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Modifications in Lethal Tolerance of Zebrafish, ) :
Brachvdanio rerjo, to Certain Heavy Metals through i
Sublethal Metal Pre-exposure '

) Gorum Reddy

S

Experiments were oonductedsto examine the modifying effects of
sublethal pre-exposure to either cgdmlum, copper, silver or nickel.
for 7 d, on subsequent letjxal tolerance of zebrafish (Braghydanio
'm) to these metals. The resul_ts demonstrate that pre-exposure | .
to 2.Q my Gd/L resulted in enhanced tolerance to lethal levels of ‘
cadmium. Similarly, pre-exposure to 76 ug Qu/L resulted in
enhanced tolerance to lethal 1evels of copper. In oont:cast,
pre-exposure to either 0.5, 1.0 or 5.0 mg Ni/L rendered fish less
" - tolerant to lethal levels of that metal. " For silver, sublethal o
pre-exposure resulted in either increased or decreased tolerance, '
dependmgonthes;e-e)q:osu:ecomentmtion. Pre—exposuretolﬂ -
ug Ag/L increased subsequent lethal tolerance, whereas.  =——-—
pre-exposyre to 2. 2ugAg/Lre£ulted1nsubsequentdecreased '
tOleralm ’ s . . \ .
Furthermore, tolverance modlficationsyere not ag:arently Coow
metal-specxflc. " Pre-exposure of zebrafish to 52 ug QWL zwulted ’
=menhamedtolerametolethal levels ofeadmimnarﬂpre—expdsm'e
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to40arxi70ugaz/meltedinemamedtolerame,toleﬂaal ‘ .
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. are tonsidered.

levels of nickel. Finally, pre-exposure to 1.4 and 6.0 mg Ni/L

'resultedindecressédtolerametolethali_lgvelsofcoéper. . The

mﬂtsmay mdlcatetheexistenceofu;perardlcmerpm-exposum
concentration lim.ts to tolerance modifications.

Same of the factors which may be responsible for these shifts
in tolerance, as well as their possible impact on the mvirmmt
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’ INTRODUCTION
v )—’—' ;' - —

N

‘ Namr_'c;l sources of heavy metals in the envirorment ‘have
probably exerted a signihficant influence on the ecology and -
evolution of life. Certain heavy metals are essential for normal
biological Functich. Most of &me, however, have the potential to
cause toxic effects if present at higher than physiological
. levels. Others are not identifiable as serving. any beneficial
function, and are therefore potentially toxic if they contact
biological systems, (sdu-oeder, 1965; Brown, 1976). For this
reason, there is great corern over the increasing rglease of heavy

metals mto the ernviromment as a result of anthropogetuc

Ry A

activities: . Ultimately, these contaminants may enter natural

- waters, wilere, they }seatlu‘eattotheaquatlc biota. Hence,
the discharge of heavy metals into wateJ:ways presents a serious
pollution problem. S
Nevertheless, it is interesting to note that same aquatic
org:r'\isms are able to acclimate to gradual J.ncreasés of heavy .
. g metals in their environment. Since 1937, when this pﬁenane;'non was
first doc&uén/t?d (King, '1937), there have been numerous reports of

’species from metal-contaminated sites which are more tolerant o

o -

- the associated metals than conspecifics from uncontaminated sites
(Paul 1952, Stokes et al., 1973; Bryan, 1974; Antonovzl.cs, 1975'
Epnst, 1975) fé'”

' The term acclimatxon refers to any carpensatory physmloglcal
adjustnentsmadeinanorganisminrespometoad:angemthe
. level ofan\emlmrmental strssorwhidmomsequentlyresultmthe

»
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, mofﬂieorganisrltoa steady;stateorm\eostasis (n:i(,
1971). Hence, acclimatigSn 'z:esults in mcreased toleranoe. of
individuals, and allows for their survival under conditions where
“this would otherwise be impossible. It is well known that aquatic
organisms can acclimate to different levels of natural variables ih
their envirorment, including temperature, salinity, oxygen and
carbon dioxide (Shepard, .1955; Mcleese, 1956; Sadr;aers, 1962; Fry,
1;‘-7'3. However, detailed quantified information aon the
envirormentalt tolerance of organisms to pollutants is‘ also
: neoasary for the coﬁservation of aquatic life. Furthermore, in
the 1aboratory most studies on the tox1c1ty of pollutants are '
conducted on organisms maintained in “clean" water. . Results from
‘these experlments could be misleading when applied to the field
situation where there 1s the potentiad for 'acclimat;.fgn.‘ us, the
study of physmloglcal acclimation to toxicants is also gf primary .
importance in research designed expressly for the purpose of ,

setting water quality criteria.

Envirommental acclimation of fish to heavy metals was firsti
noticed in hatchery fish (YPaul,\ ;95}: Schofield, 1965). Paul
(1952). cbserved that the Sacramento River was polluted with high -
levels of copper and zinc, to which the residen®ypopulation was
Wy adaptéd bixt Whlch preventen:l the introduction of fish
from a local hatche:cy Schofleld (1965) clearly demonstrated that
this enhanoed tolerance of :mdigexms fish was a msult of prior
Jexposuretotheheavyn‘etalspresentinthewater He found that
“brook trout {galvelinus fontinalis) stocked intO'zi%c. pollutéd
Honnedaga Iake from a Cornell hatchery also contaminated with zinc,
! C N

\




‘tolerance of rainbow trout (Salmo
<

had greater survival ratios than trout introduced fram a second

m'omtmninatedhatdaexy. He concluded that the previous exposure
ofthetrulttozincfranﬂiecmtaminatedhatdmymstﬂtedin
ttxeumbsequenterﬂmncedtolerametothehlgherzinc
concentration of the lake. This hypothesis was further.reinforced
mnmémeduwfmfm'mesewﬂmwmy,m&emneu
water and foud that the¥¥ survival ratics in the lake also
increased. Subsequent studies also indicated that fish survive in’
w";tezs polluted with heavy metals at levels which are considered

‘lethal on the basis of laboratory toxicity tests (EIFAC, 1977; Van

Ioon & Beamish, 1977; Roch et al., 1982).
More camprehensive laboratdry stu:%ies on the acclimation of
fish to heavy metals have also been carried out. Recently, Dixon &
s;;rague (\1981a) explored the possii:le ifications in lethal
gaz'gri)\\ to copper following
previous supl:ethal ’e)q:oséuﬁe for either one, two or three weeks.
They found that the lethal tolerance of pre-exposed trout was
significantly increased r;elative to trout without prior exposure.

<

These authors measured lethal tolerance by calculating ncsoé., the

concentration lethal to 50% of the test populaticn, after 144 h of

lethal exposure Subsequent imestigatox% cbserved that the lethal

¥
el
"

tolerance of rainbow trout to zinc (Bradley et al., 1985),

almninium (Orf et al., 1986) and arsenic '(Dixon & Sprague, 1981b),

arﬂofwhitesuckars (ga:gmmi) tomdmimn (Duncan &
Klaverkamp, 1983) were also increased following sublethal

pm—expos&metomempectivenetal

4

In natural waters today, the w:.de variety of chemicals which



are introduced into the water increases the likelihood that
organisms will face exposures to pollutant mixtures. The
biol.ogical repercussions .of such events may -be difficult to
predict. However, there have been few studies to examine the
possibility of 1ncreased let..hal tolerance $o une metal as as result
of ;ublethal pre—exposure to a different metal, or
cross-tolerance.. Kimet al. (1977) and Heisinger et al. (1979)
both demonstrated that the toxic effects of mercury were mitigated
b;sublethalpre‘-eu\cposuretoselenimn forbotﬁthgmrtherncreek
chub (Semctilus atromaculatus) and the goldfish (Carassius
_a_l_uri;u_S) . Duncan & Klaverkamp (1983) showed that the tolerance oft
vhite suckers to lethal levels of cadmium was increased foliwing
sublethal pre?exposure to not only cadmium, but also to mercury and
zinc. - However,® pre-exposure to selenlum did not protect white
suckers against lethal levels of cadrnlmn, sugg&sting that there may
be some met::al-spec1f1c1ty in the ability of a pre-exposure metal to °
protect organis:rs again;t subsequent lethal levels of a different
metal. . T S -
Interestingly, Puncan & Klaverkamp.'s (1983) study also N
: demonstrateg that the duration of lethal exposure may influence the
" tolerance of pre-exposed fish relative to control fish. .They
pre—exposed whlte suckers 4o sublethal levels of. zinc and found "
that the 12- and 24-h &admium LCS0s, of pre—exposed fish were.

~ significantly higher than the correspending cadmium IC50s of the )

' . control fish, but that the 48-, 72-, and 96~h LCS0s were no

. different from control fish.
\ ‘Thepresentsuxiywasdeﬁignedtofu.ﬁﬂxeremmimanypossiblé‘-a

X '




modifications in the lethal tolerance of fish to heavy metals, as a
result of prior sublethal exposure. There were four main
cbjectives. The first cbjective was to examine the possible
modifications in lethal tolerance to a metal as a‘result of

.pmviwsexposuxetoﬂuesamenetal 'Ihesecondobjectivewasto
examine any modlflcations in lethal tolerance to a metal followmg

sublethal#pre—exposure to a different metal. 'nurdly, to assess’
the possible effects of pre-exposure .concentraticrl on lethal
tolerance modifications. Finally, to assess the relative lethal
tolerance of pre-exposed fish at different lethal exposure times.
Four metals were selected for this investfgation: cadmium,
copper, silver and nickel. Cadmium and copper are-both common
aquatic pollutants whlchare known to be highly ,toxic to aquatic
organisms. Levels of copper in natural waters -do not ealcceed‘s uwg
QL (Nriagu, 1§79). Howevér,' in pollui';ed waters, levels of copper
can reach 300 to 500 ug Cu/L (Van Idon & Beamish, 1977). Effects

'of pre-exposure to nickel or silver on fish have not previously

been examined. In natural waters, levels of nickel are genar.ally
ve.:y low, ranging from less than 2 to 10 ug. N1/L (Nriagu, 1980)
However, nickel is a cammon pollutant particularly in the v1cinity

ofoertainsnelti:garﬂminirgj:ﬂustri&smemlevelscanzeadxup'

to 3 to 6 my Ni/L (Stokes et al., 1973; Rehwoldt, 1973). Natural
levels of silvez: in the aquatic environment are usually ’ext:erely
1ow1eve1rangingfmmztosugpg/1. (Sto)metal., 1973), ard is -
notthcugm:tobeascamonacontamjmntascertamotherheavy
metals. However, the apparent'absence of silver in natural waters

may be due to-the previous detection limitations of t‘neanalxtiml
- / . . ' .
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instrumentation (Davies et al., 1973) Neverthel&ss, for aquatic -
9 orgarusms, silver is one of the most téxic of heavy metals, ranking. -
— second only tc'> mercury (Davies et Qal., 1973; Lima et ail,, 1982) ¢ )
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2. 2 Holdmg conditiorﬁ " ‘ . '/

_ Adult zebrafish )(myd_amg ;g;;g) mreselectedasthetest | (
organism. misspeciwhasbeenproposedasastandardtest ‘\
species for toxicity testing by the Internatiorﬁl '
Ozvganizatiop (Fogels & Sprague, 1977). These "fish we) also chosen — y
for this study because they are small, readily evailable throughout "

_ the year, andeasytomintaininthelaboratory Although
zebrafish are a tropical species,’ infomation from bioassays usmg

v/
this species are -still applicable to many of mnadaé indigenous b —
and ecmanically important species, such as “the salmomds. Their

- tolerante to toxicants canoftenbecorrelated with that of rainbow /

trout by a factor of 2.6 (Fogels & Sprague, 1977) This diffemnoe X 7
in tolerance falls w1th1n the range of va,r‘iability reported fer . /
rainbow tmlt in the same or between ,labs (Fogels & Sprague, 1977, | /

Brown, 1968) § ‘ ‘ ) : S

.
T
. . L. \
;o F .
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Fishuexepdéuasedfrm Tropicanmn, St. Bruno, Qlebec,
required. Uponazrival mthelaboratory, fishwerehmsedm
‘glass holding tanks each with -a 'water volume of - 36L, at’ a 'loading
de.nsity of apprmd.mately l.49 fish/L Montreal Clty water was
usedastheswmewater quthecitymains,themterwas_
passedthm:ghadxamoalfilter heatedtozs'é and then supplied
to a headbox. 'misheadboxwas installed.toeliminatepossible
flucmatiasinpressure.iftﬂ:esoumwater Henc:e within the

s - ' . -~
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headboo(, constantheadwasmaintainedbymearsofasta:dpipe

/ _Ihewatermtheheadbm(wasalsodegassedemanstairstaﬁs

A

The flow rate into.eadxoftmmldingtamswasadjustedtozwn A
mmprw1deda99%replacementtimeof1$s9m2h This ‘
em:hangeratewasequlvalem;tosal/g fish/d, a\nd"ismideredto C
be within acceptable limits for fish of this®size according to t.‘he' "
guidelines setout by Sprague (1969). o L

\ Intheexperimentaltanksusedmthepm-exposure}i\aseand .
ﬂmmx;citytstmgphase (Sections 2.3 & 24), wate.rwaSpassed
fram the headbox to a distribution chamber before entering. the ' \
. tanks. Frcmtlusdmamber anequalflwqfwaterwassuppliedto .
each tank by means of ad3ustable glass faucets 'Ihe glass fauoet',
system of ensuring a constant and highly accurate rate ofmaber
flow is.described in detail by Hewitt (1979). *Using this systa‘n ‘
theflwxatasmmea@ermentaltarﬂcsmvervariedbymrethan .

0. Sml/ min. W ‘ \

~ '
* L il - N

n

"'~ Fish were allowed £o acclimate to laboratory conditions. for.a

minimm of 28 d prior to use.' During acclimation, fish were

closely examined, and only those which were visibly in good health

were used for expe.rimentation. A diurnal photopenod of 12 h light ' -
(8AM - 8PM) was maintained by overhead fluorescent fixtures which L
‘were controlled by a time switch. Fish were°fed once daily ad ’_ .
Libitup with Tetramin Tropical Fish food. Excess food and fecal ~ SR

, "

wastes were siphoned out of each'tank once daily. Certain.
characteristies of the laboratory water are given in Table 1. -

Lt
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“ mmiml comentratmns ranged from approximately 0.01 to 0.50 times

2.3 pre—e@osuremase P .
| mepre-exposumphasewasdwignedformbleum@@osureof S
thetestfishtooneofmemavymetalsbeforesubsequent‘ i |
determination of lethal tolerance 'Ihus, dur:ng the pre-exposure ‘“‘
phase zebrafish were exposed to three- different sublethal '

o

concentrations’ of the metal m'q.ar consideration.. . . ‘
. The following procedure vas carmed out. Prelmunary sbatic" ' —
144-h ICSOS were conducted: tO cbtam an wtlmate of the. 1etha.1

concentr:ation range for eachmetal Basedon these data, ‘three e,

nanmal conoentrgtlons were selected fOr egch expermexrt “These 4

, pre—exposurb_ concentratlons for each experment are -
_given in Table 2. - '

| Prior to each experment fish were 1rdiv1dually weighed by \e
the water displacement method 'nus method involves introducing
each ﬁSh intoabeakerof water of }a'wnwelghtardre—welghng

' after additlon of the fish The dlfferpnce between the two weights

is the wélght of ‘the fish, Those w1thin the seletted size r‘enge of.
0.3-0.8g were randomly dlstriblrted among 24 specially designed N
cages. These cages camprised four pre-exposure sets, each set
having six cages (Figure i) All 24 cages had beexi divided among
four glass tanks, prior to weighing the fish, so that t]?er)ewene
. six cages per tank. Fadmcagewasarectangularomtanmer, with
dimensions of 8.5 x 10 x 18cm. Two opposite sides and the bottom



s J P,
\ - .ot ~' , = ) ‘ g - . . >
were made of Smm thick, solid. plexiglass. The remaining two sides _ c
werecoveredinplas\{:icnmhscreehim w.ithameshsiz of 2.5 x
~40nm 'Ihlsmeshsmewassmalle:nx;htopreventf from ’
escapn:gtlmx;hthensh yetlargeencxx;htopennitadeq\mte .\
circulation of water between the outside and inside of thf cages. |
.'Ihec;ag&ssaton fheflooroftimepre—emosure tanks, and the sides ‘
of the ‘cajes projected above the water line of the tank. “he top
of the cage was open, allowing for introduction and inspection of
the t&stonganlsms Approximately 15-18 fish were housed in each P
cage (see Appendix): The meshed sides of thé cages were aligned ' |
with the direction of water flow to fac1litate circulationof - - ,
water \'Ihewate.rvolmne ofeach pm—exposure tank was 27L. The
flow rate of water supplled to each tank was 500ml/min which
‘ prov1ded a 99% replacement time of 4.2 h. As the loading density’
of fish in each tank was approximately 2g figh/L, this flow rate |
“provj .‘ed_approx‘imately 131'.\,_/2\ fi;tVd. Circulation and éei‘atior; was
_ by‘_alir stones suspended within each tank, immediately ‘
outside each cage. This was to ensure that @xygen and toxicant
‘would not bécome depleted within the cages. .Water quality ‘
performed throughoit experixr@tatim showed no_differences in the
oxygen or.toxicant concentration between the inside and outside of
“the ncag&s. Fish'were permitted to acclimate to the cage
envircnments for 7 d prior to toxicant exposure :
Afta'acclmratimtothecages, tastlots in three of the four
pm-acposuretankswereexppsedtomeofthemétalswﬂersb.ﬁy.
| Three different nominal sublethal concentratians of the same metal
were selected, one fc;r each of three o‘f-the pre-exposure tanks.

¢
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T\estlotsinthefno&;m.t\ankm.rntexposedtotmdcant. This
latter tank served as a control in the subséquent lethal exposure
;haéetowhi&'ﬁlethaltolemnceofpxe—eomosedfmhcmldbe
canpared. Sevenexperimentswerecorﬂuctedinthissbzdyin
total. 'Ihefustfouracpermentswereconductedtoexammethe
effects of pre—exposure to a metal on relative tolerance to fethal
levelsofthesamemetal 'Itmefmrexpermentswexecarnedart
using- cadmiun}, copper, silver and mckel, respectively. The next
'threeacperhxentswemcorﬁuctedtdemmnemeeffectsof
pre—exposure to one metal on relative tolerance to lethal levels of
a different metal The metal conbinations used for these latter

»~WWMSMMOnmeSOfmefm

experiments, and these selections are discussed %the Results (pg
58). The carbinations, as well as their measured pre—exposure and -
- lethal exposure concentrations are given in Table 2.
Pre-exposure to toxicant was continued for 7 d. This time
.period was chosen because previa;e studies have shown that maximm
increases in tolerance are ;Jsually attained within 7 d of
pre-exposure (Di.xo;x & Sprague, 198la). Oonstantmonitoring showed
thatthedesired level of tomcartmeadltarﬂcwasattainedby7h
ofthe mtifaleaqaosumamthenmnamedcastantformemtof
the 7 4. This tox_'l.cant-adjustment Jperiod was equivalent to
appmxnnately ‘4% of the total exposure period. Test fish were fed
ance daily during the first 5 d of the pre-exposure pericd. ‘The
fish were;not fed during the latter 2:d of the pre-exposure phase,
mrduri:gﬁmesubsequentlethalexposurephase. This was to
decrease the possi?ility of too(icant assimilation fram ingested

A
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274 Lethal Exposure Phase
melethale@osmepxﬁsewasdesignedtoassessmemdifyng‘
effects of sublet;lgl pre-exposuge on subsequent lethal tole.rame
mefollcwmgpmcedtwewas carried out. After the 7 d

"'o__/

pre—emosuremase the24cagasrepxesentings1xsetsofﬂmree ’
sublethalpm—e:posumtstlotsardoneomltgoltwtlortwexe
quickly redistributed to s:x_ lethal exposure tanks. The cages were
transported to the lethal exposure phase area in buckets containing
test tank water to minimize the shock of the transfer. Five of
these latter tanks contained a series of five potentially lethal
concentrations of the metal under study. The sixth tark ‘served as
a control, and was supplied with diluent water only. Each tank had
a water volume of 27L, and was supplied with a flow réte_of’“ -
450ml/min. This provided a 99% replacement time of 4.2hs Ws the
loading density was 1.3g fish/L, the flow rate provided 18L/g
fils'h/d. Cages from each of the four pre-exposure regimes were
selected randomly in camwposing the six lethal e:q:osure.tanks E
Hence,inthelethalegcposureplﬁs'e,eadxofthesixtarﬂa '
contained four cages, one fram c;adl of the pre-exposure tanks.
Figu;e 1 diagrams the toxicant exposure system and the distribution

'of the cages f#m the pre-exposure tanks to the lethal exposure

tanks. meadyai:tageofthisacperﬂmgaldesignis.unteaé:of
thethreepre—e:q:csng;immnbesimitamlycmparedto
” the. control resporse, thus elminatirganypossibletaxporal
effectsofcmsea:tivetastmg I-bwever,ashortcaninginthis

ox
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design is that there were no replicates. This gack of replication
prevented a measure of the variance within each experimental regime
" as may have occurred during either the pre-exposure and/or the
lethal exposure phase of the experiments. ?’It was not possible,
therefore, to use miltivariate analysis to identify differences
o.annngst experimental regimes. However, the lethal exposure phases '
‘Of certain experiments were repeated during the overall study,
proviciing a measure of repeatability. Further information on data
" treatment and statistical analysis is provided in Section 2.8.
Mortality was recorded in each bioass;xy tank at frequent
intervals of once every 2-4 h, depending on the mortality rate.
Death was acknowledged when fish showed no signs of respiration and
failed to respond to touch. o ’ )
The lethal exposure phase lasted f9r 144 h. 'Ihis time period
was chosen in an attempt to cbtain an incipient lethal level for
each metal. The incipient lethal level is defined as the
concentration deyond which‘ 50% of the test population cannot
survive hﬂgfii@itely (Sprague, 1969). Thus, the incipient lethal
level marks the boundary between sublethal and lethal effects.
Ideally, experiments on the lethal toxicity testing Iof toxlcants -
should be continued until this threshold to lethality is reached,
however, - Sprague (1969), reviewing a mumber of articles, concluded
that a 96 h exposure period is generally sufficient to demonstrate
an incipient lethal level. Therefore, it was decided to run the
.lethal exposure phase for 144 h, a time period which allowed an

\

extra 48 h of exposure.
by
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described in Sprague (1969). 'nus type of toxicity curve is

.exposure time on a logarithmic-logarithmic scale. Toxicity curves °

\‘%D':- , < \
2.5 Toxicity Curves .
Incipient lethal levels for each metal were estimated by ) :

constructing tox.1c1ty curves according to 'the U.S. Standard Method

constructed by plotting the 150 against the corresponding lethal -

are a reflection of the change in lethal tolerance with time and

the point at which thase curves (which are yraditicmally fitted by
eye) asymptote to the time axis corresponds to the incipient letpal
level. '

A sublethal concentration can be related to the inc.fpient

lethal level by a Toxic Unit (TU). A TU is the fraction of this

concentration to the incipiené lethal level (Sprague, 1970).
Mence, in the present study, pre-exposure concentrations were , ..
converted to TU usmg the following equation: ’

’.

Toxic Unit (TU) = _
: . Incipient Lethal Level '

ant Delivery System
trated toxicant stock solutions of each metal were

2.6

prepared by adding either nickel sulphate (NiSO4.6H20), copper

sulphate (CusO4. 5H20) , cadmium chloride (CdCl2.2.5H20) or silver
nitrate (AgN03) to distilled water. All metals were purchased as

‘ reagent grade quality (Fisher Scientific), except for nickel

sul;mate'wtuch was :mdustnal grade (Canadian Industries 1td).
Stock solutions of silver mtrate were covered in black plastic to ~
prevent ;hoto—omdatlm. 'bew.-mt was introduced into each of the

AN
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experimental tanks employing a method similar to that outlined by

Grenier (1960). Stock solutions were held in 20L Mariotte bottles,

arx:lonestocksolutionwasmadeupperexpermentaltank Toxicant
was dnpped from each Mariotte bottle via a feader tube (Intramedlc
tubing, Fisher) into a collectmg funnel suspended above its

respectjve tank vhere it mixed with inflowing water from the

distribution chamber The flow of toxicant was staxted 24 h before
a bloassay camenced. This time period was suff1c19nt to allow the
required toxicant concentration to be established in each exposure

tank.

2.7 Analytical Methods _
1 'Ihe concentration of ‘heavy metal was measured in each
exper\fmental tank. mpllca‘Re water samples were collected dally

. ¥uring the pre-exposure and lethal exposure phases. Sanmples were

stored in sealed polyethylene vials, and acidified with 10 uL of
ooncentrated nltrlc acid to approximately pH < 2. Acidification

was carned out to mJ.m.mlze preclpltatmn ard possmle adsorptlon

~of metaN the walls of the container. Samples were analyzed for

their ‘heavy metal content using a Perkin Elmer 503 at;cxnic
absorption spectrophotometer. Three readings were taken fram each
sample giving a total of 42 readings per exposure 'phase”:
Concentrations given in thj ' report are the, mean of these 42
readings.” Standard deviationsﬁ‘of each concentration are given in
the Apperxilx Samplcs whose concentration of heavy metal were
relatively low'were analyzed using carbon-rod (£lameless) |
at,:aniz‘?altioh. Hfg_hér coﬁcéntrations’ were analyzed by volatilization
4
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using an atamic absorption spectrophotameter equipped with a flame
furnace. The detectich limits and the precision of both these
methods are given in Table 3. lLevels of copper, cadmium, nickel
and silver in. the control (uncontaminated) water, were all be.low"
detectable limits when anélyzed using the carbon-rod atomization
method (Table 1), - |

2.8 Statistical Methods —-

‘The experimental design permitted an evaluation of lethal
dose-response relatig\nships as affected by the ﬂimmediately
preceding metal pre-exposure. The concentration lethal to 50%
(1LCS0) was used as a cineasure of tolerance. .'Ihe 1C50 value for each
pre-exposure, regime was calcul}éted aocordiré to thencmographic
method of Litchfield & Wilcoxon (1949). This method, which
utilizes nomographs, permits, rapid but accurate estimation of the
1050 and its 95% confidence lunits The method involve;s plotting,
on a logaritimic-probability scale, th;. Mge of organisms
reacting (1.e. the perberlt';age mo ityy, w:Lthin a specified time
:mterval against the petentially let.hal concerrt:ration to whid1 \
" they were exposed. A regression line is then fitted by "eye" to

the points. Thé camplex mathematical procedures of FM (197%)
~may also be used to estimate the 150, in whidl‘theline is fit‘bed
by succ&eswe apgroxmations based on maximum likelihood estimates,
b\it thchfield & Wilcoxon (1953) have shown that ~ ’
loganttmuc—pmbability lines fitted by eye are highly aocurate.
However, with this method, no more than two consec:itive 100%

mrtaliti‘esattheuppererﬂofthedosagexange mrmonethanuwo
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consecutive 0% mortalities at the lower end of the dosage range may
. be used in the camputations. LC50s were not esfimated for data
‘sets in which these criteria were not met. .

Regressions were fitted to ‘each data set, where available and
coriplete, at 48, 60, 72, 84, 96, 120 and 144 h of lethal exposure.
Thus, at each lethal exposure tine, four ICS0 estimates were
obtained, one for each fre—exposure rng:me The dosagé—mrtalitgy

» data usgd for these calculations is given in the Apperdix. A
sample calculation of the method used to estimate an LCSO is given
".in the Results (Section 3.2) .

é{Im assumption to the dose-response format is that data are
n_on@ly distributed on a logarithmic scale. This assmrp'gion was
tested for by a using a Chi Square analysis for hamogeneity of data . -
about a-linear regression’whidm is incorporated into the method of
Litchfield & Wilcoxon (1949) . In the mhjority of data sets, the |
test for hamogenejty was met. In two data sets, however, the data
were hetelsogenems In this case, the method 1s modlfled slightly'
to give corrected confidence limits. Heterogenous data sets are
indicated as|such in the results (Section 3.5). Full details of
the method, "along with t:he namographs, are given win Lité:hfie;.d &

~ Wilcoxon (1949)" ~ ’ . ( ]

Once L0S0 estimates were cbtained for' each pre-exposure |

regime, éach pre-exposure ‘test lot ICSbwascmparEdto its \
cormpou;ing cantrol 'ch§0 foz; significance of difference
(p<0.05). This is done by computing the standard grror of the
difference using the method of Litchfield & Wilcokon (1949). This

method campares the ratio of the two ICS0s with & theoretical .
- & N
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reaction-ratio derivéd from the related standard errors. However,
two ICS50s may only be ocnpax‘ed for eignificanoe of differenoe as
longasthevarlamesofthetwodoserwpaseli:mammt
significantly dlfferent, that is, when the lines are parallel.
' Variance in dose-;mponse relationships is reflected in‘the slope -
‘of the dose-response line. ‘In the Litchfield & Wilooxon (1949) °
test, a slope function is calculated from the predicted ‘
dose-mponse line and compared to the slope function of a second
'line for parallelism.’ When this condition is met, the two LCS0s
can then be canpared for significar;ce of difference.  Slope
| functions and their 95% confidence linits for all estimated 1CS0s |
are ‘given in the Results. A sanple calculation for the test for
. patallelism between two slope-functions and-the sigruficarpe of
_difference -between two LCS0s is given in éection 3.2. ‘
The Litdlfield & Wilooxor;“(1949) tes‘l; for the signific;noe Pf ‘
dJ.fference perm.ts one to identify whether two 1C50s are N
élgniflcantly dlffer.ent but does not provide the.assurance that the
© difference is a consequenceofthepm—expos‘.lreregime mly
replication, or, to same degree, repetition mld provide t.he
lat{:er 'insight As nerrtxoned prevmusly, replicates were not
mcorporated into the experimental design. However, certain .
experiments did providean opportunity to compare differences
‘between similar tests fm‘sequentially The djfferences in the
results ofthwe repeatedtestsaregivenintheRes&ﬂ.ts (Sectim
Y 9), arxithesmlantybetweencon:spaﬂingdatasetsfora .
parthzlarreguteisameasumofcamflderneinﬂwsemlts. -

9
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2.9 Relative Tolerance Fact:or. -

Modifications in lethal tolerance as a result of prior"

" subl e:qaosuremaybeinterpmtedinammberofways One
approach, used in this thesis, maybetocmparethetolerameof
pre—exposed fish to that of fish witrmut prior sublethal exposmfe
at selected lethal exposure "times, This relatimshlp was deplcted

‘ gmmicallyinthlsth&sis bystandardizmgthecmtml nesponse
*giving their tolerance measurements a value of 1.0, and pmsenting
pre-exposummponsesasaratmofﬂuecontmlmponse . .
Alt.hmghtheymaybc&bevarymtrmxghtime thecmtrolcanbe
vieweg as the normal response, and the pre-exposure n‘odlficatlm in
relatiqn.;:o ig’ normal response. The ratioc of thetw 1CS0s can
be thougiit of a "relativé tolerance factor” and comgrtmg the

. relative tolerance response to a common factor also .allows, for the

<

camparison of rvelat;ive tolerance modifications between different
metals., . ‘ —_
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Table 1. Certain Chemical d:aracte.nstlcs of the I.aboratory
. Water - . .
v c L ) e
- o ’ . .
. *1Alkalinity 85 mgy/L as CadQy ." ) .
\ *Hardrms . 128 mg/L as Cad0y . o
'Ibmperature 25 £ 1°C .
- Dissolved Oxygen 90 to 95% saturation .
. ) w . R Z.B ‘ * ’ , 1\;
. . Silver- o . <0.4 wy/L ' s
' - é@m.mm - , < 0.2 ug/L ‘ , . '
‘ : ‘ : " <2.5uwyL ' : . o
| , Nlckel v < 7.5ug/L IR .
[ . ' * i . ” - -~
. - \ \ - .
3. * . "
‘ - o
" ' a7, . : ' ‘
* ' : ‘ . ' . “‘v—{;«
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Table 2. Measured Concentrations of Cadmium, Copper, Silver ancl
Nlckelusedforpce—exposurearxilethalexposumineadx
of the seven experiments. - .
‘Expt. Concentration . Concentration :
cd-0d2 0.2,“0.75\ 2.0 ;g OY/L . 3.3, 4.7, 6.8, 10.1, 11.3 .- - °
: _ng WL Y .* . R r
Cu~Cu 16, 30, 76 ug QWL 239, 245, 253, 258, 271 ug N
' - B ) WL ' ’ . . : ‘. (
.- . - o . .
Ag-Ag 0.5, 1.3, 2.2 uy Ay/L 2.7, 3.3, 4.8, 7.2, 10.0 g :
) N ) o AQ/L ' - '
Ni-Ni 0.5, 1.0, 5.0 mg Ni/L . 24.4, 28.2, 41.1, 46 3
~ - 51.4 mg Ni/L A
-cd . 20, 30, 52 ug QWL 1.2, 2.2, 4.1, 6.0, 85ngl-’
~ T s /L R o
,  Cu-Ni’ 16, 40; 70 ug QWL .. ~ 19.7, 29.8, 33. 5,.42. 3, |
: ’ ‘ . 54.5 my Ni/L -~ E .
) . . . ' ] . . " . 4 \
B Ni-cu . 0.6, 1.4, 6.0 my Ni/L 254, 268, 276, 281, 293 ug -~ ¥
% Y ’ . ' ’ .
\‘ . | ' \ ,P
' f/ 5o g ) - - )
2 The Pre-ezposure Metal followed by the Ieﬂxal ’
" ‘ . . »
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Table 3. #Detection Limits (ug/L).of the Carbon-Rod Atomization -
(flameless) and Volatilization (flame) methods of -,
Atomic Absorption Spectrophotametry for Cadmium, -
Oopper, Silver and Nickel. The Precision of each
method is enclosed in parentheses (Oczefficierrt of
Variation for N=10)

, carbon-rod

R : c - atemization volatilization
' cadmium 0.2 (1.3%) ' 1 (2.1%)
copper 2,5 (1.9%) 2 (3.6%)
‘ silver 0.4 (0.3%) 2 (1.0%)
- . nid(el ’ 705 (2~2%) . hd 10 (407%) *“.
¢
MY \ . . .
.o t.) s
- - -
¢ bl ‘ .
A} - A . B N "
~ 22 *



Figure 1.

hD-Flowcontml'

Schematic of Taxicant Exposure System, where:
A - Head Box ' . '
B - Water Distribution Chamber -

"

C - Mariotte Bottle with Toxicant, shown for two

‘tanks only

E - Biocassay Tank “

F - Cages for housing test fish; shown for one

pre-exposure regime only -
G - Direction of Water Flow .-
H - Distribution of cages fmn Pre—exposure
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RESULTS

- —

In the present study, seven experiments were conducted to
examine the mdifyfrg effects of sublethal pre-exposure to edther
cadmium, copper, silver or nickel, on subsequent lethal tolerance.
However, before these experiments are discussed, the toxicity

o

curves of thése four metals will first be presented.

3.1 Tbxicit;y Curves | ‘
Toxicity curves for cadmium, copper, silver and nickei were
consf.ructed by using the ccu';txpl 1c508 for each metal. @dni\fn’n,

_ control LC50s were estimated. * For these metals, the contr‘ol LCS0s
| from both, experiments were used to plot the toxicity curve. This,
data for the cadmium to;dcity curve were taken from the control

pzte-escpos'ure test 1ots‘ of e)q>eriments cadmimn—cadmmn and
copper—-cadmium (Tables 4 & 14); data for the copper toxicity curve
wenetakenfrunthecqperhcogperandnickél-copperexperimnts ‘
(Tables 8 & 18); data for the nickel toxicity curve were taken from
the nickel-nic}cel and copper—mckel experiments (Tables 12 & 16).
Data for the silver toxicity curve were taken from dme experm\ent

. only (Table 10).
| Toxicity curves:for cadmium, cqpper, silver and nickel are
'depiqtedinFigtm 2, 3, 4an'd5.' 'Ihecawentratimatthe
asynptote for cadmmn and for copper, that is the imlplem: lethal
level is estimated to be 3. ngcd/Larxd\zGlugm/L For silver
ug’fornickel, there is no apparent asymptote within the duration
A
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«Figure 3.
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Figure 4.

Silver Toxicity Curve.
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* the pre-exposure concentrations are equivalent to*0.06, 0.23 and

of the experiment\:s. Therefore, the 144-h I.CSOs of 4.4 uwg Ag/L and
» -]
21 mg Ni/L (Figures 4 & 5).are used as 3ppmxinatiors of the

, ‘4
incipient lethal level.

The First four experiments examined the effects of

pre-exposure and lethal exposure to the same metal.

3.2 Effects of Sublethal Pre-exposure to Cadmiuni on Relative . (
Tolerance to Lethal [evels of Cadmiyfy- ‘ '
In this experiment, zebrafish were pre-exposed to either 0.2, | .
0.75 or 2.0 mg Cd/L, before lethal exposure to 3.3,+4.7, 6.8, 10.1
and 11.3 my C4d/L. As the incipient lethal levelmfor cadmium was
estimated from the toxicity curve of this metal to be 3.2 mg Gd/L,

O 63 TU respectively. The Le50s and their 95% confidence limits

are glven in Table 4. ' The control I.CSOS at 48 60, 72, 84, 96, 120 -
and144hare60,50,49, 4.0, 3.6, 29and29mg0d,/L B

respectively (Table 4). A sample calculation of the estimation of

the LC50, the slope function of the 1050 and their 95% confidence.

limits, are given in Table 5 for the control test lot at 48 h. The .
dose-response line for this LC50 is depicted in Figure 6. Slope

functions of the IS0 dose-response lines and ‘their 5% confidence BN
limits are given in Table 6. A sanple"calmlaﬂm fof the . - ¢

~ significahoe of difference between the control and 2.0 mg Od/L test -

lots aﬁ 96,h, which }ncltxies the test for parallelism between two —~
slope functions is given in Table 7. The slope functions of any /

" two LCSO0s being carpared for significance of difference do not . | .

(
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\
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Table 4. Cadmium:Concentration (my Cd/L) Lethal to 50% (LCSO) of
test fish, following a 7 d Pre-exposure to either 0.2,
0.75, 2.0 mg Gd/L, or diluent water alone (Control).
Parentheses enclose the 95% Confidence Limits of the IXSO.

.

*

Control 0.2 0.75 . 2.0
Lethal (hg Cd/L) (mg G4/L) ¥ (mg Od/L)
Time (h) Cadmium LC50 (mg Cd/L)
- 48 6.0 6.4 7.6 7.4
(4.8 - 7.5) (5.0 - 8.1) (6.2 - 9.2) (6.0 - 9.2)
" 60 0 . 5,1 - 5.9 6.7
(4.3\- 5.9) (4.3 - §.2) (4.8 - 7.4) (5.5 - 8.1)
72 4.9 , .. 4.3 4.8 6.4 -
o (4:2.- 5.8) (3.5 - 5.1) (3.8'- 6.0) (5.2~ 8.0)
84 4.0 . 3.9 4.4 5.3
(3.3 - 4.7) (3.2 - 4.8) (3.5 - 5.4) (4.2 - 6.6)
96 3.6 3.6 4.3 4.9%3
: (2.9 - 4.4) (3.0 - 4.3) (3.5 - 5.2) (4.0 - 6.1)
120 2.9 3.3 . 3.9 4.7%
, (2.1 - 4.0) (2.7 - 4.0) (3.1 - 4.9) (4.0 - 5.6)
144 " 2.9 3.3 3.9 ¢ 4.7%
o - (2-1 - 400) (2-7 - 4-0) _(3.; - 4.9) (4.0 - 5.6)
- % A -
&
b »

e

g

P
P

3

Indicates that the'ICSO deviates significantly

(p<0.05) from the corresponding control ICS0

Y
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Table 5. Sanple calculation of the estimation of the 1CS0, the
Slope Function, and their 95% Confidence Limits, for
hamogeneous data. Dataaretakenfrunthethmltest
lot (No. of fish = 72) of the Cadmium-Cadmium experiment
at 48 h. See Litchfield & Wilcoxon (1949) for full
details of the method

4

Conc. "CObserved §  Expected f minus n
(ng Od/L) Mort:allty Mortality Expected Chi
3.3, 6.7 5.0 1.7 0.006
4.7 26.7 28 1.3 0
6.8 73.3 61 12.3 0.06
10.1 | -92.3 86 ., 6.3 0.035
11.3 85.7 90 . 4.3 0.02
€Chi®=0.121

1) Contributions to chi2 = 0.121 -
2) Average No. of Fish per Dose = Total No. of Flsh k, the
No. of Doses
=14.4 ;

~

3)duzofthelme-0121x144—17424 ~ )
4) af =k -2 = 3 -
5) From Litchfield & Wilcoxon (1949),

'chi2[3] =7.82 (p<0.05) ~ - - S ,,
e
6) cm?- of the Iine < 7.82, therefore, the data dre not
mgluficantly heterogepeous x4
7) From Fiqure 6,

IC50 = 6.0 IC16 = 4.1 " 1c84 = 9.7

8) ' The Slope Function, S,* ' ' N
= [IC84+FIC50 +. LCS05IC16]+2

= 1.55
9) N'-—No. of flshvmosea(pectedeffectsambetweenm
, and 84%
=30 | _m,
10) to calculate the factor of the L0S0, fIC50 = 5277
=1.25 -

11) 95% Confidence Limits of the 1CS50,
ICSOxﬂL:so-upperlinnit
1050 + fIC50 = lower limit |

.. 12) IC50 = 6.0 (4.8 - 7.5)

13) tocalculatethefactor of S, f8S, :
Dosage Range, R-113-33—34242 x o

4 - Fram the predicted line of Figure 6.

: R - B \

S



A = Antilog-1.1 (log S)2tlog R
= 1.1873

£5 = AL0(k-1)sk/N"
= 1,2850
14) 95% Confidence Limits of the S,
S x fS = upper limit
S ¢+ £S = lower limit
15) S = 1.55 (1.21 - 1.99)

W,

A T

‘l@ ‘ .'. 39 .



Table 6. Slope Functions of the Cadmium LCS0s following

Pre-exposure to either 0.2, 0.75, 2.0 mg G3/L, or
. diluent water alone (Control). Parentheses enclose the
95% Confidence Limits of the Slope Function. \

Cadmium Pre-exposure Regime

—

Control © 0.2 0.75 2.0

Lethal (mg Cd/L) (my Od/L) (mg Cd/L)
E>.cposure ) ]
Time (h) Slope Function of Od 1£S0
48 1.55, 1.56 1.92° 1.83

(1.21 - 1.99) (1.25 = 1.95) (1.28 - 2.87) (1.30 - 2.58)

. ’ KN ¢

60 1.31 1.61 1.76 - 1.71

(1.15 - 1.50) (1.18 = 2.20) (1.25 - 2.48) (1.31 - 2.24)

72 1.33 1.36 1.58 1.70
-(1.14 - 1.55) (1.17 - 1.58) (1.26 - 1.98) (1.31 - 2.22)

84 - 1.37 1.28 1.60 __ 1.58
* (1.20 - 1.56) (1.187~ 1.38) (1.26 - 2.04) (1.20 - 2.10)
. .

96 o 1.51 1.22 1.58 1.51

(1.21 - 1.88) (1.13 = 1.30) (1.26 - 2.23) (1.21 - 1.89)

120 - 1.55 1.48 . 1.67 1.49
(1.08' - 2.22) (1.21 - 1.82) (1.18 - 2.36) (1.25 - 1.78)

144 1.55 1.48 1,67 1.49
. (1.08 - 2.22) (1.21 - 1.82) (1.18 - 2.36) (1.25 - 1.78)

\
] R =

et
.

40

——y

»



Table 7. Sample cala:latim of the test for Parallelism between two
Slope Functions and for the Significance of Difference
(p<0.05) between two ICS50s. Data are taken fram the
Cadmium-Cadmium experiment at 144 h, and campares the
Control and 2. Ongcd/Lpre-exposuretnst lots. See
Litchfield & Wilcoxon (1949) for full details of the'

method.
Pre—exposure .
Regime 1CS0 f1.C50 [ fs
Control 2.9 1.37 . 1.55 b 1.44
2.0 mg Q4/L 4.7 1.19 1.49 1.20
[ &

1) Test for parallelism:
Calculate the Slope Function Ratio, SR,
SR = 1.55>1.49 -
= 1.04
2) Using fs values, read fSR from Namograph 4 (Litchfield &
Wilcoxon, 1949)
fSR = 1. 50 .
3) SR < fSR, therefore the curves do not deviate
- significantly (p<oO. 05) and can be considered

parallel

4) Test for Significance of Difference between the two IC50s
Campute the Potency Ratio, PR,
R = 4.7%2.9, .
= 1 62
5) Us.mgthe f1C50 valuesnead fERfrunNanograph 4
fPR = 1.43
6) FR > fFR, therefore t.he two IC50s are significantly
different (p<0 05)

41
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deviate significantly from parallelism.
Figure 7 depicts the modifications in lethal toleranoe
follcwmg pre-exposure to either 0. 2{0 .75 or 2.0 mg Qd/L.

Pre—exposuretoz 0 mg Cd/L apparently results in a trend of
enhanced relative tolerance at all lethal exposure times. Relative

tolerance is-also apparently increased after pre-exposure to 0.2
and 0.75 mg Od/L, except at 72 and 84 h when there appears to be an

, apparent decrease in tolerance campared to the control (Figure 7).

_ However, when IC50s are statistically compared using the Litchfield

Y

& Wilcoxon test for significance of diff’erence. (1949) , pre-exposure
to 0.2 and 0.75 does not Wm any significant'(p<0.05)
diffet:er)o:'-: in tolerance, relativ: to the controls; at any -le'chal
exposure time (Table 4). However, pre—exposure to 2.0 my Cd/L does
result in a significant increase in relgtive tolerance, but only at
certain lethal exposure times. The ICSOs for this test lot are
significantly greater than the corresponding control test lot at
%, "120 and 144 h. Atthesetijm, the 2.0 my Od/L-test lot LCSO0s
are49, 4. 7hnd47ngcd/L (Table 4), whichareincreaseﬁin
toleranoe of 1.36, 1.62 and 1.62 tumtherespectivecorml 10508

)\

(F:Lgure 7).
3'.3‘ Effects <;f Sublethal I;re-e)qaosure to copper on Relati\ve
Tolerance to Lethal ILevels of Copper
Zebrafish were pre-exposed to either 16, 30 or 76 ug Qv/L,
prior to lethal exposure to 239, 245, 253, 258 and 271 ug QL.
The incipient lethal level for copper was estimated from the
toxicity curve of this metal t,o be .26;1‘ ug QWL (Figure 3). Thus, -

©
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. 1.3 or 2.2 wg Ag/L, before lethal exposure to 2.7, 3.3, 4.8, 7.2

the;sre—exposure ‘ tions of 16, 30 and 76 ug Cu/L are

equivalent to 0.06, and 0.29 TU respectively.
The LCS50s and their 95% oonfidence‘ limits are given in Table
8. At 48 h, mortality was too low in’ all pre-exposure test lots to
permit estimation of LCSOs (Table 8). At 60,.72, 84, 96, 120 and
144 h, the cortrol IC50s are 284, 271, 269, 264, 261 and 260 ug
Qu/L (Table 8). The slope functions and their 95% confidence
limits are given in Table 9. The slope functions of any two ICS0s
being compared for significance of difference do mot deviate
significantly from parallgliém. -
Pre-exposure to sublethal levels of copper results in an
apparent trend of enhanced tolerance to lethal levels of this
metal, relative to control fish (Figure 8). However, despite; this
. \

trend, relative tolerance to lethal levels of copper does not

appear to be significantly, (p<0.05) modified by pre-exposure to

either 16 or 30 'ug CQu/L (Table 8). Pre-exposure to. 76 ug Cu/L,
however, results in a significant (p<0.0§) mcrease in tolerance
relative to.the controls at,144 h of lethal expo‘sure. At this
time, the LC50 for ‘}his test ‘lot is 314 ug Qu/L, which is an

increase in tolerance of 1.21 times th 1 1C50 of 260 ug Cu/L

(Figure 8). Prior to 144 h, the mortality in this test lot was too
low to permit,estimation of IC50 values.
3.4 Effects of Sublethal Pre—exposure‘to Silver on Relative
Tolerance to Lethal Levels of Silver’,
In this atpermmt, zebrafish were pre-exposed to either 0.5,

’
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estimation of LCSO
- 6 % 'Indicates that the LCSO deviates significantly
(p<0.05) "fram the ‘corresponding control LCS0

Table 8. Copper Concentration (ug CQu/L) Lethal to 50% (ICS0) of
test fish, following a 7 d Pre-exposure to either 16,
30, 76 ug Qy/L, or diluent water alone (Control).
Parentheses enclose the 95% Confjdence I.dmits of the
1.C50.
"o Copper Pre-exposure Regime
Control 16 30 .76
Lethal i (ug Cu/L) (ug QL) (ug Qu/L)
ﬁ .
Time (h) . Copper IC50 (ug Qu/L)
K‘ )
4
48 - . S5 - - R -
60 284 283 - -
(270 - 299) (266 - 301)
‘ ] )
72 271 277 281 -
(262 - 280) (266 - 288) (271 - 292)
84 269 274 T 275 -
. (260 — 278) (264 - 283) (267 - 283) :
96 264 270 g 278 -
(257 - 271) (261 - 278) (267 - 28’?
120 261 267 272 -
(254 = 268) (258 - 277) (262 - 281) .
144 260 263 . 273 31446 -
(253 - 266) (255 - 271) (262 - 285) (275 --360)
- y‘ “
. 2
. . .
S5 - Irxh@testhatthemrtalltyistoolowtnpexmit

%
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Table 9. Slope Functions of the Copper LCS0s follpwing

A K

Pre-exposure to' either 16, 30, 76 ug Cu/L, or diluent
water alone (Control). Parentheses enclose the 95%

¢ Confidence Limits of the Slope Function.

~

60 .

72
84

96

120

144

\.  Copper Pre—:exposure Regime o
Control 16 30 . 76
Lethal (g Qu/d) (wg Cu/L) (ug Qu/L)
. Exposure . ' )
Time (h) Slope Functien of Cu IC50
} , T, .
48 - - - - .- ‘

1.12 1.12 - -
(0.85 - 1.46) (0.94 - 1.35) ,

. 1.06 1.10 1.07 Y -

) 1.09 1.1 : 1.08 - -
(1.01 - 1.18) (0.98 - }?267~{1‘QQ\:\}.17)

[}

1.07 ° 1.10 , 110
(2.02 - 1.13) (1.00 - 1.20). (0.97 - 1.28)

1.11 1.12 * 1.11
(1.00 - 1.24) (0.99 - 1.26) (0.93 - 1.32)

1.10 1.10 1.14 1.17
(1.01.~ 1.21) (1,01 - 1.19) .(0.95 - 1.37) (0.69 - 1.99) ™

- 47
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Figure 8. Copper 1CS50s for Zebrafish Pre-exposed to

fish.
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af

ard 10.Q ug Ag/L. No apparent n\ﬁipient lethal level was evident
in the toxicity curve for Qﬁs metal within 144 h, hence, the 144-h
LC50 Of 4.4 ug Ag/L was used as an approximation éf' the incipient
lethal level (Figure 4). Thus, the pre-exposure concentrations of
0.5, 1.3 and 2.2 ug Ag/L are equivalent to 0.11, 0.30 and 0.50 TU
respectively. ' ,

The LC50s and their 95% confidence limits are given in Table.

» ' \

10. The control LCSOs at 48, 60, 72, 84, 96, 120 and 144 h, are

. 8.4, 6.8, 6.5, 6.2, 5.8, 4.7 and 4.3 ug Ag/L, respectively (Table

10). Slope functions and their 95% confidence limits are given in'-
Table 11. The ‘s]iope functioris of any two LCS50s being campared for
significance of difference do not deviate significantly fram
parallelism. ‘ ,

~ Pré—@q:os%to&ShrxilJu’gAg/lmultsinanamaan
trend of enhanced relative tolerance to lethal levels of this metal
(Figm:ers). Despite this trend, pre-exposure to 0:5 ug Ag/L does
not result in any significant (p<0.05) increase in relative °
tolerance (Table 10). Phre-exposure to 1.3 ug Ag/l resilts in
significant increases in relative tolerance to lethal ievels of
silver at 48, 60, 72 and 84 h (Table 10). The LCSOs of this test
1ot at these times are 14.6, 12.9, 9.6 and 9.3 ug’Ag/L. These are-
increases of 1.74, 1.90, 1.48 and 1.50 times the correspormrg

control 1c50s (Figure 9). At 96, 120°'and 144 h, however,

pre—exposure to 1.3 ug Ag/L results in no significant modifications

.mrelatlve tolerance. In'contrast, pre—exposuretoz 2ugAg/L
,Fsults in’an apparent tre.nd of decreased tolerance (sersitization)
to lethal levels of this metal, campared to the tole.rance of

50

N o
N O S W T 1 Vo Iy, 2 - Fy,



Table 10.

°

Silver comerrtration (ug Ag/L) Lethal to 50% (LCSO) of
test fish, following a 7 d Pre-exposure to either 0. 5,

1.3, ZZugAq/L or diluent water alone (Control).
Parentheses enclose the 95% confidence Limits of the

7 » Indicates that the LCS0 deviates significantly
(p<0.05) fram the corresponding control LCSO

51

1CS0. K
Silver Pre-exposure Regime
Control 0.5 1.3 T o2.20
Lethal - (ug Ag/L) (ug Ag/L) (ug Ag/L)
Exposure ’ -
Time (h) . Silver Lesq (vg Ag/L)
48 8.4 10,3 C 14.6%7 7,7
(7.5 = 9.4) (8.4 - 12.6) (9.6 — 22.2) (66-—-89)
60 . 6,8 8.9 . 12.9% 6.3
(5.9 = 7.8) (7.2 - 11.0) (8.8 — 18.8) (5.2 - 7.6) _)\
72 . 6.5 8.1 9.6% . 5, 6
(5.6 =.7.5) (6.6 =-9.9) (7.6 = R:1) (4.9 - 6.5)
84 - 6,2 - 7.4 .9.3% 4.0%
: (5.3~ 7.3)’ (61 +.8.9) (7.4 = 1L.7) (4.4 - 5.3)
‘96 5.8 6.7 7.1 ° 4.6%
(5.2 - 6.4) (5.3 - 8.4) (5.9 - 8.6) (4.1 - 5.2)
130 - 4.7 5.4 -~ 5.7 4.4
(3.9 = 5.7) (4.5 - 6.4) (4.7 - 6.9) (3.9 - 5.0)
144 4.3 . 4.6 4.7 - 4.3,
(3.6 - 5.1) (3.8 = 5.6) (3.8 - 5.8) (3.8 - 5.0)



Table 11.. Slope Functions of the Silver 1CS0s following L
Pre—exposure to either#.5, 1.3, 2.2 ug Aq/L, or
diluent water alone (Control). Parentheses enclose the
95% Confidence Limits of the Slope Function.

Silver Pre—exposure Regime

~ “Control 0.5 1.3 2.2
Lethal . . (ug Ag/L) (vg -Ag/L) (ug Ag/L)
Eb;postn’e \ . .
Time (h) Slope Function of Ag LCS0 °
48 1.26 1.31 . 1.85 1.23

. (1.14 - 1.39) (1208 - 1.59) (0.89 - 3.83) (1.10 - 1.37)

60 ' . 1.21 .51 2,12 1.47
(1.10 - 1.33) (1.}9 - 1.92) (0.73 - 6.16) (1.20 - 1.80)

.72 1.23 1.50 172 1.47
(1.10 - 1.37) (1:19 - 1.89) “(1.14 - 2.60) (1.22 - 1.77)

84 1.22 © -1.49 1.68 . . 1.33
(1.13 - 1.32) (1.22 - 1.82) (1.19 - 2.36) (1.15 - [1.53)

96 126 1.36 - 1.56 135
(1.18 - 1.34) (1.14 - 1.62) (1.28 - 1.90) (1.15 — 1.59)

120 1.42 1.45 1.44 1.31
, (1,15 - 1.75) (1,22 - 1.73) (1.22 -.1.70) (1.15 = 1.49)

144 1,36 ©1.33 S 135 L 1a7
(1.22 - 1.52) (1.15 = 1.53) (1:17 - 1:56) (1.11 = 1.24) °
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Figure 9. Silver LCSOs for Zebrafish Pre-exposed to
‘ either ) -0.5, B) 1.3 or C) 2.2 ug Ag/L,
o ‘ : expressed relative to the ILCS0s of Control
fish. :
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control fhish (Figure 9). These apparent reductions in relative
wlm are signif:'icantly (p<0.05) different from the control
tolerance level at 84 and 96 h of lethal exposure (Table 10). At
thise two timeg, the LCS0s of this test lot are 4.9 and 4.6 ug
Ag/L, which is 0,79 times the corresponding control LC50 values
(Figure 9) .’ | |
3.5 Effects of Subleth.al Pre-e.xposure to Nickel of Relative

Tolerance to I.ethal Levels 6f Nlckel h

In this expe.nment, zebrafish were pre-exposed to either 0.5,
1.0 or 5.0 mg Ri/L, before lethal exposure to 24.4, 28.2, 41.1,
46.3 and 51.4 mg Ni/L. The toxicity. curve for this metal shows:
that no abparént incipient lethal level was evident within 144 h
(Figure 5). Therefore, the 144-h ICSO of 21 mg Ni/L was used as an
approximation of the incipient lethal level. Thus, the
pre-exposure concentrations of 0.5, 1.0 and-5.0 mg Ni/L are

equiv:g 0.02, 0.05 and 0.24 TU respectively. -
0s'and their 95% confidence limits~are shown in Table

t

12. The cantrol LCSOs at 48, 60, 72, 84, 96, 120 and 144 h, are
69, 50, 46, 35, 27, 23 and 15 my Ni/L respectively (Table 12).
Mortality was too high at 144 h of lethal exposure in the 0.5, 1.0
arrlSOngNi/Ltestlots, arﬂatlZOhoflethale:qaosmmeinthe °
1.0 and 5. OngNl/LtestlotstopennJ.t%tinationofI.CSOs. ™o
data sets are heterogeneous. These are for the 0.5 my Ni/L‘.tast

Jot at 48 and 72 h and corrected confidence limits are given (Table
12). Slope functions and their 95% confidence limits are given in o
Table 13. The slope functions of any two LC50s being compared for

-



Table 12. Nickel Concentration (mg Ni/L) Lethal to 50% (ICS0) of
test fish, following a 7 d Pre-exposure to either 0.5,
. 1.0, 5.0 mg Ni/Ly or diluent water alone (Control). .
Parentheses enclose the 95% Confidence Limits of the ’

ol b i RS £ A D

Ic50.  °
O ] ‘ ) Nickel Pre-exposure Regime
' ‘Control 0.5 1.0 5.0
Lethal (mg Ni/L)  (mg Ni/L)  (mg Ni/L)
~Time (h) Nickel IC50 (mg Ni/L)
48 " 69 52 53 a4%
: (57 - 82) (43 - 63) (42 - 67) (40 - 48)
60 50 3948+ 34 36%
(44 - 57) (34 - 44): (30 ~-_39) (33 - 40)
72 . 46 33 . 32 30%
(39 - 55) (24 - 45) (28 - 37) (26 - 34)
84 35 I 130 27%
(31 - 39) (28 - 35) (27 - 34) (24 - 31)
96 Y 27 28" 27 21
(23 - 32) (24 - 32) (23 -.31) (17 - 26)
h 3
120 23 - 22 -9 -
. (20 - 27) (20 - 25)
144 15 - - -
(11 - 21)
' ;
v Q -
. — 5 " . . ' ..,' 1 “
Sl 8 +  Indicates that the ICS0 deviates significantly .8

- . (R<0.05) .from the corresponding control 1C50
™ 9 _  Indicates that the mortality is too high to permit
) estimation of LCS50 -‘-
' ’

<




. ’

60

72

96

120

144

>,

4

(1.06 - 2.38) (1.10 - 1.96) . ‘
- " * ' -

‘Table 13. Sldpe Functions of the Nickel I.CSOs following
Pre-exposure to either 0.5, 5.0 mg Ni/L, or "
diluent water alone (Control).” Parentheses enclose the N
95% Confidence Limits of the Slope Function. ® o
e ) ¢
Nickel Pre-exposure Regime '
Control 0.5 ' 1.0 -
* Lethal (mg Ni/L) - (mg Nl/L) . (mg Nl/L) e
Byposure ﬂ
Time (h) . Slope function of Ni ICS0 -
1.50% . . 1.70 1.84 1.39

(1.09 - 2.06) (1.3 - 2.58) (101-336) (:\18-164)

o

1.46 - _  1.46° 2(48 ) 1.47
(1.17 - 1.82), (1.22 ~'1.75) (1.73 - 1.79) (1.20 -'1.80) , .

. 1.63 1.44 S Ve RN 1.40
(1.13 -.2.35). (0.89 - 2.33) (1.20 - 1.68) (1.17 =-1.67)

i.78 1.46 1.36 1.29 #
(1.20 - 2.64) (1.22 = 1.75) '(1.17 ~'1.58) (1.13 - 1.47)
~ . .
1.57 1.42 1.37 1.74

(115-214) (118-171) (1.14 ~.1.65) (0.89 ~ 3.39)"

'

1.59. 1.47. !} - -

- I-SO . - ' - -‘ - .’ ® . fﬁ: - w
(0.74 - 4.40) |

57



si¥nificance of difference do not deviaté significantly fram
parallelism. | " \ | "
Figure 10 shwé\unt pre—exposure to eith'er 0.5 or 1.0 mg Ni/L~
mults in an apparent trend -of sensitizaticm to lethal Yevels of
nickel, relative to the controls, from approximately 48 to 72 h.
Fram 72 h on, however, sensitization apparently diminishes canpared
'to the control. However, according to the statistical test for
significance of difference (p<0.05), pre—exgoshre to 0.5 mg Ni/L
results in a significant decrease in relative toler%pce at 60 h of
lethal exposux:e only (Table 12).. At this time, the IC50 of this®
tastlotls 39mgN1/L, which is 0.78 tmestﬁeconespommg
control 1C50 of 50 mg Ni/L (Flgure 10) Lﬂ(ewn.se, pne-a:posgre‘ to
1.0 mg Ni/L results -in a SJ.gniflcant reduction in relative ,
tolerance at 60 and 72 h only. The I.¢SOs for this test lot are 34
and 32 ng Ni/L at 60 and 72 h, whichtmowardommnesuie
‘corresporﬂ:mg control IC50s (Figure 10{ 'to 5.0 g,
Ni/L results in apparent sénsitization fr’éxn 48 to 96 h, .the only

ltm% at which I.CSOs were estmated (Fi 0). However,

ificant from 48 to |

N\,

sensitization, relative to the control, is\siqgr
84 h of lethal exposure. The LCS0s of this 1ot at 48, 60, 72
and 84 h are 44, 36, 30 and 27 ng NJ./L, whldl 0.64, 0.72, 0.65

and077tmesthecorrespord1mcontmlLC505( igure 10). At 96
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Figure 10. Nigkel LC50s for Zebrafish Pre-exposed to
‘either A) 0.5, B) 1.0 or C) 5.0 my Ni/L,
. ‘ expressed relative to the LCSOs of Control
|
fish.
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tolerance modifications are metal specific, that is, can enhanced
tolerance or sensitizatigq be conferred towards lethal levels of
metals which are different from the metal of pre-exposure.

Three further experiments were conducted to address this
issﬁ/'mefirsttwoe)qaermentsmconductedusixg, for v
pre—exposure, oneofthemetalswhldmresultedinsubsequent
enhanced relative tolerance. coppe.r was selected as the metal of
pre~exposure, followed by lethal exposure to either cadmim/or
nickel. The third experiment was conducted using, for
pre-exposure, one of the metale; vhich resulted in sensitization.
Nickel was selected as the pre—exposure mﬁl, followed by lethal

3.6 Effects of Sublethal Pre-exposure to Oopper on Relative
Tolerancerto Lethal Ievels of Cadmium -
| Zelgrafish were pre-exposed to either 20, 30 or 52 uwg QW/L
(equivalent to 0.08, 0.11 and 0.20 TU), before subsequent lethal
exposure to 1.2, 2.2, 4.1, 6.0 and 8.5 my Cd/L. > '
The Lc50s and their 95% confidence limitsfare given in Table
14. The eontrol cadmium IC50s at 48, €0, 72, 84, 96, 120 and 144
h, are 7.1, 4.5, 3.7, 3.7, 3.5, 3';_5 and 3.5 mg Od/L. The slope
functions and their 95% confidence limits are given in Table 15..
The slope functions of any two 1LCS0s being campared for
' sigmfimnce of difference do not deviate sigmficantly from
parallelism.
Figure 11 suggests that pre-e)cposxlre to eitl;er 20, 30 or 52 ug
QWL results in an apparent trend of enhanced tolerance, relative

A



=~

- Cadmium Coricentration (mg

Table 14. ) Lethal to 50% (1CS0) of
test fish, following a 7°d. %’e-'-e)q:osuxe to either 20,
30, 52 ug Qu/L, or diluent water alone (Control).
, Parentheses enclose the 95% Confidence Limits of the
1cs0t. .
Copper Pre-exposure Regime
Control 20 30 52
Iethal , (ug Cu/L) (vg Q/I) . (ug QL)
Time (h) Cadmium 1CS0 (mg ‘Od/L)
48 7.1, . 6.5 1.9 10.3
' (5.5 - 9.2) (5.2 - 8.2) (6.3 - 9.8) (7.8 - 13.0)
60 4.5 5.4 6.2 8.6
~ (2.2 -9.2) (4.4 - 6.5) (4.9 - 7.7). (6.0 - 12.2)
72 3.7 4.6 5.0 6.5+10
; (2.8 - 5.0) (3.6 - 5.7) (2.7 -9.2) (5.1~-8.2)
84 3.7 3.9 4.7 4.9
(2.7 ~ 4.9) (3.1 - 4.8) (3.7 ~5.9) (3.9 - 6.2)
96 3.5 3.8 4.2 4.8
(2.6 - 4.7) (2.8 - 5.2) "(1.6 ~ 10.9) (3.8 - 6.1)
120 3.5 ¢ ° 3.8 4.0 4.6
(2.6 - 4.8) (3.1 = 4.8) (1.7 = 937) (3.5.- 6.0)
144 3.5 - 3.8 4.0 " 4.6
(2.6 - 4.8) (3:1 - 4.8) (1.7 ~ 9.7) (3.5 - 6.0)

i

o

10 «  Indicates that the ICS0-deviates significantly -

"\

A

.62

A

(p<0.05) from the corresponding control LCSO
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Table 15. Slope Functions of the Cadmium LCS0s following :
Pre—-exposure to either 20, 30, 52 ug Qu/L, or diluent
water alone (Cortrol).
Confidence Limits ‘of the Slope Ft‘mct‘.ion.

Parentheses enclose the 95%

copperPre-exposureRegme . .l;

63

Control, 20 30 52
Lethal - (woyL) (ug QL) (ug Qu/L)
Exposure ) )
Time (h) Slope Function of Gd ICS0
48 1.44 1.34 1,38 1.687
(1.24 - 1.67) (1.17 - 1.53), (1.23 =~ 1.55) (1.25 - 2.12)
n}u'ﬁ‘
60 1.58 1.32 . 1.33 2.96
(1.00 - 2.50) (1.21 - 1.44) (1.17 - 1.51) (1.41 - 6.21).
72 1.40 1.33 1.32 1.52
(1.23.- 1.60) (1.22 - 1.45) (1.17 - 1.48) (1.25 - 1.84)
84 1.40 - 1.50 1.60 1.95 :
(1.23 - 1.60) (1.31 - 1.71) (1.38 - 1.85) (1.47 - 2.58)
96 . 1044 1-52 > 1-58 . 1)81
. (1.23 - 1.68) (1.45 - 1.60) (1.33 — 1.88) (1.45 - 2.26)
120 1.60 1.53 . 1.62 . 1.69
© (1.39 - 1.83) (1.32 = 1.77) (1:34 - 1.96) (1.37 - 2.07)
144 1.60 1.53 . 1.62 .1.69
. (1.39 - 1.83) (1.32 - 1.77) (1.34 - 1.96) (1.37 - 2.07)
¥ v
%
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Figure 11. Cadmium 1050s for Zebrafish Pre-exposed to : | -
. ‘either A) 20, B) 30 or C) 52 ug /L . - °
| expressed relative to the LC50s of Coritrol
. fish.

1]
' A3
. v ,
! >
“ -
LY
N
“ . .
1 “ - .
]
e 1]
B N
. \ ,
©
- -
! v
4 o
.
* *
B
. . .
. .o
5 . -
<
L3
’
v
- —
N +
. ) 3 3
. . . )
- .
i
] 4, «
v %
- ‘ 4 -
Ad 3 “ -
f N N Q A
- ]
] . )
- . .
- .
. | . - . .
\
' . . 1
i 64 ) - 5




"RELATIVE TOLERANCE FAGTOR EXPLLCS0

CONT. LC50

- = - -
o Y 'S o

o
@

LETHAL EXPOSURE TIME (h)

€5

N o A *
P e O
“' ..7" Nty v oy . C
4 - " - . -
Bkl TP Lq ] -l-l‘-l o B
hh'j"IIIIIII Wi 7 rer 7 7 7 Lo A
N
S ,
0
60 72 84 96 108 120 132 144 -




s

. to the control fish. However, despite this apparent-trend,
pre-exposure bo either 20 or 30 ug QW/L results in no significant
differemes in 1CS0 ccmpared to the corresponding control ICSOs
(Table 14). Furthetmore, pre-exposure to 52 ug CQu/Thonly results
in a significant increase in 1CS0, caxpared to the control, at 72
h. At this time, ‘the LCS0 of this test lot is 6.5 mg.0d/L, vhich
is 1\.76 times the corresponding control LCS0 of ;3.7 o od/1 (Figure

1.

3.7 Effects of Sublethal Pm—exposure to copper; on Relétive
Tolerance to Lethal Levels of Nickel ) -
In this experiment, zebrafish were pre-exposed to either 16,

/ )
40 or 70 ug QWL (equivalent to 0.06, 0.15 and 0.27 TU

. respectively), before subsequent exposure to 19.7, 29.8, 33.5,

42.3, 54.5mg Ni/L. o
The 1CS0s and their 95% confidence Linits are given.in Table
16. The nickel LCS0s for the control test lot at 48, 60, 72, 84,
96, 120 and 144 h are 55, 48 43, 36, 33 28 ani 22 Mgy Ni/L ('I‘able
16). At48h mrtahtymstoolowmtlwls 40arﬂ70ug(::u/L
pre—exposure test lots to permit ostimatim of IC50s. At 60 h,
mortalltywastoolowmtlvmuga;/Lpre-acposuretestlotto
permit estnnathn of an 1C50 (Table 16) The slope functions and
'theu' 95% oonfidence limits are given in Table 17. The slope
’ functions of any two I.CSOs being oalpared for signifiwxce of
dlfferenoe do not deviate signiflcnntly fran parallelism.
'Ihetrerxideplctedeiguxelzsuggeststhatpre-etqaosureto
.16, 40and70ug01/Lrw11tsinana;parentimaseintelative

66 .




»
Table 16. Nickel Concentration (mg Ni/L) lLethal to 50% (1CS0) of
test fish, following a 7 d Pre-exposure to either 16,
40, 70 ug Qu/L, or diluent water alone (Control).
Parentheses enclose the 95% Confidence Limits of the
1050.
Copper Pre~expdure Regime
Control = 16 - 40 " 70
Lethal (ug GU/P) (ug QL) (ug. Qu/L)!
Time (h) Nickel LC50 (mg Ni/L) S
48 , 55, -1 - -
(47 - 65) )
+60 a8 55 gal2 -
(41 - 56) (46 - 66) (58 - 121)
72 43 42 53 64%
(38 - 50) (38 - 47) ° (43 - 64) (52 - 78) °
84 36 35 40 43
(32 - 41):" (32 - 38) (35 - 45) (38 - 49)
96 - 33 -7 34 33 36
(29 - 38) (31 - 37) (29 - 37) (32 - 40)
120 " 28 27 . 24 28
(24 - 32) (23 - 31) (21 - 28) (27 - 32).
144 22 18 21 20
(17 = 29) . (13 = 24) (18 - 25) (16 - 25)
,r‘*l‘
11

estimation of the LCS0

- Indicates t'hat the mortality is too:low to pe.np.it .
Indicates that the 1050 deviates sighificant.ly

(moomefmﬂmmpaﬂi:rgcmtmllcsq -

>
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° Table 17. Slope Functions of the Nickel IC50s following
Pre-exposure to either 16, 40, 70 ug Qu/L, or diluent
water alone (Control). Parentheses enclose the 95%
Confidence Limits of the Slope Functim.

’ %

OopperPre-exposumRegine

Control 16 0 70
Lethal "(ug QL) | - (ug QL) (ug QL)
Tipe (h) - Slope Function of Ni LCSo

48 1.28 - . - -
.(1.06 = 1.47) -

l'v’

60 . 1.48 - 1.47 .. 170 .
(1.23 - 1.79) (1.18 - 1.83) (0.96 - 3.00)

72 1.57 K 1.32 1-57 W 1!67
- (1.26 - 1.96) (1.20 — 1.45) (1.17 = 2.11) (1.13 - 2.47)

84 131 1.20 134 . 1.40
(1.19 - 1.44) (1.14 - 1.26) (1.18 - 1.52) (1.22 - 1.60)

- 9296 - 1.38 , 1.14 1.38 1.31
' (1.21 - 1.58) (1.06 =.1.22) (1.22 - 1.56) (1.20 - 1.43) -
120 1.25 1.37 - 1.27 1.17
(1.15 - 1.36) (1.22 - 1.54) (1.i7 - 1.38) (1.12 - 1.22)
' - x
144 . " 1.25 1.50 1.37 1.28
¢ (1.04 = 1.50) (1.05 - 2.14) (1.11 - 1.69) (1.10 - 1.49)
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Figure 12. Nickel .IC50s ‘for Zebrafish Pre-exposed to
" either ) 16, B) 40 or ¢) 70 ug WL,
‘expressed relatlve to the ICSOs of Oorrt:.ml
fish.
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N subs:equer;ﬁve(poﬁu:‘e_to;?m;“ 268, 276, 281 and 293 ug CulL.

tolerance to nickel during the initial hours of leQ:r)al exposure,
but that ‘this relative :anx‘ease in nickel tolerance diJnJ.nlstm with

until by 144 'h there is apparent senSJ.tizat‘on to mckel, :
ve to the control. However, desplte this trend; the apoarent

t

sexasltlzatnon at 144 h is not sn;mflcant (p<0.05)" { ('I‘able 16)
mrthermore, pre-exposu,re to ‘16\19 Qy/L results in no- sn;mflcant
differences in Pelative tolerance t::) nickel at any lethal exposure
time (Table 16). , However, ,pre-exposure to 40 ug Cu)L results in a
s:Lgnlflcant increase in relative tolerance to' ruckel at 60 h. At
thls time,” the I.C50 of this test Tot is-84 mg Ni/L, which is an
mc.:rease of 1.75 times the correspondmg control” ICS0. (FlgUre 12).
From 72 to 144 h, pre-exposure to 40 ug' QWL results in no
51gn1,f1cant difference in tolerance to m.ckel canpared to thes

-« control.’ Pre—exposu.re to 70 ug Cw/L results m a’ s1gn.1f1cant
mcrease in relatlve tolerance to.nickel at 72 h. ’Ihe ICSO of this .

testlotatthlstme 1564ngN1/L,anmcreaseof1495t:£esthe
corresporqu control Lc50 (Flgure(12) After 72 h, pre-e.xposure
to 70 ug O.:/L has no sigmf;,cnnt effect on relatlve tolerance

(Tabl 5)." . 1 e -

g . ' . . o
" s
's. .8 Effects of Sublethal Pre-exposure to NJ.ckel on Relatlve

'Ibleranoetqletlmllevelsofcopper o' . I

[

Zebraflsp were pre-e.xposed to e1the1 0 6, 14 or 6.0 ng Ni/L
(equlvalent to 0.03, 0.07- and 0.29 U respfgtlvdy), bgfore ¢

for'96 h'only, due to technical problems with the apparatus after

., ., N . s - . .
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c\ r

- - L}
- P |
. s
4 L L
. ‘ - . b . .
. v,
'

\

o g

N

-



this time.
s The IC50s and their 95% confldence limits are given in Table
18." The copper 1508 for the control fish at 48, 60, 72, 84 and 96
. Kare 2067277, 275, 271 and 262 ug Cu/L. (Table 13) . The slope
functlons and thelr 95% confidence limits are glven in Table 19.
'Ihe slope func:tlons of any two 1C50s being canpaned for ‘
significance of difference do hot dev1ate significa}ntly from
parallelism. .+ " ‘
", Figure 13 suggests that pmdw to e:ither 0.6,3'1.4 or 6.0
mg Ni/L results in an apparent trend of increased‘s.ensitifcat.ion ’
::dla 1\;e to the control fish. geverthelws, pre-exposure to 0.6 mg&1
Nl/L results in no 51gn1f1cant dlfference (p<o0. 05) in 150 campared
' ’ to the cprresgondmg control IC50s (Table 18). 'However, s
’ pre-exposure .tci 1.4 mg Ni/L @m in a significant decrease in
copper LC50s compared to the corresponding conﬁrol\LCSOS.ifran 48 to
+96 h. The ICSOS for this test lot are 271, 262, 259, 255 ar!i 250
ugOJ/Lat48 60, 72, 84arxi96hr%pect1ve}y 'IheseI.CSOsare v
' 0.92, 0.95, 0.94, OQ4arﬂ095tmthecontmlI.CSOs |
respectlvely (Figure 13). For the 6.0 mg Ni/L pre—-exposure test
. lot, tolelfance is, significantly\mduced capared to the cmml at
. 48 h. At this time, the LCSO of)this test lot is 252,u9 QWL,
which is 0.85 times the control ICS0 of 296 ug Q/L. (Figurejm)
After 48 h, however, mortallty was too hlgh in this pre-exposure -,

test to permit estimation of the ICSOs.

L3 Y “
3.9 Dupllcmte Control 1CS50s for Cadmimn, Copper and Nickel f ’
~ certamdatasetswereduphcateglinthecwrseofthewerall

b N i = ’ A N ; ' . i v
\ -’ ) \ ) . ’ ‘ a C \)
. . 72 o
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‘Table 18. Copper Concentration (ug Qu/L) Lethal to 50% (ICS0) of

test fish, following a 7 d Pre—exposure to either 0.6,
1. 4, 6.0 my Ni/L, or diluent water alone (Comtrol).
Parentheses enclose the 95% Confidence Limits of the

1050. )
) Nickel Pre-exposure Regime
\ " Control 0.6 1.4 6.0
Lethal (mgy Ni/L) (mg Ni/L) (my Ni/L)
Time (h)] N\ . . Copper ;CSO (ug Qu/L)
48 296 " 285 27113 252% ]
(287\- 305) (280 - 290) (267 - 275) _ (243 - 261) -
60 277 2% | 262% -14
(271 - 283) (266 - 275) (258 - 266) ,
. . &
72 275 266 259% -
' (269 - 281) (261 - 271) (255 - 264) e
84 " 271 62 255% -
- (265 ~ 277) (256 % 268) (249 - 261)
%6 262 - 253 50« 4 -
(256 - 268) (246 - 26)) .(244 = 256)
v

13 »  Indicates that the IS0 deviates significantly

14’ (p<0.05) from the corresponding control ICS0

= Indicates thatthemrt:alifylstoohightopermit
st:.matmn of 1CS0 )

»
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Table 19. Slope Functions of the Copper 1CS50s fol;m@n; :

Pre-exposure to either 0.6, 1.4, 6.0 my Ni/L, or diluent ‘

water alone (Control). Paxentheses enclose the 95%
*confidencé Limits of the Slope Function. ’

4 Nickel Pre-exposure . e Regime
‘ Control 0.6 1.4 v 6.0
Iethal . . . (mg Ni/L) (mg Ni/L) (mg Ni/L)
Time (h) * Slope Function of Cu 1CS0
48 1.08 - 1.05 ° 1.04 1.04

(.01 - 1,15) (1.03 - 1.07), (1.02 - 1.06) (1.02 = 1.06)

60 1.12 1.06 "1.05 -
(1.02 - 1.23) (1.03 = 1.09) (1.03 = 1.07)

72 . 1.08 1706 1.04 -
, (1.03 - 1.13) (1.03 - 1.09) (1.02 - 1.06)

84 °  1.06 1.04 1.03 - -
(1.03 - 1.09) (1.02 = 1.06) (1.01 - 1.05)

96 1.06 " 1.05 1.04 -
(1.03 - 1.09) -(1.02 - 1.08) (1.01 - 1.07)
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K Figure’13. Copper LC50s for Zebrafish Pre-exposed to
_ either A) 0.6, B) 1.4 or (} 6.0 mg Ni/L,
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_ study, thereby allowing for some measure of repeatability despite
the ldck of replication. These duplicate data sets are the control
10508 for those experiments which used the same metal forlethal
‘ ex'posure and are given ih Tables 20, 21 and 22. Duplicate “control
ICSOS were obtained for cadmium from two experments using cadmium
as the lethal exposure metal, cadmi\m-cadmimnlarxi copper-cadmium,
the data of which are in Tables 4 and 14. Similarly, duplicate
control II:SOs forcopperwereobtai.md fram the copper-copper and .
nickel—copper experiments from Tables 8 and 18. Fi.nally, dupllcate
control 1C50s for nickel were obtamed from the nickel-mckel and
copper-nickel experiments, the data of whif:h are in Tables 12 and
16. Duplicate control data sets were not available for sil;/er.\ A
.camparison between the LC50s of duplicate data sets, at any glven
lethal exposure tme, shows that they are not smgmflcantly
different (p<0.05) .from each other. This is a measure of
confidence in these resuits. | '

L
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Table 20.

'

X

”

Duplicate Control LCS0s for Cadmium (mg CG8/L). Control
IC50s are taken from the Cadmium~-Cadmium and

Copper-Cadmium experiments (Sections 3.2 & 3.6). .
Parentheses enclose the 95% Confidence Limits of the

-~

1C50. , . "
. t ‘ ’ - v ' (
Lethal Exposure cadmium—Cadmium Copper—-Cadmium - ° ] y
Time (h) Control 1C50 Control 1050
13 \ . . N -
48 - 600 (4:8“ - 7.5) 7.1 (505 - ‘9.2)'
60 - . ., 5.0 (4.3 - 5.9) - 4.5 (2.2 - 9.2)
72 ‘4.9 (4.2 - 5.8) - 3.7 (2.8 - 5.0) “.
84 4.0 (3.3 - 4.9) 3.7 (2.7 - 4.9)
96 3.6 (3.0 - 4.4) 3.5 (2.6 - 4.7)
120 2.9 (2.0 - 4.0) 3.5 (2.6 - 4.8)
144 2.9 (2.0 - 4.0) ° 3.5 (2.6 - 4.8)
i 4
| . ?
-y ! ' . ‘"
N i g
:‘ - ' . _
2 o
» o ad . !
s '
5 - 78
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r. , Table 21. Duplicate Control 1C50s for Copber (ug Cul). Control

1C50s8 are taken fram the.
experiments (Sections 3.3 & 3.8).

and Nickel-Copper
Parentheses enclose

the 95% Confidence Limits of the LCS0.

,
Iethal Exposure Copper—Copper Nickel-Copper
Time (h) Control ICSO Control I1CS0 ~
a8 S 296 (287 - 305)
- 60 284 (270 - 299) - 277 (271 - 283)
*72 | 271 g:éz - 280) 275 (269 - 281)
84 ~ - 269 (260 - 378) - “- 271 (265 - 277) ,
) 9% 264 (257 - 271) 262 (256 - 268)
120 261 (254 - 268) -
. .

144 - ‘260 (253 = 266)

1

B nﬂicatesﬂmtﬂxemrtalityistoolmtopemitl

SULE est;imatimofthelcso

J LI

SRR Lo .
'1“\“' . .' » N . ‘_‘. . ‘79
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Table 22+ Duplicate Control ICSOs for Nickel (mg Ni/L).. Control
1C50s are taken from the Nickel-Nickel and:Copper-Nickel

" experiments (Sections 3.5 & 3.7).

Parentheses enclose

the 95% Confidence Limits of the 1CS0. .

Nickel-Nickel
Control 1050

oy

144

ILethal Exposure
_Time (h)
48 "69
60 50
72 46
84 35.
96 27
' -
120 - 23
15

Copper-Nickel

Control LCS0

55 (47 = 65)

48 (41 - 56)

43 (38 - 50)

36 (32 - 41)

.33 (29 - 38) )
28 (24 -'32)

22 (17 - 29)



! DISCUSSION

Iheprefem:studyprovmsﬁxr%rms:tght into the .
modifications in lethal tolerance to heavy metals following prior.
o ¥ .

- sublethal exposure. The results suggest that lethal tolerance may

be influenced by a muber of factors, including the metal selected
for pre-exposure and its conoentration, as well as the duration of
thelethalmq:osurepbase Saneofthetrerxisobservedlntms
study, as well as their possible envirormental implications ére
discussed in the follwir‘; sections.,

4.1 Effe;:ts of Sublethal Pne—exposure to a Metal on Relative
Tolerance to Lethal Levels of ‘the Same Metal.

4.1.1 Modifying Effects of Pre-exposure (')oncen‘j\tratidn on. Relative -
Tolerance - Appavent’ Linits to Relative Tolerance .

Modifications, - . o -

Ly

" The results abtained with cadmium, copper, silver and nickel

suggest that relative 't;olt;.rarace to lethal levels is dependent an

the concentration of the metal used for.pr‘e-exposure. The
discussion examines the results cbtained with cadmium, copper and

silver-first. For cadmium, the concentrations used for

pre-exposure were 0.2, 0.75 and 2.0 mg Gd/L. However, only
pxe-e)q)oéure to 2.0 my GJ/L resulted in any significant (p<0.05)
irmeasesmtolerancetolethal levelsofthlsnetal oqtparedto

the COntml ('I‘able 4) . Similarly, for ccpper, the concentrations

used for pre—exposure were 16, 30 and 76 ug Qu/L, but anly

/7
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ére—exposum to 76 ug o.:;/L was found to significantly increase
relative tol;arame to subsequent lethal levels (Table 8). l'br
silver, the concentrations used for pre-exposure were 0.5, 1.3 and
2.2 g Ag/L. However, onlypre-exposureto13\x;Pq/Lr&iu1tedh1—
any significant increases in tolerance relative tolerance at
certain lethal exposure times (Table 10). Furthermore, these
increases were dependent on the duration of lethal exposure (see
Section 4.1.2). d ' ‘
The :anreases in relative tolerance attained by pre-exposure
toen-herz Omgcd/L 76ﬁg m/Lor 1.3 ug Ag/L were approximately
1,6, 1.2 and 1.9 times, respectively, the corresponding control
1C50s (Figures 7, 8 & 9). 'I'hese pre—-exposure concentrations are
equivalent t0.0.63, 0.29 and 0.30 TU. These increases in relative
tolerance are similar to those reported in the literature for other
teleosts. For example, ccho salmon (Oncorhynchus kisutch) showed
increases in copper tolerancevof 1.6, 1.7, 1,9 & 2,2 times the
control tolerance at pre-expo;ure concentrations equivalent to
0.38, 0.50, 0.55 & 0.75 TU (McCarter & Roch, 1983). The tolerance
of rainbow trout to copper increased by 1.9 times relative to the

c'ontrol tole.rance\, folloviing_ pre—exposure to copper at

. conoentratlons equivalent to 0.58 TU (Dixon & Sprague, 1981a).

: Smllarly, the tolerance of white suckers to cadmium increased by
1.8 times the gontrol tolerance at pre-exposure concentrations of
0.66 TU (Duncan & Klaverkamp, .1983). Similar increases in

tolerance (of up to 1.5 to 2.5 times the control tolerance) have

. been cbtained in fish for other metals, including aluminium (Orr et

al., 1985) and zinc, (Bradley, et al., 1985). The fact that

i

[ 82



tolerance can be similarly increased by different metals and by\
different species suggests that there is a cammon mechanism.
These findings also suggest that protective medlan:isns may
only be functional within specific pre-exposure concentrations.
There may be lower and upper pre-exposure limits beyond which the
mechanisms which are mponsible may be incapable of inducing

!

enhanced relative tolerance
Ev1dence of a lower limit to tolerance modlflcatlons is shown

by the apparent leck of increased tolerance elicited following
pre-exposure to either 0.2 and 0.75 my O3/L, 16 and 30 ug QL or
0.5 ug Ag/L (Tables 4, 8 & 10), for which there were no significant

(p<0.05) increases in tolerance, whereas pre-exposure to higher

~ concentrations did elicit a significant increase in relative

tolerance. This would suggest that pre—exposure to concentrations
above a cert;.ain threshold "triggers" the protective mechanish, and

.in response to this mechanism, tolerance is enhanced. The

threshold for the point of onset of enhanced relative tolerance is
evidently within the pre—exposure concentretion ranges selected for
these three metals. Hence, this threshold is apparently between
0.75 and.2.0 mg .0d/L, between 30 and 76 ug CQu/L and between 0.5 and

»

1.3 ug Ag/L.

Other investigators have also reported evidence of a lower
limit to tolerancemodlflmtmn. Dixon & Sprague (1981a) observed
thatpx'e-a(posureoframbmtzwttossugm/Ldidmt
significantly alter their tole.ranoe to lethal levels of copper,

although higher levels of 94 to 194 ug Cu/L significantly increased
tolerance. Presumably, 58 to 94 ug Qu/L marks the threshold to !

’
- - . {



tolerance modification for rainbow trout in their study. They also
proposed that this lower limit could potentially be used as a
criterion for establishing a safe level for aquatic pollutants
_ ¢Dixon, 1979; Dixon & Sprague, 198la). ' They reasoned that the
ratio of this threshold valueqto the LCS0 of control fish may be a
good estimate of the applilcat\ion factor for the pollutant. This
would be a relatively fast and inexpensive na;thod for estimating
application factors to replace the present methods of measuring
chronic toxicity which are often time-consuming and expensive.

They derived a copper application factor/of 0.11 for rainbow trout,
which compares favourably with the valué of 0.10 widely accepted in
the literature (Dixon, 1979). -This is also c;ns\i.’stent with the
threshold: value obtamed for copper in the prqsent study, using ;
zebraflsh which was estimated to be between 30 and 76 g Cu/lL.
'Ihls is equivalent to an appllcatlon factor of between 0.11 and
0.29. However, the @qaermeqts of Dixon & Sprague (1981a) “also
reveal that pre-exposure -of rambow trout to levels below the
threshold resulted in sensitization to subsequent lethal levels
(Dixon 1979). This suggests that at levels below the threshold, if
.not sublethally toxic in themselves may be capable of deleterious
interactions with subsequent lethal levels, and may be considered -
hazardous in the aquatic envirorinent on this basis alone. -

g 'Iher&sultsofthlssb.\dyalsod tethatanu;péf

limit to tolerance modlflcatlon mriy %st 'Ihis aspect is
acfsmf;sedfustwlthmpegttothemntsobtainedwimme

highest pre-exposure concentration of silve'g and then mth respect |
to the results cbtained following pre-exposure to nickel. e
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, Although zebrafish pre-exposed to 1.3 ug.Ag/L were _ [

significantly more toleranf to lethal levels of silver campared to

‘flsh without prJ.or exposure to suver, those fish pre—exposed to,

2.2 ug Ag/L were apparently less tqlerant to 1ethal levels of
silver (Table 10), although this' was .dependent on the time of : &
lethal exposure (see Section 4.1.2). This ests that as the .
silver pre-exposure concentration increased, it reached a level
vwhich was beyond the adaptive f:apacity of the protective systsn, or 5
at which the "system was not invoked. Apparently, the upper limit |

for enhanced relative tolerance to lethal levels of silver is

.located between 1.3 and 2.2 ug/L, or 0.30 to 0.51 TU. This upper

& Do

limit for silver is apparently lower than that of othér metals.
which have been studied so far, when pre-exposure concentraticns
s

are campared on the basis of toxic unlts For exalrple, -
pre-exposure to copper, cadmium, zinc or aluminium at. apprt»dmately : -
0.50 TU increases relative toleranqe to subsequent lethal levels of

the respective metal, while.pre-exposure to silver at the same
level results m sen51tlzata.on There are no specific neports in /\-6

the literature of pre-exposure levels exoeed:mg the upper limit of

tolerance. However, (hapnan (1985) ' in his review on metal
tolerance, suggests (based on unpublished data) that it may lie
near 0 8 -,0.9 TU, )
However, since there was no ‘ix;cipient Yethal ‘level for silver
in’this experiment within 144 h of lethal exposure (?igure 4), the
toxic Wynits \calculated’ for sllx}er may'in fact be an

underestimation. This mdlcates that the lethal exposure phase qf . —
this experiment should have been extended for a longer perjod of t
. 3
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.

- time,

The pre-exposure level of 2.2 ug Ag/L, which résulted in, -
subsequent sensitization to lethal levels, is within the range

_ pr&sently oonslde.red to be "safe" for aquatic enviroments. The
| Ehvlmrnnental Prortection Agency (1980a) ‘sets a limit of silver at o
* 4.1 ug Ag/L. This study emphasizes that even relatively low levels

of silver may in fact be hazardous to fish. , -
’I;z’e-e)cposuretoos—s OngNi/Lresul;:dinapparent

sensitization to subsequent lethal 1evels of nickel, although this

was dependent on the time of lethal exposure (Section 4.1. 2)

Sensn:lzatlon to nickel may be due, as in the case of silver

sensitization, to pre—exposure to levels which are above the upper

limit for tolerance modification. If this is so, then pre—exposure

to levels of‘nickelmidmarelwerﬂ]anﬂloseusedinthis'st\ﬁy ,

may result in enhanced yelatlve tolerance, rc:ther than

sensitlzatlon. 'Ihe .pre—e)gaosure concentratlon range was equlvalent

to 0.02 - 0.24 TU, well within the toxic unit range that induces

' {:olerame' in other metals. But, as.was seen with silver, there was

no incipient lethal level for nickel wn:hm 144 hours (Flgure 5).

Thus, the 144 hour I.CSO of 21 mg Ni/L may not be a good

approximation of the incipient lethal level. » The true incipient

Ié;tml level may be lower, which.would make the pre—exposure . '
concentrations higher toxic units than reported above. On the |
other hand nickel sensitlzatlon may not be a result of

pre—exposure to ooncentrations above the upper limit to ‘tolerance

t

modiflcatlon, hut may be a response umque to nickel:. It is

interesting to note that other investigators have found similar o

£l



findings with this metal, when working with mammals. Gakbioni-et —
. (1967) found that sublethal pre-exposure of rats to either
cadmium or cobalt 1nh1b1ted sensory ganglia lesion induced by
cadmium, whereas pretreatment witl either nickel or. iron had no
such pmtective effect. Yoshikawa. (1970) demonstrated that
pretreatment of mice with sublethal levels of cadmium or merwry -
produced enhanced tolgrance against their own toxlc actlon, but
pretreatment with nickel or iron did not. ‘
Nidcelhasbeenassessedasoneoftheleﬁstoxicofpxe
heavy metals to fish. It has been shown to be moderately toxic to
fish and other aquatic orgamsms when campared to many other metals /
(Pickering & Henderson, 1966, Plc}darmg, 1974 EPA, 1980).
However, this study shows that previous /,exposure to this metal
causes significantly increased sensitivity in fish exposed to
levél:s which are apparently below lethal levels and which are known
té be found in the enviromment. Levels in Canadian waters have
been reported-as high as 3 - 6 mg Ni/L (Rehwoldt et al, 1973; )
Stokes et al, 1973). Results reported here show that pre-exposure
to levels as low as 0.5 rrq{Ni/L nickel are sufficient to cause a
significant decrease in relative tolerance af‘ter only 72 hours of .
lethal exposure to that metal (Table 12). This concentration ib
belowthe criteria proposéd by the EPA (1980) as a safe level for’
nickel in aguatic envirorments. The EPA states that levels of
nickel ‘should not exceed 1.8 mg Ni/L, at any time, inwgter of
_ equlvalent hardness to that used in this st:udy (100mgy/L Caco3) .
Also, the quideline recamendedbymvimrentCanadafor nidkel is .
a maximm of 0,25 my/L 'in vater of hardfiess $150 mg/L Cac03 (NRCC, '
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1981); this is relatively close to the levels used in this study.

Furthermare, the lack .of an ’incipi'ent lethal ievel by 144
hours suggests that nickel is more toxic than presently believed.
Ap.pli'caﬁm factors for nickel are based on 96 or 144 hour 1C60s on
the assumption that ant incipient lethal levels is reached by ?us
time (Pickering, 1974; EPA, 1980).¢ This study shows that this may
not be so. Further studies are evidently needed to determine not
only the incipient lethal level for this metal using longer penods )
of time," but also the effects of pre-exposure to lower levels than
used here. '

The actual upper and lower limits for pre-exposure
concentrations that can induce tolerance may also vary with such -

_factors as the type of metal, the length of pre-exposure and the
)

species.

-D
¥

4.1.2 Effectof Duration of Lethal Exposure on Relative Tolerance

to Iethal Levels

Relative tolerance was apparently dependent on the duration
of the lethal exposure period. ‘Pre-exposure to 2.0 mg CGd/L
resulted in a signi’ficant\ increase in r’élatiye tolerance at 60, .96,
120 and 144 h of lethal expos"ureuonly (Table 4). At the crther
lethal exposure times at ‘'which tolerance was estimated for this
test lot, there was no signlflcant difference between the tolerance

ofthe control arxithepre-exposed fish. —mkewmg, pre-exposure to

1.3 ug Ag/L only résulted m significant increases in relative

| toLerancé at .48, 60,.72, 84 and 96 h of lethal exposure. At 120

and 144 h, there was no significant difference in tolerance between

88
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< acclimation ‘is concerned.. For example, ane can speculate thlat
‘ pre-exposure to 2.0 mg Od/L.would only be an acclimatory advantage -

{
that of the control and of the pre-@sed fish (Table 10). - It was \’,)
not possible to determine if this effect also occurred fqliowirq
copper pre-exposure, as an 1650 could anly be estiiated at 144 h of.
lethal exposure for the highest pre—eJ:posure concentration of :&6&; -
Cu/L. Neverthéless, the results-cbtained with cadmium and si‘]:ve.x.' .
suégestthatthetimofleﬂmlexpoé;reoand-béanuportant o
factor in determining relative tolerarﬁé > Similarly, sensitization

followmg elther silver or nickel pre-exposm:e was also seen to be

'dependentonthelethalemosuretﬁne Pre-emosuretoZZugbg/L

resulted in significant sensitization at 84 and 96 h only (Table

10). For nickel, p;:e—éxposune to either 0.5, 1.0 and Sc.Olng Ni/L Coe

.resulted in significant sensitization at the times indicated in

Table 12. - In the énvirormaent, levels of a pollutant may frequently v
f\luctuatethrmgh time' This could be due, for example, to .
eplsodlc dlschargeﬁ of effluent. Oonsequently, the fact that

relati“ve tolerance to lethal ‘levels may vary with the lethal . . WL .

ex;gbsure time could have ecological implicatiors as far as

. ) 5 .
insituations -in.which fish are jexposed to lethal levels of cadmium
for relatively longer periods, after 84 h (Table 4).. )

4.2 Poss1b1e Mechanisms for Relatlve 'Iblerance' Modiflcations

The prec1se nedmamsms for metal tolerahce emancement are’

not h'nown However, the ability of many organims to synthesize a© .~

speciflt low mlemlar weight protein (apprux 10 000 daltcns) in .0
dlrectresponsetoheavymetalexpoalre ispresentlybeli.evedto .

oo
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" be a key fad:or in orgamsmal metal detoxification (Kagi & K

- 1976), fish (Buckley ét al., 1982; Thamas et al., 1983; Noel-Tambot

Nordberé 1978; Pascoe & Beattie, 1979). Isolation and

" characterization Qf th,ls protein has revealed that 1t has a mgh

cysteine content (Mirgoshes & Vallee, 1957). Due to the high
amounts of cysteine, thisprotemhasanabtmdanceof-SHgmlps
and o0 has been termed "metallothlonem" altha.\gh it is recognized
that in many. cqses, metal-bm:img prot:e:,ns whlch are blodlemlcally
dlstinct frcm metglloﬂuonem, but .which are functionally sim.lar,
have been isolated (e.g. Roesijadi & Hall})1981). Cysteine has a
high qbinding affinity for heavy metals (Williams, 1981); and thus,
metallcthiénein is thought to. function in thé detoxification of

more essential and sensitive metabolic companents (Kagi & Nordbery,
1978). Metallothionein is reported.to be present in a-mmber of
distantly x%ated organisms’;. ihcludhg mammals (Leber & Miya,

€t a,, 1978), molluscs (Wiedoweetal., 1982) and blue-green algae.

]
!

" .. is also induced in vivo following admimstration of mdm:mn,

(Mclean et al:, 1972). It is believed to function mthe normal

metabol ism of copper and zinc (Kagi, & Nordberg 1978). However, it
.

mercury, silver’ and nickel (nge et al., 1975. Sundexrman et al.,

1983; Sabblom & Marafante, 1975, Webb 1972; Noel-I.anbot et al.,
eyl - R

Qmenan & Nordherg (1983) proposed a model fdr
netallcthlonein detomficatlm of heavy metals which supported

bythegeneral firximgsmpre-e)qnommearﬁemamedtolerame

V ’ﬂ?ey proposed that the increased translation of

. 4" . ¢ ~
. . Lo .
- P - [
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metallothicnein/mRNA is 1nh1b1ted in same way in unexposed / .
ongamsms peﬁxapsbyneansofarepr&ssormleane on /\
pxe—exposure to suffic1ent levels of metal, the inhibitor is /
sanehow removed ard so releases the metallothionein/mRNA for / .
increased metaliothlonem synthesis which continues during e
subsequent expoéure to the challenge metal. 'Ihus, acco to
this model, w1thm the pre-exposure range which rgﬁults enhanced
tolerance, metallcthionein would be induced in response to \metal
‘exposure, (resulting ,in subsequent:, detoxificatipn_of lei'{hal levels
‘of metal. ' | | | 2 o
‘At certaln pre-expé:sizre concentrations, me aggnmlatim
wi;:hin'the organism may not occur sufficiently -fo induction of
metallothlonem (RO&Gljad‘l & Felllngimm 1987). / This may accxx.mt
for the apparant lack of mcreased tolerance fbllcmng pre-mcposure
~—toe1ther02 075mgOd/L 16, 30ugCu/L r 0.5 ug Ag/L, in the
presentstudy resulting manap@axent lowe
. allﬁdlflca.tlon. Hweve.r, sensitization ma /also result f

limit to tolexance

pre-eifposure tb levels below the lower limit if same deleter
,effgct of: pre—exposure was carned over to combine with impact
) olf__lgtbél e.)cposp(re THis may i for the responses report':ed by
Dixon & Spgague (1981a), Above a certain pre—exposure
.oondentrat;ign,.tk{e metat may : the binding capacity of the
induced metallothionefn and Abeoane a significant factor in
toxicity itself.. This is cg istent, with the spillover hypothesis
. roposed that the binding of caticns

Wter

ct:herpmteins andtlmtanimreasedn

of Winge et al. (1973). !

to‘ 1othione1n p
the levels/of metal begond the binding capacity of the

. . .
f. * - . LI LN
. ) . .
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metallethionein resulis 1ny the "spilling over" bof ca;.lors onto more
'een\si}:ive proteins, with concurrent erhanced taoxiciy.‘ This may ‘
explain the sensitization cbeerved in the present study following
pre-exposure to 2. 2 ugAg/L, the highest pre-expos:reomoentratlmw "
usedforthatmetal multnginanapparentu;perlimitto

tolerance mdlficatmn, and follow-mg pre—exposure to nickel. In

this case, increased toxic1ty could have been due to the additive

-

effects of the pre—exposure plus lethal exposure, Or sinply a s
ﬂlatent lethal effect of pre—exposure However, as mentloned . / ‘
previcusly, ‘the response obtamed w1th nickel mday be umque to that

v

‘ metal./ Evidence to support this latter axgument may be fourd in

" the funqtldnlrlg of nickel metallottuonem, which does not appear to

have the same inductive and binding capacities as other inei:als such

‘as ca nium and copper. . For example, studlé with rats have shown  °.
that nickel induces hepa%c ard regnal metallot.hionem, but to a °far‘ R
],esser extent than either cadmium, mercury or zinc (Eaton et al.,
1980; Plotrcms)d et.al., 1976; OSkarsson et al., 1979;. Mathur et
al., 1979; Webb, 1972) _Nevertheless, this might still be ex;;ected
to result in sllght although much reduced, protection. However, -
several investlgators have clearly shown 1n rats that although |
nickel has same capac1ty for metallopmtem induction, it does not
appear to ‘have the capa01ty to bind to tbe protein (Maitani &
Suzuki, 1983; Suzuki & Yochikawa, 1976; Sabbidni & Maxafante 1975; .

 Sunderman ‘¢t ‘s, '1983). Hencs, it follows that nickel pre-expobure *

" . would not confer any protective eapacity against lethal levels.

~ The preseuce ‘and functionmg of mckel—mduced metallothloneins
l'ave’not yet been established for fish." Judgmg frcm the fn'dirgs
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reported in this study, this would be an interesting aspect to
"explore. | ‘ | .
Howeyer, mecha.usms of enhanced tolerance in fish cannot be _

fully explalneo by this model as it does not account for all tbe

« empirical obse.watlons reported in the hterature Pre-exposure to
metals w}uch apparently do not induce synthesls of metallothionein |
can also confer protection to subsequem: lethal levels 'Ihis |
oppears to'be the case for arsenic (Piotrowski et al 1976; D:beon
& Sprague, 1981b) . jurthemcre, in rainbow trqrt, enhanced'»

: 'tolexa'nce to arsenic has been linked ‘to enhanced excretion of that
o -

. metal (Oladlmeji 1982) This suggeété that pre-e'xposure induced

" :alterations in the kinetics of metal uptake and excretion nay glso

(
play an mportant mle in 'bolerance modifications. ’

&
AN

4.3. Effects of Pre-exposure to a Metal on Relative Tolerancé to

" Lethal Levals of a Different Mstal - Cross-Tolerance -
'Ihe résults suggest that pre-e><posuxe to éertain levels of
Copper c¢an confer ‘enhanced tolerance to lethal levels of cadmium.
-Although pre-exposure to 20 or 30 ug QWL did‘not result inany

51gm,f1cant increase in relatlve tolerance (Table 14), deg:ite the

trend depidted in Flgure 11 pre-exposure to 52 ug 0.1/L did ree\nt

in a s:.gmflcant mcrease in tolerance to cadmium at 72 R} of lethal |

~
exposure ('I‘abie 14). Smilarly, pre-e@sito :certain levels of

copperzesultedmapparmtincr‘easedtolerancetoleﬂlallevelsof ‘

»

niqkel atleastdurmgtheinitiallnxrsoflethalexpc&xre

Althmgh pre-expcsure to'16 ug Qw/L did not res.llt in any
' s;.gnihcant increas% in tolerance, pre—expcsum to 40 and 70 ug

v

'
~ . . . ¢
o . . \ J
° - i
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Heisinger et al., 1979). The tolerance of white suckers to cadr!mm o

wasinc:eaSedbypreuwsexposuretonotmlycadmlm,mtalsoby

mercury, silver and t wene also incorporated in vivo into the

QL resulted in a significant ux:rease at“60 and 72 h
"respectively. At later lethal exposure(tim@ there was no
significant difference in to‘leranoe for these two latter test l\otsi,
compared to the control (Table 16). "I‘hnereareapparentl’yr‘nother . "
studies conducted on copper—tadmium and copper-nickel - .
cross-tolerance in fishes. Howeve';;, cross-tolerance has been ‘
danonstrated between other metals. For the rﬁrt:hern creek chub. and :
for ’che géldflsh -the to>uc effects of mercury were found to be

mitigated by prevmus exposure to selenium (Kim et al., 1977;

- ;‘

previcus exposure to mercury and. zinc (Ixmcan & Klaverkamp 1983)

However, pre—exposure to selenium did .not protect white suckers .,

agai.nst lethal levels of cadmfmn {(Duncan '&-Klaverkanp ©1983). F"er ‘\

'rambowtrwt copperpre-exposureresultedmashort—tem

Qe.maxwent of toleranoe to zinc (Dlxon & Sprague, I9gla).
One plausuble mechamsm for the cr.:oss-toleranoe demonstrated

between certain metals could iJ'iVOlVe metallothionein binding -

L4

bergviour Studies suggest that the binding of ce:rtain cations to gy
metallothlonem is’ also non-specific to same extent. For exanple, ¢
followmg the de novo synthesm ¢of a cadmium metallothlone:p in rat
live.rz by. ipjected cadmium, séveral metals, 1nclugimg copper, zmc,

.nete'xllothionein ( 1gn.\ & Marafante, 1975) In fish, there is
‘evidence that cadmium can be sequesteréd by a zinc metallothicnein
in rainbcw t.rout as the protein is being newly formed fonowmg
inductimby zinc pre-exposure ('Iha'nas et al., 1985).

-,
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Itls intermtmgtonotethattheamarentlgckofsustained
cmssl-tolerance ohserved in the coppék‘-mckel experiment, following .

pre—exposure to, either 40 ‘or 70 ug QVL (Table 16), has also been
noted elsewhere' ' White suckers, following pre—exposu.re to either ’ —_

- 195 or ‘890 ug Zn/L had 12— & 24-h cgdmi\m ICS0s that were

51gn1f1cantly increased conpared to controls, whereas the 48-, 72 &
96-h I.CSOs were not significantly different fran the control
- (Duncan & Klaverkanp, 1983) Similarly, rainbow trou§ pre—exposed

-to 194 ug Qu/L (0.59 ILL), l‘ﬂd increased relative tolerance-to zinc
' duri.rig"tpe first 60 h of lethal exposure to that metal only. From

60 h on, pre-exposed fish suffered increased mortality cdfipared to : -
control and.by 144 h, tolerance was sii;nificantleredLi’ced campared .

to the control (Pixon, 1980). Interestingly, this is similar to -
. ) 2 . - AN .

~ the trend depicted in ‘the present study for copper-nickel (Figure,

12), which also suggests that enhanced tolerance is followed by
sensitization; however, this sensitization was not demonstrated in

the pre@i:gdy to be 51gn1f1ca§:~\mxon (1980) speculated that

this respo was due to the difference:in the relative )

concentrations of copper and zinc used for lethaI exposure. The

zinc I.CSO for rambcm tmu‘t is appmxmately one order of magnitude

greater than that of copper he hypothas:.ged that this difference

may be reflected in the cytosolic conceftrations of the two ions. ~ —_
Thus, he suggested that copperwinduced metallothionein subsequently
bowxizmc,multingmuutialermancedtolerancetothatmetal v

As zinc exposure continued how.'ver, t.he relatively greater levels Co.

.ofzmmthecytosolwaspmtmedtodisplacecopperfmﬂ)e -

metallomlonem. The more cytotoxic copper'was assumed to be

A
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mﬁsequentlyreieasedihtothesystemmul;ingini:meased ’
mortality. A similar situation could be envisaged .in the
experiment on’coppg':-pidcel in the present study. The nickel LCSO '
value for zebrafish is approximately two orders of magnitude

) greater. than that of copper. -On the other hand, it is possible
that either zinc or nickel would rapidly accumilate to fevels which

~.exceed the binding capacity of the metallothionein and are

T , themselves' toxic. This is consistent with the spillover hypothesis

of Winge ef al. (1973). However, the hypothesis of Dixon (1980) is
not supported by the findings of Duncah & Klaverkamp (1983) |
described above. In that aqaerment the magnitude of the 96-h
\I.ESOS of cadmium and zinc is similar (1.1 mg Gd/L & 2.2 my Zn/L
respectively). Her“be, these metals would presumably be present in
thé cytosol at similar Mlevels. _ -
° The final cross-tolerance experiment was conducted using
nickel‘asthepre-exposux:emetal, to determine if the apparent
sensitization obtained with this metal is also métal—specific.
Oq;perwasusedasthelethalexposln‘emetal 'Ihefixﬂmgssugg&st

!

/

that pre-exposure to certain levels of nickel can confer
‘sensitization to lethal levels of copper. Pre-exposure to 0.6 mgy
Ni/L did not result in any s:.gniflcant sensitization to oopper
relativ_e to the control (Table 18). However, pre-exposure to 1.4
ng Ni/L‘ resulted 1.n a significant decrease in relative tolerance to
m from 48 to 96 h (Table-18). Although the shifts would
‘appear to be slight (at 48 h the ICS0 decreased*from 296 to 271 ug
QWL, which is only 8% lower) they are apparently sighificant
because of the narYow confidence limits.’ Pre—exposure to 6.0 ng

96 —
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- Ni/L resulted in s'1gmficant sensitization to copper at 48 h. m
0. \Q{Ohm,mrtahtywastoomgnintmstastmttopamit - -
‘estimation of I1050s. THis high mortality, relative to the other
\

test iots, may be.due to the effects of nickel pre-exposure. As a
pzw to 0.6 mg Ni/L did not result in any significant
decreases iN tolerance , the éhr:eshol‘d for the sensitization
response may be between 0.6 and 1.4 mg Ni/L. This latter
éoncentration is présenfly considered to be a "safe" level ‘in
natural waters (Envirormental Protection Agency, 1980). Hence,
fish exposed to this level may be at greater risk of mortality, if
they subsequently encounter poteni:ially I;thal levels of copper.

© However, it is debatabie wt;etﬁer such slight shifts in tolerance of
only 8% would constj_'itute a risk in the natural enviromment.
.Nevertheles‘s, prior exposure to nickel could outweigh any possible
acclimatory advantage of prlor copper exposure. Conditions where
mckelandoopperco—exlsthavealsobeenshwntopmentan
unexpectedly high risk due to synergism (Anderson et al.; 1979). )
Obviously, nickel and copper combinations are of particular concern

i in the envirorment. .
\ )
4.4 Environmental Implications of Tolerance Modifications®
.’ In the enviromment, ihcreased tolerance to heavy metals

brought about by previous sublethal exposure can be viewed as
beneficial for aquatic organisms. Increased survival resulting
fram dmmnic'prg-_-exéosure can subsequently protect a';ainst episodic
W& .of. lethal levels of metals (Benson & Birge, 1985). It
is unlikely th:.\t orgarqj'srrs, will be exposed to a constant. level of
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any contaminant, but mére likely that levels will fluctuate.
Certain conditions such as spring melts, efflsem:s encountered
‘during migrations or accidental spills could expose organisms to
extremely hlgh, possibly lethal levels: Aocllmatlorr could allow
orgamsms to tolerate th@e higher levels better than

non-acclimated organisms. ’

” 'Hcs;veveif, t:.here~ are other more profound changes in an
;osystem which can result frep increased toleranoé to toxicant,
aild same of the more important are genetic chang&s.. A great.deal
of variation exists in thg response’ of organisms to pollutants

_ (Sprague, 1970), and natural selection should favour those genetic
o&nbir\atigns ‘conferring tolerance (Rahel, 1981).: Many of the
species capable G, tolerating toxicants are ecological opportunists
(Inama, 1977) .? Sudh species are characterized by a greater variety
of genotypes available for colonizing bryo.adex; ecological niches,
than species that occupy more specia‘l‘ized md'leﬁ Therefore, when
a toxicag_t is int%%oed into an ecosystem, the Probability of ‘an
opportunist species developing a tolerant population and surviving,
is higher than a re‘Specialized species (Luoma, 1977). The
res?nltant ecosystems will become more smplifled because they lack
, tgx.léant sensitive species. Organisms at a higher trophiq level
appéar'to be especialiy susceptible, with top carnivores in the
community being most mmy absent ,(Lucma, 1977).

?urthemore, the enhanoed blcxnagniflcatlcm of toxicants in
tolerant organisms in heavily ‘contaminated sitae can be a pote.ntial
hazard to consumers in higher tr@hic levelg, including man (Duncan
& xla':verk;?p, 1983). - -

. . - _ | | '
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| -Also, it may be unclear‘?_wheﬂaer the mesiological chang&s
during sublethal exposure which"lead to increased tolerance are
' indeed compensatory, orl are deleterious effects of the toxicant.
For exan@le, one side-effect of pre-exposure to sublethal levels of
copper is a 'ca:ancitci'y decrease in grcmth rate (Dixon, 1980). This
suggests that a metabolic cost may be incurred by the demands of a
tolemm&mechanism. “Tolerance to lethal level:s; may .the.refone be
accampanied by chronic toxicity.- -Such d-langes could also
ultimately reduce the "fitness" of a population, that is, its
prcbable genetlc contribution to future generations. ' This could
take place if, for example, enhanced tolerance were accarpamed by |
a reduction in reproductive capacity (Roesijadi & Fellingham,
1987) . ’ ‘ / o

Increased sensitivity to a toxi , resulting fram previous

" exposure to low levels, as demonstrated in this study for ni&el ,
and silver, must be viewed as detrimental in every sense, resultind
in the possible elmmatlcn of entire species or camunities In
view of their erw1mrmental inpact, both nickel and silver should .
nwbecons1dexedasfargreaterrls}<stoﬂ1eerwimmrex1t,dueto
possible sequential interactioris, than is presently believed. This
especially applies in those‘env_imrments where fish are likely to
encan'tterrepeatedexposmtoheavymetals, such ‘as would occur
near smeltmg and. metallurglcal plants

¥
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APPENDIX

4

Dosage - Mortality Data for each experimént at selected

. Lethal Exposure times. Parentheses enclose the Standard

Deviation (N=42) of each concentration. Asterisks dencte
those concentrations not used in the {estimatim of the

LCS50.

Cadmium - Cadmium

|
I

4

48 Hours .
Pre-exp Lethal # of Fish  # of Percent
Conc. Conc. Per Cage Deaths Mortality
(mg Cd/L) (mg C4/L)
Control 3.3 (0.3) 15 — 1 6.7
4.7 (0.3) 15 4 26.7
6.8 (0‘4) ¢ 15 11 * 73.3
10.1 (0.6) 13 12 92.3
11.3 (0.6) 14 12 85.7
ePre-exp Lethal # of Fish $ of Percent
Conc. - Conc. Per Cage Deaths Mortality
(mgy Cd/L)- (my-Cd/L)
0.2 (0.0) 3.3 16 2 12.5
4.7 14 2 14.3
6.8 13 7 53.8
10.1 13 10 76.9
11.3 13 13 100
Pre-exp Lethal # of Fish # of Percent
Conc. - o:ga Per Cage”  Deaths Mortality
(mg Cd/L) - ( % L) )
0.75 (0.0) 3.3' 15 1 6.7
4.7 15 4 26.7~~
6.8 14 3 21.4
10.1 15 12 80
11.3 13 ) 10 76.9
Pre-exp- Iethal ° # of Fish # of  Percent
Coric. . - Conc. - Per Cage Deaths Mortality
(mg C/L (mg Cd/L) B
2.0 (0.1) 3.3 12 1 8.3
_ ‘ 4.7 14 3 21.4
’ 6.8 15 . 7 46.7
10.1 14 9 64.3
11.3 15 12 89
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Cadmium - Cadmium
(—\1
60 Hours )
C«:‘q«rr’ =
2 Pre—-exp lethal # of Fish # of Percent
Vs conc.’ Conc. Per Cage Deaths Mortality
(g Od/L) * (mgy Cd/L) . :
Control 3.3 15 1 6.7
4.7 15 7 46.7
6.8 15 13 86.7
10.1 13 13 100
" 1.3 14 14 100
Pre-exp Lethal # of Fish # of Percent
Conc. Conc. Per Cage Deaths "Mortality
. . (my &d/L)  (mg Cd/L) '
0.2 3.3 16 2 12.5
- “\\ 4.7 14 7 50
A
. ' 6.8 13, 10 76.9
’ 10.1 /D 12 11 84.6
< X 11.3 13 13 100
M .
N Pre-exp Iéthal # of Fish 4 of Percent
. conc. Per Cage Deaths Mortality
(mg G/L) (g QVL)
0.75 \&3 . 15 ) 3’ 20
i - 4. 15 4 26.7
¥ 6.8 14 9 64.3
- . 10.1 15 12 80
.- 11.3 - 13 11 84.6
\
2 Pre—exp - ILethal - # of Fish # of JPercent :
Cone. Conc.” g;_r Cage Deaths Mortality
(mg Od/L) - (mg OJ/L)
2.0 3.3 1 8.3
: 4.7 14 3 " 21.4
6.8 15° 9 60
10.1 14 10 71.4
~ d ]
? * ‘
. N .
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Cadmium ~ Cadmium

72)Hours

Pre-exp Lethal # of Fish # of Percent
Conc. Conc. Per Cage Deaths Mortality
(mg Cd/L) (mg Od/L) )
Control 3.:‘; 15 ‘ 1l 6.7
4.7 15 8 53.3
6.8 15 13 86.7,
10.1 13 13 100
11.3 14 14 100
«
Pre-exp Lethal " of Fish # of Percent
Conc. Conc. Per Cage Deaths Mortality
(mg G4/L)  (mg C4/L) ,
0.2 3.3 16 2 12.5
4.7 14 AN 11 78.6
6.8 13 12 92.3
10.1 13 12 92.3
11.3 13 13 100
Pre-exp 1ethal # of Fish # of Percent
Conc. Conc. . Per Cage Deaths Mortality
(my &d/L)  (mg Gd/L) .
0.75 3.3 15 '3 20
4.7 15 - 8 53.3
- 6.8 14 11 78.6
10.1 15 14 93.3
11.3 13 12 92.3
Pre-exp Lethal # of Fish # of Percent .
Conc. Conc. Per Cage Deaths Mortality
(my Gd/L)  (mg Od/L) :
\ 2.0 3.3 12 1 8.3
4.7 ° 14 4 28.6
_ 6.8 15 10 66,7
10.1 14 10 71.4 )
11.3 15 13
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84 Hours .
Pre-exp Lethal # of Fish # of Percent
Conc. conc. Per Cage Deaths Mortality
(mg Gd/L)  (mg Cd/L) . . ) .
Control 3.3 15 4 26.7
~ 4q7 ¥5 10 66.7
s 6.8 15 14 93.3
10.1 13 13 100
all.3 14 14 100
s [
Pre-exp Lethal # of Fish  # of Percent
Conc. conc. Per Cage Deaths Mortality
(mg &d/L)  (mg Od/L) ’
0.2 3.3 16 3 ' 18.8
4.7 14 12 85.7
6.8 13 12 92.3
10.1 13 - 13 100 .
11.3 13 13 100
Pre-exp Lethal # of Fish # of Percent .
Conc. Conc. Per. Cage Deaths Mortality -
“mg C4/L) (mg Cd/I) .
0.75 3% .15 5 33.3
4.7 15 8 53.3"
6.8 14 - 1 78.6
10.1 15 - 14 93.3
11.3 13 .13 100
/
Pre-exp ¢ Lethal # of Fish  # of Percent
Conc. tonc. Per Cage Deaths Mortality
(mg Cd/L)  (mg Cd/L) S ' '
2.0 3.3 12, 2. 16.7
4.7 14 5 . 35.7
6.8 15 12 - 80 -
10.1 14 12 85.7
11.3°% | 15 14 93.3
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Cadmium - Cadmium
96 Hours ¢ ; -
) ) , . ]
Pre-exp Lethal # of Fish # of Percent
Conc. . Conc. Per Cage Deaths . Mortality
(mg &4/L) (mg Od/L) .
Control 3.3 15 5 33.3 —_—
4.7 15 11 73.3
6.8 15 15 100
10.1 13 13 100
11.3* 14 14 100 k )%
Pre-exp. ‘Lethal # of Fish #of  Percent
Conc. Conc. Per Cage Deaths Mortality
(mg Gd/L)  (mg Qd/L) ) ‘
0.3 © 3.3 16 ¢« 4 25 .
4.7 14 12 - 85.7 E
6.8 13 13 100
110.1 13 .13, 100
11.3% ‘13 ©13 100
Pre<exp. ~ lethal § of Fish , #of ° Percent
fonc, conc. . Per Cage . Deaths Mortality- .
(mg G/L) (mg CI/L) ~ S S
0.75 3.3 15 5 33.3 )
. 4.7 -5 8 53.3
6.8 14 12 85.7 - °
10.1 15 - 14 93.3
11.3 A3 T3 100 )
 Pre-exp.  lethal ° ¥ of Fish 4 of Percent -
Conc. - Conc. Pet Cage Deaths Mortality
(mg G4/L)  (my.Cd/L) . . )
2.0 3.3 12 2 6.7 »
4.7 14 ‘ 6 42.9 o
6.8 15 127+ " 80 ‘ -
, 10.1° 14 13 92.9.
- < 11.3 15 15 100 .
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16 - -

120 Hours
. Pre~exp. Lethal 4 of Fish  # of . Percent
—= Conc. Conc. Per Cage ‘Deaths Mortality
(my Od/L)  (mg Cd/L) ‘ ‘
. control . 3.3 - 15 . 8 53.3
» * 4.7 15 13 86.7
* 6.8 15 . 15 100 °*
, 10.1 13 13 100
11.3% 14 14 100
Pre-exp. Lethal # of Fish # of Percent
Conc. ~ Conc. Per Cage Deaths . Mortality
(mg &/L) {(mg Qd/L)
0.2 3.3 . 16 6 37.5 -
> ) . 4.7 14 12 85.7
' 6.8 13 13 100
> 10,1 13 13 100
11.3% ; 13 13 100
Pre-exp. Lethal " # of Fish # of mrceritA )
’ Conc. Conc. © Per, Cage Deaths Mortality
(mg CJ/L) (mg QI/L o
' 0.75 3.3 T 15 6 40
) 4.7 15 9 60
6.8 14 12 - 85.7
10.1 15 -1% 1Q0
11.3 . 13 13 100
2T Pre-exp.  Iethal 4 of Fish | #of  Percent
Conc. . Conc. ‘‘Per Cage = Deaths Mortality’
v (g /L) (my QL) : : : '
2.0 3.3 Y 12 2. 16.7 .
) , 4.7 ‘ 14 6 42.9
6.8 . 15 15 100
\. No.1 14 13 . 92.9°
a 11.3° 15 15 100
\' v . ~ A
hY
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11.3 15 . 15

144'Hoursv
Pre-exp. Lethal # of Fish  § of - - Percent
Conc. . Conc. Per Cage Deaths Mortality
“(mg C4/L) (mg Gd/L) : '
Control 3.3 ' .15 8 53.3 .
t 4.7 15 13 86.7
6.8 15 15 100
.10.1 13 ‘13 100
11.3% 14 14 100
Pre~exp.— ‘ Lethal # of Fish # of Percent
onc. - Gonc. Per Cage Deaths Mortality
(mg G/L)  (mg Gd/L) -
0.2 3.3 16 6 37.5
N 4.7, 14 .12 ' 85.7
6.8 - 13 13 © 100
10.1 13 13 100
11.3% 13 13° 100
Pre-exp. Iethal # of Fish # of Perceht
conec. Conc. Per Cage Deaths Mort\ality
(ng C/L)  (ng Ci/L) - N
0.75 3.3 6 40
4.7 - Qg -9 60 . —°
6.8 14 12 85.7
. 10.1 15 15 100
11.3. 13 . 13 ¢100
Pre-exp. , Iathal 4 of Fish 4 of ‘Percent
. Jonc. conc. Per Cage Deaths Mortality
(mg G3/L)  (mg Cd/L )
2.0 303 12 2 '1.607
- 4.7 14 . 6 42,9
6.8. - 15 .. 15 100
0.1 14 o 13 92.9

-



60 Bours E .
Pre—aﬁp lethal 4 of Fish § of . " percent
Conc. Conc. Per Cage © Deaths Mortallty
(ug ay/L)  (ug Qy/L) o )
Comtrol 239 (14) 15° 0 0
.« 245 (15). 15 1 6.7
253 (15) 15 1 6.7
258 (16) 14 2 1453
e . 2]1 (16) 15 5 33.3
Pre-exp. ILethal # of Fish’ # of Percent
Oonc. Canc. Per Cage - Deaths Mortality
(\g Qw/L) (ug QL) ; \ ) ",
16 (1), 239 15 0. o
Co 245 .13 | 7.7
253 - 14 - 0 0
258 tE 3 18.8""
271 12 4 33.3
] v L ¢ " , * ¢
Pre-exp. Lethal "# of Fish -4 of Percent,
conc. Conc. . Per Cage Deaths’ .Mortality , .
(bg-ewL) (w oYLy 3 \
. L ~ ’
1,30 (2). 239 . 15, 0.-. ‘0
y 245 16 0 0
253 - 16 o - 4]
258 14 0 .0 -
). 271 15 3 . 20
; Pre-exp - I.e‘l'hal " # of Fish #.of-" . Percent
. Conc. conc. Per' Cage _Deaths - Mortality
(ug QL) (ug QYL - : :
.76 (5) 239 15 0. o .
. . 245 15 0 . .. 0
253 . 15 0 . 0o .
. 258 - 14 0 0
27 . 10 o . .0 -~



72 Hours -,
Pre-exp.:  fethal # of Fish # of - Pe.rognt
_ Conc. Cone. . Per Cage Deaths ° Mortality
(wg QwL) (w3 Qw/l) .
Control 239. - 15 0 0
245 15 1 6.7
253 15 1 6.7
258 14 2 14.3
271 . 15 8 53.3
” w . " B
Pre-exp. Lethal # of Fish # of Percent
¢onc. Conc. . Per Cage Deaths Mortality
(g QL) (ug Qu/L) R
16 239 15 0 0
' ‘ 245 13 1 + 7.7
© 253, 14 0 0
" 258 16 -3 18.8
271 12 5 41.6
Pre—exp. Lethal # of Fish " # of Percent
" oonc. | Conc. Per Cage Deaths Mortality
(ug QwL) (g Cu/L) . ’ . )
30 239 .15 0 0
245 16 0 0
253 16 0 -0
258 14 1 7.1
271 15 4 26.7
Pre-expl-© , Iethal 4§ of Fish # of Percent
Oonc,”~ .. -Conc. Per Cage Deaths Mortality
‘fug ALy~  (ug QL)
76 239 -5 o . 0 .
v 245 v~ 18 * 0 0
253 15 ° -0 0
258 14 -0 0
271 10 0 0. '



-

oN

84 Hours 3
¢ ¥
Pre-exp. Lethal # of Fish # of Percent
Conc. conc. ., Per Cage Deaths Mortality
(ug Qu/L (ug Qu/L) ‘
Control 239 15 0 0
245 15 2 13.3
253 15 .2 . 13.3 ..
258 . 14 5 35.7
271 15 8 53.3 _
) Y]
- . )
Pre-exp. Lethal # of Fish # of Percent
Conc. conc. | Per Cage - Deaths Mortality
(ug QWL) (ug Qu/L) '
16 239 15 o 0
245 13 1 7.7
, 253 14 2 14.3 "
258 16 5 31.3
. 271 12 5 41.7
Pre-exp. Lethal # Fish # of Percent
Corg. Conc: Cage . Deaths Mortality
. (wayr) (W Qyl)
30 239 18 0 0
245 16 0 0
253 16 2 12.5
- . 258 14 2 14.3
271 15 6 40
Pre-exp. Lethal # of Fish : # of lgercenj:.
cone. - conc. Per Cage ' Deaths Mortality
(ug Q/L) - (ug QW)
.76 _ 239 15 > 0 0
, 245 15 K 0 “ 0
253 - 15 0 | 0 R
, 258 14 o} 0T
: 2 ~ N 10
w‘/ 5 -



Copper - Copper

wh

121

96 ‘Hours ‘
. Pre-exp. Lethal # of Fish # of - " Péercent
. conc. Conc. Per Cage Deaths - Mortality
(ug QL) (ug QL) hS
Control 239 . 15 1 6:7
245 15 2 13.3
253 15 2 13.3
258 14 5 35.7 N,
271 15 10 66.7*
Pre-exm®. Lethal # of Fish # of Percent
Conc. Conc. Per Cage Deaths Mortality
(ug /L) (ug CQu/L) )
16 239 15 0. 0 ~
245 13 1l 7.7
253 14 3 21.4 ’
258 16 5 31.3 )
271 12 6 . 50 ' ¢
9
Pre~exp. Iethal # of Fish # of Percent
Conc. Conc. Jrer Cage Deaths Mortality
(g QL) (ug QL)
30 239 15 0 0
’ 245 16 1l 6.3 )
253 16 2 12.5 .
258 14 2 ' 14.3 )
271 ° 15 6 40
4 -
Pre-exp. ILethal ‘$of Fish © $of =~  Percent
Conc. - -Conc. Per Cage Deaths Mortality
(ug QL) . (ug Qu/L) ' ‘
76 239 15 -~ 0 0
. 245 15 ! o . 0
' 253 15 o - o _ .
258 14 0 o -
271 .10 .2 20




122

Pre-exp. Lethal # of Fish # of Percent
Cong. Conc. Per Cage Deaths Mortality
(w.QyL) (ug Cu/L)
Control 239 15 3 20
245 15 K} 20
; 253 15 4 26.7
— -258 14 6 42.9
271 15 10 66.7
Pre-exp. Lethal # of Fish # of Percent
cine. Conc. - Per Cage Deaths Mortality
(g QL) (ug Cu/L)
> 16 239 15 - 1 6.7
245 13 - 3 23.1
253 14 3 21.4
258 16 6 37.5
271 12 7 ’ 58.3
Pre~exp. Lethal # of Fish # of Percent -
conc. oonc. . Per Cage Deaths Mortality
» (W QL) . (ug Qu/L) -
30 239 15 1 6.7 .
. 245 16 2 12.5
253 16 3 18.8
*w 258" 14 3 21.4
271 15 8 53.3
Pre-exp., .. Lethal # of Fish # of Percent
canc. ~ Conc. Pet Cage Deaths Mortality
(uwg Qu/L, (ug Qu/L) '
76 239 15 0 0 .
245 15 1 6.7
253 15 o 0
258 14 0 0-
271 . 10 2 20

\
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ycooper‘-comer

144 Hours

Pre-exp. Lethal # of Fish # of Percent
Conc. conc. Per Cage Deaths Mortality
(ug Qw/L)  (ug Qu/L) . .
Control 239° 15 3 207 o
245 15 3 20
253 15 4 26.7
258 14 7 50
271 15 11 73.3
Pre-exp. lethal # of Fish # of Percent
Conc. Conc. Per Cage Deaths Mortality
(ug Qu/L) (ug‘ Qu/L) ¥ v
16 239 15, 1 6.7
\ 245 13 3, 23.1
253 14 <. 4 28.6
258 16 6 37.5
271 » 12 8 66.7
Pre-exp.. lethal # of Fish #of - Percent
conc. . Cconc. Per Cage Deaths Mortality
(g Qu/L) (uwg CQu/L) X ~ >
30 239 15 1 6.7 _
’ 245 16 3 18.8
253 16 -3 18.8
. 258 145 3 21.4
©2n 15- 8 53.3
Pre-exp. Lethal | # of Fish # of Percent
Conc. conc, Per Cage Deaths Mortality
(wg QL) (ug QL) .
76 239 15 0 Q
245 15 1 6.7
253 15 1 6.7
258 14 1 7.1
271 10 2 ° -2

123
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4%}10111'5
Pre-exp.  lLethal # of Fish # of Percent
conc. |, Conc. Per Cage Deaths Mortality
(ug-Ag/L). (ug Ag/L)
Control 2.7 (0.0) 16 0 O*
3.3 (0.1) 16 0 0
) 4.8 (0.1) 16 0 0
7.2 (0.3) 15 2 13.3
10.0 (0.5) 17 1 88.2
Pre-exp Lethal # of Fish # of Percent
Conc. Conc, Per Cage Deaths: Mortality
(ug Ag/L)  (ug Ag/L)
0.5 (0.0) 2.7%. 16 0- 0
3.3 16 0 0
4.8 15 0 0
7.2 13 1 7.7
10.0 15 '\}10 66.7
‘ B “ .
Pre-exp. . lethal # of Fish # of Percent
conc. Conc. Per Cage Deaths Mortality
(ug A/L)  (ug Ag/L)
1.3 (0.0) 2:7% 16 T 0 0
3.3 14 0 0
4.8 17 4] 0
. 7.2 13 3 23.1
10.0 15 3 20
Pre-exp. Lethal . $ of Fish #of Percent
Conc. Conc. . Per Cage Deaths Mortality
(g Ag/L) {ug Ag/L) ’
2.2 (0.0) 2.7% - 16 0 0
3.3, 15 0 0
4.8 14 0 0
> 7.2 15‘ 6 40
10.0 16 1‘4 87.5 )
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Silver - Silver

125

* 60 Hours
Pre-exp.  Lethal # of Fish # of Percent
Conc. conc. Per Cage Deaths Mortality
(ug Ag/L) (ug Ag/L)
Cantrol 2.7*% 16 0 0
3.3 16 0 0
4.8 16 o] 0
7.2 15 6 40
10.0 17 17 100
Pre-exp. lethal # of Fish # of Percent
Conc. Conc. Per Cage Deaths Mortality
(ug Ag/L)  (ug Ag/L) . ‘
0.5 2.7 16 0 ®
3.3 16 (o] 0
4.8 15 . 1, 6.7
. 7.2 13 T3 23.1
- 10.0 15 10 66.7
N -
Pre-exp. Lethal # of Fish # of Percent
Conc. Conc. . Per Cage Deaths Mortality
(ug Ag/L)  (ug Ag/L)
1.3 2.7% 16 0 0
3.2 14" 0 0
4.8 17 0 0
7.2 d 13 4 30.8
10.0 15 3 20
Pre-exp.’ Lethal # of Fish # of Percent
Conc. ¢ Conc. Per Cage Deaths Mortality
{ug Ag/L)  (ug Ag/Ly :
2.2 2.7 16 ] o
3.3 15 0 ]
4.8 14 4 28.6
7.2 15 8. 53.3 ¢
10.0 16 16 - 100
A




ver - Silvi
72 Hours- ‘
Pre—exp. Lethal # of Fish # of Percent
Conc. Conc. Per Cage Deaths Mortality o
(ug Ag/L)  (ug Ag/L)
Control 2.7% 16 0 )
3.3 16 0 0 -
4.8 16 0 0
7.2 15 w 9 60
10.0 17 17 100
\
. Pre—exp. lethal ¥ of Fish # of Percent
Conc. Conc. Per Cage Deaths Mortality
(ug Ag/L) (ug Ag/L)
0.5 2.7 16 0 0
3.3 16. 0 0 ‘
* 4.8 15 2 13.3 4
7.2 -13 . 4 30.8,
e 10.0 15 11 73.3
Pre—exp. - Iethal # of Fish # of Percent
v Conc. Conc. Per Cage Deaths . Mortality N
(ug Ag/L)  (ug Ag/L) ‘ ‘ ’
1.3 2.7 16 0 0
~3.3 14 0 0.
‘ 4.8 _ 17 1 5.9 -
f 7.2 13 7 - 53.8
. 410.0 15 - 4 26.7
? | :
5 - e _ . 3
Pre—exp. Iethal # of Fish  # of Percent A
Conc. conc. Per Cage Deaths Mortality
(ug Ag/L) (ug Ag/L) ~
- L g : pt
2.2 2.7 16 a 0 .0
r 3.3 15 0 0
4.8 14 6 " 42.9
7.2 15 w10 66.7 o
10.0 16 16 . 100
LS
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Silver -~ Silver

84 Hours
l//
Pre—-exp. Lethal # of Fish # of Percent
Conc. Conc. - Per Cage Deaths Mortality
(g Ag/L) (ug Ag/L)
Control 2.7 16 - o v 0
3.3 16 0 0
4.8 16 1 6.3
7.2 - 15 10 66.7
10.0 17 17 100
Pre-exp.  ILethal 4 of Fish  # of Percent
Conc. Conc, " Per Cage Deaths Mortality
(ug Ag/L)  (ug Ag/L) *
0.5 2.7 16 0 0 ’
3.3 16 0 0 s
4.8 15 2 13. o <
7.2 13 6 46.2
10.0 15 12 80
¢ )
Pre-exp. Lethal # of Fish # of Percent
Conc. .- Conc. Per Cage Deaths _Mortality .
(g Ag/T) (ug Ag/L) 2 .
1.3 2.7 16 ] )
3.3 14 0 ) :
4.8 17 1l 5.9
7.2 13 7 53.8
10.0 15 5 33.3
)
Pre-exp. -lethal  # of Fish $ of Percent
conc. Conc. Per Cage Deaths Mortality
(ug Ag/L) (ug AQ/L)- .
2.2 2.7 16 0 0
.3 15 ] 0 o <
.8 14 8 57.1 q
7.2 15 13 86.7
10.0 16 16 100




96 Hours ,
# of Fish 4 of Percent
Per Cage . Deaths Mortality
16 0 o
‘16 0 (0]
16 : 4 25
15 12 . 80
17 . 17 100
# of Fish # of Percent
Per Cage Deaths Mortality
16 0 0
16 0 0
15 3 20
13 7 " ‘54 )
15 14 93 K
Pre-exp.  lethal # of Fish  # of Percent
Conc. .Cohc. Per Cage Deaths Mortality
—ug-Ag/E)> (W Ag/L) '
1.3 L 2.7 16 0 0
- 3.3 14 0 4]
4.8 17 3 18
. 7.2 13 10 © 77 h
10.0 .15 9 60
M y
Pre-exp. Lethal # of Fish - # of Percent
(wg Ag/L) (w9 Ag/L) ' o
2.2 27 .16 0 0 )
-3.3 15 . 0 0
4.8 14 10 71
7.2 15 i3 - 87
10.0 16 16 100
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Silver = Silver
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120-Hours .
Pre-exp. # of Fish # of Percent
conc. . Per Cage Deaths Mortality
(ug Ay/L)  (ug Ag/L)
Control 16 0 0 ‘ s
16 2 12.5
16 11 68.8
15 12 80
17 17 100
Pre-exp. # of Fish # of s Percent-
Conc. . Per Cage | ' Deatb§\ Mortality
(ug A/L)  (ug Ag/L) . - :
0.5 16 o ' 0
16 0 - 0
15 7. 46.7 .
13 10 76.9
15 15 100
Pre-exp. # of Fish # of . Percent
Cone. . . Per Cage Deaths Mortality
. (ug Ag/L)  (ug Ag/L) \ . .
1.3 16 0 - 0
14 X 7.1
17 5 29.4
13 12 92.3
15, 12
Pre-exp. # of Fish # of
Conc. Per Cage Deaths
(ug Ag/L (ug Ag/L) ¢ -+
2.2 ’ 16 o
15 1
14 12 85.7
- 15 14 93.3
16 - 16 100




144 Hours N
Pre-exp. Lethal # of Fish # of Percent
Conc. Qanc.  Per Cage -Deaths Mortality
(ug Ag/L (ug Ag/L)
Control - =~ 2.7 16 0 0
— 3.3 16 3 19
4.8 16 11 69
7.2 15 14 93
y 10.0 17 17 100
Px:e—éxp." Lethal” " #of Fish #of Percent
conc. Conc. ° Per Cage Deaths Mortality
(ug Ag/I)  (ug Ag/L) \ ‘
0.5 2.7 - 16 0 0 °
3.3 16 0 Q .
4.8 15 10 67 A
7.2 13 12 92
10.0 15 15 100
Pre-exp. Lethal ¥ of Fish 4 of Pefrcent
Conc. Conc. .. Per Cage Deaths " ‘Mortality
(ug Ag/L).  (ug Ag/L) .
1.3 2.7 16 0] 0
3.3 14 2 14 = .
4.8 17 8 47
7.2 .13 13 -100-
10.0 14 15 100
- * ol > a
Pre-exp. ' lethal # of Fish % of. Percent ¢
Conc. cont. Per Cage Deaths Mortality
(ug A/L)  (ug Ag/L)
2.2 2.9 16 0 0
3.3 15 1 7
4.8 14 12 86
7.2 15 - 15 100
1 .~0 16 16 100 -
.I ' é‘
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ickel - Nigkel 3
48 Hours
Pre-exp. Lethal # of Fish  # of " Percent
Conc. Conc. Per. Cage Deaths Mortality
(mg Ni/L)  (mg Ni/L)
Control 24.4 (1{5) 21 0 0
28.2 (1.7) 19 _ 0 0 -
41.4 (2.5) 21 - 1l 4.8 .
46.3 (3.2) 19 0 \ 0
” 51.4 (3.1) 19 .8 #,42.1
Pre-exp. Lethal # of Fish  # of Percent
conc. conc. Per Cage  Deaths Mortality
(mg Ni/L)  (mg Ni/L) >
0.5 (0.0) 24.4 22 2 9.1
- 28.2 .22 4 18.2
41,4 19 3 15.8 ..
46.3 23 10 43.5
51.4 21 5 ° 23.8
Pre-'exp.‘ Lethal 4 Of Fish , # of . Percent
Conc. conc. Per Cage .Deaths Mortality
(my Ni/L)  (mg-Ni/L)
1.0 (0.1) 24.4 19 2 10.5
28.2 21 3 145
41.4 - 15 4 26.7
46.3 20 . 9 45 -
5.4 - 18 9 . 50
[
Pre-exp. ° Iethal # of Fish #of - Percent
Conc. Conc. Per Cage Deaths - Mortality
(mg Ni/L)  (mg Ni/L) ' S
- 5.0 (0.4)™ 24.4 © 20 0 0
28.2 15 1 6.7
41.4 21 7 33.3
46.3 21 8 38.1
51.4 - <20 / 16 80
’\ -
/ ¢ '
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Nickel - Nickel .-
60 Hours '
. & ;
Pre-exp. Lethal # of Fish # of . Percent
Conc, . conc. Per Cage-  Deaths’ Mortality
(my Ni/L)  (mg Ni/L)
Control = 24.4° 21 0 0
28.2 19 2 . 10.5
41.4 21 4 .. 19
46.3 19 . 5 26.3
51.4 19 12 63.2
Pre-exp.  Lethal 4 of Fish - # of Percent
Conc. Conc. Per Cage | Deaths Mortality
(my Ni/L) (mg Nl/L)\
0.5 . 24.4 22 3 13.6
' 28,2 22 6 27.3
"41.4 19 6 31.6
46.3 23 17 73.9
51.4 21 .17 81
Pre-exp. ‘Lethal: # of Fish # of Percent-
conc. ~ Cone. Per Cage Deaths Mortality
(mg Ni/L)  (mg Ni/L)
1.0 24.4 19 3 "15.8
. 28.2 21 7 33.3
41.4 - 15 8 53.3 -
46.3 20 14 . 70
51.4 18 16 88.9
- e , anle -
Pre-exp. lethal” 4 of Fish . # of Percent
Conc. - Conc. . Per Cage Deaths. Mortality
(mg Ni/L) (mg)li/L)
5.0 244 - 20 ) 10
28,2 - 15 3 -20
4.4 22 17 8L .
46.3 21. 13 61.9
51.4 20 18 90 .
¢



-
: ‘ a . .
) . Nickel - Nickel -
/‘ - 72 Hours ‘
E ' Pre-exp. "Lethal | 4 of Fish ¥ '%f Percent .
Conc. Conc. Per Cage Deaths Mortality
. (mgy Ni/L)  (mg Ni/L) °
_ C Control  24.4 21 T2 9.5
) 28.2 19 3 15.8
41.4 21 8 38.1
46.3 19 8 - 42.1
51.4 19 12. , 63.2
( v .
-
Pre-exp.  Lethal # of Fish #of .’ Percent
- Conc. Conc. Per Cage Deaths Mortality
(my Ni/L)  (mg Ni/L) o . )
N . 0'.p5 © 24.4 22 4 - 18.2
28.2 22 8 36.4
41.4 <19 9 .47.4
46.3 23 21 91.3
51.4 21 - 20 95.2
! *
J Pre-exp. Lethal  of Fish #0of . Percent
' Conc. ‘Cone, Per Cage Deaths =  Mortality
v (my Ni/L) (mg Ni/L) §
” 1.0 - 24.4 19 5 26.3
* ! 28.2 21" 7 33.3
‘ 41.4 15 10 66.7
46.3 -20 17 85.
51.4 18 17 ~g4.4
Pre-exp. Iethal # of Fish. # of Percent
\ Conc. Conc. Per Cage Deaths  Mortality ™
(mg Ni/L) .(mg Ni/L) '
5.0 244 20 5 25
C 28.2 15 7 46.7
41.4 21 - 19 90.5
46.3 21 <17 81
- 514 7 20 19 95
- J

v




n;glse.L:Jl;gsgl
84 Hours
?re—-exp: Lethal # of Fish # of ’
Gonc. . Conc. Per Cage Deaths Mortality
(mgy Ni/L) (mg Ni/L)
" Control 24.4 ‘21 4 19
28.2 19 7 36.8
o 41.4 21 9 42.9
"~ 46.3 19 "9 47.4
51.4 19 18 94.7
Pre—exp. lethal # of Fish # of Percent
Conc. Conc. Per Cage = Deaths Mortality
(mg Ni/L)  (mg Ni/L) |
0.5 24.4 22 6 27.3
28.2 22 9 . 40.9
41.4 19 11 57.9 Y
46.3 23 23 100
51.4 21 20 95.2
Pre-exp. Lethal # of Fish # of Percent
Conc. Conc. , Per Cage Deaths Mortality
g Ni/L)  (mg Ni/L) - :
1.0  24.4 19 6 31.6
’ 28.2 21 8 38.1
41.4 15.. 11 73.3
46.3  °20 19 95 |
- 51.4 18 18 100
Pre-exp. lethal # of Fish # of Percent
Conc. | Conc. . Per Cage "~ - Deaths Mortality -
(mg Ni/L)  (my Ni/L) v "
5.0 2.4 ' 20 7. 35
i T 28:2 15 8 53.3
41.4 21 20 95.2
46.3 21 20 95.2
51.4 20 v 100



e

96 Hours
Pre-exp.  lethal  # of Fish 4 of Percent
Conc. Conc. Per Cage Deaths Mortality
(mg Ni/L)  (mg Ni/L) 4
Control 24.4 21 10 47.6
28.2 19 10 52.6
41.4 21 15 71.4
46.3 19 14 73.7
51.4 . 19 18 94.7
Pre-exp. Iethal # of Fish # of Percent
Conc. Conc. ° Per Cage Deaths Mortality
(my Ni/L)  (mg Ni/L) - ‘
0.5 24.4 22 7 31.8
28.2 22 13 59.1
41.4 19 15 78.9
46.3 . 23 23 100
51.4 21 21 - 100
'Pre-exp. lethal . # of Fish § of Percent
Conc, Conc. (SD) Per Cage - Deaths )brtalé.ty
(mg Ni/L)  (mg Ni/L) :
1.0 24.4 . 19 8 42.1
28.2 21 12 57.1
+41.4 15 13 86.7
$46.3 20 19 95
51.4, 18 18 100
Pre-exp. Lethal # of Fish # oihs Percent
Conc. ' . Corc.(SD): Per Cage Deat. Mortality
(my Ni/L)"  (mg Ni/L) - ST . #
5.0 24.4 20 | 13. 65
28.2 15 11 - 73.3
41.4 21 21 100
° 46.3 21 21 100
51.4% 20 ' 20 100
° ]
11:_.'?' - w8
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Nickel - Nickel

96 Hours
AN

Pre-exp. Lethal # of Fish # of Percent' .
conc. Conc. Per Cage _Deaths Mortality
(mg Ni/L)  (mg Ni/L) .
Control 24.4 21 12 57.1

28-2 19 14 N 73!7

41.4 21 21 100

46.3 19 17 89.5

51.4 19 19 100
Pre-exp. Lethal # of Fish # of Percent
Conc. Conc. Per Cage Deaths Mortality
(mg Ni/L) (mgy Ni/L)
0.5 24.2 22 14 63.6

‘ 28.2 22 17 77.3

41.4. 19 19 100

46.3 23 23 100

51.4% 21 21 - 100

A 7
: B (] -y

Pre-exp.  Lethal # of Fish | # of Percent
Conc. Conc. Per Cage Deaths . Mortality
(my Ni/L)  (mg Ni/L)
1.0 24.4 19 i L 78.9

28.2 21 . . 15 71.4

41.4 15 15 100

46.3 20 20 100

51.4 18" -8, . 100
Pre-exp. Lethal # of Fish $of ‘Percent
Cone, Conc. Per Cage = Deaths Morta]{ity s
(mg Ni/L) (mg Ni/L) ’
5.0. 244 20 - 8 90

28.2 15 13 86.7 \

41.4 21 21 100

46.3 21 21 - 100 .

51.4 20 , 20 100 -

ERS
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icke

144 Hours
Pre—exp. Lethal # of Fish # of " Ppercent
conc. Conc. - Per Cage Deaths Mortality
(my Ni/L) (mg Ni/L) = .
control 24.4 21 | 18 "85.7
28.2 19 - 16 84.2
41.4 21 21 100
46.3 19 18 94.7
51.4 19 19 , 100
Pre—exp. Lethal # of Fish. # of Percent
conc. Conc. Per Cage Deaths Mortality
(my Ni/L)  (mg Ni/L)
0.5 24.4 22 20 90.9
28.2 22 ° 20 90.9
41.4 19 - 19 100
\ 46.3 23 23 100
, 51.4 21 21 100
Pre-exp. lethal - # of Fish # of Percent
.. , Conc. Per Cage Deaths Mortality
(my Ni/L)  (mg Ni/L) ‘ : e
1.0 24.4 19 18 94.7
. 28.2 21 18 85.7
'41.4 15 15 100
46.3 .20 20 100
51.4 18 18 100
Pre-exp. lethal 4 of Fish  # of Percent
conc. Conc. Per Cage Deaths Mortality
(my Ni/L)  (mg Ni/L)
5.0 24.4 20 20 100
28.2 15 15 100
- 41.4 21 21 . 100
46.3 \ 21 . 21 100
51.4 \ 20 20 . 100

| I

i

)
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# of Fish
Per Cage

15
14

15
15

‘Conc.

(ug QL)

# of Fish
Per Cage

20 (1)

15
15
16
15
19

Conc.
(ug Cu/L)

§ of Fish
Per Cage

30 (3)

MorRbN

[ B 3 S I

.15

16

14

16
15

Conc.
(ug Cu/L,

g

g

‘52 (4)

s e ®
O RRNN

T oSN
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60 Hours f
Pre-exp. Lethal # of Fish # of Percent
Conc. .  Conc. Per Cage Deaths Mortality
(wg QW/L) (mg Q4/L) ‘
Control 1.2 15 0 0
2.2 14 1 7.1
4.1 15 2 13.3
6.0 15 14 93.3
8.5 15 13 86.7
Pre-exp. lethal # of Fish  # of Percent
Conc. Conc. Per Cage Deaths Mortality
(g Qw/L) (mg C4/L)
20 1.2 15 -0 0
2.2 15 0 0]
4.1 16 3 18.8
6.0 15 7 46.7
8.5 19 19 100
Pre-exp. Lethal # of Fish # of Percent
Conc. Conc. Per Cage Deaths Mortality
(ug QL) (mg Cd/L) .
30 . 1.2 15 0 o -
' 2.2 16 0 0
4 4.1 14 1 7.1
6.0 16 8 50
8.5 15 13 86.7
Pre-exp.  Lethal 4 of Fish 4§ of Percent
Conc. - Conc. Per Cage Deaths Mortality
(uy QL) (my GY/L) o
52 1.2° 15 0 0
* ~ 2.2 15 o 0
4.1 - 20 1l 5
6.0 16. 8 50
\g.5 15 8 53.3



‘Copper - Cadmium

72 Hours
Pre—exp. lethal # of Fish $ of Percent
Conc. Conc. Per Cage Deaths Mortality
(g QL) (Mg Cd/L) ' '
Oon‘j:rol 1.2 15 0 o’
2.2 14 - 1 7.1 3
4.1 15 4 26.7
6.0 15 14 - 93.3
“8.5 .15 15 100
!
i Z
Pre—exp. Lethal # of Fish™  #[of Pexrcent
Conc. Conc. Per Cage aths Mortality
(ug QL) (mg Cd/L) e
20 1.2 15 0 0 ‘
2.2 15 0 0
-l 16 T 5 . ©31.3 .
6.0 15 10 66.7
8.5 19 19 100
Pre—-exp. Iethal # of Fish # of Percent
conc. | Conc. Per Cage Deaths Mortality
(v g Qu/L) (mg Cd/L) T ) o J
30 1.2 15 0 0
2.2 7. 16 0 0
4.1 ¢ 14 1 " 7.1
6.0 16 8 50
8.5 15 15 100
1 .
Pre-exp. -lethal ¢ of Fish # of - Percent
conc. Conc. . Per Cage’ Deaths Mortality
(ug QL) (mg Cd/L) -
52 1.2 15 s 0 o{' o
2.2 15 0 0% .
4.b 20 #4 20
6.0 16 9 56.3
8.5 15 10 66.7 °
o o
. * ’



LI

84 Hours
) b
Pre-exp. Lethal # of Fish # of Percent
conc. Conc. ' Per Cage Deaths Mortality
(wg QL) (mg Cd/L) .
Contxrol 1.2 15 0 -0
2.2 14 1l 7.1
4.1 . 15 5 33.3
. 6.0 15 14 93.3
8.5 15 15 100
Pre—exp. Lethal # of Fish # of ’ Percent
Conc. Canc. ge Deaths Mortality
(g @/L) .- (mg Od/L) .
20 1.2 15 0 0
2.2 15 . 1l 6.7
4.1 16 5 31.3 _
6.0 15 12 80
8.5 19 . 19 100
Pre-exp. Lethal # of Fish # of ' Percent
Conc. _ Conc. Per Cage , Deaths Mortality
(g Qu/L) (my Cd/L) . '
30 1.2 15 0 L, 0
2.2 . 16 . 1’ 6.3
4.1 . 14 2 14.3
6.0 16 - - 9 56.3 %
8.5 15 .100 °

15 b

4 of Fish  # of Percent °

conc. Conc. “ Per Cage — Deaths .= Mortality
(wg QL) (mg Cd/L) S ,
52 f1.2 15 . .. 0 0

2.2 .15 ;e 1 6.7

4.1 20 6 30

6.0 16 N\ . 13 81.3

8.5 15 11 73.3

\!
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96 Hours >
J

Pre-egp. Lethal # of Fish # of° Percent
Conc. Caonc. Per Cage Deaths Mortality
(g QW/L; (mg Cd/L)
Control 1.2 15 0 0

2.2 14 ' 1 7.1

4.1 15 8 53.3 §

6.0 15 14 93.3

8.5 15 15 100
Pre-exp. Lethal  § of Fish .4 of Percent
Conc. Conc. * Per Cage Deaths Mortality
(ug Qw/L) (mg Cd/L) '
20 1.2 15 ) o

2.2 15 1 6.7

4.1 16 6 37.5

6.0 15 12 80,

8.5 19 19 100
Pre-exp. Lethal # of Figh # of Percent
Conc. ~  Conc. Per Cage Deaths Mortality
(wy QL) (mg Cd/L)
30 1.2 15 o o

2.2 16 1 6.7 -

4.1 14 2 4.7

6.0 2 16 10 62.3

8.5 15 15 100
Pre-exp.  Lethal # of Fish  # of Percent
Conc. " Conc. Per Cage Deaths °* Mortality
(wg Qw/L) - (mg Gd/L) -
52 1.2 15 0. 0

2.2 15 2 "13.3

4.1 20 6 30

6.0 16 13 - 81.3

| 8.5 15 11 73.3



Copper - Chdm_mg

120 Hours
Pre-exp Iethal # of Fish # of Percent
sconc. Per Cage Deaths Mortality
(“9 QVL) (mg Cd/L) p
Control 1.2 15 0 o
- 202 - 14 2 }1403
4.1 15 8 53.3
6.0 15 14 93.3
8.5 15 15 100
Pre-e.)qa Lethal # of Fish # of Percent
Conc. Per Cage Deaths Mortality
(ug QVL) (mg Cd/L) ) :
20 1.2 15 0 o .
2.2 15 1 6.7
4.1 16 8 50
- 6.0 - 15 12 80
8.5 19 19 100
W, \ v L
Pre-exp Lethal # of Fish  # of" Percent
conc., Per Cage Dg’aths Mortality
(ug CG/L) (mg Cd/L)
730 1.2 15 0 0
2.2 16 1 6.3
4.1 14 3 21.4
6.0 16 11 68.8
- 8.5 ° 15 15 100
Pre-exp Lethal # of Fish # of * Percent
conc. Per Deaths Mon;ality
(0 /1) (mg /L) i |
152 1.2 0 15 0 0
2.2 15 2 13.3
4.1 20 6 30 ¢
6.0 16 13 81.3
8.5 15 12 80

143 -
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144 Hours‘
Pre-exp. Iethal # of Fish # of Percent
Conc. Conc. Per Cage - Deaths Mortality
(wg QyL) (my G4/L) . ) . :
Control ‘1.2 " 15 o 0-
’ 2.2 14 2 14.3
4.1 15 8 53.3
6.0 15 14 93.3
8.5 15 15 ' . 100
; .
Pre-exp. Lethal # of Fish # of Percent
Conc. Conc. ~ Per Cage Deaths Mortality
(ug awt) (mg oL “
20 1.2 15 o o
<. 2.2 15, 1 6.7
4.1 16 8 50
- 6.0 15 12 '80
8.5

19 19 100

Pre-exp. ~ Iethal # of Fish ¥ of d Percent

Conc. cone. Per Cage *Deaths Mortality
(ug QL) (mg Cd/L) A
30 T . o1.2 15 - 0 0
‘ 2.2 16 1 6.3
4.1 14 3 21.4
6.0 16 11 ’ﬁhasa.a
8.5 15 15 100
. -+
Pre-exp. 1ethal # of Fish # of Percent
(ug QL) (my /L) v
52° 1.2 15 0 0
2.2 15 - 2> ' 13.3
4.1 o 20 6 30
6.0 -16 © 13 8l1.3
8.5 15 - 12 ~80 r
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Copper - Nickel

o

48 H&ars
Pm—exp Lethal #-0f Fish # of Percent
Conc. . Per Cage Deaths , Mortality
(ug 01/1-) (my Ni/L) - . . .
Gontrol 19.7 (1.2) 15 0 0
\ 29.8 (2.1) 12 0 0
33.5 (2.4) 16 0 0
. ... 42.3 (3.0) 16 2 12.5
‘54'&(5 1) 18 9 50
Prelexp. Lethal § Of Fish  # of Percent
Qonc. . . conc. Per Cage Deaths Mortality
(% CuMe)”  (mg Ni/L) ,
16 (1) . 197 16 0 0
29.8.° 17 o 0 ‘
33.5 - 18 1l - 5,6
42.3 . 18 ° 1 5.6
54.5 17 2 11.8
Pre-exp.  lLethal # of Fish # of Percent
Conc. " Concd Fer Cage Deaths Mortality
(ug QL)  (mg Ni/L)
40 (3). - 19.7 ° 17 0 0
: 29.8 18 0 o .
3.5 °* 15 0 0
42.3 18 0 0
54.5 18 0 0
Pre-exp. Iethal © 4§ of Fish 4 of Percent -
Conc. - oonc. Per Cage Deaths Mortality
» flug ayL)  (mg Ni/L) .
70 (4) 19.7 18 0 0
. T 29.8 18 0 0
'33.5 18 0 , 0
42 3 / 18 o 0
16 1l 6.3
N . -
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60 Hours 5
Pre-exp.  lethal # of Fish # of Percent
Conc. Conc. - Per Cage Deaths Mortality
(ug Q/L)  (mg Ni/L) ‘ e T
Control 19.7 15 0 0
29.8 12 0 0
33.5 16 2 12.5
42.3 16 8 50
.54.5 18 12 66.7
Pre-exp. Lethal # of Fish * # of Pexrcent
Conc. conc. Per Cage _ . Dedths Mortality
(ug Cu/L)  (mg Ni/L) AN
16 19,7 16 0 0
29.8 17 o’ 0
33.5 18 2 11.1
242.3 18 4", 22.2
' 54.5 17 10 58.9
Pre-exp. Ietha #.0f Fish  # of Percent
Conc. Conc. Per Cage Deaths Mortality
(W Qu/L) (mg Ni/L) \ ‘
40 19.7 17 0 0
> 29.8 | 18’ 0. .0
33.5~ 15 1 6.7
42.3 18 "3 16.7
84.5 18 4 22.2
_ . lethal # of Fish # of Percent.
Conc. . tonc. Per Cage Deaths Mortality
(ug Qy/L)" (mg Ni/L)
19.7 . 18 0 0
29.8 18 - 4] 0
33.5 ‘18 . 0 0
s Y 42.3 18 1 5.6
. 54.5 16 4\ 2



-

54.5

16 -
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72 Hours
\
Pre~exp. Iethal # of -Fish # of Percent
conc. conc, Per Cage Deaths Mortality
(wg /L) (mg Ni/L) | .
Control 19.7 15 0 0o .
29.8 12 2 16.7
33.% 16 4 25
42.3 16 9 56.3
54.5 18 12 66.7
Pre-exp. lethal # of Fish # of Percent
Conc. Conc. Per Cage Deaths Mortality
(wg Cu/L)  (mg Ni/L) 1 o
16 19.7 16 0 o
29.8 17 0 0
. 33.5 ‘18 3 22.2
42.3 18 9 50
54.5 17 15 88.2
Pre-exp, Lethal 4 of Fish  # of Percent
“Conc. Qonc. - Per Cage Deaths Mortality
(ug CQu/L) ((mg Ni/L) - /
40 ° 19.7 17- 0 0
: 29.8 18 1 5.6
33.5 15. 3 20
42.3 18 6 733.3
54.5 18 9 50 .
' {
Pre-exp.  lethal 4 of Fish  # of Percent
Conc. Conc. . Per Cage Deaths Mortality
(ug QW/L, (mg Ni/L) ‘
70 19.7* 18 0 0
29.8 18 0. 0
33.5 ‘18 - 0 ()
42.3 18 - 5 27.7
.6 37.5

jal




’ 54.5
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84 Hours
Pre-exp.  ILethal # of Fish  # of * Percent
" Conc. Conc. Per Cage Deaths -~ Mortality
(ug QL)  (mg Ni/L) .
Control . .19.7 15 0 o .
‘ 29.8 12 4 33.3
33.5 16 5 31.3
.42.3 16 11 68.8
54.5 18 A7 94.4
- : )
' Pre-exp.  Lethal # of Fish 4of Percent
GConc.: +  Conc. Per Cage Deaths Mortality
(ug Q/L)  (mg Ni/L) ;
16 ' 19.7 16 0 o}
29.8 17 2 11.8
33.5 18 8 44.4 .
42-3 ) 18 14 77.8 S .
54.5 17 17. 100 - ' .-
. Pre-exp. lethal  # of Fish- 4 of Percént
conc. Conc. e ~° Deaths Mortality
(ug Cu/L)-- (mg Ni/L) j '
.40 19.7 17 “ 0 0
29.8 18 2 11.1
o 33.5 15 6 40
’ ) 42.3 18 1 '61.1
. 54,5 + 18 - 15° 83.3
° Pre-exp. Lethal # of Fish % of Percent
(ug Cu/L, (mg N1/L) L - ‘
.70 19.7. 18 0 o . '
29.8 . 18 -1 5.6
L 33.5 . 18 .4 22.2
. 42.3 18 12 66.7 °
10 62.5"
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96 HQII"S , "
Pre-exp. Lethal # of Fish  # of Percent
Conc. Conc. Per Cage Deaths Mortality
(ug Qu/L) (mg Ni/L) : :
Control \19.7 15 (¢ 0
29.8 12 6 50
33.5 16 7 43.8
42.3 16 . 12 75
. 54.5 18 17 94.4
Pze-exp Lethal # of Fish # of Percent
Conc. Per Cage Deaths Mortality
(ug Cu/L) (g Nl/L)
N - 1 4
16 - ‘% 19.7 16 0 0
29.8 17 2 11.8
33.5 18 8 44.4
© 42.3 18 17 94.4
54.5 17 17 100
1 [
Pre-exp " Lethal # of Fish $.of QPercent’
Conc. Per Cage Deaths Mortality
(ug CU/L) (mg Ni/L) .
40 19.7 17 1l 5.9
29.8 18 6 33. 3
33,5 15 9 60
42.3 18 14 ' 77 8~
54.5 18 .17 94.4
Pre-exp " lethal 4 of Fish ~ # of Percent
Conc. ‘Per Cage Deaths Mortality
(xg Cu/L) (mg Ni/L) - . -
, 70 197 % a8 0o - & ’
SN 29.8 18 [/ 6 31.3
? - 33.5 18 6 33.3
¢ £42.3 " 18 15 83.3
Ym 54.5 16 < 14 87.5




120 Bours
\ —
Pre—exp. Lethal # of Fish  # of Percent \
Conc. conc. Per Cage Deaths Mortality
(ug QL)  (my Ni/L) ‘
Contxol 19.7 15 o 0
.29.8 T 12 8 66.7 '
33.5 16 12 75
42.3 16 16 100
54.5 _ 18 ) is 100
Pre—exp. Lethal # of Fish # of . Percent
Canc. conc. Per Cage Deaths Mortality
(ug Qw/L) (my ?fi\/L) .
16 19,7 16 4 25
29.8 17 8 47.1
2 33.% 18 12 - 66.7
‘42,3 . 18 18 100 N
54.5 17 17 100
" *
- Pre—exp. I.ethalf # of Fish ° # of - Percent
Conc. Conc. . Per Cage Deaths Mortality -
(ug Qu/L)  (mg Ni/L) ‘
40 . 19.7 17 4 23.5
29.8 18 12 66.7 S
33.5 15 13 86.7 ,
42.3 18 18 100 :
54.5 18 .18 100
Pre-exp. Lethal # of Fish # of _ Percent |
conc. Cone., ~ Per Cage Deaths Mortality i
’(ug QW/L)  (mg Ni/L) o )
70 19.7 " 18 0 ., 0
’ 29.8 18 14 77.8 o o
33.5 8 - 12 66.7 LT
42.3 18 18 100 o
54.5 16 - 16 100 -



P

- Ni o
144 Hours - '
. Pre—ekp.  ILethal $'of Fish # of Percent -
canc. + Conc. Per Cage Deaths Mortality
(ug Qu/L)  (mg Ni/L) _
' Control 19.7 15 ) 2 13.3
29.8 12 10 83.3
33.5 16 15 93.8
42.3 16 16 100
N 54.5‘ ' 18 18 100
4
. Pre-exp. Lethal # of Fish # of ‘ Percent ‘
conc. Conc. Per Cage Deaths Mortality
(ug QL) - (mg Ni/L) ‘
-
16, 19.7 16 9 - 56.3
29.8 17 15 88.2
33.5 18 17 93.4
42.3 18 18 100
54.5 17 . 17 100
%
. .Pre-exp. lethal # of Fish # of Percent
Conc. . Conc. Per Cage « Deaths Mortality
(ug Cu/L)  (mg Ni/L) ’ ’
40 | 19.7 17 6 35.3 ' : b
) 29.8 18 15 83.3 ’
33.5 15 14 93.3
. 42,3 18 18 100 <
54.5 18 18 100 : o .
Pre-exp.  1lethal  # of Fish . # of Percent .
Conc. Conc. Per Cage - Deaths Mortality
(g QL)  (mgNi/L) : J
70 19.7 18 5 27:8 .
29.8 18 17 94.4
33.5 ¢ 18 18 100
42.3 18 18 100 ‘ -
54.5% 16 16 100

I'L4
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Nickel - Copper ,
48 Hours '

Pre-exp. Lethal # of Fish # of . Percent
Conc Conc

. . Per Cage  Deaths Mortality
(mg Ni/L) . (ug QW/L) - ,

. Comtrol 254 (15) 18 o 0
, . 268 (19) 18 1 5.6
276 (19) 18 4 22.2
281 (28) 18 2 11.1
203 (23) 18 7 38.9
¢ - IS s "
Pre-exp. Lethal # of Fish # of Percent
Conc. Conc. Per Cage Deaths ° . Mortality
(my Ni/L)  (uwg QL)
10.6 (000) 254 19 Q 0 -
268 18 1 . ., 5.6
276 .18 5 27.8
281 18 9 50
. 293 18 — 12 66.7
~ “"Pre-exp. . Lethal #of Fish #of - Percent
Conc. conc.. Per Cage Deaths Mortality
(my Ni/L)  (ug QWIL) . ’
1.4 (0.1) 254" 18 1 . 5.6~
L 268 18 4 . 22.2 ¢
~ 6 18 16 88.9
i é 18 L © 83.3
- 3 18 17 94.4
R , e ~
Pre-exp. Lethal $ of Fish # of Percent
Conc. Conc. Per Cage Deaths Mortality
(my Ni/L)  (ug Qu/L)
. 6.0 (0.4) 254 " 19 9 47.4
268 118 16 88.9
276 18 17. 94.4
. 281 © 18 ) 18 100
293 ° N18 18 - 100
-} -
L I
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Nickel - Cooper

o

60 Hours p)
Pre—exp. lethal # of Fish # of Percent
Conc. conc. Per Cage Deaths Mortality
(mg Ni/L) - (ug QY/L) ° s :
Q
Control 254- 18 1 5.6
268 18 5 27.8
276 18 9 50
281 18 8 44.4
293 18 10 55.6
Pre-exp. Lethal # of Fish # of Percent
-~ Conc. ¢ conc. Per Cage Deaths Mortality
(my Ni/L)  (uwg cyrL)¢
0.6 254 19 1l - 5.3
268 18 7 38.9
276 0 18 9 50
281 18 * 14 77.8
: 293 .18 17 94.4
. | .

. Preexp.  Lethal 4 of Fish® ¢ of. Percent
conc. Conc. Per Cage Deaths Mortality
(mg §i/L) (ug Cw/i) . :

1.4 .254 18 2 11.1
® 268 18 10 55.6
276 18 16 88.9
281 18 17 94.4
293 18 18 100
Pre-exp. Lethal - # of Fish # of Percent
Conc. . Conc. Per Cage Deaths Mortality
(mg Ni/L) (ug Qu/L) T
6.0 254 19 12 " 63.2
268 18 18 100
276 18 18 © 100
281 18 _ 18 100
293 18 18- 100
, ¢
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72 Hoars )
| ) -
Pte—%:q‘:. Lethal # of Fish #0of . Percent
Conc. Conc. Per Cage Deaths Wiw
(my Ni/L) (ug Qu/L) C o
Control 254 18 1 L~ 5.6 O
268 v 18 8 44.4 «
276 18 12 66.7
281 18 12 66.7 *
' 293 18 13 °72.2
N . " -
'Pre—exp. Lethal # of Fish # of Percent
Cong. ‘Conc. Per Cage Deaths Mortality
(my Ni/L) (ug Cw/L) o
0.6 254 19 3 5.8
268 18 12 ¢ 6.7 '
276 > 18 ~12 . 66.7
281 . 18 16 s 88.9
- © 293 18 17 b4.4
', Pre-exp. Iethal # Of Fi # of Peboent
Conc. Conc. | Pegfage Deathy Mortality
(my Ni/L)  (ug QW/L).
1.4 - 254 - 18 6 ‘ 3.3
. ‘268 | 18 13 72.2
¢ 276 18 48 '100
281 18 18 100 |
T 293% ‘18- 18 . 100
Pré—-exp. Lethal ., ‘#-of Fish -4 of ' Percent
Conc. - Conc. Per Cage . Mortatity.
g N/D) @ oy . ,
'\ 6.0 254 19 16 ‘84.2 -
' 268 % 18 18 . 100
: 276 18 18 100
.~ 28l 18 18 ’ 100 "
., £ . 293 18 18 100 .
N ' .
~ - /t"
- - Use



-

84 Hours -

Nickel - Copper

Pre-exp. Lethal # ‘,c“:f’Fish - #of Percent
conc. - C&%c. - Per Cage * Deaths Mortality .
- (mg-Ni/L)  (ug Qu/L) -
_ Control 254 18 1 5.6
268 18 10 55.6
276 18 14 77.8
281 18 14 77.8
293 18 . 14 77.8
Pre-exp. ' lethal 4 of Fish  § of Percent
Conc. conc. Per Cage Deaths Mortality
(my Ni/L)  (ug QW/L) - .
0.6 254 19 4 21.1
268 18 14 77.8
276 18 16 88.9
281 18 16 88.9°
293 18 18 100 }
Pre-exp. ~ . Lethal .# of Fish® 4 .of Perceht -
Conc. 4« - Conc. ° Per Cage Deaths Mortality *
-(mg Ni/L)  (ug CQu/L)
1.4 254 18 8 44.4
268 18 16 88.9
.276 18 18 100
+ 281 " 18 * 18 100
293% 18 18 100
. Pre—exp. _ Lethal - # of Fish # of Percent
‘conc. Coric. Per Cage " Deaths Mortality
© (mg Ni/L) - (wg QW) :
- - -
6.0 254 19 © 17 89.5 .
268 18 18 100 L
276 18 18 100 - -~
281 18 18 T
293 18 18 . 100 / »
- .




o

%

Kb

li,i,cke.‘,]= = Copper
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96 Hours
Pre—exp Lethal # of Fish  # of Percent
Conc. Per Cage Deaths Mortality
(ng Ni/L) (uvg QL)
Control 254 ‘18 6 33.3
268 18 13 72.2
276 18 14 77.8
281 18 15° 83.3
" +293 18 . 17 94.4
Pre-exp.® Lethal 4 of Fish  # of Percent
Conc. Conc. Per Cage " Deaths Mortality
(mg Ni/L) (w3 Qu/L) :
0.6 - 254 19 10 52.6 ‘
268 18 15 83.3
276 18 16 88.9
- 281 18 17 -. 94.4-
293 18 18 100
. L
Pre—exp Lethal § of Fish  # of Percent )
conc. Per Cage Deaths Mortality
(mg Ni/L). (ug Qu/L) -
1.4 . .254 «+ 18 12 66.7..
268 18 17 . 94.4"
“ 276 18 18 w. 100
281 18 - 18 100
293* 18 18 *100
.-

Pre-exp.  lethal § of Flsh # of Percent
Conc. Conc. - Per Cage - Deat.ri Mortality
(mg Ni/L)  (ug Qu/L) )

6.0 254 19 17 89.5 ¢

268 18 i8 100

276 18 18 100 .

gal 18 ’ 18 100 s
93 18 - 18 100



