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ABSTRACT 

Measurements of ash-free dry weight were used to characterize 

the effects of a heated effluent on submerged macrophytes in a re­

actor cooling reservoir. The species which were most abundant 

during the summers of 1974 and 1975 were M1Jr-z:ophyUum spicatwn L. 

and Eleocharis acicularis (L.) R.&S. MYriophyllum spicatum com­

prised more than 50 percent of the total biomass in the areas 

sampled; the species occurred at depths less.than Sm in unheated 

locations, but not at depths deeper than 3m in heated locations. 

At depths less than 3m, M. spicatum was most abundant in heated 

locations 600m-1600m from the point where the heated effluent 

enters the reservoir. However, the amount of biomass of M. 

spicatwn was greatly reduced in locations less than 400m from 

the discharge. Examination of the vertical distribution of the 

shoot biomass of MYriophyllum revealed that plants in heated 

areas grew closer to the water surface than plants in unheated 

areas. The biomass of the second most abundant species, 

Eleocharis acicularis, was less at O.Sm depths in heated areas 

(more than SC 0 warmer than unheated areas) than at equal depths 

in unheated areas. Species diversity was greater at heated lo­

cations because of a greater cquitability (i.e. evenness of dis­

tribution of biomass) among species. 
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I. INTRODUCTION 

The Effects of Heated Effluents on Aquatic Macrophytes 

Research and development in the area of power production has 

become a topic of considerable interest in recent years. Concern 

with the environmental impact of processes associated with power 

production also has gained prominence. One associated process is 

the alteration of aquatic systems by hyperthermal effluents 

generated by cooling nuclear reactors. Yet, while the addition 

of waste-heat. t.n r~rtnr~t.i r; ~y»tems ic a potential env.il.·uwueulal 

problem, the resulting alterations of these systems may permit a 

refined understanding of how temperature-related processes operate 

in natural systems. 

Numerous studies of the effects of heated discharges on 

aquatic systems have been conducted (5, 10, 11). Within these 

systems, one ecological group of organisms which is often af­

fected by the heated additions is the aquatic macrophytes. A 

common effect of heated effluents on macrophytes is elimination 

of specie::; and replacement by other species. 

Sharitz, et al., (31) reported the elimination of many 

species in areas of a swamp which received large amounts of heated 

water. They also found evidence that species of hardwoods were 

replaced by hydrophytic species (Taxodium). However, they attri­

buted much of the elimination to direct and indirect affects of 



flow rather than to temperature. Similarly, Kolehmainen, et al., 

(16) found that the scouring action of flow associated with a 

thermal effluent was instrumental in occasional deaths of man­

groves. Parker, et al., (24) compared heated and unheated bodies 

of water which all occurred within the same drainage system and 

found considerably fewer species in the heated than the unheated 

waters. They found no species in the heated area which did not 

occur in the unheated area. Both Anderson (4) and Allen (2) 

described the replacement of one species by another in heated 

environments, while Thorhaug (38) found that. ThaZZasia testudinum 

Wa!> t:l.im.iualt:u uul uul .l't:plal.:t:U .iu g.L·t:ally ltt:aleu a.L·ea~ (+ 5C 0
). 

These studies indicate that in thermally-elevated areas where 

conditions are severe enough to cause the elimination of species, 

remaining species may expand their distributions but new species 

of macrophytes are unlikely to appear. 

Another aspect of aquatic macrophyte communities affected by 

waste heat is the rate of organic matter production. The most 

common responses observed in natural populations are the enhance­

ment of production by slight temperature elevations and the 

drastic reduction in growth rate and eventual elimination of 

speCies by large increases in temperature. Thorhaug (38) found 

production to be, (1) enhanced by a 2C 0 elevation; (2) reduced 

as compared to unheated areas by a 3C 0 elevation; and (3) elimi­

nated at temperature elevations of 5C 0
• D. Young (SO) found twice 

the net production of Spartina aZterniflora in a saltmarsh heated 

2-6C 0 above normal compared with an adjacent unheated marsh. 

2 
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Furthermore, he found that even though respiration rates were 

more than twice as great in the warmer marsh, the overall response 

of S. alterniflora to elevated temperatures was an increased rate 

of biomass turnover rather than a change in the ratio of gross 

production to respiration. C. Young (SO) reported a positive 

correlation between temperature and the biomass accumulation of 

MYriophyllum spicatum in an artificially-heated reservoir. In 

contrast with these results are those of Anderson (4) which showed 

respiratory acclimation to increased temperatures (i.e. readjust-

ment to normal respiratory rates) in mature leaves of Potamogeton 

f!?31'ful·iu&w;. 

Several lines of evidence support the idea that temperature 

is an important regulator of phenological development in plants. 

C. Young (49) found that MYriophyllum spicatum flowered earlier 

and more extensively in areas of elevated temperature. Experi-

mental studies by Copeland, et al., (7) on estuarine communities 

indicated that a SC 0 elevation in temperature reversed the grow-

ing season; maximum production occurred in winter and plants died 

or became inactive in summer. Furthermore, D. Young (SO) found 

a 4.SC 0 elevation of water temperature induced M. spicatum to 

commence growth earlier. 

Par Pond, the Study Site 

Par Pond is located on the Energy Research and Development 

Administration's Savannah River Project near Aiken, South Carolina. 

In 19S8 the reservoir was constructed by the impoundment of Lower-

Three-Runs Creek for the purpose of cooling waste heat from nuclear 

3 
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reactors. The reservoir is part of a closed-loop cooling system 

(Figure 1) and is generally described in Table 1. 

Numerous ecological studies have been conducted in Par Pond 

(5, 11). Most studies have dealt with various aspects of the 

heated effluent. Lewis (18) demonstrated that waste heat is 

horizontally distributed with little mixing near the disc·harge 

and is principally restricted to the upper two meters. This dis-

tribution pattern causes a secondary, artificial thermocline 

during periods of natural stratification and, thereby, greater 

vertical heterogeneity of water temperatures. Although he pre-

sents data and arguments to show that hypolirnnetic temperatures 

are slightly increased by the waste heat, unpublished studies by 

Tilly (personal communication) indicate that hypolirnnetic tempera-

tures are the same at both heated and unheated areas. 

According to Tilly (personal communications), reactor opera-

tions include several processes which may affect water quality: 

1. Savannah River water is added to Par Pond water in 
the approximate ratio of 1:18 before it passes 
through the reactor. This is significant because 
the total input of water from the Savannah River 
is equal to the annual rainfall run-off to Par 
Pond and is higher in nutrients than local drain­
age because of its Piedmont and industrial-urban 
area origin. 

2. Water pumped from Par Pond for cooling is taken 
from 6m beneath the surface and is likely to be 
higher in nutrient levels than the surface waters 
with which it is eventually mixed. 

3. The death of organisms which are entrained in the 
cooling water, as well as the physical and chemi­
cal action of the temperatures in the heat-
exchange system (> 80°C) are likely to cause changes 
in both nutrient quality and quantity as well as 
increases in amounts of suspended material. 

4 
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TABLE 1. General features of Par Pond.a 

Mean Depth 6.2m 

Euphotic Zone 6m 

Secchi Transparency 2.5m 

Turbidity 1.2 JTU 

Total Alkalinity 15.0 ppm CaC0 3 

Total Dissolved Solids 40 ppm 

pH 7.7 

OissnlvP.ci OxyeP.n 7.1 ppm 

a. Means are from Tilly (39) and based on samples taken from 
the unheated portion of Par Pond during June-August, 1967. 
Water quality data are from the euphotic zone . 

5 
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Figure 1. The Par Pond system: sampling stations for macrophytes 
in 1975, water flow, and topography. Arrows indicate the move­
ment of water. Areas A, B and C are stations at which the macro­
phyte community was sampled. Locations indicated by numbers 1-4 
are those stations at which the nutrients and other limnological 
parameters described in Tables 7 and 8 were obtained. TI1e num­
bers corresponding to depth isopleths are in meters. 
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4. Water passes through miles of precooling streams 
and ponds which contain resident populations of 
algae and bacteria which are capable of influenc­
ing the nature of the effluent. 

Many ecological studies of thermal effects in Par Pond have 

been summarized by Beyers (5) and more rece~tly by Gibbons and 

Sharitz (11). Their discussions of the effects of the heated 

discharge center around species elimination, thermal tolerances 

of species populations and life-history phenomena. Generaliza-

tions from these studies include: (1) the tendency for species 

to be eliminated at extreme temperatures; (2) a great deal of 

vario.bili ty o.mong difft;-rf;"nt "PAc-.i P.S with re~ard to physiological 

and behavioral adaptations to altered temperatures; and (3) the 

tendency for sublethal elevated temperatures to enhance growth 

rates and alter seasonal cycles; 

Marshall and Tilly (19) and Tilly (39, 40) have examined 

the primary productivity of phytoplankton and periphyton in Par 

Pond. In shallow waters (<2m), phytoplankton productivity is 

greater in heated than in unheated locations. However, the lower 

limit of the euphotic zone is deeper in unheated areas. Perhaps 

of most interest is the discovery (41) that Par Pond water quality 

parallels that of the Savannah River. Over a 9-year period be-

tween 1965 and 1973, levels of phytoplankton production were more 

influenced by industrially-polluted water from the Savannah River 

than by the addition of heated water. Periphyton production is 

also shown to be enhanced by the heated effluent (Tilly, personal 

communication). However, this enhancement is caused by both dif-

ferences in water quality and higher temperatures. 

8 



Objectives 

The overall objective of this study was to obtain a precise, 

and at least partly quantitative, description of the submerged 

vegetation in Par Pond. The approach which has been taken is 

basically that espoused by Whittaker (45) and is referred to as 

"gradient analysis"; which is ". . . A research approach for study 

of spatial patterns of vegetation . . . (which) seeks to under­

stand the structure and variation of the vegetation of a land­

scape in terms of gradients in space of variables on three levels 

environmental factors, species populations and characteristics 

of communities." This research approach is based on the estab­

lishment of correlations between environmental conditions and 

patterns of vegetation by the examination of vegetation along an 

environmental gradient. Such correlations may then lead to the 

formulation of hypotheses which must be tested experimentally if 

cause and effect rela.ti,onshi:ps are to be established. More speci­

fically, the examination of macrophytes along a definable gradient, 

such as the one produced by the thermal effluent in Par Pond, may 

give some insight into the effects produced by a heated discharge 

on aquatic vegetation, both at the community and species-population 

levels of organization. 

9 



II. METHODS 

A preliminary survey of submerged vegetation in Par Pond 

was conducted to facilitate design of a quantitative sampling 

program (Appendix A). As a result of this survey quantitative 

samples were collected at various distances from the discharge 

point. 

Biomass Sampling in 1974 

In July of 1974, three stations were chosen to represent 

hot, warm and unheated areas of the reservoir, and were desig­

nated stations A, B and C respectively (Figure 3) . Stations· had 

similarly oriented shores and thus were not subject to the con­

founding effects of differential solar insolation (28) . The total 

lengths of shoreline at each station were: A, 800m; B, 2900m; 

C, 2500m. 

Sampling was restricted to plants which were rooted at depths 

~ O.Sm to avoid emergent macrophytes. Areas in which floating­

leaf species such as NeZumbo Zutea, Nuphar advena, Nymphaea 

odm•a·ta and Brasenia schreberi were abundant comprised less than 

5 percent of the non-cove areas and were excluded from sampling. 

HydrocotyZe umbeZZata, a small floating-leaved species, was in­

cluded in sampling because of its widespread occurrence but was 

t::..x.duue;:u fto111 Jata analy.si.s bccnu3c it was not considered to be 

a submerged species. 



Along the shore of each station, sampling locations were 

chosen randomly within each of four depth-strata: 0.5-lm, 1-2m, 

2-3m, and 3-4m. Within a depth stratum, samples were collected 

at the intersections of randomly chosen transects perpendicular 

to the shore and depth contours parallel to the shore. Five sam­

ples were collected from each depth-stratum at each shore of the 

three stations for a total of 120 samples. 

The sampling apparatus was a modification of the "cylinder" 

described by Nygaard (22) and is illustrated in Figure 2. The 

amount'of plant material collected in the cylinder was standard­

ized by comparisons with material collected from quadrats by hand 

(Appendix B). Operation of the cylinder required skin diving from 

a small boat. Upon location of a sample location, the cylinder 

was carefully lowered through the water and forced 10 to 20cm into 

the sediment. The bottom of the cylinder was then capped with the 

stainless-steel pan and brought to the surface. Living plant 

material was recovered from samples in the boat with the use of 

a lcm mesh screen which was suspended over the side of the boat. 

Plant material from each sample was placed in a labeled, plastic 

bag and stored in an air-tight can to reduce desiccation. In the 

laboratory, samples were separated into species and processed to 

obtain ash-free dry weights. Drying took place at 105°C until a 

constant weight was obtained (> 24 hrs.). Subsamples were ashed 

in a muffle furnace at 550°C for three hours. Duplicate deter­

minations were made of percent ash weight whenever more than O.lg 

dry weight of a species was obtained in a sample. This occurred 

11 
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Figure 2. The sampling apparatus. The sampler was made of an 
aluminum alloy, had an inside diameter of 0.33m and was .4lm 
tall. The stainless steel pan was attached to the cylinder with 
latex tubing (inside diameter 0 .48cm, wall thickness 0 .16cm). 
The top of the cylinder was covered with #10 mesh plankton net­
ting to prevent the loss of plant fragments. 
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in more than two-thirds of the samples. The data were expressed 

as ash-free dry weight because it is the most accurate and least 

variable method of expressing biomass (43). 

Biomass Sampling in 1975 

In 1975, samples were collected as described for 1974 with 

the following exceptions: 

1. The proximal boundary of Station A was extended 
to include the discharge point (Figure 1). 

2. Samples were collected at depths of 0.5, 1.5, 
2.5, 3.5 and 4.5m along 4 randomly chosen tran­
sects at each shore of the 3 stations for a 
total of 1?0 c;amples. 

Vertical Distribution of the Biomass of Myriophyllum in 1975 

At the same time that biomass samples were collected by use 

of the sampling cylinder, individual plants of Myriophyllum 

spicatum were randomly collected by hand. One plant was collected 

at each of the locations where sampling w~th the cylinder was 

carried out (described above). In the laboratory, each plant was 

separated into roots and shoots, and shoot material was divided 

into 50cm sections throughout its length from base to apex. All 

plant material was dried at 105°C until a constant weight was 

obtained and then weighed. All values were expressed as percent 

of total dry weight (e.g., roots = 15 percent of plant dry weight) . 

Characterization of the Environment 

Temperature 

In 1974, temperature information which corresponded to the 

stations used for sampling macrophytes was obtained from the 

14 



Savannah River Ecology Laboratory. Temperatures were measured 

with Taylor maximum-minimum recording thermometers deployed at 

approximately lm deep locations in Par Pond. Temperature read-

ings were made at varying time intervals. 

In 1975, temperatures were collected by the author with 

Taylor maximum-minimum recording, mercury thermometers. Thermo-

meters we1·e standardized to known temperatures in a constant 

temperature bath at 40°C and l5°C. The thermometers were sus-

pended at O.lm and 2.0m depths from poles located at points 2m 

deep. A pole was placed at each of the four corners of each 

sampling station. Temperatures were recorded weekly from 6/9/7S 

to 11/13/75. 

Water Chemistry and Limnological Features 

Basic limnological information for 1974 and 1975 periods, 

including major cation and anion concentrations, was obtained 

from the Savannah River Laboratory. Below is a list of the 

types of information. Methods are described in Standard Methods 

(3) . 

1. #10 net seston by fil traLlon and centrifneation 
2. conductivity by a conductivity meter 
3. light penetration at midday by Secchi Disc 
4. dissolved oxygen at midday by the Winkler method 
5. pH by a Beckman pH meter 
6. water color by the Hellige comparator 
7. turbidity with a Hack Turbidimeter 
8. Ca, Mg, K, Na and Si ions by Atomic Absorption 

Spectrometry 
9. Cl ions by the Mercuric TI1iocyanate method 

10. sulfates by the Turbidimetric method 
11. orthophosphates by the stannous chloride method 
12. nitrates by the phenoldisulphonic acid method 

15 
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Analyses of Data .. 
Statistical analyses follow the notations of Sakal and Rohlf 

(33) and Siegel (32) . The following symbols are used in the text: 

Symbol Definition 

y arithmetic mean 
N number of elements in a 

statistical population 
s standard deviation 
Sy standard error of the mean 
p probability 
r product-moment correlation 

coefficient 
* p < .OS 
** p < .01 
NS p > .OS 
A > B « C c is greater than both A 

and B, and A is greater 
than B. 

Data analyses were performed with the aid of an IBM 360 corn-

puter and a Model SOO Wang Prograrnable Calculator. Computer pro-

grams of the Statistical Analysis System (30) were used for 

parametric treatments of the data. 



II I. RESULTS 

Environmental Conditions in Par Pond 

Water Temperature 

Water temperatures were meas~red by two methods to represent 

the littoral zone in Par Pond. First, maximum-minimum recording 

thermometers were suspended at O.lm and 2.0m depths from poles 

located in areas 2.0m deep. Second, water temperatures at depths 

of 0, i, 2, 3, 4 and Sm Wt:!n::: 1nea!urcd biweekly ;:!t rlAAp locations 

by personnel at the Savannah River Laboratory. 

Deep Locations 

Data obtained from the Savannah River Laboratory are shown 

in Figure 4. During 1974, water temperatures at heated and un­

heated stations, Station 1 and Station 4 respectively, differed 

by 3.5C 0 at the surface but less than lC 0 at 3m depths. In 1975, 

water temperatures were 3.75C 0 higher at Station 1 at the surface 

but less than 0.5C 0 different at 3.0m (Figure 4). However, 

temperatures at Station 1 (Figure 3) are considerably lower (ca. 

S.OC 0
) than temperatures in the littoral zone at an equal dis­

tance from the discharge (unpublished data of Tilly) . This dif­

ference between temperatures in the deep area and the littoral 

occurs because the heated water moves along the shores as it flows 

away from the discharge point. 
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Figure 3. Sampling stations for macrophytes in 1974. Hatched 
areas indicated by A, B and C are stations at which the macrophyte 
community was sampled. 
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Figure 4. Vertical profiles of water temperatures. Data were 
obtained from the Savannah River Laboratory. Stations are shown 
in Figure 1. Plotted points represent means of 15 measurements 
taken at biweekly intervals during the 1974 and 1975 growing 
seasons (March through September) . 
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TABLE 2. Average maxima, minima and ranges of water temperatures 
from March to August of 1974.a 

Avg. 

Avg. 

Avg. 

a. 

b. 

* 

** 

NS 

Stations 

A B c 
-

maximum, oc 33.9b ** 31.0 NS 30.8 

minimum, oc 27.0 ** 24.4 ** 22.2 

range, oc 7.0 * 6.S ** 8.6 

Previously unpublished data of Gibbons and Sharitz, Savannah River 
Ecology Laboratory, Aiken, South Carolina. 

Mean ~f 23 observations made during March-August, 1974. 

** 

** 

** 

The two station averages on either side of an asterisk differ signi­
ficantly (P < .OS) by the nonparametric Sign Test (32). If asterisk 
is at the right of Station C, it means that Stations A and C differ 
significantly. 

The same as above except P < .01. 

The same as above except P > .OS and the means are judged as being 
not significantly different. 
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TABLE 3. Average maxima, m~n~ma and ranges of water temperatures from 
June to November of 1975a 

Stations 

A B c -
Avg. maximum, oc 33.6b ** 30.2 ** 29.3 ** 

Avg. minimum, oc 28.1 ** 26.9 ** 25.9 ** 

Avg. range, oc 5.5 NS 4.9 ** 3.4 ** 

a. Stations are those shown in Figure 1. 

b. Averages are of 20 median values collected at weekly intervals during 
June-November, 1975. Medians were determined by averaging temperatures 
collected at bpth shores of the opposing boundaries of a station. 

** The two averages on either side of the asterisk differ significantly 
(P < .Ql) by the nonparametric Wilcoxon Sign Rank Test (32). If 
asterisk is at the 

1
right of Station C~ it means that Stations A and 

C differ significantly. 

NS The same as above except P > .OS and the means are judged as being 
not significantly different. 
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TABLE 4. Vertical comparis3n of water temperatures at O.lm and 
2.0m during 1975. 

Stations 

DeEth (m) A B c 
Avg. maximum, oc 0.1 34.2 **b 32.4 

** 
29.4 

2.0 32.8 31.3 29.1 
Avg. minimum, oc 0.1 28.9 

** 
27.2 

* 
25.9 

2.0 27.4 26.6 26.0 
Avg. range, oc 0.1 5.4 NS 5.2 

* 
3.7 

2.0 5.4 4.6 3.1 

* 

NS 

* 

a. Averages are of 20 median values collected at weekly intervals during 
June-November, 1975. Medians were determined by averaging. temperatures 
collected at both shores of the opposing boundaries of a station. 

b * MArinS at 0 .lm ~nd 2 .Om depths are significantly different at the .OS 
level using a Wilcoxon Sign Rank Test (3:.!) • 

** Significantly different at the .01 level. 

NS Not significantly different at .05 level. 
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TABLE 5. Comparisons of vertical differences in water temperature . a 
between O.lm and 2.0m during 1975. 

A B c 
Avg. difference between maxima oc 1.4 NSb 0.9 * 0.3 

Avg. difference between minima oc l.S ** 0.6 ** -0.1 

Avg. difference between ranges oc 0.0 NS 0.6 NS 0.6 

a. Differences are calculated from Table 3. 

b. * The two averages on either side of the asterisk differ signifi­
cantly (P < .OS) by the nonparametric Wilcoxon Sign Rank Test 
(32). If asterisk is at the right of Station C, it means that 
Stations A and C differ significantly. 

hh The same as above except P < .01. 

NS The same as above except P > .OS and the means are judged as 
being not significantly different. 

25 
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Figure 5. Station temperatures: average maxima and m1n1ma at 
l.Om in 1974. The data were obtained from Drs. J. W. Gibbons 
and R. R. Sharitz at the Savannah River Laboratory in Aiken, 
South Carolina. Values plotted are the means of all temperatures 
collected within each of the author's sampling stations. Means 
are derived from three locations within Station, one location in 
Station B, and two locations in Station C. 

.• 
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Figure 6. Station temperatures: average maxima, minima and 
ranges at O.lm and 2.0m in 1975. Values plotted are the averages 
of temperatures collected at 0 .1m and 2. Om depths at the four 
corners of each station. 
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Two-Meter Locations 

During 1974, water temperatures in the upper 2m of the lit­

toral zone increased from l5°-30°C in March to 25°-40°C during 

June and July (Figure 5). Throughout the entire period of March 

through July, Station A had consistently higher temperature maxima 

and temperature minima than did Stations B and C (Figure 3, Table 

2). Although temperature minima were usually higher at locations 

nearer the discharge, temperature maxima were not significantly 

higher at Station B than at Station C (Figure 3, Table 2). Sig­

nificant differences were also found among the average temperature 

ranges (range= maximum-minimum), with Station B having the lowest 

average range and Station C having the highest average range 

(Table 2) . 

In 1975, water temperatures were measured at weekly intervals 

from June through October. As shown in Figure 6, temperatures were 

25-37°C during June and July, but declined to 20-34°C by October. 

Both weekly maxima and weekly minima temperatures were higher at 

locations nearer the discharge among all stations (Taple 3) . 

Weekly temperature ranges were highly erratic and showed no sea­

sonal trends during the period June-October (Figure 6). However, 

the average temperature fluctuation (range) was significantly less 

at Station C than at Stations A and B. The latter stations were 

not significantly different. 

A comparison of the average water temperatures in 1975 be­

tween depths of O.lm and 2.0m is shown in Table 4. The average 

maximum temperatures at all stations were higher at O.lm than at 
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2.0m. The average minimum temperatures were also higher at O.lm 

than at 2.0m at Stations A and B, but not at Station C (Table 4). 

The average ranges of weekly temperatures did not differ between 

O.lm and 2.0m at Station A, but Stations Band C showed higher 

ranges at O.lm. The quantitative differences between O.lm and 

2.0m depths at each station are shown in Table 5. The average 

difference between maxima is less at Station C than at Stations 

A and B. The average difference between minima is greatest at 

Station A, intermediate at Station B and least at Station C (Table 

5). However, the average differences between temperature ranges 

at 0 .1m and 2. Om did not vary significantly among stations (Table 

5) . 

Water and air temperatures are shown in Figure 7 and correla­

tions are provided in Table 6. Correspondence between air and 

water temperatures was greatest at the unheated area (Station C) 

and least at the warmest area (Station A) . 

A plot of temperature versus the distance from the discharge 

(Figure 8) results in a curved line. However, transformation of 

the abscissa to the square root of the distance from the discharge 

straightens the line considerably (Figure 8) . 

Nutrient Levels of Surface Waters 

Data were obtained from the Savannah River Laboratory for 

nutrient levels in Par Pond surface waters during 1974 and 1975 

(Table 7) . Reported values were calculated as "growing-season 

averages" that represent the average nutrient condition of the 
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TABLE 6. Correlation between air and water temperatures in 1975.a 

Station 

A B c 
b 

r = .5756 r .8580 r = .9317 

cp = .0097 p < . 0001 p < . 0001 

a. Refer to Figure 7. 

b. "r" is the product-moment correlation coefficient (33). 

c. "P" is the probability that the observed correlation is the 
result of chance. 
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TABLE 7. Average concentrations of nutrients in Par Pond surface ~aters during the growing seasons of 1974 
and 1975-: 

b 
P0 4 N03 Cl so .. Ca Mig Na K Si 

Date Station ~ ug/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 

1974 1 c 2.23 9.23 5.57 4.49 4.28 .34 4.90 .94 1. 98 

.... 1.40 8.42 5.67 3.91 4.61 .Sl4 5.35 .99 2.23 <. 

3 2.00 7.03 5.93 4.24 4.69 .94 5.59 .99 2.34 

4 1. 58 2.3.3 5.67 3.91 4. 71 .91 5.34 .95 1. 94 

1975 1 2.80 .07 4.79 3.95 3.80 .77 4.85 .94 2.44 

2 2.67 4.5 7 5.09 3.87 4.14 .M 5.04 .99 2.67 

3 2.00 4.0'? 5.16 4.05 4.15 .85 5.16 .99 2.67 

4 2.27 1.43 5.21 4.22 4.16 .84 5.22 .99 2.62 

a. Data were obtained from the Savannah River Laboratory. The growing-sea~on for macrophytes in Par Pond was 
from March througj September. 

b. Stations are those shown in Figure 1. 

c. Solid vertical lines indicate no significant trend in the means. Arrows indicate a significant difference 
by the Wilcoxon Sign Rank Test between stations 1 and 4, and the direction of the arrow indicates the 
direction of increase for this variable. 
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Figure 7. Water and air temperatures during 1975. The water 
temperatures represent the median during a week's time [(maxi­
mum+ minimum)/2]. Each value is a station average (described 
in the caption of Figure 6) . The arrows indicate whether the 
reactor was discharging ("on") or not discharging (''off") . Air 
temperatures were measured within 0.5 mile of Par Pond. Correla­
tion coefficients are shown in Table 6. 
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Figure 8. The temperature gradient in Par Pond: temperature 
versus distance from the discharge. The values plotted are 
weekly median temperatures taken during the growing-season 
(March through September) of 1975 while the reactor was con­
tinuously discharging heated water. The graphs represent the 
means of 6 values for the upper 2m of the water column. Sta­
tions are those shown in Figure 1. 
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water during the period when macrophytes were growing (March-

September) . No significant differences were found in the concen-

trations of phosphates, chlorides, sulfates or silicates at the 

three stations in either year (Table 7). However, significant 

differences do exist for concentrations of nitrates as well as cal-

cium, magnesium and sodium ions among the stations (Table 7) . 

Potassiwn ion concentrations were significantly variable among 

stations during 1975 but not during 1974. 

Only nitrate concentrations were higher at Station 1 than 

a.t Station 4 (Table 7). During both 1974 and 1975, the Stations 

.~ . 

7 
Khich occurred within the heated arm of Par Pond (Stations 1, 

2 and 3) all possessed considerably higher nitrate concentrations 

than the unheated station (Station 4). By contrast differences 

among stations which occurred in levels of calcium, magnesium, 

sodium and potassium ions indicated higher values at the unheated 

station (Station 4) than at the warmest station (Station 1) (Table 

7). For these ions, concentrations at Stations 2, 3 and 4 are 

similar but Station 1 is considerably lower. 

A highly significant decrease (P < .Ql) in overall levels of 

ions between 1974 and 1975 was revealed by the binomial test. This 

was consistent with the fact that the conductivity of surface 

waters was significantly lower in 1975 than in 1974 (P < .OS) by 

the Students' "T" Test. 



Additional Features of the Environment 

In addition to data on nutrients, data on several other 

characteristics of surface water in Par Pond were obtained from 

the Savannah River Laboratory (Table 8) . 

Calculations of light penetration were derived from the 

Secchi Disc values (Table 8) and are shown in Table 9 .• In 1~74, 

the estimated differences in light penetration between Stations 

1 and 4 are such that the light intensity at 4.5m at Station 1 

was approximately equal to the intensity at S.Om at Station 4. 

For the 1975 growing season, differences in light penetration 

between Stations 1 and 4 were even greater than for 1974. 

The Distribution and Abundance of Macrophytes 

The Biomass of Macrophytes 

July, 1974 

Submerged macrophytes were quantitatively sampled and their 

ash-free dry weights were determined. Values are presented in 

Table 10 as grams/m 2
• Graphical representation and statistical 

analyses of these data arc shown in Pigure 9. Three species, 

MYriophyllum spicatum3 Eleocharis acicularis and Najas guadalupensis 

are presented individually because·of the predominance of 

their biomasses (Figure 9) . MYriophyllum occurred primarily at 

depths greater than 2m at Station C, but was more abundant in 

the 1.25-2m zone at Station B. By comparison with Station B, the 

abundance of MYriophyllum was significantly less at Station A at 
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TABLE 8. Limnological features of Par Pond surface waters during the growing seasons 
of 1974 and 1975.a 

b 
IHO ~et pH, Dissolved 02 Color, Turbidity, Conductivity, 

Date Station Seston, mg/1 EH units mg/1-% Pt-Co units JTU lJmho 

1974 1 a .047 7.60 l6.58-87.0d 1.11 3.67 51.8 

4 .056 7.59 7.17-87.0 1.12 3.62 53.2 

1975 1 .073 7.59 ! 7.40-98.0 1. 25 r-77 51.7 

4 .050 7.63 7.98-98.0 1. 04 1.81 51.0 

Secchi, 
meters 

1 
2.36 

2.62 

! 2.24 

2.70 

a. Data were obtained from the Savannah River Laboratory. The growing season in Par Pond was from March 
through September. These lirnnological features and the methods for their determination are described 
in Standard Methods (3). 

b. Stations are those shown in Figure 1. 

a. Solid vertical lines indicate no significant trend in the means. Arrows indicate a significant dif­
ference between stations 1 and 4 by the Wilcoxon Sign Rank Test, and the direction of the arrow indi­
cates the direction of increase for this variable. 

d. Percent of saturation. 



TABLE 9. · Calculations of light penetration from Secchi Disc values.a 

Percent of Surface Lightb 

1974 1975 

DeEth, rn Station 1 Station 4 Station 1 Station 

0.5 52 .. 99 56.27 51.17 57.41 

1.0 28.08 31.66 26.18 32.96 

1.5 14.88 17.82 13.40 18.92 

2.0 7.89 10.03 6.86 10.86 

2.5 4.18 5.64 3.51 6.23 

3.0 2.21 3.17 1.80 3.58 

3.5 1.17 1. 79 0.92 2.05 

4.0 0.62 1.01 0.47 1.18 

4.5 0.33 0.57 0.24 0.68 

5.0 0.17 0.32 .12 0.39 

a. Secchi Disc values are those shown in Table 8. 

b. Percent of surface light was calculated according to Wetzel (44). 
The equation used was such that I = I e-nz; where Iz = the light 
intensity at depth z, I 0 is the zligh~ intensity at the surface, 
e is the base of natural logarithms, and n is the extinction co­
efficient. The extinction coefficient is calculated such that 
n = (~n I 0 - ~n Iz)/z; where ~n is the natural logarithm, and 
the Secchi depth is assumed to be the depth to which 5% of the 
light penetrates. 

4 
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TABLE 10. Distribution and relative abundance of biomass: July, l9 7 4.a 

Ash-free dry weight, g/m2 

Italics denote % totaZ bioma3s 

Station A Station :B 

Sampling depth, m-+ 0.5-1 1-2 2-3 3-4 0.5-1 1-2 2-3 3-4 

M~riophyZZum spicatum 0.5 4.6 46.6 1.1 2.8 116.8 139.4 91.8 

0.7 4.0 70.5 97.2 7.0 80.7 100.0 98.8 

Elgocharis acicu!aris 20.4 4.8 0.0 0.0 29.5 10.1 0.0 0.0 

26.3 4.2 0.0 0.0 73.8 7.0 0.0 o.o 

N~as guadaZupensis 47.8 85.7 4.4 0.0 7.1 15.2 0.0 0.2 

6!.9 74.7 6.6 0.0 17.8 0.5 0.0 0.2 

TOTAL 77.3 114.7 66.1 1.1 40.0 144.8 139.4 91.9 

Other 11.1 17.1 22.9 2.8 1.4 7.3 0.0 0.4 

Myriophyllum spicatum ~o·as important fraction of total in 0-2 meter depths only at Station B. 
NjriophyZlum spic.2tum vas dominant fraction of total in 2-4 meter depths at all stations. 
Other species were important fraction of total only in shallows at stations C and A. 

a- Stations are those shown in Figure~-

Station C 

~ 1-2 2-3 3-4 

3.9 2.0 64.6 30.4 

6.3 6.3 96.5 99.8 

49.6 24 .I 0.1 0.0 

81.0 7?.2 0.2 0.0 

0.0 1.5 0.6 0.1 

0.0 5.0 0.8 0.2 

61.3 31.2 66.9 39.5 

12.7 11.5 2.5 0.0 
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FigurA q, Rinm;:~~s nf m;:~c-.rnphytP.c; c-.nllP.C':tP.rl rluring .Tuly, 1q74 
Depths are in meters. 

t 

* 

** 

Stations A, B and C are those shown in Figure 3. 

Averages on either side of asterisk differ signi­
ficantly at the 0.05 level of confidence by the 
Student-Newman-Keuls Test (33) . If asterisk is 
at the right of Station C, it applies to Stations 
A and C. 

Significant at the 0.01 level of confidence. 
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all depths except 0.5-l.Om (Figure 9). The total biomass of 

MYriophyllum at all depths was greatest at Station B, intermediate 

at Station C and least at Station A. Eleocharis occurred only at 

depths less than 2m and was progressively reduced at stations 

nearer the discharge. Najas was scarcely present at Station C 

but was very abundant in the upper two depth zones at Station A. 

The combined biomass of all species from all depths was 

greatest at Station B, intermediate at Station A and least at 

Station C (Figure 9). Furthermore, biomass was greater at Station 

B than at Station C for all depths except the shallowest (0.5-

l.Om). The biomass at Station A was more abundant at 0.5-l.Om 

but less abundant at 3.25-4.00m when compared to Station B (Figure 

9) . 

Comparisons among species in Table 10 show that MYriophyllum 

was the dominant component of total biomass at depths greater than 

2 meters at all stations. However, MYriophyllum was an important 

component of total biomass at depths less than 2m only at Station 

B. At Station A and C, other species comprised a significant 

percentage of the total biomass in shallower areas. 

July, 1975 

The biomass values for July, 1975 are shown in Table 11 and 

presented graphically in Figure 10. As in July of 1974, 

Myriophyllum spicatum, Eleocharis a~~cularis and Najas 

guadalupensis were presented individually because of their 

relative magnitudes and importance (Figure 10). In addition, 
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TABLE 11. Distribution and relative abundance of biomass: a July, 1975. 

Ash-free dry '"'eight, g/m2 

Ital.ies denote % total tiomass 

Station A Station s· 

~ampling depth, m-+ ).5 1.5 2.5 3.5 4.5 0.5 1.5 2.5 3.5 4.5 0.5 1.5 

Myr1.ophyZZwn spieatwrl l.l 27.7 55.7 3.3 0.0 0.5 3.3 13.1 89.8 1.0 0.0 2.4 

!1..9 51.1 89.8 46.5 0.0 1.2 7.3 34.8 98.8 100.0 o.o 4.1 

EZec·eharis creieuZa:r-is 3.4 0.0 0.0 0.0 0.0 38.3 5.0 0.0 0.0 0.0 40.9 26.7 

1!1.4 0.0 0.0 0.0 o.o 88.7 11.1 o.o 0.0 0.0 93.2 45.3 

Najcs guadaZupensis 13.0 15.4 0.1 0.0 0.0 0.3 12.8 0.1 0.0 0.0 0.0 0.0 

22.2 28.4 0.2 0.0 0.0 0.7 28.4 0.3 0.0 0.0 0.0 o.o 

NaJ·cs grc.eiZZima 32.5 0.6 0.2 0.0 0.0 0.7 18.7 21.2 0.0 0.0 0.0 7.S 

55.6 1.1 p.3 0.0 0.0 1.6 41.6 56.1 0.0 0.0 0.0 13.2 

TOTAL 5!l.5 54.2 62.0 7.1 0.0 43.2 45.0 37.6 90.9 1.0 43.9 59.0 

Other 5.9 19.4 9.7 53.5 0.0 7.8 11.6 8.8 1.2 o.o 6.8 37.4 

Myriophy~~~ spieatun was major fraction of t.otal in 2.5-4.5 meter depths at all stations e=cept Station B where 
abun:lant at 2.5 meters depth. 

E~eocharis acicu~aris was predominant fraction of total at 0.5 meters depth at Stations B aDd C but was replaced 

a. Stations are those shown in Figure 1. 

Station C 

2.5 3.5 4.5 

85.2 71.7 37.1 

91.8 99.9 99.7 

4.7 0.0 0.0 

5.1 0.0 0.0 

0.1 0.0 0.0 

O.l o.o 0.0 

2.8 0.0 0.0 

3.0 0.0 0.0 

92.8 71.8 37.2 

0.0 O.l 0.3 

Najas graeiZ~ima was 

by Najas spp at Station A. 

.j::. 
(]\ 
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Figure 10. Biomass of macrophytes collected during July, 1975. 
Depths are in meters. Asterisks are explained in Figure 9. 

t Stations A, Band Care those shown in Figure 1. 
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Najas gracillima was included in Table 11 because of its abundance 

at several locations. To allow for comparison, the depth classes 

(e.g. 1.25-2.00m) of 1974 were considered equivalent to the dis-

crete depths (e.g. 1.5m) of 1975. These comparisons are shown in 
\ 

Table 13. MYriophyllum was unchanged at Station C but radically 

different between times at Station B. Lower levels of biomass 

were found at Station Bat 1.5m and 2.5m in July of 1975. Station 

A was unchanged at all depths except 1.5m where there was an in-

crease in July of 1975. Eleocharis was unchanged at all stations 

for the average biomass at all depths. However, in July of 1975 

there was an increase in Eleocharis at 2.5m at Station C and there 

was a decrease at 1.5m at Station A. Numerous changes occurred 

in the biomass of Najas guadalupensis, but the changes of greatest 

magnitude were at 0.5m and 1.5m at Station A (Table 13). N. 

guadalupensis was reduced at Station A from a value of 47.8 g/m2 

to 13.0 g/m 2 at 0.5m and from 85.7 g/m 2 to 15.4 g/m2 at 1.5m 

(Tables 9 and 10) . 

No change in total biomass of all species occurred at Station 

C (Table 13). However, in July of 1975 there were lower levels 

of biomass at 1.5m and 2.5m at Station B, and 1.5m at Station A. 

October, 1975 

The biomass values for October, 1975 are shown in Table 12 

and summarized in Figure 11. The biomass values obtained for 

July and October of 1975 were compared in Table 13. MYriophyllum 

did not change at Station C, increased at 1.5m and decreased at 
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TABLE 12. Distribution and relatbe abundance of biomass: a 
October, 1975. 

Ash-free dry weight, g/mz 

Italics denote % total biomcss 

Station A ·station B Station C 

Sc.mpling depth, IT.- 0.5 1.5 2.5 3.5 4.5 0.5 1.5 2.5 3.5 4.5 0.5· 1.5 2.5 

MyriQphyllum spicatum 0.6 40.6 110.6 13.4 0.0 2.6 14.1 22.6 38.7 6.5 3.6 0.2 84.5 

1. 8 89.0 98.3 99.9 o.o 3.5 39.2 99.6 100.0 95.6 9.2 0.6 100.0 

E~eocharie acicularis 28.8 0.0 0.0 0.0 0.0 64.3 6.1 0.0 0.0 0.0 34.0 30.0 0.0 

88.3 0.0 0.0 0.0 0.0 86.8 16.9 0.0 o.o o.o 86.7 86.7 o.o 

NajGs guadalupensis 3.2 4.9 1.1 0.1 0.0 3.1 13.2 0.1 0.0 0.0 0.0 0.0 0.0 

9.8 10.7 1.0 0.1 0.0 4.2 36.7 0.4 o.o 0.0 0.0 0.0 o.o 

TOTAL 32.6 45.6 112.5 13.4 0.0 74.1 36.0 22.7 38.7 6.8 39.2 34.6 84.5 

Other 0.1 0.3 0.7 0.0 c.o 5.5 7.2 O.G o.o 4.4 4.1 12.7 0.0 

MyriophylZum spicatum was major fraction of total in 2.5-4.5 meter depths at all stations. 
Eleoaharis acicularis was major fraction of total at 0.5 meters at all stations and extended to 1.5 meters at Stc.tion C. 

a. Stations are thos~ shown in Figure 1. 
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TABLE 13. Comparisons of biomass among time periods.a~b 

A B c 
Depth. 

m 7-74 VS 7-75 7-75 v:; 10-75 7-74 vs 7-75 7-75 VS 10-75 7-74 vs 7-75 7-i5 vs 10-75 

Myl'iophy ~ Zwn o.s NS NS NS NS NS NS 
1.5 *< NS **> *< NS NS 
2.5 NS •< **> NS NS NS 
3.5 NS NS NS *> NS NS 
4.5 N.3 NS NS 

0.5-4.5 NS N3 **> NS NS NS 

E~e?a~s 0.5 NS •< NS *< NS NS 
1.5 **> N3 NS NS NS NS 
2.5 NS N3 NS NS ** NS< 
3.5 NS N5 NS NS NS NS 
4 .-• .;> .N5 NS NS 

0.5-4.5 NS NS NS NS NS NS 

Naj~s 0.5 **> **> NS NS NS NS 
1.5 **> *> NS NS **> NS 
2.5 **> NS **< NS NS NS 
3.5 ** < )16 **> NS **> NS 
4.5 NS NS NS 

0.5-4.5 **> *> ~'S NS NS NS 

ALL SPECIES 0.5 NS NS NS *> NS NS 
1.5 *> NS **> NS NS NS 
2.5 NS *< *> NS NS NS 
3.5 NS NS NS *> NS NS 
4.5 f\S NS NS 

0.5-4.5 *> r-.s ~·> NS NS NS 

a. Comparisons were made with paired comparisors Itt" tests (33). 

b. The notation for comparisons is: 

Signi fie ant difference at the .OS level. 
** .01 

*> 7-74 > 7-75 or 7-75 > 10-75. 
*< 7-74 < 7-75 or 7-75 < 10-75. 

U'l 
....... 
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Figure 11. Biomass of macrophytes collected during October, 1975. 
Depths are in meters. Asterisks are explained in Figure 9. 

t Stations A, Band Care those in Figure 1. 



53 

Depth 
A' 8 c 0 

E 0.5 .: 1.5 
>. 

2.5 ~ 
Q. 

3.5 0 
..... 4.5 >. 

:::IE 0.5-4.5 

"' 
0.5 

·;: 1.5 
0 2.5 ~ 
u 3.5 0 
..!! 4.5 
LLJ 0.5-4.5 

0.5 

"' 
1.5 

0 2.5 
0 3.5 z 

4.5 
0.5-4.5 

"' 
0.5 

.!!! 1.5 
u 2.5 Q) 
Q. 3.5 C/) 

4.5 
<i 0.5-4.5 

-11+- 5.0g organic weight 



3.5m during October at Station B, and increased at 2.5m at Sta­

tion A. Eleoaharis was also unchanged at Station C, but increased 

at O.Sm at both Stations A and B. Najas guadalupensis was changed 

only at Station A where it decreased in abundance at O.Sm and l.Sm 

in October. 

No change in total biomass of all species occurred at Station 

C (Table 13). However, at Station B, biomass increased at O.Sm 

and decreased at 3.5m in October. Station A showed no change ex­

cept at 2.5m where there was a two-fold increase in October. 

Thl;' Oic;trihutions of Species-Populations 

Biomass data collected in July of 1974, July of 1975 and 

October of 1975 were used to construct generalized curves repre­

senting the distributions of species-populations in Par Pond 

(Appendix C, Figures 12-14). Figures 12-14 are plots of biomass 

against the distance from the discharge on a square root scale. 

These plots were used because the temperature of the upper 2m of 

the water column was approximately a function of the square root 

of the distance from the discharge (Figure 8) . Approximate 

temperatures were plotted ort the upptlr abscissa of Figure 12 to 

allow for comparisons between temperatures and species-populations 

which occurred in depths less than 2.0m. Since water below 2.0m 

was considerably cooler than the water above 2.0m (Figure 4), 

correlations of temperature with vegetation growing at depths 

greater than 2.0m required consideration of the vertical distri­

bution of the plants and are presented in Figures 28 and 29. 
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Figure 12. Generalized distributions uf ~p~dt::!>-pupulation.! in 
July, 1974. The distance from the discharge is on a square-root 
scale. The stations are shown in Figure 3. Curves were eye­
fitted to the data points as demonstrated and described in Appen-· 
dix C, and are considered approximations. The temperatures were 
taken from Figure 8. Notations are as follows: 

M = MYriophyllum spicatum 
E = EZeocharis acicularis 

NGU = Najas guadalupensis 
pp = Potamogeton pusiZZus 
PD = Potamogeton diversifolius 
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Fi~1rA 1~. Generalized distributions of species-populations in 
July, 1975. Temperatures were taken from Figure 8. The stations 
are shown in Figure 1. Distance from the discharge is on a square­
root scale. Curves have been eye-fitted to the data points as 
described in Appendix C and are only approximations. Notations 
are as follows: 

M = My.r.>1:ophy Z Zwn spioatwn 
E = EZeooharis aoiouZaris 

NGU = Najas guadaZupensis 
NG = Najas graoiZZima 
PP = Potamogeton pusiZZus 
PD = Potamogeton diversifoZius 
cz = Chara zeyZanioa 
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Figure 14. Generalized distributions of species-populations in 
October, 1975. Temperatures were taken from Figure 8. The 
stations are shown in Figure 1. Distance from the discharge is 
on a square-root scale. Curves have been eye-fitted to the data 
points as described in Appendix C and are only approximations. 
Notations ar.e as follows: 

M = 
E = 

NGU = 

MYriophyllum spicatum 
Eleoaharis acicularis 
Najas guadalupensis 
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Generalized distributions of species-populations for July, 

1974 are shown in Figure 12. Five species occurred in the 0.5-

l.Om depth zone. Najas guadalupensis occurred abundantly at the 

sampling location nearest the discharge. However, qualitative 

sampling indicated that N. guadalupensis did not grow at locations 

less than 50m from the discharge. N. guadalupensis did not grow 

at locations less than 50m from the discharge. N. guadalupen.cn:s 

occurred primarily where water temperatures were between 33° and 

31°C, Potamogeton diversifolius at ca. 32°C, Potamogeton pusillus 

at 31°-31.5°C, Myriophyllum at 29.5°-3l.5°C and Eleocharis below 

32uC (Figure 12) . It is perhaps noteworthy that all species ex­

cept Eleocharia were restricted at the 0.5-l.Om depth zone to the 

heated arm of Par Pond (Figure 12). Four species occurred com­

monly at the 1-2m depth zone (Figure 12). Najas guadalupensis 

occurred in this zone where temperatures ranged between 30°-32°C, 

Potamogeton pusiUus at ca. 31 °C, Myriophyllum between 28 o and 

31°C, and Eleocharis below 28°C. Again, all species except 

Eleocharis were restricted at this depth to the heated arm of 

Par Pond. Onl~ two species were found within the 2-3m depth zone. 

Potamogeton pusillus occurred at Station A about 625m from the 

discharge, while Myriophyllum occurred at distances greater than 

625m from the discharge. Correlations of the biomass of 

Myriophyllum with temperature require a consideration of the 

height of the plants because there was a large change in tempera­

ture between 2m and 3m. These analyses are considered in Figures 

28 and 29. At 3-4m Myriophyllum was the only species present and 

was found no closer to t.he discharge than 625m. 

61 



The generalized distributions of species populations for 

July, 1975 are shown in Figure 13. Six species occurred at 0.5m. 

Potamogeton pusillus, Chara zeylanica and Najas guadalupensis 

were principally found within Station A where temperatures were 

between 31-33.5°C. Potamogeton diversifolius occurred between 

29.5°C and 31°C, and Eleocharis was found throughout the entire 

reservoir. At 1.5m, 7 species were found. Chara zeylanica 

occurred principally within Station A between 31-33°C and 

Potamogeton diversifolius occurred within Station B at 2.5-31.0°C. 

Najas guadalupensis, MYriophyllum spicatum, Potamogeton pusillus 

a1hl Nujus IJi'w.:ilUma occuneJ between 26°C M1J 33.5°C at l.!:inL 

Eleocharis was restricted to Station Cat 1.5m depths. At 2.5m 

rooting depths, 5 species were found. MYriophyllum occurred be­

tween 225m and 2500m and again at distances greater than 3600m 

from the discharge. Chara zeylanica occurred at distances be­

tween 25m and 225m, Potamogeton pusillus between 25m and 1225m, 

Najas gracillima between 625m and 3025m, and Potamogeton 

diversifolius between 900m and 2025m from the discharge. Below 

2.5m, only MYriophyllum was found. At 3.5m MYriophyllum occurred 

at distances greater than 625m from the discharge, and at 4.5m 

only occurred at Station C, about 3000m from the discharge. 

The generalized distributions of species-populations for 

October, 1975 are shown in Figure 14. At 0.5m, three species 

were found. Najas guadalupensis occurred in waters between 30° 

and 31.5°C, MYriophyllum between 29.5° and 31.5°C, and Eleocharis 

peaked at 30°C but was restricted to locations less than 32°C. 
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Three species were also present at 1.5m; N. guadalupensis between 

29 and 32°C, Eleocharis at less than 29°C and MYriophyllum at 

less than 32°C with a peak in biomass at 31.5°C. Below 1.5m, 

M. spicatum was the only species present. At 2.5m, MYriophyllum 

occurred at distances greater than 400m from the discharge, with 

a noticeable decrease in biomass around 1600m. At 3.5m, 

MYriophyllum was only found at distances greater than 1600m and 

at 4.5m at distances greater than 2500m. 

Correlations Between Light Penetration and Distribution 
of Species-Populations 

Eleocharis acicularis 

Calculated values of light penetration were compared with 

the maximum depths at which Eleocharis grew at each station 

(Table 14). The maximum depth at which Eleocharis occurred in 

July of 1974 increased from 0.75m at Station A to 2.00m at Sta-

tion C. However, the light penetration at the maximum depth of 

occurrence resulted in three times the intensity at Station A as 

at Station C. The depths at which equal light intensity occurred 

we1't: slightly less at Station A th<m ;:~t. Station C, but did not 

correspond to the maximum depths of occurrence. 

In 1975, the maximum depth of occurrence was l.Om at Sta-

tions A and 2.0m at Station C. The percent of surface light at 

the maximum depth of occurrence was 2.5 times greater at Station 

A than at Station C. Again, differences in light intensity failed 

to correspond w:i.th the maximum depths of occurrence at the two 

stations. 
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TABLE 14. Relationship between light penetration and maximum 
depths of occurrence of EZeoaharis. 

Station a 

1974 A B c 

a . max1mum depth of occurrence, m 0.75 1. so 2.00 

b % of surface light at max. depth 38.58 10.23 

b dept.hs of equal light intensity, m 1. 80 2.00 

1975 

a maximum depth of occurrence, m 1.00 1.50 2.00 

b % of surface light at max. depth 26.18 10.86 

b depths of equal light intensities, m 1.65 2.00 

a. Determined in situ. 

b. Calculated from Table 8 according to Wetzel (44) as described 
in Table 9. 

a. Light penetration values are from Stations 1 and 4 shown in 
Figure 1, and represent Stations A and C shown in Figure 1. 
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Myriophyllum spicatwn 

Calculations of light penetration were compared to the .maxi­

mum depths at which MYriophyllum grew at each station (Table 15) . 

These correlations must be distinguished from those presented 

for Eleocharis in the previous section because, unlike Eleocharis 

which is seldom more than 15cm tall, MYriophyllum grows to 

heights of 4m in some locations. Therefore, the correlations in 

Table 15 only pertain to the newly-established shoots of 

~~riophyllum. In 1974, the maximum depth of occurrence was 3.0m 

at Station A and 5.0m at Station C. Differences in light pene­

tration do not correspond well with differences in depLhS uf 

occurrence since equal light intensities occurred at depths of 

4.7m at Station A and 5.0m at Station C. In 1975, the lack of 

correspondence between light penetration and depth of occurrence 

was similar to 1974, except that depths of equal light intensities 

were 4.2m at Station A and 5.0m at Station ·c. 

Species Diversity 

Values of species diversity are shown in Table 16. Species 

richness was greater at all stations in July of 1975 than in 

July of 1974. A decline in species richness occurred at all 

stations in October as compared to July of 1975. Equitability 

was highest at Station A (as compared to Stations B and C) 

during July of 1974 and July of 1975, but was lowest at Station 

A in October, 1975. Heterogeneity values were similar to the 

equitability values at all times and at all stations. 
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TABLE 15. Relationship between light penetration and maximum 
depths of occurrence of MYriophyZZum. 

Station c 

1974 A· B c 
a maximum depth of rooting, 3.0 4.0 5.0 m 

b light depth % of surface at max 4.42 0.7!3 

b of equal light intensities, depths m 4.7 5.0 

1975 

a maximum depth of rooting, 3.0 4.0 5.0 m 

b% of surface light at max depth 1.85 0.37 

b of equal light intensities, 4.2 depths m 5.0 

a. Determined in situ. 

b. Average light penetration values from March through May were 
used because the growing tips of MYriophyZZum shoots would 
begin growth in March and be l-2 meters long by June. The 
Secchi averages for March through May were: 

1974-Station l = 2.875 and Station 4 = 3.092 
1975-Station l = 2.260 and Station 4 = 2.667 

Light penetration values were calculated according to Wetzel 
(44) as described in Table 9. 

o. Light penetration values are from Stat:ions 1 anc:l 4 shown in 
Figure l, and represent Stations A and C shown in Figure l. 
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TABLE 16. Species diversity at sampling stations. 

Date Station SEecies'Richness a Eguitabilit~d Heterogenitl sf 

7-74 A a 6 2.0185 1.8229 8 
B 6 .9038 .8162 8 
c 8 1. 5709 1.4187 8 

7-75 Ab 9 1. 9835 2.0656 11 
B 10 1.9370 2.0172 11 
c 11 1.4102 1.4686 11 

10-75 Ab 7 1 . 004 7 .9073 8 
B 8 1. 7817 1.6090 8 
c 6 1.1314 1.0218 8 

a. Stations are shown in Figure 3. 

b. Stations are shown in Figure 1. 

a. Species richness is the total number of species found at a station (26). 

d. Equitability is J 1 =. H' , where H is the Shannon-Weaver function and S is the total number of 
logS 

species at all stations (26). 

e. Heterogenity is H' = -E log 2 , the Shannon-Weaver function when pi 
. . . . pi pi . th . 

total 1nd1v1duals belong1ng to the 1 species (26). 

the decimal fraction of 

f. S is the total number of species at all stations at a sampling tione. 
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Comparisons of the Distributions of Myriophyllum 
Among Sampling Times 

July, 1974 Versus July, 1975 

Distributions of Myriophyllum in July, 1974 and July, 1975 

are shown in Figures 15 and 16. The only depths where conspicuous 

changes in distribution occurred were 0.5m, 1.5m and 2.5m. At 

0 .5m, MIJriophyZZum occurred mainly around 31 °C in 1974 but was 

found at ca. 29°-32°C in July of 1975. At 1.5m depths, 

Myriophyllum occurred between 28° and 31°C in July of 1974, but 

was found between 30° and 32°C in July of 1975. At 2.5m depths, 

the distrib\ltions covArArl the samo range, but .iu July of l!:J'/S 

the biomass between 900m and 3000m from the discharge was greatly 

diminished as compared to July of 1974. 

July versus October in 1975 

Differences between the distributions of Myriophyllum in 

July and October ofl975 occurred at all depths (Figures 16 and 

17). At 0.5m, Myriophyllum increased in biomass in October, 

but was further from the discharge. At 1. 5m, biomass was greater 

and more widely distributed in October, and again was fu:rt.her 

from the discharge. Comparison of distributions at 2 .5m shows 

little overall change in biomass but does reveal a diminution of 

biomass at 400m from .the discharge in October. At the 3 .5m 

depth, My1'iophyt'twn occurred to within 800m from the discharge 

in July; but in October it occurred no closer than 1700m from 

the discharge. In October Myriophyllum increased in biomass at 

depths of 4 .5m that were 225m-2500m from the discharge. 
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Figure 15. Distribution of MyriophyZZwn epicatwn in July, 1974. 
Data are plotted vs the distance .from the discharge on a square 
root scale. Stations are those shown in Figure 3. Temperatures 
are from Figure 8. 
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Figure 16. Distribution of MYriophyllum spicatum in July, 1975. 
Data are plotted vs the distance from the discharge on a square 
root scale. Stations are those shown in Figure 1. Temperatures 
are from Figure 8. 
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Figure 17. Distribution of MyriophyUwn spicatwn in October, 
1975. Data are plotted vs the distance from the discharge on 
a square root scale. Stations are those shown in Figure 1. 
Temperatures are from Figure fl. 
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Comparisons of the Distributions of 
Eleoaharis Among Sampling Times 

Distributions of Eleoaharis were similar in July, 1974 and 

July, 1975 (Figures 18 and 19). However, in July of 1974, bio-

mass progressively increased at increasing distances from the 

discharge, while in July of 1975, Station B was the area of 

greatest biomass. In October of 1975, levels of biomass increase.d 

considerably at Station B when compared to July of 1975 (Figures 

19 and 20). Otherwise, distributions were similar in July and 

October of 1975. 

Combined Biomas3 of All Specie!> 

The combined biomass of all species in July of 1974 is shown 

in Figure 21. Observations confirmed that no vegetation grew at 

the discharge point. At 0 .5-l.Om, biomass increased from zero at 

the discharge point to a maximum at 676m from the discharge. The 

maximum biomass at l.0-2.0m water depths was at 650m from the 

discharge, while at 2. 0-3. Om water depths 'the maximum occurred 

at 1406m from the discharge. In the deepest sampling zone 

(3.0-4.0m), the biomass maximum was located at 2800m from the 

discharge. At all depths, biomass increased from zero at the 

discharge to a maximum and then declined.to some lower level at 

increasing distances from the discharge. 

The combined biomass of all species for .July of 1975 is 

shown in Figure 22. Observations again confirmed that no vegeta-

tion grew at the discharge point. Maximum biomass samples 

occurred at the following distances from the discharge: 756m at 
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Figure 18. Distribution of Eleoaharis aaiaularis in July, 1974. 
Data are plotted vs the distance ·from the discharge on a square 
root scale. Stations are those shown in Figure 3. Temperatures 
.are from Figure 8 . 
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Figure 19. Distribution of Eleo~haris aaiaularis in July, 1975. 
Data are plotted vs the distance from the discharge on a square 
root scale. Stations are those shown in Figure 1. Temperatures 
are from Figure 8. 
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Figure 20. Distribution of EZeoqharis acicuZaris in October, 
1975. Data are plotted vs the distance from the discharge on a 
squai·e root scale. Stations are those shown in Figure 1.. Tem­
peratures are from Figure 8. 
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Figure 21. Distribution of total macrophyte biomass in July, 
1974. Values represent total biomass of all species collected 
in a single sample, and are plotted against the distance from 
the discharge on a square root scale. ''Max" represents the 
position where the maximum biomass at a depth was collected. 
Stations are those shown in Figure 3. Temperatures are from 
Figure 8. 
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Figure 22. Distribution of total_macrophyte biomass in July, 
1975. Values represent total biomass of all species collected 
in a single sample, and are plotted against the distance from 
the discharge on a square root scale. "Max" represents the 
position where the maximum biomass at a depth was collected. 
Stations are those shown in Figure 1. Temperatures are from 
Figure 8. 
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0.5m depths, 756m at 1.5m depths, 625m at 2.5m depths, 96lm at 

3.5m depths, and 5625m at 4.5m depths. Distributions in July of 

1975 followed the general form described for July of 1974 (Figure 

21) except at 2.5m and 3.5m depths where a striking absence of 

vegetation occurred ca. 2500m from the discharge. 

The distributions of total biomass for October of 1975 

(Figure 23) were similar in many ways to those of July. However, 

at 0.5m depths the maximum occurred at 168lm instead of at 756m 

·and at 3.5m depths the maximum was at 1849m instead of at 96lm. 

Therefore, the general distribution of biomass was further from 

the discharge in October thau .iu July at all depthJ except 1 .Sm. 

Vertical Distribution of the Biomass of M!Jr1.:ophyllum 

Comparisons Among Stations 

In July and October of 1975, MYriophyllum plants were col­

lected, divided into 0.5m sections throughout their lengths and 

processed for ash-free dry weight. The data thus obtained for 

July are shown in Figure 24. Comparisons among stations were 

made at each sampling depth and arranged in a stairstep fashion 

to reveal the distribution of biomass in the water column. At 

locations 0.5m deep, MYriophyllum only occurred at Station A 

(Figure 24). At locations l.Sm deep, MYriophyllum was distri­

buted closest to the surface at Station.A and was completely 

absent a.t Station C. Also, . the plants at 1. 5m depths were 40cm 

taller at ·A than at. B. Examination of plants found at locations 

2.5m deep shows the sequence A > C > B. for the distribution of. 

,, 
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Figure 23. Distribution of total macrophyte biomass in October, 
1975. Values represent total biomass of all species collected 
in a single sample, and are plotted against the distance from 
the discharge on a square root scale. "Max" represents the 
position where the maximum biomass at a depth was collected. 
Stations are those shown in Figure 1. The temperatures are 
from Figure 8. 
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Figure 24. Vertical distribution of the biomass of MYriophyllum 
in July, 1975. Numbers in parentheses indicate the number of 
samples. The letters above the numbers in parentheses refer 
to comparisons among vertical distributions of biomass. The 
letters beneath the numbers refer to comparisons among heights 
of plants (A >> B < C means A is greater than both B and C, and 
C i c; grA::~t.P.r than R) . Data were determin~d bY the collection of 
intact plants, the measurement of their total lengths and the 
division of shoots into 0.5 meter sections. Samples were pro­
cessed for dry weight. Comparisons are made among the three 
sampling stations, A, Band C (Figure 1), at each depth of 
sampling. At each station there is a bar graph and a figure of 
a plant. The width of each bar represents the average percentage 
of the total plant weight (shoot + root material) of that length 
of the plant. The he.ight of the plant figure represents the 
average height of plants sampled at that station. Comparisons 
among vertical distributions of biomass at different stations 
were made by a priori "F" Tests (33) within the upper. two 0.5m 
divisions. To meet the assumptions of parametric tests, the 
percentages were transformed into arcsine values as described 
hy Sokal and Rohlf (33). The average heights of plants were 
compared among stations by the Student-Newman-Keuls Test (33) . 
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biomass (Figure 24). However, for the average height of plants 

at locations 2.5m deep, the sequence A= C > B was observed. At 

locations 3.5m deep, plants at the three stations did not differ 

significantly in average height, but the biomass was distributed 

closest to the water's surface at Station A. Plants collected 

at locations 4.5m deep did not differ significantly ln avc:ragc 

height but differed in the distribution of their biomass relative 

to the water's .surface such that B > C > A (Figure 24). 

The vertical distribution of biomass for October is shown 

I ' in'Figure 25. MY~ophyllum occurred at both Stat~on A and Sta-

tion Bat the locations 0.5m deep, but was absent at Station C. 

An examination of the values at lu~ations l.Sm deep shows the 

sequence A > B > C for the distribution of biomass but the 

sequence A =. B > C for the height of plants. At locations 2.5m 

deep, the biomass of MYriophyllum was again distributed closest 

to the water surface at Station A and was also tallc5t at Station 

A. A ccmpal'i~;u,l of di::;tributions nf hioma5S at locations 3.5m 

deep shows A = B > C, but no difference in the average height of 

the plants. At locations 4 .5m deep, My~ophyUum was shown to 

be distributed closest to the water's surface at Station A, bnt 

this must be viewed cautiously because only one plant was fowtd. 

Data from Figures 24 and 25 Wt:lre combined across aU samp-

ling depths and displayed graphically in Figures 26 and 27. In 

July, biomass was closest to the water surface at Station A, 

intermediate at Station B and farthest from the water's surface 

at Station C. The amount of total biomass which was root material 

was between 12 and 15% at all stations. 
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Figure 25. Vertical distribution of the biomass of MyfliophyUwn 
in October, 1975. The figure is as described in Figure 24 ex­
cept stations are those in Figure 1. 
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Figure 26. Vertical distribution pf the biomass of Myriophyllum 
combined across all sampling depths in July, 197S. Data were 
determined by Sll.mmini the perc.P.nt~gP.5 pres;ent&d in Figure 24 
across all sampling depths. Thus, this figure represents the 
percentages of Myriophyllum's biomass which occur beneath the 
surface of the water for the entire littoral zone at that sta­
tion. Comparisons among vertical distributions of biomass be­
tween different stations were made by a priori "F" tests (33) 
within the upper two O.Sm divisions. To meet the assumptions of 
parametric tests, the percentages were transformed into arcsine 
values as described by Sokal and Rohlf (33) . The notation used 
is: * indicates a significant difference between the two sta­
tion averages on either side of the asterisk at the .OS level, 
** indicates a significant difference at the .01 level, *** in­
dicates a significant difference at the .001 level and NS indi­
cates no significant difference at the .OS level. If notation 
is at the right of Station C, it represents a comparision between 
Stations A and C. 
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Figure 27. Vertical distribution of the biomass of MYriophyllum 
combined from all sampling depths in October, 1975. Data were 
determined by summing the percentages presented in Figure 25 
across all sampling depths. Otherwise, this figure is the same 
as described for Figure 26. 
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In October, the biomass was distributed closer (visual im­

pression only) to the water surface at all stations when compared . 

to July (Figure 27) . Again, the sequence was A > B > C, but the 

roots only comprised 5-8% of the biomass in October. 

Correlations Between Light Penetration and Plant Heights 

Estimates of light penetration were calculated from Secchi 

Disc measurements to correspond to the average heights of 

MyriophyUwn (Table 17). Differences among average heights of 

MyriophyUwn are shown in Figures .24 and 25. In July, the light 

intensities which occurred at the tips of MyriophyZZwn were 

equivalent at the locations 2.5m deep, although the tips at Sta­

tion A were 20cm closer to the water's surface. At the locations 

3.5m and 4.5m deep the tips at Station C were growing at a higher 

light intensity. In October, higher light intensities occurred 

at the tips of Myriophy·Uwn at Station A for the locations. 1.5m 

and 2.5m deep, but at lower light intensities for the locations 

3.5m and 4.5m deep (Table 17). 

Correlations Between Plant Heights and Temperature 

The ht:.ights uf Mynophytl:um plants collected in July of 

1975 were plotted against their distances from the discharge on 

a square root scale (Figure 28) . Included in Figure 28 are es­

timates of temperature isopleths. At locations 0.5m deep, only 

three plants were found, all 50cm tall. These three plants 

occurred in water of approximately 32°-33°C (Figure 28). At 

locations 1.5m deep, plants were found in water of temperatures 
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TABLE 17. Light penetration at the average height of MyriophyUum 
shoots during 1975. 

Date DeEth of Rooting, m aStation Average Height, m bL. h . 1g t Penetrat1on, 

July 0.5 A 0.50 100.00 
c 

1.5 A 0.95 47.85 
c 

2.5 A 1.39 22.60 
c 1.15 22.35 

3.5 A 1.61 7.95 
c 1. 51 10.98 

4.5 A 1.12 1.08 
c 1.58 3.91 

October 0.5 A 0.50 100.00 
c 

1.5 A 1. 21 67.80 
c 0.20 23.62 

2.5 A 2.31 77.52 
c 2.19 60.89 

3.5 A 2.32 20.57 
c 2.45 31.18 

4.5 A 2.76 9. 71 
c 2.42 9.94 

a. Stations are those shown in Figure 1. 

b. Light penetration values are from Stations 1 and 4 in Figure 1, and 
represent Stations A and C in Figure 1. Percent of surface light 
was calculated according to Wetzel (44) as described in Table 9. 

% 
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Figure 28. Shoot heights of MYriophyllum in July, 1975. Data 
·were plotted against the distance from the di::;charge on a square 
root scale. The temperature isopleths were estimated from Fig­
ures 4 and 8, and from numerous profiles of temperature measured 
in the littoral zone (unpublished data of Tilly and Grace). 
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between 29°C and 31°C with the tallest plants growing in areas 

averaging 31°-32°C. Examination of the locations 2.5m deep shows 

that plants occurred in all sampling locations. However, the 

tallest plants grew in water between 30°C and 32°C. The plants 

found between 27 and 30°C were noticeably short. At locations 

3.5m deep, plants in the heated arm of Par Pond (Stations A or 

B) passed through a considerable range of temperatures. The 

tallest plants were found in water from 26°C to water 31°C, a 

range of SC 0
.• At the locations 4.5m deep, most of the plant 

material grew at ca. 26°C with the tips of plants at 600-1600m 

from thQ discharge in water 28-29°C. 

The plants collected in October of 1975 are plotted by 

heights in Figure 29 in the same manner as in Figure 28. The 

plants collected in October were generally as much as l.Sm tal­

ler than those collected .in July. Plants at locations O.Sm 

deep were found growing in water at 29°-32°C in October. At 

locations l.Sm deep, plants were found in water between 28 and 

32°C with· the tallest plants aga:i.n growing at 32°C (as in July). 

Plants were found almost throughout the range of sampling loca­

tions 2.5m deep. The plants 600-160Um from the discharge where 

they had been short in July showed an increase of as much as l.Sm 

in length betwe·en July and October. At locations 3.5m deep, 

plants found between 600 and 3000m ha~ grown as much as 1 .3m 

during the three-month interval while plants at Station C had 

grown no more than 0.9m in the same time period (Figures 28 and 

29). The growth at Station C occurred in water 26°C while the 
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Figure 29. Shoot heights of MYriophyllum in October, 1975. 
Data were plotted against the distance from the discharge on a 
square root scale. The temperature isopleths were estimated 
from Figures 4 and 8, and from numerous profiles of temperature 
measured in the littoral zone (nnpublished data to Tilly and 
Grace) . 



104 

1 .. Station A .:..-1 Station C I+- 0•
5 

0.5~---,~----~~---L--~--~----,-----~~~---..-~0 

26 

1.5~-£-----.~JL...IL..---'-":r'-':-L---'---+'-.L..L..~f-_.__-r-____ ___. ................... ~--y--~ 0 

2 

2.5 
28 Ill ... 

C1> -Ill C1> ... E 
C1> - 2 IIi C1> 
E -c: 

c 
.s= a_ -a. 

C1> -0 0 

34°C 32 30 28 

4.5~--~--~~uu~~~--~~~._~--~~~~~~U---~o 
0 900 1600 2500 8100 

Distance from Discharge, meters 



growth at 600-3000m from the discharge occurred in water 28°-32°C. 

At locations 4.5m deep, t~e plants found in water around 28°-29°C. 

grew as much as 1.3Sm between July and October, while plants at 

Station C (growing in 26°C water) grew no more than 0.95m. 
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IV. DISCUSSION 

Environmental Conditions in Par Pond 

Water Temperatures 

Water temperatures in Par Pond decreased with increasing 

distance from the discharge and with increasing depth beneath 

the water's surface (Tables 2, 3 and 4; Figures 4, 5 and 6). 

The increased temperatures which resulted from the heated efflu­

ent Wt:':J:P. primari.ly rest;ricted to the upper 3m of the water column 

(Figure 4). In addition, the rate at which temperature declined 

at increasing depths was faster at heated than at w1heated loca­

tions (Figure 4) . The artificial heating of Par Pond caused 

water temperatures at heated areas to correlate poorly with air 

temperatures (Figure 7, Table 6). 

The factors which influence the dissipation of heat from a 

.hyperthermal effluent are numerous and complex (42). Therefore, 

an empirical approach wa~ used to describe a ·function that re­

lates water temperature tu the distance from the discharge. As 

shown in Figure 8, a plot of the temperature of the upper 2m of 

the water column against the square root of the distance from 

the discharge is nearly linear between the discharge point and 

the distal end of the heated arm. The decrease in temperature 

in the vicinity of the unheated areas was asymptotic. 



Levels of Nutrients and bther Features of the Environment 

The nutrient contents of water are characterized by the 

levels of measurable ions, and by the rates at which these ions 

are replaced (14). Therefore, the levels of ions must be consid­

ered as incomplete information in the absence of an estimate of 

the replacement rates. In Par Pond, levels of nitrate ions were 

four times as great at the discharge as they were at unheated 

areas (Table 7). The decrease in nitrate levels at increasing 

distances from the discharge was not linear; concentrations were 

high throughout the heated arm compared to concentrations found 

in unheated areas (Table 7) . Magnesium, sodium, calcium ant! pu­

tassium ions were all found to. be higher at unheated areas than 

at the discharge point (Table 7). .ThesH cations were at compara­

tively high levels at all sampling stations except the area 

closest to the discharge point. Oxygen levels were also higher 

at the unheated than at the heated areas .. This difference in 

oxygen levels can be completely explained by the different solu­

bilities at different temperatures (Tab:Le 8). Additionally, light 

pe~etration (estimated from Secchi measurements) was lower at 

heated areas as might be expected from the greater turbidity 

there (Table 8). 

The Distribution and Abundance of Macrophytes 

MyriophyUwn spicatum and Eleochar'!:s acicularis consistently 

had the most biomass in Par Pond. For this reason, they have been 

singled out for detailed discussion. 
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MyriophyLLum spicatum 

The distribution and abundance of MYriophyLLum is the re-

sult of various processes which comprise its life-cycle (25). 

These processes must be considered individually when evaluating 

the effects of the heated discharge. According to Patten (25), 

the processes in the life-cycle of MYriophyLLum which are most 

important in determining its distribution and abundance are: 

dispersal and establishment of plant fragments, and vegetative 

growth. The importance of seed production in determining the 

distribution and abundance of MYriophyLLum within a body of water 

is assumed to be slight because of a low rate of germination and 

the large numbers of plant fragments produced (25). 

Fragmentation of stems may occur accidentally or by abscis-

sion (25). Plant fragments float for several days after abscis-

sion and may be dispersed considerable distances before they sink 

to the bottom. The establishment of plant fragments is dependent 

upon their survival and their ability to develop roots. Once 

established, the shoots grow in length up to the water's surface 
/ 

where they may form a dense canopy. Abscission of plant fragments 

may occur at any time during vegetative growth but seems to be 

positively correlated with both flowering and senescence (1, 25). 

Dispersal and Establishment of Plant Fragments in Par Pond 

Knowledge of the dispersal and establishment of plant frag-

ments in Par Pond is largely the result of visual observations 

and inference from quantitative samples. 
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MYriophyllum spicatum was not found in Par Pond as recently 

as 1971 (Boyd, C. E.; personal communication), but occurred 

throughout the reservoir by 1973; presumably by the processes of 

fragmentation and dispersal. Also, underwater observations at 

both heated and unheated areas in March of 1976 revealed far 

greater densities of established fragments of MYriophyllum than 

could possibly survive to maturity. These evidences indicate 

that the fragmentation of stems was sufficiently great in Par 

Pond to account for the maintenance of the population from year 

to year. Thus, it may be assumed· that fragments of MYriophyUum 

have been dispersed to all areas o£ Par Pond. However, numerous 

data presented in this thesis demonstrate clearly that 

MYriophyllum did not occur at all locations in Par Pond. There-

fore, the establishment and survival of plant fragments was an 

important process which determined the distribution and occur-

renee of plants. Since seed production occurred at only a few 

places in the heated areas of Par Pond and since no seedlings 

were ever found, reproduction by seeds during 1974 and 1975 was 

probably not of much importance in maintaining the population. 

The maximum depths of occurrence 

MYriophyllum occurred at depths of 5m at unheated areas of 

Par Pond (Tahle 15). However, at Station B the maximum depth 

of occurrence averaged 4.0m, and at Station A the maximum depth 

averaged 3 .Om (Table 15) . If we assume that plant f·r·agments were 

dispersed at depths of 5m at all stations, then differences in 

environmental conditions must be responsible for the difference 



in maximum depths of occurrence. Table 15 shows that differences 

in light penetration between heated and unheated areas do not 

entirely explain the differences in depths of occurrence. Al­

though the light penetration values only represent March-May, 

examination of the seasonal dynamics of Secchi measurements (Fig­

ure 30) reveals no time during the year at which light penetra­

tion values could account for the differences in depths of occur­

rence. The differences in light penetration could explain.at 

most a 0.7m decrease in depth at Station A, leaving a difference 

of 1.3m unexplained (Table 15). 

Another factor which could have been involved in the dif­

ferences in depths of occurrence was temperature (Figures 28 and 

29). If decreased light penetration alone caused a 0.7m reduc­

tion in the station average of the maximum depth of occurrence 

at Station A, this would limit the maximum depth to 4.3m. At 

a depth of 4. 3m at Station A, water temperature was approximately 

l°C warmer than at Station Cat 5.0m (Figure 28). Also, at the 

observed average maximUm depth of 3.0m at Station A, the water 

temperature was approximately 2°C warmer than at 5.0m at Station 

C (Figure 22) . 

Comparison between the amount of biomass and the heights 

of MyriophyUwn plants which occurred at 4.Sm (Figures 16 and 

28) reveals that very few plants were found at Stations A and 

B, but those which did occur were quite tall (average - 1.6~). 

This suggests that the cause of the low density of plants was a 

failure of plant fragments to establish themselves rather than 
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Figure 30. 
from Secchi 
ure 1. The 
Laboratory, 

Light penetration in 1974 and 1975 as calculated 
Disc measurements. The stations are those in· Fig­
data were obtained from L. J. Tilly, Savannah River 
Aiken, South Carolina. 
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an inability of established plants to grow well. If the small 

amount of biomass was the result of an inability of established 

plants to grow, numerous short plants would be expected. 

These arguments do not negate the possibility that factors 

other than temperature and light differences might have contri­

buted to the differences in the maximum depth of occurrence. 

However, they do suggest a possible explanation and thereby a 

testable hypothesis. This hypothesis is that the inability of 

plant fragments to establish themselves at depths greater than 

3.0m at heated areas was the result of the combined effects of 

low light intensities and an increase of respirat1on rates at 

higher temperatures~ This hypothesis is consistent with the 

studies of Stanley (34) which led him to predict that at higher 

temperatures the maximum depth of occurrence for MYriophyZZum 

spicatum would be decreased because of greater respiratory de­

mands and, therefore, a higher light intensity required for the 

compensation point. 

Min~mum depth of occurrence 

Examination of Pigurc!3 12; 13 and 14 illtlstr::~t.P. the dif­

ferences among stations in the minimum depths at which 

MYriophyZZum occurred. In addition, it was observed that the 

maximum depth of occurrence of EZeocharis acicuZaris was the 

same as the minimum depth at which MYriophyZZum occurred. 

Therefore, Table 14 is also valid as a representation of the 

correlation between light penetration and the minimum depth at 

which MYriophyUum occurred. However, there is no reason to 
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suspect that either light or temperature limited the establish­

ment of MYriophyllum in shallower waters, because in shallow 

areas (< 2.0m) where Eleoaharis was not present, MYriophyllum 

was occasionally found (observation of the author) . Eleoaharis 

aaiaularis can be a very effective competitor against other 

species of macrophytes (23), and, therefore, it is reasonable to 

suspect that the dense mats formed by Eleoaharis prevented the 

establishment of MYriophyllum in shallow waters. 

Restriction of MYriophyllum at Station A 

MyriophyZZum was nevF:'!T fnnnci to occur clO$~r than SOm from 

the discharge point (Figures 28 and 29), and abundant growth was 

restricted to locations greater than 400m from the discharge and, 

therefore, temperatures less than 32°C (Figures 15-17, 28), How­

ever, a few scattered plants of MYriophyllum did occur closer 

than 400m from the discharge (Figure 28) . Comparison between 

the amount of biomass (Figures 16 and 17) and the height of in­

dividual plants (Figures 28 and 29) indicates that, although the 

density of MYriophyUum plants greatly declined at distances 

closer than 400m, plants which did occur were r·elati vely tall. 

The density of relatively tall plants was sparce enough to rule 

out the possibility that higher temperatures at locations closer 

to the discharge might have caused increased intraspecific compe­

tition for light and thereby lower density of plants. However, 

the,presence of a few tall plants suggests a decreased level of 

fragment establishment. 

ll4 



Of possible significance to understanding the present dis-

tribution of MYriophyllum in Par Pond are observations of the 

general diStribution of macrophytes before MYriophyllum was first 

seen there. An unpublished 1967 survey of submerged macrophytes 

showed Potamogeton perfoliatus L. to be the dominant macrophyte 

at most unheated areas now dominated. by MYriophyllum (Tilly, un-

published data). However, in the hot areas, except for a slight 

incursion of MYriophyllum, the community composition appears 

largely unchanged; Najas_guadalupensis dominates now as it did 

then. 

Phenological development of MYriophyllum 

Comparison between Figures 28 and 29 and examination of 

Figures lS and 17 show that MYriophyllum occurred closer to the 

discharge in July than in October of 1975. This is consistent 

with field observations which indicated that there was a progres-

siye die-off of MYriophyllum starting at the heated areas and 

progressing to the unheated.areas during October and November of 

1975. The water temperatures during November 1975 were approxi-

mately 20°C .to 30~C; adequate for rapid growth of My1•iophyllwn 

(.35). Therefore, this difference in the time at which senescence 

and death of shoot material occurred suggests a shortening of 

the life cycle of MYriophyllum by 2-4 weeks in heated areas. 
l 

The advancement of phenological development by elevated 

temperatures has been commonly observed for aquatic plants (29) 

as well as for terrestrial plants. (17). Allen (2) found phenolo-

gical advancement of Elodea canadensis L. ~ in artificially-wanned 
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areas. of Lake Wabamum, Canada, but failed to observe any advance­

ment of MYriophyllum exalbesaens Fern. He attributed this ad­

vancement of Elodea entirely to overwintering and the earlier 

commencement of growth. 

Little is known of how temperature influences the develop­

ment of aquatic angiosperms (29). However, it has been observed 

for terrestrial plants that although growth rates are higher at 

elevated temperatures, the duration of the growing season is 

shorter and it is not necessarily true that the plants growing 

at the warmer temperatures will be larger (17}. MYriophyllum 

plants in Par Pond were observed to have high rates (ca. 2mgC/g 

plant/hr) of carbon assimilation in early May of 1976 (Tilly 

and Grace, unpublished results). However, at this time, under­

water observations indicated that the plants were of the same 

height and density at both heated and unheated areas. This in­

dicates that although Myriophyllum may have started.growing 

slightly earlier at heated areas, the difference was not great 

enough to be detected b.y height measurements. Therefore, the 

hypothesis is put forth that MYriophyllum had a faster rate of 

development (i.e. flowered and senesced quicker) at heated areas 

than at unheated areas. 

Vegetative Growth of My1~ophyllum 

Biomass 

If it is assumed that the loss of plant material by death 

and abscission of plant fragments is as great at heated areas 
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as at unheated areas, differences in biomass represent differences 

in population growth (43). Considerable differences in levels 

of biomass occurred among stations at all time periods (Figures 

10-12). However, some of the trends which were observed in July 

of 1974 did not recur in 1975. In July of 1974, biomass at all 

depths roughly approximated a unimodel distribution with the 

maximum biomass occurring at Station B, an intermediate amount 

of biomass at Station A, and the least amount of biomass at 

Station C (Figures 9 and 21) . In 19 75, the same general trend 

in biomass occurred as in 1974 except that there was a major 

n:tlw.:Lluu lu l.Jlumass aL 2.5 aut! 3.5111 tlt::jJLh::. aL 3LaL.iuu B (P.ig­

ures 10 and 12) . Nonetheless, considering all depths less than 

4m, the greatest amount of biomass occurred at heated areas at 

all times. However, the distributions of biomass in 1975 were 

roughly bimodal curves at locations 2.5m and 3.5m deep, with 

the largest peaks between 625 and 1600m from the discharge, and 

the secondary peaks at unheated.areas (Figures 22 and 23). These 

bimodal peaks ·in 1975 indicate that growth was not directly cor­

related with distance from the discharge but that factors other 

than the direct influence of the heated effluent must have been 

acting on the growth of MyriophyUum. Since this reduction in 

biomass in 1975 occurred at the locations where biomass was 

greatest in 1974, and since there was no significant difference 

in parameters monitored.during 1974 and 1975, it seems reasonable 

to hypothesize that some other condition, perhaps of the sedi­

ments, had been altered. Despite the bimodality of distributions 
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in 1975, the greatest amount of biomass occurred in heated areas 

during both years and suggests th~t conditions in these heated 

areas favored greater growths of MYriophyllum. 

Numerous features of the environment are capable of in-

fluencing the growth of MYriophyllum. However, no attempt has 

been made to isolate the variables. Rather, correlations have 

been sought between environmental conditions and the growth of 

MYriophyllum in an attempt to establish plausible hypotheses. 

Temperature and light intensity may be important in regulat-

ing the growth of MYriophyllum. The results of Stanley and 

Naylor (35), and of Titus (personal communication) indicate that 

M1JriophyUum spicatum has a temperature optimum for photosyn-

thesis above 35°C at saturating light intensities. However, 

observations by Stanley (personal communication) indicate severe 

inhibition of growth at 35°C and at saturating light intensities 

which could possibly have been attributed to leakage of photo-

synthate from cells as a result of the loss of membrane integrity. 

C. Young (49) found that MY'riophyllum spicatum was twice 

as abundant at locations of 25°C as at locations of l5°C in an 

artificially-heated reservoir. However, in Par Pond, 

MYriophyllum was almost completely absent from locations less 

than 400m from the discharge (average temperatures of upper two 

meters of water > 32°C). Within lOOm of the discharge extremely 

large amounts of periphyton occurred (observations of the author) 

which would have been capable of shading out higher plants. 



However, Najas guadalupensis and Potamogeton .pusillus were abun­

dant between lOOm and 400m where MYriophyllum was scarce. 

Net photosynthesis of MYriophyllum in Par Pond was typically 

light saturated in only the upper lm of the water column (unpub­

lished studies of carbon assimilation by Tilly and Grace) . There-· 

fore, at 2.5m and 3.5m depths where few competitors occurred, the 

failure of Myriophyllum .to grow at temperatures above 32°C could 

have been the result of a lower temperature optimum for net pro­

duction at lower light intensities. However, the restriction of 

MYriophyllum from areas warmer than 32°C which were less than 2m 

deep may have been partly the result of competition~ Field ob­

servations in late September of 1974 revealed that much of the 

Najas guadalupensis at Station A had completed its annual cycle 

and been replaced somewhat by MYriophyllum. 

Phosphates and nitrates are considered by Hutchinson (15) 

to be the two factors most likely to limit to the growth and 

development of aquatic.macrophytes. However, it is difficult 

to evaluate the. importance of these substances in the water 

column because of the ability. of macrophytes to take phosphorus, 

nitrogen and other ions from the sediment as well as from the 

water (6, 8, 21). Wilson (46) has reported the ability. of 

MYriophyllum.exalbesaens to absorb. and store quantities of 

phosphorus far in excess of its immediate growth needs and 

concluded that the lowering of phosphate concentrations in 

natural waters would not control the growth of M. exalbesaens. 

Bristow and Whiteombe (6) used radioactive tracers to ascertain 
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that approximately two-thirds of the phosphorus in the shoots of 

MYriophyllum spiaatum is derived from the sediments. This find­

ing is supported by Mulligan and Baranowski {20) who found greatly 

reduced growth in MYriophyllum spiaatum when natural sediments 

were replaced by pure sand, thereby indicating a need for roots 

other than anchorage. Also, Mulligan and Baranowski (20) de­

scribed optimal nutrient levels of .072 mg/1 total-N and .020 

mg/1 P0 4-P for MYriophyllum spiaatum in culture experiments. 

Nichols and Keeney (21) observed that MYriophyllum spiaatum was 

able to maintain healthy growth utilizing nitrogen entirely from 

the sediments. 

Levels of nitrates in Par Pond surface waters were very low, 

averaging .018 mg/1 near the discharge and .009 mg/1 at remote 

locations. The only sediment values available for the littoral 

zone indicate total nitrogen to be _100 mg/1, nitrates and 

nitrites = 10 mg/1, ammonia.= 25 mg/1 and extractable phosphorus = 

.02 mg/1 during June of 1975 (12) . These values suggest that 

there may be sufficient nitrogen available for growth of 

MYriophyUum but that phosphorus levels.could be limiting because 

neither sediments nor water column contain more than .02 mg/1. 

In view of the general lack of data. for nutrient turnover times 

in Par, both nutrient limitation studies. and tissue analyses are 

needed to . determine if phosphorus or nitrogen is limiting the 

growth of MYriophyllum; 

Sediment features other than nitrogen and phosphorus levels 

are also capable of influencing the distribution and abundance 
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of macrophytes (15). However, studies by Geisy and Tessier (12) 

on MyriophyUwn spiaatwn in Par Pond, a.s well as observations by 

the author, indicate that MyriophyZZwn can root and grow on any 

sediment type in Par Pond except bare clay. 

Levels of calcium, magnesium; sodium and potassium ions were 

observed to vary with distance from the discharge in Par Pond 

(Table 7) . But, levels of these cations were higher at unheated 

areas and were therefore negatively correlated with growth rates. 

Unfortunately, there is insufficient information at present to 

suggest a generalized response of macrophytes to these cations 

ll!>). 

Levels of dissolved oxygen were typically high in the water 

column at depths above the thermocline (6-8m) . Measurements of 

dissolved oxygen at different depths above 4m never revealed 

levels below 4 mg/1 in the water which interfaced the sediments 

(Tilly and Grace, unpublished data). But, the higher temperatures 

at Station A caused .lower levels of 02 (Table 8). It is conceiv­

able that lower concentrations of oxygen at the heated areas could 

have caused reduced levels of photorespiration in the plants at 

Stations A and B (13) and thereby increased net production. How­

ever, studies by Stanley (34) indicated that photorespiration 

could not be detected in MyPiophylZwn in conditions of high 

temperature, high light intensity and high oxygen levels. 

Heights of plants 

Another method of determining the .growth of MyriophyUwn is 

by measuring the heights of plants. In 1975 plants were found to 
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grow taller at Station A than at Station B although the dif­

ference in height was not statistically significant (Figures 

24, 25, 28 and 29). At locations 3.5m and 4.5m deep the plants 

were actually at lower light intensities at Station A than at 

Station C (Table 17). Comparison between the heights of plants 

in July and October of 1975 showed that at locations 3.5m and 4.5m 

deep~ the plants in heated areas grew as much as.l.35m in length, 

while plants in unheated areas grew no more than .0.95m (Figures 

28 and 29). This greater growth in length.in heated areas 

occurred in water 4-6C 0 warmer than that in the unheated areas 

(Figure.5 20 anJ 29) . Yet, u Lhtu: environmental factors such as 

phosphates and nitrates could have influenced these growth rates 

as described previously. 

In addition to the height of plants, the vertical distribu­

tion of biomass was determined (Figures 24 and 25) . Although 

the plants were not significantly different in height among 

stations, the plants at Station A had significantly more of their 

biomass distributed closer to the water'.s surface than did the 

plantsat Station C (Figures 24 and 25). Titus (personal communi­

cation) has observed that MYriophyllum spicatum sloughs its lower 

leaves as it grows in height and self-shades its lower parts. He 

suggests that this is an adjustment which reduces the amount of 

respiratory tissues that are unable to photosynthesize at high 

enough rates to maintain themselves. This process described by 

Titus was observed for Myriophyllum in Par Pond to a greater 

extent at Station A than at Station C and is part of the cause 
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of the difference seen in Figures 24 and 25. Within this context, 

it is reasonable to hypothesize that the greater sloughing of 

lower leaves at the heated station was the result of both lower 

light intensities and higher temperatures which caused an in­

creased ratio of respiration to photosynthesis. 

Eleoaharis aaiaularis 

Eleoaharis aaiaularis is an evergreen perennial which grows 

to heights of 20cm (9). E. aaiaularis forms dense mats in the 

shallow areas of the littoral zones and spreads primarily by 

rhizomes (37) . Colonization of new areas is assumed to occur 

primarily by transported seeds (37), though some colonization 

may occur when uprooted plants float to areas where they can be­

come established. As Eleoaharis has been commonly found in Par 

Pond since 1967 (Tilly, unpublished data), it has had opportunity 

to colonize all areas. Nevertheless, numerous data presented 

here demonstrate that Eleoaharis did not occur at all locations 

in Par Pond. 

Distribution·of Eleodharis 

Although Eleoaharis occurred at all distances from the dis­

charge in Par Pond (Figures 18-20), differences existed among 

·stations in the maximum depth at which Eleoaharis occurred (Table 

14). Like Myriophyllum, the maximum depth of occurrence for 

Eleoaha~is decrea~ed at decreasing distances from the discharge. 

At Station A the maximum depth of occurrence averaged 0.75m in 

1974 and l.Om in 1975 (Table 14). At Station C the maximum depth 
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averaged 2.0m for both years. The light intensity at the maxi­

mum depth at which Eleoaharis occurred at Station A was 2-3 

times as great as compared to Station C (Table 14). In addi­

tion, the temperature was 5°C warmer at lm at Station A than at 

2m at Station C (Figures 18-20). Unfortunately, little informa­

tion exists concerning factors which influence the distribution 

of Eleoaharis. E. aaiaularis has been commonly reported as a 

shallow-water species (36, 47). Studies by Wilson (47) and 

Swindale and Curtis (36) have suggested that sediment particle 

size and organic matter content are factors influencing E. 

aaiaularis' ability to root and grow. Observations in Par Pond 

by the author suggest two factors which possibly affect the 

maximum depth of occurrence for Eleoaharis. Eleoaharis seems 

to be unable to root in soft, silting sediments. Attempts to 

demonstrate a difference in the organic content of sediments 

at different depths among different stations have been unsuccess­

ful (Johnson and Tilly, unpublished data). Another factor which 

could cause Eleoaharis to be restricted to shallower depths at 

heated areas is higher.levels of epiphytic periphyton. Tilly 

(unpublished) has documented a positive correlation between 

temperature and the standing crops of periphyton in Par Pond. 

The culms of Eleoaharis have been observed to accumulate larger 

amounts of periphyton near the discharge than at unheated loca­

tions. These higher loads of epiphytes are probably capable of 
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effectively competing for light with EZeocharis and could con­

siderably reduce light intensities available to the photosynthe­

tic surfaces of the supporting plants. 

Growth of EZeocharis 

There have been no studies to date which deal with the fac­

tors that influence the growth rate of EZeocharis acicuZaris~ but 

if it is assumed that the turnover of biomass is the same at all 

locations in Par Pond, differences in rates of growth are equiva­

lent to differences in biomass. Figure 18 shows that, in July 

of 1974, the abundance of EZeocharis at 0.5m depths declined 

steadily at decreasing distances from the discharge. Yet, in 

1975 the greatest abundance of biomass was Station A. Compari­

sons among the distributions of species populations (Figures 10-

12) show that several species were primarily restricted to the 

parts of Station A where EZeocharis was at a minimum. 

Myr•iophyUwn spicatum~ Potamogeton pusiZZus~ Potamogeton 

diversifoZius~ Najas guadaZupensis and Najas graciZZima occurred 

in heated areas le·ss than 2m deep and probably contributed to 

the reduction of EZeocharis at Station A. However, it was not 

determined whether the occurrence of these species was due to 

favorable environmental conditions or to inhibition of EZeocharis. 

Responses at the Community Level of Organization 

The species which make up a community not only respond to 

their physical environment but also interact and influence each 

other to a considerable degree. These interactions can either 
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be indirect by alteration.,s in the environment or direct by in­

fluence and competition.: As a result of these interactions, cer­

tain general patterns may emerge (45). Observations made at the 

community level of organization can rarely, if ever, be dissected 

into all the causal components which create a response. Rather, 

these observations can only gain generality by comparison with 

the community properties of other systems. Therefore, no attempt 

has been made to explain the community responses observed in this 

work, but rather, they are simply presented as observations. 

Three trends in total biomass accumulation occurred. First: 

the d1stribution of biomass with respect to the distance from the 

discharge tends to describe a unimodal curve (except at 2.5m and 

3.5m depths in 1975) (Figures 21-23). Second: the locations 

where maximum accumulations of biomass occurred were at greater 

·distances from the discharge at greater depths (Figure 31) .. __ 

Third: closer to the discharge a greater percentage of the bio­

mass occurred in shallower water (Tables 10-12, Figures 26 and 27). 

Differences ·i11 species diversity also occurred among stations 

(Table 16, Figures 12-14). Species richness was similar among all 

stations but the equitability of species was higher at heated than· 

at unheated areas. This higher equi tability of species (and there­

by lower p~edictability) was also reflected by the differences in 

abundance of species among sampling times (Table 13). Far more 

significant diffe:renc:-.e in the abundances and distribution!> of 

species were found at heated than at unheated areas. Therefore, 

the he~ted areas were less predictable in a temporal as well as 

a spatial sense. 
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Figure 31. Locations of maximum biomass in 1974 and 1975. 
These points represent the distances from the discharge where 
the maximum accumulations of biomass occurred within each samp­
ling depth (Figures 21-23). 
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V. SUMMARY AND CONCLUSIONS 

The following statements summarize the salient features of 

the macrophyte community in-Par-Pond. 

1. The presence of species did not vary greatly among heated 

and unheated areas; however, the relative composition of 

the macrophyte community did differ among areas. 

MYriophyllum spicatum and Eleocharis acicularis comprised 

92% of the total biomass in unheated areas but only 64% 

of the total biomass at areas elevated SC 0 or more. 

Several species including Najas guadalupensis and 

Potamogeton pusillus had greater biomass at heated than 

unheated areas. 

2. The occurrence of Myriophyllum spicatum~ the species of 

greatest biomass, differed among stations. At unheated 

areas, M. spicatum was abundant at depths of rooting between 

2m and Sm. At.heated areas it principally occurred between 

O.Sm and 3m. However, at areas less than 400m from the· 

discharge (approximately 6°C warmer than unheated areas), 

M. spicatum failed to grow. 

3. The locations less than 4m deep where Myriophyllum spicatum 

was most abundant were l-SC 0 warmer than unheated areas of 

equal depth. However, the amount of biomass of M. spicatum 

did not always change linearly with distance from the 
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discharge and, therefore, factors other than the direct in­

fluenc~ of temperature must have been involved. 

4. The shoot tissues of Myriophyllum were distributed closer 

to the water's surface at heated than at unheated areas. 

This was partly the result of Myriophyllum's colonization 

of shallower depths in heated areas, but was also in part 

the result of a greater sloughing of lower leaves at heated 

areas. 

5. The maximum depth at which Eleocharis acicularis occurred 

averaged 2m at unheated areas but only lm at heated areas. 

Also, the biomass of E. acicularis was significantly less 

abundant at O.Sm depths in heated areas (more than SC 0 

warmer) than at equal depths in unheated areas. 

6. The locations -less than 4m deep where maximum biomass of 

all species occurred were l-6C 0 warmer than unheated areas. 

However, scarcely any biomass occurred at locations closer 

than SOm from the effluent entry point. 

The statements presented above suggest numerous hypotheses 

about how the heated di~charge affects the distribution and abun- , 

dance of macrophytes in Par Pond. However, without experimental 

testing, temperature effects cannot be separated from other pos­

sible influences. Therefore, certain features of the macrophyte 

community appear to be altered by the addition of the heated 

effluent, but the role of elevated temperatures pex• se awa.i ts 

further study . 
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Appendix A 

General Survey of Macrophytes in Par Pond 

A survey of the aquatic macrophyte flora was conducted as a 

first step toward the establishment of criteria which would faci­

litate the study of effluent effects on submerged macrophytes. 

Observations, most of which involved skin diving, were made at 

88 locations along the shore. At each location, observations 

were made while snorkeling along a transect perpendicular to the 

shore. Record was made of species abundance and distribution, as 

well a.s lake morphometry. In addition, samples were collected 

and placed in labeled plastic bottles for more detailed examina­

tion in the laboratory. The results of this survey include a 

partial floristic list (Table A-1) and several generalizations 

about the distribution of macrophytes in Par Pond. 

1. Emergent, floating-leaved and submerged categories 

of growth form are usually stable throughout all 

seasons because the water level fluctuates less than 

one meter per year. 

2. Macrophytes are stratified with respect to the depths 

at which they occur. Eleocharis acicularis is very 

common between the depths of O.S-2m, whereas 

Myriophyllum spicatum occurs.principally between 2-Sm. 

3. The relative abundance and· stratification of plants 

by the depths at which they occurred were consistent 
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TABLE A-1. Macrophytes of Par Pond.a~b 

EMERGENT" OCCURRENCEd SUBMERGED OCCURRENCE 

F.Leocharis equisetoides (Ell.) Torrey 

EZeocharis quadrangu_Zata (Michx) R. &S. 

Juncus effusus L. 

LudWigia Zeptocarpa (Nuttall) Hara. 

Pontederia cordata L. 

Sagitta.ria ZatifoUa Willd. 

Sci.rpua 1 .. spp. 

Sparganium americanum Nuttall 

Typha L. spp . 

FLOATING-LEAVED 

Brasenia schreberi Gmel. 

Hydroco~Ze umbeZZata L. 

NeZumbo Zutea (Willd.) Pers. 

Nuphar advena Aiton 

Nymphaea odorata Aiton 

Nymphoides aquatica (Walt.) Ktze. 

2 

3 

2 

2 

3 

Bacopa caroLiniana (Walt.) Robinson 

Chara aeyZanica Kl. ex Willd. 

EZatine L. sp. 

EZeocharis acicuZaris (L.) R.&S. 

MyriophyZZum heterophyZZum Michx. 

ttMyriophyZZum spicatum L. 

tNajas gracitlima (A.Br.) Mul·u•lg. 

tNajas guadaZupensis (Spreng.) Morong. 

NitaZZa aauminata A.Br. ex Wallm. 

tPotamogeton diversifoZius Raf. 

tPotamogeton nodOsus Poiret 

tPotamogeton pusiZZus L. 

+sagittaria graminea Michx. 

tSagittaria teres Wats. 

VaZZisneria americana Michx. 

FREE-FLOATING: SUBMERGED 

CeratophyZZtun demerswn L. 

·UtricuZaria infZata Walt. 

a. Nomenclature follows Fassett (9), Radford, et al. (27), and Wood (48). 

b. Growth form classification modified from Sculthorpe (29). 

c. The list of emergents is incomplete because-they fall outside the objectives of this project., 

d. Occurrence values include four subjective categories: - insufficient information; one infrequent; 
two common; and three frequent, based on the number of locations at which a species was found. 

t Identified by Dr. Eugene C. Ogden, State Univ. of New York, Albany, New York. 

tt Identified by Dr. T. F. Hall, Plant Studies Section, TVA, Muscle Shoals, Alabama. 

2 

3 

3 

3 

2 

2 

3 

2 
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throughout the exposed unheated areas for the common 

species. 

4. Protected areas differed considerably from exposed 

areas by supporting large populations of floating­

leaved species. 

5. MyriophyUwn spiaatwn, which was abundant throughout 

the unheated portions of the reservoir, was more abun­

dant in heated areas but absent from areas near the 

discharge point . 
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Appendix B 

Comparison of Quadrat-Removal Sampling and Cylinder Sampling 

The sampling cylinder was compared with the more laborious · 

) but more accurate process of hand removal from quadrats in a dense 

stand of MYriophyllum spicatum. Comparison was performed in a 

stand of Myriophyllum because, due to its growth habit, this 

species would be the most likely of all common species present 

to be biased by the sampling technique. Ten samples were col­

lected at random by both methods and the plant material was pro­

cessed for dry weight as described in METHODS. Results of this 

comparison as shown in Table B-1 demonstrate a reduction of 

Myriophyllum shoots collected by the cylinder as compared to the 

quadrat. This reduction resulted from an "avoidance" effect 

demonstrated by shoots for the cylinder. As the cylinder was 

lowered through the stand of Myriophyllum, the lower portions 

of the plant were deflected to the sides .causing a loss of approxi­

mately 15% of biomass when compared to removal from quadrats by 

hand. No attempt was made to correct for sample bias since it 

may have varied between plants of different sizes and different 

species. However, since bias causes an underestimate of biomass, 

differences between areas are conservative estimates. 



TABLE' B-1. Comparison of quadrat-removal sampling and cylinder sampling. 

Dry Weight Per Square Meter 

M~rioeh~llum Shoots Myrioeh~llum Roots All S;eecies 

Quadrat Cllinder Quadrat Cylinder Quadrat Cylinder 

31.2 22.4 5.5 0.0 71.3 53.0 
41.5 18_3 6.4 9.8 91.7 60. 7. 
32.0 13 .. 9 Hl.3 5.8 74.4 67.0 
43.7 33.3 4.8 22.7 80.2 71.4 
44.1 26.5 11.6 3.5 94.3 50.3 
11.6 26.4 2.5 11.0 41.9 84.2 
35.4 19.6 15.2 8.4 58.0 35.8 
18.5 24.9 6.2 16.8 40.3 67.0 
40.2 28.8 8.4 0.0 80.9 47.7 
52.2 40.1 16.2 6.2 87.1 69.2 

Mean 35.0 * 25.4 :3.7 NS 8.4 72.0 NS 60.6 

* Adjacent means differ at the 0 .. 05 level of significance by the "t" test for paired comparisons (33). 

NS No significant difference. 



Appendix C 

Curve-Fitting Method Used to 
Generalize the Distributions of Species Populations 

It was necessary to construct generalized distributions of 

species (Figure C-1) for use in Figures 12-14 because a graph of 

the real distributions of several species would be visually in-

comprehensible. However, these generalized distributions are 

only approximations of the data and, therefore, have a limited 

utility. Ctll'VE>£ were dete-rmine'rl nnly for .species which occurred 

at least three times at a location (i.e., occurrence of a species 

at one point does not represent a curve) . 
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Figure C-1. Example of the curve fitting method used to general­
ize the distributions of species-populations. The data points 
for Myriophyllum spicatum were plotted against the distance from 
the discharge on a square root scale, according to the depth at 
which samples were collected .. The generalized curves were eye­
fitted and are represented by dashed lines. 
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