2. (95% confidence limits). The -ve slope

suggests that station 1 lags stationm 2 by 1 day.
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Figure l2e

i

e,

48
Cross—correlation estimates between SRP ARIMA (100)

residuals from station 2 and SRP ARIMA (100)
residuals from station 3 {(at k = 0 .zfor p < .05, r
> .195 , at k= 20, for p< .05, ¢ > .217).
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Figure 12f- Phase spectrum for soluble reactive phosphorus, station 2

versus statiom 3. (95% confidence limits). The -ve slope

suggests that station 2 lags station 3 by 2-3 days.
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Figure 13a

—100

50
Cross-correlation estimates between TP ARIMA (101)
residuals from station 1 and TP ARTMA (&01) residuals
from station 3 (at k = 0 foi p < .05, ™ ».195 ,
at k = 20 , for p <'.05 , £~ > .217).
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Figure 13b Cross—correlation estimates between TP ARIMA (101)
residuals from station 1 and TP ARIMA (10%) residuals
from station 2 {at k'= 0 , for p < .05, x” > .195 ,
at k = 20 , for p < .05 ,-r" > .217).
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Figure 13c Cross—correlation estimates between TP ARIMA (101)

regiduals from station 2 and TP ARIMA (IO%) residuals
from station 3 (at k = 0-, for p < .05, r" ¢ .195
at k = 20 , for p < .05, " >
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the only significant value was that on the same day (Figure 14).

~\
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Chlorophyll-a—

Significant cross—correlations between the residuals from station

1 and station 3 were found on the same day as well as at a lag of one

day (Figure 15a). Examination of the phase spectrum indicated a slight

‘lag between the stations of 12 hours, suggesting an ad;ection rate of

~ { 2.5 em/s (Figure 15b;? Similar results were obtained when station | was

compared to statiom 2 (Figure 15c). No lag was observed between station

2 and station 3 (Pigure 15d). ' - >

Aphanizomenon—

e

of )JAphanizomenon at station 1 lagged those at station 3 By 7 days

. ’ -~
Figure 16a) and those at statfon 2 by one day igure l%c).

Examination of the phase spectrigbréealed a 6-7 day lag between station

1 and station 3 , suggesting an advection rate of .2 cm/s (Figure 16h)

“and a 1-2 day lag between station ! and station 2 (Figure 16d). A 6 day.

lag was observed. between sgtation 2, and station 3 when both the

\ ‘
croggs-correlation estimates (Figure l6e) and phage spectrum® (Figure 16f)

- % \\\}ere examined. . £

: _ . ' 3
‘\\\\\ Cross-correlation estimates revealed that the relative abundances
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Figure 14
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Cross-correlation estimatesbetwben combined N03-N and
NO,-N ARTMA (111) residudls from station 1 and
combined NO.~N and NO-~N ARTMA (lll)zreéiduals from
station 3 (Tat k -20, for p < .05, " > .195, at k =
20, for p < .05, ™ > .217).
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Figure 15a
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Cross—correlation estimates between log e tranmsformed
chlorophyll a ARIMA (101) residuals from station 1
and log e transformed chlorophyll a ARIMA (101) 9
residuals from station 3 (at k,= 0 ,for p < .05, r” >
195, at k = 20, for p < .05, r© > .217).
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Figure

15b - Phase spectrum for chlorophyll a, station 1 versus
-~
station 3. (95% confidence limits). The -ve slope suggests

that station 1 lags statiom 3 by .5 days.
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Figure 15c Cross—correlation estimates between lpg e transformed
— chlorophyll a .ARTMA (10l) residuals from station 1 and
log e transformed chlorophyll a ARIMA (105) residuals
fromestation 2 ( at k ¥ 0, for p ¢ .05, r~ > .195, at
k = 20, for p'< .05, " > .217).. ‘
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Figure 15d Cross-cortrelation estimates betweas log‘L transformed

chlorophyll a ARIMA (101) residual¥® from station 2 and
log e transformed chlorophyll a ARIMA (105‘) residuals
from-station 3 ( at k 3 0, for-p < .05, r° > .195, at
k = 20, for p < .05, r° > ,217).
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Figure 16a Cross-—correlation estimates between Aphanizomenon
ARTMA (10!) residuals from station 1| and Aphanizomencn
ARTMA (IOI)Zresiduals from station 3 (at k = 02', for
©p< 05, r7 > .195, at k = 20, for p < .05, r >
S217). . :
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Figure l6b- Phasegspectrum for Aphanizomenon, statioan 1 versus
| At - f
station 3. (95X confidence limits). The -ve slope\ﬁgggests

that station ! lags station 3 by 7 days.
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Figure l16c Cross-correlatlon estimates between Aphanizomenon 61
ARIMA (101) residuals from station 1 and Aphanizomenon

/

‘ ARTMA (002).residuals from station 2 (at k = 02, for
¥ ¢ .05, %> .195, at k = 20, for p < .05, r2 >
-217)0 ' Y
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Pigure 16d- Phase spectrum for Aphanizomenon, station 1 versus

st%tion 2. (95X confidence limits). The —-ve slope suggests
Fa

that station 1 lags station 2 by 1 day.
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Figure 16f- Phase spectrum for Aphanizomenon, station 2

station 3. (95X confidence limits). The -ve

that station 2 lags station 3 by 6 days.

versus

slope suggests
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Ceratium—

Relative abundances of Ceratium at station | were found to lead
\\\\\~—'tﬁ6;éxat station 3 by 2 days, suggesting an advection rate of .6 em/s,
when botT\ the cross-correlation function (Figure 17a) éQd the phase
spectrun (Figure 17b) were examined. Relative abundances of Ceraéium at

station | were found to lead those at station 2 by 1 day Figure 17¢). A

[

1 day lead was observed between station 2 and station 3 (Figure 17d).

Stephanodiscus—

A 3 day lag, suggesting an advection rate of .4 ém/s, was
) ' ’
observed between station 1 and station 3 (Figure {?), No clear 1
’
Ny
leads were seen between stations ! and 2 and 2 and 3.

Lyngbya birgei-

A 2 day lead, suggesting an advection rate of 1.1 cm/s?

observed between station 2 and station 3 (Figure 19). No clear lags or

leads were seen between stations 1 and 2 and 1 and 3.
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Figure 17a Cross-correlation estimates befween Ceratium ART™A
(101) residuals from station | and Ceratium ARTMA

(&01) residuals from station 3 (at k = , for p < .05

r- > .365 , at k =15 , for p ¢ .05 , 5{ > .517).
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Figure 17b - Phase spectrum for Ceratium, statioa 1 versus

station 3. (957 confidence limits}. The +ve slope

suggests that station 1. leads statioz 3 by 2_days.
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Figure 17c Cross—correlation estimates between Ceratium ARTMA
(101) residuals from station ! and Ceratfum ARIMA
(101) reziduals from station 2 (at k = O, far P
< .05, v° > .365, at k= 15, for p ¢ .05, r° > .517).
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Figure 17d Cross—correlation estimates between Ceratium ARIMA
(101) residuals from statioun 2 and Ceratium ARTMA
(1on) reﬁiduals frgp station 3 (at k = O, er P
< .05, r™ > .365, at k = 15, for p ¢ .05, t° > .517).
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Figure 18 Cross-correlation estimates between Stephancdiscus 70
ARIMA (101) residuals from station 1 and
Stephanodiscus ARTMA (101) residualﬁ from
station 3 (at k = 0, for § < .05, 7 > .195,
at k = 15, for p < .05, r° > .217). .
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Figure 19 Cross-correlation estimates between Lyugbya

ARIMA (101) residuals from station 2 and Lyngbya

ARTMA (101) regiduals from statfon 3 ( at k = O,
fgr p < .05, r > .269, at k = 16, for p < .05,
r > .321).

-1.0 -.8 -.6 -.4 =.2 .0 .2 .4 .6 -8 1.0

J—
+

e
™ *

LAG
{days)

g'a-ag%?

(2
2

T I l?l

O ORI W= O MWW oy~ 0O

71



A

_72_

ITI-1-2-2 Redistribution by wertical mixing
Within station 1 depth comparisons for SRP.and TP-

The results obtained from the cross-correlations between
different dépths at station 1 aBd the au;o—correlations of SRP at each
depth suggested that on averagexa;er the 105 days examined, the upper 2m
vas not mixed with the rest of the water column with regards to SRP
concentrations. This suggests that biological processes have an
important affect on the SRP concentrations in the upper layers. The
auto-correlation estimates of the time series of SRP at 0, 1 and 2m were
significanF up to lags of a few days (Figure 20). 1In contrast, the
auto—correlatioﬁ estimates of the time series of SRP from greater depths
were non-significant except‘at lags of 20 days (Figure 50). A summary
of the significant cross—correlations obtained when the SRP time series
from different depths 'were compared is shown in Table 2.
Cross—correlations were high on the same day when MP at Om was.
coﬁpared to the SRP at-lm and the SRP at lm was compared to the SRP at
2m. Cross—correlations were high on tbe gsame day when the SRP at 3, 4
or 5m was compared to the SRP at 10m. Cross-cofé%lations were also high
at longerlnegative and/or positive laés. Por example, the SRP from 5m

¥

at station 1 and the SRP from 10m at station 1 were significantly

crogs—correlated on the same day (r2 = .894, for p < .05 , r2 > .195),

20 days earlier (r2 = .435, for p < .05 , r2 > «217) , 10 days earlier

(r2 = ,208, for p < .05 , r2 > «+205) and 20 days later (r2 = ,252, for p

< .05, 2> .17y,
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Figure 20 . .
: Auto=correlations of SRP at varicus desntcha
(daily cime sarfes, “av A g Aygust 2N, 1991)
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Table 2

Significant cg;ss-correlations between soluble reactive

phosphorus (SRP) time series obtained from different depths

at station 1 (daily time series, May E to August 20, 1981)
(at k = 0, for p < .05, T, > 195, -

at k = 20, for p < .05, ° > .217).

Lag (cross—correlation gps imate)

0 haly ‘
ﬁ% / ‘ \
-1 (.396) =3'(.258) 10 (.225) 17 (.315) 19 (.395)

ln to 3m

2m to 3m (.358) } . .
2m to 5m (.225) L\
2m to 10m «273) =12 (.234) 1 (.27e0

Im to 10m 0 (.759) 10 (.308) “20 (.245)
4m to 10m 0.(.604) -18 (.212)
5o to 10m o\?\§94) -20 (.435) -10 (.208) 20 (.252)
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¥
When TP wvalues from 0, 5 and 10m were cross—correlated .all
combinations had a maximum cross—correlation on the same day (Table 3).
Significant crosé—correlations were also seen at longer lags and leads.
For example, the TP from Sm at station 1 and the TP. from 10m at station
s
l were significantly correlated on the gamne diﬂf?;ﬁw— .485, for p < .05,

rz > .195) and 18 days earlier (r = -220, for p < .05, rz > .214),

_ »
ITT-1-3 SUMMARY -

The object of using power spectral analysis on time series of
temperature, Nz, wind speed, zeu/zm and nutrients was to ﬂetermineifﬁé
dominant physical and chemical cycles in the system. Four-week and
t#o—week periodicities were evident in the power spectra ohtained from
the weekly data sets for N2(0-6)m and Nz(O—IO)m. The power spectrum for
wind gpeed décreased with increasing frequency ﬁith"increases seen af
_peri;:s of ‘10 and 4-6 days. The power spectrum for zeu/zm decreased
with 1ncreased frequency wﬁth increases seen at periods of 5-7 and 2-3
days. Longer term periodicities in wind speed and zeu/zm may have been
regolved 1f a power gpectrum was calculated from a weekly dat;‘set. The
power SDEC£?81 estimates for N03-N * NOZ-N and TP were roggﬁly constant
except for increasés seen at‘seaaonal time scales. The power spectral

estimates for S1i were rough]ﬁnstant throuzhout all time scales

examined. In contrast, 4-week and 2-week veriodicities were evident in

' _—_/'-\h/



Table 3 ' 78

Significant cross—-correlations” between total phosphorus (TP) time
series obtained from different depths at station 1
(daily time series-~ May 8 to August 20, 1981)
(at k = 0, for p < .05, r2 > .195,
at k = 20, for p < .05, r” > .217).

Depths  Lag (cross—correlation estimate)
compared
Oum to Sm 0 (.568) -17 (.227) -20 (.232)
\I
AP
-~
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the power spectrum for SRP calculated from the weekly data set.

<

The data clearly shows the existence of shért—term (2-3 day) lags
and leads between stations as nutrients, biomass and individual speciés
moved within the basin. Significant cross-correlations at longer lags
and/or leads were also observed in the gstation-to-station comuarisqns
and within station 1 depth comparisons for both SRP and TP. tonger‘term
lﬁgs and 1e§ds would arise if all stations showed similar fluctuations
at these time scales: fluctuations driven by basin wide events such as
the entrainment of hypolimmnetic water and maﬁorvread1ustments in the
depth of the thermocline. The periodicities observed in Nz and in the
wind speed data showed strong evidence for 10-20 day fiucguations which
are known to be associated with the passagﬁd of atmos;heric weather
systems through temperate latitudesg (Bovce, 1974). The periodicities In
the stability of the surface waters are driven by periodic fléctuatigns
in wind sneéd. A summary of the significant cross—correlations obtained
in station-to-station and within station I (0,5 and 10m) depth
comparisons for SRP and TP 1s shown 1in Table 4. Chi-square analvsis’
revealed that the frequencies of significant cross-correlations at lags
or leads greater than 4 were not as expected by chance at a sigﬁifigance
level of p< .N5. The data suggests that high cross-correlations at lags
or leads greater than 10 days are likely due to vertical mixing rather

than being statistical outliers of no significance.



Table 4 -

Summary of between station and within station
comparisons for soluble reactive phosphorus (SRP) and
total phosphorus (TP) and significant autccorrelations
in wind speed. Significant cross-correlations (p ¢
.05) between stations and within station 1 at
different depths for SRP and TP have been tabulated. A
+ sign indicates a significant cross—-correlation at a
positive lag and a - sign indicates a significant
cross—cotrelation at a -ve lag. If a time series from
station 1 is compared to a time series from station 3,
a significant cross-correlation at a -ve lag suggests
that changes at station 1 lag those at station 3 by k
oumber of days, where k = lag. Similarly, a
significant cross-correlation occurring at a +ve lag,
suggests that changes at station I lead those at
station 3. The lags having significant .
autocorrelation estimates for wind speed are indicated
by a *,
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Table 4~ Summary of between station and withia station
e comparisons for soluble reactive phosphorus
’ (SRP) and total phosphorus {TP) and
significant autocorrelations in wind speed.

Station to Station Withip station
LAG SRP / TP / SRP / TP
(days) station number depth (m)
. 1,3 1,2 2,3 1,3 1,2 2,3 0,5 5,10 0,10 0,5 5,10 0,10
0 - - - - - — -
1 - -+ -
2 - +
3 - +
4 - - -
5
6
7 +
8
9
- + - -
+ - +
+ +
< - + +
o
! +,- -
Chi-square test: g
‘Pooled classes Observed frequency Expected Prequency
5-9 1 6
10-15 9 7.2
16-20 10 6

The expected frequency of significant cross-correlations {p < .05) at
any one lag is 2/40 * 12 (aumber of runs) * 2, since the -ve and + lags
have been combined in 1 row. /xz = 7.29. For 2 degrees of freedom , at

p = .05, X%

-t
= 5.99 dnd at p = .01, fxz = 9,21, The results of this test
y suggest that the frequency of significant cross-correlations at lags

greater than 4 are not as expected by chance.
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ITI-2 Relationship between environmental variables and phytoplankton

dynamics
IIT-2-~1 DATLY TIME SERIES

IT1I-2-1-1 General description of phytoplankton dynamics {(May 8 to August

20, 1981)

Integrated chlorophyll-a concentrations were higher at the
beginning (May 8-27) and the end of the time series (late July- August)
(Figure 21). The average chlorophyll—a concentfation was 8,4 ug/l. The
phytoplankton diversity increased in May, decreased in mid-June,

.

Increased again in early July and then decreased towards the end of the

\time series (Figure 21). The rates of community change were low in early

May and from mid -Ju(? through to the end of the daily time series .

(Figure 21). Increases\in the rate of community change occurred in late
-

May, mid-Juﬁe and early July. The (0-7)m abundances of several

phytoplankton species over the 105ldays are shown Iin Figure 22. The

phytoplankton dynamics observed during this time interval can be

described in terms of 4 periods:
May 8 to May 27-

At the onset of daily sampling, diatoms such as Stephanodiscus

and Asterionella were present and on the decline. By May 27, abundances

of these diatoms were low to non-measurable. The blue-green alga



Figure 2] — Time series plots (May 8 - August ZQL_LEBI) of chlorophyll

’ a , phytoplankton diversity (Shannon-Weaver index, 1963)
and rate of phytoplankton commun{?} change (Lewis, 1978)

-

(station 1, integrated sample).
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Aphanizomenon was alsc present and declined in abundance by the end of

qu. Other algae present and declining included Dinobryon and

Cchromonas.

May 27 to July 6-

Cryptomonas erosa and Crytomonas ovata increased to a peak in

early June and then decreased throughout the rest of this period.
Rhodomonas increased until early June and remainéd pregent throughout

this period. Planktosphaeria and Ochromonas began to 1increase in

mid-June. Ceratium and Oocystis Eirst appeared towards the end of June.

An increase in the abundance of Dinobryon was observed in the later part

of June.

July 6 to July 26-

[y

Several blue—green algae (Microcystis, Gomphosphaeria,

Coelosphaerium, Lyngbya and Merismopedia) appeared and continued to

increase throughout this period. Ceratium continued to increase. Green

algae such as Oocystis and Planktosphaeria peaked mid-way through this

period and declined to low—levels by July 26.

July 26 to August 20- ' ~7

. . -
Melogira, Dinobryon and Aphanizomenon began to 1increase again.

Ceratium decreased after July 26. Merismopedia decreased from July,26




Figure 22 - Time series plots (May 8 - August 20,
phytoplankton abundances (station 1,

sample).

f-’—‘\

1981) of
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to August 5, increased again until August 15 and then decreased.

Lyngbya began to decline in the second half of this period whereas

Mierocystis, Coelosphaerium and Gomvhosnﬁgg;ia continued to inecrease.

III-2-1-2 Gemneral description of environmental variables {(May B to

August 20, 1981)

Time series plots of environmental yariables over the 105 days
are shown in-Figures 23 and 24. N2(0—6)m began to increase in mid-May
but fluctuated between high and low values with glz;cle of approximately
20-30 days throughout the ‘daily time series. HZ(O-IO)m began ‘to
increase in mid-May, rqql@ggya mgximum in late July, and then decreased.:
Wind speeds were higher i;'May (x = 8.7 mph) and June (X = 8.8 mph) than
in July (X = 6.9 mph) and August (X = 6.0 mph). Richardson numbers were
consistently low for the firsF 50 days and became more variable in the
lagt 55 days. zeu/zm ratios were low (< .7) except for 4-5 weeks
starting in mid-June. The proportion of 1ilum1nated and dark water that
a phytoplankton cell 1s circulated in is a function of the 'zeu/zm ratio.
As the zeu/zm ratic decreases, the proportion of dark water that a

phytoplankton cell is circulated in, increases.

Surfasélga&er temperature began to increase in mid May, reached
a wmaximum (°25 C) and levelled off in early July. Surface pH was
relatively constant (8.4 - B.7) until July 26 and then decreased. The

water at 10m became anoxic at the beginning of July and remained anoxic

throughout the rest of the daily sampling period. NH3 concentrations

- i



P

Figure 23 - Time series plots (May 8 - August 20, 1981) of
water column stability (N2(0—6)m and NZ(O—IO)m at

station 1). Note the periodic fluctuwations in N2(0—6)m.
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increased with the develoﬁ;ent of anoxjc conditions at 10m.

SRP and TP concentrationslwgre highly variable throughout the
sampling period. The average concentfation of SRP Iin the integrated
sample w'a/sa 7.52 ug/1 (sd = 7.85). The average concentration of TP*in the
integrated sample was 24.8 pg/l (sd = 11.4). Results from
stat{on—-to-station and within station 1 depth‘co&parisons for SRP and TP
suggested that periods of vertical mixing and therefore increases 1; SRP
and TP {in the integrated sample occurred every 10-20 days. Power
spectral estimates for SRP and TP dropped sharply after a period of 140

days. Four week and 2 week periodicities were evident in the power

spectrum for SRP, but not for TP, obtained from the weekly data sgets.

51 levels were highest in mid.to late August. The power spectrum for Si

was roughly constant over the range of periods or frequencies examined.
NO;-N + NO,=N concentrations declined at a steady rate (.01 mg/1/day)
from an initial value of 1.35 mg/l down to .19 mg/l throughout the 105
days. The power spectral estimates for NO3-N + NOZ-N decreased sharply
after a perfod of 140 days - and we;e then foughly congtant ‘with
decreasing periocd.

The lake level declined from May 8 through to July 5. A sharp
increase back to the level observed on May 8 followed. _Increased levels
of SRP and TP occq‘ged at this time. The lake level then continued to
decline. Inflow rates were highest in mid—May, early July and late
August. The flushing time of tHZ lake ranged from 90 to 300 days with

an average time of 165 days, suggesting that over the 105 days it may be



Figure 24 - Time series plots (May 8 - August 20, 1981) of

environmental variables.
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considered a closed basin.

Y

ITT-2-1-3 Sedimentation trap catches
Accumulation rates of total phosphorus-—

The rates of accumulation of TP in the upward facing trap at 2m
were generally higher than those in the downward facing trap at this
depth (Figure 25). Rates were highes? in April to eérly May and in
early August wi a slight peak in mid-June. The same pattern was
observed for th} sedimentation trané placed at 4m. | The rates of
accumulation of ¥P in the upward facfyg trap at 10m did not show a clear
séasonal pattern but rather varied up and down throughout the sampling
period with a peak in mid-June. Increased rates of TP accumulation were
observed in the downward facing traps at 10m in late July and August

suggesting that resuspension of material from ‘the bottom sediments was

occcurring at this time.

Phytoplankton counts—

Diatoms were most abundant 1in upward facing Eraps recovered from
April 22 to mid-June. The trap catches of di§toms during this period
are shown in Figures 26, 27, 28, 29. Catches increased in late Augusat.
Catches in downward traps were low except for gome occasions In the
traps at 4m. Green algae were most abundant in traps rvecovered in

mid-July. Blue—green algae such as Microcystis, Gomphosphaeria and
z -
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Figure 25 - Accumulation rates of tbotal phosphorus (TP} in the upward

and downward facing gsedimentation traps at 2,4 and 10m.

hatched bar = upward facing trap N

solid bar = downward facing trap g |

o
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Lyngbva were recovered in low amounts through June and early July and to
a much greater extent in late July and August. Figures 31, 32, 33 show
the trap cqtéhes of these blue-green algae in July and August.

Aphanizomenon was recovered 1in traps from April 22 to mid-June (Figure

\

Informatien obtained from the trap catches was used to calculate

30) and late August as with diatoms.

the sinking rates for some diatom specles and the relative contribution
of sedimeqtatlon to the loss of these species. Information from the
trap catches of blue—green algae in the upward versus downward facing
traps, was used to examine the vertical activity fanges of these algae.
The depth range in which a particular species shows up Iin the traps may
be interpreted as a vertical activity range (Reynolds, 1976b).
Positively buoyant individuals would accumulate in the déwnward facing

traps... The specific migration activities of floating versus siﬁking

individuals of Microcystis, Gomphosphaeria and Lyngbya were calculated.

The possibility of the recruitment of these algae from the bottom

sediments was then examined.

Loss of Diatomsg-

Sinking rates-

By the end of May, the éﬁ&ndances of diatoms were low to

,
’ ,

non-measurable (Figure 22Y. The sinking rates for four sgpecies of

diatoms were calculated as outlined in the methods. Vt values (based on

Y
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~
trap catches) could only be calculated when there was a measurable

(0-7)m concentration of t}}f. species in question at the time of trap
removal. Vd wvalues (not ’base'd on trap catches) could®only be calculated
when there was a decr;easé in the (0-7)m concentration of the algal
species fromvthe time the traps were set to the time the traps were
removed. Results of Vt values -(using the upward trap catch at 2m) and

Vd values f@r some of the diatom species observed are given in Table 5.
| ' ’
v "

;

{ Differen/t-.species had different sinking rates. Rates for

(

individual spécias ‘yaried from one trapping interval to the next. An
f . N ~

~

o1
increase in the‘.I sinking rates (both Vt and Vd) of Asterionella,

-

Stephanodiscus an‘d Melosira was observed from April 22 to May 1. A

further inc}rease in sinl'cing rates was observed for Asterionella and

. : J -
Stephanqdiscus from May I to May ' 9. Sinking rates for Cyclotella

increased f?’é—nT‘April 16 to May 9.

Different Vt values for a gi‘ven species on a’ glven date were
obt:a-:l.ned when the upward facing trapg~eatches at the three different
depths were used (Table 6) suggesti.;(g that sinking rates varied with

i3 .
depth. Very high sinking rates at the 10m depth were observed for

\

Stephanodidcus, Asterionella and Melosira«on May 9%~ >

4

High trap catches of diatoms in theJupward facing trap at 2m were
.

generally followed by high trap catches in the upward facing trap at

10m, 1 trapping interval later (Figures 26, 27, 28, 29).

-

N N : ' /f‘ ' h .
. \ - ' : ' a

e
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Figure 26 - Accumulation rates of Stephanodiscus cells in the upward

and downward faciog sedimentation traps at 2,4 and 10m.

hatched bar = upward facing trap

solid bar = downward facing trap

)
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Figure 27 - Accumulatiog iates of Asterionella colonies in the upward

N
and downward faeipg sedimentation traps at 2,4 and 10m.

hdtched bar = upward facing trap

solid bar = dowaward facing trap
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Figure 28 - Accumulation rates of Cyclotella cells in the upward

and downward facing sedimentation traps at 2,4 and 10m.

hatched bar = upward facing trap

solfd bar = downward facing trap

iy
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Figure 29 - Accumulation rates of Melosira filaments in the upward "

and dowaward facing sedimentation traps at 2,4 and 10mn.

hatched bar = upward facing trap

solid bar = downward facing trap
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*\ Sinking rates from the upper 7m of Guelph Lake (Vd) and sinking

for the spring
(19816’trapping perieds (rates in m/day). -

Period

B

e
F11
22-1
May

1-9
May

9-19
May

19-26
May

Table 5

Into the upward facing trap at 2m (Vt),

101

tog

N

Stephanodiscus Asteriopella Cyclotella loéira
. vd Ve . vd v& vd Vo [ vd Ve -
_///.
.12 01 1.69 3,10 .15
.28 .85 .23 .35 1.90 1.08 4,20
1.60 1.93 2.28 3.66 .17
&
1.34 4.90
2.99



Table 6 102

Sinking rates (Vt values) throughout the water column in the
spring (1981) trapping period (rates in m/day).

Stephanodiscus Asterionella Cyclotella Melosira
Depth
of trap 2 4 10 2 4 10 2 4 10 2 4 10
(m)
Period
16-22
April 1 .1 .2 0 .1 .0 3.1 4.7 3.1 .2 .2 .0
22-1
May 9 4 .9 .3 .2 .6 " 4,2 2.7 3.8
1-9
May 1.9 1.0 15 3.7 3.2 18 2 .4 1.7
9-19 .
May 1.3 .6 .6 .9 .7 .8 4.9 5.4 12
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Cumulative sinking loss compared to maximum standing crop-

Results here (Table 7) show agreement between the proposged

sedimentary flu}es of diatoms and the corresponding maximal standing

crop. The proposed areal fluxes for Stephanodiscus_and Hélosira were 2
= 3 times greater than the cortesuonding-maximal gstanding crop, but
since the maxiﬁal_étanding crop$ may have been undereétimated By weekly
sampling, this is not unreasonable. The flux and crop éstiﬁates agreed

more cloéely for Asterionella and Cyclotella. The maximum standing crop

for the two green algae examiﬁeiffar excéeded/xae detected sedimentary
_ &

flux. The maximum Etanding crop of Lyngbya was also much greater than

the detected sedimentary flux.

Vertical Activity Ranges of Blue—Green Algae

Aphanizomenon- BN

_Filameﬁfs were recovered almost exclusively in the dowmward
facing traps suggesting that th? m;1qrity of the filaments, if not all,
wvere positively-buoyant (Figure 30, April 22 to mid-June). Catches in
the downward facing trap at 2m were nét.significantly correlated (r2 =
.276, p > .10) to the (0-7)m Eoncentration of filaments at the time of
trap removal, whereas the trap catches in the downward facing trap at 4m
(r2 = .991, p < .005) and the downward facing trap at I.Om-(r2 = .967, p
< .01) were significantly corre;ated to the (0-7)m concentration  of

. : 2
f{laments. Catches in the downward facing trap at 2m were correlated (r

&
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pral . Table 7 ’

I

Cumulative sinking loss (cells/cm2 in upward sedimentation trap

(at 10m) compared,to maximum gtanding crop
(cells/cm”) at station 1.

\'—
. - w
2
‘ *+
Species Cumulative Maximum C/P as a %
sinking —~ standing
loss ' crop
(< (P) \
Stephanodiscus 6.0 x 10° . 2.9 x 10° 207
Asterionella 8.6 x 10° 11.6 x 10° 74
. 4 4
Melosira 9.5 x 10 7 3.4 x 10 282
Cyclotella 3.6 x 10° 4.3 x 10° 84
Cyclotella . . ~
Pl 3 } 103 '
anktosphaeria 4.6 x 10 943 10 . .5
. 3 a3
Oocystis 9.7 x 10 168.x 10 6 v
Co3 3 '
Lyngbya 1.1 x 10 « 336 x 107 w3
7
/



Figure 30 - Accumulation rates of Aphanizome

’ solid bar = dowaward facing trap

filaments in the

upward arll downward facing sedimentation Araps at 2,4 and

10m.

hatched bar = upward facing trap
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= ,914, p < .10) to the total catch in the downward facing traps at 4m
and 10m at the next trapping interval. These results suggested that

-~ -

Aphanizomenon filaments appeared near the level of the first trap prior

to the levels of the second and third traps and prior to the increase in

the (0-7)m concentration of filaments.

Microcystis- </ﬁ\\_

Colonies were recovéred in greatest amounts in late July and
August (Figure 31)7 Sif}e daily phytoplankton counts were d?ﬁe for this
time period, the catches in the downward traps were compared to the mean
(0-m concgntiﬁéion of colonies during 'Ehe trapping interval. The
catches in the downward facing trap at 2m (r2 = 883, p < .095) aﬁa”ghe
downward facing trap at 4m (r2 = 917, p < .02) ‘we:gt:§{gpifggant1v
correlated to éhe mean concentration of colonies'during.t;:;trapping
interval whereas the trap catches in the downward facing trap at 10m (r2
= .588, p > .10) were not. There dié not appear to be a clear shift

.
L

from high trap catches In the downward facing trap at 10m to high trap
catches in th;‘downward facing trap at 2m or wvice versa. Specific
migration rates were calculated (Table 8). High specfic migration rates
for floating and sinking colonies at 10m were seen on August 5.
Floating rates gxcqeded ainking rates at .this depﬁh suggesting that over
this sampling interval Microcvstis coloﬁies were tecruited from the

P) N
sediments.

-
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Figure 31 - Acc;jETESion rates of Microcystis colofies in The upward

and dowaward facing sedimentation traps at 2,4 and 10m.

a
4

hatched bar = upward facing trap

solid bar = downward facing trap
»
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Gomphosphaeria- ' \\\\

Colonies were recPvered in greatest amounts in late July and
August (Figure 32). Thé/total downwafd Erap catches were significantly
zcorreléted (r2 = .954, p < .02) to the mean (0-7)m concentration of
colonies during the trapping interval. The trap catches in the downward
facing trap at 10m alone; were correlated to. the downward facing trap
catches at 2m (r = ,956, p < .02), those q} 4& (rz = .928, p < .05) and
to the mean colony concentration of colonies (r2 = .852, p < .10) during
the next trapping interval. These results suggest an upward shift‘of
colonies. High specific migrafion activities were seen from August 12

through fo August 19, especially for floating colonies, again suggesting

an upward shift of colonies from the sediments.

- .
Lyngbya-

Filaments were recovered in greatest amount in late July and

+ August (Figure 33). Trapxnatches in the downward trap at 2m (r - -
U

* +093) were not significantly Correla fo the (0-7)m concentration of
filaments during the appipng inferval whereas the catches in the
dowvnward trap at 4m (r2 = .93 p < .05) and tﬁe dovnward trap at 10m
(r2 = .975, p < .01) were significantly correlated to the mean (0-7)m
concentration of filaments. High sﬁecific migration rates occurred at
10m from July 30 through to August 19, with f1;ating rates exceeding
sinking rates on July 30 and August 12, suggesting recruitment of

filaments from the bottom sediments. Sinking rates exceeded floating



Figure 32 - Accumulation rates of Gomphosphaefia colonies in the

upward and dowaward facing sedimentation traps at 2,4

and 10mnm.

hatched bar = upward facing trap

solid bar = downward facing trap

-
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“—""Figure 33 - Accumulation rates of Lyngbya filaments in the upward

!
i
i
i
!

and dowaward facing sedimentation traps at 2,4 and 10m.

hatched bar = upward facing trap

solid bar = downward facing trap
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Specific migration activities of three summer blue—green algae

Table 8

at 2,4 and 10m(station 1) during the late summer (1981)

trapping periods.

Depth July 22
(m)

1) Microcystis
Sinking

2 .1
.3 1.0
10 .3
Floating

2 .1
4 +3
10 .03

2) Gomphosphaeria

Sinking
2

4
10

{
'Ffbating

Date’of trap removal

July 30 August 5 August 12

.3 .7 ' .2
A .2 .1
.1 4.0 A
.01 .3 .02
.1 .2 .1
.2 12.0 .6
2 1.3{ .2

1.0 1.0 04
.1 .1 A

A
.02 .1 .3
.02 1.8 .1
.02 .5 1.6

-—\_,/‘/

.03 1.3 .04
I3 .3 ) .1
.1 2.0 0

.01 -8 .1

01' -2 .2
1.6 g 59.0

August 19

.6
.2
A

.1

-5
.3
1.8

.1
.2
9.0

111

————

2
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rates at 10m on August 19 suggesting a net logss of filaments to the

sediments at this time.

Summary
. \ o
P -~

l{ ‘
Information from the sedimentatiﬁﬁ trap catches was used to
?
paal - .
determine sinking rates of diatoms and to estimate the relative
contribution of sedimentation to the loss of these species. Sinking

rates varied with time and depth. The results showed good agreement

between the proposed sedimentary fluxes of diatoms and the corresponding

p—

maximal standing crop.

Information from the trap catches was also used to examine the

possibllity of recruitment of summer blue-green spegles from the

sediments. The high specific migration rates of floating colonies of

Microcystis and Gomphosphaeria and of Lyngbya filaments at 10m suggested

that i1in Guelph Léke\a fair number of colonies and filaments were

recrulited from the sediments. Thsﬁrigh rates of accumulation of TP in

the downward facing trap at 10m provided furtﬁer evidence that

resuspension of material from the sediments occurred at this time. d
P

-
s

@
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IITI-2-1-4 Cross-correlations

]

Influence of water cpTumn stability (as Nz) on chleorophyll, diversity

and/;ate of communidy change.

-

N
-
Time series of N2(0-6)m or N2(0—10) were cross—correlated to .

time series of integrated chlorophyll-a, phytoplankton diversi;y and the
rate 'of phytoplankton cdwmunity change. It 13" not possible to
statistically interpret the cross-correlation function obtaine& when 2
non-stationary data sets are compared. Therefore, the time series were
modelled (as outlined in section 11-10-2) to obtain stationary
residuals. Significant cross-correlations at ?ositive lags suggest that
changes in water column stability lead chéngeh in ;he selfond variable.
i

Significant cross-correlatiomns at negative lags sugégih that changes in

‘water \column stabilty lag changes in the second variable.

Cross—correia;ions between non-stationary NZ(Q-G)m or N2(0-10)m
and rhon-stationary inteérated chlorophyll were negative at lower
negative or positive lags (Figure 34a,34b). Significant neéative
cross—correlations between stationary residuals of N2(0—6)m and
stationary residuals of integrated chlorophyll were found at lags of 1
and 3 days (Figure 34c). Cross—correlations between stationary Fesiduals
of NZ(O-IO)m and stationary residuals of integrated chlorophyll were nat

significant (FiguTe 34d).

2
‘. Cross—-correlations .between non-sta {fonary N (0-10)m and



'\-‘_
~
' 114
Figure 34a Cgoss-correlz{tign estimates between non-transformed
: N“(0-6)m and non-transformed integrated chlorophyll a.
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%igure 34b Cross~correlation estimates between non~transformed
{(0-10)m and non-transformed integrated chlorophyll
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Figure 34c Cross-correlat®on estimates between N (0-6)m ARI
i (101) residuals and integrated chlorophyll a 1o§e
ARTMA (101) residuals (at k = 0, Eor p< .05, r .
> .195, at k = 20, for p < .05, r > .217). : NI
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Figure 34d Cross-correlation estimates between NZ(O—IO)m ARTMA

(111) residuals and integrated chlorophyl} a ARTMA
(111) residuals (at k = 02 for p < .05, ©© > .195,
at k= 20, for p < .05, r° > .217).
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ﬁon—stationary dieersit& were nositive with’a maximum Ygige at a lag of .-
b ~2. (Figure 35a). Qimila(zﬁ\\the cross—correlations between stationary

residuals of Nz(O-lO)m and stationary residuals of d@ﬁbrsitv shbwed a
. -maximum valuye at a lag of -2 (r2 = .246 , for p < .05, r2 > 198)(Figure

35b). This suggests that changes 1in NZ(O—IO) actually lagged, :;ther

than led, increases in diversity by 2 davs. . <
\// . \

7 -
Cross—correlations between non-stacionirv//§>(0-6)m and -~

non-stationary rate of phytoplankton community change were positiv
- . l
lower negative and positive lags with a maxﬁQsm at a lag of -5.)

at

A

Aowever, the cross~correlations between s%ationary reeiduals of N (0-6)m ,
~ and stationary residuals of the rate of cormunity change were not

-

significant (Figure 36&) Cross-correlatione between non-stationary

N ﬁO—lO)m aud non-sgtationary rate of community change were pogitive at
negative lags and ﬁegative at longer positive lags with a maximum at a'
lag of 14 days. Significant cross—correlations between stationary
residuals of NZ(O-IO) and stationaev residuals of the rate of community. k"/\\_/

change were observed at lags of 5 (r2 - -;280,'for p < .05, r2 > .200)

and 8 days (r” = -,256, for p < .05, r" > .202)(Figure 36b). This
suggests that increases in NZ(O-lb)m led decreases 1in the rate of

community change by 5-8 days.

Loss of diatoms- 7 o

Y .
The decline of the diatom populations coincided with an increase

in Nz. Cross-correlations between non-stationary Nz(O-ﬁ)m and
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Figure 35a Cioss—correlation estimates between non-transformed

N (0-10)m and non—transformed phytoplankton diversity
(105 days).
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Figure 35b Cross—correlation estimates between Nz(O—lO)m ARTMA
(111) residuals a®d phytoplankten diversity ARIMA
(110) residuals ( at k = Q, for p < .05, © > .195,
at k = 20, for p < .05, ° > .217).
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Figure 36a Cross-correlation estimates between N2(0—6)m ARTMA
(101) residuals and the rate of phytoplankton
community change ARTMA (101) residuals (at‘ﬁ - 0,2
for p £ .05, ™ > 195, at k =.20, for p < .05, r
> 217,
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Figure 36b Cross—correlation estimates between NZ(QfIO)m ARIMA
(002) residuals and rate of phytoplankton community
cEange ARTMA (101) residuals ( at k 3 0, for p < .05,
r- > .195, at k = 20, for-p < .05, r” > .217).
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non-stationary Stephanodiscus values from May B to June 6 were negative

with a maximum on day 2 (Figure 37a). Only a subset of the total time
series was used since diatom abundances were low to non-measurable by
early June. However, when the residuals from each data set were compared
no significant cross—correlations were cbserved (Figure 37b). Similar

results were obtained when N2(0—10)m was compared to. Stephanodiscus

(Figure 37¢ and 37d).

Emergence of Cryptomonads— .

The decline of the diatoms was followed by an increase in zeu
and a decrease in zm which resulted in an increase in zeu/zm (Figure
24). Cryptomonads were abundant 1-2 weeks later (Figure -22).
Sigpificant cross—correlations were obgerved between stationary

regsiduals of zeu/zm and stationary residuals of Cryptomonas erosa
2

= 409, for p < .05, r¥ > ,204) (Figure 38a) ,

Cryptomonas ovata (maximum on day 10, r2 = 494 ,for p < .05 , r2 >

(maximum on day 9, r

+205) (Pigure 38b) and Rhodomonas (maximum on day 14, r2 = .418, for o <

05 , rz > .210)(Figure 38¢).

Emergence of summer blue—greens—

Blue4green algae 3guch as Microcystis, Lyngbya, and

Gomphosphaeria first anpg;red in early July (Figure ZZK‘when Nz(o-lQ)m
wéq at its maximum ‘(Figure 23) and the water at I10m had become anoxic
(Figure-24). A summary of the significant cross-correlations obtained

when the resifjuals of N2(0-6)m, NZ(O-IO)m or DO at 10m were compared to

the residuals of Microcystisg, Lyngbva and Gomphosnhaerifzis shown 1in

-
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Figure 372 Cioss-correlation estimates between non-transformed
N"(0-6)m and non-transformed Stephanodiscus (days 1
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Figure 37b Cross—correlation estimates between N2(0-6)m ARTMA
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(101) residuals and Stephanodiscus QRIMA (101)
residuals (at k = 0, far p < .05, ™ > .365, at
k = 15, for p < .05, r° > .517). -
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Figure 37c¢ Cﬁoss—correlatiou estimates between non—transformed

"N°(0-10)m and non-transformed Stephanodiscus (days 1-
’30)- ’
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Figure 37d Cross—correlation estimates between NZ(O-IO) ARIMA

(111) residuals and Stephanodiscus éRIMA (111)
residuals (at k = 0, far p < .05, r° > .365, at -
k = 15, for p < .05, " > .517).
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Figure 38a Cross-correlation estimates between zeu/zm ARIMA 128
(100) residuvals and Cryptomonas eroga ARIMA (100)

residuals (at k = 0, fgr p < .05, r > .195 at
k=15, for p < .05, ™ > .217).
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Figure 38b Cross-correlation estimates between z&€U/zm ARIMA
(100) residuals and Cryptomonas ovaga ARTMA {100}
residuals (at k = 0z for p < .05, ™ > .195, at k
=20, for p < .05,.t" > -217). )
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Figure 38c Cross—correlation estimafes between zeu/zm ARIMA' 130

(100) residuals and Rhodomonas ARIHQ (100)
residuals (at k = 0, for p < .05, r~ > .195,

“at k = 20, for p < .05, r” > .217).
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N conditions favor the development of sur€ace blooms.

- e ~13]-

t

Table 9. Significant negative cross—correlations were obtained between

N2(0—10)m and the abundance of Microcystis 2 days later and between

NZ(O-IO)m and the abundance of Lyngbya 1 -day earlier. Significant.

negati\ve cross-correlations were also observed between DO at 10m and the
abundance of Microcystis 11 days later and between DO at 10m and the

abundance of Gomphosphaeria 4 days later.

4 -

ITI-2-1-5 Relationships between/gpvsigal variables and vertical

heterogeneity \

Nz values are expected to influence the degree of vertical
héterogeneity in phytéplank;on gspecies and in nut:r:lesx(;? a8 are wind
_— ' i

speed and Richardson nudber. Some algal species may regulate Ltheir

_position in the water ¢olumn throh’gh bﬁoydn_cy regulation (blue—green

algae) or active migration (ﬁg'r example, Ceratium). Alg: spec:les‘ that
cannot actively regulate their position, as well as Affnimate se’ston may

accumulate just in or belov_)hé layers where their sinking speed slows

‘dow_n, for example, in colder waters (Margalef, 1978). Examples of

vertical profiles of the blue—green algae Aphanizomenon and Lynghya, as
well as the dinoflagellate Ceratium (Figures 39,40,41), showed that

L J
surface accuwmulations as well as peaks at a lower depth were possible.

&

A high degree of vertical heterogeneity would be expeeted when N2 1s

» .

high, wind speed is low, or Richardson number 1is high. Water column

- stabili/"y"dalso influences the foma(;}n of‘....s,urfa_ce blooms. Stable “

”

A
. ) + i
\ . . "l“\, . L ,
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Tab%g/g 132
’ —~
Summary of the s gnificantchnég;correlations obtained when the T ~
residuals from N7 (0-6)m, N“(0-10)m or DOsat 10m were compared to £

the residuals of the abundances of summer blue-greens (days 50
-105 05 the daily time series were considgred, at k = 0, for p ¢
.05, r > ,267, at k = 15, for p < .05, r© > .321). The
abbreviation n.s. stands for no significant cross-correlatioms.
The first number gives the value of the lag where the significant

crosg-correlation was observed. The number in brackets gives the

value of the cross—-correlation.
=

N2(0-6)m N2(0-10)m . DO at 10m
ARTMA(101) ARIMA(101) ARIMA(101)

Microcystis NeB. 2(-.324) 11(=363)
Loge, ) :

ARIMA(OD1)
Lyngbya m.8. -1(-.352) n.s. .
loge, : . (:S\
(001)
Gomphosphaeria N.5. NeS. 4(~,288)
loge, _
ARIMA(0O01) "
5
. 7
—
‘ [ ]
. & R
- ~
-~ - 4
w f
A1 ~ :

Lt T
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'Figure 39 - Vertical profiles of Aphanizomenon abundance (station 1).
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}{_{) . -1.36-
fw N2(0-6)m was significantly negativel§ correlates\to the average
wind speed over the prior 24 hours, .whereas NZ(O-IO)m was significantly
negatively.correlated to the,averagé wipd speed over the pricr 72 hours
QTable 10); This suggests that NZ(O-ID) is more resiétazt to alteration
tf;gf'energy inputs than N2(0-6)m. Windy conditions must persist for a

longer time - period for NZ(O-lO)m, than for N2(0—6)m to_ decrease . _

ﬁpnseqﬁ!ntly, Nz(O-é)m was more varfable than Nz(O—lO)m over the daily -

1

time sertes. '
.ii.’ L
‘ >

: 2
. o Cross-cor;giationg were done between physical variables (N~, wind
- » - a ! .
speed and Rjichardson aumber) and _the degree of vertical heterogeneity or
' z

wt

surface accumulation of chloxophyll, TP, SRP and severalfphytoplanktpn

species.

-

Significant cross—correlations between N2 and surface

. Q. -
, concentration or between N2 and vertical heéterogeneity over the full 105
- . : 4
days were not observed. Significanﬂ\cross-correlations were observed 1if

a subsample from tariy ta mid-August was cong}dered. During this time
Nz was positively (ifrelated to increases in surface concentrations of -

v

chlorophyll or TP, as well as the vertical heterogeneity of chlorophyll
a or TP on the same day and 1 day ;arlier. These results suggested thép
chlorophyll and TP could respond more rapidly than Nz to.the'change in
the physical environment_ﬁhat caused Nz to increase. NZ was positively

cross-correlatéﬁ to ;he'L}Egbza sgrface gﬁﬁ?danég_ou the same dgy (Table
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Table 10 ° - ’

Correlations between wind speed and water column stability. } )
(August 1 - August 19) (for p < .05, r, > 456)

1) Hind speed (average over pasﬁ 24 hourd) to N2(0-6)m,
T fd “‘-648. )

2) Wind speed.(aveqege‘ovbr,past 3 days) to N2(0—10)m,
T , .

= —-.666.
. T
4
( (/ —
| 2
/v
- . >
N ;
®
’ .
/\.\ -,
e
.‘r‘-j
v .
& -
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-Table 11
gnificant cross-correlations between N2 and surface
concentrations or Vertical heterogenjty (sd/x) (July 30 - .
August 19)2(at k = 0, for p < .05, t° > .437, at k = 1,. for
p < .05, £ > .447), Y
> ’
. & f‘-".—\“
N2(0-6)m NZ(O—IO)m
: Om chl |, -1 (.572) n.s.
0 (.480)
chl sd/x = -1 (.577) -1 (.457)
- 0 (.506)
‘Om Lyngbya O (.649) 0 (.490)
Lyngbya gd/xX n.s. n.s. ¥
Om SRP N8, n.8. -
. _ »
SRP sd/x /7 n.s. n.s.
T 0mTP . -1 (.566) 0%
0 (.479) <
TP sd/X = -1 (.533) -1 (.524) .
‘ \ . '
W‘H\ The first number is the lag—{k),in days and*the number in
brackets is the corresponding r~ value. A significant
. cro&s—-correlation at a lag of ~]1 means that changea in the
vertical- heterogeneity or surface concentration of that: - .
- particular variable actually lead changeslin N” by 1 day. '
v B " ' 0 r‘
* the letters n.s. stqnd for no significant cr033fc6frelations_ .
ST - )
Y .
F 2
v) ’\. f' -
/ .

)
o
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e 7
Over .the full 105 days significant cross—correlations between

wind speed (from Elora field station) and chlorophyll vertical

heterogeneity were not obserﬁedﬁ/ 2,subsamples of wind speed data were
obtained from station l. Set A was taken from June 23 to July 8 and Set

B was taken from July 30 to August 19. A significant negative

c;ggghtuf;élation was observed between the average wind speed.oi‘the

previous 24 hours and esurface chlorophyll for Set B but not for Set A.

-
Calm conditions may be a resource that is not necessarily exploited.
c

Buoyancy regulating species must be present for surface accumulations to

OCCuE,under calm conditions. The average wind sbeed (Set B) Ffrom the

previcus 24 hrs was also significantly negatively cross—correlated to -

-Surface abundance of Lyngbya and vertical heterogeneity of Lyngbya,

W
chlogﬁbhyl@¥\§RP and TP (Table 12). . .

1
.

L4

»~

‘wcWherrRichardson numbers were compared to verticé%jheterogeneity
’

*

significant cross-correlations were seen even in the larger subsamples.

Bichardson numbers 1in! early to mid August were highly positively

crogsg—-correlated to surface concentratioﬂs and vertical heterogeneity of
. "rj .
TP, SRP, chlorophyll and”Lyngbya the next day (Table 13). Surface

chlorophyll, TP and Lyngbya were highly significantly correlated at this

-~

time (Table 14). Significant cross-correlations were not ‘observed
" ' . [}
between Richardson numbers and surface concentrations or Vertical

heteroggpgity of Microcystis, Gomphosphaeria, _Rhodd&onas, Ochromonas,

Oocysfis and Planktosphaeria.

.
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d Table 12 . - | 140
Qignificant crogs—correlations between wind spedd (obtained from.

raf®) and surfacef concentration or vertical hetsrogeneity (sd/x)
(July 30 - August 19) (at k= 1, for p < .05, > .4&7)

~.
wind sp€ﬁ$,/”
£
Om chl - 1 (-.492)
. . ) <
- ¢hl sd/x 1 (-.512) .4 -
. ' A i B ¢ . 1
om Lynghya " : 1'?-.5\3)) - :
T . -
Lyngbya sd{?’ ' 1 (-.579)
Om éRP . ‘n.s..
- ) N ) . .fﬁ‘ - .
SRP. 8d/X g— n.s. - .
Om TP b NeBe
™sedx 1 (-.459). ..
The first number refers to the \lag (kj inﬁdays and the number in ’
brackets gives the cpryesponding r~ value. A significant
crogs—correlation lag of 1., means that changes in the
vertical hgteroge or surface concentration. lag changes in
the wind speed by V day. . ‘
- . . ) ) v
/ -
- - ¢
2 - . o
1 O"
I ® - -
| .
» . *
LY \ r
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Significant cross-correlations between Richardson numbers and
surface concentration or vertical heterogeneity.

Table 13

a) Days 50 to 105 of the daily time series. Richardson numbers
were calculatedsusing wind data from the Elora field statiog. o
(at k = 1, for p < .05, r° > .272, at k = 4, for » < .05, ST
> .280).

R1 (0=-6)m Ri (0-10)m
chl sd/x I (.284) . n.s.
SRP sd/x 0 (.369) N.5.
TP sd/x n.s. _ n.s.

b) Days 84 to 104 of the daily time series (July 30 to August
19). Richardson numbers were calcuﬁated using wind data from
station lz(at k=1, for p < .05, r > 447, at k' = 4, for p
< .05, r° > ,485).

| R (0-6)m RL (0-10)m
Om chl 1 (.585) 1 (.828)
chl sd/x 1 (.513) 1 (.697) )
Om Lyngbva 1 (.732) | 1 (.876)
Lvngbva*gd/x n.s. 1 (.524)
Om SRP 1 (.525) 1 (.682)
SRP sd/x 4 (.576) 4 (.,568)
Om TP 1 (.571) 1 (.786)
TP sd/x 1 (.681) 1 (.725)

The first number gives theg lag in days and the number in brackets
gives the corresponding r“ value. >
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Significant crogss-correlations between Richardson numbers and
surface concentration or vertical heterogeneity.

Table 13

a) Days 50 to 105 of the dally time series. Richardson numhers
were calculatedsusing wing data from the Elora field statiog.
(at k = 1, for p < .05, r™ > .272, at k = 4, for p < 05, o~
> .280).

Ri (0-6)m Ri (0-10)m
chl sd/x 1 (.284) . n.s.
SRP sd/x 0 (.369) n.5.
TP sd/x N.5. _ N.S.

b) Days 84 to 104 of the daily time series (July 30 to August
19). Richardson numbers were calcuiated using wind data from
statlon l,(at k = 1, for p < .05, r > .447, at k = &4, for p
< .05, 7 > .485),

Ri (0-6)m RL (0-10)m
Om chl 1 (.585) 1 (.828)
chl sd/x 1 (.513) 1 (.697) '
Om Lyngbva 1 (.732) 1 (.876)
Lyngbva sd/x n.s. 1 (.524)
Om SRP 1 (.525) 1 (.682)
SRP sd/x 4 (.576) 4 (.568)
Om TP 1 (.571) 1 (.786)
TP sd/x 1 (.681) 1 (.725)

The first number gives thg lag in days and the number in brackets
gives the corresponding r~ value. P

-



Table 14 142

Correlations between syrface concenirations (July 30 - August 19)
- (for p < .05, r" > .433).

r? (Pearson) - r2 (Spearman)

Om chl Om Lyngbya (.892) (.684)

Om chl Om TP - .916 - (.605°

mc o ( ) (\\‘5)

Oﬁ;LzEbea Om TP (.861) (.491)
9

¢



ITI-2-2 WEEKLY TIME SERIES

b

III-2-2-1 General description of phytoplankton dynamics

;Ehlorophyll-a maxima were observed 1in mid-October and in late
March-early May (Figure 42). The fall blooms teached higher chlorophyll
‘levels than the spring blooms. . The weekly rates of fhytoplankton
community change for the spring through fall of 1981 and 1982 are shown
in Figure &3; In 1981, 1increases in the rate of community change
occurred in late May, mid-June, early July and late July. Rates were
_lqzﬁiirﬁgggggland September. In contrast, Iin 1982, inereases in the rate
of community change were observed in mid-July, early August, late August
and late September. In 1982, rates of community Ehange were low 1in May
and June. The phytoplankton diversity was lower in mid-May to early
August in 1982 than in 1981 {(Figure 43). Figure 44 is a plot of the
phytoplankton divefsity ihdex and the rate of community cﬁznge from May
8/1981 through to September 29/1982. During the winter months the
phytoplankton diversity and rate of phytoplankton community change were
lower than in the spring, summer and fall.

The spring diatom bloom occurred a 1982 than in 1981.

Diatoms were present throughout the sumfer in higher amounts in 1982

than in 1981.(Figure 45). Diatom abundances increased again in August,

S

in the phytoplankton communities

1982 as in 1981.

The most obvious differerce



+

Figure 42 - Weekly time series plots of chlorophyll a and

-
water column stability (N2(0-6)m and N2(0-10)m).
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Figure 43— A comparison of the phytoplankton diversity (Shannon-
Weaver, 1963) and rate of phvtoplankton community

change (tewis, 1978b) in the spring—-summer of 1981 2'

to that in 1982. \
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Figure 44- Phytoplankton diversity (Shannon-Weaver, 1963) and rate
of phytoplankton commmity change (Lewis, 1978) from

May 9/ 1981 through to September 29/ 1982.
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Figure 45 - Weekly time series plots of diatom abundances‘ (spring-

summer of 1981 and 1982).
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observed in the two summers was the much greater abundance of’

Aphanizomenon in 1982. In 1982, Aphanizomenon appeared in May and

continued to increase until mid-August , decreased for 2 weeks and then

increased again in late August (Figure 46). 1In 1981, Aphanizomenon

appeared in May but decreased to low amounts by early June and did not

increase again until late August (Figure 46).

»

Blue—green algae such as Microcystis and Gomphosphaeria anﬁeared

earlier on in the year in 1982 (Figure 46) than in 1981, but did not

immediately increase as in 1981. Lyngbva was less abundant in 1982 than
v

in 1981 (Figure 46).

-

ITI-2-2-2 General description of environmental variables.

Nz(0-6)m was low throughout the winter of 1980-1981, increased in
mid—Maj and alternated bg¢tween high and low values with a cycle of
approximately & weeks th ughout the summer. Values were low thfoughout
'the next winter and increased again in May, 1982. A regular cycle of
high and low values was not observed, as in 19&}, but rather N2(0-6)m
was low throughout July and August of 1982 (Figur; 42).

. - .
N,(0-10)m was low® throughout the winter of 1980~1981, increased
in mid-May to a maximum value in late July and decreased again to a
minimum value in October, 1982. 'NZ(O—IO)m increased agaiﬁ‘in qu;ﬁ?982,

- but did not follow the same clear seasonal pattern. as observed in 1981.

Decreases were seen at the beginning of July and in mid-August (Figure



Figure 46— Weekly time series plots of blue-green algal abundances

(spring-summer of 1981 and 1982).
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42).

Time series qlpfg’of temperature at Om and 10m, pH at Om and
10m, dissolvéd oxygen (DO) at 10m and NH3 at 10m on a weekly basis for
the spring through summer."of 1981 and 1982 are shown in Figure 47. The
conditions at 10m were very different for the two !ummers.‘ In 1981, the
water at 10m became anoxic at thé beginning of July and remained anoxic.
until mid-September. NH3 concentrations at iOm.were high (> .2 ng/l)
from July 4 to October 22 in 1981. 1In contrast, in 1982, the water at
I0m became anoxic for only a week or two Iin late July and 'NH3

concentrations were high only from August 3 to August 24,

L}

The flow rateé through the dam in Guelph Lake are altered in the

winter months to decrease the lake level in preparation for the high
1nflowrrates which occur in the gpring. IA 1980, the lake level was
lowered at a slow steady rate from September through December and at a
more rapid rate in January and February of 1981 (Figure 48). Lake level
was rapidly restored in late February, 198!. The, pattern of draw—-down
was similar 1in the fall of 1981, however, the lake level was- not
re;tored until late March, 1932. The average lake level from May 8 to
August 20 was slightly lower in 1982 than in 1981. However, the average

flushing time from May 8 to August 20 in 1982 was not significantly

different from that in 1981 (Table 15).

In 1981, the highest N03—N + NOZ—N levels were observed on April

9. Llevels then declined at a rate of .07 mg/l/week to reach a minimum

- | ~

"



Figure 47- Weekly time series plots of temperature and.pH at 0 and
10m and dissolved oxygen (DO) and ammonia (NH3) at 10m

(spring—summer of 1981 and 1982). —
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Figure 48— Operating rule in Guelph Lake. Changes i the lake level

!
are shown.
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Table 15 158

Hydrological Information
A comparison of spring-summer in 1981 ro 1982

(May 8 - August 20, daily records for both years)

1981 1982

Lake level (ft.)

mean 1140.0 1139.6

sd i .5 .6
.

Flushing time (days)

mean 165 180

sd 76 49
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. ~

in late July and August.s In 1982, the levels and rates of decline
appeared very similar (Figure.49). SRP levels fluctiated throughout the
spring and summer of 1982 and 1981 in a similar manner (Figure 49). N/P
ratios as (NOB—N + NOZ—N/SRP) were more variable and higher 1in the
spring and summer of 1981 than in 1982, especially during the first 10

weeks of this period (Table 16).



Figure 49- Weékly time series plots of nutrients (soluble reactive
phosphorus(SRP), total phosphorus(TP), combined nitrate
and nitrite (N03-N + NOZ-N) and silica{Si) over the 111

weeks sampled.

€
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Table 16
Ratio of combined nitrate and nitrite to soluble reactive
phosphorus (NO;—N + NO,-N/ SRP in the (0-7)m integrated sample)
Weekly values
(spring—summer of 1981 and gpring—summer 1982).

Date Ratio - Date Ratio
1981 1982
April 9 174 April 8 42

16 130 19 41

22 : 177 26 78 .
May 1 ' 82 May 3 . 71

8 185 10 : 124

15 250 ) 17 57

22 202 25 144

29 381 31 66
June 5 198 June 8 84

12 519 15 275

19 286 22 269

26 64 29 179
July 4 114 July 6 212

11 600 13 140

18 54 20 98

25 41 27 90
Aug. 1 . 76 Aug. 3 88 :

8 42 . 10 45 q

15 44 - 18- 42

20 29 24 44

26 61 . 31 7
The sring—early summer (first 9 weeks) means for the loglO
NO,-N + NOZ—N/logIO SRP were significantly differentyhowever,
the means over the whole spring—late summer were not
significantly different.

-5
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(IV) DISCUSSION

re

-

IV-1- Temporal and Spatial Variabilicy o

R
Iv-14)- Spectral Analysis of Temporal Vari{ability

In this study, spectra obtained froe different data sets (111
weekly values, 105 daily values and for temperature only, 576 values,
taken every 20 min.) were combined. The .more correct, although
impractical way of looking at a spectrm covering the same time scaleg
as the combined spectrum, would have bheen to gample at the higher

frequency ipterval over the full 111 weeks.

The power spectra for temperature at Om and temperature at 4m
followed a slope of —5/3 with increasing frequency, on a log-~log »lot,
as expected for a passive scalar within the flow field, from a period of

280 *days down to 2 days. A large increase wag then observed at a period

" of l day. This strong diurnal periodicity is not representative of the

dailv variability on average over -the vyear. It does serve to
demonstrate that in Julv,'1981, daily temperature Aifferences were only
an order of magnitude less than yearly differences. Blue-green algae
which have the ability L@ regulate buoyancy would be favored under such
thermal conditions. Under conditions of high thermal stratification

160 o
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algal cells which gould not regulate huovancy might sing put of the
euphotic zone. The possession of gas-vacuoles by blue—green algae would
tend éo_increase the probability of their re-entrv into the euphotice

zone during periods of intense stratification (Ganf, 1974). The power

-

spectral estimates for the temperature at Om and at 4m continued to

decrease at a slope of -5/3, from a period of 1 day down to .028 days.
At these periods, the power spectral estimates at 4m were noisier. than

v
at Om. This extra nolse was likely due to internal waves.

In contrast, the power spectrum for femperature at m in
Hamilton Harbour does not show this strong diurnal periodicity (Figure
50). In the late summer, blue-green algae become dominant'in Guelph Lake

but not in Hamilton Harbour.

In a turbulené environment horizontal and vertical diffusion
ensure that time and space are interrelated. Uye diffusion studies have
suggested that a patch size of.l km is approximately equal to a perioed
of 1 day (Bowqen, 1970, Okubo, 1971, Boyce, 1974). Other workers (Platt
and Denmann, 1955, Richerson et al., 1975, Powell et al., 1975, Denmann
and Platt, 1976, Demers et al., 1979).have studied power spectra for
chlorophyll-a calculated from time éeries obtained by continously
sampling one station and found that in different environments there was
a range of length scales for which chlorophyll-behaved ags a passive
scalar whose local abundance 'was controlled by physical transport. For

example, in the Gulf of St. Lawrence, Platt and Denman (1975) found that

’

N

at length scales < 5 kﬁ?‘th&srophyll—a behaved like a passive scalar
N AN
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Figure

50 Power spectral estimates for the temperature at Om

in Hamilton

Harbour.
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wLﬁﬁin the flow field and that at length scales > 5 km biological
processes became important. Tu Lake Tahoe, Powell et al. (1975) found

that at length scales < 100m, chlorophyll-a behaved like a passive

scalar and that at length scales > 100m, biological processes begame

important. Some flattening of the power spectrum for chlorophyll-a in

Guelph Lake occurred at higher frequencies and lower frequencies

suggesting that at these length scales biological processes were

important.

The object of using power spectral analysis on time series of

2
N, wind speed, zeu/zm and nutrients was to determine the dominant
physical and chemical cycles in the system. Environmental variabiliry

was detected at gcales of days to weeks.
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1V~1-2~ Time Series Analysis of Spatial Variability
IV-1-2-1- Horizontal Advectién

The data clearly sﬁowa the existence of short—term (2-3 day)
leads and lags between stations as nutrients, #iomass and individual
species moved within the basin. Two factors which are likely to be of
importance are 1) the origin and-2) the vertical distribution of each
variable. Whether the nutrient enters the lake mainly as a point-source
or as a diffuse source will influence station~to—-station comparisons.

Similarly, some phytoplankton specles may grow more favorably or be

recruited mgfe heavily from one end of the lake. " Blue-green algae_ggx//////ﬂhu_ﬁ\\

be recruited froh the bottom muds or the inflow in the form of
vegetative filaments, volonles or akinetes (Sirenko et al., 1969,
Reynolds and Rogers, 1976, Jones, 1979, Livingstone and Jaworski, 1980,
Fallon and Brock, 1981) or from the resuspension of algal material
deposited on the lake edges (Topachevskij et al., 1969). Dinoflagellates
such as Ceratium may be recruited from the germination of cysés or

overwintering cells (Heaney and Talling, 1980).

The vertical distribution of the nutrient or phytoplankton s
species will also affect its rate and direction of horizontal advection.
Some algal species may regulate their position i the water column
through buoyancy regulation (blue-green algae) or active migration (for
example, Ceratium). Algal species that cannot actively regulate their
—— .

/Posltion, as well as inanimate seston may accumulate just in or below
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the layers where their sinking speed sjows down, for example, in colder
waters (Margalef, 1978). The rate sedimentation depends on particle
size, shape and density (Smayda, 1970). Inder conditions of mild to
moderate wind stress, algal cells and nutrients in the surface waters
are likely to accumulate on the leeward side of the lake (George and
Edwards, 1976, Heaney, 1976, Stauffer, 1982). Similarlv, algal cells
and nutrients that are positioned at a lower depth may be advected in
the opposite direction and may accumulate on the Qindward shore. A

knowledge of the diel migration patterns of Ceratium hirundinella has

been used to predict the horizontal patchiness of this organism in
Esthwaite (Heaney, 1976, Harris, Heaney and Talling, 1979, Heaney and
Talling,- 1980). When Ceratfum was concentrated in the surface waters,
transport was downwind. When concentrated at a lower depth, traﬁgéort
was in the opposite direction. George and Edwards (1976) also found
that they could predict the hotizontal distribution of "blue-green algae
and crustacean plankton from a knowledge of their vertical

distributions. : -

Since Guelph Lake 1g a reservolr, the direction of net
horizontal transport would 11ke1y be from station 3 (inflow end) to
station 1 (outflow end). Lags between station 1 and station 3 ;ould be
expected for variables originafing mainly from the inflow end of the

lake. The 3-day lags between station 1 and station 3 (separation - 1

km) for SRP and Stephanodiscus suggest an advection rate of .4 cm/s.

Longer lags could occur for such variables 1f the net horizontal

advection from statioR 3 to station 1 were delayed. This was observed
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for Aphanizomenon where the advection rate was .2 cm/s. Aphanizomenon
@

avpeared to be preferentially recruited from }hé shallower (station 3)

end of the 1lake. A possible wmechanism for this delay is vertical
stratification at such a depth that transﬁort occurred for periocds of

time in the opposite direction. Examples of vertical profiles of

Aphanizomenon abundance at station 1 show that this algae i3 capable of
strong layering (Figure 39). Periods of high water columm stability
where countercurrent flow across the thermocline 1is theoretically

possible, did occur at times throughout the 105 days (Figure 23).

Leads of the order of a few days would be expected 1if the
variable originated mainly from the outflow end and {its vertical
distribution was such that the majority of its advection was in the

opposite direction to Aphanizomenon. Leads of this time scale were

observed for Ceratium (advection rate = .6 cm/s) and Lyngbhya (advection
rate = 1.1 cm/s)}. Examples of vertical profiles .of abundances for both
of these species at station 1 (Figures 40, 41) showed that surface
accumulations as well as peaks at lower depth were possible. SHorter
lags could occur if the variable were not origihating preferentially
from one end of the lake but rather as 4 diffuse source (for example,
N03:N + NOZ—N). Similarly, the 12 hour lag observed for chlorophyll-a
{advection ra;e = 2.5 em/s) may be explained by assuming that
phytoplankton growth is occﬁrring'throughout the bagin but, more

importantly, the chlorophyll pattern 1is made up of a number of species '

which may be advected in different directions simultaneously.

{
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J,_———//f/‘\\\ IV=-1-2-2- Redistribution by vertical mixing

Significant cross—correlations at longer lags and leads (10-~20
days) would arise 1f all stations showed similar fluctuations at such
time scales: fluctuations driven by basin-wide events such as the-
entrainment of hvpolimnetic water and major readjustments 1in the depth
of the thermocline. The periodicities observed in water column
stability and in the wind speed daga showed strong evidence for 10 - 20
day fluctuations which are known to be associated with tﬁe passage of
atmospheric weather systems through temperate latitudes (Boyce, 1974).
These results suggested that the significant crogss-correlations ohtained
in the between statfon and within station comparisons for SRP and TP
were due to periods of vertical mixing rather than being statisg}cal

T

outliers of no significance.

IV-2- Relationship between environmental wvariables and Dhytoplankton

dynamics
IV=-2-1- DAILY TIME SERIES (Spring-summer, 1981)

The phytoplankton dynamics obgerved in Guelph Lake in the spring
and summer of 1981 fFigure 21) showed a typical progression where spring
diatoms gave way to summer species better adapted to survive 1in
stratified lakes. Reynolds et al. (1983} guggest that Ffaster growing
colonists and opportunistic species (r-selected) are amang the first to

dominate and that there follows\a change towards slower zro:inq

<
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loss-resistant species that compete more ‘efficiently for the available

resources {K-selected).

Influence of water column stability on chlgrophyll, diversity and rate

of community change—

The observation that cross-correlations between non—stationary
N2 and non:stafionary chlorophyll were negative at lower positive and
negative lags (Filgure 34) iIs as expected. High chlorophvyll values are
expected when N2 values are low and chemical status is high (Round,
1971}. The observation that cross-correlations between non-stationary N2
and non-stationary diversity were positive (Figure 35) is in agreement
with the generally accepte& idea thaf diversity increases undér
stratified condi;ions (Harris, 1980, ‘Wall and Briand, 1980, Nalewaiko

et. al., 1981) due to the increased spatial and temporal heterogeneity.
Cross—correlations between stationary residuals of Nz and stationary
residuals of diversity, however, suggested that diversity increased
priér to the increase in Nz. Calm conditions'ﬁgy have resulted in algal
cells moving upward and thereby increasing the phytoplankton diversity
in the integrated sample, prior to increases in Nz. Increases 1in the
rate of~community‘change on a daily basis were observed in late May
(loss of diatoms), hid-June (emergence of Cryptomonads) and early July
(emergence of summer blue-greens)}. The rate of commghitv‘change was low
throughout the rest of the daily time series (Figure 21). The

obgservation that cross—correlations between non—-stationary NZ(O—IO)m and

non-stationary rate of community change are negative at longer posgsitive

~

\ t

d
L



e

5
-~

L -169-
lags (Figure 36) 1s in agreement with Revnolds'’ (1980) observation that
rates of communit{ chaﬁge were lowest during the late phases of thermal
stratification. However, Aan increase in the rate of community change
occurred coincident with the initial onset of thermal stratification,

here, suggesting a positive correlation between water column

stabilization and rate of COTT?;:ty change.
L

Loss of diatoms-

;é; The sedimentation traps were placed 1in Guelph Lake near the peak

of the Asterionella, Stephanodiscus and Melosira povulations (Figure
45). TInitial sinking rates were low (Table 5). Sinking rates of

Asterionella and Stephanodiscus increased after May 1 and were high

until the end of May. The sinking rates for Melosira increased by May
1, Adecreased again by May 9 and increased again by May 19. Cyclotella
had already started to decline in abundance before the traps were set
(Figure 45). The sinking rates observed for Cyclotella were high

throughout.

Possible reasona for the increase in sinking rate include the
population stage of growth and physical conditions. Exponentially
growing diatom cells have slower ginking rates than gstationary phase
cells (Titman and Kilham, 1976, Jaworski et al., 1981, Reynolds and
Wiseman, 1981). Laboratory studies have shown that the sinking rate of

Asterionella formosa can be increased by limiting CO2 uptake either hy

€0, depletion or by the addition of DNCMU (Jaworski et al., 1981),
=~

~\
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Sinking rates have been shown to increase with the onset of summer

stratification (Walsby and Reynolds, 1979).

The population of Cyclotella (Figure 45) began to decline when

M

surface pH values began to increase (Figure 47) and before the onset of

summer stratification (Figure 42). " The most drastic declines of

Stephanodiscus and Asterionella occurred between May 1 and May 9 (Figure

S
45) coincident with . the onset of summer stratification (Figure 42),

increases in surface water temperature and high pH val &k (Figure 47).
Increases in the Vt values calculated from the upward trap catches at
10m, were seen from May 1 to May 9 (Table 6). This suggested that prior

to this a metalimnetic barrier may have prevented cellg from sinking to

this 10m depth. Reynolds (1973) has preﬁénted evidence that
metalimnetic layers can delay temporarily the settling of planktonic

diatoms.

Increases in N2 were followed by decreagses in diatom abundance.
Cross—correlations batween NZ and Stephanodiscus abundance (daily values
May 8 -June 6) were negative ﬁith a peak on the same zay. However, when
the stationary residuals from each data set wer cross—correlated, no

significant values were observed (Figure 37).

The results. here show good agreement between the proposed
sedimentary fluxes of diatoms and the correspon&ing maximal standing
crop (Table 7) as in Reynolds et al. ()QBZa and, 1982b), Livingstone and

Reynolds (1981) and Reynolds and Wiseman (1982). It may be concluded
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that for Stephanodiscus, Agtericnella, Melogira and Cyclotella, most of
&

the accountay;e cells were eventually removed intact toe the sediments

and thaI-the gsediment traps provided a Teagsonable estimate of their

sediment(ry‘z;e; into Guelph Lake.

Emergemncd of Crvptomonads;
-
Increases in zeu and decreases in zm resulting in an increased
zeu/zm ratio (Figure 24) were obgerved after the diatoms had declined.
Significang positive crogss—correlations were observed when zeulzm

residuals were compared to- Cryptomonas erosa (9 days), Cryptomonas ovata

(10 days) and Rhodomonas (14 days) residuals (Fiéure 38). Haffger,
Harris and Jarai (1979) also observed an increase in the abundance of
Cryptomonads in Hamilton Harbour after a‘phase of rapid warming which

. L ]
regulted in an 1increase in the zeu/zm ratio. Small flagellates have
growth ratesj of 4-10 divisions per week (Lund and Reynolds, 1982),
Harris et al. (1982) guggested that small flagellates such as Rhodomonas
are photosynthetically inefficient cellg that are capable of growing

LY
- rapidly 1if tﬁrre 1s sufficient solar energy.
Emergence of blue-green algae—

- Information from the trapqgatches may be useful in determining
the origin of the summer bloom forming populations of blue-green algae.
Preston et al. (1980) and Reynolds et al. (1981) working with

experimental enclosures have suggested that, summer populations of



-172-

Microcystis aeruginosa originate from vegetative colonial stock that

overwinters on the bottom sediment each year. TInformation from both
upward and downard facing gEHQEfntation traps near the hottom surface
‘and sediment areal concentratioh@ of Hicrocvstis.colonies led Reynolds
et al. (1981) to conclude “that there was no mass transfer of
overwintering coionies to the water column but rather tﬂ;t intensive
growth from individual cells in the olz\colonies lé;d to the férmation‘
of new infective colonies. The early recoveriég\Bf colonigs in dowphard
facing traps were consistent with an {input of similaf-order from the
sediments and exceeded cpntémporary catches 1in upward facing traps, at
leagt while the plankton -population was small. However, there was no
decrease in the benthic population. They suggested khat it was -~
imnosgible to distinquish between chance ;rappings of colonies dislodged
from and s{nkinz back to the sediments.as ovrosed to directed migratory
movemengf. Livingstone and Reynolds (1981) working on the relatively

deep Rosetherne Mere also suggested that 1t was unlikely that many of

the overwintering Microcystis colonies returned to the plankton the next

year.

In Guelph Lake, Lyngbya, Microcystis and Gomphosphaeria started

to increase in abundance in mid—July (Figure 22, 46). The high specific

migration activities of floating colonies of Microcystis (August 5) and

Gomphosphaeria (August 12 and August 19) and of Dynghya filaments (July
30, August 5 ands August 12) at 10w (Table 8) suggested that 1in Guelph
Lake a fair number of filaments and colonies were recruited from the

s&QiEEEEE. The high rates o&_gzcumulation of TP in the downward trap at

-~ -

Al
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IOm’(?igure 25) provided further evidence that resuspension of material
from the sediments occurred at this time. 1If thé traﬁ recoveries at 10m
wéte merely due Lo chance trappings of colonies or filaments dislodged
from and sinking back to the\mud, the gpecific migration activities.
onuld not be expected to be > 1. A specific migration activity > 1 of
either floating or sinking colonies or filaments imn}ies that daily
migration to higher or lower denéhs was In excess of the bio;ass of that
sqecies present -at those depths. To fully quanfify the contribution of
overwintering colonies or filaments to the summer populations it would
Have been necessary to examiﬁe changes 1in the sediment areal

boncentrations of these species. Tt would also have bheen necessary to

examine fluxes and areal concentrations in shallower areas of the lake.

The appearance of these three species of blue—-green algae

.

(Figure 22, 46) coincided with high N (O lOlp (Figures 23, 42) and the

-development of anoxia, high NH3, low pH and increases in temperature at

10m (Figure 24, 47) which would be exnected to stimulate the formation
of new infective colonies or filaments (Reynolds et al., 1981).
Significant negative crogs—correlations between residuals of DO at 10m

and residuals of th;\pnundance of Microcystisg at a lag of 11 days and”
I — o

Gomphosphaeria at a lag of 4 days were obg;;ved (Table 9). The

relationship between HZ(O-IO)m’and the abundances of thesa‘snecies wag
not clear. High NZ(O-IO)m appeared to be necessary for the recruitment
of these species bhe not necéssary for their continued growth.

Aphanizomenon appeared- in mid—Mav‘ and reachgd 3ts peak

— }

v
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spring-early summer abundance on May 23 (Figure 22, 46). Growth or
recruitment of this blue-green algal species was initiated under

different environmental conditions than for Microcystis, Gomphosphaeria

and Lyngbya. The pattern observed in the sedimentation trap catches was

. . 3 ‘
consistent with the earlier suggestion that growth or recruitment of

Y .
Aphanizomenon occurred preferentially near station 3 in Guelph Lake and .

that filaments were then transported towards station 1 (where the
-gedimentation traps wefe suspended). The fact that filaments showed up
in the downward trap at 2m approximately 1 week before d;spersal'to the
lower traps suggests that filaments were transported from station 3 to

.
station 1 at a depth of 2-3m.

-

~

Use of sedimentatién traps-

The problems involved in dsing traps of this design have been

discussed by Reynolds (1975)}ﬁtﬁ In general, traps operate most
l

efficiently under non-turbulent conditions. Some unexpected results

were seen with the traps at 4m on May 19 and May 26 (Figures 26,27,28
rd
and 29). On these dates, the downward facing.traps caught more diatomg
EFan the upward facing traps suggesting that the traps were twisted on
thege occasions. Desgpite possibie problems of underestimation and
overestimation the_trap catch data was useful in explaining the loss of
£y '

spring diatom species- and the recruitment of summer blue-green algal

specles.
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Relationship between physical variables and vertical heterogeneity-
L Y

Vertical heterogeneity and surface concentrations of Lynghva,
TP,. SRP and chlorophyll (July 30 tg/August 19, 1981) were most highly
crogs-correlated to thé Richardson number from the day éiiore (Table
13). Lowér,‘"ﬁat still significant cross-co%relaqions were~” seen when
vertical heterogeneity and surface concentrations were compared to the
;%§?>~speéd' from the day before (Table 12). Some significant
crﬁss-correlations were also seen between Nz and vertical heterogeneity
or surface concenfratiéns on the same day and the day bgfore (Table 11).
In genéral, a high ﬁichardson numher, rather t@an a 1(y wind speed or a
high N2 value alone, was the best predictor of high vertical-
heterogeneity and high surface concentrations during this sampling

period.

Higher cross-correlations between environmental variables and
vertical heteroggheity or surface concentrations occurred in subsamples
of the daily time series taken from the laéer part of the summer. For
example, low wind speeds 1in, late June-early July (Set A) did not
nece%gg}ily result in high surface” chlorophyll concentrations (Table
1?).! This suggests that positively buoyant algaerwere not abundant at
this time. Low wind speed may be a resource which 1s not exploited

) .
unless buoyancy regulating or motile algal specles are present.

ol '

The verfilcal heterogeneity of SRP responded to increased

Richardson number with a longer time lag than fof TP or chl (Table 1}).

v
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Signifiéﬁnt cross=-correlations were observed when the vertical
heterogeneity oF SRP was compared t: the Richardson number 4 days
earlier. In an earlier section it was shown that the horizontal
transport of SRP differed from that of TP and chlorophyll. A less than
l-day lag from station 3 to station 1 for TP (Figure 13a) and
chlorophyll (Figure 15a, 15b) was observed, whereas a 3-day lag from
station 3 to station ! for SRP (Figure 12a, 12b) was observed. Thi;
suégested that the vertical distribution of SRP differed from that of TP
and chl. The results obtained from the cross—correlations and
auto-correlations of SRP at different depths (Table 2 and Figure 20)
suggested that on average over the 105 days the top 2m was distinct from
the rest of the water colummn with regards to SRP concentgations. 1In
contrast, when TP values from 0, 5 and 10m were cross—correlated all
combinations had simultaneous maximal values (Table 3). ‘
\Y
The intensity of a surface b;oom is influenced by thg exténtxand
duration of calm conditions, the size of the buoyant population, the
average population flotation rate and -the extent of the vertical
heterogeneity immediately before the onset of calm conditions (Reynoldé
and Walsby, 1975). An important factor in determining buovancy is the
relationship of zeu/zm (Reynolds and Walsby; 1975). 1f zeu-is much less
than zm, the average light intensity which is Eéceived by the algae is
sub-optimal énd the relative gas-vacuolation 1is high. Organisms wﬁich
could migrate to the surface layers under calm conditions would héve a
competitive advantage. The zeu/zm ratiocs 1n Guelph Lake were

~

\-.
consistently low (< .7) throughdut late July -and August (Figure 24),

B S
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Significant cross— “correlations between Richardson numbers and the

vertical heterogeneity and / or surface concentrations of blue—green

algae present in August, other than Lyngbhya, such as Gomphosphaeria and

Microcystis were not observed. At this time, the surface abundance of
L%ngbva was sgignificantly correlated to sgurface chlorophyll and TP
concentrations (Table 14). The surface accumulations of chlorophyll
were mainly due to the accumulation of Lyngbya filaments. The fact that
calm conditions (higg Richardson numbers) consistently resulted in
surface blooms suggests that throughout this time period a stock of
positively buoyant Lyngbya filaments with sufficient flotation rates to

r

T
rgspond, on a daily basis wmust have been available. Positively buovant

" colonies of Microcvstis and Gomphosphaeria must not have. been available

in sufficient amounts or must not have had sufficient flotation rates to
' . A

cause surface blooms undef)these environmentél conditions. The average
flotation rafe 1s affected by the colony or filament size and the
relative gas-vacuolation. The difference in relative gas—vacuolation may
be related to the stage of population development. Increases in
relative gas-vacuolation have been associated with the onset of growth
limitation in lab cultures and bloom forming ‘natural populations of

S, :
blue-green algae (Klemer et al., 1982), Lyngbya increased and declined

in abundance throughout this time period whereas Microcystis and

Gomphosphaeria increased in abundance throughout (Figure 22).

IV-2-2- WEEKLY TIME SERIES (fall/1980-fall/1982)

The delayed onset of the spring bloom in 1982 (Figure 45) was a
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result of the later date of level restoration in 1982 (Figure 48).

The decline of the spring diatom blo n 1982 occurred under similar

environmental conditions as in 1981. Cyclogella declined (Figure 45) as

the surface pH increased (Figure 47). Aster nella, St;nhanodiscus and
N

Melosira declined (Figure 45) as water columm stability (Nz(O-G)m)
-3

increaged (Figure 42). ©Unlike in 1981, these diatoms were present in
measurable quantities throughout most of the summer\h 1982 due to

periods /oB intermittent mixing (Figure 45). 1

\

.

Y -

The increased abundance of Aphanizomenon observed in 1982 as

compared to 1981 (Figure 46) may have been a result of the different
physical " conditions (Figure ‘42), the later date of lake level
restoration (Figure 48), the difference in_ the spring-early summer N03-N

2
+ NO"-N/SRP ratios (Table 16) or more likely a combination of these

" factors. The recruitment of Aphanizomenon flakes is favored when the

bottom waters are oxygenated {(Lynch, 1979). Lynch and Shapiro (1981)

have suggested that the sedimentg provide a refuge which allows new

Aphanizomenon colonies to grow to an ungrazeable size before they enter .

the water columm. In their study, flakes of Aphanizomenon never

'Hbﬁeared in the presence of Daphnia Dplex when the bottom waters were
anoxic or when the water column. was artificially separated from the
bottom sediments. Anoxia at 10m only \B-ccurred for a short period of
time in Guelph Lake in 1982 as compared to most of the summer in 1981
(I‘}igure 47). This difference was due to the increased frequency of

mixing events in 1982, as compared to 1981 (Figure "42). Aphanizomenon

occurred in flake form and Daphnia pulex was present in Guelph Lake in
’\
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botﬁ summers. It may be that growth of flakes at the bottom was(ﬂaly
pogsible during late May and late August of 1981 as compared to qé%&)of
the summer in 1982. The effect of mixed versus stratified conditioné on

the growth of Aphanizomenon in the surface waters is not as clear. The

major increase in Aphanizomenon abundance in 1982 (Figure 46) coincided

with an increase in Nz(O-fb)m and a dectease in N2(0-6)m (Figure 42). A
/"‘\
' \deiffffe in NZ(O-IO)m in mid-August, 1982, resulted in an initial

decrease of Aphanizomenon in the (0-7)m sample, but abundances were

) 2
quickly restored even though N (0-10) continued to deq}ine. The initial
decrease 1n abundance may have resulted from a redistribution of flakes

to a greater depth. Growth of Aphanizomenon appeared to be favored by a

high N2(0—10)m and a low N2(0-6)m. Some observations from the

literature suggest that blue—green such as Aphanizomenon become dominant
-

under stratifi®ed conditions (Shapiro, 1973, Konopka et al.,1978).

Others (Hammer, 1970, Barica, 1975 and Haertel, 1976) reported that

Aphanizomenon 1s often found in shallow lakes which tend to circulate

continuously so that nutrients - are recirculated from bottom

decomposition. Reynolds (1980) suggesfed that Aphanizomenon is found

-

under both stratified and non-stratified conditicns. 9\“

The date of lake level restoration may also influence the

recruitment of Aphanizomenon by affecting the germination of akinetes.

—~—aly
The conditions favoring the germination of akinetes are poorly

understood but it 1s believed that temperature, light and nutrients are

of 1mportanée (Wildman et al., 1975). Since the matority of the

Aphanizomenon akinetes probably, overwintered on the sediments of the
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shallower areas of Guelph Lake, the later date.of lake level restoration

in 1982 (Figure 48) may have altered the environment to favor

germination of these akinetes.

Low N/P ratios favor gas~-vacuolate, N2 fixing blue—-green algae

such as Aphanizomenon (Schindler, 1977, Leonardson and Bengtsson, 1978).
2

Similarly, shifts in dominance from N2 fixing blue-greens to nen N
fixing blue-greens or greens by adding N to limnocorrals before the NZ
fixing blue-greens are very abundant have been observed (Barica et al.,
1980). Leonardson and Ripl (1980) observed that the addition of nitrate

to ponds was followed by die-offs of the Aphanizomenon populations

present. Although the fluxes of N and P in Guelph Lake are not known,
it is not unreasonable to suggest that the'significantly (p < .05) lower

NO4-N + NOZ—N/SRP ratios in the spring-early summer of 1982 (Table 16)

favored the development of N2 fixing blue-greens such as Aphanizomenon.

The recruitment of blue-green algae such as Microcystis,

-

Gomphosphaeria and Lyngbya was favored by stable or stratified

conditions. These blue-green algae do not fix N2 but rather use
primarily ammonium as a nitrogén source (Leonardson and Ripl, 1980, Liap
and Lean, 1978, Kappers, 1980). Consequently, the abundances of these-
algae were much higher in 1981 than in 1982 (Figure 46).
!
The phytoplankton dynamics observed in Guelph Lake in the spring
and summer of 1982 did not follow the typical progression from spring

diatoms to summer species better adapted to survive under stratified
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conditions as seen in 1981. Decreases in N2(0-10)m occurred several
times throughout the gsummer in 1982 (Figure 42). 1In l;mnocorrals, 'which
were Intermittently mixed, Reynolds et al. (1983) found that at‘each
mixing event the competitive advantage shifted from r-selected species
back to diatoms and that the effect of mixing on the more K-gelected

k8
species was t-o temporarily arrest their increase and delay their
eventual attainment of a dominant biomass through the intervening
periods of stable conditions. The patterns observed for the rate of
comerunity change in the spring through summer of 1981 and 1982 differm_:l

greatly (Figure 43). In 1981, rates of community change increased in

late May, mid-June, early July and late July and remained ‘low throughout

Augugt and September. The increase in late May coincided with the loss

of diatoms as a result of the inital onset of thermal stratification.
The increase in mid~June coincided with the emergence of Cryptomonads

and lagged an increase in the zeu/zm ratio. The increase in early July

- )]
7

coincided with the emergence of summer blue—green algae and the
development of anoxic conditions at 10m. The increase in late July

coincided with the loss of some species (Merismopedia and Ceratium )

favored under stratified conditions and an increase in some of the

diatoms (Melosira) as a result of a decrease in NZ(O‘IO)D‘; In contrast,

o
M—HBZ, rates of community change were low 1in May and June and

increases were observed in mid-July, early August, late August and late
September. Increases in rate of community change coincided with changes

in water column stability. Under stratified conditions,, Aphanizomenon

may be considered as having a more r-selected strategy. Other

blue-green algae such as Microecystis, Gomphosphaeria and Lyngbva may

N
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have a more K~selected strategy.
IV-3—- General Discussion

IV-3-1- The interpretation of gﬁeld data

/
~

The results of this study suggest that strong basin scale nixing
effects cause events observed at a single station to be a function of
events at the station plus advective effects from populations washed in
from elsewhere. Estimation ogtsuch parameters as productivity/biomass
(P/B) ratios and -growth rates will depend heavily on physical processes
withiﬂ’the basin and the characteristic depth profile of each variable.
Such estimates may change drastically for reasons due more to shifts in

»
species composition than to physiological adaptation. Previously

published productivity data for Hamilton Harbour which showed week to

week fluctuatipns in physiological parameters in'response to mixed layer
depth changgg (Harris et _55;: 1980a) - has recently been examined.
Physiological cﬁanges_ were shown to be due to changes in the
phytoplankton assemblages rather than to phygsiological adaptation
(Harris et al., 1982).
. =

Thus the use of/ chlorophyll as a measure of biomass hides much
importazt information about the- changing‘-snecies composition of the
assembla The specles composition is an important determinant of many

physiological processes (Harris et al., 1982) and cannot be ignored.

The pattern observed for the advection of chlorophyll is the result of
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the advection patterns of the individual spe;ies which mav be moving in
different directions at the same time. The 2-3 day horizontal mixing
events and the 10-20 day vertical mixing events will influence results
obtained from weekly sampling making them difficult tro interpret. Thé
vertical distribution of algae ‘affects the patterns of horizontal
advection and vertical distribution is, 1itself, a function of the water
column stability. Even in this small bagin, therefore, there are some
complex interactions between the time scales of vertical and horizontal'
mixing. The characterization of these important mixing scales ig a-’
necessary preliminary step in both the design of fiéld sampling schemes

”~

and the understanding of phytoplankton dynamics;
IV-3-2—- Non—equilibrium versus Equilibrium

significant environmental variability.‘in Guelph Lake Has been -
detected at time scales of days to weeks, as in Ramilton Harbour
_<£Sephton, 1980, Harris, 1982). The majority of the increases observed
in nhytdplankton succession rate ocecurred in res;onse to allogenic
factors. Several episodes were initiated in the spring through fall
periods of 1981 and 1982. This does not suggest that éutogenic
succession tor coﬁpetition did not occur, but merely that the environment
chapggd with gufficient rapidity that progression to competitive
exclusion was disrupted. _Experi@ental work (Titman, 1976, Ti{lman, 1977,
Tilman et. al., ibﬂl) has shown that up to 50 days are required for
competitive excl giof’ to occur 1in phytoplankton cultures. Time lags

between changes \in environmental variables and changes in algal
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" abundances occurred. Available resqurces, for example, calm conditions,
were not necessarily exploited. These results suggest that the
phytopl%nkton community of Guelph Lake, like Hamilton Harbour, is a

non—equilibrium system.

. IV-3-3- Use of Bivariate Time Series Analysis in Phytoplankton Ecology

)

In this study, cross—correlations and/or cross—-spectral analysis
were used in 2 ways: : s
1) in station—to-station comparisons of the same variable to determine .
the time scales for horizontal and vertical mixing,
2 to compare an input or x time series (environmental variable) to

an output or y time series (biologlcal variable). The purpose of

such comparisons was to determine if x was a leading factor of v.

There are 4 possibilities which may occur when the input
stationary residuals a;d output stationary. residuals are.
cross-correlated (Haugh and Box, 1977):

P
i) the 2 geries are uncorrelated at all lags and the x series will not
ald in the forecasting of vy,
. 11) the 2 series are only correlated on the same day,
1i1). there is at least on significant cross—correlations for k > 0 and

there are no significant cross-correlations at -ve lags. It~would

then be ﬁosaible to build a dynamic regfession model for y on and
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thereby improve the forecastability of v. | |
iv) there exists significanemcross—correlations for some +ve as well as
-ve lags. This é;;ld indicate a feedback frém ¥y to x and it would
(l:zxt/,not be posgsible tq build a dynamic regress}on of v on pregsent and

past ‘)S.

In station-to-station comparisong of the same variable, all buf
the‘first possibility occurred in. the cross-correlations. Short term
lags and leads between stations w;re interpreted as being due to
horizontal advection. Long term (10-20 day) cross—correlations were

attributed to periodicities in vertical mixing.

¢

In.input to output comparisons of different variables, the first
possibility frequently occurred when the.stationary residuals from egch
time series were cross—-correlated even though cross—-correlation
estimates between the non-stationary time series were high. No a@tempfs

were made to develop distributed lag models relating the input to the

&
output o
S
\J) The use’ of cross—correlations and cross—spectral analysis assumes

there is a linear relationship betweenecthe input and the output. Is this

. \ 2 -
a4 reasonable assumption to make for example,. between N~ and the
-

abundance of diatoms such as Stephanodiscus? Regults from this study.

have shown that mos?i of the dézountable Stephanodiseus cells were
eventually removed to the sediments (Table 7), therefére grazing was

unlikely of importance in the loss of this algae. Tncreases in the



.

-186-

sinking rate of Stephanodiscus coincided with an increase 1in Nz.

. . 2
However, 1f an equivalent decrease in N° were to then occur the

abundance of Stephanodiscus would not necessarily returm to its original

level. This may explain why significant cross-correlations between the

.

stationary residuals of Nz and the stationary residuals of

Stephanodiséus on a daily basis were not observed (Figure 37;{ Another

-

reason'for the lack of a clear relationship between N2 and the aﬁundance

of Stephanodiscus is that N2 is not the only factor affecting the

sinking rate. ' The population stage of growth is also important.

It 1is not reasonable to assume that the abundance of a
particular alga will respond the gsame way to an environmental “variable

over all stages of population growth. The recruitment of blue-green

algae such as Hicrocyst;g, Gomphbsnhaeria and Lyngbva was favo;gd byzsre
development of stratified conditions, that‘is; high Nz(O—lOS; and the
development of anoxic conditi:Ls at {0m. Further increases in the
abundances of these ;lgae were observed even though -water ‘columm '
stability decreased. Environmeﬁtal’factors favoring the recruitment of

an algal‘épecies may not.necessarily have to be maintainéd for further
H_g/increases to occury .Thé population may react diffErently, for exampie[
_ , . ‘

in response to N or Richardson number, depending on the étage of
growth.- For exémple, for surface blooms .to occuf, sufficient.étocks of
pogitively buoyant blue-green filaments or coloﬁies mgst be present.
Howéver, relftive'gas-vaCuolatidn and gsize and the:eby_félative buoyancy

may vary./with the stage 4f population growth. A restriction on the

* length of the data set is thus imposed by the nature of the time series
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/ .
itself {Kgopman, 1974). FKoopman (1974) suggests.that/the complete data
gset should be divided into epochs, within which the gengrating mechanism

for the time series is invariant. An epoch could then refer to a étage

in population growth.

Qe
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V) Summary -

V-1- Temporal and Spatial Varfability

3
Significant environmental variability was detected at time

scales of days to weeks. Time—series analysis of dqilv data from the
3 stations demonstrated the existence. of a) strong horizontal
advection within the basin at a time-scale of 2-3 davs and b) ldnger

term periodicities (1_0—20) days as.sbciateq with the opassage of

Y 'J/“

v
atmospheric weather systems. Different _rates and directions of

horizontal advection were observed for different variables.

\The 2-3 day horizontal mixing events and the 10-20 day
vertical mixing events will influence results obtained through
weekly sampling making them difficult to interpret. The vertical
distrib;ation of the algae affecﬁs. the patterns of horizonta]:
a;ivéctibn and this vertical distribution, is itself, a function of
water column stability. Even in this small basin, there are some
interactions between the time scales of horizontal and vertical
m:fxing. The characterization of these important mixing scales is a
necessary preliminary step in both the design of fleld sampling

,scherqes and the understanding of phvtoplankton dynamics.

188
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V-2- Relationship between environmental variables and phytoplankton

dynamics .
V-2-1- Daily time—series

The phytoplankton dynamics observed in Guelph Lake in the
spring and summer of 1981.showed a typical progression where spring
diatoms gave way to summer species better adapted to survive in
gtratified lakes. Chlorophyll-a concentrations were higher when
water column stability was low. Phytoplankton diversfty was higher —
under st atifieé coﬁditions. Increases in the rate of phytoplankton
community change on a daily basis occurred in late May (loss of
diatems coincident with the onse%‘of thermal stratification),
mid-June (emergence of Cryptomonads légging aﬁ increase in zeu/zm)
and early July {(emergence of swam®r, blue-greens coincident with
. developmeﬂg of anoxia at 10m).

o

Information from sedimentation traps was used to examifie the
logs of diatoms in the sgpring. Increassed sginking rates fbr
Cyclotella coincided withlan increase Iin surface pH whereas

increased sinking rates for Stephanodiscus, Asterionella and

Melosira coincided with increases in surface water temperature and
the onset of summer stratification. The results showed good
agreement between the proposed sedimentary fluxes of diatoms and the

corresponding maximal standing crop.
. : ’
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Information from the sedimentation traps was also useful in
. L

etermining the origin of summer blue-greens such as Microcvstis,

Gomphosphaeria)and Lyngbya. The high specific migration activities

of floéting colonies or filaments of these algae at 10m in late July
and August suggeszed that in Ggelph Lake, a.faip number of colonies
and filaments were recruited frdm the éediments. \The high rates of
accumulation of TP in the downward fhcing traps at 10m provided
further evidence that resuspension of material from the bottom
sediments was occurring at this time. The appearancé of these three
blue—green algae coincided with high N2(0—10)m and the -development
of anoxic conditipns, high NH3, low 4;1 ayd an- Increase 1in
temperatu%e which would be expected to stimulate the formation of

new Iinfectiye coloniles or filaments.

High Richardson numbers were better predictors of high
vertical heterogeneity than low wind speed or high NZ alone. Higher
correlations between environmental variables and vertical
heterogeneity were obtained later in the summer. For gxample} low

wind speeds in late June-early July did not necegsarily result in

high surface chlorophyll concentrations, whereas low wind speeds in

J
August did. ’
V-2-2- Weekly time-series

The phytoplankton dynamics observed in the spring and summer
of 1982 did not” follow the typical progression from spring diatoms

>
-

W
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. -
to summer specles as in \281. The decline of the spring bloom in

i
“1982 oceurred under similar environmental q{gitions as in 1981.

r
However, unlike in 1981, diatoms were present in measurable

. 2
/guantities throughout most of the summer. The most obvious

difference in the phytoplankton communities in the two years was the

much increased abundance of Aphanizomenon in 1982. Rlue-green algae

such as Microcystis, Gomphosphaeria and Lyngbya were less abundant

in the summer of 1982, than in 1981. Phytoplankton diversity was

lower in mid-summer’ of 1982 than of 1981.

~ -
P

The physical conditions were very different in the two
sumﬁers;‘ In 1981, NZfO—G)m fluctuated from high to low back to high
values approximately .every 20-30 days throughout the spring and
summer. In 1982, NZ(O-G)m remained relatively low througout Julyland
August. In 1981, N2(0-10)m 1ncrea;ed in mid-May, reached a maximum
in late July and declined to a low value again in October. 1In 1982,
N?(O-lO)m increased in mid-May but decreased ﬁo low wvalues 1in
mid=July and again in mid-August. Consequently, the1fonditions at
10m wér ry,different for the two summers. 1In 1981, the water at
-10mf€:::;222;;;2;'a: the beginning of July and remained anoxic until

=September. NH3 concentrations at 10m were ﬂ?kh from July 4 to
October 22 in 1981. In contrast, the water at 10m became anoxic for
only two weeks in late July and NH3 concentrations were/&igh only

from August 3 to August 24 in 1982.
N i

k

The increased abundance of Aphanizomenon observed in 1982 ag

O
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compared to 1981 may have been a result of the different physical
conditions, the later date of lake level restoration in 1982, the
lower N03—N + NOé-N/SRP ratios in the spring to early summer of

1982, or more likely, a combination of these factors.

V-3-1 Non-Equilibrium versus Equilibrium

Results suggested that non—equilibrium conditions prevail
{n the phytoplankton community of Guelph Lake. Signifi&ant
environmental variability ‘was detected at time scales of davs to
weeks, time lags were observed to occur between changes in
environmental variables and algal abundances and the majority of the
increases in phytoplankton succession rate occurred Iin response to

allogenic factors.

V-3-2 Use of Bivariate Time Series Analysis
.
In input to output comparisons of different environmental
variables to biological variables, crbss-correlations were
frequently non~significant when the stationary residuals of each

data set were use

even though cross—correlation estimates between
the non-station data sets were high. The use™yof
cross—correlations an{ cross-spectral analyéis assumes there 18 a
linear relationship/ between the input and the output. This 1s not a

. 2
reagonable assumption to make, °for example, between N~ and the

abundance of Stephanodiscus. It is also not reasonable to asgume

%.
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that the abundance of a particular alga will respond the same way to

an environmental wvariable over all stages of population growth.

This limits the lengths of the data sets available for analysis.

-t - “
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