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BIOSTIMULATION AND ALGAL GROWTH
KINETICS OF WASTEWATER

In recent years the consistent occur-
rence of algal blooms has foreed man to
inquire seriously into the degree of en-
richment of lakes and reservoirs.  Algal
blooms have caused nuisances, aroused
public indignation, and increased the
costs of treating water. Public agencies
responsible for water quality standards
intend to preclude the discharge of
growth-stimulating factors into receiv-
ing waters.

Municipal and industrial waste-
waters are obvious eauses of water de-
gradation.  Until recently, the bio-
chemieal oxygen demand (BOD) of
effluents has been a criterion™of water
quality, and wastewater treatinent
processes have become more sophisti-
cated only in their ubility to oxidize
organic matter.  Unfortunately, the
oxidized forms of nitrogen and phos-
phorus are also significant stimulants.
These materials, coupled with bio-
synthesized vitamins, amino acids, and
growth factors found in biologically
treated wastewater, raise serious ques-
tions about the suitability of conven-
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of Wisconsin, Madison,
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Federation, Dallas, T'cz., Ocl, 6-10, 1969,
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tional waste treatment. Thus the re-
quirement that effiuents be more highly
treated has caught the engincering pro-
fession without established technology
that is of known cconomic dimension or
performance for removal of biostimu-
lants. Furthermore, it has not been
demonstrated that wastewater that has
been stripped of nitrogen and phos-
phorus still does not contain factors
capable of stimulating algal blooms in
receiving water already relatively rich
in nitrogen and phosphorus,

The inereasing problem of cutrophi-
cation and attempts to assess its effects
have brought attention to the urgent
need of assaying growth-stimulating
characteristies of nutrient materials,
Parameters are needed for all types of
materials that will allow one to predict
the effeets of these materinds on a lake
Ol I'CSerVoir.

Limited suceess has been achieved in
quantitatively defining the term eu-
trophication. As a qualitative concept,
it signifies increasing fertility and bio-
logieal productivity in lnkes, reservoirs,
sluggish streams, and estuaries, as en-
richment of such water advances. But
if solutions to the problems associated
with productivity are ever to be de-
veloped, a quantitative deseription of
degrees of cutrophication must be pro-
vided, as well as a eapability to predict
rates of cutrophication.

Bionssays related to the possible
productivity or biostimulatory cffects
represent o reasonable appronch to
quankifying the degrees and rates of
cutrophication. It is well known that
nutrients such as nitrogen and phos-
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F.GURE 1.~Batch microbial growth curve.

phorus are required for algal growth.
However, the question remains: Do
nitrogen and phosphorus, cither alone
or in concert, usually or frequently reg-
ulate the growth of aquatic organisms
in most receiving waters? To reduce
cffectively the rate of eutrophication of
natural waters, this question must be
answered, It is not enough to remove
nitrogen and phosphorus from waste-
water and hope that this alone will re-
duce the growth rate of plankton and
attached plants.

To develop a realistic waste manage-
ment program for a body of water
exeessively enriched by such chemical
clements as phosphorus or nitrogen
or other biostimulatory materials, it
must be possible to accomplish the
following objectives:

1. To estimate with reasonable ac-
curacy the background or new level of
algae that will be supported by o
specific incrense in concentration of
nutrient.

2. To cstimate the concentration of
o rate-limiting nutrient that will pro-
duee an algal bloom, defined as an in-
crense in specific growth rate.

3. To determine whether more than
one factor is opernting simultuncously
in the processes of cell growth and

division, even though one factor ap-
pears to be rate-limiting,

These were the objeetives of o sys-
tematic study initinted at Lake Tahoe
under the financial support of FWQA.
The initinl phase of the study involved
the assessment of the biostimulatory
potentinl of wastewater effluents and
surface runoff in Lake Tahoe water by
the bateh assay method. It is the
purpose of this paper to evaluate the
results of these bateh assays of waste-
water effluents,

Theory and Rationale

The batech growth culture method
follows the concentration of cells in an
inoculated flusk starting with an initial
substrate with all constituents of con-
cern (energy sources, nutrients, and
growth factors) in cxcess except the
one that is considered to be growth
limiting.  Figure 1 is a graph of a
typical microbiologieal growth curve
for cells (X) with the coueentration-
time curve for the rate-limiting nutrient
(S) nlso shown.,

There are a variety of ways to de-
seribe the characteristies of the batch
culture growth curve. One charne-
teristic of the curve that has been
suggested is the maximum cell con-
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centration, Xy, reached by n purticulur
organism in a specific time with an
initinl substrate concentration, S,.

If the coneern about nutrient con-
centrutions present in the environment
is their cffeet on growth rate (or pulse)
of specific algae, then a better param-
cter of the curve might be the maximum
growth rate obtained with the test
substrate. This churacteristic is shov. n
in Figure 1 as g. (maximum speeific
bateh growth rate). IHowever, it has
been estublished by Michaelis and
Menten,! Monod,? Caperon,® Maddux,*
Willinms,*  Jannaseh and  Vaecaro,®
Dugdale,” Pearson,? and others that the
specifie growth rate of microorganisms
is either o first order or first order-zero
order (Michaelis and Menten?) function
of the rate-limiting nutrient concentra-
tion. The equation is

as
=kS or p=-——g
pe=e ETRFS
where
k = first order rate constant,
time™,
u = specific growth rate
r ¢ells produced \
g oo pocet , time™,
, g cells-day
A = maximum specific growth rate,

K, = nutrient concentration at one-
half  the maximum specific
growth rate, and

S = rate-limiting nutrient coneen-
tration.

Figure 1 shows that one can deter-
mine a maximum growth rate for the
batch culture, but that this maximum
growth rate occurs at some undeter-
mined but lesser concentration of the
rate-limiting nutrient than was in the
original sample, S,.  This maximum
growth rate should indicate the maxi-
mum rate at which the culture can
utilize the nutrient level present in the
saumple. However, it does not define
the precise relationship between growtih
rate and substrate concentration, nnd
an estimate of this is needed. It would
be better to assess the biostimulant
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response under low nutrient conditions.
Possibly, the maximum bateh growth
rute and the time to reach the maxi-
mum growth rate can be correlated
with the substrate concentration ; how-
ever, this has yet to he done, and, for a
transient system such as the batch
culture, it is not a simple task.

Irom Figure 1 it can be scen that the
maximum growth rate is a simple func-
tion of the cell concentration, X. This
relationship may be expressed ns

dX

= R

where

Ap = maximum specific growth rate
{batch), day—,
A = cell coneentration, mg/l, and
{ = time in days.
Thercfore,

In (X/X,)
b = . .

-Similarly the Michuelis and Menten?
equation may be written for the bateh
assay as follovs:

ﬂ ﬁSn
b= gy i
K, + S,
where the subseript o refers to the
initial nutrient concentration,

Procedure

All samples assayed by the flask
culture method, including Lake T'whoc
water used for dilution, were sterilized
by aseptic filtration through millipore
filters (0.43-¢ pore size).  Glassware
employed in the assay was sterilized
with dry heat to avoid bacterink
contamination.

In making an assay of any nutrient
source, the [iltered sample first was
diluted to the desired coneentrution
with filtered Lake Tahoe water.  Then
150 ml of this dilution was placed in
ench of five sterile 250-ml Erlenmeyer
fluasks.  Cells of Selenastrum  gracile
Reinsceh in good physiologiend eondition
were centrifuged und resuspended twice
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in Lake Taloe water to minimize
nuttient enrry-over from the stock cul-
ture to the test flasks. The coneentra-
tion of 8. gracile in the final suspension
was caleulated either by measurement
of absorbance at 370 ma or, in later
experiments, by counting under a
microscope.  An equal volume of the
suspended eells was then added to each
test flusk so that the concentration of
cells in the 150 ml of liquid was ap-
proximately 50 eells/cu mm.

The test ulgn, S. gracile, has many
qualities that make it especially suit-
able for bionssays, one of which is that
it has very simple requirements for
growth, requiring ounly the minimum
amounts of inorganie ions.  As u result,
assuys with this alga probably do not
deteet ceffeets of vitamins and other
biostimulants,

The flasks were then closed with
foum plugs.  However, although these
plugs had good air diffusion properties,
the foam deeayed with time and shed
debris into the cultures.  Therefore, the
method was abandoned in favor of
loose-fitting  plustic beakers inverted
over the tops of the fasks,

The inoculated test flasks were placed
in o 20°C" constant temperature room
and incubated on w gently moving
(30 eycles/min) shaker table for 5 days.
Hlumination of approximately 170-ft-c
(1,830-lux) intensity was provided by
a pair of 30-w fluorescent lamps, 3 ft
(0.9 m) in length,

The cell coneentration in the test
flasks was determined by cell counts at
the end of 1, 3, and 5 days during «
H-dny period of incubation. After the
final counts were completed, a sus-
pended solids (SS) measurement was
mude on a composite of the liquid in
the five replicate flasks.

At the time specified for counting
cells, & 10-ml aliquot was taken from
each flask and centrifuged for 10 to
1 min at 2,000 rpm. - After centrifugn-
tion, 8 to 9 ml of the supernatant were
removed with o Pasteur pipette nnd the
pellet of cells resuspended in the re-
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maining liquid medium. A drop of the
suspension was then put on a hemaey-
tometer for counting under the micro-
scope.  Duplieate counts of at least
100 cells were made for each finsk, and
five replicates were performed for each
concentration; thus, 30 counts were
made for ench concentration of sample
tested.

Dupliente counts for each flask were
averaged, and the resulting values were
then averaged to obtain o mean count
for the five replicates constituting the
assay, By plotting these data as in
Iigure 1 and observing the maximum
slope of the curve, values of the mean
maximam growth rate, s, (hereinafter
designated as “maximum growth rate’)
were obtained for cach of the test flasks,
as well as for the mean of the five
replicates. A sccond value of the
maximum growth rate, designated as
As, was obtained for cach assay by
determining the log growth equation of
best fit to the 1-, 3-, and 5-day cell
count dats by the method of least
squares.  In each assay the maximum
number of eells attained at the end of
the growth period, X5 was observed.
Then the growth response of S, gracile
wis expressed according to three differ-
ent. parnmetoers: iy, fing, and X,,.

Growth rates, g, fu, and eell con-
centrations, g, for the first five of the
six sources shown in the table were in
turn compared statistically, analyzed
for sensonal varintion, and interpreted
in terms of nutrient  concentration
vs. growth response.

Results and Discussion

IFor the batch assays reported here,
samples were colleeted only from the
South Tahoe Public Utilities District
(STPUD) Waste Water Reelamation
Plant. The decision to limit sampling
to this particular installation was based
on the unigue opportunity the plant
afforded through year-round operation
of o multistage  treatment  process,
Thus it was intended to obtain com-
parative datn in relation to scusonul


http:desiglat.ed

TABLE I.—Maximum Growth Rates, iis

; Sample 1S Sample 235 Sample 38 Sample 48 Sample 53 Sample 65
Cone. | 5/21,65 6/11/65 1 6,25/68 8/6/6S 10/23/63 1/15/69
Source of . of . i : f .
Sample Samble  apee | Coet. | Maxs | ot Macs | Coet n Maxt | Coet. | Maxt | Coef. | Maxt | Coef.
’ i Rate , Var. . Rate Var. ' Rate Var. ,; Rate | Var. R:n:: \'Lgr. Rate { Var.,
i (day~t) 0y ayth o () (dayTy K ) (day -1 (§3 day™) | (S2)
Raw wastewater 0.1 i -— l — yo=— 0.79 ERAN 0.33 42.5 0.34 23,1
1.0 — —_ {033 ) S6.4 .88 142 0.67 20.7 0.44 26.6
100 l — — | o2 | o 0.73 52 | o2 169 | 0ss | 103
00 ! — — | Loy | 26.3 — — —
Primary effluent 0L | — — — 0.76 43.6 0.33 18.8 0.35 245
1.0 —_ —_ 0.44 .2 0.90 19.5 0.61 13.5 0.50 24.0
1.0 . — — 139 16.0 1.05 21.9 0.856 9.8 0.87 181
500 | — — 1.41 60.0 — — —
Secondary effluent | 01 | — — — 0.59 166 | 015 | 675 | o047 | 230
1.0 ’ .42 10.7 0.91 221 7 060 19.0 077 21.1 0.65 171 0.43 26.1
. 10,0 | 057 174 0.54 Jal N7 201 0.87 b6 0.94 9.1 0.95 | 1.1
50.0 l 0.57 1 56.0 0.6+ 49 055 a2s — — —
Tertiary effluent | 01 | — . o= Lo {055 Dol 0.25 64.1 036 3.7
LD euds 0 075 . L0 09 S 081 7 110 0.61 20.2 0.3 RARN
i1 04s 0 0.76 06 0 0T bo1ea L 0w LTS ] L 19.5 1.09 3.6
0.0 01 535 0.43 920 0 040 12 L — | — —

* Based on two replicate assays of grab samples.
T Based on five replicate assays of 24-hr composite samples.
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TABLE Il.—Maximum Growth Rates, {i., and Correlation Coefficients

Sample 48 Sninple 58 Sample 68
Cone. R/6/68 10723 /65 1/18/09
S«smrro'of 8 o : - R - R il e e e e
mple ninple . . y

n. np %) .\llm‘y(l:‘mn ::ur‘; .\ll;;llilil:,lllll ::‘:""_ .\Iulle‘lll:'mn g::m‘:

(dny 1) vef, (dny 1) oef. (day) soef,

Raw wastewater 0.1 0,350 0.5194 0.215 0.89 5 0,182 0.8041
1.0 0.507 0.49291 451 09643 0.278 0.8895
10.0 0.457 0.9648 0.657 0.0814 0.815 0.9947

Primary eflluent 0.1 0419 0.8920 0,223 0.8535 0.166 0.7811
1.0 (LH36 (1.49527 0.476 00810 .315 0.9291
10.0 0,604 0.9367 0.704 09765 0.7 09804
Secondary efllnent 0.1 0.418 (,95492 0,131 08274 (1,274 0.8750
1.0 0510 09447 451 0.9665 0.307 0.9319
10.0 0.5K82 0.96G49 0.756 049872 0912 0.9963
Tertiary eflinent 0.1 0.392 0.0482 0,131 0. 7234 0.199 0.8456
1.0 (.60 00974 0425 09760 0,247 0.,9051
10.0 0.008 0.5759 0.667 049716 0.594 (.896Y

varintions and degree of treatment of
wastewater,

The results of 60 separate flask assays
of STPUD samples are reported in
Tables [, I, and III. ‘The maximum
growth rates, g, and 24, and cell con-
eentention, Xy, attained at the end of
5 duys, together with the cocofficient of
variation for g, and X and the correli-
tion coeflicient for iy, ave reported for
each of the sample concentrations
nssuyed.

The assexssment of growth response
using the cell coneentration data, Xy,
secems to be more preeise than that
measured by g,.  The cocllicients of
varintion for assuy results in which five
replicate assays for each concentration
were performed (Sample 48, 38, and 68)
were smialler or equivalent for the Xy
data in 32 of 36 assays.

Ilighly significant (99 pereent con-
fidenee level) correlation coeflicients
were obtained for the least squares fit
of the cell concentration data to the
log growth cquation, the exception
being the 10 pereent tertinry eflluent
sample colleeted on August 6, 1968,
which produced a value of 0.5750.
This deviation could be attributable to
a fuilure to dechlorinate the sample

before introducing it into the assay
flask.  However, later results have
shown that the toxic effeet remains
after dechlorinating,  Data from assays
with 0.1 pereent sample eoneentrations,
in general, showed the lowest corvela-
tion cocflicients.

Stalistical Compurisons

A split-plot design - was used  to
analyze the vesults of wastewater ns-
says.  As noted above, all values (24,
Rur, and Xp) used to express the growth
response are direetly related, but the
reproducibility of cach method of eal-
culation is not the same. Tables IV
through XTI were prepared to show the
varistion  within - individual  samples
and between varions concentrations of
sample for two of the three methods of
expressing growth response. The re-
sults for gs were not shown heenuse
more precise results were obtained with
A and X, Theoretically, the differ-
ences in response for various samples
would depend on varying nutrient
concentrations and toxie materials in
the sumple. These statistical analysoes
are designed o show  whether  dil-
ferences exist between eflluents and
whether dilution in Luke Tshoe water
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TABLE III.—~Maximum Cell Concentrations, 25, after 5 Days

S:_unph: 1S

Sample 23

!

Sample 335

Sample 13

Sample 38

Sample 63

1 5,721,658 H 6,/ k1, 63 H U, 25,68 10/23./68 11>, 69
Cone. !
s;?:;lcslgf Snl(:lfple i i Cell* ‘ Cell* Cellt Cellt Cellf

0 C“(;:;f | Cone i Cone. (;?f Conc. Conc. Conc. C‘(:rf
ey 1 (cells, (cells’ oy (cella’ (cells {cells/ oy
(e ! cu mm) ! cu mm) (Ge) cu mm) ~u mm) cu mm) 1312
Raw wastewater 0.1 — ! — 302 14, S0 17.4
Lo | — | 467 71.5 454 400 196 20.5
10.0 — I TS0 29.9 514 977 1,067 16.5

500 ! — i 616 53.0 — — —

)

Primary effluent 0.1 — | — 325 147 56 17.9
1.0 - 28 76.0 1 455 473 199 1.7
0.0 — 1,350 0.9 [ 1,074 828 950 20.8

500 — 472 24 — — —
Seeondary efffuent | 0.1 — . ' 366 103 B3| 230
Lo 0 410 Y IS8 . 436 4058 182 13.7
oo 304§ 6ol POLS 127 & Loos 1,34 1,435 6.1

00 | 22 1 6N . Tl = — —
Tertiary effluent 0.1 , H— I roags | 108 351 | 16.2
Lo . 520 362 . (i 146 | TNt | 358 Ha Lo 19.4
1.0 2.4 670 N KT B O I A T 701 135 1 3220 19N

30,0 12,9 182 BN 124 7 — | - b

* Based on two replicate assavs of grab samples.

t Bused on five replicate assavs of 24-hr composite samples.
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affects these differences.  The results
for two sumples may not differ beeanse
they have the same characteristies ov
the test is not sensitive enough to
determine diflferences.

Tubles showing the detailed statis-
tical comparisons are given only for
“Sumple 45 beenuse of space limitations;
however, all results are discussed herein,
and tables showing compuarisons for
Sumples 58 and 65 are available.®
Samples 18, 28, and 3S were not dis-
cussed beeause only two replicate as-
suys were performed on these saumples,
and it was impractical to make o de-
tuiled statistical analysis of such limited
dnta,

Table IV presents a summary and
stutistical comparison of ranked values
of the maximum ccll coneentration, X,
observed at the three conecentrations
(0.1, 1.0, and 10 pereent) for the waste-
water sample designated Sample 48 in
Tuble I.  The underlines bracket the
cell eoncentrations and the percentage
concentrations that are not significantly
different, at o 95 percent conlidence
limit. The 10 percent tertiney eflluent
ussay shows the apparent effect of not
dechlorinating the sample.  The X,
values tend to show differences in
growth response that were not de-
tectable by the g, values.

Table V cvaluates the X5 data of
Tuble 1V in relation to concentration
of the sumple assayed. When com-
pared with the results for gs, X; is o
somewhnt more discriminatory men-

TABLE IV.—~Maximum Cell Concentrations,
R, for Sample 4S

. Y (eellaZen mm), Sample Concentration
Sunreo (906), nnd Statistien] Siqxxil‘nrunra. (Undetlinea
¥ :;'| e Indicste No Signitiennt Dilference ot
g 055 Confidence level,)
Raw

wasto-

water || 3024 (Q1%) 4516 (1%) 6110 (10%) |
Primary .

offiuent. || 5208 (0.1%)_135.8 (150) | L0744 (10%)
Secondary

eftfuent | 366, (01%) 1162 (195) | 10018 (107)
Tertinry

ellluent NS (1050)  $88.0 (0.1%)  783.6 (1)
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TABLE V.—Maximum Cell Concentrations,
X, for Sample 4S

Sumple Ls (ecllnen mm), Source of Sample, and
Coneen. Stutistienl Signifiennce. (Underlines
tration Indieate No Signifiennt Diference
("o) al 00°% Confidence Levell)
0.1 |_.'.lll2. 1* Jl?!gﬁ'f Zl.’!ﬂjl} BRI D |
1 [4d96.28 4536 455.8¢ | 7R1.6%
10 TRR§  G1L0% [ 100158 107441 |

* Raw wastewater,

1 Primary eilluent.

I Secondary ellluent.
Tertiary eflluent.,

sure.  Discounting the low value of g
for tertiney cffluent (78.8 cells/cu mm),
on the basis of ¢hlorine toxieity, Tuble
V shows that at | percent concentra-
tion tertinry effluent had  significantly
greater ability to support algal growth
than  did  cither raw, primary, or
secondary effluents, and that the Intter
three do not differ signifieantly from
cach other.  Furthermore, at the 10
percent concentration, sceondary and
primary eflluents are equally ceapable
of stimulating algal growth that is
significantly greater than that of raw
wiastewater,

Table VI presents a summary and
statistical sigrificance comparison of
ranked maximum  growth rates, 2ur,
observed at three sample concentra-
tions (0.1, 1.0, and 10 percent) for
Sample 48, The table was prepared by
compuaring the slopes of the least
squares regression analyses at the 95
pereent confidence level to determine
significunt  differences.  When  com-

TABLE VI.~-Maximum Growth Rate, {1,
for Sample 4S

Baz (dny 1), Sample Concentiation (04),

h‘":‘"‘" and Statistienl Signitiennee,  (Underlines
Sample Indicate No Significunt Difference
L 95% Confidence Lovel.)

Raw

wanuto-

water | {080 (0.1%) 0457 (10%) | 0.507 (1.0%)

. e
Primury

eflluent | 0.110 (0.1%7) [u.ﬁ:m (1L.07)  Q.601 (10%%) ]
Secondnry

eilluont | 0,118 0.156)_ 0,519 (LO%)_0.582 (10%) |
‘I'ertiney

olfluent | Q.0608 (H05L)  0.302 (U.1%)  0.608 (1.0%)
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TABLE VIL.—Maximum Growth Rate, fiu,
for Sample 4S

Sample 2y (duy 1), Souree of Somple, and
Coneen. Statistien] SBhenitieance,  (Undetlines
tration Iudiente No Signifieant Difference
(%) at 055 Conlidence Level,)
0.1 L0880 0028 04188 04191 |
1 [_()_3(!7' 051 A(_n..'.;u;f 0.501§
10 Q06K§ 05T [0N28 0G01F |

* Raw wastewnter,
Primary efliuent,
Secondary efluent,
Tertinry eflluent,

pared with g, and Xy, it was evident
that the growth of S. gracile as mea-
sured by s, and 24 was quite similar,
with X seeming to be the most xensi-
tive of the three methods in assessing
differences in growth response,

Table VII presents o summary of
the 241 values similar to Table VI, In-
spection of the table reveals that only
the 10 pereent concentration assays for
raw wastewnter and tertiney efffuent
show o signifieant difference in bio-
stimulatory response.  Again, the com-
purative inability of raw wastewater at
10 pereent coneentration to support
growth is revealed,

A similar comparison, including o
statistical assessment, was made of
maximum growth rates, g, and fia, and
cell concentrations, .X;, attained at the
end of 5 days in flusk culture, observed
at three sample concentrations (0.1,
10, and 10 pereent) for cach eoffluent
snmple colleeted on Oetober 23, 1968
Sample 58).  Comparison of the three
sample concentrations tested (0.1, 1.0,
and 10 percent) for the same wuste-
water samples revealed that all three
methods of expressing growth response
show o signifiecant difference in all
three sample concentrntions for the
four eflluent sumples, which was not
observed in Sample 48 (Tables IV
and VI). It is likely that these differ-
ences were deteetuble beeause of im-
provements in laboratory technique
gained from experience in performing
USSILY'S,

At the 0.1 pereent and 1.0 pereent
sample concentrations for Sample 58,
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there was no significant difference in
the biostimulatory  propertios of any
of the four types of wastewater efflu-
ents. - At the 10 percent sample con-
centrations, there was no signifieant
differenee between any of the four
types of cffluents when mensured by
the maximum growth rute, g, When
the growth response was measured by
the maximum growth rate, A, how-
ever, the rate for the 10 pereent sample
concentration of secondary effluent was
signifiecantly greater than the growth
ate for 10 pereent raw and tertiary
cfffuents but did not differ with the
primary efffuent response.  Differences
in biostimulatory response were not
deteetable for the 10 pereent sample
concentrations ol ruw, primary, and
tertiney eflluents,

lixpressing the biostimulatory prop-
erties for Sample 58 in terms of maxi-
mum cell eoncentrations, ¥y, did not
reveal signifieant differences in response
in the 0.1 pereent and 1.0 pereent
sample concentrations of any of the four
types of wastewater effluent samples,
At the 10 pereent sample concentra-
tions, X showed the seeandary efliuent
as yielding o significantly different and
higher response than any of the other
assays ab this concentration,  Response
in the tertinry and primary 10 pereent
assays did not ddiffer, nor did primary
and raw when expressed as Uy,

The analysis of Sample 68 showed
that only the primary eflluent assays
yielded significantly  different growth
rates (Bs) ut all three sample coneen-
trations.  The growth rates, 2, for raw
wastewater, and secondary and tertinry
effluents at 0.1 percent and 1.0 pereent
sample concentrations did not differ
stutistically,  When  the growth re-
sponse for Sumple 68 was expressed ns
the maximum cell concentration, .Uy,
and growth rate, Gy, both methods of
expressing growth response show the
sume statistical results for all three
sample coneentrations for the various
samples.  Only the 0.1 pereent and
1.0 pereent sminple concentrations of
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secondary and tertiary ceflluents did not
differ significantly  when the growth
response was expressed as Cg and g,

The stulistical comparison of the
three samples assayed for each waste-
water eflluent revealed that of the 10
pereent coneentrations only the 10 per-
cent tertinry effluent assay showed o
different growth rate when the response
was expressed as 24, and this difference
wits marginal,  The comparison for X
values showed only the 10 percent
sumple concentration assays of seeond-
ary and lertinry effluents  differing
sighilieantly, whereas the comparison
of fur values shows that at o 10 percent
snmple concentration, all four waste-
water  samples  gave o significantly
different growth response,

A colleetive examination of the assuys
for all three simpling dates reveals that
statistically significant differences are
detected somewhat more easily with
the flask assay when the growth re-
sponse is exprossed as g or . It
seems that both methods wre about
equal in showing differences in growth
response, and hoth should be used in
data interpretation. The faet that it is
pussible to deteet differences in growth
ab various sample coneentrations for the
four types of samples, and yet ditlicult
to deteet differences in response for the
four types of sumples (raw wastewater
and primary, seccondary, and tertiary
eflluent) appuarently indiestes that o
toxie lactor is present in eflluents re-
gardless of the degree of treatment.
This hypothesis is supported by the
apparent dnck of direet inerease in
growth rate with increasing sample
(nutrient) concenteations as would be
expeeted (at concentrations less than
the nutrient exeess level) necording to

theory.  Furthermore, an  approxi-
mately cqual growth response was
obtained for all types of samples.  This

is contrary to the theory that response
inereases with the nutrient concentri-
tion in the nutrient-limiting range.  As
the degree of treatment is inercased, o
reduction in toxieity would be expected ;
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therelore, a greater response could be
obtained in the tertiary eflluent assuys
than for the less vefined eflluents even
though the nutrient coneentration in
the tertiney assay flasks would be much
less than that in the other flasks.  How-
ever, the possibility of the incrensed
release of bound forms of nutrients
plus the production of vitaming and
growth factors (biostimulants in gen-
eral) with inereasing degrees of bio-
logicul treatment cannot be neglected
as - fnetor in inereasing the apparent
biostimulatory properties of treated
efffuents,

Pearson el al™ have shown u toxie
effeet for domestie  wastewanter and
treatment. plant eflluents in fish bio-
assay  data,  Several thousand  bio-
assays were performed on wastewater
samples colleeted throughout the Sun
Francisco Bay area, and the toxie effect
of wastewater was quite pronounced.
The assays ineluded samples containing
only domestic wastewater and w mix-
ture of domestic and industrial wastes;
the toxicity was detectable in all assays.
Therefore, the fact that S'TPULD waste-
water is prineipally domestic in origin
would seem to have little bearing on
the hypothesis that wastewater could
exhibit a toxie effeet in the algal ngsuy
procedure.

Seasonal Variation

With only three assays to compare,
it is diflieult to make an analysis of
seasonal  variation in the wastewater
samples; however, several interesting
comparisons  are presented  here  for
each type of wastewnter assuyed.  De-
tailed comparisons of the assay results
are shown only for the seeondary and
tertinry effluents beeause of the wreater
interest in biostimulatory properties of
cflluents likely to be diseharged to
streams and lakes. However, the re-
sults for the raw and primury samples
are discussed, and detailed comparisons
are aviilible?

Secondury Lflluent -—A comparison
anl statistienl assessment of maximum
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growth rate and cell concentrations
observed at all three sample concen-
trations for the three seeondury effluent
sumples nssayed ave presented in Tables
VIII and IX. Individual comparisons
of the growth parameters are also
shown in these tables.

As shown for all previous samples,
the values of 2s and £y show more
distinet differences in growth rosponse.
All gy values differed at wll concentra-
tions of sample exeept for the 1.0 per-
cent congentration of the samples col-
lected on August 6 und October 23.

Wustewater having undergone bio-
logical treatment processes (secondury
effluent) might be expeeted to show less
sensonul variation than raw or primary
effluents, provided the treatment plant
is designed properly and not greatly
underloaded or overloaded during any
particular season. The STPUD plant
i8 loaded more heavily during the
summer beeause of the heavy influx of
tourists and vacationers.  However,
the growth »esponse expressed in terms
of either of the three parameters does
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not seem to be related to the season of
the year unless it is assumed that an
inerease in organic lowding eauses an
inerense in toxicity of the eflluent.
Such an effeet could contribute to
the growth response obtained for the
August 6 sample, which was shown to
be significantly less than the values for
the other two sumples at the 10 percent
sample concentration when expressed
it ;‘L5 or Au, but gave the highest re-
sponse st the 1.0 pereent concentration.

Tertiary Eflluent:—Tubles X and
XI show colleetive and  individusl
comparisons and statistical assessment
of the maximum growth rates and cell
concentrations observed at the three
sample coneentrations for the three
tertinry cflluent snmples assayed.

The colleetive ecompurisons of g, and
Xs show approximately the same
number of values dilfering; however,
the ranking of the various samples
differs more in the tertinry clfluent
assays than any of the eflluents pre-
viously diseussed.  In general, the
sample  coneentration  and  sampling

TABLE VIIL.—Maximum Growth Rates, {tu, Corresponding Sampling Date,
and Statistical Significance for Secondary Effluent

Sample Concentrations Compared Collectively

Sumpling date 10,28,/68| 1718, 69 | /18,60 | 8,6/68 | 10/238/68] 86,08 | 80,68 | 14 «] 115,69
Samplo c(,n‘{l'nmlrntiun 0.1 0.1 1.0 0.1 1.0 1.0 10.0 10,0 10.0
0
by 0.1t 0278 | 0.307 ' o418 | o431 | oo I 0.5%2 0736 | 0012
|
Underlines show | |
no significant. | |
difference at
P =459,
Sample Concentrations Compared Tndividually
Sample cx:n'nconlrutlun 0.1 1.0 10.0
(%)

Sampling dato 10/23/68] 1718/60 | 876768 | 1718769 | 10/23/68] 8, 6/08 | 8608 | w,23/08] 1718760
ft 0431 | 0278 | 018 | 0307 | 0451 | 0510 | oss2 | 076 | o012
Underline shows L1

no significant.
difference at
P =937
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TABLE IX.~Maximum Cell Concentration, &,, Corresponding Sampling Date,
and Statistical Significance for Secondary Effluent

Snmple Concentrations Compared Colleetively

Snmpling date 10/23/0G8] 1718/60 | 1758760 | 8/0/68 m/z:sxux! SA6268 | R6/68 | 10723708] 1718760
Sample Chmeentration | g,y 0.1 1.0 0.1 1.0 1.0 10.0 10.0 10.0
Xs W26 | 1310 | 18L6 | a064 | 4080 | 4962 | LODLS | L4480 | 14954
Underlines show || |
no signifieant ] |
difference at
P =95, L_*_w____.
Sample Coneentrations Compared Individaally
. : —
Sample cnrtz:wntmlinn o1 1.0 10.0
sampling date 10/23/68) 1718/60 | 8708 | 1718700 10/2:1,’1'..%' s | s uzs | 102378 118,60
Xs 1026 | 1810 | 3664 | ISLG | 4080 | 4363 | LOOLS | LAS0 | 14054
Underlines show || J | , | | .
no signifieant.
difference at
P = 93",

date relationships in raw, primary, and
sccondary cflluents followed the sume
ranking, particularly in values of .0y
und ps, but for the tertiary effluent
sumples the order in which the values
appenr varied for all three parnmeters,

Wastewater—3When the values of
B for the three raw wastewater samples
(August 6, 1968, October 23, 1968, and
January 18, 1969) for all sample con-
centrations were compared collectively,
the varintion in the values of 2, within
the five replicate assuys were of such
magnitude that statistieally different
response rates were diflicult to deteet.
When values of g, were compared
individually, the assays at the 0.1 por-
cent sample eoncentration scemed to
differ only in the sample colleeted on
August 6, 1968, lIowever, all three
samples  differed  statistically at  the
L0 pereent sample coneentration, but
neither was found to give statistieally
different growth rates at the 10 percent
sample concentrntion.  These results
muy be explained in purt by the fact
that the varinnces for the replicate

assays  differ considerably from one
sample concentration to another and
result in different stutistical comparison
fevels.  The deerensing growth rate
with concentration increase (1.0 to
10 pereent) for the sample of August 6,
1968, may also be explained by the
apparent, toxice elfect.

Differences in growth response for
an and Vp at the various sample con-
centrations are shown readily by both
parameters, and both show essentinlly
the same pattern for divisien, A rank-
ing of the values of fs am, and X
revealed that g and ., are in the snme
ovder by date and concentration, an
exception being the reversul of the
values for the LO percent and 10 per-
cent  smmple concentrations of the
August 6, 1968, sample. Also, the
ranking of the values of g, dilfer from
both gy and X5  This obscervation
further supports the recommendation
that 2y and X5 be used to express the
growth response in flask assuys,

Primary  Effluent -—The  collective
comparisons of all concentrations agnin
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show that au and X5 are superior to
2y in showing statistienlly significant
differcnees in growth response. The
o values showed o better division in
the ranked array than £, The in-
dividual comparisons of growth paran.-
cters obtained at the three sample con-
centrations show that only the August
6, 1968, sainple differed statisticully at
the 0.1 percent coneentration regardless
of the method used to express the
growth response. At the 1.0 percent
sample  concentration, g and  $g
vielded the swme results, showing that
samples colleeted on August 6, and
October 23, 1968, did not differ stutis-
tienlly at the 95 pereent confidence
level, but that the Junuary 18, 1969,
sample response for primary effluent
differs from the other samples. The
2o values showed that the October 10
and Junuary 18 samples yielded results
that do not differ at the 95 pereent
significance level,
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Comparisons of py, and py

Beeause of the different methods of
caleulating the growth rates, it was
neeessary to evalunte differences be-
tween the two rates on the basis of
mean values obtained from assays of
sumples colleeted from the same source.
Five values of g, were obtsined for each
nssuy, whereas only one value of a4,
was obtained,  This makes it difficult
to compare the individual growth rates
obtained for ench sample.  However,
statistieally significant dilferenees be-
tween the menn values of g, and gy for
a sevies of samples from the same
sampling point should illustrate whether
or not differences exist between the
two vudues of the growth rute.

A comparison of the mean values of
2o (0.47 day ) and gur (0.27 day=Y) ob-
tained in cight assays of Lake Tahoe
water collected ai mid-lnke yielded o
¢t value of 2,47, which indicates that o
significant difference exists between the
mean values at the 95 pereent proba-
bility level.  An equivalent number of

TABLE X.—Maximum Growth Rates, {is;, Sampling Date,
and Statistical Significance for Tertiary Effluent

Sample Coucentrations Compared Collectively

. ) '
Sampling dute 8/6,68 | 10/23/68) 1718769 1 1718760 | 876768 I 10,23768) 1218/69 | S, 6768 | 107238708
Sninple °(‘5§}o°,"""“”"" 10,0 0.1 0.1 1.0 0.1 10 10.0 Lo 10.0
" Tooss | oaat | 000 | 0217 | 0802 | o2 | osee | oot | ower
Underlines show
no significant. [ |
difference at p
P = 030, e
Sample Coneentrations Compared Individually
Sample caneentration 0.1 10 10.0
o . . .
Sumpling dite 10,23/08] 1718/09 | 876768 | 1718760 | 10728708] 876708 | 8/008 | 1718760 | 10728708
it 0.131 0490 | oavz | 0247 | 0425 | osol | oous | o600 [ ose?
Underlines show || | | . I
no signifieant
differenve ut
P = 934
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TABLE XI.—Maximum Cell Concentration, )2,., Sampling Date,
and Statistical Significance for Tertiary Effluent

1

Snmple Concentrations Compared Caollectively

Sampling date R/G/68 | 1718769

10/23/68] 171860 l 171869 | 846K

[ P

10728,68] 10/23/68]  8,/6/08

Sumple “;’,}‘z’“f"""“““ 10.0 0.1 0.1 10 ' 0.0 0.1 1.0 0.0 10
L 8.8 814 107.6 1202 | a2 , REON)} | 338.4 700.8 0
Undetlines show | | -
no significant L |
difference at. T T e
P =95, b
Sample Concentrntions Compared Individually
Sample coneen:eation 0.1 Lo 1HLO
(%)
. Sumpling date 1718/60 l m/'.):;/us, B/0/G8 1 1/18/60 |10, 23/68) 80,68 | son068 | 1718760 | 1osas/s
N Rl l 107.6 I 338.0 1202 | g3 NG TSN 7008

Underline shows
no significant
difference at
P = 9a%,

Lo 1

shore samples also showed a significant
difference between the mean values of
By (043 duy=") and finr (0.25 day=1) at
the 95 pereent probubility level,

A comparison of the mean values of
As and 24 obtained in 36 assays of the
wustewater and wastewater treatment
plant eflluent samples (2, =0.663 day=;
Bu = 0.450 duy—!) showed a significant
difference between the means at the
99 pereent probability level.

The difference between  the two
growth rates may be attributed to the
avernging cffect of the experimental
error by the least squares fit of the data
and the influence of the 5-day cell
counts, which were generally lower than
predicted by the growth rate obtained
during the first and third days of
culture. Both factors tend to deerease
the slope of the growth curve making
Bt consistently smaller than g, The
decline in growth rate during the third
and [ifth days of eulture is discussed in
a following seetion.

Although greater precision in the
assay results is obtained when gy and

X; are used to interpret the data, this
does net mean necessarily that more
fecuracy or sensitivity is attained, It
is pussible that the wide fluctuation in
the response when measured by g,
indientes the occurrence of an adapta-
tion to an environmental change.

Evaluation of Wastewater Assays

In reviewing the results shown for all
types of wastewater treatment plant
cfffuents, it is difficult to arrive at con-
clusions about seasonal variations when
only three snmples are available. How-
ever, from the limited data available it
seems that fo and X5 yield more
discernable results with which to com-
pare algal growth response measure-
ments.  All types of wastewater efllu-
ents apparently are toxic to algal
growbh in an assay such as that de-
seribed in this paper.  Similar effeets
for wastewater eflluents have been
reported in fish bionssay work.  urther
evidence of an apparent toxie effeet in
wastewnter eflluents is shown in Tnbles
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[ to VI, where response values for 5
pereent snmple coneentration assay are
reported for three samples other than
the three discussed in detail above,
There is a definite deerense in growth
response for all three samples of second-
ary and tertinry cffluents when the
saumple concentration is increaswl to
30 percent.  Only one sample was
assuyed at the 50 percent concentration
for raw wastewater and primary efllu-
ent, and there was no deerease in re-
sponse in these samples.  However, the
secondary and tertiney eflluent assuys
exhibited signiticant reduetions in re-
sponse when the sample concentration
was inereased from 10 1o 50 percent.
Although the raw and primary efftuent
ussayvs did not show o deerense in re-
spunse with an inerease in sample con-
centration, a significant increase in
growth rate did not accompuny a
substantial inerease in nutrients.

Nutrient Concentration and Growth
Response

Figures 2 and 3 show the observed
arintion in growth response (@, B,
and Xy in relution to the initinl con-
centration (S,) of total nitrogen and
total phosphorus, respeetively, using
raw wastewater and eflluent samples
from STPUD in Luke Tahoe water as
the nutrient sources.

In Figure 2 the values of g, and pu
seemn to inerease linearly with the
initinl concentration of total nitrogen
up to about 300 g N/L - Using the
analogy of the Michaelis-Menten kinet-
ics, the nutrient concentration at hulf
the maximum growth rate would be the
suturating concentration or the saturn-
tion constant (K,)). It scems that a
reasonable estimate of K,, would be
about 150 g/l of total nitrogen, A
similar estimate is obtained from the
plot of Ry An estimation of the yield
(cells produced per nitrogen utilized)
was not attempted beeause it was not
possible to decide which factor was
limiting. It must be remembered that

nitrogen and phosphorus concent i~
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tions in the different samples do not
vary independently.  Also, the .0
alues obtained at higher nutrient con-
centrations (greater than 1,000 pg N /1)
were apparently light- or COa-limited,
and henee the amount of cells attained
was less than expeeted on the basis of
nitrogen concentration.

From Figure 3 it scems that in these
wastewnter eflluents, the initial con-
centration of phosphorus beyond which
S. gracile approaches a  maximum
growth rate is approximately 50 ug/1 of
total  phosphorus. aleulating  the
saturation coeflicient for total phos-
phorus reveals that K, is about 10 ug/1
total phosphorus,

The variation of growth response
(@n, fnn snd X5 was also observed in
relation to the reactive iron concentra-
tion.  An estimate of A, for reactive
iron of less than 2 ug I'e/1 was obtained,
Beeanse the coneentration of iron was
usually eonsiderably higher, iron was
probably not the rate-limiting nutrient
in these nssays,

These results show that there is o
reltionship between growth rate and
nutrient concentration.  However, the
relationship s expressed only  below
certuin eritical concentrations, approxi-
mitely 300 g N/Land 50 pg P/ Onee
nutrient concentraticns above these
levels were attained, the test algn grow at
a rate independent of varintion in the nu-
trient concentrations.  The estimate of
Ko 150 pg N/Land 10 pg P/1, gives u re-
lation that allows ealeulation of the
growth response of algae to the presence
of the nntrients, nitrogen and phos-
phorus. Deviations from the expected
relationships could be enused by the
presence of toxicants as discussed above
or such biostimulants as organic mate-
rials, vitamin By, or trace elements.

The flusk assay method has been
eriticized on a theoretical basis beenuse
the organisns grow in a continuously
changing environment with cells of
varying ages that use different amounts
of nutricnt in different ways as the
environment changes. The question
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then becomes one of interpretation of
results, and it is possible to muake
statistically valid  measurements  of
growth rates and final cell coneentra-
tion (&s, s, and Xp) provided carbon-
and light-limiting conditions are not
encountered.

Figure 4 shows the effeets of earbon-
limiting conditions on cell coneentra-
tion experienced after 3 days of flask
culture at low nutrient concentration
where small quantities of earbon were
available initinlly. The deeline in cell
reproduction after the thivd day could,
of course, be attributed partly to nu-
triecnt exhaustion.  However, in all
cases where sueh a deeline oceurred, pll
values greater than 9.0 accurred in the
assay flask, indieating that earbon-
limiting conditions contributed to the
decline in growth response.  Thus it is
evident that some method of ventilu-
tion to insure a free exchange of air
containing CO. is essential in flask
assays. A similae deeline in growth
rate would oceur in a culture containing
high concentrations of nutrients when
the cell concentration beeame great
enough to limit light transmission.

From a practical viewpoint the flask
assay must depend on the culture of o
single speeies, or some standard mixture
of speeies, of algae. Thus it scems
inevitable that the results can never be
interpreted dircetly in terms of outdoor
ecosystems involved in eutrophication.
Nevertheless, experience with o stand-
ard method should, as in the ease of
BOD, become interpretable in practice.

Applied to the assay of possible in-
puts to Lake Tahoe, the flask culture
method did consistently show that some
sources could certainly be expeeted to
inerease the productivity of Iake Tuhoe
water. It also revealed evidence that
wastewater contains some fuctor that
reduces the growth respouse to a level
less than might be achieved with nu-
trients alone ng the rate-limiting factor,

The flask assays also showed that the
maximum cell concentrutions, Xg, and
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the growth vate determined by least
squares  curve fitting, 24, are more
reliable for evaluating growth response
than the observed maximum growth
rate, fq, at least at the frequeney of cell
counting (1, 3, and 5 days) used in the
study.

The prineipal weakness of the method
for the purposes of the projeet was the
experimental error inherent in the eell
counting technique. This reduced the
statistical validity of data to rather
broad ranges and therefere limited the
sensitivity of the method to echanges in
growth response. Some cell counting
procedure is needed that will limit the
varianee in data more nearly to that
inherent in the response of individual
organisms to a given environment.
The use of & Coulter counter is planned
for Tuture assays at Lake Tahoe, By
increasing both the accurncy of single
counts, as well as the number of
replicate counts, the variance in counts
of cell concentration should be greatly
reduced.

Conclusions

At the present stage of these investi-
gations the following conclusions may
be drawn from results:



472

Nutrient Relationships

L All types of wastewater effluents
apparently ure toxic to algal growth in
assays such as those deseribed in this
puper,

2. Both growth rates (25 and gy)
seem  to inerease linearly with the
initial concentration of total nitrogen,
up to approximately 300 ug N/I.

3. The saturation cocflicient (K,)
for nitrogen of approximately 150 pe/l
of total nitrogen was obtained using
both growth rate parameters, 2, nud Aot

4. The initial coneentration of phos-
phorus beyond which 8. graeile ap-
proaches a maximum growth rate (3, or
Bu) is approximately 50 pg/l of totul
phosphorus.

5. The saturation coeflicient (N.,)
for total phosphorus was found to
be approximately 10 pg/l of total
phosphorus.

6. A K,, value for reactive iron was
found to be less than 2 ug Fe/l.

7. Deviations  from  the  expected
growth response predicted by nitrogen
and phosphorus concentrations could
be caused by the presence of toxicants
or of biostimulants such as organic
materials,  vitamin B, and  trace
clements,

8. Assays of possible inputs to Lake
Tahoe consistently showed that all
sources could be expected to inerease
the produetivity of Lake Tuhoe water.

Assay Technique

1. The least squares maximum spe-
cific growth rate (24) and the maxi-
mum  cell coneentration (.0y) yield
more discernable results with which
to compare algal  growth response
measurements.

2. It is possible to make statistically
valid measurements of growth response.
Therefore, the usefulness of the assuy
technique beeomes a question of inter-
pretation of the results,

3. Beenuse of the practical necessity
of using a single speeies, or some
standard mixture of species, it scems
inevitable that dircet interpretation in
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terms of outdoor ceosystems is un-
attainable. Nevertheless, experience
with o standurd method should be-
come interpretable in practice.

4 Maximum eell concentntions oly-
tained at higher nutrient coneenteations
(greater than 1,000 ug N1 were either
light- or COx-limited, and the quantity
of cells attained was loss than expreted
on the busis of nitrogen coneentration,

5. A eell enunerating proeedure is
needed that will limit the varianee in
data more nearly to that inherent in
the response of individual organism to
the assay environment.
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‘“Buvironmental Pollution by Mercury: An Annotated Bibliog-
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raphy,

is a T2-page volume containing citations for rescarch reports,

jowrnal articles, proceedings of meetings, government documents, and

hooks published from 1965 to June, 1970.

Emphasis is on deteetion,

allevintion, and prevention of merenry eontamination in man, wildlife,

marine life, and the general environment,

Merewry contamination in

wastewater and industrial wastes, water bodies, soils, industrial atmo-
spheres, natural atmosphere, and industrial and agricultural produets
are also stressed.  Actual cases of mereury pollution are ineluded, and
theoretical or lahoratory studies were purposely excluded. The volume
is nimed at business firms, governmental agencies, and individual seien-

Lists condueting researeh in this avea.

Copies are available ($50.00) from Industrial Information Services,
Seienee Information Center, Southern Methodist University, Dallas,

Tex, 75222,
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