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’ ~ INTRODUCTION o
In the field of oquqtic toxfco]og} and .more Speoifically in the .
study of the effects of heavy -metal pollution, most of the work %as fo-
cused on vertebrates such as fish' Fewer studies have considered the
effects of heavy metals on freshwater 1nvertebrat§§ Although the imme-
diate economic reasoning behind 'this approach is understandable,. conside-
ration must be Q;ven to the zooplankton community. The latter form an
{mportant link‘in the food chain of higher organisms. The importance of
crustaceans such as‘gggﬂgig as a food source for youno ano mature fish
has oeen neported by many authors. -Studies of the gut content of young
fish show from 1 to 55% cladoceran content by volume, with very few less

than 10% (Pennak 1978).. "Finnell and Reed (1969) in a study of the koka-
>

nee salmon estimated -that Daphnia pulex was the prey species most utili-

{

.zed: In 1965, 85% of the total number of organisms ingested by the
‘ salmon was D, pulex, and this figure increased to 92% in 1?66. Brooks

and Dodson (1965) attributed the absence of the 1ar§e cladoceran agﬁﬁ?i

' pulex in 1akes of Connecticut to different1a1 pa%datlon by alewives. The

importance of cladocerans as a major. food item in fish die%?;s repeatedly ‘

found in the literature, and the 1ist is too 1ong to list here.

Daphnia magna as a test organism in toxicity studies - ,

]
The use of Daphnia magna as a test organism in toxicity studies can

be traégd back to work done by E. Naumann (1934 a, 1934 b) and by B.G. ™
Anderson (1944, 1948). Although, 0¥ Magna 1s not as widely diétriputed in
North America as other cladoceran species, studies have shown that:its
sqsceptibiiity does not differ greafly from other speé1es of Daphnia.

-6 ="
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Canton ahd Adema (1978) #n a comparison of the sensitivity of'D gne

with D pulex and D. cucu11ata found no difference in the1r sens1t1v1~ .
\ c v
ties. S1m11arly, W1nner and Farrell (1976) concluded that if surv1va1

b}

is used as a tox1c1ty 1ndex then D. magna, D. pulex, D. ‘parvula and’

D. ambigua do not d1ffer in their sen51t1:jty to chpper .
There are several advantages in using Daphnia magna as a test:orga-

nism. .First, they are easy and inexpensive to cu]ture;nwhile bedAng lar-

-

ge enough to handle without the aid of a mjscroseope. Their parthenoge-

netic mode of reproduction is advantageous for this type of study ih‘

that they produce a hew brood (average ofﬂlo dhphnids)'every 48-hours. °

\

" Hence any age group is readily available. Diphnia magné has a relatively

short Tife span (about 60 days-at 20 °c), thus the//ﬁ or 96 hour period

used in most b1oassays represents a larger portion of their life Span than

*in larger organisms such as f1sh. Stud1es also reveal that they are much

more sensitive to toxicants than f1sh;(Anderson, 1948) Toking‘into~con7
diseration this last po1nt it 1s clear that fish will not remain in .

areds where its food has d1sappeared and thus one will realize the impor-

" tance of studies invoTving the c]adoceran Daphnia ma e T

- 3

CADMIUM: It's occurance and uses..

Y L]

Cadmium is quite rare in‘nature, theaaverafje earth crust content

ranges from 0.1 to 0.5 ppm (Lymburner, 1974). Generally, it is found in .

association with zinc, lead and copper ores. Nearly al of the cadnﬁum .

L

productlon in the world 1s as a by- product of Zinc sme1t1ng. "Packard
J
(1977) lists the world production of cadmium in 1975 qt 15,554 metric

o

tons. "Canada ranked‘fourth with-],l42 m.t. following" Russia,(2,950 m.t.)e
Japan (2,688 m.t.) and ghe United States {1,989 m.t.).

v
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Lake (1979) summarized the concentration of dissolved cadmium in ' ¥
- ¥ uncontaminated fresh waters which ranged from 0.02 te 9.09 ug/L. Ina
national survey of several heavy metals in Canadian drinking waterusup-:
plies, Mérahger et al. (1979) found that the cadmium levels were very
Tow. The'cadnian levels in treated water from Dawson creek, Kaniaops
(B.C. ), Cigrenv111e Grandfa]ls Newfoundland and Rivigre. du Loup (Quea)
| were 0.03, 0.01, 0,05, 0.06 and 0.06 ug/L respectively. - O
\\wi The cadmium concentration in contaminated witers depends on the site:
’ and its proximity tb the emission source. In a study: of heavy metal con-,

n

tamination by atmospheric fb]lout, Vanioon and Beamish (1977) determined
. the'cadmium content of 31 lakes in the Flin Flon a;ea of Manitoba. The
range of cadm1um concentration varied from 50 ug/L to 0.2 ug/L’ depending
on the proximity of the lakes to the smelter, C]arke (1974) reviewed the
chemical characteristics of mine water from eight selected mines in Canada
q » and Found cadmium concentrations ranging‘ggom 0 to 250 ug/L. 1In a study
¢ . of water samples’ from rivers and lakes in the U. S, 1n 1970 it was deter-
1;(c‘ " mined that 42% were between 1 and 10 ug/L ‘and 4% in the gxcess of 10 ug/L.
7 " The highest cadmium level was 90 ug/L in the Tennesse river, Nhitesburg,
A]a (Durum, Hem and He«del 1971 cited in: Fr1berg et al. 1974).
: The major use of cadmium s 1n the electroplating industhy\(35%),
‘ fo]Iowed by use in pigments (23%), as a stab11izer for poly-v1nylch10ride .
;s or P.V. C. (16%) and in nicke%-Cadmium batteries (13%) (Josephson, 1977)
’ ) Other minor uses of cadmiun 1nclude television picture tube phosphors,

. curing agent for rubbers fungicides, soiar cel]s, and for control rods

o N

¢ and shields in nuclear réactors, (Malin, 1971?. -
. . . - % . - [
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Zinc: It's;gg;urance‘and uses -

Zinc,is;éonsiderab]y more abundant in nature than cadmium, the
average earth crust content being about 70 ppm, The'wor1d‘production of
z1nc 1n 1975 tota]ed 4.4 m11{1on metric tons. Canada was the primery

producer w1th 1.23 million metric tons (Packard, 1977) i

In uncontam1nated wahers zinc levels ranely exceed 10 ug/L (NRC.,
1979) ., MHem (1972) "in"a study of. the occurance of cadmium and zinc in sur-
face and ground waters of the U.S-. estimated the median zinc level of
20 ug/L; The. h1ghest level of zinc was 1200 ug/L in-Turkey creek near
Joplin ‘Mo. In the 1atter study, however, no ment1on is made of sources
of zinc pollut1on inl these waters. Meéranger et. al. (1979) also fognd
that the zinc levels rarely exceeded 10 ug/L in raw{_treated én%ﬂdisfri;

buted water supp]ies of Canada. Some high levels were recorded in:raw

~ v

“ water 'samples of Dawson creek, -B..C. Y’ ] ug/L) and :Magog, Que. ,(330‘ ug/L).

In some samples the Tevels of zinc in treated and distributed waters

exceeded those found 1n raw water Kamloops B.C., Grandfalls: Newfoundland -

and Drummondv1l]e Que, had raw water conta1n1ng 5, 10 and 15 ug/L of

z1nc rgspect1ve1y. wh1oh 1ncreased to 40, 50 and 30 ug/L of z1nc respec- .

i

t1ve1y, once the water was treated and distributed. The authors attribute .
this to the leaching of zinc into the water. from galvanized p1pes‘used
. t 1 .

“in the distribution of the water.

Contamination of water by zinc is primairly from smelting and refi-

"ning operations. Vanloon and Beamish~;19}7) in their survey of 31 lakes

found 7 laRes with an average zine conoenthation > 100 ug/L, 3 ldkes had

concentrations between 51 an 100 ug/L, 8 lakes ranged from 11 to 50 |

‘ug/L, and 12 lakes had zine concentrations less than oh\equa1 to 10 ug/L.

‘ |The h?ghest level of zinc, 8000 ug/L, was’found in Ross Lake. ‘A similor

4
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" .and in fungicideg, (Casarett and Doull; 1975).

N

study in the U.§. detected zinc levels dp to 21,000 ug/L in waters of the

Coeur d'Aiene River fd. hhere tailings of zinc ores were deposited (NRC.,

1979) !

Zinc is w1doiy used in 1ndustry for: the protection of stee] and iron
against corrosion (gaivanizing). It is aiso used as an alloying metal" b

with iron, copper, magnesium, aiuminum and titanium. Other uses of zinc

occur in white paints, engmel, glazes, rubbers, glass, wood preservdtive

Objective of this study-

Zinc is omipresent in the environment, and it is almost always ,

accompanied by cadmium. Previous studies have only considered the indi-

vidual toxicity of such metals to Daphnia magna, even though these \\X'-

metals rarely occur as isolated entities. Tdking this into consideration,' 0

we decided-to examine not'oniy the individua] toxicities of zinc and

cadmium to D. magna, but also examine their effegk wheh they occur together

Four sets of experiments were de51gned in this study The first set.
N .

of experiments were conducted in order to determine the acute toxicity-

of cadmium to Daphnia magna. The second set of experiment? were designed

, to determine the acute tox1c1ty of zinc. The remaining experiments were |

desxgned to deﬁErmine the,effect of a mixture of "cadmium and zinc. The 4

.last two sets differed in the ratio of cadmium and zinc, since the ratio

" may -have an effect an ‘the action of either toxicant in Daghnia.
® . C S ‘
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MATERIALS AND-METHODS -

Culturing and maintenance of Daphnia magna . ~

The. culture of Daphnia magna used in this study was obtained frem"
the Arbor Scientific supply house. The purchase was made in May 1979.
Upon reception, the Daphnia were transfered in a container containirig

the spring water they were sh1pped 1n 0vér the span of the following

‘week the or1g1na1 ‘culture medium was diluted by a factor of 0 25 per day,

using anta]ga1 solution (descr1bad in the next section). After one week

the*Daphnia were then transfered iato a 430 liter pofyethy]éne tu5~

(Figure 1), which contained the basic culture mediam. .
Regular maintenance of the Qgghgjg_cu]ture‘aonsisted of straining

the culturg, once every two weeks, with a neF‘in order to remqvé par?

of the population to prevent crowding. On a week]y basis fifty liters of

the cu]ture med1um'Was replaced with an equiva]ent amount of algae solu~-"

. t1on wh1ch served as the main food source for the aghn1

" The temperature of the culture was ma1ntained at 20 C(+ 1° C); by

lthe uéé‘\f three (150 watts) thermostatically contro1}ed heaters, The

photoperwod of 12 hr. day/12 hr. night was obta1ned by sett1ng a timer

‘on a series of fluorescent Tights (5400 Lux) Over the 18 month period

of this study, the maln cu]ture was empt1ed every two months and c]eaned ~

to remove organic wastes.

Culturing and maintenance of algae - -

i

Agar 'slants of Chlorella vu]garfs were obtained at the same time

- from Arbor Scientific.. Suspended solutions of this algae were initiated

by using five liters of Bristol's algae mediym, déscribed in Table 1.

O .
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k. _ ‘ . Daphnia and algae culturées. The left ‘o
: , . _ tub s the algae culture and the
‘ ' . right tub is the Daphnia culture,
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. Table 1: Composition of Bristol's algae medium . ,
) ] 1y : * v I ' .'.- -..', (’J\J . .
“ Six stock solutions, 400 mls. in volume, contained-one of the following; /° .
] . ’ b .NBN03 M OO.Q.OQOIQQIHO"DQ"D‘OI‘O T ‘.‘\ ]0-0 g ‘ o
q\."‘ ' . CaC]z B \ ..-.oo-n:-.n;o.no..{g\. . . 1-0 g I : "‘:",
S A ' R ' ’ B
MgSO4 7 H20 . : 3'0.9 - ,. . !
Qg}‘ . ~ 52”P04 q----'.o-onnoa‘-'-too- '300‘9
' ,%f_p o \/ ] , ) :
? . KH2P04 ’ ) i C‘CQCIIDIQCOJOO-..ICD;. 7009 .
£ , NaCl . 109
A ) . .. . .
e - . . o
d\ ¢ . ( ’ ' » . . ; 3
% Fifty mis of each_of ,,’ﬁngﬁaﬁé“v'eu;df“utions were added to 4.7 liters of glass. ,
‘&I . * : ‘I‘. \‘i ‘:: ’ ) '
b distilled water to maké up the medium. (Ward's,1979).
) - g .
é; v L] bl ) I' . ) L . i
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* These concentrated algal solutions. were.then used to seed a second 430

ke

Titer tub, cahtéjning chércoa].fil%éred city‘of Montreal water, The
Lharacteristﬁcs,of this wafer: which was a]go ]até} used for biocassays,
is Kisted ianab]e 2a and;ébl The%mostaiica]]} confro?]ed heéters were
aJso used to maintain the temperature at 20°C (t']?C). The Tight regime
was -the same-as that for the Daphnia culture. Other algal species (mos-

tly Chlorophyta) were present in low numbers in the culture. ”/J

|

N , o .

Exposure apparatus

@

The apparatus used for experiments is illustrated in Figure2. The

. exposure chambers consisted of eight 15 L aquaria, Each' of these tanks

was drained at one ‘end by a standpipe which alléwed for a total vb]ume of
14 Titers in each tank, These drainage pipes were enclosed by.a P.V.C."

pipe with holes. drilled near the bottom of the tank. The input of toxi-

- . .
cant and/or. water was placed at the opposite end of the tanks. This set

up insured that the water comiﬁg in at one end from the top, would be

drained from the bottom at the other end. o

vaenty—:wG circu1ar‘p01yethylspe containers (Figure ?) werd suspended
from the top of each of the eight tanks. Each container had a volume of
65 ml. These were cut on two sides anq co;ered with plankton mesh (56 u)
to allow for the flow of water through them. 1In all the experiments one
Daphnia Qas placed in each of these containers.' Between each experﬁﬁent
the contaipers were removed, cleaned and‘fandgmly redistributed to the
test tanks. |

The rate of diluting water was set at 200 ml/min for all the ExpSVi%

ments, thus‘yjelding a turﬁé?er time of,1.é'hr. The flow rate was main~

’

‘tained constant:ﬁy using part of“a serial diluter (Figure 4).

R |
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‘ Table 2a: Characteristics of the dechlorinated city water

Test - . Values ,‘Degggiéned by:
pH - - 6.95 ' (20°C) Corning pH meter Model 10
/ v ‘ ’
Dissolved Oxygen . 8.60 mg/1 (20°C) YSI Model 54 A
Alkalinity . 80 mg/1 {CaCO3) Hach colorimetric method -
. - , - . -
. Calcium ¢ . . 100 © mg/1 (CaCO3) Hach colorimetric method
" Total Hardness 130 mg/1 (CaC0;) Hach colorimetric method
. Conchtance‘ o ‘l 300 uohmﬁ[cm \ Hach meter
Cofg} ) "0 STD Hach meter
Turﬁidity ' 0  FTU (formazin) Hach meter |
/ )
Table 2 .‘é£OMic Absorption analysis of the déch1orinated-cjty water
Metal © - Concentration - Determined by: °
x ' . ) " - 1
. ' . (Ug/]) ) \ X o
Cadmium/// v . Lo, | graphite fdgnace\
"~ Zinc i n.d.'1 c ’f]ame l
Nickel ‘ n.d. graphite furnace
* Iron 3.0 graphite furnace
Coppef : - n.d. graphite furnace
" 7
S 1 )
~n.d.: not detectable
. s )
: L L
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F1gure 2. Pﬁotograph of the exposure apparatus

|

’
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¢

‘used in this study.’ Shows: settling
\tank head tank, Mariotte bottles,
serial diluter, niixing chambers,

e1ght aquaria and the D aphnia con-
ltalners. .
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L F1gur~e 3. Photograph of the .polyethylene -
. . aghma test containers., o
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concentration would be. obtained after dilution. . °

. 4 . .
This consisted of a plexiglass bdx (60 x 10 x 10 cm.) with a series of

eight glass faucets, whose dé??ation,from a vertical posttion'towahds.a
horizontal position offered a control of the flow rates. Proper aeration
and con;tant pressuhe oﬁ incoming qt1qting water was maiptained by,the
use of a, settling tank ahd avhead\tank. A constant temperature of 20°C

was maintained by mixing 11°C‘dech1or1nated water with 27°C dechlorinated )

water supplied to the gab by the phys1ca1 plant of the un1vers1ty
Toxicant concentrations were contro]]ed by using six (18 L) Marlotte
bott]es (F1gure 5). Intramed1c polyethylene tub1ng (1.D.=0.86 mm,

0.D.= 1. 27 mm) was used to- prov1de aldnstant flow ratgigf 0.3 ml/min

“

. j{om each ﬂarwotte The tox1cant f]owmng from the Mariotte was 1ntroduced

via a funnel system, to the respectwve mixing chamber where 1t was d11u-

ted before be1ng dlstr1buted to the tanks Cadmium ch1or1de (Cd012 2. 5

HZO) and Zinc chloride (ZnC]z) were the forms of metals used in this stu- .

\
dy.- Concentrations in the Mar1otte ‘hottles were set so that the desired

”

n . -
Determination of cadm1um and Zinc concentrations ’

The determ1nat1on of " meta] quantities added to each tanh was perfor-

K

,mediga11y throughout the duration .of each exper1ment The tota1 cadm1um

was determ1ned by graphite furnace and the total 21nc by f]ame atomic

w

absorption. The cohd1t1ons used for each determination is shown in Table

o
¢

3. ’ . ’ ’ . ,. ‘ ’/b
. LA serie§ of five standards were,madé?dai]y for each metal, and the

respective absorbance values were determined. The absorbance values. for

the zinc weye obtained by thexintegrateﬂmvalue given by the instrument,

. A — ) . -
whereas peak readings from the recording chart were used in the case of

- 19 -
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’ Figure 5. Photograph of the Mariotte bottles R

used to deliver the toxicant solu- Lo
tions to .the exposure tanks.
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Table 3: Conditions for atomic absorption-spectrophotometric

determinations of cadmium and zinc concentrations

Instrumenf

. Radiation source

Current

Furnace

Wayelengﬁt

Slit width
Resonance line
Functién display
Readout

‘Fuel

o

. Purge system

Drying temperature

Drying time (HGA)
Charing temperature

Charing time (HGA)

Atomizing temperature

Atomizing time (HGA)
Recorder range

Chart speed

Cadmium

b 4

* Zinc

L

150°%

Perk1n-E1mer (Model
503) s
Hollow Cathode Lamp

J
[

4 pA

HGA-2100 graphite
furnace using
pyrolysed tubes

'228.8 nm

0.7 nm

U.V. Range
Absorbance

Peak Mode integration

Nitrogen:. 30cc/min
(Normal flow)

Automatic High

Temperature
(27008

30 sec¢

250°¢

20 sec e
21000C

B8 sec

1M0mv *

5 mm/min

- 2] -

-

Perkin-Elmer (Mode]

. 503)

Hollow Cathode.Lamp

5 mA

4 Jinch single slot
flame burper

213.9 nm

0.7 mm .

U.V. Range
Absorbance

3 'sec.

Air

I

Integration

£ 50 c¢c/min-
Acetylene: 22.5 cc/min .

-~

b s e S
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Table 3; Continued »

N ~

v

Sample size

Sensitiyity N

Linear Working Range

Cadmium

Zinc

20 uL

0.225 ug/L
57.5 ug/L

5 ml/min
rate)

20 ug/L
1000 ug/L

(Aspiration

\
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each metal, and the resulting regression\equation was determined.

. ;’ "
A sample of watér (100 m1 ) was obtained daily from the interior

\

“the average of five readings-at 3 seconds irtegration was determined.

-The samples used for cadmium .determination usually had to be diluted with

g1éss distilled water in order to operate,w%thin the'1inear working range

of the graphite furnace.’ The average peak height of four 26 microliter

injections was then determi;edAand corrected by the dilution factor. Tﬁg

ﬁeén abserancg'or pe;k value was then used to determine the concentrati;n
N .

of each tank. The mean concentration .of each tank oVer experimental pe-

#iod was then Jater used in the treatment of the data,

.

Culturing of twelve hour old Daphnia imagna

For all the experiments in this study'the Daghnia'used were cultured
in the same manner. Twelvé hours before the start of expériments, 500

. Y ‘ - | .
gravid females were chosen, These were separated into groups of ten, and

pTéced ih 50 ml beakers containing 40 mis of the algal soldtion. After

the twelve hour period, the adult Daphnia were removed using a lérge bore

size pipet, and the remaining juveniTes were pooled. /,

A juvenile was placed in each of the 22 containers in each of the 8
Vo

. v
tast’ tanks. The total humber of daphnlgs used for each experiment was -

176. ’

) "

)

- 23.- )
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: Evaluation of the suitability of the flow-through system for the mainte-

'ch1or~ophyn A).

nance of Daphnia magna. o

Prior to.running the bioassaye in a flow-through system, two,life

N
tables (Krebs, 1972) were constructed to determine if the system was sui-

" table for the maintenanhce of Daphnia magna.

Twenty new ‘born p_gg_hpi_a were randomly picked from the progew of 25
adult fema1es“. These daphnids were divided into'two groups; ten for the
static s}h:?ﬂhﬁén for the ﬂow‘-through. Both groups were majntained .
at 20°C and subjected to the same photoperidd (12 hr day/lZ’hr night). *
Each group was -fed.equa1 amounts of Chlorella each day. Tha“amount of

food given was defermined by spectrophotometric readinﬂgs §at A=665 & for

'The sj:atic syétem consisted of ten 120 .m1 polyethylene beakers
e‘ach contdining one daphnid. Half the medium was ‘changed daily during
feeding, ‘ In the tase of“the"ﬂ ow-through system, ea'ch of ten daphnids
was ,p1aced in the same containers thet ‘were later used in the bioassays.

Daily observations were made and the number of daphnids produced
was recorded. Once counted the new]y produced young were removed. These M
observations were contmued until the twenty 0r1gma1_ daphnids had died.

/

Life tabl,e statistics were calculated as in Krebs (1922).

Design of bioassay experimae‘nts _ -

- d *
Four sets of experiments were conducted in this study. In all the

expemments, 12 (+12) hour o1d Daphnia agn a Were used. The 176 daphnids -

a

used in each expemment were random]y dlstnbuted to e1ght test aquama

In each expemment two of these aquama a total of 44 daphmds were used
I \
as control. The remammg six tanks, each containing 22 daphn\’rds, 'were, '

-

. - U~ o

B
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subjected to different toxicant concentrations.,

O/;ervatmns were started at the twenty-fourth hour (very few |
deaths were noted before that t1me period) and were made every third hour
(i.e.: 24:00 hr, 27:00 hr, 30:00,hr,\..., 96:00 hr) throughout the
test per'iod. Three excéptions to this method were made. In two of

- the cadmium experiments observations were made eit‘her at every half hour

" .or every hour from the start of the experiments. Thié was necessary be-

cause of the high rate of. mortality in the assays wvth high cadmium Teveld.
xThe third exceptlon, is that one of the zinc expemments was extended

over the 96 hour period up to 140 hours.
| . Mortality was est1mated as the Tack of movement in the second

antenules and internal organs in a five second pemod of observatwn

" ‘Dead organisms were immediately removed from ther containers. The time

of death of.each individual was recorded.
In the first set of biocassays five experiments were conducted to

detérmine the acuted toxicity of cadmium tg,Daphnia magna. Thirty dj*ffe'r-‘

ent cadmium levels ranginb from 3.4 u o 31,400 ug/L were tested.
The second set of bioassays consisted of four expem"men'ts, designed',

to determine the acute toxicity of zinc. The concentrations used ranged

from 10.6 ug/L to 450.9 ug/L.

The third and fourth sets of expenments were designed to determme

.~the effect of cadmium- zlnc mixtures on Daphnia magna, These two sets
\ d1ffered in the ratio of metals present. In thﬁhwd set, consisting of

/two experiments, the ratio was set at one to ane in terms of potency, as

determined from the first two sets of bioassays. Since cadmitm was found

: . A, & - |
to be more toxic' than zinc, this resulted in a mixtyre containing more

b >

- 25
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zing than cadmium in terms of weight. In- the fourth experiment equal a-

mounts of cadmium and zinc, in terms of weight, were added.

’ . Fl

LR

Treatment of data ' L
| " To assess the acute toxicity of ba&;ﬁum and zinc to Daphnia magna,
'fhe data were analyzed by fhe désage~morta1ity burvq (Finney, 197&) and
the time-mortality curve (Litchfie]d; 1949). For each experiment the cu-
‘mu1ative percent mortality for each concentrafion was p]otteduagainst
time on a probit-]og“pqpe;. A linear regression was lised to determine
" the best fit Tine on these points. The reiglfing regression equation
_was thén used to determine‘the median effe;tive time (ETSO) and tﬁg per-
cenf mo}tality in probits for 36, 48, 60, 72, and 96 hours for each con-

centration.- From these iresults: two types'of graphs were contructed, The

centration of the metal. The %econd graph was the dose-respanse relation-

_ship. To construct this, the probit response, obtained from the regres-
;jon equation forementioned at 36, 48, 60, 72 ahd %P hours was plotted
i s o ‘against the log of the metal concentration. A best fit line on these
points was obtained by usiné the statistical.package, Statpak, available
| R at the‘ﬁniversity computer terminal. Th; expected probifs,-oﬁtained from
%‘ the probit analysis routine, were then used to obtain the weighfing coef-

- o ficients angrthé‘working probits used in f@e lnaximem likelihood estima-
’ tion of the dose-response curve (Finney, 1971), 'Ihé calculations of

the regression parameter;, goodness(of fjt statiificé, fiducial

limits and the LC50; were obtained tﬁrough a fortran pro-
| | _gram (ﬁeinstein, 1979). The dosage-mbrta]ity curves were also tested fo

- similarities in slopes by the use of an F-test (Sokal anngoh1f, 1969).

< N ..26..

'
et

first grabh'plotted the median effective time against the log of the con- ¢
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_The assessment. of the pofencies of the cadmium afid zinc'mixtures

followed the criteria outlined by Anderson ind Weber (1975). The various

<4

forms of multiple toxicity are classified as, concentration-addition,
response-addition, supra-additive synergism, or infra-additive antagon{sm.

The‘concentration addition model assumes that the discrete entitiesﬁt>
... ofa toxicant mixture act on thg ‘same receptor in the test organism. Thﬂgq //{

/

relative potency of a ﬁixture‘fiﬂ_be predicted from‘the discrete dose- '////
rgsbonse curves of the ®%jcants. Thislis acéomplished'by the denivafion/

of a relative\potency factors, which %s.used in the(con§er§ion of the con-
centration of one toxicant in terms of the other toxicant used. The rela-’

tive potency factor is calculated as: . |

o 3 ‘ 1 . .
’ . I3 ‘. | ' * * ‘ I‘ »
. ////"Rcz" Atilog ' Y¥ - a. - Y- e
, | | b ’ b,
Y .
wh:Le: o , RCz : relative potency factor converting zinc

concentration into cadmium equivalent units.
Y* : given level of response

The predicted potency of the toxicant mixture’can then be expressed as:

- ' “ Y= a.* bc log (Rcz X Cz+Cc)

h - v N 4

Contrary to the concentration-addition model, the response~addition
'mm_iél assumes that the discrete ‘enti ties in a mi'xture of t&xicants act 6n ‘ Q
) .different receptors to elicit 5.c6mm6n response, The re]ative potency of ’
| the mixture can also be predicted from the disc ete dose-respoﬁée curves
in tg}ms of the p(opértiqn of §§jmals responding. Thg difference with this

model, however, is that it takes into consideration the fact that the to=

-2.7_-
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!erances may or may. not be correlated. The expected pr"oportion responding

- when the tolerances are not correlated is expressed as:

P = Pt P, (1 - Pe)
) where? Pcz : Proportwn responding ‘to a mixtyre of cadmi um
. and zinc | ooy

c proportion responding to' cadmium only : .
P, proportion responding to zinc only

-

If the tolerances are positively. correlated then the expected:prc‘aportion

v . . , (\
responding is expressed as: ~ o e

Pczf Pc y 1f P> ?Z

Pez ™ Pps 1 Py > Pe.
\

- - N [

" Lastly, if the tolerances are negatively cofrelated then the expected pro- =

portion responding is détermined as:

Peg = Pe *Py s IF Por Py

@ ‘p‘cz - "l. ‘; ofe Pé + Pz >,' 1’
Supra additive synerg1sm can be described as observed r‘esponses S

which surpass those estimates predicted by the response -addition and con-

centration addition modeTs 0n the other hand, 1nfra-add1t1ve antag n{sm
+ shows observed responses which faH short of the estimates predicted by

.-the response- add1tion and concentrat.ion addj\tion models. For both of

these models, no prediction can be made from the discrete dose-response

Aata. *
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RESULTS

Life table analysis

%
The suitability of the flow-through apparatus used in this study for

bioassays with Daphnia magna-was determined Ly ‘comparing 1ife table para-

meters with that of a static systemi The_cohortllife table established

for both systems is shown in Table 4.

In order to simplify the calculations the age of the daphnids were
subdivided into 3 day*class intervals, and the pivotal age (i)‘was de-

termined. For botﬁ systems the foT10W1ng life teble parameters were

B} tabu1ated. 1 , the number surv1v1ng at the start of - -age interval x, my >

thelmean number of offsprnngs per fenale of age X, and,ex the avefage
expectaiion ofﬁ}ife at gge x. /

The lack of replicates does not a1?bw Lor a statistical'comparison
of the two systems. However, there seems’ to be some advantage in usxag
the. flow—through system if we cons1der that at 53 days all the daphn1ds
in. the static system yereé dead whereas on1y 50% died in the 1ow- through
one: The f]ow-through system'daphn1ds produced 1,510 offsprings as com-"
pared to ] 014 for the static system "daphnids. In addition the calculated
1ntr1n51c Jate of 1ncrease (r) for the f]ow-through system (0.27/d) was’
greater than for the staF1c system (0.22/d).” These d1fferences may not be

great on a short time period, but they may be significant over the span

of several generations.

‘\ ' ° ' ‘
’ .

2. 3
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The effects of cadmium on Daphnia magna. .

< I The empirical results obtained for-the cadmium bicassays are tabu-

[

S \\;\ . ‘Jated in A pend11?1"'~For each of the ‘thirty cadmium concentrations '
£ -

e

v
'
P U

o e e s o g

EEEREY Q%fp11ed and reveaTed thgg 24 out of 30 correlation coeffigients were si--

‘- . the data. .,

- A assayed the cumu]at1ve number respond1ng at each observation period
and the respect1ve percent morta]1ty ca]cu]ated are listed, The 'data re-
. present five experiments, in wh1ch Sx d1fgerent concentrat1ons were
. 'ﬁé tested aTong w1th two contro]s for each In-the total of" ten contro1s,‘a
no morta11ty was observed dur1ng the cburse oﬁ’the exper1meﬂts
The time- worta]1tyacurve obta1ned for paom:um is 1]1ustrated 1r|\\

F1gu;e/6 The regress1on equat1on of this lire was calculated as,

T y=2.437 - 0.441 x, with 2’ correlation coefficient of -0:955 (signifi-
H

[T s

cant at a = 0.01), and a- goodness of fit test, us1ng ch1 -square, which
revea]s that the line adequate]y represents (P<0. 05) the data. " The re—d

*i::\ gPESSIOH parameters and the1r corre]at1on coeff1c1ents used to determ1ne
" these pofnts have beep tabulated i Appendix II. A t- test for the

»

. s1gn1f1cance of the correlat1on coeff1c1ents (Sokal and Roh]f, 1969) was

Ky gn1f1cant at a =-0.01 2 were' s1gn1f1cant at o~ 0.05, and 4 were not
s1gn1f1cant The latter 4 were among the highest cadmium’ concentrat1ons

1n Wh1Ch the rate of morta]1ty a]lowed for 0n1y one degree of freedom in
b

o

The dOSagekmorta1ity eutves for‘oadmium at 36, 48, 60, }2 and 96
howrs’are 111ustrated in Flgure 7. Fhe Yegression equatﬂon parameters,
pred:cted probit morta11ty. 95% f1duc1a1 11m1ts and emp1rica1 prob1ts for.
these Jlines are tabulated in Append1x II] a. - 11l e. The goodness of
Mt testAystng'a chi-square test, shbw5'that all of ttese Tines are an
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Figure 7. The dosagé-mortalfty curveé for
magna. exposed to cadmium at 36,
72 and 96 hours.
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adequaté representation (P < 0.05) of the d%ta. The dosége—morta]ity
c&rves in Figure 7 hgve the following slopes, 0.831,'0.701, 0.839, 1.351 .
and ?.801 for thé 36, 48, 60, 72 and 96 hour. lines respectively. The

- T results for F-test for the equality. of slopes are listed in Tab]e 5. ?he
test results for the comparison of the 36 hour vs. 48 hour and tﬁ§~48\hour
vs. 60 hbur lines -show that these lines have equal slopes at the three

o levels tested. The comparison, between the 60 hour vs. 72 hour and 72

hour vs.‘96‘hour lines show qiffergnt"s1opes at o =0Q.70. This difference ‘

-

s further demqnstratéd‘ By the comparison between the 60 houry]iné hpd
thg 96 hour line wpich shows different slopes at all. o levels tested.
‘ .Thé LC50 va]ueS, ext}apolated from fhese Tines, }or 36, 48, 60,-?2 and 96
. hours are 203.80,°58.16, 15.81, 8.88 and 5.00 ug/L respectively. - |

The effects of/zinc,bn Daphnia magna

Y

"The empirical results.for the tweptykthree different zinc concentra-
* tions used in the second sgt of bioassays are tabulated "in Appendix IV.
| Lfsted‘are the cumulative number of Daphnia respdﬁhing at each observas °
tion period and the respectivé percent mortality calculated. A total of

eight controls were used, two for each of the four experiments conducted.

[l
[l
Eg

No mortality was obser ed in the controls during the.course-of Ehese
q. experiments. : . ‘ .
The time-mortality curve for the zinc bioassays is illustrated in
%igure,B. The Ca1cufated reg?essidn equation for this line is;
y=2.611 - 9.328 x. : The corrg]ation coefficient of - 0.454 for this
iine is éjgn{ficant at a = 0.05 and- the chi-square for goodnessfof fit .
reveals that the regression line adequately (P < 0.05) represents the .

. ' 3 .

- . s - -

. ’ : 9 . .
\\\\—_ifta. Appendix V 1ists the regression parameters and the correlataon .

- 34 - .
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Figure 8. The time-mortality curve for Daphnia
magna exposed to zinc. -
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'a 0.05 accordmg to the t-test.

" the data at P < 0.005 for the 36 hour line and at P < 0.05 for the 48, 60,

terms of equal potency, are tabulated in Appendix VIII. The latter lists |

»‘ . - ) I/ ! o i
Yy ' L s
. |

" coefficients used in the determination of the median effective time at

each concentration. Twenty-one of these correlation coefficients were

significént at a‘==0 01. and the remaining two were signfficant at

" ITlustrated in- Figure.9 are the dosage morta11ty curves for 36, 48,
GO,.72 and 96 hours for zinc. The regress1%ibparameters predicted res-
ponses, 95% 1duc1a1 1imits, and the enipirical responses used in the
conétr&ctigjigf these' Tines are listed in Appendix VIa. - VIe.. The chi-
square test for goodness of fit showed that the lines adeéquately represent

\
72 and 96 hour lines The s]opes for the 36, 48 60, 72 and 96 hour
dosage-mortality curves are 0. 785 0 656, 0.587, 0.747 and O. 363 respec-

t1ve1y The resulds for the F-test for equality of slopes, Table 6 ///—“\

reveal that all the s]opes are equal at all a levels tested. The LC50

va]ues determined from the 36, 48; 60, 72 and 96 hour lines are 861 06,
708.94, 420.25, 136.10 and 67.91 ug/L.

ﬁhe effects of .cadmium-zinc mixtures on Daphnia magna

The effect of two different mixtures of cadmium and zinc on Daphnia

magna were assayed. In the first two éxperiménts cadmium and zinc were in a
ratio of equaT:pofency. The third experiment differed in that the cadmium
and zinc were present in equal concentrations. ) .

The empirical results obtained for the cadmium-zinc mixtures, in

the actual concentrations of cadmium and zinc, the-cumulative number of

—
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Daphnia responding at %'Fh obseryation period and the respectiye cumulatiye
3 Y . pergent mortality. Four controls, two.for each experiment, showed no occu-

Hl ' he - ° 7 ¢’
rence of morta]ity during the experiments.

» .

The dosage-mortality curves were constructed by using a relative po-
tency factor to convert the actua] zxnc concentrat1on into .cadmium equ1va—
lent un1ts. Ca]cu]at1on of the dosage-morta11ty curves by using 21nc equi-
“valent units shod%d no s1gn1f1cant change in the results L hence
only the results based on the cadm1um equivalent units are descr1bed.'

The regreseion lines for,the mixtuxe at 36, 48, 60, 72 and 96 hours area‘
shown in Figﬁre 10 as solid Tines. The broken lines represent the expected -
\ dossge-mortaliti curves based on the padmium discrete lines. The dafa used
to draw these lines: regress1on paraneters, predxcted morta]1ty, 95% f1duc1a1
limits, émpirical response and expected response are listed in. Appendix
VIIIa. - VIIIe. The calculated ch1-square values revea] that the lines for
36, 48 and 60 hours‘are a good fit at P < 0.05 whereas the Tines for fhe
72 and 96 hours show a goodrfit at P < 0.005. The dosage-mortality curves

“

+ for 36, 48,950,‘72 and 96 hours, shown as solid 1ines,in'F%gure 10, seem to
o :

indicate a gradual increase in slope with,time, 0.114, 0.236, 0.377, 0.383

¥

[

and 0.560 respéctivelx, However the results of the comparison of slppes in o

Table 7 shows that the slopes do not differ at-all @ levels. A similar

b ey w4 e e i
.

. comparison was also made to compaxe thenbbserveg versus the expected dosage-
mdrtelityygines. Each line was‘compéred to its respective expected 1ine'{n
Tahle 8. The results show that all the observed dosage-mortality lines
differ from their expected Tines at @ = 0.10 .- It is clear that the dosage-
i . morta11ty curves for .the cadmium-zinc mixture in terms of equal potency
ratio falls short frqm the expected lines. By using a common probit respon-
se of 4.5, a comparison of the shift in the concentration which elicits the

said response was used to quantify the difference.' Quantitatively, the djf-
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ference between the observga and expected Jines are 12,3 x ]QF, 1847, 160,

.45 and 4 fold decreases in potency for the 36, 48, 60, 72 and 96 hours !
r~ | lines'respectivei&. It is important to note however:that this difference -
L is'not_constant over fhe whole response range (%;e.: the difference in .
\\’ s]ope§ yei)d greater differences at greataﬁ-respénse'1evels).

: Appendix IX describes, in a similar fashion to the previous data, the

empirical results obtained for the cadmium-zinc mixture in terms of equal

~

concentrations. ‘The regression analysis for 36, 48 and 60 hour§ revéaleg
that no dosage-mortality curve could be‘established, sincé no mortality .
~ -~ occured in 36 and 48 hours and that the Qgghgjg_oﬁly responded at two con-.
g centrations in 60 houré. The regression parameters for thé 72 and 96 hours
$ Tines the been inéluded in Appendix Xa. - Xb. The lines adequate{;*
(P < 6.05) represeht the data, as shown by the calculated chi—squaré values.
Comparihug the observed 72 hour dosage-mortality line with the dbserved 96 g

* hour 1ines shows no difference in slopes at all a = levels“{Table 9).

R e s W‘ 2 x’*‘f»rv’—\
5

When these observed Tines are compared to their respective expected lines

z3xe
]

the results show that the 72 hour line differ at a=0.01,' whereas the 96
N .

hour lines do not differ. The difference between the observed and expected

o T s TR R Y PR

1ines were found to be 100 and 33 fold decreases in the potency for the -

72 and 96 ‘hour lines respectively.
)

e X M ey




o, ) ) - ~ o - . y ’ / L
» . BN - : L e . JOjBUlWOUIp :@ -
- ! . ’ : © e . ) . -

- o . . : . S - Jd0jedawnu  :N . p-

-. - N * £

- .- , S | . . " 1enba 30u sJe S3dO[S xx

., - -

.. ’ ) . I - , ' .. Lenbs aue sadols , =
A ) - . N , S umpumaxm (?) vm>;omac. (0) ‘

° 2 - o 2.

O
[=foNo oo OO0 0O.

S o . .
N ﬁWV i3 X ROV
1 L - o¥8'2- - - 4y 96 °SA .Lm 9% @ .«

-
o r—

, ,,E.E.A.‘,/...
. - 21 L 099°6 *dy 2L °SA *ayg zZL . -

/mx., . | ’ | . . \\ coL

: = s T 69%0°0 "y 96 *SA Uy 2L " -

x
o
((e]
=]
p—
o
[ N

.

x

o

—

.

<

~

—

D r—,
OO r—

. an(ea - 4 - a N - ] ,
" - [edL3Ld] - [3A3] = ®° : _fovmmL% 40 s’aubag - -4 : " pasedwiod sauLl

a - - TS

- ‘ T ~ S3AJAND A11[ejJ0w~3besop Pa}IadXa pup paAdasqo uasmiaqg
/ pue uoL1eA3U3OU0d |ENDd JO SWUS] UL BJNIXLW JULZ-WNLWped 3y} .04 S3dO(S JO A}L{eND3 3y} 404 3S31 :6 3lqel - -

- B v ) ,..(., 3 — &

e L e R N .
S : ! ; . . o . . - e

hY . _— . ] ~ ) . N . _ .
i T e s s S ha— s 2 . - “r " 7 T —— . e i
- « . oo o




° .
PUGORD——
.

e e v S S e i T T

R

DISCUSSION
v —

.,In order to evaluate the effects of hazardous matem als on aquatic
11fe under 1aboratory cond1t1ons 1t is important that several cond1t1ons ’
be met. Ideally the organism chosen v:'ﬂ] be representative of other orga-
nisms r;elated to it in terms of general c]assificaﬁon and ecological role.
In aaditi on, the prganism must also be represen_tative :(‘ terms of §énsit1’- _

vity to hazardous substances. In this study Daphnia m lgna was chosen as

a representative of the crustacean component of the zooplankton commqnity.

Daphnia magna adequately represents other freshwater crustaceans in that

it inhabits ths open waters of lakes,-it plays a major role as Ia’bfr"azer
on phytoplankten, and it is an important link in the trophic\chain (B‘rooks
and Dodson, T965). As mentioned in the introduction pt:;—:us studies have

shown Daphnia magna to be sufficiently representative o her cladocerans

in terms of sensitivity to toxfcants, ‘ : .
Laboratory studies must insure proper maintenance and growth conditions
for the test organism in order to éuccessfuﬂy det_ect‘any deleterious .
effects tau%gd by the toxicants. Previous studies using Daphnia as a téé_t
organism in biocassays have employed a static syétem (Andersoﬁ . 1948,
Biesinger and Christensen 1972, Baudouir_l and Scoppa 1974,:‘3'11'nner and Farrell
1976 and Shcherban 1979). The culture mediums used in such systems vary )
in pH (7.4-9.5), a'lkahmty (42- 119 mg/L), total hardness (45-160 mg/L) and
oxygen content (7. 4-(9 5 mg/L). '

There are some d1sadvantages in using the statlc system and these are "'

eliminated by use of a flow-through system. With the static system the

experimenter musf change the assay medium in ofder to prevent oxygen

dep'letion.\'flating out o;" metal toxicants and build up of organic wastes.

]
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The frequency of «such changes varies from study to study. Some make the

changes daily, some every second day, while otherg ‘change the assay med1um

~.only once a week. These changes require the preper?tﬂi'on of fresh assay
medium each time, thus inéreas‘ing the"va'r'iation in the quality of the
medium and its concen\tration of t‘oxi’cants. Another disadvantage of this
procedure is that it requires a more frequent manipulation of the test
‘organisms, hence inducing aﬁ unnecessary stress 'factor. These prob]eﬁs
are eliminated with the use of a flow-through system. . '

™ Another important factor to consider in the planning of such 5 study
is the occurance of the toxicants in natural. waters and éhe Tikelihood tha;
the .organ{sm will be in contact with them. In the introduction we héve
elaborated on the occurance and u§e of cadmium and zinc. Also presented *
is the evidence of the contamination of natural waters by these metals.. ,
Clearly with such widely us)ed metals it is 1ikely th‘at the zooplankton
compone‘nt of these lakes wﬂ]-be affected by their pr:eseﬁce.

Previous studies with Daphnia have only considered ;:he effects of -
heavy metals as discrete entiti.es; Considering the fact that in general,
the.\pmbability of encountering cadmium and zinc as discrete entities is
far less .than finding them in association,\(is study examined not only
the effect of these metals aé discrete éntities but also as components of

a mixture. ‘ . ¢

o

LY

N R
Suitability of tk&xpﬁsure apparatus
In 6rd3~; to insure that the flow-through appax'a'tus tonstructed for this
3

study, woul upport\' the growth of daphnids, a cohart life table (Krebs,
1972) was' constructed and compared to a-static system. The results in Table

4 indicate tfiat; the daphnids have a é]ightly greater longevity, offspring

\
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daphnids and ‘Qwse éxposed to 1 ug/L of cadmium,

/

productwn and consequent1y a greager 1ntr1ns1c rate of increase in the-
f]ow thr‘ough system,” The 1ntr1ns1c rates of‘mcrease of 0. 22/day for the
static system and 0.27/day for the flow-through system approximate the

values obtained by Hall (1964) for D, §a1ea?:a mendotae (r = 0.23/day). J_’f

pu

importance 1'§ the fact that both systems, the static used to culture the
12 hour old daphnaid‘s and the _ﬂow-th’rouéh systerﬁ used in the bioa§says,
show no mortality in the first ninty-six hours. The choice of the flow-
through éystem"in th;‘.s study 'was, influenced by the results obtained above
and by 'the' fact that there is less manipulation of the animals.

S

The acute texicity of cadmium t6 Daphnia magna

The effect of cadmium on the 12 ( * 12) hour old daphnids was

assessnd by thn development of the t1me—mortahty and dosage—mortaht_y
* .
“curves. The time-mortality curve, Figure 6, shows tha’q no threshold con-

centration was attained. Concentrations of cadmium as Tow as 3.4 ( £ 0.4) /.

ug/L f§i1ed to show any threshold effect. Concentratians of cadmium below

" that level were not tested because the apparatus used did not allow for cons-

tant low toxicant concentrations over a prolonged period of time. Our’obser-
vations show that at 3.4 ug/L (Appendix I) mortahty was qu1te s1gn1f1cant
with 36 percent mortahty after 92 hours, Thus we conc}ﬁg that the threshold
concentration, at which no response is observed must be much less than 3.4

ug/L.. Anderson (1948) fontnd that the threshold concentratwn of cadmium for

Daphma magna is lower than 2,6 ug]L; whereas Shcherban (1979) found the 72
hour LCo (the thresho]d concentration at which no mortahty is observed in

72 hr).to be less than 0,1 ug/L, In a similar study with Daphnia -pulex, Ber-

\ ;r‘a'm and Hart (1979) found fo diffei‘ence in longevity between the control

- 48 -
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Dosage<mortality curves are usuéﬂy estimated for one time peri

48 or 96 'hours, but in this study they were determined for 36\, 48,

. 60, 72 and 96 hours (Figure 7). As stated by Bliss (1935, p. 135)

od,

"the dosage-mortahty curve is pr1mar11y descriptive of the variation

A

in suscept1bﬂ1ty between the individuals of a populatwn" The s]{_pe

of thé Tines are an est1mate of 1/0 , the reciprocal of the s(ndar‘d

deviation. As detemined by the F-test for equabity of slopés the

dosage-mortality curves for 36, .48 and 60 hours do not‘ differ, indi
cating that there is no change in the variation ef susceptibﬂity‘in
the. daphm’ds One wﬂ] note, however, that zﬁter the 60 th hour the

slopes 1ncrease 51gn1f1cant1y (Tab1e°5)/,,/thus indicating a reduction

‘

Fad

of the vamatmn in suscept1b1ht_y In order_ to explain this effect,

one must consider some basic pharmacological principles. To elicit

a response, a toxicant must first penetrate the ‘prokective barriei*.s

of an organism to reach the target site(s). This, of'éourse, is

. dependent on the quant1ty of tox1cant present the ‘duration of the

exposure, the number of barriers (membranes) before the reaction

site is reached and the biophys'ical affin%ty of the toxicant for the

cell membranes. A pro&onged‘exposure would therefore lead-to a greater

.amount of toxicant at the critical target site(s), causing a greater

number of ind1v1duals to respond
The dosages-mortahty curyes for cadmwm (Figure.7) show the

expected decrease in the 'LC50 values with prolonged _exposure time,

Biesinger -

and. Christensen (1972) found the 48 hour LC50 (18%¢) at 65 ug/L for young

Daphnia magna. Canton and Adema (1978) also used Daphnia maéna at 199(: and

Fewnpy
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determined'the 48 hour LCS50 at 47 ug/L. In 51mi1ar stud1es Baudouin and
Scoppa (1974) using Daphnia hx;]Ina found a 48 hour LC50 (10%C) of 55 ug/L

whereas Bertram and\H&\} (1979) using Daphnia pulex found the 72 hour LC50
(22°C) at 62 ug/L. The 48 hour LC50 (58 16 ug/L) of cadm1um determined

_.in this study for juvenile Daphnia magna supports.-the flndlngs of the

forementioned Studies. . Cor

The acute toxicity of zinc to Daphnia nagna

The resu]ts\obtained for thé secona set of experimehts reveal that
Daphnia magna is less sensitiveato zinc than to cadmium, These resqlt§
were to be expected considering that,cadmjun'{s found less frequently than
2inc in nat&ral waters, hence the daphnids may have evolved a greater tole-
rance for zinc than for cadmium. . ) 4;

Thé-time-morta]ity curve (Figure 8) obtained for zinc shows a-greater

variability than for-cadmium. The empirical data (Appendix IV) clearly

_shows this variation. For examp]e, at 330.8 ug/L of zinc only 41 percent

mortality was observed at 96 hours, whereas 100 percent morta11ty was

observed for the same time period when the daphnids were_ exposed to 303.7

ug/L of zinc. Cons1der1ng that the same experimental procedures were used

: in both the cadm1um and Zinc experiments it js doubtful that the procedure

wou]d be the source of variation. It is possible to concieve that the va-

riation for zinc may be inherent in the daphnid population. The occurence

~0of such variaﬁi]ity does not allow for the determination of the

threshold concentration. From Appendix IV, we note that 32 per-

cent mortality was observed.after 96 hours when the daphnids were

o

t
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d;exposed to 10.6 ug/L of zinc. Hence the threshold concentration must be

well below that Tevel, Anderson’C\948) in his 64 hour studies at 25°C

AY

with Daphnia magna found that the threshold concentration was(EEhsigssysi;“\
lower than 150 ug/L, Shcherban (1979) found that no mortality occured in

a 72 hour period when Daphnia magna was exposed to 50 ug/L of zinc at 25°¢.

Clearly, one can see that variabi]it& of sensitivity to zinc is not unique

to this study.

_-This variability is even clearer when the dosage-mortality curves are
examined. The:dosage-mortality curves for 36, 48, 60, 72 and 96 hours
(Figure 9) do not show - any difference in slope as did the cadmium lines.

The five iines are shown'statistica11y to have slopes which do not differ

(Table 6). Thus, there seems to be nd change in the variability of sus-

cepfibi]ity with time. One may postu]ate that 1f given more time, the’“
same' effect could be seen, if one assumes that the permeability of zinc is
leéss than for cadmium. This however does not seem to be the case since the
results of one experiment which was aﬁ]dwed to cont#nue up io 140 hours
showed just as much’;eriabi1ity. For example, Appendix IV shows that at //
74.5 ug/L of zinc 27 percent of the’ daphn1ds had died after 140 hours,/*
whereas when exposed to 45.7 ug/L of zinc 86 percent mortality qu’observed
at the sameptime period. It uou]d seem tnat the variabj]i?x,pnenonenon
observedlszte, is one that en;ompaéses more than just/kinefic parameters, .
in other words it involves more than the ioxicent’nechanism of penetration.
Simi]arly to the cadmium dosage-mortei%iy 1ines, the zinc lines also

show ? decrease in the LC50 values with 10nger periods of exposure

(Figure 7). As we noted ear1ier-the varfability in the data is further

/

.demdnstrated when a comparison of the LCSO values from different studies

is made. Biesingeéfand Christensen (1972) determined the 48 hour LC50

'-51-'.
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(18061 value at 100 ug/L. Braginskfy and Shcherban. (1978) estiimate the
24 hour and 72 hour-LC50 at 163 ug/L and 12 ug/L respectively. In a simi-
lar study Baudouin and Scoppa (1974) used Daphn1a hya11na and found zinc to

be more toxic than cadmium in that the 48 hour LC50 was 40 ug/L. However,
_a comparison ofﬁtheir data to that of Biesinger and Christensen (1972) for

other meta]é show'relative1y'1esser differences except for zinc.

{ . ~

The multiple toxicity of cadmium-zinc mixtures to Daphnia magna -

A

A1l previous‘investigations'poncerned with the effects of heavy me-"

tals on fhe cladoceran Daphnia mﬁgna have focused on their effects asAéebe4

.
i i T T
1
1
&

-§: rate.enmities.\ Yet, it is unusual to fina qebody of water that is conta-

33 v minated by a single toxicant. In order to establish water quality‘criteria,
that will protect }he ecosystem §§‘a whole one must take into consideration
that dombimmtioﬁs of toxicants may have pmtencies which differ from those
of individual toxicants. Although, the number of studies dealing with the
combined effects of heavy metals on fish are numerous (E.I.F.A. ..f1980),
no ‘such studies have considered their effects on Daphnia. |

) f, The forementioned lacuna prmmpte& us to investigate the combined é?-
fects of ca&mium and zinc on'Daphnié magna. These two metils were chasen-

b e (N UL T R TN T

'primarily because they are ‘known to occur in associatipn in lakes inhabited

r

by cladocerans. )
The potency of the mixture may be dependent on the ratio of the cons-
tituent toxicants. ‘Hencéj two ‘different mixtures of cadmium and zinc were

assayed. The first mixture contained cadmium and zinc in a ratio. of equa]

-

L otency as determfhed from single toxicant experiments. The dosagea \ ‘
\\\\;;J:(“‘Emrt511ty curyes for this mixture (Figure 10) show an infra-additive effect. o

In other words the Qbserved mortalities caused by the mixture were much -

)

¢
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Tower than,thoée predicted byqtﬁe concentration-addition model. No attempt .
wés‘made to cémpare the obseryed results against. the response-addition mo- -

de19?§Ince the predicted response of the latter are higher than those of -

the Eqncentration-addition mode]i(Anderson, 1980). The slopes of the

observed dosage-mortality curves for the mixture are not significantly

differentgat ali;a - levels (Table 8), thus indicating no change 1n;jge
B -~

yariability in susceptibility over the experimental period. On the other’

7 .
hand the observed dosage-mortality curves differed significantly from

" .their respective expected lines (Table 9), which are derived from the con-

centration-addition model, These results resemble to some extent the

, \ .
gesults obtained with the discreté zinc lines, however, analysis of-the

data based on zinc equivalent units revealed the same infra-additive effect.

In the experiments just discussed, cadmium.and zinc were added in

terms of equal potengy and since cadmium was found to bg more toxic, this

resulted in a greater amount of zinc being present in the mixture. The
second type o} mixture assayed contained equal amounts of zinc and cadmium,
The results obtaiqed (Appéndix‘xx) also\hleafly show an infra-additive
effect. ' N .

\ ‘In order-to compare thé results of the two mixtures with the expectéd'
results abtained from the discrete toxicant -1ine we have opted to represent

the data as tolerance distributions (Figure 11). This is poésible because

-the dosage-mortality lines (Appepdix Xa -Xb). show a statistically signi-

ficant good £it and thus describe 3 normal distriQutiod (Finney, 1971).
The 96 ﬁour dosage-mortality curves were chosen as a basjs for comparison} .

. ‘ : t
The tolerance distributions for these curves were derived by using 4he - -

' LC§0 value as the mean (u) and the inverse of the slope as the standard

' { oo .
deviation (o). Once these parameters are determined it is possible to

. .
x L83
R )
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o o Figure 11. The 96 hour tolerance distribution

of Daphnia madna discrete tox-
icant (Curve » Equi-potent tox-
. itant mixture (Curve B),7and the -

" Equi-concentration toxicant mixture
(Curve c). - : :
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i construct the tolerance distributién functions (Blommers and Lindquist, 1. '
;; ) 1960}, The ordinate value is obtained by the following efbcessibh:" k
; Yoo ] Lo s20y
eiz ' - ~ where: o y. = grdinate value (the value of the function)
3 ' B Ry T
'*i . ‘ o = standard deviation (inverse of the slope) - .
3 T | 1 = 3.1416 e ! . ‘
. . C i
X =X -u- : ' ‘ : e
. ™ . . R . s - j*
X « magnitude of the toxicant equivalent units, co 5
T . U = mean (LC50 value) - | o
. N '\ ) ‘ M;%i

S

The data used in the derivation of the 96 hour tolerance dtstr%butioh

«

have been tabulated in Appendecies XIa - XIc. The 96 hour tolerance dis- -

~ tributions dre i1lustrated in Figure 11. The abscissa is expkessed‘in A

Zoa

terms -of toxicant equivalent units instead of x, in order to demonstrate -

the shift in the means (i.e.: the 96 hour LCS0 va]ues). The ordinate va-

SN S NS

=

Tues describe the tolerance distribution function which a1lots for equal

e

areas under the curves, thus taking 1nto account that‘{Ee curves describe

S
-

13

the response of equal nuriber of animals. ' '

izon, Fadins &

Curve A in Figure 11 depicts the 96 hour to]erance distribution\pf '
the discrete cadmium doaage-morta11ty curve. The 96 hour tolerance distri;' ’
butions for the equi-potent and equi-concentration mi tures are represented 43 ]
by curves B and C respective]y. The displacement of th B and C curves to '

" the right of curve.A, clearly illustrates the 1nfrp-addit1ve(effecc. ln

e¢q£her‘words“the LC50 velues increase from 5.20 ug/L for the discrete cyrve
- -85 . e v

ot
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to 107.68 qg/L for%the equi-potent'curve and to 159.73 ug/L for the equi-

concentration curve, Considering the fadt\that the curves circumbscribe &

equal areas, the height of the curves can be used to describe the varia-

. ~ 5

- tion in the responsé of the daphnid population. However, for a quantita-

tive .analysis of the change in variability, comparisoﬁ of the standard de-

viations is commonly acceptea. Figure 11 shows thai cuive B, which con-

" tains more zinc than cadmium in terms of weight, shows a greater variabi-

lity.in'the response than for the discrete curve (A). Comparing the , ¥
standard deviations of these curves-re?ﬁals a fig;-fofd increasefin the

variability of the response. A similar comparison of the equi-concentra-

~ - tion curye (C) with the discrete curve (A) shows an even greater infra-

additive effect; but unlike the equi-potent curve, it shows a decrease in

the variabiiity in the response. Quantitftively comparing the e::;zcon-

. centratTon curve (C) to the discrete curve (A) shows a 1.3 féld Crease

in -the variation of response, and a 6.4 fold decrease when compared to >~

b
L]

the equi-potent cqr&é. N

From Figure 11 we ﬁo;e that when the toxicant mixture contains more
zinc than cadmﬁum‘in terms of weight (curve B) there is a greater/variabi-
1itx\fp ihe‘response as'Eémpared to a mixture where the cadmium concentra-
tion is incréased to equal that of zinc (curve C). |

Although the actual mechanism responsible: for this phenomenon cannot

be deduced from the results presented in this study, one cén‘postulate'some

reason to account for the results. There is a bos§ibility‘that the greater

variability in the equi-potent curve may be due to the'ﬁreater amodnt of .

zinc relative to cadmtum. We have_alréady noted in the an&lyses of the

"discreté’d sage-mortality curves -that a greater variability in the response

3

‘was found with zihgnthan.with cadmium. Hence, one may postilate that the

«

N
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’ earlier the variability to zinc may be inherent. in the daphnid population

- the mixture which may have different potencies.

v ) ~ b ék 4 '} » .. . ' . .
same effect is occuring here ahd that by increasing theg relative aTount of

cadmium to equal that of zinc e]imihates the variability. As we nbted A

used or it may be due to variation in the type of zinc species_found in

/ , =

,‘

Comparison ot the sensitivity of Daphnia magna to cadmiun and zinc with that

of other freshwater. organisms 5 ,

Having discussed the results of this st y, we find that 1t is essen-

tial that we ref]ect on their significance by cofiparng them to studies

«dealing with other organisms. -Even though the experiméptal parameters vary ‘

from study to study, such comparisons are mandatory if quelity criteria
are to protect communities as a whole. In order to 51mp11fy the canparison,
we have inciuded Tabie 10 which lists the tox1c1ty of ‘cadmitm and zinc to

various vertebrates and invertebrates.

With the éXception of the fXaglish (Jordane]]a f]oridae), a]1 the org?nisms ;

/

listed in Table 10 are more ensitiveAto ?admium than to zinc. The diffe- -
and zinc varies among spe

rente in potency, however, between cadm'

The most sen51t1ve temperate fres ater ‘fish to cadmium is the carp

‘ .
(Cyprinus cargjo), whereas the most re51stant is the perch (Roccus ameri- T

canus). The tropical flagfish (Jordanella floridae) shows the greatest

resistance to cadmium whereas “the kii]ifish (Fundu]us diaphanus) is the .-V |

most sensitive. Among the invertebrates, the snail (Amnicola sp,) is most ° )
re51stant to cadmium and the amphipod (Gammarus sp.) is the most senSitive

In comparison this study'shows that Daphnia'magna is more senSitive to

‘cadmium. (96 houqucso-so 005 mg/LL,than any of the organisms 11sted in

Table 10.° , .- T e .f;

"— . »
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= 7 The pumpkinséed “(Lepoiis gibbosus) is the most resistant to zinc,— —— —~

whereas the closely related bluegill (ggpom153macroch1rus),is the most

sensitive to zinc. Although the tropical f1égfish (Jordanella floridae)

was the most resistant to cadmium it is the least resistant to zinc. The

- ki1lifish (Fundulus diaphanus) which showed the greatest sensitivity\to

cadmium shows the greatest resistance to zinc. The copepod (E udiagtomu ‘

/" pandanus) shows the greatest sensitivity to ;1nc, wheceas, the cadd1s f]y

larvae (Tricoptera sp.) shows the greatest res1stance to z1nc Once again

ihe results obtained in this study reveal that Daphnia magna is more sensi-

tive (96 hour LC50 = 0.068 mg/L) to zinc than any of the oYéﬁnﬁsms Tisted
in Tab]e 10. ' /

} Studies dea]1ng W1th the effect of cadmium- z1nc mixtures on fish have
shown results which vary, in that in some cases the mixture is found to be

additive and in other cases to be supra- or infra-additive (E.I:F.A.C.,

1980). We were unable to find literature omthe .effects of cadmium~ziht

@

mixtures on invertebrates. Albeit, comparison to the resu]ts‘obtained‘for

. \ .
the multiple toxicity of heavy metals to fish, Daphnia magna is much more
’ . / TN ‘

f ' A

sensitive to such mixtures.

Clearly Daphnia magna is much more sensitive to cadmium and zinc than °

the other organisms .listed in Table 10. though Daphnia. magna may be re-

presentative of other cladocerans, this/sensitivity excludes it.as a re-
presentative of’aquatic dgganisms in gengra]. Yet, if the aim-of setting .
water quality criteria is to protect.all the organisms in the aguatic en-

- X \ .
vironment, then sure]y the sens' ivity of Daphnia magna must be taken into

consideration, espec1a11y 1f ‘ne cons1ders that the cladoceran commun1ty

1s a primary source of food’ for numerous f1sh - (;

—
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In summary this study has determined: first »thét -the flow—through -
‘*{’% : o apparatus is more suitable than th‘% static system for use in bioassays '
)! . in that it offers a better mamtenance of the daphnids; second that '
i; : ' . Daph'ﬁ agn a is more sens1t1ve to cadmium than to zinc; third that both
- cadmium-zinc mixtures assayed showed an infra-additive effect: fourth .
" that varfation in the ratio of the constituents of the mixture has an
B effect on the tolerante distributions of the daphnid population; and
. . fifth that in éomparison to other freshwater organisms Daphnia magna is
one of the most sensi tive to heavy metals ‘such as padmium and zinc., . "N
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Appendix I: Continued: : T ~
Cohcentration «Time Number ' Number Cumulative
(ug/L) (hrs) - used dead % Mortality
. , . - | T
© . 181.0 ( 34.0) 21.0 . . 22 §z .9
. 24,0 » 22 . .5 - 23
. 27.0 : 2 7 © 32
: 39.0 22 8 , 36 "\
. 42,0 22 - - 10 45 >
45.0 22 . 12 55 . .
48.0 ' 2, - 14 64
Ll 4 ‘ L . . 3 - -
162.0 ( 23.0) 21.0 22 5, 23 - v K
” ' 2179 22 . 8 36
¢ 27.0 " 22 .9 4 -
| . 30.0 - 22" 10 45 .
R A 33.00 22 -1 50
‘ ~ 36.0° 22 \ 15 68
. < 39.0 .22 16 13- ‘
_ 48.0 22 18 ¢ 82
-+ 51.0 22 19 $86 . .
54.\0 . 22 ) 21 .95 .
» ¢ ‘ N .. \ " . * . +
160.0 ( _0.5) 29. To22 5
: b 32.0 - 22 . 9 |
. /33. . 22 , 14 . v
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Concentration Time ¢ ° Number Number - Cumulative
-, (uglLy (hré) used dead . % Mortaljty &
; . —
+97.0 ( 17.0)° 21.0 22 3 14 -
- | 24.0 22 " # g 18 )
\ 27.0 22 6, 2 -
o 3000 22 7 -3 .
. 33.0 - 22 ]83 ‘ 36
36, 22 0 45 .
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; 42.0 S22 6 27, -
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. .- '68.0 22 14 Y T
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‘ . 89.0 22 i LV 77 .
R 72,0 22 "9 86
ce 78.0 . 22 21 -7 95 A
R (B 22 22 . 100
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Appendix I: Continued ' _
Concentration Time/ Number Number - Cumulative
(ug/L) . (hrs) used dead % Mortality
~ ]
A 30.0 22 . 4 18,
39.0 22 . 6 rog7
”~ 45.0 22 7 32
51.0 22 10 - 45
54.0 22 11 50
N 57.0 22 12 55
) 60.0 . 22 14 64
‘ 66.0~ 22 19 - 86:
69.0 22 20 . 91
. 72.0 22 21 95
- 78~.0" 22 22 100
61.0 ( -3.0) 21.0 22 1 5 7
© 24.0 22 3 14
33.0 22 4 18
o 36.0 227 6 $ 27 .
742.0 22 9 1 ¢t
o ,45.0 22 = 10 - 45
¥ . . 48.0 22 1 50
e 51.0 22 13 59
54.0 22 15 68
A v
Y, - ; ‘ ¥
57,9 ( “¥%1)° 21.0 22 1 5 -
/ 36.0 22°.% b 23 -
39.0 .22 7; 32
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Concentration Time

(ug/L) S (hrs)
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" Appendix I: Continued
Concentration Time Number Number ' Cumu] ative
(ug/L) (hr§) used dead % Mortality -
< I - !
28.0 ( 4.5)  24.0 » 22 1 5
30.0 22 3 14 v
33.0 - 22 4 18
42.0 . 22 6. 27
' 45.0 22 7 32 -
48.0 22 . g . My ;
) 51.0 22 9 )
. 54.0 22 16 a5 .
57.0 22 N 50, -
- T 63.0 - 2 < 215 < 68
v 69.0 2 16 © 73
. 75.00 .« <722 18 . - 82 ~,
o 78.0 ) 22 . 19 ° 86
‘ - 8.0 . - 22 22 o -,
21.9( 3.1). 27.0 2 -2 9
oY 33.0 22&. 4 18
. -36.0 22~ ) 5 -« 23
, . to 42.0 22 . 8§ - 36
: 48.0. 22 11 50 .
51.0- 22 12 55 . .
- 54.0 - 22 13 59
: 57.0 - 22 .14 64
60.0 22 15 68 .
63.0 ! 22 116 JEN
“ - . 66.0 - 22, 17 . 77 -
o - 69.0 22 - .18 82
g 75.0% . 22 2l 95
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Appendix I: Continued ‘ ‘ ' \
Concentration © Time | Number * Number + Cumulative .
(ug/L) (hrs) ' used dead % Mortality
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Appendix 111 a.:

+

Regression parameters for 36 hr—*gg§gge—morta11ty curve

« . v

for cadmium

A : . Log-concentration Predicted . 95% fiducial limits Empirical
,ﬁ cancentration response Lower {/ Upper ' response
‘ ’l Y (UQ/L) . N .
s e ) . "{1
1 o 8 ‘i 2 ]
- v \
Iy N . 2,62 5.258 5.001 5.515 6.10
g ‘ 2,42 - 5.092 ‘4 . 883 5.301 5.60
3 2.26 z 4.959 4.784 5.134 4.77
4 2:21 4.918 | 4.752 5.084 5.23
& . 2,20 4.909 4,745 5.073 4.09
i‘ 2,16 4,876 .4.719 5.033. 4.77
¥ 2.07 4.801 . 4.657 4.945 4.65,
£ 1.99 4,735 | 4.599 4,871 4.77
% 1.93 4.685 - 4,553 4.817 4.40
: 1.92 4,677 4.546 x 4,808 4.09
SO 1.89 4.652 . 4,522 4,782 4.25
. 1.79 4,568 4,437 4.699 4.53
- 1,76 0 4,544 4.412 ‘\\ 4.676 - 4.77
' 1.60 4.4 4,263 4.559 4,77
© 1,58 » 4,394 4.243 4.545 4.30
o 1.51 - 4.336 4.174 4.498 4.09
. 1.45 « 4,286 4.113 4.459 4.09
L, I 1.34 . - 4,195 3.999 4.391 4.40
. o Lo 1.7 4,053 3.818. . 4.288 4.40
Y v , 0.81 3.754 3.428 4,080 '3.90
I e . Q.53 3.521 ~5\ 3.119 -3.923. 3.67" .

Intercept = 3.081

S]ope

0 831"

Regression equation parameters ate as follows-

Calculated chi-square value -31 39 (p<o0. 05)
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Appendix III b.: Regression parameters for 48 hr. dosage—morta]ity curye

for cadmium .
Log-concentration Predicted 95% fiducial limits . Empiri cﬂ
(ug/L) . response . Lower - Upper response
- - - J? .

- 2.26 5.347 5.138 - 5.556 5.23 -

2,21 5.312 - 5,115 5.509 ° 5.91
T 2,20 . 5.305 5.110 5.500 4.89
2.16 A 5.277 5.09 5.463 5.47

’ ro2.07 . 5.214 ;. 5.046 5,382 5.1
. 1.99 s 5.158 5.003 5.313 5.35
.1.93 - 5,116 . 4,970 5.262" - -4.89
1.92+. ’ 5.109 4.964- 5.254 4.77

1.89 . ,5.088 4.947 5,229+~ 4.89

1.79 5.018 - 4.885 5.151 5.00

1.76 . 4.997 4,865 5.129 5.23

1.60 4,885 . A.749 5.021 5.1
f.1.58 | 4.871 4.734 ' '5.008 4.77

, 1.51 « 4.822 4,677 ' 4.967- 4.65

1.45 .. M779 - N\4.626 4.9 8.77 .

. 1.34 . 4,702 4.529 4,875, 5.00 °
“1.17. 4,583 4,378 . 4,792 4.77
0.8} 4,331 4,031 o 4,631 4.25
'0.53 ‘4,135 ° 3.758 4,512 3.90

Regression equation parameters are’ as follows: o ’ .
Intercept - 3.763° S]ope = 0.701 - .

Nﬂculated chi-square-vatue = 14.45 (P < 0. 05) ' R
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Appendtx 1V: 'Conti nued

Time

=

Cumulative

Coneentration Nunber
« (ug/L) (hrs) used % Mortality -
, N v . f:
24,0 ( 2.5) ., 27.0 . 22 1 "5
»w 45.0 22 2 9
= 63.0 22 .3 14 0
72.0 © 22 4 .18 Y
- 1040+ 22 7 32 :
© 116.0° . 22 8 36
T 14007 ; 22 9 41
. 19,0 ( 9.6) 30.0 . 22 1 5
48.0 22 2 9
78.0 22 37 14
. Bl 22 4 ...
18.9 ( 8.6) 24,0 22 1 5
» 42.0 - 22 2 L9
60.0 22 3 " 14 .
69.0 22 .4 < 18
75.0 22, 5 23
78.0 22 6 27 W
81.0 22 7 32
960 22 1 . 50
. 10.6 (10.2) 45.0 22 1 5
- 63.0 22 2 9
66.0 22 3 14
72.0 22 4 .18
81.0 22 6 27
84.0 22 7 32.
= ¥ \‘J/
) P . ¢
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Appendix VI.a.: Regression- parameters for 36 hr, dosage-mortality curve
u for zinc i

= e

- \ v
o Log-concentration Predicted >.‘:'!5% Fiductal limits  Empirical

A . (ug/L) \response Lower Upper “response

o ’ 2.65.. 4,776 4.50149 - 5.051 ~  5.23

' 2.52 4.674 4.435 4.913 - , 4.65

2.48 4.643 . 4.415 . 4,871 5.23

2.48 4,643 -4.415 4.871 4,25

. 2.22 - 4.439 4.211 - 4.607 3.67
2.13 4.368 4.215 4,521 4.25 °

2.10 4.344 4.195 4.493 3.90

1.93 4.21 £.071 "4,351 3.67

1.93 . 4.27 4.07Y 2.351 3.90

1.87 N\ 4.164 4.02] 4.307 3,90

. 1.82 : 4.125 3.978 4.272 4,25

81 47 3.969 4,265 . 3.30

\ //\\\ 1,727~ 4,046 3.886  + 4.206 4.40

SN ] 1.66 3.999 3.829 4.169 4.77

=~/ 1.6 . 3.960 3.779 418 4.25

3_,1,// .7 1.56 . 3.921 3.729 4.113 3.90

; 1.48 . 3.858 3.647 4.069 4.25

; SN 1.39 3.787 3.552 4,022 -’ 3.90

! L 1.38 3.779 . 3.542 . 4.016 3.67

¢ 1.28 - 3.700 3.436 3,966 3.30

: 1.28 3.701 .3.436 .. 3,966 3.30

N Regression equation parameters are as follows: ¥
Intercept= 2.696 Slope= 0,785

!

1 AP b e,

Calculated chi-square value=38.72 (P< 0.005)




> ‘I_\ppe‘ndix VI b\ Regression parameters for 48 hr. dosa;p»morta]ity curve

R for zinc ‘ ‘
« Lr Log-concentration Predicted 95% fiducial Timits Empirica]
' - ' {ug/L) .response.. Lower Upper' .response .°
9 -
2.52 4,78 4.496 5.070 5.11 .
2,48 4.757 4,482 5.032 4.65
2.22 4.586 4.385 4.787 4.53
2,14 + 4,534 4,353 £.715 4.53
2.10 4,508 ~ 4.336 4,680, 4,25
1.93 4.396 4.251 . 4.541 3.90
. P 123 4.396 4,251 4,541 - .4,09
. .87 4,357 ° 4.217 4.497 . 30
< 1.82 41324 4186 . 14.462 A
= . 1.81 4,317 4.179 4,455 3.90
. 1.72 4,258 4.116 °(») 4.400. 4.65
1.66 4.219 4.071 4,367 4.89
. 1.61 . zr.lsa 4.030 4,382 4.53
. Lg6 - 4,153 .-3,988 4.318 4.09 <
1.48 4,101 3.919 4.283 4.65
1.39 4.042 3.838 4,246 . 4,09
©1.38 4,035 . 3.829 4.2 3,67 ‘
1.28 3.970 3.736 4.204 3.67 .
. ©1.28 3.970 3,736 . 4,204 . 3.90
—_—— 1.03 \ 3,806 3.496 4.116 3.30

Regression eq%ﬁon parameters are as fnﬂows

Intercept - 3;:123’0 Slope = 0,656

' Ca1cu1ated/z{4 squar value = 27,02 (P < 0.05) o . e
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Appendix VI c.: Regress;\k parameters for 60 hr. dosage-morta]1ty curve
for zinc - . ,

Log-coricentration-  Predid , 95% Tiducial Timits Empirical
(ug/L) -response ~ Lower Upper response

v

2.52 4,939 4,674 5.294 5.60

2.48 . 4.916 4,662 5.170 4.89
2,22, 4,763 4.578 4,948 5.00

2.21 ; 4,757 4.574 4,940 ° 3.67

2.13 4.710 4,545 4.875 . 4.65
) 2,10 - ) 4,693 4.534 4,852 4,65 -
1.93 - 4,593 4.459 - 4,727 4.09,

1.93 , 4,593 4,459 C o 4.727 4.25

2+ 1.87 "~ 4,558 4.428 . 4,688 3.90 .

1.82 4,528 . 4.400 4.%56 4.25

- 1.81 - » 4,522 4.394 4.650 4.65

1.72 4,470 4,338 - 4,602 4.77

1.66 14,434 - 4,296 . 4,572 5.1

1.61 - 4.405 4,261 -~ 4.549 | 4.77

1.56 4,376 . 4,223 4.529 4.40

. 1.48 4.329 4.161 4.497 5.00
1.89 4,276 + 4,087 4.465 . 4.25

- 1.38 4,270 4.079 4,461 3.90
1.28 4.2 3.994 4.428 3.90

1.28 4.211 __.3.994 4.428 ‘ 4,09

1.03 4, 065 3.778 . 4.3523rﬂ“\‘ 3.90

R o : Lo ™ e

o

)

Régression equation paréheter; are as follows:
Intercept=3.460 . Slope =0.587
Caicu]aged chi-square vajue=24.75 (P < 0.05)

LY

t -9 -
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lippendix'VI d.: Regression parameters for 72 hr. dosage_—mortq]ity curve

for zinc
N ot . B . .
Log-concentration ~ ‘Predicted 96% fiducial limits * Empirical
(ug/L) response Lower - Upper response . /

2.52 5.288 5,024 5.552 " 6,70+
2.48 5.259 5.007 5.511" 5.23.
2.22 5.064 4,880 5.248 5.60
2,21 5.057 4.875 5.239 - . 3.90
2.13 4,997 .4.833 5.161 . 4.89
2.10 4,975 4,817 0 5.133 4.89
1.93 4,848 4.716 4.980 4.40
1.93 . 4.848 4.716 4.980 4.25
. 1.87° 4,803 4.676 4.930 '4.09
1.82 4,766 4.641 - - 4.891 4.53
1.81 4,758 - 4.633 4.883 4.77
1.72 < 4,691 4.563 4.819 5.00
1.66 4.646 4,513 . 4.719 5.23
J1.61 4.609 4.470" - 4,748 4.89
1.56 4.571 94,424 4.718 -4.65

4 1.48 4.512 4,350 4,674 5.35 .
1.39 4.444 4,262 4.626 © 4,40
- 1.38° 4,437 4,252 © . 4,622 4.09
1.28 4,362 4363 4.5 3.90
“1.28 4,362 4,153 4.57] 4,40
1.03 4,175 | 3.897 4,453 . 4.25

~

"Regressjon equation parameters are as follows:
_ Intercept = 3.406 Slope = 0.747
v\‘Ca—lculategi chi~square value = 12.60 | (P < 0,05)
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- Appendix VI e.: Regression parameters for 96 hr. dosgge—mortality-i:urvé o
o . for _zinc . ,
g Log-conncentr'a\ti on . Predicted ~ 95% fiducial limits Empirical
{ug/L) response Lower Upper, response  ° .
{ ‘ | ﬁ A
. %48 5.235  4.932 - 5.538 5.91
2,21 5.137 4.918 + 5.356 ¥ 4.25
2.13 5.108 4,912 - 5.304 5.23
2.10 5,097 4,909 ,5.285 - 5.35
- 1.93 - 5,036 4.886 5,186 4.65 .
- 1.93 5.036 4,886 5.186 . 4,53 0
1.87 5.014 4,874 5.154 4.25
1.82 4,996 4,862 5,130 © 4,89
- 1.81 4.992 ,  4.859 5.125 | 5.1
.72 4.959 4.830 5.088 5.35
- ® 1,66 14,938 4,807 5.069 5.47
1.61 4.919 4,784 5.054 5.23
1.56° . 4,901 4,759 5.043 5.00
-1.48 4.872 4.716 5.028 6.70
1.39 4,840 4,664 5.016 #.77
1.38 . 4.836 4,657 5.015 4.39
1.28 4,800 4,595 5.005 4.09 >
1.28 . 4,800 47595 5.005 4,77
“ y 1.03 ' 4.709 4,428 4.990 4,65
" Regression equation parameters are as 'follows: ‘
Intercept = 4,335 Slope = 0.363 A ‘ )
~Calculated chi-square value = 25,90 (P < 0.05) }'
. ﬂ — )
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* .~ Appendix VII: Empirical results for the cadmi um zinc m1xture, in terms
e of egua] potenc_y ratio
‘ Concentrat‘ion Time Number 'Numbe'r‘ . Cumulative .
(ug/1® (hts) used - dead ° ' % Mortality
cadmium . zinc g o
- ‘ °
) : .. 1 . 2
8.5 b . 53.9-.b 46.0 22 . 1 N —5
(0.3)° "(5.5) 70,0 22 2 9
. 79.0 22 3. .14
85.0 22 4 18
' - . 97.0 22 7 - 32
. P .
‘ 10.2 50.4 23.0 . 22 "2 g "9
) ( 3.5) (19.1) 71.0 22 ) 3 Y
- 74.0 " 22 .y & , 18
77.0 “ 22 . 6 27
. 86.0 22 . : 32
' 89.0 - . 22 -, 8 36
92.0 22 9 Xy
| 15,5 78.2 . 28.0 22 1 R
(0.8) (8.0) 34.0 22+ 2, g,
: 55.0 22 . 3 14
\ > 73.0 22 4 18
76.0 .22 5°. 23%.
79.0 22 7\ 2, -
88.0 22 .8 v 36
i . 91.0" 22 - 9 N
b . 94.0 22 1. - 50
. _97 0 22 ,“’ 16 - 93
| . R Coe , P . ) ° ‘
| - 16,9 78.1  53.0 22 1 -5
. ( 4.7) (22.0)  80.0 22 2 9
' 86.0 22 3 S L
89.0 22 7 . ( - 32
92.0 22 8 36.
v et . 95.0 ‘22 - 10 S 45.
. . ‘. ] R
- a. Coneentration denotes toi&] cadmium br_’total zinc
¢ b. Values ih parentheses der_\ote +/-"standard deviations.
: o e . v . . )
; ’ | : ’
. SN




Appendix VII: Continued. - ,
4 . ' R i . . #.
o Concentration Time »Number Number Cunulative © © ° 1
A “». . (ug/L) (hrs) . used ~ .  dead % Mortality
7 . cadmium  zinc : ‘
‘ ‘ 24.1 98.1 52.0 22 .y 1 5
(1.4) (12.8) ° 97.0 22 2 ( 9 .
f 25.7 102.3 - . 80.0 22 T 5
' (1.8) (1.8)  89.0 22 2 9
. 52.9°  120.8  25.0 2 < 3 14 |
(4.7)  (13.6)  46.0 22 4 18 ,
67.0 22 5 23 o
i 97.0 22 8 36 : |
55.6 131.0 “  71.0 22 1 5 :
(3.7 (5.7) 83.0 . 122 2 9. -
o : 89.0 . 22 . 3 4
.‘ 12,3 145.0  73.0 - 22 1 5
x , (14.1)  (10.9)  88.0 22 ; 2 9
; | 97.0 22 4 18
‘i? . . . /
. 42,7 153.1 62.0 *22 1 5
% ! (24.5) (5-6) ‘8900‘0_ 22 2 {4
RS ’ . g92.0 oy . < 8 -
% - | g . W 2 5 . 23
! : . o .
o L 275.6 - 213.0 , 28.0 22, 1 , 5
L ¢ (. (13,2) 7 3.0 22 2 9
E . , 40.0 22 3. 14
e s +46.0 22 4 18,
ERTI 52,0 22 7 \32
I 61.0 e Sy 36
Y . 64.0 - .22 "g" 41
SR B 67.0 22 . 12 , " 55,
! S 70.0 .22 14 64 .
: R . 76.0 22 15 68 i
R - 82.0 22 16. 0\ 73" :
| C - 85.0 22 17 N
: g 88.0 o2 19 . 86
- e ) S 90 . 22 20 . 9 :
T T - 94.0\_ 22 © 21 » 95
NS IR ,
];-“ 4 ' . Lo » o [




Appendix VII: Continued . — w

. . Concentration Time . - Number Number wCumu]ative.
(ug/L) -+, (hrs) * used dead % Mortality

cadmium  zip o ) )

]

: 283.8  240.2 - 38.0 . 2 1 -
o (17.0)  (18.0) ' 53.0° . 22 3 . 9.
‘ . < 78,0+ 22 5 23

80.0 . . 2 . w0 45, .
83.0 22 1 50

95. 0
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Apgkndix VIII a.: Regression parameters_ﬁé; 36 hr, .dosage-mortality cunve
— Yor cadm1um-zfnc mixture -in terms of equa) poten;y rath

Log-cadmium Pred1cted~ 95% f1duc1a1 limits Emp1r1ca1 Expected

equivalent - response Lower ° Upper response . response
concentra- ) :
tion
{ug/L) ¥
. L 3 §
T = & +
.35 3.651 2,772 4,530 3.70 4.20
1.83 3.671 2,950 4,392 3.28 . 435
.91 TA715 3020 4305 0 400 1.67
© 2,51 3,783 . 2.749 4.817. - 3.67 §$1z'
— § ok

Regregsion equiﬁfpn parameters are as follows: . «
Intercept = 3.497 Slope = 0.114 ' AN
Calculated chi- square value -1 75 (P < 0.05)

Relative potency factor used -0 237

Expected response equatuon y = 3.081 + 0 83] 109 (O 237 C,+ ¢ )a
/

a. Cz denotes total zinc,eoncentration “and
Ce denotes’ total cadmium concentratioh

L]
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Appénd1x VIIT b.: Regression parameters for 48 hr, dosage-mortality curye
for cadmium-zinc mixture in terms of equal potency ratio

Log cadmium APre'd1:cted | 95% fiducial limits Empirfcéj A Expec‘ted

. equivalent response Lower Upper © response . response
t | . g(i)g:entra- v "N
(ug/L) X \

AT L 3,743 3097  4.289  2.99 1.55.
1.16 3755 3032 6278 3.9 458

o3 3797 o338 4,246 3.87 . 4.70

= 180 3906 . 3,55 4.258 44 504 h

: '2.471 4.064 3.526 4.602 437 5.0%

248 4.0  3.523 - 4609 - 333 - 550
. ) Regression eguation parametérs are-as follows:
Intercept =~ 3.481 Slope =~ 0.236
. - - Calculafed chi-square value = 6.39w (P <;0.‘05) @
Relative potency factor used = 0,082 “ . .
R Expected response equation: y -.13.763 +0.701 log (‘0.0“82 Cz+,Cc)
f . J ¢ -
NS
R oy A
; . J o . . .
g K —~ |
’ | ! -
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Appendix VIII c.: Regression parameters for 60 hr. dosage-mgrtality curye
: . for cadmium-zinc mixture in terms of equal, potency ratio

Leg cadmium Rredicted ._:95% fiducial 11m1ts Empirical

equivalent response . Lower “  Upper response
concentra- :
tion"
) - (ug/L)
. g iy - " R WG
1.02 © 3,827 3.391  4:263. 3.5 . . _4.85
L .08 ' 3.849 3.435 4.263 * » 415 4.90.
P .27, 3.921 3.570 4.212 423 . '5.06
g;} oM 300 3.932 . 3.590 - 4.274 3.29 . 5.08
g 176 4106 3.804 . 4,368 4.26. - .5.47
;; 2,17 - 4.260 3.942  4.578 318 s((el"
g 2.45° 4.366 3,961 4.7 4.8 - 6.05
oL 2:47° |, 3,373 3.961° . 4.785 4.26 6.07-

» .
' <

Regreseion equation parameters are as fo]iows:

Intercept = 3,442 Slope = 0,377 : L

SHEINTS | it Bl o a R S
1 4
~
-~

Calculated chi-squere value = 13.35 (P < O.bs)qa‘ . | ‘ l

. ) Re]atlve potency factor used = 0,038
i:' '
e Expected response equat1on y -3, 994 + 0. 839 log (0.038 C + C ) ‘
g “ * S
] ' ; ;
»
] N - ‘ ‘ . . ! \ ;
- - 98- - .
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Appendix VIII d,: Regression parameters for 72 hr, doéage—mor‘ta]ity curve.
, for cadmium-zinc mixture in terms of equal potency ratio
Log cadmium . Predicted 95% fiducial limits Empirical Expected
equivalent ) response  -Lower Ugger , ‘response response
* concentra- : . :
. tion ' - )
] (t{g/L)
> _ - v i ‘
1,08 4.061 3,677 4,405 3.92 5.18
.13 " 4.080 3.713 4.447 4.32 5.25
.31 . 449 3,839 2,459 4.49 5.49
K 1.34 4.160' 3,858 4,462 3.94 '5.53 .
1.78 ° 4.329  4.104 4,554 ,4.38 6.12
. 1Y N
ﬁ S 2,12° « 4.459 ‘4,200 4,718 3.19 6.58
: ™ 218 4.482 4,210 4,754 3.66 6.66
2.46 ~ 4.589 4.235. - 4,943 5,27 7.04
2.46 4.589 4,235 4.943 " 4.78 '7.04
: | 9/
/ -
s ~—Regression equation parameters. are as follows: .
Intercept = 3.647 Slope = 0.383 . .
"Calculated chi-square valye =~21.92 ' (P ,<'«0‘.0|05)‘
. L4
%Relative potency factor used =~ 0,065 -
i \. R ,\
Expected response equation: y =3.719 +'1.351 log (0.065 C,+ C,)
. . _ , )

R N . . .
. ! N ’ r‘
. .
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Agpeﬁdix VIII e.: Rggression.parameteré for 96 hr, dosage-marta'

tency ratio

for cadmPum-zinc mixture in terms of equal pof
: : 7

' 95% fiducial limits -

246 5260 . 4.897  5.583 5,77

4

" Log cadmium Predicted Empirical Expected
equivajent response Lower > Upper - response response
concentra- .
tion .. : \

(ug/L), ' )
~ ' . / * -
£ 0.97 4.805 ~ 4.050 4.760 43 572
R T YYS 4110 48 a6l 5.91
22 | 4845 4260 - 4.830 4.95 6.42
1,26 4.568  4.202 © 4,844 - 4.61 6.53
. N & ,
1.7 4.836 4.625° ° 5.047 - 4.59 7.87
2.09 . 5.032 4,783 5.281 4.00 .
2.16 5.072 4.808  5.33 4.17 o
2.45 5.234 4.894 5.574 6.65 + e
+

Regression/equation parameter?s are as follows:
Intercept = 3,862 Stope = 0.560. -

Calculated chi-square value = 39.07 (P <'0.005) .

Relative potency factor used = 0.015

Eipected response equat{bn: y = 3.00 + 2.801 log (0,015 Cz +C.)

* + o denote 1003 mortality is the expected response

M NTL At et o,
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Appendix IX: Empirical results for the cadmiun-zine mixture in terms of‘.
. equal concentrations 4 x
Concenttgtiona T1me Number. "Numbey Cumulatilve .
y (ug/L) (hrs) used dead % Mortality
‘cadmium  zinc . \ ]
v b4 k! a
.‘ . . * N .
64.1 51.7 " 85.0 22 . 1 .5
’ (3.2)° (4.7) S p
. 110.0 98.9 85.0 22 ’ 1 ‘ 5 .
; (19.0) (16.5) . : ' ' ' .
152,65  152.1 70.0 22 1 5 .
] (15.0) (23.0) 85.Q 22 -2 ) 9
| 88.0 - 22 5 N 23 .
91.0 ° 22 .9 4
9.0 - 22 . 12 * 55
23,2 .273.2 22.0 "5
(20.2) (12.7) 52.0 9
! ‘ . 58.0 * 14
| . 61.0 18
v ) ) 70.0 27
. R . 76.0 \ 32
i v 79.0 4
i ‘ 82.0 © 50
' 85.0 - 68
\ 88.0 © 73 N
91,0 77
9.0 . 82
| 2945 ' 297.6 . 73.0 2 9
Y (18.6) (13.0) 76.0 -2 . "3 . - 14
1 ‘ . ’ 79.0 ° .o2a ¢ 5 ' 23
. 88.0 22 i .50
i ! 91.0 22 14 64.
yﬁ\\\\ 9.0 22 17 , 77
E d,#' a. Concentration denotes total cadm1um or tota1 zinc
. ‘ b. Va1ues in parentheses denote +/- standard deviations
t N\
./\} " P
L a0 - N ‘ g :
\fﬁw \ i ‘ : ?




P 2

e

e e e g o s

Appendix IX: -Continued .

“ Concentration

(ug/L)
cadnium - zinc

Time . - Number.
(hrs) ‘used - ~ rdead

Numbey

Cumulétive

) %ﬁ%gﬁﬁa]fty

428.6  370.4 |
(24.3) ~ (17.0)/

76,0 22 1 : 50
79.0 . 22 ' 12 55
82.0 22. 15 68
8.0. - 22 18 82

- 88.0 22 19 . 86
91.0 22 21 95 :

. . . R A, .

, .
\ 4 Iy ‘ |
N b .. I ‘
! ' ) ‘.) i q
* ) -

. “ . ' t
“ s s ” . N (
=102 - -

43.0° 22,
58.0 222 )

1
2
. 61.0 .22 .3
64.6 L2 4
6
8
9

67.0° - 22
70,0 22,
73.0 22, -
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Appendix X a.: Regression parameters for 72 hr. dosage-mortality curve
: 'for cadmium-zinc mixture in terms of equal concentration

N , , L
Log cadmium - Predicted 95% fiducial limits’ Empirical Expected

. equivalent - response Lower Upper response response
& concentration \
(ug/L) ‘ 4 : e
. N L ’
— .
2&21 2.665 1.759 3,871 2,74, 4.49
2,50 / 4.105 3.6% 4.574" 2.86 . 4.62
2.53 4.254 3.7 4.737 . 4.69 4.60
2.66 4.900 #.225 '5,575 4.90 4.66
Regression equatfon parameters are as follows: , ) o
~ Intercept = -8.310 - Slope = 4,966 ' S
Calculated chi-square value = 7.02 (P < 0.05) &
Relative potency factor. used = 0.065 | '
Expected ?esponse equation: y — 3.647 + 0.383 log (0.065 c,* Cc)a
a. C, denotes total zinc concentration and >
TN Cc denotes total cadmium concentration
Pl ¢ 4 (
a “ [
v N ’ ’ \ -
~ ‘!l
N
-
{
I 1 AY
\ -
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Appendix X b,: Rggreﬁsibn parameterslfbr 96 hr. dosage*morta11ty‘curve
‘ for cadmium-zinc mixture in terms of equal concentrations

N AXY F Y pee ~
- >

4‘ .o &
| Log cadmium Predicted . 95% fiducial 1imits Empirical  Expected /
: - equivalent .  response Lower Upper response response ‘
concentration '
(ug/L)
- -&{,’ /
.2.19 4,952 4125 5.779 4,98 ta w
. 248" 5.983 5.413 6,553 5.99 +
- 251 6,090 - 5.476 6.704 5.94 +w o
2.64 6.552  5.660 7.8884 . 6.73 + w/
R .7 i

\

3

Regression equation parameters are as follows:

Intercept =~ -2,833

Slope = 3.555 .

Calculated chi-square calue = 0.38 (P'< 0.05)

RelativeApoténcy factor used = 0.015

Exbected response equation: y = 3.00 + 2,801 log (0.015 c,*C)
, ' \

b

* + o denotes 100% mortality is the expected response .

\
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‘ ’Appendix X1.a: Derivation of the 96 hour tolerance distribution for 'the
S ‘ discrete dosage-mortality line

Parameters used to &eterminé the tolerancé‘ distribution "ar'e':

-
P .
O I Yy - ST AL L) ot
R sﬁ;,&%ﬁﬁ‘ﬁ?’“’%ﬁm

P esp = w0 =5.20 > | _ 5
' o . . | .
. , .- Slope . S o=2.801 v . ‘ ‘
3 3 tare A d .o ‘ N . - -
, , Ca <P/2,801* = §.357 o - / .
- ' Do omy- (32/0.255) o
’ y_ =37 (2.7183) o
X - X - . o
' /
» , ) L ,
a X X y \ \
E 4.3 : -0.9 ©0.047 . .
4 4.4 -0.8 0.091 ‘ :
4.5 -0.7 0.164
\ 4.0 . -0.6 0.272 s
/ 4.’ -0.5 0.419 ., .
4.8 -0.4 0.596
4.9 -0.3 0.785
5.0 ‘ 0.2 0.955°
‘ 5.1 -0.1 1.074.
5.2 k 0.0 1.117
5.3 0.1 . "1.074
» 5.4 0.2 - 0.955 )
N 5.5 0.3 0.785 | ‘
, g , 5.6 . 0.4 0.596 S
5.7 0.5 0.419- ;
- 5.8 0.6 0.272 "
' 5.9 ~ 0.7 '+ 0.164 \!
6.0 0.8 0.091 .
R 0.9 0.047 .
' -~ '
1 (. “ } -
| , .
\ .
1 pT\\’

-']QS -
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Appendix XI b: Der1vation of the 96 hour tolerante d1stribution of the
equipotent dosage—mofta11ty 1ine
. l .
Paramaters used to determine the toterance distribution are:
LG50 = u  =107.68 ug/L . N
Slope = 0.560 °
o a
a - -1/.560 =1.786 ‘
Ly = (0.223) (2.7183)" (" /6. 380)
X - X - u .
i-- ‘l
A l?\
X \ X y L
103.68 -4.0 0.018
- 104.68 -3.0 «-0.050 .
105.68 ° -2.0 0.119 -
106.78 <0.9 0.196
e 106.88 -0.8 | . 0,202
106.98 '-0.7 - 0.207
107.08 -0.6 0.211 .
107.18 -0.5 0.214 -
% 107,28 -0.4 ‘ 0.217
107.38 -0.3 0.220
107.48 . -0.2 /. 0.222
' 107,58 -0.1 " 0.223
« 407,68 0.0 0.223
107.78. 0.1 . 0.223 . \
-107.88 0.2 0.222.. . ..
" 107.98 0.3 0.220
/ﬂ%gs.OS . 0.4 O.ZIZ
8.18 0.5 F0.21
* 108,28 0.6 g.21
108.38 N 0.7 0.207
1108.48 ' 0.8 0.202
108.58 . © 0,9 0,196
109,68 2.0 0.119
110.68 3.0 . 0,050
111.68 4.0 0.018.
\ o /
w
}"t"‘
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