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EXECUTIVE SUMMARY

BACKGROUND

F 
The U.S. Army is using spray irrigation as a method for

land application of treated wastewater. At irrigation sites,
a ser ies of holding ponds of ten is one of the was tewater
treatment unit processes included . As such, these ponds
serve as the final poin t in the treatment train where the

• inactivation of human enteric viruses can take place. Unfor-
tunately , specific survival data for viruses in ponds designed

• • for this use are lacking. The objective of this study was to
determine the effects of various holding periods and several
depths of was tewater on the long term survival of human enteric
viruses in ponds under natural conditions .

EXPERIMENTAL

Model holding ponds were constructed of cast concrete
tanks five feet in diameter with depths of 18, 30 , 42 , and
90 inches. The ponds were situated on a field site in Austin,
Texas. The wastewaters used were primary (raw wastewater after
30 minutes of se ttling time) and final effluen ts (biologically
treated and chlor inated domestic s ewage) . Field tests were
conducted during the months of the year best reflecting the
changing seasons in central Texas. The day before the ini-
tiation of each test, the ponds were filled with wastewater.
The following day , virus (Poliovirus I and Coxsackievirus B-3)
was adçled to each pond at a final con centration of approx imately
1 X l0’~ plaque forming units/ml. The ponds were mixed for 15
minutes using an industrial mixer . Liquid and sediment samples
were taken on a regular schedule until no res idual virus was
recovered . Chemical analyses also were performed on each
liquid sample . In addition , selec ted labora tory studies were
conducted in an attempt to more accurately define the factors
contributing to viral survival or inactivation observed in the
field studies.

RESULTS AND DISCUSSION

In bo th was tewaters and at all pond depths , the rate of
viral inactivation was less rapid during the cooler seasons.
During the Spring and Summer, when final effluent pond tempera-
tures were greater than 20C in the afternoon, more than 99.97.
of seeded virus was inactivated within 10 days. In contrast ,
Winter conditions (pond temperatures around lOC) resulted in
only a 507. viral inactivation over the same time period. Virus
survival in primary effluent ponds was longer than in final
effluent ponds , at least in th. warm months. From 10 to 407.
inactivation took place over a 10-day period during the spring1
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and summer test series. Viral inactivation was similar between
• the two effluents in the Winter.

Much of the seasonal difference in the rate of viral m ac-• tivation in ponds probably was due to temperature. In laboratory
• studies , both poliovirus and Coxsackievirus underwent more than

907. inactivation within 5 days at 30C in both final and primary
effluent. In contrast, at 4C nearly 997. of the virus remained

• infectious after 5 days. Other laboratory experiments determined
that the rate of viral inactivation could be enhanced by light
and, to a greater extent, by the pH of the suspending medium.

• In controlled pH tests, stability of both Coxsackievirus
and poliovirus was greatest around pH 7.0. Stability fell o~ff on

• either side of neutrality . The hydrogen ion concentration of
primary and final effluent was also increased in the laboratory

• by culturing algae in the wastewaters. The use of carbon dioxide
by these organisms elevated the pH of the wastewaters to over
9.0. Ninety-nine percent of poliovirus in algae-seeded primary• and final effluent was inactivated within 10 days. In controls
(wastewater without algae) 997. inactivation took more than 30
days at 20C .

The development of an algal population and a subsequent
elevation of wastewater pH took place in the model holding ponds .
In general, this development occurred faster during the warm
months. During the Winter , 1977 field tes t, the relationship
among the growth of an algal community, pond pH change, and the
increased rate of viral inactivation was especially striking .
The shallower final effluent ponds showed about the same rate
of inactivation during the first portion of the test, all three
losing 807. of the original virus inocultun within 25 days. The
deep pond departed from this scheme , as over 407. of the virions
were still recoverable at 27 days. Changes in the initial rates
of inactivation were seen in all four ponds. Once the inacti-
vation rate increased , it appeared to be similar in all ponds,
including the deep one. In all ponds, an elevation in pH closely
followed this change in the rate of viral inactivation . In all
four ponds , the pH was uniformly low, ini tiall y between 7.2 and
7.5. At the point where the inactivation rate increased , there
was an increase in pH to about 8.0. The elevation of pH, in
turn , was due to the presence of algae in the ponds . The number
of virions decreased fairly rapidly from the ponds ’ water columns
during this and other tests due to pH, temperature and other
environmental factors.

Analysis of pond sediments revealed that virions in this
portion of the ponds were much more stable than were those in
the overlying water columns. After virus was added to a pond
the number of infectious units in the water decreased , but the •

number of virions in the settled solids increased over a period of
about one week. Thereafter , the quantity of virus in the sediments2
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decreased slowly or remained fairly constant depending upon
the season. The total quantity of virus appearing in the
sediments was about 107. of that added to the ponds.

CONCLUSIONS

The results of these studies indicate that use of multiple
ponds is important for maximal reduction of polio and Coxsackie-
viruses. This is especially so if the first pond is treating
wastewater with a high BOD. The remaining ponds enhance
effluent quality and encourage algal growth, both of which

• promote viral inactivation. Pond depth should range from 1.5
to 3.5 feet with a total detention time of at least 30 days.
To prevent solids carryover , the discharge point for irrigation
should be near the pond surface.

I
I

1
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INTRODUCTION

The U. S. Army is presently using several different methods
of land application of wastewater at installations within the
United States. Land application of wastewater is being emphasized
as a practical alternative to advanced wastewater treatment. Fur-
ther, recent legislation will result in expanded use of this method
of wastewater treatment.

Spray irrigation is one of the most popular methods of land
application of wastewaters. The design and operational problems
associated with this method of wastewater treatment are dependent
upon a number of variables. The general topic has been covered in
several comprehensive discussions (Corps of Engineers , 1972; Sorber
et al., 1972; EPA , 1973 ; NASULC, 1973; Pound and Crites, 1973). A
major research need in the area of spray irrigation has been the
determination of the potential human risk of viral disease as a
result of spraying wastewater. It has been reported that the prob-
ability of inhaling pathogenic aerosols near a spray irrigation
site may be significant. Results of recent field studies serve to
validate the importance of this problem (Sorber et al., 1976;
Katzenelson et al., 1976).

In the design of spray irrigation sites, a series of holding
ponds often is one of the unit processes included . Such ponds,
unlike conventional oxidation ponds, have a continuous influent ,
while withdrawal is limited to the growing or irrigation season.
The latter is a regional variable. Thus, these ponds serve as
holding impoundments accumulating in volume throughout the winter
months and being drawn down almost entirely in the summer months.
Detention periods are variable , but obviously can range from that
time related to maximal pond capacity to almost no detention near
the end of the spraying season. In his review of the effective-
ness of wastewater treatment processes for the removal of viruses ,
Sproul (1974) has indicated that there are insufficient data on

• virus removal by oxidation ponds under field conditions.

It has been shown that conventional secondary treatment can-
not be expected to reduce virus concentrations by much more than
one order of magnitude . This includes disinfection as practiced
currently (Sorber et al., 1974). The holding pond is the next and
final point in the treatment chain where viruses can be inactivated .
Unfortunately , specific survival data on human enteric viruses in
ponds designed for this use are lacking. Consequently , a need
exists for information on the effects on viruses in these ponds
of time, depth , sunlight , temperature and antagonistic organisms.

4
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OBJECTIVES

The overall objective of this study was to determine the ef-
fects of various holding periods, several depths of wastewater and
natural environmental conditions on the long—term survival of hu-
man enteric viruses in ponds. The individual tasks associated
with this objective included:

1. to determine survival of viruses in model holding
ponds;

2. to determine the effects of temperature, light,
• dissolved oxygen, pH and algae on virus survival;

3. to evaluate holding pond design factors in light
of the available published literature and the
results of the laboratory and field studies con-
ducted under 1 and 2 above.

• LITERATURE EVALUATION

The use of waste stabilization ponds in the United States to
treat both domestic and industrial wastewaters has increased dra-
matically during the past few decades. Barsom (1973) has estimat-
ed that there were 45 waste stabilization ponds treating domestic
sewage in the U. S. in 1945, but that by 1960 the number had in-
creased to 4500. As the only requirements besides proper design
are a sufficient amount of suitable land for the ponds and a mini-
mal amount of maintenance, stabilization ponds have great appeal ,
especially to small communities where monetary resources and
trained personnel often are limited. The treatment of organic
wastes is accomplished by microbial action , and given sufficient
detention time enteric microorganisms are destroyed (Gloyna, 1971).

A great deal of research has been done in an attempt to de-
termine the efficiency of operating stabilization ponds in waste
treatment. The purpose of this review is to summarize the litera-
ture on waste stabilization ponds and to use this in conjunction
with our research to develop preliminary design criteria for opti-
mizing the inactivation of poliovirus In these ponds.

REMOVAL OF ORGANICS

The parameter most commonly studied in waste stabilization
ponds is the 5—day biochemical oxygen demand test (BODç). This
test measures the amount of dissolved oxygen required ~o biologi-cally degrade the organic matter present in a wastewater sample

• (Gloyna, 1971). BOlD is commonly measured in terms of areal load-
ing (pounds/acre/day ) or concentration (mg/liter). Effluent
quality is often expressed in terms of percent BOD5 removal.5
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The value of the BOD test as a measure of pond effluent qual—
• ity is the subject of considerable debate. Because much of the

organic matter decomposed by bacteria is transformed into algal
cell material which itself exerts a BOD, there is a conversion
from one form of BOD to another, either of which must be met by
the receiving stream. However, some workers feel that the BOD ex-

• erted on a stream by algal cells is not comparable to that exerted
by raw sewage because, in the latter case, nearly all of the oxy-
gen demand would be confined to a small volume near the sewage
outfall, while algae, being planktonic, would exert their demand
over a relatively large area (Stumm and Morgan, 1962). The result
of this debate is that some workers filter their samples before
reporting SOD, some report the SOD for unfiltered samples, while
many do not indicate which method was used. The confusion is fur-
ther complicated by the fact that filtering a sample removes par—
ticulates other than algae which may exert an oxygen demand (Neel
et al,, 1961). Nevertheless, removal of SOD is still the most
widely used criterion for measuring waste stabilization pond eff I—
clency and, therefore, is the most important parameter in nearly
all predictive models.

According to Young (1974), McGarty and Pescond (1970) state
that the most important factors in the reduction of BOD within a
stabilization pond are loading , detention time, number of ponds,
and temperature.

BOD removal as reported in a variety of papers is plotted as
a function of areal loading in FIGURE 1. It is apparent that BOD
removal from waste stabilization ponds is fairly constant over a
wide range of loading regimes. Parker et al., 1959, studying an
anaerobic lagoon receiving loadings from 6~~—l883 lb BOD/acre/dayfound little variation in the percentage of waste removed. In
similar fashion, in a facultative pond in series with the above
lagoon, loadings from 54—191 lb/acre/day of SOD did not signif I-
cantly reduce removal efficiencies below 95%. In a study of ponds
receiving raw sewage at Fayette, Missouri, Neel et al. (1961) also
found little variation in organic removal as SOD loadings were in-
creased from 20—1000 lb/acre/day . Merz et al. (1957) observing
two ponds in series at Mojave, California, found the results tab-
ulated in TABLE 1. It is apparent here, too, that loading rate
differences of up to an order of magnitude did not alter signif I—
cantly the ability of the ponds to remove organic matter. Towne
et al. (1957) summarized the results of their study on waste sta—
bilT~ation ponds in five municipalities in the Dakotas by stating ,
“in spite of differences in loading . . . there were no striking
differences in (BOlD) reduction among the five stabilization ponds
during the four seasons.” In another Dakota study Olson et al.
(1968) determined that loadings from 28—250 lb SOD/acre/day dTh not
effect stabilization pond efficiency during the summer . A survey
of 26 stabilization ponds in Iowa (Stouse, 1964) also indicated
that effluent quality during the summer months was not altered by
loadings of up to 500 lb/acre/day of SOD. Porges (1963) found
little correlation between effluent quality and organic loading in
five waste stabilization pond systems in California. Parker et ~~~~~.

6
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FIGURE 1. BOD REMOVAL AS A FUNCTION OF AREAL LOADING.
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(1950) investigated the effect of various organic loadings on a
facultative pond in Melbourne, Australia. At loadings of 51.7,
65.0 and 66.5 lb SOD/acre/day removal remained between 90 and 100%.
However , at loading of 105 and 202 lb/acre/day efficiency was re-
duced to 76 and 31%, respectively.

TABLE 1. THE EFFECT OF ORGANIC LOADING RATE ON SOD
REMOVAL EFFICIENCY. (from Merz et al., 1957)

Sampling 
• 

% BOD
Period SOD Loading Reduction
(weeks) lb/acre/day (based on filtered BOD)

Pond l 7 95 76

• 5 121 65

3 169 72

2 410 73

4 489 63

3 820 58

Pon d 2  6 66 62

5 89 61

3 109 59

2 223 65

4 290 61

3 590 63

FIGURE 2 shows the general trend of pond effluent BOD concen-
trations from waste stabilization ponds in Canada. It can be seen
that effluent quality decreases with approaching winter and the
formation of an ice cover. The quality of the effluent begins to
increase with the advent of spring and the breakup of ice.

Two major factors contribute to the lowered efficiency of SOD
reductions in ponds during the winter months: first, ice formation
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results in a reduction in the amount of light entering the pond,
thus reducing or halting photosynthesis and oxidative degradation
of waste; second, the low water temperatures slow down biological
activity.

Photosynthesis is related to both temperature and incident
light energy. Gloyna (1968) states that maximum oxygen production
is maintained at 20C, while the limits are at 4C and 35C. Data
from Mackenthum and McNabb (1961) indicate that light transmitted
through a snow and ice cover on a stabilization pond can be as
little as 10% of that striking the surface of the cover. As algal
growth is dependent on light intensity, low water temperatures in
combination with an Ice cover can result in a stabilization pond

• devoid of oxygen. Neel et al. (1961) and Stouse (1964) have shown
this to be the case.

Low temperatures during the winter also slow down biological
activity so that -degradation of waste is reduced during these
months even in the absence of ice. Aerobic oxidation and methane

• fermentation are optimal at around 25C and 35C respectively (Oswald,
1968) and below these temperatures SOD removal is slowed down.
Below 15C, where both processes are at a minimum , SOD is removed
primarily by settling (Loehr and Stephenson , 1965). Ridenour (1933)
studied a small reservoir in New Jersey receiving secondarily
treated sewage in which BOD reductions during summer and winter
were 66.5% and 52.5%, respectively , at water temperatures of 21C
and 6C. In a survey by Stouse (1964) on 26 waste stabilization
ponds in Iowa, summer effluent concentration ranged from 4—16 mg/l
BOlD with a median of 8 mg/i while winter concentrations ranged
from 7—200 mg/i with a 30 mg/i median. Data from an investigation
on a Nebraska stabilization pond are presented in FIGURE 3. It is
plain that efficiency of BOD removal is much lower during winter
than in summer. Mackenthum and McNabb (1961) compared the waste
stabilization pond systems of three Wisconsin towns in which all
systems received raw wastewater. Effluent ROD values showed the
same seasonal trends. Values were low, i.e. 10—15 mg/l during the
summer and high, i.e. 45 mg/i, in the winter months. SOD of the
pond effluent dropped off rapidly with disappearance of the ice
cover. Van Heuvelen and Svore (1954) and Towne et al. (1957) also
found these same seasonal fluctuations in effluent SOD in Dakota
ponds experiencing ice cover. Neel et al. (1961) noted in a study
at Fayette, Missouri that ponds receiving loadings of greater than
60 pounds of SOD/acre/day had too great of an oxygen consumption
to be satisfied by that produced by algae under ice. Loadings of
less than 20 lb/acre/day were sufficiently light for algae to keep
up with oxygen consumption . They concluded that 40 lbs BOD/acre/
day was the optimal loading rate for this area due to winter ice
cover.

The most critical time of year for pond operation in the
northern states is the transition period from ice cover to open
water. At this time odor problems are most likely to occur as an-
aerobic conditions still prevail in the ponds and aerobiosis has
yet to become established (Towne et al., 1957). To avoid the odor

10
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FIGURE 3. SEASONAL VARIATION IN BOD REMOVAL EFFICIENCY IN A NEBRASKA
• STABILIZATION POND. (after Ned and Hopkins, 1956)
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problem and yet to keep ROD removals as high as possible, northern
states generally have used loadings of around 20 lb/acre/day
(Suwannakarn, 1963; Svore, 1968). This has resulted in reduction
of ROD concentrations from 74—98% during open water seasons and
70-96% under ice (Van Eck, 1959). Canter et al (1969) surveyed
the design criteria used by waste stabilization pond operations in
the United States. States above 42° latitude experience prolonged
periods of ice cover and have a mean loading rate of 26 lb BOD/
acre/day or an average population of 124/acre. States between 370
and 42° latItude have a mean loading rate of 33 lb/acre/day or av-
erage population service capacity of 189/acre, as these states ex-
perience short periods of ice. States below 370 latitude experience
no ice cover and have a mean loading rate of 44 lb or an average
population service capacity of 26/acre.

• 
• While temperature is probably the single most important fac-
tor for ponds treating domestic sewage (Suwannakarn and Gloyna,
1963), detention -time is a design criterion employed for the maxi-
mal reduction of ROD in waste stabilization ponds. FIGURE 4 shows
the general trend of effluent quality as detention time increases
in stabilization ponds receiving raw or primarily settled domestic
sewage. Much of the organic reduction takes place soon after the
wastewater enters a pond, and relatively little waste removal oc-
curs after 20 days of detention time.

In studies on a sedimentation pond , Oswald (1963) reports
that physical sedimentation of the suspended solids in raw sewage
was 90% complete after three days. In an oxidation pond, where
there were established algal and bacterial populations, 85% reduc-
tIon of both suspended and dissolved solids occurred in 4 hours.
This Is probably due to bioflocculation within the pond. Canter
et al. (1969) using simulated waste stabilization ponds at load—

• 
• 

ings of 50, 100 and 200 lb SOD/acre/day, determined that 85% of
the influent ROD was removed within 1 day. Meron et al. (1961)
state that a 2 hour settling period for domestic sewage may result
in 35% SOD reduction with a 50% reduction attainable in 6 to 8
hours. Dissolved and colloidal fractions of SOD are reduced at
higher rates near the influent zone , perhaps due to the availabil-
ity of those fractions to microorganisms.

Although these studies are laboratory Investigations, data
from operating stabilization ponds reinforce the notion that ROD
reduction is independent of detention time. In a study on a eta-

• bilization pond treating raw sewage in California, it was deter-
mined that detention times from 7 to 43 days did not change the
organic removal appreciably (Merz et al . ,  1957). Parker et al.
(1950) studied the effect of detention time on BOD reduction in a
facultative stabilization pond in Australia. They found that de-
tention times of 11 and 21 days did not alter removal efficiency
significantly. This same group also observed organic waste reduc-
tion through four anaerobic lagoons in series (FIGURE 5). After 1
day of detention , 54% of the influent SOD was removed on a concen-
tration basis. From 1 day to 5 days an additional 27% of the orig—
thai SOD was taken out. However, from 5-10 days only 8% of the

12
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FIGURE 4. BOD REDUCTION IN STABILIZATION PONDS AS A FUNCTION
OF DETENTION TIME.
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organic waste originally entering the pond was removed. Parker et
al. concluded that detention time beyond 5 days was not desirable
to reduce SOD in anaerobic lagoons . Meron et al. (1965) sampled
two waste stabilization ponds connected in series at various dis-
tances from the inlet. Their results are presented in TABLE 2.
Again it is apparent that the majority of BOD is removed before 10
days of detention. Neel et al. (1961) Towne et al. (1957) and
Mackenthum and McNabb (1961) also found that varying detention time
within ponds does not have significant effect on their ability to
reduce SOD levels.

TABLE 2. THE EFFECT OF DETENTION TIME ON BOD REMOVAL EFFICIENCY

• Total BOlD Reduction Between Sampling Point
Sampling Detention Reduction % of Initial % of Remaining
Point Time (Days) (%) BOD BOD

1 0 0 0 0

2 6.5 72.5 72.5 72.5

3 13 81.2 8.7 31.0

4 19.5 85.0 3.8 18.5

5 26 87.4 2.4 16.0

The observation that relatively short detention times are
sufficient for ROD reductIons of above 80% is curious in light of
the fact that most pond designs are based on organic removal and
frequently employ detention times as long as 60—120 days (Van
Reuvelen et al., 1960). Oswald and Gçtaas (1957) state that the
reason a minimum detention period is necessary is that the oxygen
required to decompose the influent waste may be fixed by light and
temperature, but they suggest that not less than 1 day during the
summer nor more than 6 days during the winter is sufficient for
this process at latitudes below 40a• In pilot plant studies in
California (37° latitude) Oswald et al. (1957) found that deten-
tion times of 3.5 days during the summer were sufficient for
greater than 80% reduction of SOD loadings in the range of 225—250
lb/acre/day . They recommended 5 days detention and loadings of
100—125 lb/acre/day in the winter at this same latitude. Hermaun
and Gloyna (1958) suggest that 3.5 days detention is sufficient
for 85—90% removal of ROD with an influent level of 200 mg/l at
35C. This latter figure was revised by Gloyna (1968) to 7 days
under the same conditions. In view of these calculations, the 117
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day average detention time employed in states above 42° latitude,
82 days between 370 and 42°, and 31 days below 37° (Canter et al.,
1969) are probably too long if reduction of SOD is the major fac-
tor under consideration.

The depth of a pond is closely related to detention time and
may be involved in the reduction of BOD. Unfortunately , as changes
in depth usually result in changes in detention time, few studies
have been conducted on the effects of depth on SOD in stabiliza-
tion ponds. Williford and Middlebrooks (1967) studied two stabi-
lization ponds in Mississippi operating in parallel and receiving
raw wastewater. One pond was 5.0 feet deep and loaded at 20 lb
ROD/acre/day. The second pond was 3.0 feet deep and loaded at 33
.lb/acre/ day. The average effluent concentration differences of 45
and 55 mg/l, respectively, were attributed to the different load-
ing rates and not to the variations in depth. Parker et al. (1950)
could find no significant differences in effluent quality in a
pond that was operated at 1.5 and 3.0 feet. Mills (1961), operat-
ing a .0022 acre experimental pond in Florida at loadings from
193—309 lb ROD/acre/day, found reduction efficiencies of 90% at
depths of 2.5 and 3.5 feet. Reporting on two otherwise identical
ponds in Fayette, Missouri operating at depths of 2.5 and 5.0 feet ,
Claire et al. (1961) found that loadings of 60 lb/acre/day pro-
duced an average ROD concentration in the effluent of 44 and 40
mg/i, respectively . Young (1974) reports studies by Clark ~~ ai.(1970)and Purushothaman (1970) in Alaska and India in which depth
had no significant effect on ROD reduction, also.

Parker et al. (1.950) state that within the range that most
waste stabilization ponds are presently operated, changes in depth
will probably not affect SOD removal. The minimal liquid depth
recommended in the United States is 2.0 feet , the maximal recom-
mended is 6.0 feet, and the average recommended depth is 4.0 feet
(Canter and Englande, 1970).

A final design feature considered important in removal of SOD
is the use of serial ponds. Multiple ponds effectively increase
detention time and, therefore, expose the organic waste to further
oxidation or fermentation. However, as has been discussed above,
long detention times are of doubtful significance with regard to
the reduction of organic matter. For this reason most of the SOD
will be removed by the first pond in the series, and the following
ponds will serve mainly to ~polish” the effluent.

The waste treatment facility at Hancock Air Force Base, New
York consisted of two stabilization ponds in series. Pond 1 was

• 1.7 acres; pond 2, 6.9 acres. In studies by Nemerow and Bryson
(1963) it was found that 69% of the ROD was removed in the first
cell, while the second further reduced the organics by 17%, de—
spite the fact that the second cell had over three times the sur-
face area that the first did. Parker et al. (1959) reported on a
similar situation in Melbourne, AustraITa. A 34-acre anaerobic
pond in series with a 276 acre aerobic pond removed 70% and 30%,
respectively , of the applied SOD. The removal of ROD from serial

ii
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stabilization ponds in Texas is shown in TABLE 3. Again, the
first pond is responsible for over half the total removal, although
the effluent quality is considerably enhanced by the rest of the
series. It is apparent from TABLE 4 that with eight ponds in
series only the first four make any substantial contribution to
reduction of BOD. Removal in the first pond (detention time 3.8
days) was 1340 lb/acre/day . Removal from the second through
fourth ponds (total detention time 42.8 days) was 32 lb/acre/day ,
while in ponds 5 through 8, with a total detention time of 123.5
days, the loss of SOD is inconsequential (Parker, 1962). Parker
speculates that the decrease in ROD removal between successive
ponds may be due, in part, to decreased bacterial activity associ-
ated with the loss of organic matter in previous ponds. A number
of other studies in Texas (Ulbrich , 1967), California (Porges,

• 1963; and. Merz et al., 1957), Mississippi (Wi].liford and
Middlebrooks, 19673T North Dakota (Van Heuvelen and Svore, 1954),
Australia (Parker- et al., 1950; 1959), Mexico (Dc la Espino and
Aguirre Martinez, T~~7~~T, and Israel (Meron et al., 1965) reiterate

11 the fact that the majority of SOD reduction taE~s place in the
first pond in a series, but that the following ponds are able to
enhance the effluent quality.

TABLE 3. TEE EFFECT OF SERIES OPERATION OP STABILIZATION PONDS
ON BOD REMOVAL EFFICIENCY . (from Myers , 1949)

BOD lb/acre/day
Surface % Cumulative

Pond Area Loading Removal Removal % Removal

Killeen, Texas

1 4.52 124.0 56.0 45 45

2 4.75 65.0 26.0 40 67

3 & 4 11.46 18.2 10.25 65 88

Decatur, Texas

1 1.3 121.0 59.0 48.7 48.7

2 1.5 54.0 35.0 65.0 82.0

3 1.78 16.0 5.3 33.0 
- 88.0
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R~~UCTION OF COLIFORM BACTERIA

The function of a waste treatment facility is not only to re-
duce the amount of organic matter present in the sewage, but also
to insure a significant reduction - in pathogenic agents. To mea-
sure this end result , microorganisms of the coliform group, espe-
cially Escherichia coli, have been used as indicators of the degree
that a treated wastewater has been rid of potentially harmful
microbes.

• It is generally felt that waste stabilization ponds are eff i—
d ent in destroying most of the influent coliforms. In an evalua-• tion of stabilization pond literature, Fitzgerald and Rolich (1958)

• -state, “in nearly all instances the bacterial counts have been
lowered to less than 1% of the original concentration. The ~~~~.

coli counts have generally been reduced from several hundred thou-
sand to less than lOO/ml . . . “ A joint report of the U. S. Dept.
of Health, Education and Welfare and the Boards of Health of North
and South Dakota restated the ability of stabilization ponds to
remove 95—99% of the influent coliforms (Van Eck, 1959).

Even though reduction efficiencies , on a percent basis , are
very good, an examination of APPENDIX A indicates that the number
of organisms discharged from pond systems very often can be as
high as iø~ per 100 ml. As regulations for secondary treatment of
wastewater call for no more than 200 fecal coliforms per 100 ml of
effluent for 30 consecutive days and no more than 400/100 ml dur-
ing any consecutive 7 day period (U. S. Environmental ProtectIon
Agency , 1973), it is apparent that the ability of stabilization
ponds to reduce coliforms is not adequate enough to meet the 1973
regulations. The problem of high coliform counts can be especially
troublesome as many ponds discharge into small streams where dilu-
tion and continued purification are minimal. Probably one of the
major reasons for the high number of coliforms discharged from
many stabilization ponds is that most ponds are primarily designed
to achieve maximum reduction of ROD. In fact, Young (1974), in a
survey of facultative stabilization ponds literature, states that--
he was unable to find any predictive designs that modeled pond pa-
rameters other than organic removal. Despite this, howev er , some
studies have been performed that have monitored the removal of
coliforms from pond systems. As stabilization ponds are complex
ecological systems and have no simple effects on the organisms
within them, there are a number of parameters, acting alone or to-
gether that may affect coliform survival.

Pratt et al. (1944) claimed to have isolated an antibacterial
substance, chorellin, from Chlorella, a common algal genus in
waste stabilization ponds. Caldwell (1946), after studying coli-
form reductions in California ponds, also asserted that the removal

• of these organisms was due to a substance liberated by algae. How-
ever, Oswald and Gotaas (1957), Hodgson (1964), and Gameson and
Saxon (1967) could find no such anticoliform substance in algae
cultures.
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An indirect effect that algae may have on the survival of
coliforms is the pH change that algae induce in stabilization
ponds. As stated above, Caldwell (1946) attributed coliform die—
off to algae, but he felt that the pH in the ponds under investi-
gation was not high enough to induce die-off. In India, Parhad
and Rao (1963) attributed coliform removal to pH changes within
the ponds. In a laboratory investigation , Parhad and Rao (1974)
found rapid die-off of E. coli in the presence of various algal
species when the pH went above 9.0. If, however, the cultures
were buffered to 7.5, survival was fairly constant for 8 days at
room temperature. Parhad and Rao attributed much of the rapid re-
moval of coliforms in waste stabilization ponds to the high pH
levels attained in these systems. Yousef (1962) also found that
alkaline pH in stabilization ponds contributed to coliform
reduction.

Algae may possibly reduce the number of coliforms by develop-
ing aerobic conditions within ponds. Slanetz et al. (1972) and
Neel and Hopkins (1956) found great survival of coliforin organisms
during periods of anaerobiosis.

It has been known that light has bactericidal properties
(Gates, 1929), and thus sunlight may be effective in reducing coli—
form numbers in stabilization ponds. Two reports in the litera-
ture lend credence to this hypothesis. Oswald and Gotaas (1957)
found accelerated die—off of coliforms in light—saturated algal
cultures as compared to those that were not saturated. Gameson
and Saxon (1967) found that the logarithm of coliform count de-
creased regularly with the increase of cumulative radiation. It
was also determined that the surface radiation required to produce
90% mortality increased during the winter and with depth of i er-
sion. The most effective wavelengths in coliform destruction were
ultraviolet to visible blue.

Like variations in light intensity and duration, the changing
of temperatures and seasons may affect coliform die—off . Many
workers have studied the relationship between seasons and removal
of coliforms from stabilization ponds. Slanetz et al. (1972)
studying a series of pond systems in New Hampshire found that f e—

• cal coliform survival was better during the winter months when the
• water temperatures were below b C . The median coliform MPN for

th~ effluent of 26 Iowa stabilization ponds in winter was 2.3 xl0°/lOO ml. During the s~niner the median was nearly two orders ofmagnitude lower, 4.5 x l0’~/10O ml (Stouse, 1964). flock (1971),
investigating Arizona waste stabilization ponds, found that the
coliform survival rate constant, K~~ (based on Chicks Law), in-creased with increasing temperatures. Studies in Ohio (Geldreich
et al., 1964) and Wisconsin (Mackenthum and McNabb, 1961) have al-
so confirmed this trend of greater coliform survival during the

• winter and , presumably, at lower temperatures. 
-

• These results are somewhat contrary to what would be expected
to occur if coliforin survival were based solely on the prevailing
pond temperature. These organisms naturally reside in the gut of

• 20
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warm-blooded animals where temperatures exceed those found in sta-
bilization ponds. Therefore, increased vulnerability of coliforms
in the warm months probably is not due to temperature er Se, but
to some heat-dependent factors within the ponds. Kloc l~7l)speculated that when coliforms are expelled from the host they re-
vert to an endogenous metabolism , due either to a lack of avail—
able substrate or to competition for it. Thus, over a period of
time, substrate exhaustion results with an accompanying die—away
of the population. As metabolic rates are lower at reduced tern-
peratures, more coliforms would survive to be discharged with the
effluent during the winter than in summer.

Although algae, pH, sunlight, and temperature may contribute
to the die-away of coliforms in stabilization ponds, they are
largely uncontrolled and as such cannot be considered as major de-
sign criteria. However, organic loading , detention time and pond
number are three variables that can be controlled in pond design
and may have effects on coliform survival.

Claire et al. (1961) Hodgson (1964), Neel et al. (1961) and
Canter !.t. ~~~~~~. (1969)found a decrease in the percent removal of
coliforms as organic loadings increased. Parker (1962) determined
that the percent reduction in coliforms increased as the concen-
tration of BOD decreased. It is not clear from any of these
studies, however, whether this is due to a greater competition for
substrate with decreased concentrations of BOD or if the increased
organic content of the waste may be affording some protection to
the microorganisms. In contrast , Fran~nantbes (1970), Little etal. (1970) and Stouse (1964) could find little relationship be-
tween organic loading and coliform survival.

A number of studies have indicated that detention time in
single ponds is related to reduction of total coliform densities
in the effluent. Little et a].. (1970) examined nine stabilization
ponds in the southeastern U. S. and found a direct correlation be-
tween detention time and die—off of fecal coliforms . Warrington
(1952) found that a pond treating secongary effluent in Texas
could reduce coliforni MPN from 1.1 x 10° to 4.5 x 102/100 ml with

• a detention time of 30 days. Neel et al. (1961) Malone and Bailey
(1969), and Parker (1962) also found detentioii time to be important
in the reduction of coliforrn numbers within ponds. Loehr and
Stephenson (1965) attributed a 50% removal of colifo ~ns from a
maturation pond in Kansas to a detention time of only 1.8—3.3 days.
Similarly , a New Jersey maturation pond , with a detention time of
2.8 days , removed only 76% of E. coli during the summer and 40% in
winter (Ridenour, 1933).

McKinney et al. (1971) state that “coliform reductions in ox-
idation ponds are the result of starvation rather than from toxic
materials or from unusual predation.” Thus, they concluded that
coliform die—off is a function of detention time primarily. At
20C there should be a 99% die—off of coliforms in 20 days, 99.99%
in 40 days and 99.9999% in 60 days. They recommend the use of
multiple ponds operated in series to prevent short circuiting.
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Coliform reduction is most efficient when stabilization ponds
are operated in series, especially when the ponds number three or
more. Slanetz et al. (1972) compared stabilization ponds in New
Hampshire for c~Ti?~rm reduction efficiencies. When two ponds
were operated in series at l7—26C there was a 95—99% reduct ion in
both total and fecal coliforms. However, when the ponds were op-
erated in a series of three or four ponds, less than two organisms
per milliliter were found in the effluent over a temperature range
of 1O—26C (a 7% reduction). In South Africa, Marais (1974) col-
lected data from four stabilization ponds connected in series.
Here , detention time was 2.5 days in each pond (10 days total) ,
and feca l coliforms were reduced by 99 .91%. In a single pond with
a 10 day detention period , Marais found a 95% reduction. Shindala

-and Mahbock (1974) observed a similar situation in Mississippi. A
three—cell system proved more effective in reducing coliforms over
a similar single—cell system . There was a significant reduction
in both total and fecal coliforms between consecutive ponds.
Franzmanthes (].9T0 ) in a literature survey could find no correla-
tions between fecal coliform reduction and either organic loading
rates or detention times within single ponds. He did , however ,
find that pond number appeared to be significant in removing coli-
forms. Little et al. (1970) Parker et al. (1950) and Parker (1962)
also determined that pond number was important in reducing coli—
form populations to acceptable levels.

Why multiple ponds are more efficient in promoting coliform• die—off than are single ponds with similar detention times is not
clear when one notes that detention period is the only factor that

• has been correlated reliably with the removal of coliforms and
that temperature has been viewed as being of secondary importance
~McKinney et a l . ,  1971). The Missouri Basin Engineering Health
council recommends long periods of detention in multiple ponds to
reduce the chance of short circuiting and so insure max imum coil—
form reduction (Van Heuvelen et al., 1960). Joshi et a1. (1973)
compared a three—cell with a two—cell system for ef?TcT~ncy ofbacteria removal in Israel. The fecal coliform removal efficien-
cies were 99.942% and 93.0%, respectively , despite the fact that
the two-pond system had a detention period longer by 5 days. They
attributed their results to the greater length of liquid travel in
the former and to the fact that algae could communicate between
ponds in the three-cell system due to surface overflow connections
between ponds . Several workers have shown that algae concentra-
tions increase among the first few ponds of a series (Parker, 1962;
Hodgson, 1964). If algae are involved in the reduction of coli-
forms, then series operation of ponds may enhance this removal by
encouraging maximum algal growth.

REMOVAL OF PATHOGENIC BACTERIA

There are relatively few reports in the literature on the
survival of pathogenic bacteria , and of these, the majority are-
concerned with Salmonella. Unfortunately , most of these studies
are not sufficiently quantitative to produce generalizations about
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the efficiency of stabilization ponds in pathogen reduction.
O’Connell and Gray (1944) cite a study in Java in which the con-
centrations of Salmonella typhi ranged from 1 to 41 organisms per
milliliter in raw sewage. Effluent from a stabilization pond was
consistently negative for the organism. Two influent samples to a
stabilization pond in India were positive for S. typhi, whereas
the effluent samples were always negative (Parhad and Rao , 1963).
Cody and Tischer (1965) examined 14 samples of effluent from a
stabilization pond . Four yielded Salmonella isolates and none re-
vealed Shigella species. The density of the Salmonella was re-
ported at less than 1/mb . Kott (1973), in Israel, reported finding
Salmonella in stabilization pond influent, but he could not de-
tect this organism in the effluent. The influent to three oxida—
tion ponds operating in series in India with a total detention
time of 7 days had a concentration of 4-540 Salmonella organisms/
100 ml. This microorganism was not completely eliminated from the
pond effluent (Joshi et al . ,  1972).

Several investigators have reported the effects of temperature
on the survival of Salmonella. Sidio et al. (1961) inoculated S.
typhi into stabilization pond influent anrfound complete destruc-
tion of the organisms within 12 days at 2OC. Hok (1963) observed
tha t the reduction of these organisms to lO/ml took 22 days at lOC
but only 2 days at 20 to 30C. In wastewaters with high organic
content destruction may take 3 to 5 days at 20C (Hsu and Kruse,
1967). Slanetz et a].. (1972) found survival was prolonged in sta-
bilization ponds during the winter at temperatures below lOC as
compared to the summer months when temperatures were 17 to 26C.

Serial operation of ponds appears to enhance the reduction of
Salmonella. The first pond in a series of two was able to remove
90.2% of the influent S. typhi. The second brought total reduction
in the final effluent to 99.5%. This same paper reported removal
of S. typhi from four ponds in series with a total detention of
10 ‘ays . Pond 1 removed only 29.3% of the influent organisms .
The following three brought the total removal to 86.2% (Coetzee
and Fourie, 1965). Slanetz et al. (1972) were able to isolate
Salmonella from the majority of pond effluent samples throughout
the year. However, they did find that three or four ponds in se-
ries were able to effect a greater reduction in these organisms
than did single ponds or two ponds in series. Despite the fact
that two cells in series had a lighter organic loading and a lon-
ger detention time than did a three—cell system, the latter was
more efficient in Salmonella reduction. Joshi et al. (1973) at-
tributed this to the longer length of liquid travel (730 vs. 150
ft.) in the cells.

The importance of organic loading on pathogen survival has
been reported. Salmonella typhi was inoculated into simulated
stabilization ponds at loading rates between 50 and 6000 lb BOD/
acre/day . At 23C survival was 30 hours at 50 lb/acre/day, 2 days
at 500 lb , and 11 days at 4000 lb (McGarry and Bouthillier , 1966).
In another simulated pond with a 7-day detention period , a 100%
die—away of Salmonella and Proteus was reported at loadings of less
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than 85 lb/acre/day . At 212 lb/acre/day, this removal was reduced
to 98.7%.

REMOVAL OF VIRUSES

As with pathogenic bacteria, the removal of viruses from
wastewater by stabilization ponds has been studied by only a few
workers . The majority of these investigations have been confined
to observing the quantity of virus in the influent and effluent of
ponds. Few have studied the mechanism of inactivation or removal
or addressed the problem of how ponds might be designed to maximize
virus reduction.

Four stabilization ponds in Israel were found to have an av-
erage of 290 enteroviruses/lOO ml In the effluents (Kott, 1973).
After an oral poliovirus immunization program in California,
Englande et al. (1967) examined the efficiency of a maturation
pond in the reduction of viruses. Over a 10-month sampling period
97% of 93 samples of the influent were positive for poliovirus,
whereas , poliovirus was recovered from 19% of 87 effluent samples .
Eight out of 141 samples were positive for enterovirus in the sew-
age entering a three—cell pond system in India , while no viruses
were isolated from 96 effluent samples. Total detention time in
these ponds was 4.8 days (Bopardlkar , 1969). Slanetz et al. (1972)
studied the effects of one— , two— , three— , and four—cell systems
on the survival of indicator organisms and pathogenic agents in
New Hampshire. They were able to isolate enteroviruses from many
of the pond effluents throughout the year . In Israel , Shuval ( 1969)
found that a four-cell system with a total detention time of 20
days had an average enteric virus removal efficiency of 67.5%.
Malherbe and Strickland—Chomley (1967 ) studied a number of ponds
in South Africa for their ability to lower virus concentrations in
wastewater. In the effluent of the first pond , a four—cell system
with a total holding time of 38 days, seeded poliovirus was recov-
erable 56 days after addition. The second system was a three—cell
maturation pond with a total detention time of 7 days. This treat-
ment reduced, but did not eliminate influent reo— and enterovirus
levels . The third system consisted of a trickling filter followed
by four maturation ponds in series with a l4-day detention time .
Viruses were detected in eleven of 13 trickling filter effluent
samples , but in only two of 16 pond effluent samples. Nupen (1970)
studying this same facility , found a 95% reduction of total viruses
and complete elimination of enteroviruses in the ponds (at least
below their detention sensitivity).- Christie (1967) was unable to
detect seeded poliovirus Type III in a model stabilization pond
after 14 weeks detention .

According to Slanetz et al. (1972) Maiherbe and Coetzee ( 1965 )
state that the biological processes that treat wastewaters in sta-
bilization ponds probably do not reduce virus levels. Therefore,
they claim that adsorption to solids, the action of sunlight , or
length of retention beyond normal virus survival times are the
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likely mechanisms of virus removal in ponds. In contrast to this,
however, Sobsey and Cooper (1971) found enhanced inactivation of
poliovirus in both stabilization pond water and algae—bacterial
mixed cultures over that seen in autoclaved pond water and bacte-
rial cultures, respectively . They felt that the pH differences
between tests and controls were too small to account for the dif-
ferences in inactivation observed. Instead they attributed the
differences to some unknown biological or heat labile factors in
the test cultures. Bopardlkar (1969) reported a study in which a
Chborella extract was responsible for poliovirus inactivation .
Parker (1968), as cited in Young (1964), and Christie (1967) both
suggest that adsorption to particulates and subsequent settling
may account for some of the virus reduction observed in ponds.

ALGAE IN WASTE STABILIZATION PONDS

The process of waste treatment in stabilization ponds relies
• on the indigenous microbial population to reduce the complex or-

ganic wastes entering the ponds to simpler products. According to
Oswald (1968), there are four major classes of reactions that oc-
cur in ponds. The first is aerobic conversion of carbohydrate in-
to bacterial energy, carbon dioxide , and water. This is aerobic
oxidation, and takes place in the presence of bacteria and oxygen :

6(CH2O)x + 502 ~ 
(CH2O)x + 5C02 + 5R20 + energy (1)

In the absence of free oxygen, conversion of carbohydrates to bac-
terial cell mass takes place with the formation of organic acids:

S(CH2O)x 
9 (CH2O)~ + 2CH3CCOH + energy (2)

The organic acids may then be converted to methane and carbon di-
oxide by methane bacteria:

5CH3COOH ~ 2(CH2O)x + 4CR4 + 4C02 + energy (3)

If oxygen is present the organic acids may be oxidized as in
equation (1). In the presence of sunlight , algae in the ponds
convert carbon dioxide into complex organic matter and free oxygen:

(CH2O)x + 
(Light + A1gae~ 2(CH2O)x + 02 + H2O . . . (4)

Equations (1) and (4) are linked together because the bacteria
depend on the algae for oxygen while algae depend on bacteria for
the production of carbon dioxide and photosynthesis. Similarly
equations (2)  and (3) are linked as methane fermentation requires
organic acids as a substrate (Oswald, 1968).
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Although both aerobic and anaerobic decomposition may take
place within a single pond, they are spatially separated. Anaer-
obic fermentation is confined to the lower stratum of tht~ pondand within the sludge layer where there is no oxygen to i~terferewith the metabolism of methane bacteria. Aerobiosis exists near
the surface where oxygen produced by algae is available for cxi-
dative decomposition of waste by bacteria.

Both of these processes are important for the treatment of
wastewaters. Anaerobiosis is most effective on concentrated
wastes such as the settled solids at the bottom of a stabilization
pond. The aerobic process is more efficient in reducing the di-
lute liquid waste above the sludge (Gloyna , 1971). Anaerobic de-
composition , however , does give rise to odors and unsightly solids.

• Therefore, for the treatment of domestic sewage near population
areas, it is important that aerobic decomposition be maintained
within a pond for both practical and esthetic reasons.

It has been shown by many authors (e.g. Neel and Hopkins,
1956; Merz et al., 1957; and Neel et al., 1961) that atmospheric
oxygen rarely , if ever, supplies enough oxygen to meet even a
small portion of the aerobic decomposition—respiration demands• within a pond. Therefore, without the continued presence and
growth of phytoplankton, oxidative treatment of organic wastes
would not continue. As algae are so important for the proper
functioning of stabilization ponds, the factors that affect their
concentration and distribution within a pond have received much
study.

Seasonality is probably the most important environmental in-
fluence related to algal concentrations in stabilization ponds.
Numerous studies have shown that the densities of algae are lower
in ponds during winter than in summer (Caidwell , 1946; Nee]. and
Hopkins, 1956; Merz et al , 1957; Parker, 1962; and Stouse, 1964).
Most authors attribute this to the intensity of sunlight and not
to temperature (Neel and Hopkins, 1956; Oswald and Gotaas, 1957;
Bartsch, 1961; and Hodgson, 1964). Bartsch (1961) found in a
study of seven Dakota ponds that an ice cover 26—66 centimeters

• thick could reduce surface light intensity from 1400 to 28 foot—
candles, which is less than the amount of light needed to meet

• algal respiration requirements. Neel and Hopkins (1950) found
that phytoplankton densities were dependent on solar radiation,
and during periods of ice cover they could disappear altogether.
Towne et al., 1957, also determined that ice cover can effectively
reduce liiEt levels below those necessary for minimal algae res—
piration. That reduced algal concentrations in winter are a func-
tion of light intensity and not of low water temperatures has been
demonstrated to be true by Towne et al., 1957; Neel et al., 1961;
and Stouse (1964). In the early winter, before ice cover, algae
and dissolved oxygen were still present in the stabilization ponds.
After ice formation, the algae had disappeared and anaerobic con-
ditions prevailed. However, Bartscb (1961) points out that low
temperatures probably do slow down algal growth and certainly
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reduce the biological degradation of wastes that provides algal
nutrients. Therefore, with the approach of winter, algal metab-
olism and reproduction are reduced.

Organic loading rates also have an effect on algal concentra-
tions. Mills (1961) and Stouse (1964) both found that ‘algal pop-
ulations became denser as loadings were increased up to 330 lb
BOD/acre/day and 575 persons/acre, respectively. Oswald and
Gotaas (1957) have :~etermined that the dry weight of algal cellsis a logarithmic function of organic loading up to 400 mg/b BOD.
Neel et al., 1961, found that the production of algae increased
up to 60 lb/acre/day BOD and then leveled off. They stated that
at loadings above 40 lb/acre/day light intensity became the limit—
•ing factor in photosynthesis. Below this rate the limits were all
due to nutrient availability. In contrast to these studies, Neel
and Hopkins (1956) and Merz et al. (1957) could find no relation-
ship between algal concentration and organic loading rate.

The extent to which sunlight can penetrate a pond will limit
• the depth at which algae can grow. Oswald (1968) reports that

algae concentration is inversely proportional to pond depth. In
Dakota stabilization ponds , 99% of the light was absorbed in the
upper 50 to 70 centimeters (Bartsch and Alluin, 1957). Within this
layer, algal production of oxygen is greater than is the algal
respiratory requirement. Bartsch (1961) states that there are
three layers in every pond : an upper layer where incident light
energy exceeds that required for photosynthesis; a layer below
this at whieb photosynthesis is optimal; and finally , below this ,
a layer where both photosynthesis and the production of oxygen be-
gin to decline. Since only a small portion of a pond harbors 99%
of the incident solar energy (the euphotic zone), the result is a
dramatic stratification of algae between the surface and bottom of
the pond. Merz et al., 1957, report that during periods of good
nixing, algal counts were 1.5 to 2 times as great on the surface
as on the bottom of ponds in California . During one period , they
found that the surface count was 15 times as great as the bottom
count . Wachs and Berend (1968) have found most of the algae with-
in 1.5 feet of the pond surface. They did state, however , that
this stratification of algal cells was not as strong in winter.
Finally, Hodgson (1964) reports, in an African study , that in com-
paring two ponds, one and three feet deep , the former always had
higher algal concentrations. He attributed this to better light-
ing conditions in the first pond .

Detention time also has been fot~~ to have a pronounced ef-fect on algal concentrations within ponds. Meron et al., 1965,
in Israel noted that the number of .algal cells began to decrease
after 6.5 days of detention and continued to do so throughout the
rest of the holding period. In Australia , Parker (1962) found
that a combination of multiple cells and long detention times was
useful in reducing algal concentrations in the final effluent.
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The reasons for the progressive loss of algae with time are
probably related to the concurrent reductions of BOD within ponds.
Meron et al., 1965, felt that the algae became limited by the
amount of carbon available as detention time increased. The quan-
tities of ammonia nitrogen may also become limiting as algae as-
similate this compound and as it is volatilized to the atmosphere
(Young, 1974). It has also been found that the numbers of algal
predators can increase with detention time (Hodgson, 1964), and
subsequently may contribute to the removal of algae from stabili-
zation ponds.

Neel et al. (1961) have pointed out that the activities of
algae have almost “dictatorial” powers over pond biology and
chemistry. Although it has been shown (Oswald and Gotaas, 1957)
that algae do not participate directly in the reduction of organic

• wastes, their life processes do have pronounced influence on the
movements and concentrations of many chemicals within the pond.
Furthermore, as has been pointed out earlier, without their pro-
duction of oxygen, aerobic decomposition of waste would not occur.

The release of oxygen by algae during periods of photosynthe-
sis is their most important function as far as the removal of or-
ganic waste is concerned. It is obvious that oxygen production is
dependent both on the distance from the pond surface and on the
time of day. In a Dakota stabilization pond, oxygen production
decreased rapidly with depth. The rate at the 24 and 38 inch
depths was 14% and 3.5%, respectively of the oxygen production at
10 inches, whereas, respiratory use remained the same at all
depths. At 32.5 inches, the 1% light level was reached , and oxygen
production was half the rate of respiratory use. Oxygen release
during the summer ranged from 17.8 lb/acre/hour at midmorning to
0.25 lb/acre/hour in the evening (Town e et al., 1957). The rela-
tionships of dissolved oxygen concentration with depth and time of
day is presented graphically in FIGURE 6. Even though oxygen pro-
duction near the surface of a pond may range from near saturation
to several times saturation level (Towne et al., 1957), Oswald
(1968) points out that the oxygen is used by~~acteria at low eff i—ciencies because the BOD is quickly removed from the surface by
settling.

As photosynthesis is dependent on light intensity and temper-
ature, dissolved oxygen concentrations also will be a function of
season. Williford and Middlebrooks (1967) have shown that mean
daily dissolved oxygen concentrations near the pond surface can be
greater than 10 mg/l in the summer. During the winter , the con-
centration of dissolved oxygen is often less than 5 mg/l. Oswald

• et al.(l957) assert that the energy conversion from sunlight to
oxygen seldom exceeds 10 to 12% of the available light energy.
Therefore, a pond may produce several times as much oxygen in
Summer as in Winter.

In Nebraska , Neel and Hopkins (1956) found that the decreased
light intensities beginning in October slowed down photosynthesis
to such an extent that the algae could not keep pace with the
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FIGURE 6. DIURNAL CONCENTRATIONS OF DISSOLVED OXYGEN IN A DAKOTA
STABILIZATION POND. (after Towne, et al, 1957)
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decomposition-respiration demands of the ponds. The reduction in
photosynthesis resulted in anaerobic conditions in the pond until
the following April. It already has been pointed out that photo-
synthesis can be reduced or halted under ice. However, if loading
rates are sufficiently light, aerobiosjs can continue throughout
the period of ice cover (Neel et al., 1961; Stouse, 1964).

It is apparent that the concentration of dissolved oxygen is
directly related to photosynthetic activity, but it is not clear
that SOD reduction and the rate of photosynthesis can be easily
correlated. Fitzgerald and Rohlich (1958) point out that the ef-
fect of temperature on SOD removal is slight, and they cite a
Danish study in which a frozen pond gave effluent SOD of 13 and• 18 mg/l in two consecutive Januaries. In the Dakotas and Nebraska
the maximum reduction in BOD generally corresponded to the peak
periods of algae production. There was, however, little tendency
for removal rates to vary with algal density during most of the
year (Towne et al., 1957; and Neel and Hopkins, 1956, cited in
Fitzgerald and Rohlich, 1958). Oswald et al., 1957, state that
peak periods of algal growth may actually reduce SOD removal rates
as high pH levels inhibit bacterial activity. However, in a study
on the microbiology of stabilization ponds in Australia, Parker
(1962) found that aerobic bacterial activity was not directly re-
lated to algal densities. He also could find no relationship be-
tween high pH and the level of microbial activity . In this same
paper, Parker questioned the role of algae in sewage treatment
because he could more closely relate bacterial densities to SOD
removal than he could algal concentrations.

As has been stated above, the presence of algae in the final
effluent of a waste stabilization pond system may contribute a BOD

• to the receiving stream. It is clear that algae in the effluer~..will also increase the suspended solids in that stream. The 1973
EPA regulations for secondary treatment of wastewater state that
the mean of SOD and suspended solid effluent concentrations must
not exceed 30 mg/l for 30 consecutive days and 45 mg/i for any
consecutive 7-day period. From an examination of TABLE 5 it be-
comes apparent that waste stabilization ponds, as presently oper-
ated , do not meet these criteria.

Several authors have pointed out that the high concentrations
of suspended solids in pond effluents are due to the presence of
phytoplankton. In his survey of ponds in the United States,
Barsom (1973) found that effluent solids greatly exceeded stan-
dards for secondary treatment , primarily because of algae. In
California, Caldwell (1946) attributed an increase in suspended
solids concentrations during the summer months to algae. Towne et
al. (1957) studying five pond systems in the Dakotas, found great-
er solids reductions during the winter than in open water seasons.
At one installation , suspended solids increased 190% during one
summer period because of phytoplankton. In a survey of Canadian
pond practices, Fisher et al. (1968) state that the lowest effluent
suspended solids concentrations were observed in early winter with
the highest concentrations during the spring ice break up. In
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contrast to the above reports , Mackenthum and McNabb (1961) in
Wisconsin, found that effluent suspended solids were generally
lower in su~~er than in winter.

• TABLE 5. EFFLUENT CONCENTRATIONS AND REDUCTION EFFICIENCIES
OF SUSPENDED SOLIDS IN WASTE STABILIZATION PONDS

Effluent ss Average % Range of -

Location Season (mg/l) Reduction % Reduction Reference

Mexico F 101 88 -- De la Espino and• Aguirre Martinez
- • 1976

California S 
- 

—- increase -- Caldwell , 1946
Canada all -- 80 61-95 Fisher et al.,

year 1968
Dakotas S -- 1-66 Towne et a]..,

1957
Dakotas W —— 68—93 Towne et al.,

1957
Wisconsin all 225-570 -— —— Mackenthum and

• - year McNabb , 1961
California W 46 83 —— Merz et al.,

1957
California Sp 62 70 —— Merz et a]..,

1957
Southwest yearly 80 —— —— Barsom, 1973
USA
South yearly 110 -- —— Barsom , 1973

• Central USA
Southeast yearly 100 —— -- Barsom, 1973
USA
Ohio yearly 540 -- -- Barsom, 1973
Basin
Great yearly 40 —— —— Barsom, 1973
Lakes Basin

Middle yearly 110 —— —— Barsom , 1973
Atlantic
Australia S 124 58 -— Parker et al.,

1959
Australia 5 69 -- -- Parker et al.,

1950 — —
Australia S 27 50 —— Parker et al.,

1959
Australia W 51 4.6 —- Parker et a]..,

-1959
Canada all 70 . Dawson & Grainge,

year 1969
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HYDROGEN ION CONCENTRATION

The diurnal fluctuations in pH are a result of the carbon di-
oxide demands of algae during the periods of photosynthesis. The
carbon dioxide produced by decomposition—respiration tends to low-
er the pH of the pond , while uptake of this compound by algae
moves the pH towards alkalinity. Neel et al. (1961) state that pH
levels below 8.0 indicate a failure of the phytoplankton to uti-
lize all available CO2. Levels above 8.0 indicate a CO2 demandgreater than the quanfities furnished by decomposition—respiration.
Data from Wi].liford and Middlebrooks (1957) indicate that pH
reaches its max imum during the late afternoon hours and remains
high until after sunset. They have also shown that this cycle is
confined to the surface of the pond where photosynthesis is most
active.

Besides daily fluctuations in pH there is a seasonal cycle of
• hydrogen ion concentration. Williford and Middlebrooks (1957)

have shown that daily pH values are lower during the winter months
than at other times of more active photosynthesis. The pH differ-
ence between the top and bottom of ponds is not as pronounced
during the cooler months as in summer because of reduced photosyn—

• thetic activity and greater mixing of the pond contents in the
winter.

TABLE 6 indicates the effluent pH values that a number of
investigators in different locations have found for various times
of the year. It can be seen that maximum pH can vary as much as
four pH units between summer and winter in a single pond , espe-
cially at high latitudes. The minimum pH encountered in the warm
months does not drop much below 8.0, whereas, during the winter,
the maximum can be near 7.0. The maximum pH values during the
summer are well above 9.0 in every case listed. It should be
pointed out , however, that many of these data probably have been
gathered from near the pond surface. One would expect that near
the bottom, anaerobic conditions will keep the pH low year—round.

• 

• The diurnal shift in pH is accompanied by a cyclical change
in carbon dioxide (C02) concentration ; CO2 concentration drops off
as algae assimilate carbon during photosynthesis. The amount of
CO2 in the pond rises at night as decomposition-respiration con-
tinues and photosynthesis is curtailed (Williford and Middlebrooks,
1967).

The free CO9 extracted by algae raises the pond pH to about
8.3. The pH is !ncreased above this level by extracting CO2 from
the bicarbonates with which CO2 is removed , the concentration of

• carbonate increases, thus increasing the hydroxyl ion concentra-
tion and consequently raising the pH (Williford and Middlebrooks,
1967). Therefore, during the day there is a buildup of carbonate
alkalinity and a decrease in the bicarbonate a1kalinity~ The• former tends to precipitate out as CaCOq in the daylight hours
only to be brought back into solution a~ night as Ca(HCO3)2 bydecomposition—respiration (Neel et a].., 1961).
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TABLE 6. EFFLUENT pH VALUES IN STABILIZATION PONDS

Influent Effluent pH
Location Season pH Average Range Reference

Missouri Sp 7.0-7.3 -— 8.0—9.0 Neel et al . ,  1961
Missouri S 6.8—7.2 —— 8.6—10.5 Ned et al . ,  1961
Missouri F 6.8—7.2 —— 8.7—10.0 Neel et iT. , 1961
Missouri • W 7.0—7.2 —— 7.8—8.8 Neel et ~~~T. , 1961
Nebraska all year 7.4—8.2 -— 7.2—9.5 Neel and~~opkins, 1956
Texas all year - -- 9.0 8.1—9.8 Ullrich , 1967
Texas all year -— 9.2 8.2—10.1 Ulirich , 1967
Texas all year —— 9.2 7.8—9.8 Ullrich , 1967
Texas all year 7.6 —— 8.2—9.6 Warrington , 1952
California all year -- 7.8 -- Merz et al., 1957
Wisconsin W -- -- 7.0-7.5 Mackenthum & McNabb ,

Maximum 1961
Wisconsin S -- -- 10.0-11.0 Mackenthum & McNabb,

Minimum 1961
Wisconsin W -- -- 6.9-7.1 Mackenthum & McNabb ,

Maximum 1961
• Wisconsin S —— -- 9.0 Mackenthum & McNabb,

1961
Wisconsin all year -— -- 7.7—9.3 Mackenthuin & McNabb,

1961
Israel NG —— 8.0 —— Meron , et al., 1965
Mississippi S -— -- 8.5—10.0 Williford ~~Middlebrooks,Maximum 1967
Mississippi all year -— -— 9.7 Williford & Middlebrooks,

Minimum 1967
Mississippi all year -— —— 8.5 Williford & Middlebrooks,

Max imum 1967
South Africa W —— —— 9.0 Drews, 1966

Max imum
South Africa 5 -- -— >10.0 Drews, 1966
Florida S —— —— 8.9—9.8 Mills, 1961
Africa all year -- -— 7.2—8.8 Hodgson, 1964

• Maximum
Africa all year -- -- 9.6 Hodgson, 1964
Kansas Sp -— —— 7.2—8.0 Loehr & Stephenson , 1965
Kansas S -— —— 8.1—9.0 Loehr & Stephenson , 1965
Kansas F - —  — -  7.6—8.8 Loehr & Stephenson , 1965
Kansas W -— —— 7.0—7.2 Loehr & Stephenson , 1965
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N ITROGEN

Although algae do not participate in the decomposition of or-
ganic wastes per se, these wastes serve as the substrate for algal
growth and me~Abolism. It has already been seen that the utiliza-
tion of CO2 by algae affects the disposition of this compound in
stabilization ponds. The other principal products of aerobic bac-
terial oxidation of organic wastes are nitrogenous compounds,
primarily ammonia (Oswald and Gotaas, 1957). Nitrogen is the nu-
trient used in greatest quantities by algae and other plants.
Therefore, the utilization of waste nitrogen by algae may be con-
sidered as a sink for this element in stabilization ponds. As
stated by Fitzgerald and Roblich (1958) very few nutrients are
lost from ponds but rather are concentrated in algal cells. The
ultimate fate of nitrogen and other plant nutrients depends on the
fate of the algae.

TABLE 7 is a tabulation of nitrogen removal efficiencies from
stabilization ponds over a large geographical area. The removals
of ammonia—nitrogen are generally above 75%, but the wide range of
values indicate differing abilities of ponds to remove nitrogen ,
probably due to the condition of the algal population within the

• ponds. In their literature survey , Fitzgerald and Roblich (1958)
found ammonia-nitrogen reductions of from 15 to 40 mg/l in the in—
fluent to 72 mg/i In the effluent. Nitrate— and nitrite-nitrogen
concentrations were considered to be insignificant in relation to
ammonia—nitrogen .

The metabolic rate of algae is dependent on factors such as
temperature and light intensity. From this it would be expected
that nitrogen reductions would be greater during the summer than
in winter if algae are responsible for nitrogen removal in ponds.
In a survey of Iowa stabilization ponds, Stouse (1964) found a
definite increase in effluent nitrogen , as ammonia, during the
winter. Median ammonia—nitrogen concentrations were 35 times as
great in winter as in summer . He attributed this effect to a
failure of algae to use this compound in sufficient quantities.
In Wisconsin, Mackenthum and McNabb (1961) observed that the trends
of BOO and total nitrogen reduction followed the same seasonal
cycles. They felt that the decline in effluent quality in winter
was due to a decrease in algae densities in these months. Sea-
sonal variation in ammonia—nitrogen in pond effluents also has
been noted by Caidwell (1946), Neet et al. (1961) and Bolitho and

• Dip]. (1964). 
— 

-

Organic removal of nitrogen is evidenced by its changes in
form through a stabilization pond. Caidwell (1946) and Stouse
(1964) found that during the summer months, there was an increase
in nitrate levels from influent to effluent. Stouse observed no
effluent nitrate in the winter. They stated that high nitrate
levels in stabilization pond effluent is indicative of oxidative
decomposition of waste and of a high degree of treatment. Parker

• (1962) observed an increase in organic nitrogen through a series
of stabilization ponds in Australia. He attributed this to algal
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development in the ponds. Similarly, in Wisconsin , ammonia com-
prised 80% of the total nitrogen in ponds under ice. At other
times, organic nitrogen formed the bulk of the total nitrogen
(Mackenthum and McNabb, 1961). Although these transformations of
nitrogen were attributed to phytoplankton , Neel et al . (1961)
found that organic nitrogen removal in Missouri ponds was 8 to 10%
greater than ammonia—nitrogen . Since ammonia is the principal
source of nitrogen for algae in stabilization ponds (Oswald and
Gotaas, 1957), Neel et a].. suggest that the level of organic ni-
trogen is lowered by bacteria, and ammonia is utilized by algae.
This hypothesis was substantiated by Assenzo and Reid (1966) in
Oklahoma, who concluded that algae were no more important in ni-
trogen removal than bacteria.

Although algae may be the major way that nitrogen is concen-
trated from stabilization pond waters, there are other means by
which this element may be reduced in the effluent. Ammonia enter-
ing a pond is in equilibrium between its gaseous and hydroxyl
forms:

NH3 +H 2O~~~~NH4 +OH (5)

The reaction is very pH dependent, acidic or neutral pH driving
the reaction to the right , and alkaline pH favoring gaseous ammonia
(Straton, 1969). It has been shown above that during much of the
year, pond waters can be quite alkaline , so at these times atmo-
spheric loss of gaseous ammonia may be an important means of re-
ducing nitrogen levels in ponds. Unfortunately , no empirical
studies have been done on the rates of loss of gaseous ammonia
from waste stabilization ponds. However, according to Young (1974),
Folkman and Wachs (1972) have investigated ammonia loss from the
surface of lime—treated sewage. They found that in addition to
high pH, the volatilization of ammonia was dependent on wind ve-
locity, pond depth, temperature, and mixing conditions within the

• ponds .

Johnson (1968) has stated that sediments and sedimentation
• are also responsible for nitrogen reductions in stabilization

ponds. Seepage of nitrates into anaerobic pond sediments results
in denitrifaction and subsequent release of gaseous nitrogen.
Ammonia can be absorbed onto the soils beneath the sludge and re-
main there as long as anaerobiosis persists (Johnson, 1968). Ac-
cording to Young (1974), Foree and McCarty (1968) state that• nitrogen in sedimented algae can be reintroduced into the overlying
waters by anaerobic decomposition of the plant material and release
of ammonia. They determined , however , that much of the algal-
associated nitrogen remained in the pond sediments.

PHOSPHORUS

Like nitrogen , phosphorus is an essential nutrient for most
forms of life including algae and bacteria. Unlike nitrogen ,
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however , phosphorus is not oxidized or reduced to a gas that can
be eliminated from stabilization ponds to the atmosphere. There-
fore , the quantities of phosphorus will be conserved in a pond and
will undergo cyclical conversions from the organic to inorganic
form as this element is used by algae and bacteria . Removal from
the system is only possible through physical separation or complete
insolubility (Barth, 1968; cited in Young , 1974).

The major mechanisms of phosphorus removal or concentration
from waste stabilization pond waters include metabolic uptake of
phosphorus by alga. and bacteria and precipitation of phosphates
at high pH.

An examinat ion of TABLE 8 indicates that phosphorus removal
efficiemci.s from stabilization ponds are very erratic . From
their literature survey , Fitzgerald and Rohlich (1958) found that
ponds removed an average of 40% of the influent phosphorus . Loehr
and Stephenson (1965) concluded that stabilization ponds could not
be relied on •ither for nitrogen or phosphorus removal from second-
arily treated wastewaters. Despite the fact that phosphorus re-
duction in ponds is not consistent , the few available reports do
indicate some removal of this nutrient in most cases .

The biolog~ al uptake of phosphorus can exceed that which isnecessary for normal metabolism. In continuous algal culture ex-
periments , Borchardt and Azad (1968) found that at phosphate lev-
els of 0 to 1.5 eg/l (0 to 3%), the growth of algae was strictly
dependent on th. phosphate concentration . From 1.5 to 4.5 mg/i
(3 to 9%) phosphate , th. algae were able to store phosphorus above
the critica l level needed for maximum growth. Above a 9% concen-
tration , additional phosphate was left in the substrate. The point
at which phosphorus storage begins is when the phosphate concen-
tration of the cell mass exceeds 3% on a dry-weight basis . They
suggest that by manipulation of algal densities until they fall
within this storage zone , phosphate removal could be maximized if
some means of algal harvesting is employed .

Bacteria are also capable of storing phosphorus above the
levels needed for metabolism (Borchardt and Azad , 1968). In fact,
nutrient removal by bacteria may be more rapid than by algae , since
the former have a higher reproductive rate than the latter. Ac-
cording to Young (1974), Morgan (1972) states that normal bacterial
growth takes place when cellular phosphorus levels are 1% by dry
weight . If influent phosphorus levels are between 1 and 1.6% of
the bacterial cell mass , bacteria are able to store all incoming
phosphorus. From a comparison of seven Oklahoma ponds , Assenzo
and Reid (1966) concluded that algae were no more important than
bacteria in phosphate removal from ponds . Since bacteria are able
to store phosphorus, and since they have a more rapid life cycle
than algae , it appears that bacteria may play an important role
removal of this nutrient from stabilization ponds .

The rate of algal or bacterial metabolism largely determines
the rate of biological uptake of phosphorus. Bogan (1961) has 
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TABLE 8. PHOSPHORUS REMOVAL EFFICIENCIES IN !ASTE -- STABILIZATION PONI)S

% Reduction
Location Season Phosphate Organic P Total P Reference

Africa all year • reduced -- -— Hodgson , 1964
Oklahoma all year -- -- 30—95 Assenzo and

Reid , 1966
New York all year reduced -- -- Nemerow and

Bryson , 1963
Nebraska all year 8 —— —— Neel and

• Hopkins , 1956
• Wisconsin all year -- -- reduced Mackenthum and

• McNabb , 1961
Michigan all year -- -- 71 Annett et al.,

1974
• Texas all year 83 -- -— Ullricb, 1964

Kansas all year -— -— 0—33 Loebr and
• Stephenson , 1965

Canada all year -- -— 60 Fisher, et al.,
1968

South all year -44 to +37 —— -— Gaillard and
Africa Crawford , 1964
Australia not given 52-92 -- -— Simmonds, 1973

• shown that the metabolic uptake of phosphoru~ Increases as algaldensity and growth rate increase. Laboratory studies by Borchardt
• and Azad (1968) also point out the dependence of phosphorus re—

moval on algal concentrations. The growth rate and density of
algae are, in turn, affected by temperature, which accounts for
the fact that the greatest reductions in phosphorus levels in pQnds
are generally seen during the summer months (Fisher et al., 1968;
Mackenthum and McNabb , 1961; Loehr and Stephenson , l~~5; Simmonds,1973).

Although algae and bacteria may play a role in phosphorus re-
moval from ponds, they are not the sole means by which the levels
of this nutrient can be reduced. Under the conditions of high pH,
phosphorus readily forms insoluble complexes that can settle to
the bottom of a pond. The cation that is most available in domes-
tic sewage for the formation of this insoluble complex is Ca~~.Bogan (1961) found that calcium ion concentration and pH are the
principal controlling factors in phosphate solubility.

Insolubility of phosphate depends on a pH above 9.0, and as
the pH becomes lower due to diurnal or seasonal cycles or pond
stratification , dissolution of insoluble phosphorus may occur.
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Gaillard and Crawford (1964) found that as pH dropped , effluent
phosphate levels became greater than influent concentrations. Ac-
cording to Young (1974), Hemens and Stander (1968) found consider-
able dissolution of phosphate during the night. It should be noted
that although the chemical coagulation of phosphate is not effect-
ed directly by algae, the growth rate of phytoplankton indirectly
controls phosphate precipitation by controlling the pH of the sta-
bilization pond.

SLUDGE LAYER

Although the majority of research on waste stabilization ponds
has been concerned with conditions that maximize waste reduction
in aerobic portions of the pond , the role of the sludge layer in
waste treatment must not be undervalued. Digestion of organic ma-
terial in pond sludge is an important factor in reducing DOD since
after 6 to 8 hours as much as 50% of the influent DOD may be de-
posited here (Meron et al., 1965). The interaction of sludge lay-
er with the overlying water also needs to be understood better as
it has been shown that coliforms persist longer under anaerobic
than aerobic conditions (Marais, 1966) and polioviruses can be re-
covered from sludge long after they have disappeared from the pond
water (see below).

Digestion of organic matter in the sludge takes place in the
absence of oxygen. The first phase of anaerobiosis is the break-
down of carbohydrates, proteins and fats into simple alcohols and
acids, mainly acetic , propionic and butyric acids (Brockett, 1976).
A simplified version of this reaction has already been presented
in equation (2). The organisms responsible for the conversion of
complex organic molecules to volatile organic acids are anaerobic
cellulolytic bacteria such as B. cellulosae dissolvens and the

• “lypolytic” Pseudomonas group ~Parker et a].., 1963). The acids
and alcohols produced by this first group of organisms then serve
as substrate for methane fermentation by organisms such as
Methanobacterium omelianski and Mb. foricum (Parker et al., 1963).• The simplified form of this reaction has been presented in equation
(3). The effective range of temperature for volatile acid forma-
tion in pond sludges is between 4 and 40C, maximal acid production
occurs at 25C. The optimal pH for these reactions is 6.5, with a
range between 4.3 and 7.5 (Oswald, 1968). Methane fermenting bac-
teria are more sensitive to changes in temperature and pH than are
volatile acid formers. Sludge temperatures must be between 15C
and 40C (optimally 32C) for methane production , with a pH between
6.8 and 7.2 (optimally 7.0) (Oswald, 1968).

After the volatile acids are formed, they may move into the
overlying water, or may be converted to methane, or may be oxidized
to inorganic compounds by sulfate—reducing bacteria if sulfate is
available (Foree and McCarty , 1970). Foree and McCarty state that
the production of suit ides proceeds before methane fermentation if
sulfates are available in sufficient quantity. This reaction is
undesirable , however , as suit ides can cause odor problems in
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stabilization ponds, and being more soluble than methane, can ex-
ert an additional DOD if they move into the aerobic zone.

Volatile acids also can move into the aerobic zone before
being converted to methane or sulf ides, resulting in an additional
oxygen demand on that portion of the pond. McKinney et al. (1971)
estimate that 10 to 20% of the settled DOD eventually will undergo
aerobic decomposition. Gloyna (1968) points out that the rapid
digestion in the sludge layer during the summer often results in
vigorous bubbling and the formation of sludge mats on ponds, thus

• increasing the DOD at the surface. Parker et al. (1950) feel that
the movement of anaerobic bacteria into the oxygen depleted waters
adjacent to the sludge may contribute significantly to organic re—
moval in stabilization ponds.

According to Young (1974), Foree and McCarty (1968) state
that solids deposition in the sludge layer is due to suspended
solids from the influent sewage and bacterial and algal particu-
lates that have been synthesized in the pond. The mechanisms of
sludge deposition include: physical sedimentation of particulates,
bioflocculation of algae and bacteria, autoflocculation of solids by
precipitation with metallic salts at high temperatures and pH, and
sedimentation of feces by pond invertebrates.

Middlebrooks et al. (1965) and Oswald (1968) state that sol-
ids settle out rapidly near a stabilization pond inlet . Oswald
cites a Woodland, California pond in which the deposition of sludge
near the central inlet exceeded 9000 lb/acre/day at an areal load-
ing of only 50 lb BOD/acre/day. He found in pilot plant studies
that solids deposition at the inlet could be reduced by recircula—
tion.

Accumulation of solids at the pond entrance can result in
vigorous anaerobic digestion in this zone. Rising gas bubbles
will buoy up mats of sludge that may be deposited in other areas
of the pond. Hodgson (1964) found accumulations of sludge on the
leeward side of African ponds. Middlebrooks et al. (1965) could
find no significant effects of wind direction on the accumulation
of sludge. However , they and Oswald et al. (1959) (cited in
Middlebrooks et al., 1965) did observe considerable solids deposi-
tion in the corners of ponds. Middlebrooks et al., felt these de—
posits were due to sludge accumulation at the pond entrance , buoy-
ing of solids to the surface by rising gases and movement of these
solids to the corners. Marais (1966) also observed the formation
mats at the surface of stabilization ponds, especially during the
summer. He stated that the critical sludge temperature for this
phenomenon was 22C.

Another factor that may affect the sludge profile in a pond
is the relative temperature of the incoming sewage and pond waters.
If the influent is warmer than the water, the sewage tends to
spread out over the pond surface and disperse the solids. However ,
if the sewage is cooler than the pond , then the solids will move
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quickly to the bottom with greater accumulation near the inlet
(Oswald, 1968). The latter phenomenon is more likely to occur in
summer when intense solar radiation results in high pond surface
temperatures. Dispersion of solids will probably occur during
the winter when pond waters are cold (Marais , 1966).

The accumulation of sludge in a pond Is dependent upon an
equilibrium between the rates of solids deposition and anaerobic
digestion. In the early life of a pond the sludge accumulates at
the bottom. Anaerobic fermentation begins slowly and may take
several years to reach its maximum rate. Therefore, assuming a
constant rate of deposition, the mat of sludge will get thicker• until an equilibrium is reached in which the DOD deposited as
sludge is equal to the DOD released as fermentation products
(Marais, 1966).

After equilibrium between the rates of solids deposition and
anaerobic digestion has been established , there will be an annual
cycle of sludge buildup in winter and decrease in summer . The
equilibrium value of sludge accumulation will be high if the mean
annual temperature is low and vice versa (Marais, 1966). Oswald
(1968) states that at 19C the daily increment of sludge in a pond
can be completely digested. Below this temperature ,. sludge will
accumulate more rapidly than it is decomposed. Dawson and Grainge
(1969) found that sludge accumulation in northern Canadian ponds
is greater than in ponds in southern Canada , e.g. 12.9 vs. 3.2
ft3/day/l000 persons, respectively . In a survey of Canadian ponds,
Fisher et al. (1968) observed that summer accumulations ..if sludge
were 1/3 to 1/4 the winter rate. Assuming a constant suspended
solids concentration , the reduction in summer sludge accumulations
must be due to more rapid digestion in the warm summer temperatures

• (Fisher et al., 1968). The relationship between the rate of an-
aerobic digestion and temperature becomes clear in FIGURE 7. Here,

• gas evolution per day, from a stabilization pond is plotted semi-
logarithmically against sludge temperature. The plots are parallel
and nearly linear. There is a marked dependence of gas evolution
on temperature ; i.e., the rate of gas., evolution increases about
seven times for every l5C temperature rise. Brockett (1976) also
found positive correlations between gas production and temperature
in a stabilization pond in New Zealand. He concluded that the
peak of gas production reached in the early summer months in this
pond was due to a combination of increasing temperature and the
accumulated winter mat of sewage solids and dead phyto— and -

zooplankton.

Another parameter that may influence anaerobic digestion is
the depth of a pond. Deeper ponds tend to increase methane pro-
duction primarily by protecting the sludge layer from intrusion by
oxygen . Brockett (1976) found than methane production at a 135 cm
deep site in a pond was 2.95 ml/cin’/~ay. At a 230 cm site in this
same pond , production was 8.29 mi/cm /day . Brockett also found
that both volatile acid and sulphide production increased with in-
creasing pond depth. However, Oswald (1968) points out that since
the temperature lapse rate in 10 to 12 feet deep ponds may average
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FIGURE 7. GAS EVOLUTION FROM THE SLUDGE LAYER AS A FUNCTION OF
TEMPERATURE. (after Marais, 1966)
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iC/ft in the summer , cool temperatures at the bottom may inhibit
sludge digestion.

The accumulation of sludge at the bottom of stabilization
ponds has been studied by several workers. After five years of
operation with an average DOD loatling of 187 lb/acre/day , an Indian
pond had only an average of 15 inches of sludge (Kharkar and
Tiwari, 1963). Middiebrooks et a).. (1965) determined that the• rate of sludge accumulation in Mississippi was only one foot per
27.6 years. Parker et al. (1963) stated that with area]. loadings
as great as 1000 lb ~~D7icre/day, desludging a pond may be neces-sary only once every 10 years. Hopkins and Hopkins (1963) cite a
Missouri study in which it was concluded that sedimentation due to
organic matter would not impair pond performance for more than 100
years. Silting , however, can result in the loss of one foot of
pond depth every 25 years. This conclusion was restated by
Middlebrooks et al. (1965) who determined that about 73.5% of the
influent sludge to a pond can be composed of silt and other inor-
ganic matter.

TEMPERATURE

It is felt generally that temperature is the most important
single factor in the treatment of waste in stabilization ponds.
Removal of DOD and indicator organisms both are influenced by this
parameter. The temperature of a stabilization pond is largely un-
controlled by design and usually closely follows ambient conditions.
However, as incident solar energy is confined to the upper portion
of ponds, these, like other bodies of water, undergo a phenomenon
termed thermal stratification . Stratification is most common dur-
ing the mild and hot seasons, and is the development of a layer of
warm water above and cool water below a thermocline. It is caused
by the differential heating and differential densities of water
(Oswald, 1968).

There are several factors that influence the development of
thermal stratification in stabilization ponds. The most important
of these is the depth of light penetration , which in turn is most
affected by turbidity. High turbidity and low ‘.ight penetration
are most favorable for stratification (Stahl and May , 1967).
Bartsch and Alluin (1957) state that the penetration of light in
waste stabilization ponds is much less than in most bodies of wa-
ter due to the dense populations of algae of such ponds. In a
Dakota study they found that at no time did the euphotic zone (the
depth at which 1% of the incident light remains) extend beyond 0.7
meters. During the summer at a relatively light loading of 23 lb
DOD/acre/day , Bartsch and Allum found the euphotic zone was 0.1
meters deep. In contrast , at a nearby reservoir, the depth of
light penetration was seven meters. Because solar energy is con-
fined to the very upper portion of ponds, especially during periods
of dense algae populations, the differences in temperature between
the top and bottom of stabilization ponds can be as great as that

J found in much deeper lakes (Stahl and May , 1967).
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Stahl and May (1967) point out that as ponds contain small
volumes of water, die]. changes in light and temperature can influ-
ence stratification. Marais (1966) lists the mixing changes in a
pond that results in diel temperature cycles:

1. In the early morning , bhere is a period of complete
mixing during which temperature becomes the same
throughout the pond.

2. At some point (usually in the early afternoon) a
sharp thermocline develops with the temperature
of the upper layer reaching a maximum and then grad-
ually decreasing. The temperature of the lower
layer falls rapidly until it is approximately the
same as the earth and then remains constant.

3a. Under quiescent wind conditions, the layers above
the thermocline cool more rapidly than those below
as solar radiation decreases. Therefore, surface
temperature decreases uniformly . The thermocline
sinks and mixing ensues when the water temperatures
above and below it are equal.

3b. Under windy conditions, in a period of decreasing
temperatures, there is a gradual mixing of the

• waters adjacent to —the thermocline, displacing it
downward and eventually mixing the pond.

A study by Stahl and May (1967) in the state of Washington illus-
trates this daily temperature pattern. There was a steady de-
crease in temperature at the one cm level from 1330 hours to 0530
hours. As the upper portion of the water cooled in the late after-
noon , a period of mixing was initiated from 1930 to 0130 hours.
From this time until 0930, the pond temperature was quite uniform
throughout except at 0530 when the surface cooled. At 0930, with
the absorption of solar energy at the pond surface, stratification
again began to develop in the pond. The diel temperature range at
the one cm depth was 18.3C, at ten cm , lO.3C, at 30 cm , 2.2C, and
at 50 cm, O.4C. Stahl and May found little increase in tempera-
ture after 1330 hours and the maximum rate of cooling occurred
just after sunset. Over a 2 year period of observation in Zambia,
Marais (1966) found that die]. variations at the bottom of a sta-
bilization pond rarely exceeded lC, whereas, variations at the

• surface ranged from the maximum recorded to that of the bottom .

Since ambient temperature varies seasonally as well as daily ,
it is not surprising that the pattern of pond heating and cooling

• will differ in the warm and cold months. Wachs and Berend (1968)
observed thermal gradients during the summer , but not during win-
ter in stabilization ponds in Israel. During the winter , there
was enough solar radiation to heat the pond surface , but this only
penetrated to 0.5 meters , below which the pond temperature was
fairly uniform . In the summer, there was a marked thermal gradient
of about 11C from surface -to bottom. At night , the surface cooled
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down but the gradient still existed. No such early morning gradi-
ent could be discerned in this pond during the winter.

Other climatic factors that can influence pond temperature
are cloud cover and wind. Stahl and May (1967) found that cloudy
conditions could depress pond t emperatures by as much as 10 to 15C
during the summer . They also found that the least amount of ther-
mal stratification occurred on days that were cool, cloudy , and
windy . This Is due , in part , to less incident solar energy at the
pond surface, and, in part, to greater mixing of the pond waters.
In Dakota ponds, Towne et a].. (1957) observed that thermal gradi-
ents did not develop if the ponds were subjected to mixing caused
by windy conditions . Stahl and May (1967) found that the tempera-
ture lapse from the surface to bottom of a 50 cm deep pond was
maximal on clear , calm days . The lapse rate was minimal on over—
cast ,windy days . Marais (1966) states that if wind speeds are low
in the summer , cooling by radiation from the surface may not be
sufficient for mixing of the pond contents and the thermocline may
persist.

Design criteria that affect the thermal conditions within a
pond are depth and surface area. Stahl and May (1967) state that
deeper ponds and ponds with small surface areas are more likely to
be stratified than shallow ponds or those with large surface areas .
Oswald (1968) has shown that shallow ponds accumulate heat more
rapidly than deep ponds, but they also radiate heat away at a fast-
er rate during the night. Therefore, deeper ponds have lower av-
erage temperatures, but the diel temperature is more uniform.
Stahl and May (1967) point out that back radiation from the sur-
face of a pond is more rapid if that surface contains a great deal
of heat. This means that stratified ponds will lose heat more
rapidly than unstratified ponds.

The different densities of the upper and lower layers of wa-
ter brought about by differential heating also result in stratifi-
cation of dissolved oxygen , pH, alkalinity and conductivity (Stahl
and May , 1967). Although oxygen stratification exists in ponds
during both summer and winter , Marais (1966) points out that the
high rate of digestion in summer is likely to make the entire pond
turn anaerobic after sunset. This is not as likely to occur in
winter when low temperatures reduce the rate of digestion.

Marais (1966) states that the majority of the day ’s influent
will enter a pond during the period of stratification. During the
hot and mild months the temperature of the influent sewage normal-
ly will be cooler than that of the pond waters. Therefore, during
these months most of the influent will have a tendency to sink
rapidly to the lower regions of the pond . Marais found that this
phenomenon had an effect on E. coil distribution in an African
pond in the summer. Surface coliform counts were consistantly
higher during the period of mixing than during the period of strat-
ification . He also found higher effluent coliform counts in the
pond effluent during summer than in winter. Marais speculates



that the anaerobic conditions near the pond bottom may account for
the differences in coliform distribution and survival.

MATERIALS AND METHODS

MODEL PONDS

The model ponds used in this study were constructed of cast
concrete tanks five feet in diameter . The tanks for the 18- , 30- ,
and 42-inch ponds were four feet deep and of single-piece con-
struction ; those for the 90-inch ponds were made by stacking two
of these tanks and sealing the junct ion. In order to obtain 18
and 30-inch depths in the shallow ponds , these tanks were back—
filled with a combination of pea gravel and sand to depths of 24
and 12 inches , respectively. Three ponds of each depth were built
for a total of 12 ponds.

• A 40-foot by 30-foot area was excavated at Balcones Research
Center , Austin , Texas. The 12 tanks were placed in the excavation
site approximately four feet apart. Soil was then backfilled
around the tanks to within 12 inches of the top of each. The field
site and situation of the model ponds are illustrated in FIGURE 8.
The construction and placement of these ponds took place between
June and August, 1975.

In order to minimize virus interaction with the tank and its
leachates and to minimize leakage, the ponds were lined with six
mil plastic sheeting. Before lining the ponds, a laboratory test
was performed to determine the degree to which poliovirus might• attach to the plastic . Two 2—liter beakers were filled with de-
ionized water and two others were filled with dechlorinated final
effluent. A piece of plastic liner was placed in one of the bea-
kers with deionized water and one with final effluent ; the other
two served as controls. Poliovirus 1 (Chat) was added to each of
the four beakers to approximately 6 x l0~ pfu/ml. The volumes
were continuously mixed with magnetic stirrers at room temperature
(20—23C) and sampled over an 18-hour period . As it can be seen in
FIGURE 9, recovery of infectious units is nearly identical in both
the tests and controls, indicating little attachment to the plas-
tic or differential inactivation . As it developed, the liners
leaked and were cumbersome and awkward to handle. Therefore., at

-
• the end of the initial field test the pla~tic was removed from theponds and they were sealed with Thorosea)5W (dry mix). The

Thoroseal® is prepared with ACRYL—60 and is used as a swimming
pool sealant , routinely. The effects of the Thoroseal’Won polio—
virus were evaluated in ~ he same way as the plastic liner , with a
small piece of Thoroseal’W coated concrete replacing the liner.
Results of this study, shown in FIGURE 10, indicate that neither
viral attachment nor viral inactivat ion occurs as a result of us-
ing the sealer.
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FIGURE 9. POLIOVIRTJS INTERACTION WITH 6 HIL PLASTIC LINER .
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Throughout the study period considerable difficulty was ex-
perienced in eliminating leaks from the ponds. As a consequence
of this problem only two ponds of each depth were used throughout
this study.

WASTE WATER

• All wastewater for this study was obtained from Govalle
Wastewater Treatment Plant, a component of the Austin , Texas, mu-
nicipal wastewater treatment system. This plant employs the
contact—stabilization process with a 20-to 30—minute contact period
and a 4—hour stabilization period.

The types of wastewater used in this study were defined as
primary effluent and final effluent. Primary effluent was raw
sewage which had undergone settling for 30 minutes. Final effluent
was obtained after wastewater was exposed to secondary treatment
and disinfection with chlorine .

.• Both wastewaters were trucked to the model pond field site
using commercial septic tank service vehicles. The day before the
commencement of a field test, the holding tank of the transport
truck was thoroughly rinsed . First the final effluent was trans-
ported to the field site where the appropriate number of holding
ponds were filled, then the primary effluent was hauled to the
site and discharged into the remaining ponds.

GROWTH OF TEST VIRUSES

The poliovirus 1 (Chat) stocks used to seed the model ponds
were grown in HeLa cells (calf serum adapted , Flow Lab). Subcon—
fluent HeLa monolayers were infected at a multiplicity of infec-
tion (MOI) of 10. Maximum viral harvests were obtained by three
cycles of rapid freeze—thaw at 8-10 hours post—infection. Cell
debris was removed by centrifugation at 12,000 x g fo~ 15 minutes.

• The resulting viral stocks, average titer 1 to 3 x lO~ pfu/ml,were stored at 4C until use.

The Coxsackievirus B3 (Nancy) used in this study was obtained
• from Dr. Charles Gauntt of The University of Texas Health Science

Center at San Antonio . The virus stock was grown and stored in
the same manner as was the poliovirus, except that the Coxsackie—
virus was harvested 20-24 hours after infection .

VIRUS ASSAY

Poliovirus assays were performed by inoculating the HeLa cell
monolayers, on 3—60 mm plates, with 0.2 or 0.3 ml of sample. Vi-
rus inocula were adsorbed for 45 minutes at 37C with periodic

• rocking of the plates. The infected cells were overlaid with 4 ml
of Eagles medium (modified) containing one percent Bacto—agar, 10
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percent bovine seru~ , and antibiotiQs including penicillin , strep—
tomycin , GentamicidW, and FungizondW. After incubation at 37C in
5.0% CO2 for 2 days, monolayers were stained using 2% neutral red
in Hanks’ Balanced Salt Solution, and olaque—forming units (pfu)
enumerated.

The procedure for infection of HeLa cell monolavers in the
• Coxsackievirus assay was identical to that used for the poliovirus.

The overlay used for Coxsackievirus was similar to that used for
poliovirus except that 2% bovine serum and 0.1 mg/ml DEAE-dextran
were added to the medium. Plaaues were observed by staining with

• 
• 

neutral red 48 hours after infection.

In order to monitor both viruses simultaneously in the model
holding ponds, it was necessary to neutralize the poliovirus be—

• fore assaying the samples for Coxsackievirus. Lyophilized polio-
• virus 1 antiserum (rabbit) at a titer of 1:1200 was purchased from

Microbiological Associates, Inc., of Bethesda, Maryland. The ef—
ficacy of this antiserum in neutralizing poliovirus in the presence
of Coxsackievirus was tested in a single experiment. The rehy—

• drated antiserum was diluted 1:50 by addIng 0.02 ml of antiserum
• to 1.0 ml test volumes of virus. These volumes were mixed and in-

cubated at 35C for 30 minutes. Infectivity (plaque) assays were
done using HeLa cell monolayers. The results presented in TABLE 9
show virtually complete (>4 1og1~) neutralization of poliovirus,
with no loss of infectivity for ~he Coxsackievirus. There was a
loss of Coxsackievirus B3 in he presence of polio olus antiserum.
However, results are reported as a percentage of the virus present
at time 0. As the antiserum was used throughout the field test , it
was not necessary to correct the data for inactivation due to the
presence of the antiserum.

TABLE 9. THE EFFECT OF LYOPHILIZED POLIOVIRUS 1 ANTISERUM ON
THE INFECTIVITY OF COXSACKIEVIRUS B-3 L’~D POLIOVIRUS I (CHAT)

Virus - antisera + antisera

Coxsackievirus B—3 3.2 X lO~ 3.2 X

Poliovirus I (Chat) 2.1 X lO~ < 2.1 X l0~

Coxsackievirus B—3 2.7 X lO~ 1.8 X
+

Poliovirus I (Chat)*

* 0.5 ml of Coxsackie B—3 @ 3.2 X ~~ pfu/ml and 0.5 ml of
poliovirus I (Chat) @ 2.1 X iO9 pfu/ml .
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FECAL COLIFORM ASSAY

The presence of fecal coliforxns in samples was determined by
• using either the standard membrane filtration technique for water

or MPN determination for sediment. Both of these procedures were
done in accordance with Standard Methods (APHA , 1976).

CHEM ICAL/PRYS ICAL ANALYSIS

Routine chemical analysis on field samples included : total
suspended solids (TSS), volatile suspended solids (VSS), total or-
ganic carbon (TOC), chemical oxygen demand (COD), nitrite— and
-nitrate—nitrogen , orthophosphate, pH, and dissolved oxygen. All
analytical procedures were conducted in accordance with Standard
Methods (APHA , 1976). Dissolved oxygen measurements were taken
on—site with a portable oxygen meter. A pH meter was used to mea-
sure pH of the samples in the laboratory . Temperature readings
were taken at each sampling time. In addition , temperature was
continuously monitored during a portion of each test run. This
was accomplished by placing a calibrated thermistor at each sam-
pling depth within the ponds. The thermistors were connected to a
switching device which , in turn , was connected to a recorder. At
approximately 10-minute intervals, the signal from a different
thermistor served as input to the recorder. In this way, the
temperature at each sampling point within a pond was monitored 16
times over a 24-hour period.

ALGAL ANALYSIS

Algae productivity in the model holding ponds was measured
• indirectly by the quantification of chlorophyll-a. After samples

were brought to the laboratory, a 50 to 250 ml aliquot of each was
filtered through a glass fiber filter. The filter was then placed
in a 15 ml tissue grinder with approximately 5 ml of 90 percent
acetone and macerated until the algal cells were disrupted and the

• pigments extracted. The contents of the tissue grinder were trans-
ferred to a graduated glass centrifuge tube, and the volume brought
up to 10 ml with 90 percent acetone. This mixture was spun at
high speed in a table—top clinical centrifuge for 5 minutes , after
which the supernatant was decanted off and retained. This pigment/
acetone solution was subjected to visible light spectral analysis
at 662 and 750 nm on a spectrophotometer. The solution was -then
acidified with 0.1 ml of a 1.0 N HC1 solution and its visible light
absorbance at 662 and 750 nm was recorded . These four readings
were then used in formulas given by Golterman (1971) for the quan-
tification of chlorophyll-a in the original sample.

FIELD SAMPLING

As seasonal variation can have important effects on the ef-
fluent quality of a waste stabilization or holding pond , it was
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necessary to monitor the fate of enteroviruses in the model ponds
over a wide range of environmental conditions. Therefore, field
tests were conducted during the months of the year best reflecting

• the seasons in Central Texas. Tests were begun in late October
(Fall, 1975), mid—January (Winter, 1976), early March (Spring ,
1976), mid—July (Summer, 1976) and mid—January (Winter, 1977).

The day before the initiation of a field test, wastewater was
transported from the Govalle Wastewater Treatment Plant to the
field site as previously described. The ponds were filled to with-
in six inches of the top. Preliminary testing indicated that 24
hours was enough time to insure natural dechlorination of the
wastewater. Therefore, this holding period, between filling the
ponds with wastewater and adding virus to the ponds, was maintained
throughout the field tests. After 24-hour interval virus inoculum
for each - pond. in 1-liter volumes, was transported under refrigera-
tion to the site. The virus was added to the pond and then mixed
for 15 minutes using an industrial mixer. The virus titer of the
inoculuni was such that levels of any indigenous viruses in the

• ponds were exceeded by 5—6 orders of magnitude. After mixing , the
nond was allowed to become quiescent , and then the sediment sam-
plers were lowered into the pond. Initial liquid sampling took
place one hour after mixing. The sampling of the liquid then ap-
proximated the following schedule for each field test : 1 day , 3
days, 7 days, 10 days, 14 days. 17 days, 21 days, then weekly un-
til no virus was detected in the water samples. Evaporation from
the ponds was compensated for by the addition of distilled water
to each pond after field sampling was done.

During the Spring and Summer of 1976, an attempt was made to
simulate the dynamic flow conditions of six operational ponds.
This was accomplished by removing approximately 33 percent of the
liould in selected model ponds and replacing it with an equivalent
amount of fresh wastewater. Virus was added , the pond mixed , and
sampling begun as has been described above.

LIQUID SAMPLING

Sampling of the liauid was done through rigid plastic tubes
suspended in the pond. The tubes were mounted through holes
drilled in a 2” x 4” x 5’ board. This board was attached to the
sides of the tank and spanned the pond two feet out from one side.
Above this board the tubes were attached to flexible plastic tub-
ing which extended over the edge of the pond. This tubing , in
turn , was mounted through a hole in a rubber stopper that fit into
the mouth of a liter saznplin~ bottle. When samples were taken, a
portable vacuum pump was connected to another hole in this stopper.
A partial vacuum was formed in the sampling bottle and one liter
of liquid was withdrawn from the pond. All pond samples were
taken 1” below the liquid surface and 1” above the pond bottom.
In the 90” deep ponds a third sample was taken about 45” beneath
the pond surface. The samples were transported to the laboratory
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immediately after collection and an aliquot was held at 4C until
viral and coliform assays were performed. Microbial assays were
conducted within 24 hours of sample collection.

SEDIMENT SAMPLING

• Sediment samplers were made from cut-off plastic bleach bot-
tles, six inches in diameter. Each bottle was weighted with about
one—fourth inch of washed gravel and then suspended from three
lengths of nylon cord. After virus was mixed into the pond for 15
minutes, 12 to 15 samplers were lowered into each pond .

- Sediment was collected by removing the samplers from the pond
and aspirating off all but 500 to 1000 ml of the overlying liquid.
The sediment and remaining liquid were mixed into a slurry and
poured into a sample bottle. The sampler was rinsed several times
with distilled water to remove the remaining sediment. In the
laboratory, the sediment was resuspended into the liquid and a
portion of this mixture poured into a 200 ml centrifuge bottle.
The sediment was separated from the liquid by centrifuging at a force
of 1500 x g, turning off the power and allowing the rotor to coast
to a stop. The overlying liquid was removed by aspiration. This
procedure was repeated until all the sediment from a particular
sample was collected in one centrifuge bottle. The pellet was
then resuspended in 200 ml of phosphate buffered saline (PBS).

Viral assay was carried out either by direct plating of the
sediment or by dispersing the solids and then centrifuging and
plating the supernatant. When direct plating was used, the solids
were removed from the cells by washing with 5 ml of PBS containing
500 units/ml of penicillin and 250 i.zg/ml streptomycin after the 45-
minute infection period. Sonication was used as a means of dis-
persing or disrupting the sediment solids (in PBS) and releasing
the virions. The sediments were sonicated in 50 ml plastic cen-
trifuge tubes placed in an ice—water bath using a Branson labora-
tory sonicator set at six amperes. After 3 minutes of sonication ,
the sample was spun at 12,000 x g for 10 minutes and the superna-
tant was assayed for virus. This procedure was particularly ef-
fective when viruz titers in the sediments were low.

LABORATORY STUDIES

Temperature Studies

One liter of final effluent was dechlorinated with five ml of
1 N sodium thiosulfate. To simulate primary effluent , raw waste-
water was allowed to settle for one hour ; after this period , one
liter of the supernatant was decanted for experimental use. Both
wastewaters were then divided into three—300 ml aliquots; polio—
virus 1 (Chat) was seeded into each aliquot at a final concentra-
tion of approximately 1 x 10° pfu/ml ; and a test volume of each
suspending medium was placed at 4C, 20C, and 30C. These were
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sampled periodically for the presence of poliovirus. Additionally ,
chemical analyses performed on the wastewaters included suspended
solids, total organic carbon , pH, and specific conductivity .

Similar experiments were performed with Coxsackievirus 5-3
(Nancy). However, in this case wastewater was divided into three-
200 ml aliquots and seeded with Coxsackievirus at a final concen-
tration of about 1 x i06 pfu/ml. The three aliquots of each sus-
pending medium were then placed at the test temperatures sampled
for viral infectivity.

Light Studies

Poliovirus was added to either primary or secondary dechlori-
nated effluent to a final concentration of approximately 5 x 1O4
pfu/ml. Duplicate aliquots of each seeded effluent were placed in
4C and 20C environmental rooms under continuous overhead fluores-
cent lighting of -310 foot-candles at a distance of 15 inches. An
identical set of duplicate samples was covered with foil to exclude
light and was placed in the same environmental rooms. Poliovirus
infectivity as pfu was monitored with time.

Dissolved Oxygen Studies

Final and primary effluent samples were brought to the labora-
tory and dechlorinated as required. Four liter volumes of each
type of effluent were placed in 4C and 20C environmental rooms.
The following day each yolume was seeded to a final concentration
of approximately 5 x l0~ pfu/ml poliovirus. After mixing , the
volumes were divided into four-i liter aliquots. Two of these
were sealed and two were kept under constant aeration using air-
stone diffusion. All samples were assayed periodically for
poliovirus.

Hydrogen Ion Concentration Studies

Buffer stock solutions were made by dissolving the proper
proportions of inorganic reagents (Dobos, 1975) in dechlorinated

• final effluent. These stocks were stored at 4C until used. Buffer
mixtures were made by adding the correct proportions of stock so-
lution to dechlorinated final effluent. These 200 ml volumes were
brought to 20C in an environmental room, and either poliovirus or
Coxsackievirus was adde~ to each mixture at a final concentrationof approximately 1 x 10 pfu/ml. The sample volumes were held

• quiescent at 20C and monitored for pH and the presence of infec-
tious virus.

Algae Studies

An unknown species of non—f ilamentous green algae was isolated
from final effluent. The treated wastewater was sprayed in a fine
mist onto 100 mm petri dishes containing 20 ml Bold Basal algae
culture medium (Nichols, 1973) in 1.5% agar. The plates were in—
cubated in an algae culture room under continuous lighting at 20C 
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until colonies were large enough to be seen. Individual colonies
were transferred aseptically to flasks containing 100 ml of ster-
ilized Bold Basal Medium . After sufficient incubation these cul-
tures were used to inoculate the wastewater used in the experiment.

One week prior to the experiment , fresh final effluent was
brought to the laboratory. One portion was held at 4C in an envi-
ronmental room. A second portion was filtered through an asbestos
filter sheet (Hercules Sterilizing Filter Sheet, grade ST3) to
remove particulates and bacteria. One liter each of filtered and
unfiltered effluent were then seeded with 20 ml of the algae sus-
pension and incubated. The remaining f iltered eff luent  was held
in the environmental room at 4C. The day before the experiment ,
-the two flasks containing the algae cultures were placed at 4C

• along with the unseeded flasks.

On the day of the experiment , flasks containing one liter of
either unfiltered- or f iltered f inal effluent , and one liter of un-
filtered or filtered final effluent plus algae were placed on
magnetic stirrers in the 4C environmental chamber. Poliovirus
was added to each volume at a final concentration of about 1 x 102
pfu/ml. Ten ml samples were taken and filtered through a 0.45 ~mmembrane f ilter 47 mm in diameter. The solids retained on the
f ilter were washed off using 10 ml of tryptose phosphate broth in
a syringe equipped with an 18 gauge needle. The filtrate and f 11-
ter surface wash were assayed for poliovirus .

There was a possibility that virus might be retained on the
mat of algae formed on the surface of the membrane filter. To de-
termine the amount of retention on such a mat , three 10 ml aliquots
of the final effluent-algal culture were filtered through three
separate membrane filters before any virus had beed added . Virus
then was added to clarif ied final eff luent, and a 10 ml sample was
filtered through each of the above filter mats. The filtrate
and tryptose phosphate wash of these filters were assayed for
poliovirus .

It was of interest to see if elution media other than tryp—
tose phosphate broth might be more effective in washing virus off
the membrane filters. To this end, at the 1 hour and 24 hour sam-
pling times triplicate 10 ml samples were taken from the final
effluent-algae culture and the clarified effluent-algae culture .
These were filtered and the filters washed with 10 ml of either
tryptose phosphate broth, glycine—EDTA buffer (pH9), or distilled
water. Five ml of this wash was removed for direct plating and
the remainder centrifuged at 12,000 x g for 10 minutes to remove
the solids. The supernatant was retained for viral assay .

Because pH appeared to have a major effect on the rate of
virus inactivation , an experiment was designed to evaluate the ef-
fects of naturally high and low pH levels on poliovirus in the
presence (or absence) of algae. Four 1 liter aliquots of primary
effluent and dechlorInated final effluents were measured into
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Erlenmyer flasks. Two liters of each effluent were inoculated
with 10 ml of a single-cell algae culture and placed in a 20C en-
vironmental room under continuous lighting. The other aliquots
were covered to exclude light, sealed and stirred slowly on mag-
netic stirrers in that same room. All test aliquots were monitored
until conditions of high pH and dissolved oxygen were reached in
the algae seeded volumes and low pH and dissolved oxygen were pre- - -

sent in the sealed volumes. Approximately 5 x ~~ pfu/ml polio-
virus were added to each volume. Each system was then monitored
for viral infectivity.

STATISTICAL ANALYSIS

- In the process of the statistical analysis, the following
questions were addressed:

1. Does poliovirus survival differ between sampling
points within a pond?

2. What is the relationship between poliovirus survival
and such variables as the holding period (time points
of observation), pH, and temperature?

3. Does the survival model differ from pond to pond
• within seasons?

4. Does the model differ from season to season within
each pond?

5. What is the effect of final or primary effluent on
poliovirus survival?

For each pond during each field test models of virus survival
incorporating detention time, p11, and temperature as explanatory
variables were developed using a multiple linear regression pro-
gram (BMDPIR).

The models used were :

ln (y + 1) — + ~1p + ~2t + C (6)
and

in (y + 1) 
~~~~ 

+ + ~t2t + d3T + C (7)

where y is the number of recoverable virions , p is the pH and T is
the temperature (°C) at time t. The uncontrolled error term, t ,
represents the total effect not accounted for by the explanatory
variables.

Since no single model was adequate for all of the conditions,
a comparison of the models was necessary to determine whether some
models were adequate for describing the poliovirus survival under
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selected conditions. There comparisons were made using a program
of analysis of variance and covariance (BMDPIV) from the same
package . This program permits overall comparisons among all models
as well as pairwise comparisons between models. It is worth men-
tioning that analysis of a linear model which involves both the
quantitative as well as qualitative variable is called analysis of
covariance. Analysis of a model involving only qualitative vari-
ables is called analysis of variance, whereas, analysis of a model
involving only quantitative variables is called regression analysis.
In this study, comparing models under different conditions involved
both types of variables (quantitative as well as qualitative),
thus analysis of covariance was performed. Before the results of
these comparisons can be discussed , the statistical quantities

• used in evaluating the data must be explained.

A major portion of the statistical evaluation used in this
study relies on the use of three terms: R~ , Standard Error and
Model. The quantity H2 represents the extent to which the associ-
ated model fits the data, 100 H2 represents the percent variation
explained by the model or by the explanatory variables in the
model, and 100 (l—R 2) is the percent variation unaccounted for by
the explanatory variables in the model. Standard error gives an
estimate of variability in the data. For a good model the stan-
dard error should be small. If a new variable is introduced into
a model and the standard error becomes greater than that of the
previous model, then this indicates that the inclusion of the new
variable is not meaningful.

The significance of individual coefficients in the models can
be determined by the value of an associated probability, usually
printed on the computer output. If this probability value is

• -- greater than some -preassigned probability (a) called the level of
significance , then the coefficient is not significant . If this

- 
.. probability is less than a, then the coefficient is significant.
- - 

The level of significance used for this study was 0.10.
• Two hypotheses were tested regarding these models: equality
of intercepts and equality of slopes. These tests involve three
statistical quantities: the degrees of freedom , the observed F
value and the probability value (P) associated with this F statis-
tic. P is compared with the level of significance (a = .10). If
for a given comparison P > .10 either for the test of equality of
intercepts or equality of slopes, then the corresponding hypothesis
is rejected. The degrees of freedom are constants associated with
F which depend on the sample size and the hypothesis tested.
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RESULTS AND DISCUSSION

LABORATORY STUDIES

Controlled Temperature Studies

Chemical and physical analyses of the suspending media are
presented in TABLE 10. The inactivation of poliovirus and Cox-
sackievirus in the different wastewaters at the three indicated
temperatures is presented graphically in FIGURE S 11 and 12

• where percent of recoverable virus is graphed as a function of
time. It is clear that there is prolonged survival of both
poliovirus and Coxsackievirus at lower temperatures (e.g., after
5 days in final effluent there is 98, 4 and 17. reductions of
poliovirus at 30C , 20C and 4C , respectively).

TABLE 10. RESULTS OF CHEMICAL ANALYSIS OF WASTEWATERS USED
IN THE TEMPERATURE STUDIES.

Final Primary
Parameter Effluent Effluent

- Poliovirus I (Chat)

Total Suspended Solids (mg/i) - 13.2 112.

Total Volatile Suspended Solids (mg/i) 1.6 88.

Total Organic Carbon (mg/i) 24. 130.

pH (units) 7.6 7.3

Specific Conductivity (iimho/cm2) 870. 770.

Coxsackievirus 3-3

Total Suspended Solids (mg/i) 17. 49.0

Total Volatile Suspended Solids (mg/i) 9. 27.2

Total Organic Carbon (mg/i) 
- 

19.

pH (units) 7.6 -—

Specific Conductivity (iimho/cm2) 805. -- 
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FIGURE 11. THE SURVIVAL OF POLIOVIRUS (CHAT) AT 4, 20 AND 30C.
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FIGURE 12. THE SURVIVAL OF COXSACKIEVIRUS 83 AT 4, 20 and 30C.
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An examination of these data indicates that there is little
difference in the rates of tnactivation of the two viruses at
20 and 30C. However, there appears to be a significant dif-
ference in the inactivation rates of poliovirus and Coxsackie-
virus at 4C (i.e., a 947. vs. an 807. reduction in virus numbers
after 60 days , respectively). Unfortunately, it is difficult
to generalize on the relative resistance of the two viruses to
inactivation on the basis of these data. It was not possible
to conduct both experiments simultaneously; therefore, the waste-

• waters, although comparable , are not identical.

Further examination of the data shows that for each parti-
cular virus, survival is prolonged in settled sewage or primary
effluent as compared to the final effluent at all temperatures
tested . The reasons for this cannot be ascertained from these
experiments , but the suggestion that solids protect viruses from
inactivation (Schaub and Sagik, 1975) may help explain the sur-
vival differences observed here. Another possible explanation
is the presence of increased organics in the primary effluent.

Light Studies

Results (as duplicate averages) for all test conditions are
presented graphically in FIGURES 13 and 14. Additional physical
parameters for each system are presented in TABLE 11. At 20C,
differences in viral survival between light and dark conditions

• in final effluent are indistinguishable . However, in the other
experimental systems, poliovirus recoverability was greater under
dark conditions. It was shown in the controlled temperature
studies that the survival of poliovirus is prolonged at lower
temperatures and in primary effluent. At 20C the inactivation
of po].iovirus in final effluent is so rapid that the effects of
light on virus survival cannot be distinguished from other effects .
However , the protection afforded the virus by suspension in pri-
mary effluent at 20C and in final effluent at 4C makes it possible
to observe the antiviral effects of light on poliovirus. The
results reported here are in agreement with those of Bitton (per-
sonal con~aunication) who has studied the inactivation of poliovirusby sunlight .

Dissolved Oxygen Studies

Virus survival under the conditions previously described
is illustrated in FIGURES 15 and 16. Additional physical para-
meters are given in TABLE 12. Survival of poliovirus at 4C is

• longer for both effluents and for both the aerated and sealed
test volumes than it is at 20C. In final effluent , at both
temperatures , the aerated volumes appear to have a slightly
lower rate of poliovirus inactivation than do the sealed volumes.
However , the absence of aeration does not significantly affect
virus survival at either temperature . In primary effluent the
trends of inactivation are reversed , i.e., po].iovirus in the
sealed volumes have a somewhat prolonged survival over those in
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FIGURE 13. POLIOVIRUS SURV IVAL UNDER CONDITIONS OF LIGHT AND
100 

DARK IN FINAL EFFLUENT.
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FIGURE 14. POLIOVIRUS SURVIVAL UNDER CONDITIONS OF LIGHT AND
DARK IN PRIMARY EFFLUENT.
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TABLE 11. pH AND DISSOLVED OXYGEN CONCENTRATIONS OF TEST
VOLUMES IN LABORATORY LIGHT STUDIES.

Temperature 2OC

Final Effluent Primary Effluent
Light Dark Light Dark

Time (days) pH D0* pH DO pH DO pH DO

1 8.4 (.8 8.2 7.5 7.8 2.8 7.7 2.5

3 7,6 1.3 7.8 0.6 7.9 2.8 7.8 1.1

6 8.7 13.0 7.6 4.8 8.3 6.3 8.2 4.5

8 9.1 13.0 8.0 5.4 8.6 7.9 8.3 4.9

14 10.5 > 15 7.2 5.9 10.7 >15 8.5 7.4

Temperature 4C

Final Effluent Primary Effluent
Light Dark Light Dark

Time (days) pH DO pH DO pH DO pH DO

3 8.1 2.8 8.0 Ô.5 7.6 2.4 7.6 2.5

14 7.8 6.4 7.8 2.2 7.7 5.2 7.7 2.5

23 7.6 7.0 7.9 4.0 7.9 8.4 7.6 2.5

38 8.7 >15 7.9 3.0 8.2 10.8 7.8 5.1

46 8.6 12 8.0 6.0 8.3 11.4 7.8 5:0

58 8.0 9 8.0 5.5 8.5 >15 7.8 4.8

•DO — dissolved oxygen , mg/ l .
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FIGURE 15. POLIOVIRUS SURVIVAL IN THE PRESENCE AND ABSENCE OF
DISSOLVED OXYGEN IN FINAL EFFLUENT.
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FIGURE 16. POLIOVIRUS SURVIVAL IN THE PRESENCE AND ABSENCE OF
100 . . DISSOLVED OXYGEN IN PRIMARY EFFLUENT.
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TABLE 12. PH AND DISSOLVED OXYGEN CONCENTRATIONS OF TEST VOLUMES IN
DISSOLVED OXYGEN LABORATORY STUDY.

- Temperature 2OC

Final Effluent Final Effluent Primary Eff 1. Primary Eff 1.
plus air Sealed plus air Sealed

Time (days) DO* pH DO pH DO pH DO pH

1. 7.6 8.5 6.8 7.9 7.5 8.7 3.0 7.5

3 8.6 8.5 0.9 7.1 8.4 8.6 1.0 7.3
6 - 8.2 8.2 0.8 7.1 8.4 8.7 1.0 7.3
8 7.6 8.4 1.6 6.8 7.6 8.7 2 .0  7.2
14 8.8 8.3 4.0 6.9 7.0 8.7 3.2 7.2
17 7.7 7.9 4.0 6.5 7.5 8.5 3.4 7.2
23 8.2 7.8 3.0 7.5 8.2 8.5 4.0 7.1

Temperature 4C

Final Effluent Final Effluent Primary Effl. Primary Effl.
plus air Sealed plus air Sealed

Time (days) DO pH DO pH DO pH DO pH

3 12 8.5 6 7.9 12 8.5 2.2 7.4

8 12 8.4 3 7.8 9 8.5 1.0 7.3
14 13 8.4 7 80 13 8.4 1.0 7.2
17 13 8.4 6.5 7.9 12 8.4 1.0 7.1
23 13 8.6 7 7.8 13 8.4 1.0 7.2
38 12 8.5 3.5 7.7 12 8.4 4.0 7.2
46 12 8.3 3.5 7.6 12 8.4 3.0 7.4
58 12 8.3 5 7.6 12 8.4 7.0 7.2

* Dissolved Oxygen (mg/l)
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the aerated volumes. Again the presence or absence of air does
not appear to alter the rate of poliovirus inactivation signifi-
cantly.

Hydrogen Ion Concentration Studies

The results of the experiments using poliovirus and Coxsackie-
virus respectively , are presented graphically in FIGURES 17 and
18. On these graphs each line is a profile of virus survival
in final effluent from pH 5.0-10.0 on the particular day indicated .
The figures show the trend of poliovirus inactivation at 7, 11,
17 and 22 days after virus addition , and the trend of Coxsackievirus
inactivation 12, 30 and 34 days after addition. It is apparent
that both viruses are most stable around pH 7.0. Stability falls
off on either side of neutrality .

• The results of these experiments are interesting in the light
of what is observed in operating ponds. If pH is the sole criterion
considered , one would expect higher rates of virus inactivation
in the region of active photosynthesis - that is, near the pond
surface rather than below the euphotic zone. It would also be expected
that virus survival would be prolonged near the bottom of the
pond , as anaerobic conditions here would hold the pH near neu-
trality. Virus survival during the winter may also be prolonged
as phytoplankton activity is often diminished and , therefore, pH
levels will be reduced in these months.

Algae Studies

The results of the interactions of poliovirus with effluent
solids and algae are presented in TABLE 13. There appears to be
association of poliovirus with particulates in both the unfiltered
final effluent and the unfiltered effluent containing algae. In

• contract , low numbers of virus were recovered from the filters
through which filtered final effluent or filtered effluent con-
taining algae had been passed . This indicates that while there
is association of poliovirus with wastewater particulates , there
is little association of the virions with algal solids.

The results (as duplicate averages) of adding poliovirus to
algal-wastewater systems with naturally high or low levels of
hydrogen ion concentration are presented in FIGURE 19. Here polio-
virus survival is graphed as a percent of those virions recoverable
at one day. Additional parameters are presented in TABLE 14.
These data reveal that the rate of virus inactivation in the
algae cultures is much greater than in the anaerobic systems .
The differences in the inactivation rate cannot be ascribed
directly to pH , as the microbial co~~unity of the systems dif-fered. However, as the pH of the algae cultures was always greater
than 9.0 while that of the sealed volumes was near neutrality , it
is evident that the pH differences induced by the different pre-
dominant microorganisms may well have contributed to differential
rates of poliovirus inactivation . Dissolved oxygen levels were
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FIGURE 17. POLIOVIRUS INACTIVATION IN FINAL EFFLUENT AS
A FUNCTION OF pH.
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• TABLE 13. ASSOCIATION OF VIRUS WITH FINAL EFFLUENT SOLIDS AND ALGAE.

Unfiltered Effluent Filtered Effluent
% Virus in % Virus Recovered % Virus in % Virus Recovered

Time Filtratea from Fi1ter~ Filtrate from Fi1ter~

O 88.8 11.2 99.00 0.99
5” 83.08 16.92 99.49 0.51
15” 99.58 0.42 99.75 0.25
30” 97.63 2.37 100 0
1’ 97.8 2.2 99.53 0.47
4’ 97.56 2.44 99.78 0.22
24’ 97.88 2.12 99.73 0.23

Unfiltered Effluent Filtered Effluent
• plus AlgaeC plus AlgaeP

% Virus in % Virus Recovered % Virus in % Virus Recovered
Time Filtrateu from Filtera Fi1trate~ from Filtera

O 97.91 2.08 100 0
5” 99.51 .49 99.49 0.51
15” 97.46 2.54 99.27 0.73
30” 99.77 3.23 99.53 0.47
1’ 95.13 4.87 99.03 0.97

• 4’ 92.11 7.9 99.48 0.52
24 ’ 87.76 12 .24 100 0

Algae Mat Control
% Virus in % Virus Recovered
Filtrate from Filter

99.51~

a These figures are based on the total pfu detected in the sample
at each particular sampling time. -

s 2638 ~g/1 chlorophyll

p 1627 ugh chlorophyll

~ Figures are averages of triplicate samples
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FIGURE 19. POLIOVIRUS SURVIVAL IN ALGAE-WASTEWATER
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• TABLE 14. PH AND DISSOLVED OXYGEN LEVELS IN FINAL AND PRIMARY
EFFLUENT CONTAINING ALGAE AND IN SEALED EFFLUENT VOLUMES.

Final Effluent Final Effluent
plus Algae Sealed

Time (days) pH’~ DO~~ pH DO

0 9.1 11.5 7.0 6.1
1 9.5 11.0 7.1 4.5
3 10.9 >15.0 6.9 0.5
6 10.8 >15.0 6.9 0.4

• - 8 10.5 9.6 6.8 0.7
10 6.8 0.5

- 14 - 6.7 0.6
17 6.8 0.5
23 - 6.7 1.3
38 6.7 3.0
46 6.5 1.6

Primary Effluent Primary Effluent
plus Algae Sealed

Time (days) pH pH DO

0 9.5 11.3 7.2 5.7
1 9.9 12.5 7.2 4.5
3 10.3 >15.0 6.9 0.5
6 10.8 >15.0 6.7 0.5

• 8 10.8 13.6 7.1 0.6
10 6.9 0.5- 

• - 
14 7.1 1.5
17 7.1 1.7
23 6.9 1.2
38 6.8 2.5
46 6.6 1.1

a Results presented as duplicate averages.

c Dissolved Oxygen (mg/l).
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always much higher in the algae cultures, but as has been indicated
above , the presence or absence of dissolved oxygen does not seem
to affect poliovirus survival per se

FIELD STUDIES

Preliminary Field Tests

Early in the study (Fall 1975) one pond of each depth was
filled with final effluent. The primary purpose of this test was
to evaluate the sampling procedures and the monitoring equipment.
A seven-day period elapsed between the introduction of the waste-
water and the viral inoculation of the shallower ponds. During
this period a large algae population became established in three
of the four ponds. Consequently , environmental conditions in the
shallow ponds were considerably different from those in the deep
pond. One important difference was pH. It is clear from an exa-
mination of TABLE 15 that algae growth and metabolism resulted in
a highly alkaline pH in the 18-, 30-, and 42-inch ponds.. The 90-inch
pond experienced no such change in pH as algae did not become
established during the test period.

FIGURE 20 reports the percent of recoverable viruses after
addition as a function of time. Loss from the liquid portion
of the ponds was quite rapid , approaching four orders of magnitude
within 10 days in the shallow ponds. Loss in the deep pond was
slower , reflecting, perhaps , the lower pH. Mean pond tempera-
tures at 1000 hours were near 20C (TABLE 16) late afternoon tempera-
tures were probably higher. It has been shown that 997. inactivation
of poliovirus in final effluent can take place within 20 days
at 20C in the laboratory. Therefore, it is probable that pond
temperature was a significant factor in the rapid reduction of
poliovirus in the ponds during this test. It was during the
preliminary field tests that the inadequacy of the plastic as
a pond liner was discovered . Consequently , the ponds were drained ,
dried and a new sealant applied and cured .

Winter Test Series, 1976

A field test using eight of the ponds filled with final efflu-
ent was begun in January. Two ponds were tested at each depth
with Series 1 and Series 3 each consisting of identical ponds

• at 18-, 33- , 40- and 90-inches. Observation of virus removal and
chemical and physical analysis were conducted during the entire
test period .

The temperatures observed in the 18-, 30- , 42- and 90-inch
ponds can be found in FIGURE 21. It can be seen that in the
shallow pond little difference was observed between top and
bottom: both points reflect immediate changes in ambient tempera-

• tures. In contrast, differences as great as 9C were observed
between the top and the bottom of the 90-inch pond . The tempera-
ture at the bottom of this pond fluctuated little and did not
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TABLE 15. VALUES OF pH IN FINAL EFFLUENT PONDS, FALL , 1975.

Time (days) 18” 30” 42” 90”

O 10.2 10.1 9.7 8.0

1 10.3 10.2 9.9 6.3

2 10.5 10.4 10.0 7.4

3 10.8 10.9 10.5 7.4

4
5 7.5

6 10.5 10.5 9.8

7 7.8

8 10.3 10.5 9.7

9
10 10.1 10.3 9.6

TABLE 16. MEAN TEMPERATURES OF MODEL PONDS , FALL , 1975.

Pond Depth Temperature (0C)

Top 19
18”

Bottom 19

• Top • 19
30”

Bottom 18

Top 20
42”

Bottom 18

Top 20

90” Middl e 21

Bottom . 21
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FIGURE 20. POLIOVIRUS SURVIVAL IN FINAL EFFLUENT PONDS-PALL, 1975.
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- • respond to diurnal changes in ambient temperatures. It took an
-. extended cold period to change temperatures appreciably. It can

be seen that the mean temperatures for the 42-inch pond are lover
than those for the 18-, 30-, and 90-inch ponds. This may be due
to a systematic error in the temperature probes or recording
device, as the probes were only calibrated before the field test
began and not checked during the course of the experiment.

• The survival of poliovirus as a percent of the total recovered
• at sample day one is illustrated in FIGURES 22 and 23. The ponds
- - 

• .  showed little or no real difference in virus survival between the
• bottom and top wastewater sample for the test period. The appear-

- 
- ance of algae and the consequent elevation of pH (TABLES 17 and 18)

seems to have accelerated the viral decay rate in the 42-inch
and 90-inch ponds during the latter portion of the test. (Compare
die-off between 0-17 days and 17 days through the end of the study

• period). 
-

- :  It is clear that the rate of virus inactivation during this
test series is much lower than during the Fall, 1975 series. Tempera-
ture contributed to this difference as pond temperatures during the
winter were around 1OC , whereas those in the fall were close to
ZOC .

TABLE 19 is a svimn~ry of viral isolations in sediments of eachof the test ponds at the end of this run. Although virus in the
overlying waters was below the practical limits of detection after
30 days , there were 41 pfu isolated per gram of sediment from
one of the 30-inch ponds at 67 days .

TAB LE 19. POLIOVIRUS ISOLATED IN POND SEDIMENTS, WINTER , 1976.

Pond Depth (inches) Sampling Time (days) Virus isolated from
Sediment (pfu/gm )

18 67 1
-30 67 41 .

42 67 3
90 60 50
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TABLE 17. pH OF POND SERIES 1, WINTER , l976.

Time After Virus 18” 30” 42” 90”
Addition ( days)

0 7.6 7.7 7.7 7.7
1 7.8 7.7 7.7 7.6
3 7.5 7.6 7.5 7.6
6 7.4 7.4 7.5 7.4 - -

• 10 7.6 7.6 7.4 7.1
13 7.6 8.1 7.5 7.3
17 8.3 8.9 7.6 7.6

- 24 8.9 8.9 8. 7.6
31 9.0 8.5 8.5 8.1
38 8.9 8.7
45 9.5 8.7

TABLE 18. pH OF POND SERIES 3, WINTER, 1976.

Time After Virus 18” 30” 42” 90”
Addition (days)

0 7.6 7.8 7.8 7.6
1 7.7 7.8 7.8 8.0
3 7.5
6 7.5 7.5 7.6 7.7
10 7.5 7.5 7.5 7.~13 7.8 7.8 7.5 7.8
17 8.5 9.1 7.8 8.1
24 8.9 9.0 8.3 8.0
31 9.1 8.8 8.7 8.3
38 9.0 8.6
45 9.1 8.8
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FIGURE 22. POLIOVIRUS SURVIVAL IN SERIES 1 FINAL EFFLUENT
• PONDS-WINTER, 1976.
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FIGURE 23. POLIOVIRUS SURVIVAL IN SERIES 3 FINAL EFFLUENT
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Spring Test Series, 1976

This ~~eld test was begun in March using one pond of each
depth filled with final effluent and one 30-inch pond and one

-

• 90-inch pond filled with primary effluent. Viral activity and
• chemical ai’td physical parameters were monitored as described pre-• viously . Additionally , the accumulation of sediment and the pre-

sence of virions therein was observed throughout this test series.

• The percentage of recoverable virions based on the one hour
sampling time is presented in FIGURES 24 and 25. It can be seen
that loss from the liquid phase of the final effluent ponds is
relatively rapid; all have lost at least 99.97. of the added in-
fectious virions within 20 days. Loss of recoverable virus was
much slower in the primary effluent ponds where 107. *nd 47. of the
virions were present after 35 days in the 90-inch and 30-inch
ponds respectively:

The rapid loss of virus from the final effluent ponds was due,
in part, to temperature (TABLE 20). However, an examination of
FIGURE 24 indicates that the rate of inactivation increased , at
least in the 42-and 90-inch ponds between 6 and 15 days. Concur-
rent with the increased inactivation rate of poliovirus in these
two ponds was an elevation in pH (TABLE 21). In the 18-and 30-inch
ponds an algal community was established quickly and pH became
high almost from the onset of the test. In contrast to the final
effluent, the pH of the primary effluent ponds remained fairly
low over the entire test period .

TABLE 20. TEMPERATURE AVERAGES (%) IN PONDS, SPRING , 1976.

Time (days) 18” 30” 42” 90”

0 16 18 19 20
1 14 16 16 18

15 21 22 20 19
17 21 - 20 18 18
19 17 18 - 17 17
21 19 20 18 18
23 20 20 20 19
25 22 22 21 

- 

21
27 22 22 19 19
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FIGURE 24. POLIOVIRUS SURVIVAL IN FINAL EFFLUENT
PONDS-SPRING , 1976 .
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FIGURE 25. POLIOVIRUS SURVIVAL IN PRIMARY EFFLUENT

100 • PONDS—SPRING , 1976.
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Although differences in pH were probably one of the reasons
for the different rates of poliovirus inactivation between the
pr imary and f inal efflu ent ponds , the nature of the wastewaters
was important also. TABLE 22 presents the suspended solids con-
centratiorts found in the ponds during the testing period . In the

• final effluent ponds, solids concentrations were initially high due
to the suspension of solids from the bottom of the backfilled

• ponds into the overlying liquid during the mixing process. As
these settle out the solids concentrations go down. However as
algae became established in the ponds (TABLE 23) , the amount
of suspended solids began to increase , and this trend predominated
throughout the rest of the test. This observation is reflected
in volatile suspended solids (VSS) data, also. For the shallow

• ponds there was a significantly higher percen tage of VSS later in
the runs. In the primary effluent ponds, again high solids con-
centrations were observed after mixing followed by a rapid drop
in this measurement between 0 and 3 days. Suspended solids then
remained relatively constant until around 22 days when the increasing
numbers of algae began to raise solids concentrations . Therefore ,
although suspended sol ids concen trations were similar in f inal
and primary effluents, the composition of these solids was different,
especially during the first 2/3 of the test period . Algae ai~e a
major component of the final effluent solids, whereas sewage
particulates are the primary source of solids in the primary
ef fluent. As observed in the laboratory studies, viruses appear
to associate with the sewage particulates found in final effluent
but not with algae. If this is indeed the case, the protection
afforded to viruses by sewage solids would not be available where
the solids levels are largely algal. Therefore, another factor
involved in the differential rates of virus inactivation seen between

• primary and final effluent may be a greater degree of association
• with protective solids in the former.

Virus association with solids implies that some of the virions
will settle to the bottom of the pond and be deposited in the sludge
layer. It was shown in the Winter, 1976 Test Series that polio-
virus was recoverable in the pond sediments long after those in
the liquid phase were below detection sensitivity . Beginning
with the Spring , 1976 series, settled solids were sampled and
assayed for the presence of viruses.

The total amount of sediment and the virus levels recovered
from them over a 10- week sampling period are listed in TABLE 24.
It appears that sedimentation takes place throughout this period ,

• although the majority of solids are deposited within the first
1 to 2 weeks after virus addition. It cannot be determined from• these data if viruses also were deposited in the sludge throughout
the sampling period as inactivation occurs even as deposition takes
place. It is clear , however , that although the number of viruses
in the sludge does not exceed 6~ of the total added to any pond ,
poliovirus persists much longer in the solids than in the over-
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• lying liquic.. Also, as can be seen in TABLES 24 and 25 , more
virus can be recovered for a longer period of t~~e from the sludgeof the primary effluent ponds than from that of the final effluent
ponds. Whether this difference in recovery is due to a faster rate
of virus movement into the sludge from the liquid or to a lower
inactivation rate in the primary effluent sediments in not clear.
However, from the nature of virus inactivation in primary vs.
final effluent, it can be supposed that the solids from the pri-
mary wastewater provide more protection for viruses. If this is
the case , then the pond sludges formed by different type effluents
may differ in the degree to which they protect poliovirus from
inactivation.

TABLE 23. POND CHLOROPHYLL CONCENTRATIONS (pg/i), SPRING, 1976.

18” Final 30” final 42” Final 90” Final
Time ( days) Eff luent  Effluen t Effluent Effluent

0 40 50 10 10

3 270 270 20
6 240

8 1230 1110 722

• 

• 

14 250 900

22 750 590 850

30t? Primary 90” Primary
Time (days) Effluent Effluent

0 110 10

6 20 10
14 4480 100

22 1850 1220

28 80 1370

35 730 6780

L • 89
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TABLE 25. PERCENTAGE POLIOVIRUS RECOVERY FROM POND
SEDIMENTS, SPRING, 1976.

18” Final 30” Final 42” Final 90” Final
Timea Effluent Effluent Effluent Effluent

0 100 100 100 100
7 18 99 51 76
14 40 • 87 24 30
21 5 13 5 22
28 0 26 10 23
35 6

• 

• 

42 1
49 0.3
56 

- 

0.3

30” Primary 90” Primary
Timea Effluent Effluent

0 100 100
7 275 238

14 81 67
21 44 92
28 138 172
35 75
42 58 42
49 26 4
56 31
63 4 19

* Percentage calculated based on pfu/gm recovered at first
sediment sampling time, one hour af ter ponds wer e seeded
with test viruses.

~ Days after the first sediment sampling time.
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Thirty-five days after test initiation, approximately 337. of
the liquid in the 30-and 90-inch final effluent ponds was pumped
out and replaced with fresh wastewater effluenç. Poliovirus was
added to a final concentration of about 1 X l0’~ pfu/ml. The ponds
were then monitored as previously described.

FIGURE 26 illustrates the removal of the virus from the pond
waters as a percent of those virions detected one hour after
addition. The inactivation rates are rapid; no virus was recoverable
from the 30-inch pond after 8 days, and the 90-inch pond had no
detectable poliovirus 15 days after addition. Both ponds already
had well-established algae communities at the time of partial

• refill. Over the test period the pH in the 30-and 90-inch ponds
averaged 9.3 and 8.3, respectively. Therefore, an alkaline pH in
combination with daytime temperatures near 20C resulted in a
rapid loss of poliovirus from the liquid of the two ponds.

Summer Test Series, 1976

• In July, a su er field test began using both test wastewaters
in ponds at each depth. As in the Spring, 1976 Test Series, the
inactivation of poliovirus in the liquid and sludge of the ponds
was followed.

The survival of the virus in the pond waters is illustrated
in FIGURES 27 and 28. The rate of inactivation in both wastewaters
is more rapid than that observed in the Spring Test Series (i.e.,
there were no recoverable virions in the final effluent in less
than 10 days and 997. of the virus was lost from the primary ef flu-
ent ponds within 2o days). The rap id inactivation of poliovirus during

• this test is due, in part , to the high pond temperatures (TABLE 26).

TABLE 26. AVERAGE POND TEMPERATURES (°C), Summer , 1976.

Pond Depth (inches)
Time (days) 18 30 42 90

1 30 29 ~28 26
3 30 29 27 26
4 28 28 26 25
5 28 28 26 25
6 29 28 26 25
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FIGURE 26. POLIOVIRUS SURVIVAL AFTER REFILL OF FINAL EFFLUENT
100. - PONDS-SPRING, 1976.
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FIGURE 27. POLIOVIRUS SURVIVAL IN FINAL EFFLUENT j
PONDS-SUMMER , 1976 .
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I.. FIGURE 28. POLIOVIRUS SURVIVAL IN PRIMARY
EFFLUENT PONDS-SUMMER , 1976.
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From TABLE 27 it appears that the pH of final effluent ponds
did not reach the levels attained during the spr~’~~, probablybecause the samples were taken soon after sunrise during the
s~~~er and photosynthesis was not yet well underway. In the Spring
Tes t Series , samples were taken at mid to late morning when photo-
synthetic activity and, therefore pH , was nearing its peak.

TABLE 27. POND pH, SUMMER , 1976.

18” Final 30” Final 42” Final 90” Final Effluent
Time ( days) Effluent  Eff luent  Eff luent  Top Mid Bottom

0 8.2 8.1 7.8 7.4 7.5 7.4
1 8.2 8.1 7.6 7.3 7.4 7.5
3 9.0 8.6 8.2 8.2 8.2 7.8
5 8.5 8.7 8.2 8.5 8.5 7.8

• 7 7.9 9.2 8.1 8.6 8.6 7.9
10 8.4 8.4 8.4• 13 8.4 8.4 8.0
17 8.8 8.3 8.4

18” Primary 30” Primary 42” Primary 90” Primary Effluent
Time ( days) Eff luent  Ef f luent  Effluent Top Mid Bottom

0 7.2 7.2 7.2 7.1 7.1 7.2
1 7.2 7.2 7.1 7.1 7.1 6.7
3 • 7.5 7.3 7.2 7.2 7.3 6.6
5 7.5 7.4 7.5 7.3 7.3 6.6
7 7.5 7.4 7.5 7.4 7.4 6.7

10 7.7 7.4 7.5 7.5 7.4 6.8
13 8.6 7.4 7.6 7.6 7.7 6.9
17 9.1 8.2 8.4 9.3 7.6 6.6

As in previous tests the pH values at the top and bottom of
the 18- , 30- and 42-inch ponds were near ly identical . However ,• in
the 90-inch pr imary effluen t and , to a lesser degree, in the
90-inch final effluent pond the pH at the bottom was lower than
at the top and middle levels (TABLE 27). This variation is
probably due to a high rate of anaerobic activity in the sludge

• layers as the pond temperatures were favorable for both volatile
acid and methane production .

- 
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TABLE 28 presents virus recovery from the model holding pond
sediments as a percentage of those virions recovered at the first
sampling time (Day 3). As was observed in the Spring Test Series ,
survival in the sludge layer is much greater than in the over-
lying pond water.

TABLE 28. POLIOVIRUS SURVIVAL IN POND SEDIMENTS,
SUMMER , 1976. *

• 18” Final 30” Final 42” Final 90” Final
Times Effluent Effluent Effluent Effluent

O 100 100 100 100
7 147 14 2.8 65

10 75 51 3.4 12
13 0 0 3.0 9.0
21 0

18” Primary 30” Primary 42” Primary 90” Primary
Timea Effluent  Eff luent  Eff luent  Eff luent

O 100 100 100 100
7 120 • 100 113 69

10 75 23 9.0 20
13 33 21 30 12

• 21 9.0 3.4 4.5 20
28 1.1 1.8 3.1 14
35 0.75 1.3 1.8 2.2

* Percentage calculation based on pfu/gm recovered at first
sediment sampling time, one hour af ter ponds were seeded
with test virus .

a Days after the first sediment sampling time .
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Nineteen days after test initiation 337. of the contents of
the 90-inch primary and final effluent ponds were removed , re-
placed with fresh effluent, and seeded with pol iovirus as descr ibed
above . The inactivation of poliovirus after this refill is plotted
alongside the inactivation after initial filling in FIGURE 29.
The rates of inactivation in the final effluent pond appear to be
the same for both the initial filling and refill .  However , in the
primary effluent pond , inactivation proceeds more rapidly after the
refill.  Although the reasons for this difference in virus sur-
vival are not clearly delineated , it is probably not due to
temperature as the weather was similar during the refill test.
~y replacing only 337. of the original effluent, the biological and
chemical conditions established in the initial filling would not
become completely reestablished upon refilling. Evidence for
this was seen in the generally lower COD , TOC and nitrogen levels
in the refill test. Further, the microbial community was probably
different, after ref ill, especially because of the presence of

• algae. It has been observed that inactivation of poliovirus is
more rapid in final effluent than in primary effluent due, in part,

• to different degrees of antiviral activity in the microbial
popula tion (Sobsey and Cooper , 1973). The more rapid inactiva-
tion rate of poliovirus observed after refill is probably related
to the different biological and chemical conditions within the
pond after virus was added the second time.

Winter Test Series, 1977

In January 1977 , poliovirus and Coxsackievirus were added to
one pond at each depth at a final concentration of approximately
1 X lO~ pfu/ml. The fate of both viruses in pond water and sedi-
ment was monitored as described previously.

The remova l of poliovirus and Coxsackievirus from the water
columns of the 42-inch final and primary effluent ponds is illus-
trated in FIGURES 30 and 31. It is clear that removal of both

• viruses is less rapid in primary effluent than in final effluent.
It also can be seen that although initially the rates of removal
are different for the two viruses, near the end of the testing
period the percent of each virus removed from the water column
was similar.

Po].iovirus survival in the water columns of the four primary
effluent ponds is illustrated in FIGURE 32. The shallow ponds
showed about the same rate of inactivation in the first portion
of the curve, all three losing 807. of the original viruses within
25 days. The deep pond departed from this schaae, as over 407. of
the virions were still recoverable at 27 days. Changes in the

• initial rates of inactivation were seen in all four ponds. Once
the inactivation rate increased , it appeared to be similar in all
ponds , including the deep one. It is striking that the deeper
the pond , the later the increase in the inactivation rate took
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FIGURE 29. POLIOVIRUS SURVIVAL IN 90 INCH FINAL AND PRIMARY EFFLUENTPONDS AFTER INITIAL FILLING AND REFILL.
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FIGURE 30. VIRUS SURVIVAL IN 42 INCH FINAL EFFLUENT
POND-WINTER , 1977 .
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FIGURE 31. VIRUS SURVIVAL IN 42 INCH PR IMARY EFFLUENT
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FIGURE 32. POLIOVIRUS SURVIVAL IN PRIMARY EFFLUENT
PONDS—WINTER , 1977 .
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place. As mean temperature was similar in all four ponds (TABLE
29), this change in rate of inactivation was due to some altera-
tion of the pond environment that took place at different times
in ponds of different depths .

In all ponds , an elevation in pH closely followed this change
• in the rate of virus inactivation (TABLE 30). In all four ponds,

the pH was uniformly low, between 7.2 and 7.5, in the shallow
portion of the survival curves. At the point where the inacti-
vation rate increased , there was an increase in pH to about 8.0.
The elevation of pH, in turn, was due to the presence of algae
in the ponds. We have shown above that algal photosynthesis in-
creases the alkalinity of water. Apparently, in the first days
of the field tests, the low concentration of algae (TABLE 31) in
conjunction with the natural buffer capacity of the pond waters
resulted in a stable pH. As settling occurred and the algae
community became established , the buffering capability of the

• ponds became exhausted. One would expect that this would occur
more rapidly in the shallower ponds, and this generally appeared
to be the case.

Virus recovery from the sediments of the 42-inch final and
• primary ponds is illustrated in FIGURES 33 and 34. While the

number of pfu in the water decreased shortly after addition of
virus , the number of infectious virions in the settled solids
increased dramatically, between 20- and 40-fold, during the first
6 days. For the next 5 weeks, the total pfu in the sediment of
these ponds, which was about 107. of the total virus added to the
ponds , remained constant.

Another biological variable that was monitored closely during
this test was the fate of indigenous fecal coliforms in both the
water and sediments of the primary effluent ponds. FIGURE 35
illustrates coliform survival in the liquid phase of the ponds .
Over 997. of the organisms were lost within 20 days of residence
time. This rate of die-away was consistent with data reported
from operational waste stabilization ponds. It should be noted
that the rate of coliform die-off was reduced in all ponds after

• about 18 days. This indigenous population of fecal coliforms was
• perhaps composed of a large number of organisms with different

resistance to environmental stress. After the initial, rapid
die-off of the less resistant organisms another group of more re-
sistant forms persisted. This group was eventually affected by
environmental stress or, possibly, factors which limited endogenous
respiration. Another explanation for the results seen in
FIGURE 35 is that the organisms may have begun to regrow after
15 days of detention. This would retard the rate of coliform
decay .

The pattern of coliform reduction in the primary pond sedi-
ments differ from that of the overlying liquid (FIGURE 36). In
the former case, die-away of the organisms was fairly gradual
throughout the sampling period. However, reduction was more
rapid in the shallower ponds as was the case in the water columns.
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TABLE 29. TEMPERATU RE (°C ) OF PRIMARY EFFLUENT
PONDS , WINTER , 1977 .

Pond Depth ( inches )
Time ( days) 18 30 42 90

1 4 4 5 4
3 5 5 5 6
6 3 3 3 5

13 7 7 7 7
• 20 3 3 2 5

• 23 8.5 7 7 7
7 7 7 7

30 10 10 9 9
34 7 7 7 7
37 8 8 8 9
41 9.5 9.5 9 10
48 8 9 9 9
56 11 11 11 11
63 15 14
72 12 12

TABLE 30. pH OF PRIMARY EFFLUENT PONDS , WINTER , 1977 .

Pond Depth ( inches)
Time ( days ) 18 30 42 90

1 7.5 7.6 7.5 7.4
3 7.5 7.3 7.3 7.2
6 • 7.3 7.4 7.5 7.4
9 7.5 7.5 7.5 7.3
13 7.4 7.5 7.4 7.3
16 7.5 7.6 7.4 7.4
20 7.6 7.6 7.6 7.5
23 7.5 7.6 7.5 7.4
27 7.6 7.7 7.6 • 7~430 7 .7  8 . 2  7 .7  7 .5
34 7 .7  8.8 7.8 7.4
37 8.0 9.0 8.1 7.4
41 9.2 9.3 8.7 7.5
48 9.8 9.5 9.0 7.8
56 9.8 9 .8  9 .1  7 .8
63 8.5 8 . 3
72 8.3 7.7
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FIGURE 33. VIRAL RECOVERY FROM 42 INCH FINAL EFFLUENT POND
• SEDIMENT-WINTER, 1977.
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FIGURE 34. VIRAL RECOVERY FROM 42 INCH PRIMARY EFFLUENT POND
• SEDIMENT-WINTER , 1977 .
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FIGURE 35. FECAL COLIFORM SURVIVAL IN PRIMARY EFFLUENT
PONDS-WINTER, 1977.
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FIGURE 36. FECAL COLIFORM RECOVERY FROM PRI MARY EFFLUENT POND
SEDIMENTS-WINTER , 1977.
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TABLE 31. CHLOROPHYLL CONCENTRATION (ug/l) IN PRIMARY EFFLUENT
PONDS, WINTER , 1977.

Depth of Pond ( inches )
Time (days) 18 30 42 90

1 70 160 150 190
6 40 80 140 250
13 0 90 110 140

• 20 0 50 80 100
27 0 80 80 100
34 40 160 180 90
48 2220 440 350 910
56 570 360 3760 870

• 63 310
72 720 2100

It is clear that the pattern of fecal coliform survival
does not follow the reduction of poliovirus or Coxsackievirus
in the holding ponds . Inactivation of viruses in the water column
was slow until elevated pH increased the rate. Dieaway of coli-
forms was very rapid initially , but tapered off. Survival of virus
in sediments was fairly constant during the test period. In contrast
to this, fecal colitorms in the sediments experienced a constant
reduction over this same time.

DATA ANALYSIS

Tests of hypotheses carried out in this analysis required
that the data satisfy a specific set of assumptions. Two crucial
assumptions are that the errors in the models (Equations 6 and
7) are normally distributed and are statistically independent..
For these data, usually there were not enough observations to
justify normality. As regards independence, efforts were made to
reduce independence by introducing peritnent covariates in the
model , but sometimes the autocorrelations were rather high. However ,
it has been assumed that these assumptions are satisfied. It is
surprising , therefore , that the results arrived by this analysis
support the results obtained in laboratory experiments . However,
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it should be emphasized that the results of the analysis should
be regarded as an indication of trend only , and should not be
relied upon heavily .

• Evaluation of Sampling

Since the inactivation rate of poliovirus may diff er in
the regions (depths) sampled in the model holding ponds , an
attempt was made to determine whether the survival models were
significantly different among these regions. The results of
these comparisons for the Spring, 1976 and the Winter, 1977
field tests are presented in TABLES B-l and B-2 , APPENDIX B. At
the .05 level of significance the survival models do not differ
within ponds with the exception of the middle and bottom of the
90-inch final effluent pond during Spring, 1976 in which the
differences are slight. It should be noted that the comparisons
in TABLE B-l(a) are based on small sample sizes and should be
regarded as indications of trends .

In view of these results, the observations at different
levels within each pond were combined to give larger sets of
data. The total number of observations within each pond after
combining are presented in TABLE 32.

TABLE 32. NUMBER OF OBSERVATIONS AVAILABLE FOR DATA
COLLECTED AT VARIOUS DEPTHS WITHIN PONDS .

T ~ 
Pond Depth (inches)es eries 18 30 • 42 90

Final Effluent

Fall, 1975 16 16 16 18

Spring , 1976 8 11 8 12

Summer , 1976 6 10 10 15

Winter , 1976 18 20 18 35

Winter , 1977 14 26 26 28

• Primary Eff luent

Spring , 1976 -— 30 -— 33

Summer , 1976 18 16 15 24

• Winter , 1977 32 30 32 50
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Model Estimation

TABLES B- 3(a) and B-4(a), APPENDIX B , include poliovirus
survival models for the ponds during all seasons for final and
primary effluent, respectively, when all the data are considered .
A linear model in pH and time seems to be adequate. It does not
appear that pH is an important factor in Spring, 1976 for either
wastewater. Such a model is not adequate , however , for the 3O-jnch
final effluent pond in Spring and S~m~er, 1976 .

As the plots of the total available number of observations
deviated significantly from a first order relationship , an attempt
was made to estimate the models from data which had been truncated.
It was observed repeatedly that the data deviated most frequently
when there was a significant increase in pH (generally above 8.0).
This observation coupled with the results of the laboratory studies
on the effects of test virus removal as a function of pH became
the basis for selecting the truncation point. TABLE 33 presents
the total number of observations available for analysis af ter

• truncation of the data along with the truncation point selected
• 

• (time in days) .

TABLE 33. NUMBER OF OBSERVATIONS AVA ILABLE FOR DATA
(TRUNCATION POINT IN DAYS IS SHOWN IN PARENThESIS).

Pond Depth (inches)
Test Series 18 30 42 90

Final Effluent

Fall , 1975 10(5.0) 10(5.0) 10(5.0) 12(5.0)

Spring , 1976 6(7.0) 6(10.0) 8(6.0) 9(10.0)

• Summer , 1976 4(2.0) 6(4.0) 8(6.0) 12(6.0)

Winter, 1976 16(21.0) 18(21.0) 16(21.0) 27(25.0)

Winter , 1977 10(10.0) 16(25.0 18(25.0) ——

Primary Effluent 
.

Spring , 1976 —— 18(45.0) —— 27(45.0)

Summer , 1977 10(8.0) 14(15.0) 13(15.0) 21(15.0)

Winter, 1977 30(42.0) 26(42.0) 28(42.0) 48(60.0)
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• TABLES B-3(b) and 3-4(b), APPENDIX B , present models for final
and primary effluent , respectively, for the truncated data. Except
for the 90-inch final effluent pond during Winter , 1976 and Winter,
1977 and the 30- and 90-inch primary effluent ponds in Summer , 1976 ,
linear models in pH and time are adequate for the truncated data.
With the truncated data, pH tends to be significant explanatory
variable less often than when the whole data are c’,nsidered. With
the exception of the 18- and 90-final effluent ponds during Spring
and Summer , 1976 respectively, time remains a significant factor in

• poliovirus survival.

TABLES 3-3(c) and B-4(c), APPENDIX B , present survival models
in terms of pH , time and temperature for the final and primary
effluents, respectively, when all the data are considered . TABLES

• 3-3(d) and B-4(d), APPENDIX B , present similar models for the trun-
cated data- . Wi th few exceptions temperature is not a significant
explanatory variable in these models . -

• Comparison of Models

Ponds Within Seasons (Final Effluent).

TABLE B-5(a) presents overall and pairwise comparisons
of models in terms of time and pH for the final effluent ponds in
each season. TABLE B-5(b) presents a similar comparison when
temperature also is included . The survival models in terms of time
and pH for 18-, 30-and 42-inch ponds in Fall, 1975 do not differ
signif~cant1y . However, the models for all three of these ponds
are significantly different from that of the 90-inch pond . The
results of the above comparisons (see TABLE 3-5(b)] remain the same
when temperature is added to the model.

The results of the comparisons between Spring and Summer, 1976
are indicators of trends of virus behavior among the ponds as sample
sizes are too small for the analysis to be completely reliable.
However, the results seem to indicate that the models of each pond
are different for Spring, 1976 , and for the comparisons that were
possible for Summer , 1976. For Winter , 1976 with and without
temperature the models for each pond within each possible pair are
significantly different. However, the survival models for the 18- ,
30-and 42-inch ponds do not differ significantly during Winter, 1977.

Seasons Within each Pond (Final Effluent)

TABLE- B-6(a), APPENDI~C B , presents overall and pairwise
comparisons of seasons with each pond when time and pH are considered .
TABLE 3-6(b), APPENDIX B , presents similar comparisons when tamp-
erature is also considered . This provides partial answers to the
question regarding the differences in models fró~ season to season.
It can be seen that within the 18-inch pond there are different sur-
vival models between each season tested . For the 30-inch pond, the
models for every pair of seasons except Spring , 1976 , Winter, 1977
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were significantly different . Similar results were also noted in
the 42-and 90-inch ponds. Whenever the comparison was possible
with the temperature data, all the possible pairs of seasons for
18-, 30- and 90-inch ponds have significantly different models. For
the 42-inch pond the models for all the pairs are significantly
different except the pair Winter, 1976 , Winter , 1977 which differ
marginally. Thus, it seems that generally for the same depth of
ponds , seasons do have different survival models.

Ponds Within each Season (Primary Effluent)

TABLE B-7(a), APPENDIX B , presents comparison of models
for each pair of ponds within seasons for the primary effluent
when time and pH are considered. TABLE B-7(b), APPENDIX B , presents
a similar comparison when temperature is included. It can be seen
that with the exception of the pairs 18, 30; 18, 90; 30, 42 and
42 , 90 for Summer , 1976 and 18, 30 in Winter , 1977 all other pairs
in each season have significantly different models in terms of time
and pH. When temperature is included all the pairs except 18, 30
have significantly different models during Winter, 1977. This is
the only season when temperature data are available on primary
effluent. However , the results of comparison for Winter , 1977 ,
with or without temperature, remain the same. Although there is
no definite pattern for Summer, 1976 , it can be concluded that the
two shallow ponds tend to have similar models for the primary
ef fluent for Winter, 1977.

Seasons Within each Pond (~~imary Effluent)

Survival models differ significantly when seasons are
compared within each primary effluent pond (TABLE B-8, APPENDIX B ) .
As can be seen, essentially all values P are essentially small.

Pondwise Comparison of Final and Primary Effluents

TABLES B-9(a) and 3-9(b), APPENDIX B , present pondwise
comparison of the models for the final and primary effluents with-
out and with teriperature, respectively. During both Winters sur-
vival in the 42-inch final and primary effluent ponds are different.
During the same test series, however , when shallow ponds of the
same depth are compared there appears to be no. difference in the
survival models.

CONCLUSION S -

From the available published literature on ponds as a wastewater
treatment link, it appears that multiple ponds in series are superior
to single ponds in the removal of BOD from domestic wastewaters.
This is true even if the surface area of a single pond is greater
than that of the summed area of the multiple ponds . Parker (1950),
reporting on BOD removal in four lagoons in series, found that
more than half the removal occurred in the first day, an additional
fourth in the next four days, and less than 10% more in the next

113



- 

~
— - - 

- - ,——--- .•- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• - 

~~~~~~~~

five days. Thereafter, he saw little change in BOD. This is con-
sistent with data reported by Oswald (1963), assigning 90% of the
physical sedimentation observed in ponds to the first three days,
and with those of Meron (1961) who reported the greatest BOD reduc-
tion was nearest to the influent pond zone.

These data are suppor;ed by the experimental data reported here,
which show that those viruses, which become deposited in the sediments
do so within the first several days in the pond .

Young (1974) has pointed out that there is no predictive
design information on pathogen removal. Such data as exist are
a by-product of designs for organics removal. Design criteria
for pathogen removal is a critical need in view of the 1973 EPA
regulations on coliform discharge limitations . The literature
on coliform removal by ponding indicates that survival of coliforms
(and , presumably, of bacterial pathogens as a group) is dependent
on a number of factors. These include environmental variables
such as temperature, ultraviolent penetration, light penetration and
ice cover. In addition, construction and operation factors such as
total loading, detention time in the first pond in a series, pond
depth-to-surface ratios all influence E. coli survival. Franzmathes
(1970) reported the number of ponds in the series to be significant
in E. coli removal (perhaps as in BOD removal). Although Parker
(1962) and Rodgson(l964) noted the increase in algal population
in later ponds in a series, the relationship of algal density to
coliform removal is not clear.

Even less has been reported on the fate of enteric viruses
in working oxidation or holding ponds. Malherbe and Strickland-
Chomley (1967) recovered viruses for as long as 56 days after seeding
in a pond facility with 38 days theoretical detention time. Shuval
(1969), using a four-pond series , reported that he obtained no more
than 67.57. removal of enteric viruses with 20 days detention.
These observations should be e~a].uated in light of the resultsobtained from the model pond studies reported here. Certainly ,
depth is a significant factor in virus removal, especially in those
seasons where temperature stratification occurs. Temperature,
too , is important . Viral deposition with sediments (not studied
in earlier reports on ponds) plays a significant role in entero-
virus removal and survival. Finally, the role of algae appears
significant, at least indirectly , in effecting marked pH changes
in the ponds, changes which increase poliovirus inactivation rates
significantly. Changes in pH can be affected by season, pond depth ,
loading rate, pond number (and sequence) in a series, as well as

• by diurnal light patterns (Neel et al., 1961) .

Despite the limitations on the sample sizes (number of
observations involved) statistical evaluation of the model pond
data has led to the following conclusions:

1. It was observed that the linear model for z in terms of
pH and time was adequate for describing the relationship between
poliovirus survival and the parameters evaluated .
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2. Temperature as an explanatory variable did not seem to
influence virus survival during any test series, probably because
of its narrow range. For the truncated data, the range of pH also
became narrower , and thus, became somewhat less significant.

3. For the final effluent (with the exception of Winter, 1977)
within each season, shallower ponds tended to have significantly
different models than did the deeper ponds . A similar statement
holds true for the primary effluent (except for Su er, 1976) in
which case no specific trend was noted .

4. For a fixed depth of pond, different seasons generally
were found to result in significantly different survival models.
It was interesting to observe that for fixed depths, the two winters
(Winter, 1976 and Winter, 1977) resulted in different models. This
was probably due to the fact that the two winters were dramatically

• -different in their severity.
- 

5. Both f inal and primary effluents were observed to have
different survival models for the ponds in warm weather. For
colder weathers, however , shallower ponds behaved similarly for
both of the test wastewaters, whereas, deeper ponds behaved
differently.

PRELIMINARY DESIGN CRITER IA

Conventional design criteria for ponds involve such para-
meters as depth, surface area, detention time and organic
loading. Not all of these parameters are independent; therefore,
different regulatory agencies and design engineers will use but
two or three of these parameters. Although detention time is used
as a design criterion to determine pond area in some circumstances ,
organic loading is considered to be the best criterion (ASCE, 1959).

Other considerations to be used in pond designing include
rainfall , relative amount of sunshine, temperature, direction of
prevailing winds , soil structure and the proximity of the ponds
to populated areas. In most cases, however, these factors are
secondary .

ORGANIC LOADING

Canter and Englande (1970) conducted a survey of pond
practices throughout the United States. For purposes of comparison
they divided the nation into three geographical regions based on
la~itude: those states above 420 latitude, those between 370 and
42 and states below 370 latitude. The results of their survey on
organic loading is presented in TABLE 34. It can be seen that
mean loading rate decreases in the more northerly sections of the
nation. The trend of decreasing organic loading at higher latitudes
is clear from other surveys. The American Society of Civil Engineers

• (1959) suggests a loading of between 15 and 20 lb. BOD/acre/day for
cold climates and between 50 and 150 lb. BOD/acre/day for warm
climates. Davis (1963) stated that most ponds in Texas operate at
50 lb. BOD/acre/day. According to Svore (1968) the average design
criteria in the South and Southwest call for up to 50 lb. BOD/acre/
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TABLE 34. ORGANIC LOADING IN PONDS IN THE UNITED STATES .
(after Canter and Englande , 1970)

Above 42° 37°-42° Below 37°

Number of states 18 17 15

BOD Loading (lb/acre/day)

Mean 26 33 44

Range 16.7—40 17.4—80 30—50

Median 21 33 50

Loading (population/acre)

Mean 124 189 267

Range 100—200 100—400 175—300

Median 100 200 295

TABLE 35. DETENTION TIME (DAYS) IN PONDS IN ThE UNITED
STATES. (after Canter and Englande, 1970)

Above 42° 37°-42° Below 37°

Mean 117 82 31

• Range 30—180 25—180 20—45

Median 125 65 31
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day with trends toward the higher figures. In Missouri single ponds
may be loaded at 45 lb./acre/day while 2-celled ponds may receive
60 lb./acre/day in the first cell (Decker, 1963). Design criteria
for Tennessee call for maximal organic loadings of 200 personal

-
• acre (Fleming, 1963). Van Heuvelen at al. (1960) state that BOD

loadings from 10 to 34 1.b./acre/day are used throughout the Missouri
Basin States . Standards set by the Great Lakes-Upper Mississippi
River Board of Sanitary Engineers for the states of Illinois,
Pennsylvania , Indiana , Iowa , Michigan , Minnesota, Missouri, New York ,
Ohio and Wisconsin call for 16.7 lb. of SOD/acre/day , 100 persons !
acre and 10,000 gal/acre/day (Barnes, 1963) . Barnes also listed the
recommended loadings in lb. BOD/acre/day by other northern states
(i.e., North Dakota , 20 to 40; Minnesota, 15 to 25; South Dakota, ii
~~ 25 ; Colorado , 100 to 200 persons/acre; Wyoming, 35 lb/acre/day) .

DETENTION TIME

The survey of Canter and Englande (1970) included detention
H times used in waste stabilization ponds throughout the U.S., also

(TABLE 35) . It can be seen that detention time increases in the
more northerly sections of the country. The American Society of
Civil Engineers (1959) recommends a detention period of 30 days
for ponds in both cold and warm climates. In Texas ponds 30 days
of detention time are normally used (Davia, 1963). In the Missouri
Basin flow through ponds have a minimum of 60 days detention with
90 to 120 days often specified (Van Heuvelen 

~~ ~
j., 1960) .

According to Canter and Englande (1970), some northern states
recommend retention of the entire winter flow because of treatment
difficulties due to ice cover.

DEPTH

The average recommended liquid depth throughout the U.S. is
four feet. Minimal depths are specified to discourage weeds .
Values greater than the maximal re8ommended depth result in poor
treatment. Minimal depth above 42 latitude is two feet (Minnesota,
New York , Vermont, Michigan and Alaska), the maximal depth is six
feet (Michigan). In Idaho, the recommended opera-i.ng depth in
stmmier is two to three feet and four to five feet during the winter.
Between 370 and 420 the minimal recommended depth is two feet
(Delaware, Indiana , Nebraska , Ohio and Pennsylvania), maximal
is 15 feet (Delaware). In Iowa the recommended depth is four
feet for ponds one acre or less and five feet for ponds larger
than one acre . In Missouri, depths of two to three feet for ponds
less than or equal to ten acres and two to five feet for ponds
greater than ten acres are recommended . Below 370 latitude the
minimal recommended depth is three feet (Alabama , Arizona , Georgia,
Hawaii, Mississippi, North Carolina, Oklahoma, South Carolina and
Texas) and the maximal is five feet (Alabama, Arizona, Arkansas ,
Georgia , Hawaii, Louisiana, Mississippi, North Carolina, Oklahoma,
South Carolina, Tennessee and Texas) (Canter and Englande, 1970) .
The American Society of Civil Engineers (1959) suggests a pond
design depth of five feet or less for cold climates and between two
and four feet for warm climates.
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POND CONSTRUCTION

Multiple cells are recommended by most states . Single ponds
are suggested for use only 1,n small installations. Single ponds
must be less than one acre in Colorado and Oregon, two acres in
Nebraska, six acres in Kentucky and New York, six to eight acres
in Idaho and ten acres in Alabama . Kansas indicates that single
ponds should serve less than 25 population equivalents. Single
ponds in Pennsylvania are to be used only for primary or inter-
mediate treatment. In Missouri, effluent from single ponds must
be discharged into flowing streams. The states of Delaware,
New Hampshire, North Dakota, South Dakota, Texas , Utah and Wisconsin
do not recommend the use of single ponds. According to Svore (1968),
it is current practice in the Midwest and Southwest to use two
ponds in series. Recommended loadings in the first pond are 20
to 50 lb/acre/day. The second receives about the same loading
rate , but since this pond is receiving treated effluent it is much
smaller in size. The Missouri Basin Engineering Health Council
recommends the use of serial ponds when low concentrations of algae
in the effluent are desirable. Cells may be operated in parallel
during Fall , Winter and early Spring when algae development is
less intensive and in series during the Summer . Series operation
of ponds is also beneficial when high levels of BOD or coliform
reduction are required (Van Heuvlen, 1960) .

Canter and Englande (1970) indicate that all states recommend
submerged inlets far enough from the nearest bank to prevent circu-
lation interference. For square or circular ponds, 32 states
recommend center discharge, for larger or rectangular lagoons, 17
states recommend discharge at the center point most distant from
the outlet. The Missouri Basin Engineering Health Council recommends
discharge of influent more than 200 feet from the nearest bank
in medium sized ponds and 400 feet from the bank in ponds larger
than 40 acres (Van Heuvelen et al., 1960). The preferred outlet
location in most states is generally at a point farthest from the
inlet on the windward side to minimize short circuiting .

DESIGN CRITERIA

A major objective of this study was the identification of
significant design criteria for ponds, criteria which will be
subject to further verification by field study. These preliminary
criteria were to be based on existing ones but include modifica-
tions which would provide for optimized reduction of viruses.
The modifications were to be based on the review of existing
literature and on the results of the field and laboratory studies
reported as a part of this research.

The results of these studies (review of the literature,
field and laboratory studies) indicate that factors such as
detention time, temperature, pH and depth of the ponds have a
significant impact on virus survival in the model ponds and, where
evaluated , in the laboratory studies. Light was observed to have
a lesser impact on test virus survival: dissolved oxygen and algae ,
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per Se, a nondistinguishable impact. TABLE 36 contains a ranking
or tE~ parameters observed in this study, and the relative influ-
ence these parameters have on virus inactivation in ponds . The
ranking has been influenced to some extent by sound engineering,
practice used in the design of ponds for SOD removal.

TABLE 37 contains an assimilation of the design criteria
discussed previously and the parameters observed in this study
to influence virus inactivation (TABLE 36) into preliminary
design criteria for holding ponds to be used prior to land appli-
cation of wastewaters which have undergone primary or secondary
(biological) treatment. Inherent in these criteria are three
assumptions: the ponds are facultative , ponds exist in series and
they employ baffles or multiple inlets to distribute the load
øver a wide area. Where primary effluent is involved, larger
holding ponds are required to obtain the same results.

As can be seen in TABLES 36 and 37, it should be possible
to develop a model for each region of the country where only the
coefficients would be different. Such a model could take the

• form:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
where: Z — 2.n (y+1) (y is the concentration of virus remaining)

— detention time

D — depth

L — SOD loading (lb/acre/day)

T — temperature

P —p H 
-

— solar intensity

— error term

Development of such a model would require the collection of
field data from similar facilities operating in several regions
of the country. These field studies must focus on functioning
multicell systems where access to multiple sampling sites can be
planned to yield statistically validated answers. Such studies
should use sampling sites with different depths in each cell in
the series, they should collect sediments from each cell’s influent
area and deepest point, they should be carried on through at least
two years in all seasons , they should correlate SOD loading and
other chemical and physical characteristics with coliform, entero-
virus, coliphage, and selected pathogen levels as well as algal
population fluctuations. It would be appropriate for such studies
to be carried out at several sites differing radically in seasonal
temperature extremes .
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TABLE 3~ . RANKING OF PARAMETERS OBSERVED TO INFLUENCE
VIRUS INACTIVATION IN PONDS.

Parameter Rank Remarks

Detention Time 1 As with most biological
processes , time results in
decreased viral levels

pH 2 Highly significant with
major deviation from
neutrality

• Temperature 2 High temperatures promote
inactivation; low tempera-

- tures retard inactivation

Wastewater 3 Virus survival in primary
effluent exceeded survival in
final effluent

• Depth 3 Shallow ponds (1.5—3.5 ft)
• promote inactivation ; deep

ponds (7.5 ft) retard in-
activation

Solids 4 Virus adsorbed to deposited
solids survive for extended
periods

Light 5 Light can have some impact

Dissolved Oxygen 6 Does not significantly
affect virus survival rates

TABLE 37. PRELIMINARY POND DESIGN CRITERIA FOR
MAXIMIZING VIRUS REDUCTION.

Design Parameter Value Remarks

Detention Time 30 days For cold climates (below bC) ,
detention should exceed 30 days

Depth 1.5—3.5 ft For cold climates, additional
depth (1—2 ft) should be pro-
vided for periods with signi-
ficant ice cover

• Discharge Point Near Surf ace Required to prevent solids carry-
over for irrigation.

1.20
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APPENDIX A

COLIFORM REDUCTION IN WASTE STABILIZATION PONDS

RECEIVING RAW WASTEWATER
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TABLE B-i. COMPARISON OF MODELS IN TERMS OF TIME AND pH FOR TOP AND
• BOTTOM OF ALL PONDS (ALSO MIDDLE FOR 90” PONDS) IN SPRING 1976.

Sample Equality of Intercepts Equality of Slopes
Ponds Sizes Depth *d.f. F **P d.f. F P

- 

i Final Effluent , Spring 1976

18” 4,4 T,B 1,4 .115 .752 2,2 .132 .884
3017 6,5 T,B 1,7 .135 .592 2,5 .760 .515
42” 4,4 T,B 1,4 .067 .808 2,2 .260 .794

- - 90” 3,4 T,M 1,3 .299 .628 2,1 .225 .229
90” 5,4 B,M 1,5 .084 .783 2,3 10.673 • 1)43

- 
90” 3,5 T,B 1,4 .287 .621 2,2 15,326 .061

Final Effluent , Winter 1977

I • 

13” 7,7 T,B 1, 9 3.724 .086 3 , 6 .183 .904
-•  

30” 13,13 T,B 1,21 1.619 .217 3,18 .109 .954
- 

42” 13,13 T,B 1,21 .005 .943 3,18 1.858 .173
90” 10,9 T,M 1,14 .047 .832 3,11 .129 .941

-- 90” 9,9 B,M 1,13 .202 .661 3,10 .345 .794

- .. 90” 10,9 T,B 1,14 .000 .985 3,11 .309 .819

* degrees of freedom
** probability associated with F
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TABLE B-2. COMPARISON OF MODELS IN TERMS OF TIME AND pH FOR TOP AND
BOTTOM OF ALL PONDS (ALSO MIDDLE FOR 90” PONDS) IN SPRING 1976.

Sample Equality of Intercepts Equality of Slopes
Ponds Sizes Depth *d.f. F **P d.f. F P

Primary Effluent , Spring 1976

18” 11,9 T,B 1,16 1.168 .296 2,14 .743 .493

90” 11,11 T , M 1, 18 .010 .921 2 , 16 .439 .652
• 90” 11,11 B , M 1, 18 .118 .735 2 , 16 1.943 .176

90” 11,11 T,B 1,18 .428 .521 2,16 1.734 .208

Primary Effluent , Winter 1977

18” 16,16 T,B 1,27 .075 .786 3,24 .183 .907

30” 15,15 T,B 1,25 1.694 .205 3,22 .439 .728

42” 16,16 T,B 1,27 .008 .931 3,24 .569 .641

90” 17,16 T,M 1,28 .878 .357 3,25 .557 .648

90” 17,16 B,M 1,28 .072 .789 3,25 1.414 .262

90” 17,17 T,B 1,29 .270 .607 3,26 2.707 .066
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• TABLE B-3a.FINAL EFFLUENT : MODELS IN TERMS OF TIME AND pH WHEN ALL DAT A
ARE CONSIDERED WITHIN EACH POND.

2 Standard
Seasons Ponds R Error Models

: 18 .984 .478 27.971 — l.726p~ — .gS7dB

Fall 75 30 .975 .588 47.144 — 3.632p — .826d

• 42 .976 .555 22.044 — l.248p - .916d

- 
90 .959 .309 9.712 — .OOlp - .489d

18 .994 .306 12.085 — * 200 - .849d

Spring 76 30 - .795 2.029 16.982 — *.916P — 
*.255d

42 .982 .602 2.662 + 1.lO7p — .527d

90 .911 1.212 9.069 + * 289 — .5l2d

18 .994 .402 50. 136 - 4.945p — l.424d

Summer 76 30 .758 1.964 27.61-c. — *2 244 — * 02d

42 .942 .724 7.281 + .437p — .989d

90 .839 1.233 53.792 - 5.9Olp - * 029d

18 .973 .511 24.528 - l.838p - .255d

Winter 76 30 .977 .331 8.705 + * 223 — .254d

42 .984 .218 24.174 — 1.779p — . 156d

90 .87]. 1.098 21.034 — 1.362p — . l5ld

18 .941 .670 21.187 — 1.486p — .259d

Winter 77 30 .961 .388 13.880 — .473p - . h Od

42 .944 .512 19.982 — l.311p — .lO9d

90 .875 .868 27.578 — 2.548p 
-
- .092d

* coefficient not significant
a pH

~ 
time ( days)
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TABLE B-3b . FINAL EFFLUENT : MODELS IN TF~RMS OF TIME AND pH WHEN DATA ARE
TRUNCATED WITHIN EACH POND .

Truncation 2 Standard
Seasons Ponds Points R Error Models

18 5.0 .903 .605 56.309 — 4.527p — .379d

Fall 75 30 5.0 .924 .643 41.292 — 3.052p — .89ld
42 5.0 .966 .351 12.433 — .228p — 1.322d

- 90 5.0 .945 .209 10.411 - .066p — .679d

18 7.0 .971 .453 36.315 — 3.368p

Spring 76 30 10.0 .986 .168 16.373 — - .292d
42 10.0 .971 .139 5.088 + .712p — .298d
90 10.0 .945 .131 18.328 — l.O52p — .O89d

18 2.0 .949 .225 9.583 — 1.424d

Summer 76 30 4.0 .988 .482 71.895 - 7.549p - .955d
42 6.0 .926 .518 13.216 — *~37].p — .718d
90 6.0 .943 .818 56.086 — 6.181p — * 132d

18 21.0 .984 .244 13.006 — * 322 — .261d

Winter 76 30 21.0 .971 .300 8.922 + * 185 — .238d
42 21.0 .969 .194 20.451 — l.293p — .147d
90 25.0 .802 .373 11.810 — * 178 — .087d

18 10.0 .810 .302 —4.191 + *1 846 — .187d

• Winter 77 30 25.0 .899 .346 20.395 — *1 349 — .lO3d
42 25.0 .887 .375 12.326 — * 280 — .119d
90 25.0 .478 .842 3.534 + * 642 - .094d
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TABLE B-3c. FINAL EFFLUENT : MODELS IN TERMS OF TIME,pH AND TEMPERATURE
WHEN WHOLE DATA ARE CONSIDERED WITHIN EACH POND.

2 Standard
Seasons Ponds R Error Models

18 .988 .433 29.919 — 1.745p — .991d — .985t’~
’

Fall 75 30 .976 .603 47.041 - 3.7O2p — .809d + .040t
42 .978 .558 22.609 — l.438p — .895d + .065t

. 
90 .975 .192 9.486 — .593p — .35].d + .207t

- 18 .983 .418 22.876 — l.368p — .275d — .178t

Winter 76 30 - .980 .314 10.475 + * 062 — .244d - .061t
42 .985 .218 24.049 — 1.714p — .l57d — .038t
90 .827 1.140 23.509 — l.609p - .l57d _*.056t

18 .973 .476 33.757 — 2.999p — .l72d — .356t

Winter 77 30 .961 .396 13.659 — 
*~433p — .llOd ~~.018t

42 .945 .519 20.194 — l.363p — .ll2d + .043t
90 .881 .962 24.410 — 2.277p — .133d +* .278t

~ temperature (C)
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TABLE B-3d. FINAL EFFLUENT: MODELS IN TERMS OF TIME , pH AND TEMPERATURE
WHEN DATA ARE TflUNCATED.

Truncation 2 StandardSeasons Ponds Points R Error Models

18 5.0 .813 .579 54.805 _*3.732p _*.675d _*.3l9t

F 11 75 30 5.0 .936 .641 31.480 _*l.784p —l.l4Od _*.146ta *42 5.0 - .980 .289 9.942 + .242p —l.407d - .lO3t

- 90 5.0 .978 .141 9.727 - .490p — .443d + .165t

18 21.0 .985 .250 13.668 — * 368 — .264d _*.029t

Winter 76 30 21.0 .971 .309 9.345 + * 149 — .237d — .015t
42 21.0 .970 .199 19.328 — l.l9Op - . l44d — .034t
90 24.0 .809 .374 12.353 — 

* 193 — .088d _*.O4lt

18 10.0 844 .296 .596 _*1.283p — .l88d _ *. l4Ot

Winter ~~ 
30 25.0 .903 .354 19.457 _*1.193p - .lO3d ~~.051t
42 25.0 .893 .378 12.303 — .236p — .ll9d — .067t

90 Excluded
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TABLE B-4a. PRIMARY EFFLUENT: MODELS IN TERMS OF TIME AND pH WHEN ALL
DATA ARE USED IN EACH POND.

2 Standard
Seasons Ponds a Error Models

• Spring 76 30 .892 .865 7.860 + .363P — .131d
90 .842 .965 10.669 + .004p — .109d

18 .915 
- 

.501 13.682 — 
* 476 — .289d

Summer 76 30 .871 .734 21.116 - 1.560p - .225d
• • 42 .979 .285 14.615 — .614p - .265d

90 - .852 .844 13.070 — 
* 368 — .318d

18 .951 .449 14.581 — .620p - .087d

Winter 77 30 .936 .590 18.581 — l.093p - .080d

42 .921 .458 15.241 — .636p — .067d
90 .889 .375 11.197 — .hl3p — .053d

TABLE B-4b. PRIMARY EFFLUENT: MODELS IN TERMS OF TIME AND pH WITH
TRUNCATED DATA .

Truncation 2 Standard
Seasons Ponds Points H Error Models

Spring 76 30 45.0 .915 .501 10.506 - * 029 — .lOOd
90 45.0 .895 .366 11.017 — *. lOgp - .066d

18 8.0 .919 .395 30.728 — 2.800p — .287d

Summer 76 30 15.0 .732 .773 30.284 — *2 838 - 
- .190d

42 15.0 .961 .284 11.581 — * 195 — .264d
90 15.0 .803 .843 9.077 + * 225 - .366d

18 50.0 .938 .408 13.344 — .46Op — .O85d

Winter 77 30 42.0 .894 .489 16.246 — .784p - .082d
42 42.0 .901 .296 10.369 + * 002 - .063d
90 60.0 .888 .289 8.448 + * 245 — .048d
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TABLE B-4c . PRIMARY EFFLUENT : MODELS IN TERMS OF TIME, pH AND TEMPERATURE
USING THE WHOLE DATA IN EACH POND.

2 Standard
Season Ponds R Error Models

18 .954 .443 15.034 — .64lp — .077d _*.078t

Winter 77 30 .936 .598 18.716 - 1.092p — .075d _*.041t
42 .934 .425 15.171 — .563p — .054d — .122t

- 90 .904 .355 13.087 — 
* 284 — .038d — .l39t

TABLE B-4d. PRIMARY EFFLUENT : MODELS IN TERMS OF TIME, pH AND TEMPERATURE
WHEN THE DATA ARE TRUNCATED.

Truncation 2 StandardSeasons Ponds Points a Error Models

18 50.0 .941 .406 13.750 — .485p — .078d _*.058t

Winter 77 30 42.0 .898 .491 16.448 — .784p — .075d _*.057t

42 42.0 .939 .238 9.646 + .].63p — .054d — .ll6t

90 60.0 .909 .266 10.829 + .008p — .033d — .l39t
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TABLE B-5a. FINAL EFFLUENT: OVERALL AND PAIRWISE COMPARISON OF PONDS WITHIN
EACH SEASON WITH DAYS AND pH IN THE MODEL.

Sample Equality of Intercepts Equality of Slopes
Season Sizes Ponds d.f. F P d.f. F P

Fall 75 10,10,10,12 Overall 3,36 1.54 .22 6,30 5.34 .001
(18,30,42,90)

10,10 18,30 1,16 1.71 .21 2,14 .35 .71
• 

- 10,10 18,42 116 2.02 .17 2,14 .78 .48

- - 
10,12 18,90 1,18 .78 .39 2,16 8.27 .003
10,10 

- 
30,42 1,16 1.78 .200 2,14 2.86 .09

10 , 12 30,90 1, 18 1.16 .29 2 , 16 15.61 .0002
10,12 42,90 1,18 .28 .60 2,16 17.79 .0001

Spring 76 6,6,6,9 Overall 3,21 5.85 .005 6,15 30.86 .000
(18,30,42,90)

6 ,6 18,30 1, 8 11.87 .009 2 , 6 30 .26 .001
6 ,6 18,42 1, 8 .17 .689 2 , 6 38 . 62 .0004
6 ,9 18,90 1 , 11 .71 .417 2 ,9 35 47 .0001
6,6 30,42 1,8 .004 .95 2,6 11.01 .009
6 , 9 30 ,90 1 , 11 .24 .631 2 , 9 12 .72 .002
6,9 42,90 1,11 6.07 .032 2,9 7.80 .011

• Summer 76 4,6,8,12 Overall 3,24 3.66 .027
(18,30,42,90)

4,6 18,30 1,6 6.37 .045
4,8 18,42 1,8 5.24 .051
412 18,90 1,12 13.05 .004
6,8 30,42 1,10 .09 .771 2,8 34.81 .0001
6,12 30 ,90 1,14 9.23 .009 2,12 8.006 .006
8,12 42,90 1,16 10.58 .005 2,14 8.86 .003
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TABLE B-5a. FINAL EFFLUENT : OVERALL AND PAIRWISE COMPARISON OF PONDS WITHIN
EACH SEASON WITH DAYS AND pH IN THE MODEL ( CONTINUED )

Sample Equality of Intercepts Equality of Slopes
Season Sizes Ponds d.f . F P d.f. F P

Winter 76 16,18, Overall 3,21 12.92 .000 6,65 28.64 .000
16,27
16,18 18,30 1,30 .11 .74 2,28 4.14 .027

16,16 18,42 1,28 24.31 .00 2,26 34.23 .000

16,27 18,90 1,39 17.89 .000 2,37 55.26 .00

18,16 30,42 1,30 28.89 .00 2,28 14.09 .00
18,27 30,90 1,41 21.09 .00 2,39 25.60 .00
16 ,27 42 ,90 1,39 2.98 .092 2,37 10.06 .000

Winter 77 10,16,18 Overall 2,39 12.911 .000 4,35 1.127 .359
(90 excluded)

10,16 18,30 1,22 20.758 .000 2,20 2.388 .118
10,18 18,42 1,24 16.462 .001 2,22 1.203 .319
16,18 30,42 1,30 2.173 .151 2,28 .487 .619
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TABLE B-Sb. FINAL EFFLUENT: COMPARISON OF MODELS WITHIN PONDS OF EACH
• SEASON WHEN DAYS , pH AND TEMPERATURE ARE CONSIDERED .

Sample Equality of Intercepts Equality of Slopes
Season Sizes Ponds d.f . F P d.f . F P

Fall 75 10,10,10,12 Overall 3,35 1.554 .218 9,26 3.219 .009
• . (18,30,42,90)

10,10 18,30 1,15 1.832 .221 3,12 .419 .743

- 
10,10 18,42 1,15 .582 .465 3,12 .751 .543

10,12 18,90 1,17 2.124 .163 3,14 6.444 .006
• - 10 ,10 30 42 1,15 .256 .62 3,12 1.513 .261

10,12 - 30 ,90 1,17 1.274 .275 3,14 7.779 .003

10,12 42 ,90 1,17 1.274 .275 3,14 18.094 .000

• Winter 76 16,18,16,27 Overall 3,70 12.738 .000 9,61 18.556 .000
(18,30,42,90)

16 ,18 18,30 1, 29 .108 .745 3,26 2.718 .065
16,16 18,42 1,27 19.255 .000 3,24 21.795 .000

16,27 18 ,90 1, 38 17 .508 .000 3, 35 36 .005 .000
18, 16 30 ,42 1, 29 27.435 .000 3,26 8.503 .000
18,27 30,90 1,40 21.673 .000 3,37 16.398 .000
16,27 42,90 1,38 2.387 .131 3,35 6.899 .001

Winter 77 10,16,18 Overall 2,38 14.618 .000 6,32 .709 .644
(18,30,42)

10,16 18,30 1,21 22.828 .000 3,18 1.482 .253

10, 18 18, 42 1,23 18.638 .000 3 , 20 .834 .491
16, 18 30 ,42 1, 29 1.975 .171 3, 26 .286 .835
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TABLE B-6a . FINAL EFFLUENT : COMPARISON OF SEASONS WITHIN EACE POND WHEN
DAYS AND pH ARE CONSIDERED .

Sample Equality of Intercepts Equality of Slopes
Pond Sizes Seasons d.f. F P d..f. F P

Pond 18 10,6,4,16,10 Overall 4 ,39 16.6 .000
(P75, SP76,
&376,W76,
W77)

• 10,6 F75 ,SP76 1,12 1.306 .275 2,10 4.211 .0471

10,4 F75,SU76 1,10 .701 .422
10,16 F75,W76 1,22 9.382 .006 2,20 23.118 .000
10,10 F75,W77 1,16 30.093 .000 2,14 7.046 .0076
6,4 SP76,SU76 1,6 37.819 .001 -

6,16 SP76,W76 1,18 .401 .535 2,16 25.977 .000
6,10 SP76,W77 1,12 7.045 .021 2,10 12.287 .002
4,16 SU76,W76 1,16 14.309 .002
4,10 SU76,W77 1,10 2.895 .119

16,10 W76 ,W77 1,22 8.341 .008 2 , 20 10.732 .001

Pon d 30 10,6,6 ,18,16 Overall 4 , 49 7.607 .0001 8,41 45 .244 .000
(P75,~~76,
~~76,W76,
W77)

10 ,6 F75 , SP76 1,12 2.517 .139 2 ,10 17.328 .001
• 10,6 F75,SU76 1,12 5.490 .037 2,10 8.547 .007

10,18 F75,W76 1,24 1.607 .217 2,22 56.221 .000
10,16 F75,W77 1,22 53.617 .000 2,20 8.986 .002
6,6 SP76 ,SU76 1, 8 1.814 .215 2 , 6 110.34 7 .000
6,18 SP76,W76 1,20 .717 .407 2,18 7.881 .004
6,16 SP76,W77 1,18 3.747 .069 2,16 1.926 .178
6,18 SU76,W76 1,20 1.301 .268 2,18 189.91 .000
6,16 SU76,W77 1,18 18.655 .000 2,16 40.902 .000

18, 16 W76 ,W77 1, 30 8.169 .008 2 , 28 19 .129 .000
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TAP LE B-6a, FINAL EFFLUENT : COMPARISON OF SEASONS WITHIN EACH POND WHEN
- j 

• •  DAYS AND pH ARE CONSIDERED (CONTINUED).

Sample Equality of Intercepts Equality of Slopes
Pond Sizes Seasons d .f. F P d.f. F P

Pond 42 10,6,8,16,18 Overall 4,51 10.125 .000 3,43 18.298 .000

10,6 F75,SP76 1,12 1.748 .211 2,10 46.399 .000

10 ,8 F75,SU76 1,14 .863 .369 2,12 6.538 .012

10,16 F75 ,W76 1,22 14.041 .0011 2,20 53.913 .000
• 10,18 F75,W77 1,24 14.429 .001 2,22 30.306 .000

- 6,8 SP76 ,S1J76 1,10 6.91 .025 2,8 12.722 .003

6,16 SP76 ,W76 1,18 10.177 .005 2,16 4.982 .021

6,18 SP76 ,W77 1,20 .041 .841 2,18 1.368 .279

- ; 8,16 SU76 ,W76 1,20 7.633 .012 2,18 29.261 .000

8,18 SU76 ,W77 1,22 .507 .484 2,20 2 1.223 .000
16,18 W76,W77 1,30 4.647 .039 2,28 3.139 .059

Pond 90 12,9,12,27 Overall 3,54 13.568 .000 4,48 55.811 .000
(P75,~~’76,
SU76,W76)

I
I 12,9 F75,SP76 1,17 39.61 .000 2,15 47.576 .000

12,12 F75,SU76 1,20 .003 .961 2,18 30.569 .000
12,27 F75,W76 1,35 50.731 .000 2,33 23.023 .000

• - 9,12 SP76,SU76 1,17 10.357 .005 2,15 11.815 .001
9,27 SP76,W76 1,32 1.32 .259 2,30 1.175 .323

• 
12,27 SU76,W76 1,35 15.906 .000 2,33 48.278 .000
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TABLE B-6b. FINAL EFFLUENT: COMPARISON OF SEASONS WITHIN EACH POND
WHEN DAYS, pH AND TEMPERATURE ARE CONSIDERED.

Sample Equality of Intercepts Equality of Slopes
Pond Sizes Seasons d . f .  F P d . f .  F P

Pond 18 10,16,10 Overal l 2 ,30 12.314 .000 6,24 11.764 .000
(F75,W76,W77)

10,16 F75,W76. 1,21 18.152 .000 3,18 16.038 .000

- 10,10 F75,W77 1,15 48.343 .000 3,12 4.812 .020

16,10 W76,W77 1,21 2.357 .139 3,18 7.448 .002

Pond 30 10, 18,16 Overall 2 , 38 10.338 .000 6 , 32 19 .642 .000
(F75,W76,W77)

10,18 F75,W76 1,23 5.483 .028 3,20 31.197 .000
• 10,16 F75,W77 1,21 45.651 .000 3,18 6.789 .003

18,16 W76,W77 1,29 1.148 .293 3,26 12.058 .000

Pond 42 10,16,18 Overall 2,38 6.714 .003 6,32 17.758 .000
(F75,W76,W77)

10,16 F75,W76 1,21 12.466 .002 3,18 46.491 .000

10,18 F75,W77 1,23 11.230 .003 3,20 22.991 .000

16,18 W76,W77 1,29 .395 .535 3,26 2.398 .091

Pond 90 12,27 F75,W76 1, 34 24 .753 .000 3, 31 13.059 .000
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TABLE B-7a. PRIMARY EFFLUENT: COMPARISON OF PONDS WITHIN EACH SEASON
WHEN DAYS AND pH ARE CONSIDERED.

Sample Equality of Intercepts Equality of Slopes
Seasons Sizes Ponds d.f. F P d.f. F P

• Spring 76 18,27 30,90 1,41 10.31 .003 2,39 7.39 .002

Summer 76 10,14,13,21 Overall 3,52 .28 .84 6,46 1.87 .11
(18,30,42,90)

• 10 ,14 18,30 1,20 1.90 .18 2,18 .48 .63
- -10 , 13 18 ,42 1, 19 .01 .91 2,17 6.01 .01

10,21 18,90 1,27 1.40 .25 2,25 .85 .44
14,13 30,42 1,23 .79 .39 2,21 .86 .44
14,21 30,90 1,31 .22 .64 2,29 2.56 .09

13,21 42,90 1,30 .001 .98 2,28 1.29 .289

Winter 77 30,26,28,48 Overall 3,126 29.35 .000 6,120 12.63 .000
(18,30,42,90)

30,26 18,30 1,52 13.07 .001 2,50 .81 .45

30 ,28 18,42 1, 54 74 .82 .000 2 , 52 11.78 .000
30,48 18,90 1, 74 71.59 .000 2 , 72 26 .37 .000
26 ,28 30 ,42 1 , 50 10.64 .002 2 , 48 10.58 .000
26,48 30,90 1, 70 4.85 .031 2 , 68 16.86 .000
28,48 42,90 1,72 2.97 .09 2,70 5.34 .007
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TABLE B-7b . PRIUARY EFFLUENT : COMPARISON OF PONDS WITHIN EACH SEASON
WHEN DAYS , pH AND TEMPERATURE ARE CONSIDERED .

Sample Equality of Intercepts Equality of Slopes
Seasons Sizes Ponds d.f. F P d.f. F P

Winter 77 30,26 ,28 ,48 Overall 3,125 32.945 .000 9,116 8.887 .000
(18 ,30,42,90)

30,26 18,30 1,51 12.645 .001 3,48 .469 .705

30,28 18,42 • 

1,53 77.511 .000 3,50 9.518 .000
- 30,48 18,90 1,73 84.101 .000 3,70 16.708 .000

- 
- 26,28 30,42 1,49 11.903 .001 3,46 8.343 .000

26 ,48 30 ,90 1,69 8.131 .006 3,66 10.637 .000

28,48 42,90 1,71 8.748 .004 3,68 4.532 .006 -
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TABLE B-8. PRIMARY EFFLUENT: COMPARISON OF SEASONS WITHIN EACH POND
WHEN DAYS AND pH ARE CONSIDERED.

Sample Equality of Intercepts Equality of Slopes
Pond Sizes Seasons d.f. F P d.f. F P

Pond 18 SUM76,W77 1,38 5.99 .019 2,36 16.81 .000

Pond 30 Overall 2,55 18.12 .000 4,51 4.48 .004
SP76 ,SUM76 ,W77
SP76,SUM76 1,30 15.10 .001 2,28 3.89 .032

- 

SP76,W77 1,42 2.66 .11 2,40 3.49 .04

SUM76,W77 1,36 38.32 .000 2,34 8.97 .001

Pond 42 SUM76,W77 1,37 40.97 .000 2,35 62.24 .000

Pond 90 Overall 2,91 25.80 .000 4,87 39.99 .000
5P76 ,SUM76 ,W77

SP76 ,SUM76 1,44 19.79 .000 2,42 39.99 .000

5P76,W77 1,71 20.92 .000 2,69 8.77 .000

SUM76,W77 1,65 35.38 .000 2,63 66.97 .000
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TABLE B-9a. PONDWISE COMPARISON OF FINAL AND PRIMARY EFFLUENTS , MODELS
WITHOUT TEMPERATURE.

Sample Equality of Intercepts Equality of Slopes
Seasons Sizes Ponds d.f. F P d.f. F P

Spring 76 6,18 F30”,P30” 1,20 .549 .467 2,18 5.836 .011

9,27 F9O”,P90” 1,32 .154 .697 2,30 2.464 .102

Summer 76 4,10 Fl8”,P18” 1,10 .113 .743
• 6,14 F30”,P30” 1,16 18.872 .001 2,14 9.379 .003

8,13 F42”,P42” 1,17 .0001 .993 2,15 16.585 .000

12,21 F90”,P90” 1,29 .423 .521 2,27 28.172 .000

Winter 77 10,30 Fl8” ,Ph8” 1,36 7.189 .011 3,34 2.177 .129

16,26 F30”,P3O” 1,38 5.394 .026 2,36 1.326 .278

18, 28 F42” ,P42” 1,42 38 .128 .000 2 , 40 13.663 .000

Note: The P and P preceding the pond depths refers to the final and
primary effluents.

TABLE B-9b. PONDWISE COMPARISON OF FINAL AND PRIMARY EFFLUENT, MODELS
WITH TEMPERATURE .

Sample Equality of Intercepts Equality of Slopes
Seasons Sizes Ponds d.f. F P d.f. F P

Winter 77 10,30 F18”,P18” 1,35 7.912 .008 3,32 1.781 .171

16,26 F3O” ,P30” 1,37 5.578 .024 3,34 1.128 .352

18,28 F42”,P42” 1,41 39.816 .000 3,38 13.728 .000
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ABBREVIATIONS FOR APPENDIX C

B bottom 
-

• COD chemical oxygen demand

mg/i milligrams per liter

T top

TIN total kjeldahl nitrogen

TOC total organic carbon

TSS/VSS total suspended solids/volatile suspended solids
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