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(ABSTRACT) 

Seasonal effects on protozoan colonization of polyurethane foam (PF) 

units were investigated in.an oligotrophic lake, Mountain Lake, Virginia. 

PF units were placed into the lake's pelagic water to simulate barren 

habitat islands suitable for colonization by protozoa. The results were 

interpreted with respect to the MacArthur-Wilson equilibrium theory of 

island biogeography. 

Results showed seasonal changes can cause a substantial amount of 

instability in colonization curves. Within a season, changes in the 

lake's planktonic species pool were more prominent during the decay of the 

thermocline than during Fall or Spring overturn and Summer 

stratification. For different seasons, the relationship between changes 

in the lake's planktonic species pool and species accrual on PF units was 

positive, for total species and for ciliate species. For different sea-

sons, the relationship between changes in colonization rate and species 

accrual was consistent with MacArthur-Wilson theory. In contrast, for 

different seasons, the relationship between changes in equilibrium number 

of species and species accrual was inconsistent with MacArthur-Wilson 

theory, and this places in question the interseasonal predictive value of 



colonization curves. 

For some situations where the MacArthur-Wilson equation for insular 

colonization did not describe adequately the colonization a modified 

equation was developed. The modified equation was used to account roughly 

for species which may rapidly colonize and persist in PF unit communities 

and described adequately more total species colonization curves than the 

unmodified equation. Moreover, the modified equation was a useful tool 

for the interpretation of PF unit colonization by protozoa. 
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INTRODUCTION 

Field investigations in ecoiogy occur in the presence of complex envi-

ronmental conditions. To prevent unnecessary complications an investi-

gation should be designed to minimize those conditions which might 

influence study results. When this is not possible, within the context of 

an investigation, it is necessary to identify and monitor those conditions 

which might interfere with the purpose of the investigation. If this can 

be accomplished, then possibly a relationship can be found between the 

monitored condition and the ecological problem under investigation. The 

~urpose of this investigation is to examine some relationships between 

seasonal changes in the environment and the protozoan colonization of bar-

ren habitat islands in a temperate lake ecosystem. 

MacArthur and Wilson (1967) presented a set of hypotheses to account 

for the number of species present as colonists in island communities. 

According to their equilibrium theory of island biogeography the equilib-

rium number of species present on an island is a result of immigration of 

species to the island and the extinction of species from the island. In 

their basic model for colonization these two components are dependent upon 

distance of the island from a species source pool and size of the island. 

However, MacArthur and Wilson (1967) also recognized that immigration and 

extinction may be affected by other factors such as weather, time of day, 

and changes of season. It is intuitively reasonable to expect that chang-
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es of season will affect colonization, because protozoan communities in 

temperate lentic ecosystems often cycle on a regular seasonal basis. 

Although relatively few colonization studies have considered the 

relationship between seasonality and the number of species colonizing a 

habitat island, some have indicated that seasonal effects can play a major 

role in the composition of island communities. Lynch and Johnson (1974) 

analysed census data concerning bird populations of the California Chan-

nel Islands. They suggested the seasonal nature of these populations is a 

major obstacle for applying MacArthur-Wilson equilibrium theory to 

describe adequately bird colonization of the Channel Islands. Cairns et 

al (1976) placed polyurethane foam units (PF units) into a Michigan lake 

and found that the mean number of protozoan species present on PF units 

which were already at equilibrium appeared to increase after fall 

overturn. An in depth study was done by Osman (1978) on the colonization 

of square slate panels by epiphytic marine organisms in a Massachusetts 

harbor. He found that the number of species present varied with season 

and developed a seasonal colonization model to describe these fluctu-

ations. Cathey et al (1982) studied the protozoan colonization of PF 

units in two amictic Antarctic lakes during the Antarctic austral summer. 

Their results indicated that the time of season when PF units were sub-

merged appeared to affect the protozoan colonization rate. These studies 

suggest that seasonal changes in the environment can affect colonization 

in island commur.ities. 

PF units were used in this investigation to simulate barren habitat 

Introduction 2 



islands. An investigation by Cairns et al (1969) demonstrated the useful-

ness of MacArthur-Wilson equilibrium theory for describing protozoan 

colonization of PF units. The appropriateness of using PF units to act as 

habitat islands was discussed by Cairns et al (1979). 

For this study simultaneous subinvestigations were conducted during 

different seasons. The main objectives for this study were to: 

1) Quantitatively compare colonization curves for different 

seasons. 

2) Test colonization curve stability for each of the seasons 

investigated. 

3) Examine some relationships between species accrual, 

thermal stratification, plankton, and the colonization 

of PF units. 

4) Test the fit of colonization curves obtained to the 

MacArthur-Wilson model and to search for appropriate 

modifications in the absence of fit. 
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SEASONAL PATTERNS OF COLONIZATION BY PROTOZOA 

INTRODUCTION 

This investigation involved placing polyurethane foam (PF) units into 

a lake during different seasons for colonization by protozoa. The purpose 

was to examine how seasonal changes in the environment affect (1) coloni-

zation rate, (2) number of species present at equilibrium, (3) species 

accrual on PF units, and (4) stability of the colonization curve during 

the period of data collection. Previous protozoan colonization studies 

have discussed briefly the effect seasonality may have on the colonization 

process, but none have approached this problem quantitatively. Also, 

colonization curve stability has not been measured in any previous study. 

According to theory, the colonization of barren habitat is lands is 

affected by the invasion rate of species onto the island and by inter-

actions between species on the island. It is intuitively reasonable to 

expect these two components will vary seasonally, because protozoan com-

munities in temperate lentic ecosystems often cycle on a regular seasonal 

basis. Previous colonization investigations involving PF units in lentic 

ecosystems have in general used a one-day-placement procedure for data 

collection, where many PF units are placed into the ecosystem on a desig-

nated day and then subsequently some are collected at periodic intervals 

for examination. From this information a colonization curve may be plot-
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ted or colonization curve parameters calculated. A sampling procedure of 

this type assumes no significant changes in the environment occur during 

the period of data collection. Also, if the results are used to evaluate 

the condition of an ecosystem, then it is assumed that natural environ-

mental changes which take place gradually will not affect the assessment. 

The sampling procedures in this investigation were designed to examine the 

effects long and short-term seasonal changes have on colonization. 

SITE DESCRIPTION 

Mountain Lake, Giles County, Virginia is one of the two natural lakes 

in Virginia. Most likely, it was formed by a natural rock slide in a moun-

tain stream valley (Hutchinson and Pickford 1932, Parker et al 1975). The 

lake is located at an altitude of 1,180 m above sea level (Dietrick 1957), 

it has a surface area of about 189,300 m2 (Roth and Neff 1964), and a maxi-

mum depth of about 31.5 m (Roth and Neff 1964). The drainage basin is only 

about five times larger than the lake's surface area and the lake is prob-

ably partially dependent on water fed from mountain springs (Roth and Neff 

1964). Mountain Lake water is characteristically very soft, generally 

slightly acidic, and it has been referred to as an oligotrophic lake in 

several studies (Roth and Neff 1964, Obeng-Asamoa and Parker 1972). 

Seasonally, Marland (1967) described the lake as usually dimictic, 

although, possibly monomictic in some years. Roth and Neff (1964) found 

the annual range for surface temperatures to be Oto 23.1°C and for bottom 
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temperatures to be 2.65 to 6.6°C in 1962. Also, they estimated summer 

stratification prevailed for about 28 wk and winter stratification for 

about 8 wk. Spring and fall overturn each lasted approximately 6 wk in 

their study. A layer of ice usually forms at the lake's surface sometime 

during the period of winter stratification (Marland 1967). 

MATERIALS AND METHODS 

Four 21 day colonization investigations (Table 1) using PF units, were 

conducted at Mountain Lake, Giles County, Virginia. The sampling site for 

the four investigations was in the Northwest section of the lake in an 

area where lake depth was approximately 20 m. For each investigation, 

blocks of polyurethane foam (PF units) measuring 5.0 x 6.3 x 7.6 cm were 

suspended at a depth of 1 min the water column. For this purpose, two 

rectangular wooden frames measuring O. 61 x 1. 83 m were constructed to 

float at the lake surface (Figure 1). The frames were placed at the lake 

surface approximately 10 m apart. Weighted plastic bags, used as anchors, 

were positioned so the frames remained separate and could.not move from 

the sampling site. Into each frame nails were placed 30.5 cm apart to 

provide attachment sites for placing PF units. Nylon line was used to 

suspend each PF unit at a depth of 1 m from the lake surface and, a small 

weighted plastic bag was tied at 2 m (Figure 1.). 

During the time period for each investigation, three subinvesti-

gations were performed using the two sampling frames. For all subinvesti-
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gations only new uncolonized PF units were placed into the lake and after 

the PF units had been collected they were not reused. In subinvestigation 

1, a one-day-placement procedure was used, where 15 PF units were 

placed(i.e. hung) on a sampling frame on the first day (i.e. day 0) of the 

investigation. Then, on days 1, 3, 6, 15, and 21 after placement three PF 

units were collected each day for examination in the laboratory. In sub-

investigation 2, a one-day-collection procedure was used, where sets of 3 

PF units were placed on the sampling frame 1, 3, 6, and 15 days before the 

final day (i.e. day 21) of the investigation. Then, on the final day of 

the investigation all 12 PF units ~ere collected for examination. In sub-

investigation 3, a set of 3 PF units was placed onto a sampling frame on 

day 3 of the investigation and then three days later the PF units were 

collected for examination. This procedure was then repeated with new PF 

units every three days until a fifth set of 3-day-old PF units was col-

lected on the 18th day of the investigation. 

On collection days the appropriate PF units were cut from their lines 

and placed into separate clean glass collection jars. The jars were 

placed into a thermally insulated container for transport to the Proto-

zoology Laboratory at Virginia Tech, where they were stored at ambient 

lake water temperature. In the lab each PF unit was carefully hand 

squeezed into its collection jar. Subsamples of th~ extracted water or 

squeezings were then microscopically examined to determine what protozoan 

species were present. Subsamples were pipetted from the top and bottom of 

the jar from regions closest to and furthest from the most intense light 
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source. From the subsamples three wet mounts were prepared and examined 

for each PF unit. Each wet mount was prepared using 2 to 4 drops from the 

subsamples. In cases where the third wet mount examined increased the 

total number of species counted by more than 15% a fourth wet mount was 

examined. Standard protozoological keys (Jahn et al 1979, Kahl 1930-1935, 

Kudo 1966, Pascher 1913-1927, Prescott 1951, Ward and Whipple 1959, Whit-

ford and Schumacher 1969) were used to identify the species which were 

present. If a positive identification could not be made a description of 

the organism was noted. Within 63 hr after removal from the lake, micro-

scopic examinations were completed for all the PF units collected. 

In addition, on days when PF units were collected, a single plankton 

sample was taken using a 10 ~m mesh plankton net with a net opening of 12.5 

cm. This sample was collected by casting the net five times into the top 2 

m of lake water at the sampling site. The plankton samples were stored 

and microscopically examined in the same manner as the PF unit squeezings. 

During each investigation water quality measurements for hardness, 

alkalinity, pH, and dissolved oxygen were taken using a Hach Kit, to 

detect if substantial changes in water chemistry occurred during the year 

long period encompassing the four investigations. In addition, temper-

ature profile measurements were periodically collected. For the first two 

runs a Taylor Max/Min Thermometer was used for measuring temperature at 

depths of surface, 1, 2, 5, 10, 15, and 20 m. During the last two runs a 

Hydrolab temperature probe was used to measure temperatures at the surface 

and at every meter down to 20 m. 
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For the analyses, the PF unit data for each investigation was classi-

fied as either (1) One-day-placement (ODP) data, this was the PF unit data 

collected in subinvestigation 1 or (2) One-day-collection (ODG) data, 

this included PF unit data for subinvestigation 2 and the 21-day-old PF 

unit data collected for subinvestigation 1 (i.e. these 21-day-old PF units 

were collected on the final day of the investig~tion), or (3) species 

accrual data, this included the PF unit data collected for subinvesti-

gation 3 and the 3-day-old PF unit data collected for subinvestigations 1 

and 2. Also, all the analyses were made with respect to the total number 

of protozoa species present, the number of flagellate species present, and 

the number of ciliate species present. ODP data and ODG data were ana-

lyzed using the Marquardt method for nonlinear regression to estimate the 

Seq and g values described by the MacArthur-Wilson equation for insular 

colonization: 

-gt S(t)=Seq(l-e ) 

where: S(t) is the number of colonists or species 

present at time t 

Seq is the equilibrium number of species 

g is the colonization rate 

Lack of fit (LOF) analysis (Draper and Smith 1981) was performed on 

each of the resulting colonization equations to test for significant LOF 
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(a=0.01). A dummy variable method (Kleinbaum and Kupper 1978) was used 

for simultaneously analyzing two colonization data sets, to test if either 

Seq or g values were significantly different (a=0.01). Using this method 

within season comparisons were made where the ODP and the ODC curves for a 

given investigation were compared to determine if there was a significant 

(a=0.01) difference in either Seq or g values. Also, using this method 

comparisons between seasons were made where the ODP curves for two inves-

tigations or the ODC curves for two investigations were analysed to deter-

mine if either the Seq values or the g values for the two curves were 

significantly (a=0.01) different. 

A Kruskal-Wallis test was used to analyze species accrual data for the 

four investigations to determine if at least two investigations were sig-

nificantly (a=0.05) different in species accrual. Similiarly, the plank-

ton sample data was analyzed using a Kruskal-Wallis test. If the 

Kruskal-Wallis test indicated a significant difference was present then 

Wilcoxon rank sum analyses were made so a line diagram could be con-

structed. A Kendall correlation test was used to analyze linear relation-

ships between species accrual, day of investigation, and the number of 

species present in plankton samples. 

For convenience, a significance level of (a=0.01) is assumed in all 

the following analyses and discussion unless otherwise specified. 
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Table 1. The twenty-one day sampling period for 
each investigation. 

Investigation Twenty-one Day 
(or Season) Sampling Period 

Fall 1 October 28 - November 18, 1982 

Fall 2 November 23 - December 14, 1982 

Spring March 26 - April 16, 1983 

Summer September 9 - September 30, 1983 
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RESULTS AND ANALYSES 

TEMPERATURE PROFILE MEASUREMENTS AND WATER CHEMISTRY 

Temperature readings for each investigation (Table 2) were typical 

for a temperate zone lake. In the Spring and Fall 2 investigations the 

temperature profile readings for each of the days observed show a temper-

ature gradient of ca. 1°C or less. On one or two days (for each of the two 

investigations) a temperature gradient of ca. 2°C was present (Appendix A, 

Tables 1 and 2). Temperature profiles for the Summer investigation (Ap-

pendix A, Table 3) show a well developed epilimnion where the thermocline 

increased in depth slightly as the investigation progressed, on day 1 the 

temperature was 21.5°C at 6 m and 15°C at 8 m and, on day 21 the temper-

ature was 14.5°C at 9 m and 10.5°C at 10 m. The Fall 1 temperature profile 

(Appendix A, Table 2) indicates that a continual decay of the lake's ther-

mocline occurred from approximately day 6 until day 18 when water temper-

ature was a uniform 7. 8°C from the surface to a depth of 19 m. It is 

likely the lake was undergoing overturn by day 18 of the Fall 1 investi-

gation, because lake water above the 19 m mark accounts for approximately 

95% of the lakes' total volume (Roth and Neff 1964). The range of chemi-
' 

cal measurement values obtained for surface water samples are given in 

Table 2. When measurements for the four investigations were combined the 

range of values for pH (6.65-6.9 units), hardness(l7.l ppm), alkalinity 

(34.2 ppm) and dissolved oxygen (7-11 ppm) were relatively narrow. 
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Table 2. Range of chemical and physical measurements taken during 
each investigation. 

Dissolved Temperature 
Hardness Alkalinity Oxygen at 1 m 

Investigation pH (ppm) (ppm) (ppm) (OC) 

Summer 6. 9"' 17.1 34.2 7-8 15.5-22.5 

Fall 1 6.7 17.1 34.2 8 7.2-10.0 

Fall 2 6.65-6.75 17. 1 34.2 7-8 5.0-7.8 

Spring 6.7 17.1 34.2 9-11 3.5-6.5 

* In some cases the measurement techniques did not detect any measurable 
differences during an investigation. 
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PLANKTONIC PROTOZOANS AND SPECIES ACCRUAL 

The values for the total species present in plankton samples (Appendix 

A, Table 4) ranged widely from a high of 30 species in the Fall 2 investi-

gation to a low of 8 species in the Fall 1 investigation. The values for 

mean,total species accrual (Appendix A, Table 5) ranged widely from a high 

of 29.67 species in the Spring investigation to a low of 10.33 species in 

the Summer investigation. Species accrual and plankton sample data are 

illustrated in Appendix B, Figures 2 to 9. For analyses involving the 

Kendall correlation test a conservative a-level of 0.01 was chosen because 

in some cases sample populations were limited to 6 to 8 data points. An 

a-level of 0.05 was used in the Kruskal-Wallis tests because moderate sam-

ple populations of 16 to 21 data points were analyzed. Names of species 

identified for the four investigations are given in Appendix C. 

For the four seasonal investigations, 12 Kendall correlation tests 

(Table 3) were made to test for a significant linear relationship between 

number of species present in plankton samples and day of investigation. 

The results of these analyses indicate that total species and flagellate 

species significantly increased linearly over time in the Fall 1 investi-

gation and flagellate species significantly decreased linearly over time 

in the Fall 2 investigation (Table 3). Plankton sample data analysed for 

all four seasons together did not show any significant linear relation-

ship with time (Tatle 3). 

For the four seasonal investigations, 12 Kendall correlation tests 
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(Table 4) were made to test for a significant linear relationship between 

day of investigation and species accrual on 3-day-old PF units. The 

results of these analyses indicate that no significant linear relation-

ships were present (Table 4). When PF unit data from all four seasons 

were pooled, total species present on 3-day-old PF units was indicated to 

significantly increase linearly with time (Table 4). This result was 

probably affected by the relatively high correlation coefficent (Table 4) 

of 0.619 for total species in the Fall 1 investigation. 

For the four seasonal investigations, 12 Kendall correlation tests 

(Table 5) were made to test for a significant linear relationship between 

the number of species present in plankton samples and species accrual on 

3-day-old PF units. The results of these analyses all indicated that no 

significant linear relationships were present. When data for all four 

seasons were pooled, a positive linear relationship between plankton spe-

cies and species accrual was found to be strongly significant (p<0.001), 

for total species and for ciliate species (Table 5). 

Results from the Kruskal-Wallis tests (Table 6) indicated that at 

least two seasonal investigations were significantly (p<0.05) different 

in species accrual, for ciliates and for total species. The 

Kruskal-Wallis tests (Table 6) indicated no significant (p<0.05) differ-

ence was present between seasons for flagellate accrual. Also, 

Kruskal-Wallis tests (Table 6) indicated that at least one pair of seasons 

was significantly (p<0.05) different in the number of species present in 

plankton samples, for flagellates, for ciliates, and for total species. 
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Line diagrams constructed using the Wilcoxon rank sum test to show 

seasonal differences in plankton species present or in species accrual are 

given in Table 7. The diagrams indicate that significantly (p<0.05) fewer 

flagellates, ciliates, and total species were present in plankton samples 

for the Summer investigation than for the Fall 2 and Spring 

investigations. The diagrams show that species accrual for ciliates and 

total species for the Summer investigation was significantly less than 

species accrual for ciliates and total species for the Fall 2 and Spring 

investigations (Table 7). The Fall 2 investigation had the highest number 

of total species present in plankton samples, significant at a=0.05 (Table 

7). Also, the Fall 2 investigation had the highest total species accrual 

on 3-day-old PF units, however, this was not significantly different from 

total species accrual during the Spring investigation (Table 7). 
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Table 3. Kendall's rank correlation coefficient for days 
vs. planktonic protozoans. 

Investigation 

Summer 
Coe ff. 
P-value 
95% C.I. 

Fall 1 
Coe ff. 
P-value 
95% C.I. 

Fall 2 
Coe ff. 
P-value 
95~, C. I. 

Spring 
Coe ff. 
P-value 
95~, C.I. 

All Seasons 
Coeff. 
P-value 
95% C.I. 

Total species 

.321 

.169 
-1.0,1.0+ 

.857 

.001 
. 804,. 910 

-.643 
.016 

-.878,-.408 

.000 

.548 
-.467,.467 

.141 

.133 
- . 122,. 404 

Flagellates 

.215 

.274 
-.201,.634 

.933 

.005 
.768,1.00 

-.714 
.007 

-.919,-.509 

.500 

.054 
.235,.765 

.115 

.193 
- . 151,. 380 

Ciliates 

.429 

.089 
.098,.759 

.667 

.048 
-1.0,1.0+ 

-.500 
.054 

-.665,-.335 

-.143 
.360 

-.695,.410 

.028 

.423 
- . 233,. 289 

+ A confidence interval could not be calculated for the 
data set using the Noether method. 
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Table 4. Kendall's rank correlation coefficient for days 
vs. protozoans on 3-day-old PF units. 

Investigation Total Species Flagellates Ciliates 

Summer 
Coe££. .524 .619 .333 
P-value .068 .035 .191 
95% C.I. .155,.893 .177,1.00 -.326,.993 

Fall 1 
Coe££. .619 .600 .600 
P-value .035 .068 .068 
95% C.I. . 382,. 857 .269,.931 -1. 0, 1. O+ 

Fall 2 
Coe££. -.190 -.238 -.429 
P-value .334 .281 .119 
95~~ C.I. -.319,-.062 -.613,.157 -.882,.025 

Spring 
Coe££. .429 .429 .381 
P-value .119 .119 .155 
95% C.I. . 229,. 628 .088,.769 .165,.597 

All Seasons 
Coeff. .336 .225 .188 
P-value .006 .052 .077 
95% C.I. .086, .586 -.023 1 .473 - . 095 I. 471 

+ A confidence interval could not be calculated for the 
data set using the Noether method. 
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Table 5. Kendall's rank correlation coefficient for 
planktonic protozoans vs. protozoans on 3-day-old PF units. 

Investigation 

Summer 
Coeff. 
P-value 
95% C.I. 

Fall 1 
Coeff. 
P-value 
95% C.I. 

Fall 2 
Coeff. 
P-value 
95% C. I. 

Spring 
Coeff. 
P-value 
95% C. I. 

All Seasons 
Coeff. 
P-value 
95% C. I. 

Total species 

.333 

.191 
.040,.627 

.619 

.035 
-1.0,1.Qll-

.. 048 
.500 

-.523, .427 

-.048 
.500 

- .447,. 351 

.479 

.000 
.292, .666 

Flagellates 

.619 

.035 
. 120, 1. 00 

.533 

.102 
- . 015, 1. 00 

-.048 
.500 

-.523, .427 

-.095 
.443 

- . 660, .469 

.225 

.052 
- .108,. 558 

Ciliates 

-.143 
.386 

-.566,.280 

.667 

.048 
-1. 0, 1. O+ 

.333 

.236 
-.213, .880 

.143 

.386 
-.300, .585 

.516 

.000 
. 349,. 682 

+ A confidence interval could not be calculated for the 
data set using the Noether method. 
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Table 6. Kruskal-Wallis test for planktonic protozoa and 
for 3-day-old PF unit protozoa. 

Plankton 

hs•'r 
P-value 

3-day-old PF unit 

hs 
P-value 

Total species 

15.708 
.OOl<p<.005 

15.655 
.OOl<p<.005 

Flagellates 

14. 726 
.OOl<p<.005 

7.043 
.05<p<.10 

Ciliates 

18.883 
p<.001 

24.537 
p<.001 

* The Kruskal-Wallis large sample test statistic (for 
Chi-Square with three degrees of freedom). 
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* Table 7. Line diagrams (a=.05) for comparing species 
accrual on 3-day-old PF units and for comparing the number 
of species present in plankton samples, by season. 

Plankton 

Total Species 

Flagellates 

Ciliates 

3-day-old PF units 

Total Protozoa 

Ciliates 

Summer 

Summer 

Summer 

Summer 

Summer 

Seasons 

Fall 1 Spring Fall 2 

Fall 1 Spring Fall 2 

Spring Fall 1 Fall 2 

Fall 1 Spring Fall 2 

Spring Fall 1 Fall 2 

* A Kruskal-Wallis test was used to determine if at least 
one pair of seasons was significantly different (a=.05). If 
a significant difference was indicated, then a Wilcoxon rank 
sum test was used to test for a significant difference 
between each pair of seasons (a=.05). Lines were used to 
connect those seasons which were not significantly different. 
The seasons were ordered, left to right, by results from the 
Kruskal-Wallis test from lowest average rank sum to highest 
average rank sum. 
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PF UNIT COLONIZATION 

The mean number of total species, flagellate species and ciliate spe-

cies present in 21-day-old PF units (Appendix A, Table 6) was higher for 

Summer ODP and ODC curves than for curves from any of the other three 

investigations. Table 8 shows results from the MacArthur-Wilson model 

lack of fit (LOF) analyses for each ODP and ODC colonization curve. 

Appendix B, Figures 10 to 25 illustrate these MacArthur-Wilson curves. 

Total species present had a significant LOF (Table 8) for four coloniza-

tion curves, the Fall 1 ODP and ODC, Fall 2 ODC, and Spring ODC curves. 

For lack of fit and also for the curve comparison analyses a conservative 

ci- level of O.01 was chosen so that minor fluctuations in colonization 

would not affect results. 

The ciliate Summer ODP and ODC colonization curves had Seq asymptotic 

·standard errors of 63.934 and 6.145, respectively, which were relatively 

larger than the Seq standard errors of the other ciliate colonization 

curves which ranged from 0.688 to 2.422 (Table 8). Also, the Summer cili-

ate curves had estimated Seq values of 66.70 and 32.47, respectively, 

which were relatively larger than estimated Seq values for the other cili-

ate curves which ranged from 14.32 to 21.79 (Table 8). Moreover, esti-

mated Seq values for the Summer ciliate curves were both larger than 24.67 

which was the highest mean number of ciliate species found on a PF unit 

for the Summer investigation (Appendix A, Table 6). This implies that the 

equilibrium number of ciliate species had not been reached for the ODP and 
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ODC colonization curves during the twenty-one day investigational period. 

If an equilibrium number of species is not achieved during the sampling 

period the MacArthur-Wilson model is less able to adequately explain a 

data set. This situation may have been the cause for such large asymptot-

ic standard errors. 

It should be noted that PF units were found to be missing on some col-

lection days and, therefore, three replicate PF units could not be col-

lected for each PF unit collection day. The missing PF units were most 

likely the result of bad weather conditions. The collection days when PF 

units were missing and the number of PF units collected on these days are 

indicated by superscripts in Appendix A, Tables 5 and 6. Also, data for 

the number of flagellate and ciliate species present in plankton and in PF 

unit samples for day 1 and day 3 of the Fall 1 ODP subinvestigation was 

inadvertently lost. To obtain a general feeling for flagellate and cili-

ate colonization the data for 3-day-old PF units collected on day 6 of the 

Fall 1 subinvestigation was used to replace the day 3 PF unit data. This 

seemed to be justified since conditions in the lake were fairly stable 

through day 6 of the investigation. This substitution was used in lack of 

fit and curve comparison analyses only, and is included in the Fall 1 ODP 

colonization graphs for flagellates and ciliates. Data for the total spe-

cies present was not lost and formed the principal basis for interpreta-

tions concerning PF unit colonization for the Fall 1 ODP colonization 

curves. 
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Table 8. MacArthur-Wilson equation parameters from lack of fit(LOF) 
analyses for ODP and ODC curves for each investigation. 

Seq g 
LOF Asymptotic Asymptotic 

Taxonomic Group P-value Seq Std. Error g Std. Error 

Total Protozoa 
Summer ODP . lO<p<. 25 56.18 5.814 .093 .0203 

ODC .Ol<p<.05 49.83 2.626 .145 .0203 

Fall 1 ODP p<.001 * 41.22 3.718 .117 .0236 
ODC .OOl<p<.01 * 31. 89 1. 313 1.115 .2392 

Fall 2 ODP .Ol<p<.05 34.00 .955 .627 .0773 
ODC p<.001 -.': 32.50 1. 931 .862 .2425 

Spring ODP p<.001 -.·: 32.65 2.556 .296 .0734 
ODC .lO<p<.25 33.71 1.343 1.347 .3188 

Flagellates 
Summer ODP .Ol<p<.05 18.81 1.345 .231 .0513 

ODC .lO<p<.25 17.35 .943 .455 .0960 

Fall 1 ODP p<.001 -,': 18.76 2.985 .107 .0369 
ODC p>.25 14.75 .425 1.174 .1708 

Fall 2 ODP p>.25 15.01 .462 1. 299 .2331 
ODC .Ol<p<.05 14. 51 .653 1.598 .4567 

Spring ODP .Ol<p<.05 14.68 .695 J..208 .3223 
ODC p>.25 17.24 .531 1.532 .3022 

Ciliates 
Summer ODP p>.25 66.70 63.964 .022 .0252 

ODC p>.25 32.47 6 .145 .072 .0249 

Fall 1 ODP p>.25 21. 79 1.186 .105 .0122 
ODC .OOl<p<.01 --.': 15.84 1.215 1. 221 .0163 

Fall 2 ODP .Ol<p<.05 15. 81 .688 .479 .0824 
ODC p<.001 'i: 17.71 1. 251 .255 .0545 

Spring ODP .lO<p<.25 17.12 2.422 .125 .0437 
ODC .lO<p<.25 14.32 1.005 1.079 .4069 

* Highlights those p-values that indicate a significant lack of fit 
(p<.01). 
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SEASONAL COMPARISONS OF PROTOZOAN COLONIZATION 

Results for the between season colonization curve comparisons are 

given in Table 9. For total species colonizing PF units two comparisons 

were performed, one for Fall 2 and Summer ODP curves and the other for 

Spring and Summer ODC curves (Table 9). A significant lack of fit in the 

Fall 1 ODP, Fall 1 ODC, Fall 2 ODC, and Spring ODP total species curves 

(Table 8) prevented any more between season comparisons from being made 

for total species curves. The two comparisons indicated that the Fall 2 

ODP and Spring ODC curves were each significantly different from their 

corresponding total species curves in the Summer investigation (Table 9). 

Moreover, these curves were significantly different in both -Seq values and 

in g values. The Summer total species curves had lower estimated g values 

of 0.093 and 0.145 for ODP and ODC curves, respectively, in contrast to 

0.627 for the Fall 2 ODP total species curve and 1.347 for the Spring ODC 

total species curve (Table 8). Also, the Summer total species curves had 

higher estimated Seq values of 56.18 and 49.83 for the ODP and ODC curves, 

respectively, in contrast to 34.00 for the Fall 2 total species curve and 

33.71 for the Spring ODC total species curve (Table 8). 

For flagellate colonization comparisons it was the Spring investi-

gation which had the highest number of significant comparisons when com-

pared to the other three investigations. The flagellate ODC curve for 

Spring was significantly different from the Fall 1, Fall 2, and Summer 

ODC flagellate curves (Table 9). Also, the Spring ODP flagellate curve 
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was ~ignificantly different from the Summer ODP curve, but not from the 

Fall 2 ODP curve (Table 9). Flagellate Seq values were significantly 

different in comparisons (Table 9) involving the Spring ODC or Summer ODP 

curves, which had comparably high Seq values of 17.24 and 18.81, respec-

tively (Table 8). A significant difference in g values was indicated only 

in comparisons involving the Summer colonization curves (Table 9). The 

Summer curves had the lowest estimated g values of the flagellate curves 

fitting the MacArthur-Wilson model, 0.231 and 0.435 for ODP and ODC 

curves, respectively. The estimated g values for the other flagellate 

curves which fit the MacArthur-Wilson model ranged from 1.174 to 1.598 

(Table 8). A comparison between the Fall 1 and Fall 2 flagellate ODC 

curves indicated no significant difference. 

For ciliate comparisons the Summer ODP and ODC ciliate curves had rel-

atively large Seq asymptotic standard errors of 63.934 and 6.145, respec-

tively. This made the confidence intervals used for comparing the 

estimated Seq values very large, for example in the comparison between the 

ciliate Summer and Spring ODP curves the 99% confidence interval for Seql 

minus Seq2 was -223.9 to 124.7 (Table 9). None of the comparisons made 

involving ciliate colonization curves for the Summer investigation indi-

cated a significant difference between Seq values (Table 9). Visual 

inspection of the graphs (Appendix B, Figures 22, 23, 24, and 25) illus-

trating ciliate colonization for the four investigations suggests that 

the equilibrium number of species would have been higher for ciliates in 

the Summer investigation than for ciliates during any of the other three 
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investigations. In addition, Appendix A, Table 6 shows that the highest 

mean number of ciliates present on a PF unit during the Summer investi-

gation was 24.67 ciliate species. In contrast, relatively lower maximum 

values were observed for the other seasonal investigations, 19.50 for the 

Fall 1 investigation, 18.00 for the Fall 2 investigation, and 16.33 for 

the Spring investigation. In other ciliate curve comparisons the Fall 2 

ODP curve was shown to have a significantly different g value from the 

Fall 1, Spring, and Summer ODP ciliate colonization curves. The estimated 

g value of 0.479 for the Fall 2 investigation was higher than g values for 

the other three ciliate ODP curves, which ranged from 0.022 to 0.125 (Ta-

ble 8). 

Results from the within season comparisons are given in Table 10. The 

comparison between Spring ODP and ODC flagellate curves was the only 

instance where a significant difference was indicated. The number of 

comparisons for total protozoa was limited to only one because the Fall 1 

ODP and ODC, Fall 2 ODC, and Spring ODP total species curves had a signif-

icant lack of fit (Table 8). 
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Table 9. Comparing differences in Seq anding between seasons 
where the corresponding MacArthur-Wilson curves do not have 
significant lack of fit (p<.01). 

Seasons 
Compared 

Total Protozoa 
Fall 2, Summer ODP 

Spring, Summer ODC 

Flagellates 
Fall 1, Fall 2 ODC 

Fall 1, Spring ODC 

Fall 1, Summer ODC 

Fall 2, Spring ODP 
Fall 2, Spring ODC 

Fall 2, Summer ODP 
Fall 2, Summer ODC 

Spring, Summer ODP 
Spring, Summer ODC 

Ciliates 
Fall 1, Fall 2 ODP 

Fall 1, Spring ODP 

Fall 1, Summer ODP 

Fall 2, Spring ODP 

Fall 2, Summer ODP 

Spring, Summer ODP 
Spring, Summer ODC 

99% C.I. for 
Seql - Seg2 

-36.192,-8.176 

-24.881,-7.348 

-2.052,2.542 

-4.488,-.488 

-5.521,.337 

-1.979,2.650 
-5.062,-.405 

-7.358,-.024 
-5.992,.318 

-8. 116, - . 103 
-3.003,2.795 

.199,11.747 

-5.103,14.426 

-188.468,98.618 

-7.332,5.070 

-199.302,97.507 

-223.903,124.731 
-36.548,.232 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

99%C.I.for 
gl - g2 

. 249,. 820 

.384,2.019 

-1. 702, . 855 

-1. 324, . 609 

-.102,1.539 

-1.030,1.213 
-1.426,1.558 

.097,2.040 
-.281,2.566 

-.042,1.996 
.029,2.124 

-.576,-.172 

- . 150, . 108 

-.021,.187 

.040, .667 

.147,.767 

- . 038,. 245 
-.064,2.079 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ Indicates where the ninety-nine percent confidence interval 
did not include zero, therefore where the difference between 
seasons is significant. 
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Table 10. Comparing differences in Seq anding within a season 
(i.e. ODP vs. ODC), where the corresponding MacArthur-Wilson 
curves do not have significant lack of fit (p<.01). 

99% C. I. for 99% C.I. for 
Season Seql - Seq2 gl - g2 

Total Protozoa 
Summer ODP,ODC -10. 69 7, 23. 406 -.133,.028 

Flagellates 
Fall 2 ODP,ODC -1.704,2.707 -1. 646, 1. 040 

Spring ODP,ODC -4.990,-.145 + -1.578,.930 

Summer ODP,ODC -3.039,5.966 -.540,.090 

Ciliates 
Spring ODP,ODC -4.892,10.495 -2.025,.116 

Summer ODP,ODC -142.027,210.486 -.149,.048 

+ Indicates where the ninety-nine percent confidence interval 
did not include zero, therefore where the difference between 
curves is significant. 

Seasonal Patterns of Colonization by Protozoa 30 



DISCUSSION 

TEMPERATURE PROFILE MEASUREMENTS AND WATER CHEMISTRY 

Temperature profile measurements for the four investigations were 

typical for a temperate dimictic lake. Both the Spring and Fall 2 inves-

tigations occurred during periods of lake overturn where changes in water 

temperature can increase species dispersal, planktonic nutrient supplies, 

and overall lake turbidity, by increasing water circulation. The decay of 

the thermocline during the Fall 1 investigation suggests that consider-

able changes in lake conditions were taking place during that investi-

gation. As the thermocline increases in depth, more of the lake bottom 

becomes exposed to epilimnetic water circulation. Water circulation 

accompanying the temperature changes during this time characteristically 

increases the lake's supply of nutrients, species dispersal capacities, 

and overall lake turbidity. The Summer investigation occurred during a 

period when the water column was thermally stratified and, therefore, mix-

ing b~tween upper and lower layers in the lake was restricted. 

The Hach Kit measurements were made primarily to detect if possibly 

substantial changes in lake chemistry occurred during the year long period 

encompassing the four investigations. The measurements for the four 

investigations were relatively comparable (Table 2). It should be noted 

that some building construction occurred at the so...1thern end of the lake 

in summer 1983. It is unlikely that the narrow chemical measurement rang-
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es which were observed unusually affected the protozoan communities pres-

ent on PF units. Yongue and Cairns (1971) have suggested that microbial 

communities have the ability to adjust water quality in their respective 

microhabitats. 

PLANKTONIC PROTOZOA AND SPECIES ACCRUAL 

Simberloff (1969) defined immigration as the number of new species 

arriving on an island per unit time. Osman (1978) used species settlement 

data to estimate the immigration rate of marine epifaunal species in his 

studies using slate panels. Species settlement in his investigation was 

defined as the number of species found on originally barren slate panels 

after 1 month of exposure. Similiarly, in the present study species 

accrual was used to estimate immigration rate. Species accrual was meas-

ured as the number of species present on PF units after 3 days of 

exposure. In both studies the exposure time (i.e. 1 month or 3 days) was 

deliberately chosen to be well short of the time needed for equilibrium to 

occur. Therefore, the number of species present were assumed to be pas-

sively accumulated and hence, an approximation of the immigration rate. 

The number of species collected in plankton tows from different days 

may be used to estimate relative differences in the number of species 

which may contact a PF unit. However, the plankton tows do not indicate 

how many, if any, of these species would find a PF unit suitable for 

colonization. 
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It should be noted, that in processing living samples of protozoa care 

should be taken so that species populations do not become distorted. 

Cairns et al (1979) suggested that for live samples of protozoans if the 

time allowed for examinations is limited to 48-60 hr after collection then 

frequently there will not be significant sample distortion in the number 

and kinds of species present. For this study all samples were usually 

examined within 60 hr after collection and the the longest time allowed 

for sample examinations was 63 hr. The high degree of replicability for 

numbers of species in PF unit samples is graphically depicted in Appendix 

B, Figures 2, 4, 6, 8, apd 10 to 25, and this suggests that no significant 

sample distortions occurred for the sample examinations. 

Kendall rank ·correlation coefficients given in Tables 3 and 4 were 

usually positive for the Summer, Fall 1, and Spring investigations. This 

suggests that the number of species present in plankton samples and on 

3-day-old PF units may have been increasing during each of these investi-

gations. This observation is consistent with the temperature profile data 

suggesting that environmental conditions favorable to increasing numbers 

of planktonic protozoa were present during these investigations. The sta-

ble low temperatures during days 1 to 6 of the Spring investigation may 

have retarded water circulation and growth conditions, which improved 

when temperature began to increase on about day 9. In the Summer investi-

gation a large decline in water temperatures occurred which may have 

increased species dispersal capacities by increasing water circulation 

and epilimnetic depth. The significant linear increase in the number of 
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planktonic flagellates and total species for the Fall 1 investigation 

agrees with the observed decay in the lake's thermocline. This phenomena 

is accompanied by increased water circulation and lake bottom exposure, 

therefore, increased species dispersal capacities and nutrient availabil-

ity is expected. 

The negative correlation coefficients shown for the Fall 2 investi-

gation suggests that a decreasing number of species may have been present 

on 3-day-old PF units and in plankton samples during this investigation. 

Also, a significant decrease in the number of flagellate species in plank-

ton samples was indicated for this investigation. These results may have 

been caused by the slight cooling in water temperatures during this inves-

tigation from 7.2 to 5.0°C. However, it seems more likely that unmeasured 

environmental changes may have played a role. Conditions that could have 

contributed to this decline are increased lake turbidity caused by the 

overturn, decreasing daylength, or possibly a lack of water circulation 

caused by the small temperature change. 

The Kendall rank correlation coefficients given in Table 5 were unlike 

those in the previous two analyses since they did not include time as a 

factor. Therefore, trends in environmental conditions could not direc~ly 

affect the results. For the separate seasonal analyses the relationship 

between the number of species present in plankton samples and species 

accrual was not significant in any of the 12 test cases. This suggests 

that within a season the number of species present on 3-day-old PF units 

varies independently from the number of planktonic species present. It 
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should be noted, these results do not suggest that very short term 

relationships do not exist, but that species accrual on 3-day-old PF units 

is not linearly correlated to the number of planktonic species found at a 

given point in time. Bamforth (1958) pointed out: 

Many plankters live perilously close to minimum survival 
conditions, and slight environmental changes can promote rapid 
growth, reduction, or subsidence of a population. 

Therefore, possibly sampling at more closely spaced time intervals may be 

necessary before some kinds of within season relationships between plank-

tonic protozoans and species accrual could be measured. 

For data pooled from all seasons Kendall correlation tests showed a 

highly significant (p<0.001) positive correlation between the number of 

planktonic species present and species accrual, for total species and for 

ciliate species. This suggests that, for different seasons, there is a 

positive linear correlation between changes in planktonic species present 

and changes in species accrual, for total species and for ciliate species. 

Line diagrams given in Table 7 show that the number of species present 

in plankton samples and on 3-day-old PF units was lowest during the Summer 

investigation. This agrees with temperature profile data indicating the 

lake was stratified during that period. In contrast, lake overturn 

occurred during the Fall 2, Spring, and part of the Fall 1 investigation 

exposing the lake bottom to water circulation. The lake bottom is a res-

ervoir of nutrients and substrate associated protozoans which may be dis-

persed throughout the lake by an increase in water circulation. According 

to theory, if species dispersal in the plankton increases then the number 
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of species colonizing 3-day-old PF units should increase. This agrees 

with the line diagrams in Table 7. They show that the number of species 

present in plankton samples and on 3-day-old PF units is significantly 

higher for the Fall 2 and Spring investigations which occurred during 

periods of lake overturn than for the Summer investigation. Therefore, 

the plankton sample and 3-day-old PF unit data in Table 7 agrees with cor-

relation tests that an increase in plankton species will increase the spe-

cies accrual on 3-day-old PF units. Also, as in the correlation tests 

this was a seasonal phenomena and does not apply to the individual sea-

sonal investigations. It should be noted species accrual results from the 

passive accumulation of species only. This suggests the relationship just 

described is caused by changes in the species abundances and/or dispersal 

capacities of planktonic protozoa. 

SEASONAL COMPARISONS OF PROTOZOAN COLONIZATION 

Results from this study and colonization studies done in other lentic 

systems indicate a similiarity for protozoan colonization of PF units in 

oligotrophic lakes. Plafkin et al (1979) made protozoan colonization stu-

dies using PF units for differing lentic and wetland systems, and compared 

estimates of g, the colonization rate parameter. Their studies all 

occurred in temperate systems during the summer months. The results 

showed that for one Michigan and eight Colorado lakes which they consid-

ered as oligotrophic the estimated g values were uniformly low, from 0.083 
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to 0.213. This agrees with estimated g values (Table 8) for ODP and ODC 

Summer curves which were 0.093 and 0.145, respectively. Plafkin et al 

(1979) also showed that estimated g values for lakes they considered as 

mesotrophic and eutrophic were higher than for the oligotrophic lakes. 

Protozoan colonization curves for PF units for fall and spring overturn 

were not found in the literature. 

Results from the between season comparisons are presented in Table 9. 

There was a trend for Summer ODP and ODC colonization curves to be differ-

ent from colonization curves for the three other investigations. This 

trend was supported by comparisons from each of the taxonomic groups, 

total species, flagellates, and ciliates. When estimated ciliate Seq val-

ues and ciliate colonization graphs were examined the Summer curves 

appeared to have higher Seq values than the other three investigations. 

The relatively large S~q asymptotic standard error for the Summer ciliate 

curves made statistical comparisons involving Seq unpractical. Examina-

tion of Table 8 shows ciliate curves for the Summer investigation also had 

the lowest estimated g values. For comparisons involving Summer flagel-

late curves a significant difference in g values was indicated in two of 

the five comparisons which were performed. These were the only flagellate 

comparisons indicating a . significant difference in g values. Table 8 

shows that for flagellate curves that fit the MacArthur-Wilson model Sum-

mer flagellate curves had the lowest estimated g values and the highest 

estimated Seq values. For the two comparisons involving Summer total spe-

cies curves the Summer curves were shown to have significantly lower g 
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values and significantly higher Seq values than the corresponding Spring 

and Fall 2 curves. This reinforces the trend shown for flagellates and 

ciliates, suggesting that colonization during the Summer is slower and has 

higher Seq values. 

According to MacArthur-Wilson theory, low g values can be caused by 

low immigration rates. This agrees with the observation that the lowest 

values for species accrual were present during the Summer investigation 

(Table 7). The MacArthur-Wilson theory also predicts that low immigration 

rates also cause the equilibrium number of species to be low. Therefore, 

the theory does not explain adequately the high values for Seq which were 

observed during the Summer investigation. An alternative explanation for 

this seasonal difference in Seq values which involves protozoan growth 

conditions is given in the next section. 

Comparisons involving the Fall 2 and Spring investigations, which 

occurred during the two periods of lake overturn, suggest that slight dif-

ferences were present between PF unit communities for these investi-

gations. Table 9 shows that only three colonization curve comparisons 

could be made involving the Spring and Fall 2 investigations. In the fla-

gellate curve comparisons involving Fall 2 and Spring investigations cor-

responding ODP and ODC curves were shown to be significantly different in 

only one instance (Table 9). This difference indicated a significantly 

higher Seq value for the Spring ODC curve than for the Fall 2 ODC curve. 

This is in agreement with Appendix A, Table 7 which shows the highest val-

ue for flagellate accrual on 3-day-old PF units was found for the Spring 
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investigation. In the other Spring versus Fall 2 comparison, the Fall 2 

ODP ciliate curve was shown to have a significantly higher g value than 

the Spring ODP ciliate curve. This is in agreement with results in Table 

7 which show that ciliate accrual on 3-day-old PF units was significantly 

higher in the Fall 2 investigation than in the Spring investigation. 

These results suggest two differences between Spring and Fall 2 PF unit 

communities (1) Flagellate species were more prominent in development of 

Spring than in development of Fall 2 PF unit communities and (2) Ciliates 

were more prominent in development of Fall 2 than in development of Spring 

PF unit communities. These differences support the contention that spe-

cies composition in developing PF unit communities is affected by seasonal 

changes in the environment. 

Environmental conditions for the Fall 1 investigation were more 

unstable than for the three other investigations. This, in turn, caused 

substantial differences in the ODP and ODC curves for this investigation 

and a large change in species accrual on 3-day-old PF units. Also, a rel-

atively stable species source pool which is necessary for application of 

the MacArthur-Wilson model was not present and comparisons involving 

colonization for the Fall 1 investigation should not be considered as con-

elusive. During this investigation the lakes thermocline was 

obliterated. This natural phenomena marks the transition between Summer 

stratification and Fall overturn. Although it was not measured, increases 

in the planktonic nutrient supply are characteristic for this period. 

Also, it would be expected that species dispersal capacities would 
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increase as the lake's thermocline decayed. This agrees with results from 

Table 3 that a significant increase in the number of total species and 

flagellate species present in plankton samples occurred during the Fall 1 

investigation. Osman (1982) has pointed out that a sudden and persistent 

increase in the species pool should have a substantial affect on artifi-

cial substrate colonization curves. Since the MacArthur-Wilson equilib-

rium theory assumes that the species pool remains relatively constant 

during the colonization period it is not surprising that both ODP and ODC 

total species curves for this investigation had a significant lack of fit 

(Table 8). In addition, results from Table 8 show substantially smaller g 

values for Fall 1 ODP curves than for Fall 1 ODC curves. Examination of 

ODP and ODC colonization graphs for the Fall 1 investigation show that ODC 

PF units were more rapidly colonized. Therefore, the colonization of ODP 

and ODC PF units appears to be distinctly different for the Fall 1 inves-

tigation. This, in turn, supports the contention that seasonal changes 

during the data collection period can substantially decrease colonization 

curve stability. 

The results for comparing ODP and ODC curves within a season are pre-

sented in Table 10. For comparisons where no significant difference was 

found, the null. hypothesis that ODP and ODC curves are the same was indi-

cated. This suggests that conditions which influence PF unit colonization 

were sufficiently stable during these colonization investigations. For 

the comparisons appearing in Table 10 only one indicated a significant 

difference was present. The estimated Seq value for the flagellate Spring 

Seasonal Patterns of Colonization by Protozoa 40 



ODC curve was shown to be significantly higher than the estimated Seq val-

ue for the flagellate Spring ODP curve. This result is supported by tem-

perature profile data in Appendix A, Table 2. The data shows a persis-

tently cold temperature of 3. 5 °C was maintained through day 6 of the 

investigation. Surface waters began warming by day 9 and a maximum tem-

perature of 6.5°C was reached during the investigation. The increases in 

surface water temperatures after day 9 appear to have influenced water 

temperatures at the lower depths indicating that some mixing had occurred. 

This suggests, that increased nutrient supplies and species dispersal 

capacities may have been present after day 9. These factors and the warm-

er temperatures may have increased the number of flagellates in PF unit 

communities during the later stages of the investigation. Also, other 

factors such as available sunlight and wind action which were not measured 

may have contributed to this result. 

PF UNIT COLONIZATION AND PROTOZOAN GROWTH CONDITIONS 

The growth conditions for protozoan species colonizing PF units 

should vary seasonally. This seems intuitively apparent since seasonally 

related blooms have been reported in many protozoan studies involving len-

tic systems (Willen 1961, Noland and Godjics 1967). The effect growth 

conditions have on artificial substrate colonization has been discussed 

in colonization studies involving other taxonomic groups. Patrick (1967) 

suggested that growth was a factor influencing the colonization of diatoms 
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onto glass slides. In her study using experimentally controlled lo~ inva-

sion rates, it was shown that the number of individuals per colonizing 

species was more even in a September-October study than in an 

October-November study. Also, the number of species identified for each 

study was approximately the same. She suggested that growth conditions 

were more favorable for more species in the September-October study. 

Osman (1977) determined that seasonality had a major affect on the growth 

of marine epifaunal species on slate panels in his colonization investi-

gation. He observed that growth conditions on slate panels were better 

for more species in the Summer months than during other parts of the year. 

In the present study estimated Seq values were highest for the Summer 

investigation, and in several seasonal comparisons were shown to be sig-

nificantly higher. This implies that growth conditions on PF units were 

favorable for more species during the Summer investigation. This agrees 

with Osman's (1977) report that the number of equilibrium species was 

highest during the Summer months. However, it disagrees with Patrick's 

(1967) observation that the number of colonists remained relatively con-

stant when growth conditions presumably changed. 

In contrast to high Seq values species accrual was shown to be lowest 

during the Summer investigation. This conflicts with the observation by 

Osman (1977) that settlement (i.e. species accrual) was at its peak during 

the Summer months. However, this conflict does not account for differ-

ences between the two ecosystems during the Summer months. In particular, 

the water column in Osman's (1977) Massachusetts harbor study was thermal-
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ly unstratified, in contrast to Mountain Lake. Characteristically, the 

upper layer of lake water for most temperate dimictic lakes is nutrient 

poor and contains a smaller plankton community in the Summer than during 

lake overturn periods. It is important to note that the porous nature of 

polyurethane foam tends to accumulate deposited organic matter and, 

therefore, nutrient availability is probably not a limiting factor in the 

eventual development of a protozoan PF unit community. Results for this 

study show that in both plankton samples and in 3-day-old PF units the 

number of species present was lowest during the Summer months. This 

agreed with the low estimated g values for Summer colonization curves. 

However, these results conflicted with the high Seq values found for the 

Summer colonization curves. This suggests that a decreased immigration 

rate slows down the rate of colonization but, does not directly affect the 

number of species present at equilibrium on PF units. Therefore, this 

suggests the equilibrium number of species present on PF units was 

affected more by growth conditions than by immigration rate. 
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AN ALTERNATIVE METHOD FOR ANALYZING THE TOTAL SPECIES 

COLONIZATION DATA 

INTRODUCTION 

Analyses for the MacArthur-Wilson colonization equation indicated a 

significant lack of fit for 4 out of 8 total species curves. Two out of a 

possible 12 between season comparisons and 1 out of a possible 4 within 

season comparisons could be made involving total species curves. These 

results led to further statistical analyses to develop a modification of 

the MacArthur-Wilson equation that would permit (1) total species curve 

comparisons to be made that were not possible with the MacArthur-Wilson 

equation and (2) interpretation of the protozoan colonization of PF units 

in lentic ecosystems. 

According to MacArthur-Wilson theory, an island may be thought of as a 

habitat patch separated from similiar habitat patches by inhospitable 

terrain, which organisms that attempt to colonize the island must travel 

through before reaching the island. The nature of protozoan dispersal in 

lake ecosystems suggests that PF unit colonization may not rigorously con-

form to these restrictions. For plankton, initially barren and wet PF 

units placed into the pelagic water of a lake are more like habitat plots 

than islands because the water within the PF unit can provide a similiar 

habitat space. Along with the plankton, a certain amount of debris (leaf 
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material, etc.) is present as seston in the pelagic water of a lake and, 

may passively accumulate on PF units. Seasonal changes in the lake such 

as periods of overturn can have a substantial effect on the amount of 

seston in circulation. Probably substrate associated protozoa are inhab-

iting many circulating seston particles because many of these protozoa are 

arriving on PF units. If enough of these particles are circulating then 

the PF unit may become more of a sampling device than an island. That is, 

if along with the particles many substrate associated protozoans are 

deposited onto a PF unit very rapidly then for some species extinction 

from the PF unit may be a virtual impossibility. In addition, it seems 
,I 

reasonable that the first species to colonize a PF unit are among the most 

abundant species and, therefore, the species best adapted to conditions in 

the lake. This also supports the hypothesis that some species may be rap-

idly arriving on the PF unit which have virtually no chance for 

extinction. 

MacArthur-Wilson theory assumes that the island extinction rate will 

increase as each species arrives and colonizes the island, until the equi-

librium number of species is attained. Therefore, if many of the first 

species arriving on a PF unit have virtually a zero extinction rate then a 

modified MacArthur-Wilson equation may be more useful for describing 

colonization. For the following analyses the MacArthur-Wilson equation 

was modified by adding a constant, C, to roughly account for the rapidly 

colonizing species which have virtu~lly no chance for extinction. 
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MATERIALS AND METHODS 

The total species data were analyzed using the modified equation for 

lack of fit, between season curve comparisons, and within season curve 

comparisons. The methods used for these analyses were the same as those 

used in the analyses involving the unmodified equation. The modified 

equation, with C (the colonization constant) added, appears below: 

S(t) -gt = Seq(l-e ) + C 

ANALYSES 

The lack of fit analyses are presented in Table 11. Examination of 

Tables 8 and 11 shows that for the Fall 1 ODC, Fall 2 ODC, and Spring ODP 

curves the modified equation fit the total species data where the unmodi-

fied equation did not fit the data. Appendix B, Figures 13, 15, and 16 

illustrate these three curves. For the modified equation a significant 

lack of fit was indicated for only one total species curve, the Fall 1 ODP 

curve. Therefore, comparisons could be performed for 9 out of 12 possible 

between season comparisons and 3 out of 4 possible within season compar-

isons. The between season comparisons indicated that the Summer curves 

were unlike the curves for the other three investigations. For each 

between season comparison involving a Summer colonization curve a signif-
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icant difference (p<0.01) was indicated for one of the equation parameters 

Seq, g, or C (Table 12). In other comparisons, the Spring ODP curve was 

indicated to be significantly different in each of its between season com-

parisons (Table 12). For the three within season comparisons (i.e. ODP 

vs. ODC) no significant differences (p<O. 01) were indicated between 

curves (Table 13). 
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Table 11. Equation parameters 1 and nonlinear residual error 1 for the modified MacArthur-Wilson equation, 

for total protozoan species present. 

Investigation 

Summer ODP 

ODC 

fa 11 1 ODP 

ODC 

Fa 11 2 ODP 

ODC 

Spring ODP 

ODC 

LOF 
P-value 

.05<p<.10 

• lO<p<.25 

p<.001 

p>.25 

.05<p<.10 

p>.25 

.lO<p<.25 

p>.25 

Seg 

58.32 

49.25 

47.24 

19.99 

23.97 

20.57 

53.06 

13.06 

Seq 
Asymptotic 
Std. Error 

10.042 

4.426 

11.738 

4.965 

2. 711 

3.985 

77 .962 

3.274 

g 

.073 

.088 

.057 

.067 

.340 

.095 

.024 

.182 

g 
Asymptotic 
Std. Error 

.0316 

.0234 

.0273 

.0334 

.0735 

.0593 

.0467 

. 1330 

C 

2.758 

7.091 

5.954 

21. 164 

11. 159 

19.761 

15.091 

23.593 

C 
Asymptotic 
S_t__g___,__E_rro r 

3.086 

2.081 

1.801 

1.075 

2.807 

2.268 

1. 991 

3.456 

1 From lack of fit (LOF) analyses for ODP and ODC curves for each investigation. 
* Nonlinear residual error for the unmodified MacArthur-WI Ison equation . 

Residual 
Error* 
M-H 

236.06 

177. 70 

145.72 

146.77 

96.95 

378.04 

465.91 

256.71 

** Noni inear residual error for the modified MacArthur-WI Ison equation ( i.e. with C added). 

Residual 
Error** 
M-~LC 

220.61 

93.LJO 

73.52 

20.67 

57.54 

95.84 

119. 50 

169.25 
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Table 12. Comparing differences In Seq, in g, and in C between seasons, where the corres-
ponding modified MacArthur-Hi Ison curves did not have significant lack of fit (p<.01), for 
total protozoa present • 

Seasons 
CQmQared 

Fa I I 1, Fa I I 2 ODC 

Fall 1, Spring ODC 

Fa I I 1, Summer OOC 

Fa 11 2, Spring ODP 
Fa 11 2, Spring ODC 

fa 11 2, Summer ODP 
Fa 11 2, Summer ODC 

Spring, Summer ODP 
Spring, Summer ODC 

99! c. I. for 
Seq] - Seq2 

-25.084,23.918 

-22.178,36.034 

-53.430,-5.086 

-216.920,158.727 
-7.801,22.823 

+ 

-59.579,-9.129 + 
-45.446,-11.904 + 

-266.592,256.079 
-52.934,-19.438 + 

99% c. I. for 
ql - g2 

-.238, .181 

-.475,.243 

-. 182, .140 

.038,.595 + 
-.476, .301 

- . 060,. 591, 
-. 168, .183 

-.223,.125 
-.242,.432 

99% C. I. for 
Cl - C2_ 

-5.796,8.603 

-12.346, 7.1189 

7.262,20.885 + 
_,,,. "/87,6.922 
-15.255,7.591 

-5.599,22.llOO 
4.01!8,21.291 + 

2.2~5,22.412 + 
5. sin, 21 .462 + 

+ Indicates where the ninety-nine percent confidence interval did not include zero, 
therefore where the difference between seasons was significant (alpha:.01). 



Table 13. Comparing differences in Seq, in g, and in C within a 
season (i.e. CDP vs. CDC), where the corresponding modified Mac-
Arthur-Wilson curves do not have significant lack of fit (p<.01), 
for total protozoa present. 1 

Season 

Fall 2 

Spring 

Summer 

99% c.r. for 
Seq 1 - Seg2 

-9.884,16.670 

-199.848,279.847 

-19.546,37.689 

99% c.r. for 
gl - g2 

-.038, .529 

-.531, .214 

-.127,.099 

99% C. I. for 
Cl - C2 

-19.436,2.232 

-19.326,2.323 

-14.820,6.154 

1 The ninety-nine percent confidence interval included zero in 
every case, therefore no significant differences (a=.01) were pre-
sent between CDP and CDC curves for any of the above comparisons. 
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DISCUSSION 

Several of the hypotheses presented to support the modification 

introduced in this investigation have been discussed previously. Yongue 

and Cairns (1978) suggested that the dominance of flagellates during the 

early stages of PF unit colonization may have been because of high flagel-

late invasion rates. Brown and Kodrick-Brown (1977) suggested that for a 

given species a high island invasion rate should decrease the island 

extinction rate for that species. Both these studies suggest that some 

species may colonize an island so rapidly that the extinction of these 

species from the island is very unlikely. Cairns and Henebry (1982) out-

lined a hypothesis, contrary to MacArthur-Wilson theory, for PF unit 

colonization in wetland lakes. In this hypothesis PF units were more like 

habitat patches than habitat islands: 

Another explanation we have considered for the very high coloniza-
tion rates in some wetlands was that PF units at some densely vege-
tated wetland sites were in contact with emergent and floating 
vegetation. The PF units may have acted more as habitat patches 
than mimicking oceanic is lands. We have largely abandoned this 
hypothesis since PF units were in close contact with emergent vege-
tation in all the wetland lakes, yet colonization rates varied 
greatly. 

Lack (1973) suggested that the number of hummingbird species on an island 

was determined mostly by habitat availability and not by species dispersal 

capacities. This suggests that for some number of endemic species the 

chance for extinction was very low. Diamond and May (1976) described a 

situation where a number of resident species were hypothesized to "belong" 
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on an island. They did not add a constant into their colonization 

equations but, suggested that for these resident species the is land 

extinction rate was infinitely low. This supports the idea that some num-

ber of well adapted species may be present in island communities and that 

these species have a very low probability of extinction. In a lake eco-

system it seems reasonable to assume that the species which are present in 

the greatest abundance are the best adapted to conditions in the lake. 

Cairns et al (1979) suggested that in a lentic system where protozoan spe-

cies dispersal capacities are all equal the first species to colonize a PF 

unit are probably the most abundant species. Therefore, if in addition to 

being rapid colonizers some species are also well adapted then, this rein-

forces the contention that some of the species to first arrive on a PF 

unit have very little chance for extinction. The arguments above suggest 

that either, just high species invasion rates or high invasion rates for 

well adapted species may cause some species to rapidly colonize and per-

sist in PF unit communities. Therefore, adding the colonization constant 

C to roughly account for these rapidly colonizing species may be useful 

for interpreting protozoan colonization of PF units in lentic systems. 

The modified equation lack of fit analyses in Table 11 indicate that 

only the Fall 1 ODP total species curve had a significant lack of fit. 

This is consistent with the sudden and persistent change in the lake's 

species pool which occurred during this investigation. This change was 

suggested by the presence of a significant positive linear correlation 
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between day of investigation and total species present in plankton samples 

(Table 3), for the Fall 1 investigation. This was the most prominent 

change observed in the total number of plankton species present for any of 

the four investigations. Table 11 also gives the total species curve.non-

linear residual error found in each of the lack of fit analyses performed 

using either the modified equation or the unmodified equation. For all of 

the eight total species curves the nonlinear residual error was less for 

the modified equation than for the unmodified equation. This trend sug-

gests that for each set of total species colonization data the modified 

equation fit the data more closely than the unmodified equation. 

Three total species within season curve comparisons were made in the 

analyses using the modified equation, in contrast to the one within season 

comparison made in analyses using the unmodified eq~ation. For the modi-

fied equation comparisons no significant difference between ODP and ODC 

curves was indicated for the Fall 2, Spring, and Summer investigations 

(Table 13). This suggests that conditions which influence the coloniza-

tion of PF units were relatively stable during these three investigations. 

Only a single within season comparison for the total species curves was 

performed using the unmodified equation. This comparison indicated that 

the Summer ODP and ODC total species curves were not significantly differ-

ent. Therefore, within season comparisons using the modified and unmodi-

fied equations agreed that ODP and ODC total species curves were not 

significantly different for the Summer investigation. 
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In between season comparisons for the total species curves 2 were made 

using the unmodified equation (Table 9) and 9 were made using the modified 

equation (Table 12). Modified equation comparisons showed that for total 

species no significant difference was present between the Fall 1, Fall 2, 

and Spring ODC curves. This suggests that some degree of similiarity 

exists in the colonization of PF units during periods of lake overturn 

because, a 11 PF uni ts examined for these three colonization curves were 

collected during a period of lake overturn. This suggestion conflicts 

with the comparison between Spring and Fall 2 ODP curves which were shown 

to have significantly different g values. Stable low water temperatures 

during the first six days of the Spring investigation imply that protozoan 

dispersal capacities and growth conditions may have been diminished dur-

ing the early part of this investigation. Therefore, PF unit colonization 

may have been less rapid for the Spring ODP curve. For both equations, 

comparison analyses indicated that Summer total species curves were dif-

ferent from total species curves for the other three investigations. The 

sum of Seq+ C which estimates the total number of species expected at 

equilibrium for the modified equation was highest for Summer curves, 

except for the Spring ODP curve. For the Spring ODP curve slow coloniza-

tion during the early part of the investigation may have caused the 

equation to predict a high value for Seq. With the exception of the 

Spring ODP curve the high values for Seq + C agree with the high Summer Seq 

estimates for the unmodified equation. In addition, of the fitted curves 
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the estimated values of C were lowest for the Summer total species curves. 

This agrees with the findings in Table 7 where total species accrual and 

total species present in plankton samples were found to be significantly 

lower for the Summer investigation. This, in turn, supports the con-

tention that immigration from the lake's species pool was lowest during 

the Summer investigation. Therefore, it appears that immigration from the 

lake's species pool was lowest and the equilibrium number of species was 

highest for the Summer total species curves. This supports the contention 

that growth conditions probably affect the equilibrium number of species 

present on PF units more than immigration rate. 

Finally, the analyses show that the modified equation permits some 

colonization analyses to be performed which were not possible using the 

MacArthur-Wilson equation and the modified equation can be used to inter-

pret the protozoan colonization of PF units. Therefore, the modified 

equation represents a useful tool for analyzing protozoan colonization of 

PF units in lentic systems. 
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SUMMARY 

A. Seasonal changes during the period of data collection can cause a 

substantial amount of instability in colonization curves. 

B. Within a season, changes in a lake's planktonic species pool are 

more prominent during the decay of the thermocline than during Fall over-

turn, Spring overturn, and Summer stratification. 

C. For different seasons, changes in the number of species present in 

plankton tow samples are positively correlated to changes in species 

accrual, for total species and for ciliate species. Within a season, 

changes in the number of species present in plankton tow samples are not 

linearly correlated to species accrual on 3-day-old PF units. 

D. For different seasons, the relationship between changes in species 

accrual and colonization rate is consistent with MacArthur-Wilson equi-

librium theory. 

E. For different seasons, the relationship between changes in species 

accrual and the equilibrium number of species is inconsistent with MacArt-

hur-Wilson equilibrium theory. This supports the contention that proto-

zoan growth conditions are more influential than immigration rate in 

Summary 56 



determining the equilibrium number of species in PF units. 

F. The modified MacArthur-Wilson equation (S(t)=Seq(l-e-gt)+C) can be 

used to interpret the colonization of PF units by protozoa. 

G. There is some degree of similiarity in the protozoan colonization 

of PF units during the Fall and Spring periods of lake overturn, for total 

species present. Flagellates appear to be more prominent in developing PF 

unit communities during Spring than Fall overturn and ciliates more promi-

nent during Fall than Spring overturn. These differences suggest that 

species composition in developing PF unit communities is affected by sea-

sonal changes in the environment. 

H. PF unit colonization in the pelagic zone is slower and has a higher 

number of species at equilibrium during Summer stratification than during 

Fall and Spring overturn. 
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Table 1. Temperature profile measurements for the Spring 
investigation. 

Depth Day of Investigation (Temperatures in OC) 
(meters) 0 1 3 6 9 12 15 18 20 21 

0 3.5 3.5 3.5 3.5 4.0 5.5 6.5 6.5 6.0 6.5 
1 3.5 3.5 3.5(1.4),': 3.5 4.0 5.5 6.5 6.5 6.0 6.0 
2 3.5 3.5 3.5 4.0 5.5 6.5 6.5 6.0 6.0 
3 3.5 3.5 3.5 4.0 5 .0. 6.0 6.5 6.0 6.0 
4 3.5 3.5 4.0 5.0 6.0 6.5 6.0 6.0 
5 3.5 3.5(4.8) 3.5 3.5 5.0 6.0 6.5 6.0 6.0 
6 3.5 3.5 3.5 5.0 5.5 6.0 6.0 6.0 
7 3.5 3.5 3.5 5.0 5.5 6.0 6.0 6.0 
8 3.5 3.5(7.7) 3.5 3.5 5.0 5.5 6.0 6.0 6.0 
9 3.5 3.5 3.5 5.0 5.0 6.0 5.5 6.0 

10 3.5 3.5 3.5 5.0 · 5 .0 6.0 5.5 6.0 
11 3.5 3.5(10.5) 3.5 3.5 5.0 5.0 6.0 5.5 5.5 
12 3.5 3.5 3.5 4.5 5.0 6.0 5.5 5.5 
13 3.5 3.5 3.5 4.5 5.0 6.0 5.5 5.5 
14 3.5 3.5 3.5 4.5 5.0 5.5 5.5 5.5 
15 3.5 3.5 3.5 4.5 5.0 5.5 5.5 5.5 
16 3.5 3.5 3.5 4.5 5.0 4.5 5.5 5.5 
17 3.5 3.5(16. 7) 3.5 3.5 4.5 4.5 4.5 5.5 5.5 
18 3.5 3.5 3.5 4.5 4.5 4.5 5.5 5.5 
19 3.5 3.5 3.5 4.5 4.5 4.5 5.5 5.5 
19.5 3.5 3.5(19.5) 3.5 3.5 4.5 4.5 4.5 5.5 5.5 

* The number in parenthesis is the approximate depth at which 
temperature was measured using a Taylor Max/Min thermometer when 
the Hydrolab temperature probe was not available. 
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Table 2 . Temperature profile measurements for the Fall 1 and Fall 2 investigations. 

Fa 11 1 
Depth Day of Investigation (Temp. in °C) 

(meters) 0 6 2 12 12 18 20 21 

0 9.4 9.4 9.4 7.8 7.2 7.2 

9.4 9.4 9.4 7.8 7.2 7.2 

2 9.4 8.9 9.4 7.8 7.2 7.2 

5 9.4 8.9 9.4 7.8 7.2 7.2 

10 9.4* 10.0* 9.4 8.9 9.4 7.8 7.2 7.2 

15 8.3 8.9 9.4 7.8 7.2 7.2 

19 6. 1 6.1 6.7 7.8 7.2 7.2 

20 6.1 7.8 

* Readings above this depth were the same or a 
slightly higher temperature. Below this depth 
temperatures were distinctly lower (at least 1 °C 
lower). 

Fa 11 2 
Depth Day of Investigation (Temp. 

I meters I 0 1 3 6 2 12 12 
0 8.3 7.2 6.7 6.7 7.2 7.8 7.8 

1 7.8 7.2 6.7 6.7 7.2 7.8 7.8 

2 7.2 7.2 6.7 6. 7 7.2 7.8 7.8 

5 7.2 7.2 6.7 6.7 7.2 7.8 7.8 

10 7.2 7.2 6.7 6.7 7.2 7.8 7.2 

15 7.2 7.2 6.7 6.7 6.7 7.8 7.2 

19 7.2 7.2 6.7 6.7 6. 1 6. 1 7.2 

20 6. 1 

in °c) 
18 20 

6.7 5.0 

6.7 5.0 

6.7 5.0 

6.7 5.0 

6.7 5.0 

6.7 5.0 

6.7 5.0 



Table 3. Temperature profile measurements for the Summer 
investigation. 

Depth Day of Investigation (Temperature in OC) 
(meters) 1 3,': 6•': 9 12 15 18 21 

0 23.0 22.2 21.1 21.0 19.0 17.0 16.0 15.5 
t 22.5 22.2 21.1 20.5 19.0 17.0 16.0 15.5 
2 22.0 22.2 21.1 20.5 19.0 17.0 16.0 15.5 
3 22.0 22.2 21.1 20.0 19.0 17.0 16.0 15.5 
4 22.0 22.2 21.1 19.5 19.0 17.0 16.0 15.5 
5 21.5 21. 7 21.1 19.5 19.0 16.5 16.0 15.5 
6 21.5 21. 7 21.1 19.0 19.0 16.5 16.0 15.5 
7 18.0 17.8 19.4 19.0 19.0 16.5 16.0 15.5 
8 15.0 13.9 14.4 14.5 15.0 16.0 16.0 15.5 
9 12.5 12.2 · 11. 7 12.0 12.0 13.0 13.5 14.5 

10 10.5 10.6 10.0 10.5 10.5 10.5 10.5 10.5 
11 9.0 8.9 9.4 9.0 8.5 9.5 9.0 9.5 
12 7.5 7.2 8.3 7.5 7.5 8.5 8.5 8.5 
13 7.0 7.2 7.2 7.0 7.0 7.5 7.5 7.5 
14 7.0 7.2 7.2 6.5 7.0 7.0 7.0 7.0 
15 6.5 7.2 6.1 6.5 6.5 6.5 7.0 6.5 
16 6.5 7.2 6.1 6.5 6.5 6.5 7.0 6.5 
17 6.5 7.2 6.1 6.0 6.5 6.5 6.5 6.5 
18 6.0 7.2 6.1 6.0 6.0 6.5 6.5 6.5 
19 6.0 6.7 6.1 6.0 6.0 6.0 6.0 6.0 
19.5 6.1 
20 6.0 6.1 6.0 6.0 6.0 6.0 6.0 
21 6.1 6.0 

* Indicates a day the temperature was measured using a 
Taylor Max/Min thermometer, when the Hydrolab temperature 
probe was not available. 
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Table 4. Number of species present in plankton samples for 
the four investigations. 

Day of Investigation 
1 3 6 9 12 15 18 21 

Summer 
Total Species 10 9 11 9 13 13 10 12 
Flagellates 9 7 8 8 10 9 8 9 
Ciliates 0 2 3 1 3 4 2 3 

Fall 1 
Total Species 8 9 11 17 16 22 26 25 
Flagellates 5 10 11 11 12 13 
Ciliates 6 7 5 10 11 11 

Fall 2 
Total Species 30 26 25 20 26 22 20 20 
Flagellates 16 13 12 11 12 12 11 10 
Ciliates 11 13 11 9 13 8 9 8 

Sering 
Total Species 20 13 22 20 24 22 20 19 
Flagellates 10 9 11 12 11 12 11 12 
Ciliates 10 4 10 7 12 8 7 7 
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Table 5. Mean number of species present in 3-day-old PF units for 
the four investigations. 

Summer 
Total Species 
Flagellates 
Ciliates 

Fall 1 
Total Species 
Flagellates 
Ciliates 

Fall 2 
Total Species 
Flagellates 
Ciliates 

Spring 
Total Species 
Flagellates 
Ciliates 

3 

10.33 
8.33 
2.00 

13.67 

26.67 
14.33 
11.33 

20.33 
13.00 

7.00 

6 

14.67 
10.00 
4.00 

13.33 
7.33 
5.33 

28.33 
15.00 
11.33 

19.00 
12.33 
5.33 

Day of Investigation 
9 12 15 18 

18.00 2 22.67 
10.50 15.00 

7.00 7.00 

19.67 
10.33 
9.00 

21.67 
12.33 
8.67 

17.67 
11.67 
5.00 

21.67 
12.67 
8.66 

20.33 
9.67 
7.67 

25.33 
13.67 
10.67 

17.50 2 20.67 
11.50 14.00 
5.00 6.67 

27.67 
13.67 
10.33 

21.33 
10.67 
8.33 

20.00 
12.33 
7.33 

26.33 
11.67 
12.00 

24.00 
11.00 
10.00 

22.33 
13.67 

7.00 

1 Indicates collection days when PF units were missing and 
only one PF unit was collected. 

2 Indicates collection days when PF units were missing and 
only two PF units were collected. 

21 

19.33 
12.67 
6.67 

23.00 1 

13.00 
10.00 

24.00 
13.67 
8.33 

29.67 
16.00 
11. 33 
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Table 6. Mean number of species present in PF unit samples for 
ODP and ODC colonization curves. 

Summer ODP 
Total Species 
Flagellates 
Ciliates 

Fall 1 ODP 
Total Species 
Flagel lat es 
Ciliates 

Fall 2 ODP 
Total Species 
Flagellates 
Ciliates 

Spring ODP 
Total Species 
Flagellates 
Ciliates 

Summer ODC 
Total Species 
Flagellates 
Ciliates 

Fall 1 ODC 
Total Species 
Flagellates 
Ciliates 

Fall 2 ODC 
Total Species 
Flagellates 
Ciliates 

Spring ODC 
Total Species 
Flagellates 
Ciliates 

Day of Investigation 
1 3 6 15 21 

9.33 
8.00 
1.00 

9.33 

18.00 
11.00 

7.00 

16.33 
10.67 
4.00 

11.33 
8.00 
3.33 

22.67 
10.33 
11. 67 

22.33 
11.67 
8.33 

25.67 
13.66 
10.33 

10.33 
8.33 
2.00 

13.67 

26.67 
14.33 
11.33 

20.33 
13.00 

7.00 

19.33 
12.67 
6.67 

23.00 1 

13.00 
10.00 

24.00 
13.67 
8.33 

29.67 
16.00 
11.33 

24.33 
12.67 
10.33 

17.00 
6.33 

10.67 

32.00 
15.00 
14.67 

19.67 
12.33 
6.67 

25.33 
14.00 
10.00 

28.50 2 

13.50 
13.50 

26.67 
12.33 
12.33 

31.33 
16.67 
12.67 

43.67 
19.33 
17.67 

36.00 
16.67 
17.00 

33.33 
15. 00 
14.00 

33.00 
15.33 
15.33 

45.33 
18.00 
22.67 

33.00 2 

15 .50 
16.50 

37.50 2 

17.50 
18.00 

37.33 
18.67 
16.33 

47.33 
18.33 
24.67 

36.50 2 

15 .so 
19.50 

36.67 
15. 33 
18.00 

35.33 
17.33 
15. 67 

47.33 
181

• 33 
24.67 

36.50 2 

15 .50 
19 .50 

36.67 
15.33 
18.00 

35.33 
17.33 
15.67 

1 Indicates collection days when PF units were missing and 
only one PF unit was collected. 

2 Indicates collection days when PF units were missing and 
only two PF units were collected. 

12* 
32.50 2 

15.00 
16.00 

* Indicates the 12-day-old PF units which were added to supplement 
the ODC colonization curve for the Fall 1 investigation. 
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Table 7. Seasonal means and standard deviations for the number 
of species present in plankton samples and 3-day-old PF units. 

3-day-old PF units Plankton 
~lean Std. Dev. Mean Std. Dev. 

Summer 
Total Species 17.58 4.56 10.88 1.64 

Flagellates 11. 79 2.74 8.50 .93 

Ciliates 5.42 2.14 2.25 1.28 

Fall 1 
Total Species 20.53 5. 74 16.75 7.09 

Flagellates 11.25 2.62 10.33 2.80 

Ciliates 9.13 2.50 8.33 2.66 

Fall 2 
Total Species 23.76 3.75 23.63 3.70 

Flagellates 12.38 2.50 12.13 1. 81 

Ciliates 9.38 2.04 10.25 2.05 

Sering 
Total Species 22.05 4.17 20.00 3.25 

Flagellates 13.24 1. 73 11.00 1.07 

Ciliates 7.67 2.56 8.13 2.47 
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APPENDIX C. SPECIES LIST. 

Flagellates 

Anisonema acinus Dujardin 
~ sp. 
Astasia sp. 
Bicoeca sp. 
Bodo sp. 
Carteria sp. 
~ sp. 2 
Chilomonas paramecium Ehrenberg 
~ sp. 
Chlamydomonas reinhardi Dangeard 
~ sp. 
Chromulina sp. 
Chroomonas norstedii Hansgirg 
~ sp. 
Codosiga sp. 
Collodictyon sp. 
Cryptochrysis commutata Pascher 
Cryptomonas erosa Stein 
C. obovoidea Pascher 
~ ovata Ehrenberg 
C. sp. 
C. sp. 2 
Cyathomonas truncata Fromental 
Dinobryon cylindricum Imhof 
~ divergens Imhof 
D. sertularia Ehrenberg 
Entosiphon obliguum Klebs 
E. sulcatum (Dujardin) 
Euglena oxyuris Schmarda 
~ spirogyra Ehrenberg 
~ sp. 
Flagellate sp. 
Flagellate sp. 2 
Glenodinium sp. 
Q._:_ sp. 2 
Gyrodinium sp. 
Gymnodinium fuscum Stein 
G. rotundatum Klebs 
G. triceratium Skuja 
G. sp. 
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G. sp. 2 
G. sp. j 
G. sp. 4 
Gonyostomum semen Diesing 
Hemidinium nasutum Stein 
!h sp. 
Mallomonas acaroides Perty 
M. caudata (Iwanoff) 
~ sp. 
Monad 
Monas vestita Stokes 
~ sp. 
Notosolenus sp. 
& sp. 2 
Peranema trichophorum (Ehrenberg) 
~ sp. 
Peridinium inconspicuum Lemmermann 
P. sp. 
~ sp. 2 
~ sp. 3 
Phacus pleuronectes (Muller) 
~ pyrum (Ehrenberg) 
Pleuromonas jaculans Perty 
Salpingoeca sp. 
Spongomonas sp. 
Synura adamsi Smith, G.M. 
§..:. sphagnicola Korshikov 
§..:. uvella Ehrenberg 
S. sp. 
§..:. sp. 2 
§..:. sp. 3 
Trachelomonas hispida (Perty) 
T. horrida Palmer 
Tropidoscyphus sp. 
Urceolus sp. 
Uroglena volvox Ehrenberg 
Uroglenopsis americana Lemmermann 

Ciliates 

Acineria sp. 
Acineta sp. 
Amphileptus sp. 
Askenasia volvox (Claparede & Lachmann) 
Aspidisca costata (Dujardin) 
!:_ lynceus Ehrenberg 
!:_ sp. 
Bursaria truncatella Muller 
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~ sp. 
~ sp. 2 
Bursaridium sp. 
Campanella umbellaria 
Chaenea sp. 
Chilodonella calkinsi 
C. cucullus (Muller) 
f..:.. sp. 
Chlamydodon sp. 

(Linnaeus) 

Kahl 

Cinetochilum margaritaceum Perty 
f..:.. sp. 
Ciliate sp. 
Ciliate sp. 2 
Coleps hirtus (Muller) 
f..:.. bicuspis Noland 
f..:.. sp. 
Colpidium campylum Stokes 
f..:.. sp. 
Cristigera sp. 
Ctedoctema acanthocrypta Stokes 
f..:.. sp. 
Cyclidium glaucoma Muller 
C. litomesum Stokes 
C. simulans Kahl 
C. sp. 
C. sp. 2 
C. sp. 3 
Cyrtolophosis mucicola Stokes 
C. bursaria Schewiakoff 
Dileptus anser (Muller) 
Enchelyodon sp. 
Enchelys sp. 
Epistylis sp. 
Frontonia atra Ehrenberg 
[.:. depressa (Stokes) 
[.:. sp. 
Glaucoma sp. 
Halteria 
!!.:. sp. 

grandinella (Muller) 

Hemiophrys procera Penard 
!!.:. meleagris Ehrenberg 
!!.:. sp. 
Holophrya sp. 
Holosticha sp. 
Hymenostome sp. 
Hymenostome sp. 2 
Keronopsis sp. 
Lacrymaria sp. 
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Lembadion bullinum Perty 
h sp. 
Leucophrys sp. 
Lionotus fasciola Ehrenberg 
h sp. 
h sp. 2 
L. sp. 3 
L. sp. 4 
Loxodes magnus Stokes 
Loxophylum sp. 
Mesodinium pulex Clap 
!:!.:. sp. 
Metacineta sp. 
Microthorax simulans Kahl 
M. tridentatus Penard 
!:!.:. sp. 
Oligotrich sp. 
Ophrydium sp. 
Oxytricha setigera Stokes 
Q..:_ sp. 
Paraholosticha muscicola Kahl 
Paramecium bursaria EhFenberg 
f.:. sp. 
Pleuronema crassum Calkins 
P. coronatum Noland 
f.:. sp. 
f.:. sp. 2 
Podophrya fixa Muller 
f.:. sp. 
Philaster sp. 
Prorodon sp. 
Saprophilus agitatus Stokes 
S. sp. 
Spathidium (near lucidum) Kahl 
Spirostomum teres Claparede & Lachmann 
Staurophrya sp. 
Stentor amethystinus Leidy 
§..:. coeruleus Ehrenberg 
§..:. igneus Ehrenberg 
§..:. polymorphus Muller 
§..:. mulleri (Bory) 
§..:. sp. 
§..:. sp. 2 
S. sp. 3 
Strombidinopsis setigera Stokes 
Strombidium sp. 
Strombilidium sp. 
Suctorian sp. 
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Trichophrya sp. 
Trochilia minuta (Roux) 
~ sp. 
Trichostome sp. 
Trachelius ovum Ehrenberg 
~ sp. 
Uroleptus caudatus (Clap) 
!!.:_ sp. 
Urostyla trichogaster Stokes 
!!.:. sp. 
!!.:_ sp. 2 
Urotricha agilus Stokes 
U. farcta Clap 
!!.:_ sp. 
Vorticella campanula Ehrenberg 
V. convallaria (Linnaeus) 
V. natans Faure-Fremiet 
Y.:.. sp. 
Y.:.. sp. 2 
Y.:.. sp. 3 
V. telotroch 

Sarcodines 

Actinophrys sol Ehrenberg 
Acanthocystis turfacea Leidy 
A:_ sp. 
Amphitrema wrightianum Archer 
A:_ sp. 
Amoeba dubia Schaeffer 
A. sp. 
A:_ sp. 2 
~ limax sp. 
Arcella vulgaris Ehrenberg 
Cochliopodium sp. 
Echinosphaerium eichorni Ehrenberg 
Euglypha sp. 
Gromia sp. 
Heliozoan sp. 
Lithocolla sp. 
Mayorella cultura (Bovee) 

·~ sp. 
Pompholyxophrys punicea Archer 
f.:_ sp. 
Pseudodifflugia sp. 
Raphidiophrys pallida Schulze 
!:.. sp. 
Sarcodine sp. 
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Sarcodine sp. 2 
Trichophrya sp. 
Trinema lineare Penard 
Vampyrella sp. -
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