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The impacts of pH and dissolved organic carbon (DOC) on the acute toxicity of Cu to larval fathead minnow
(Pimephales promelas) were determined using natural soft water from two Precambrian Shield lakes in south-
central Ontario. By artificially manipulating the pH and DOC levels of the water, we demonsirated that both
acidification and the removal of DOC increased the toxicity of Cu. The 96-h Cu LC50s were determined over a
pHrange from 5.4 10 7.3 and a DOC concentration range from .2 1o 16 mg-L ™7, The LC50¢ ranged from a low
of 2 pg-l"T(pH 5.6, DOCO.2mg:L 'Hoahighof 182 pgel ! (BHG.9, DOCT1S 6 mg-L7 'L Amultiple regression
model log,,96-h Cu LC50 = —0.308 + 0.192 pH + 0.136 {pH-log,, DOCH was used 1o describe the rela-
tionship between Cu toxicity, pH, and DOC. The mode! was significant {p < 0.00001) and explained 93% of
the variability in the toxicity data. These results suggest that current water guality objectives for Cu, and possibly
for other metals, may not be sufficiently protective of aguatic life in soft, moderately acidic water containing low
levels of GOC.

Les impacts du pH et du carbone organique dissous (COD) sur la toxicité aigué du Cu pour fes larves du téte-
de-boule (Pimephales promeias) onl ¢ détermings au moyer: d'une eau douce naturelle qui provient de deux
lacs situés dans le Bouclier précambrien, dans la partie centre-sud de POntario. En falsant varier artificiellement
te pH et la teneur en COD de V'eau, nous avons montré que l'acidification ainsi que la suppression du COD se
traduisaient par un accroissement de o toxicité du Cu, Les CLED 96-h ont &6 détermindes & Vintérieur d’'une
plage de pH et & V'aide de 5,4 3 7,3 et 3 Vinterieur d'une plage de concentration du COD allant de 0,2 2
16 mgel L LaCl50avariéentre 2 ug-l " (pH 5,6, COD 0,2 mg-L " Yet 182 pgel ' oHE 9 COD 15,6 mel )
On a appliqué un modele de rdgression multiple (log,,CL50 96-h pour le Cu = -0,308 + 0,192 pH
+ 0,136 (pH-log  LOD)) pour décrire [a relation entre la toxicité du Cu, le pH et le COD. Le modale donne
des résultats significatifs (p <C 0,00001) et permet d'expliquer 93 % de la variabilité des donndes sur la toxicits,
Ces résuliats indiquent que les objectifs actuels de qualité de I'eau, dans le cas du cuivre, et peui-8ire d’autres
métalix, peut ne pas protéger adéquatement les organismes aguatiques dans une eau douce ot modérément acide,
qui contient peu de COO.
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lification of On as hean ass0C 'ifm with ihe
"‘pg“zi, rance a;?" meiuding
I 73 and forage

3.0 (Matusek et al, 19900 The

smp alations has consistently boan Jm}«.e,d L recruit-
ment faiture, prima rty through mortality at the egg and fry
stages (Peterson et al. 1982: Guon and Keller 1984 Mills ¢l al.
1987 Exposure t<:= evated H 7 oand Al concenlra
spring runoft (Gunn and Keller 1984), long-term dej
*:H (Holze and Hutchinson 1989), and thy i.%
dth AL Zn, and Cu (Huchinson and Spmwasa
ct al. i‘}“)‘un have ail been s 1gg§:x;u as possible factors con-
ributing 1o recruitment {aliure.

The fathead minnow {(Pimephales f;fe;z;ﬂf{as}, an Importas
forage species found In Precambrian Shield waters, is known
o he sensitive 1o acidification. Surveys of Ontario lakes
{(Matusek et al. 1990}, the experimental acidification of Lake
223 (Mills et al. 1987), and laboratory testing (MeCormick
ot al. 1989) have all confirmed that pH 6.0 marks the lower pH
threshold for reproduction and survival of the species. Since
fathead minnow spawn during the summer (Scott and Cz‘o&;smazs
1973y, thair z‘egﬁg'uducu‘ ¢ processes arc not subject to the same
degree to (he spring pulses of acid and Al that may impalr those
processes in lake trout (Salvelinus namaycushy (Gunn and Keller

1984). Recruitment failure in minnow populations is thercfore
more Hkely associated with long-term exposure to low pH in
conjunction with meial zoxiui}.

Hickie et al. (1993}, working on the toxicity of metal mix-
tures to rainbow trout {Jncorfivachus mvkiss) in low-alkalinity
waters, reported that mixture toxicity was caused by Cu alone
at pH 5.8 and by Al alone at pH 4.9, They suggested t that Cu
could coniribute to in 1pzzc£s on fish popuiammx in moderately
acidified systems (i.e., at pHs above those associated with Al
wxicity ), L\;Mmdlh ‘or ;)Ei sensitive species including the fat
geamd minnow. Since other species, such as the crustacean
Daphnia galeatu mendotae, are also susceptible to direc pH
effects at levels <06.0 in soft water (Keller of al. 1990}, they
too may be vulnerable to Cu toxicity.

Several factors can alter metal toxicity in surface waters, pri-
marily by « o::tm ling the speciation and complexation of met-
als, and hence, their bioavailability to aquatic organisms. Since
the inerganéc meplmaﬁ;on of metals by bicarbonate and
hydrexide fons is minimal in the low-alkalinity waters charac-
leristic of acid-sensitive areas {Campbell and Stokes 19835}, the
hioavailability of metals in these waters will be primanly
dependent on pH and the complexation pmm;ial of dissolved
and particu mis organic carbon. The organic complexation of
Cuis well documented (Sprague 1985). In addition, Hutchinson
and Spmﬂu: (1987} demonstrated that organic complexation

reduced the toxicity of 2 mixture of AL Zn, and Cu o flagfish
{_j‘ofzfcmef!g 1 floridaey at pH 5.8,

Dissolved wrg;mz carbon (DOCY and pH vary widely i
Ontario lakes. Meary ot al (1990 sepor:ed DOC concentra-
tions ranging from 1 e A3, (‘f mg-L 7" in 3340 Ontario lakes

els from 3.03 to 9.80 in 5982 lakes; the median
C-L” ané pH 5.68. 05 these lakes,
i iive systems with conductivity
Yithin z’zze 1 ﬁ sensitive group, a subset
C conee atrations HH?H;E 1g from 0.1
,with an m of 3.8 mg-L7 7, and widely m:}-
i cveis of nH {er} and Wiener 1991), Apparently the pH
and DOLC levels in Ontario lakes are suffici i

allow for significant expression of metal toxicity 1o acid-

and pH ley
values were 5.7 m

i, Vil 30, 1993
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tons JLii’”‘W

ies of aguatic organisms.
2x mﬂ% z‘zzﬁ wz}z"' of Hickie et al. (1923} to more
factor in the survival
ag m ac:sé%’md soft waters. We deter-
2 xicity of total Cu to larval fathead minoow
Rs mli}‘ W gmr as a funclion of both ;)?-i and DOC con-
centration. The nujll § wahw 15 was ',m the toxicity of Co would
be unalfected by pH and DOC levels typical of Ontario™s solt-
water lakes.

sa
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Materials and Methods

Four-day static-exposure acute-iethality egic%f;y esis were
conducted wit idrvai fathead minnow (<U1 d old) at the Dorset
Research Cmfrﬁ Uintario Ministry of Environment and Energy,
Dorset, Ont, The fish were 23 p ssed to Cu at varying levels of
DOC and pH in water from either St. Mary's Lake (45°06'N,
7993279 or Brandy Lake (43°13'N, 79°32"W), both of which
are Tow-alkalinity systems (Table 1). LC50s were caleulated for
each treatment using measured total Cu concentrations and were
related to levels of pH and/or DOC using geometric mean
regression analysis.

All test fish were cultured in St, Mary's Lake water, Water
from both lakes was used for the toxicity tests, either dzmc;
or after stripping of the DOC by charcoal filtration {Teble
T achieve the latter, 20-L batches of water were pumped ai
2 Lemin ™' through €3~ o ii%m_m\,‘. h &Lzav*cd charcoal
{Fisher Scientfic Lid., Toronto. Ont.} held in a 3-L recharge-
able polypropylene filter, followed ‘:av a J-um paper- filter car-
widge (Aqua-pure, CUNO, Meridin, Conn.). The water was
recirculated until colour was no longer visible uﬂd@fﬁ!‘u(}fﬁ‘xb@ﬂi
light, 1524 and 40-48 h for 51. Mary's Lake and Brandy Lake
water, respectively. The water was aerated vigorously tremove
carbon diexide and to stabilize pH

The pH of the water for the various treatments was adjusted
with nitric acid or sodium hydroxide {(both analytical grade,
Fisher Scientific, Toronto, Ont.) before each bioassay and daily
imc fier; pH never varied from nominal by >0.2 unit over a

4-h pcru}u DOC concentrations required by the design were
'}bmm,d by using filtered (0.4 mg DOC {71y or unfiltered
(3.4 mg DOC-L. 77 5t Mary’s Lake water for the first series
of experiments or, for later experiments, by combining liltered
(0.8 mg DOC-L ™" and unfiltered (16 mg DOC L~ ') Brandy
Lake water to give the following dilution series: 100% {itmg
DOC-Lh, 67% (10 mg DOC L7, 33% (5 mg DOCL™,
and 0% (0.8 mg DOCL7

The fathead minnow i\rood stock for this study was donated
by Dr. 1.B. Sprague, University of Guelph, Guelph, Ont., from
a culture Gngzmﬂiv developed at the Environmental ‘5{55@“" h
Laboratory, U.S. Environmental Protection Agency, Duluth,
Minn. Fish culture followed the protocol of Benoit (1981).
Twenty-two spawning pairs were maintained. one pair in each
half of a divided 20-L glass aquarium, Each aguarium was pro-
vided with 100 mL-min~' of sand-fiftered St. Mary's Lake
water at 22 = (0.5°C. The fish were fed frozen brine shrimp
three times daily, When daily checks revealed eggs deposited
on the underside of a spawning subsirate, the entire substrate
was removed to a separate hatching tank of identical water qual-
ity where aeration me:é adeguate circulation past the cggs.
Fry that hatched on any one day were poo‘seé and used in ihe
toxicity tests. The mean hatching success of the eggs was 7%
(S0 1%, n = 21 cluiches),
icity test, groups of 10 fry <1 day old wer
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zicifsc;mm imz t are énémamd 9}- nd.

{z?d 13 mnih é_dkc

812’&{5‘»‘ Lake

5: ‘x;&m ke water
aler amf hetween filtered and unfiliered St
sigmificantly different {p = 0,033 Values below the

Water qualily

51 Mary's Lake  St. Mary's Lake

characteristic 5t Mary's Lake® Brandy Lake unfiliered” filtered

Al{ugL ™D nd 140" 3800 325 {17.4Y
Cd (el h nd H.11° niel nd
Cu mé-z‘" ) 23008 1.9 (0.7) 1.8 (1.5) 0.8 (0.3
Phipg L 0.3 (0.4} 0.3 @D 0.1 10,23 G641
Znipgl g il nd ud 1.3 116.4)
Ca (mgL™hH 4200 50003 4.4 (0.4 4.7 10.5)
Cl amg-I_ """ h 4.7 (0.0 43013 393 87 (1.5
Mg (mg-L™") 0.8 (1.1 15 (001 1.6 (0.1) 1.6 (0.1}
¥ {mg-L B 0.9 (.23 0.9 {0. 15 0840 3.9{0.37
Na (mgL ™" 29401 3.2 (0.0} IS5 (LB 4.3 (0D
50, {mg L5 8.4 (1.4} 8.8 (2.6} 23002 6.8 (3.4
Aik&l;mh {mg L~

as CaCOy) 6.9 (00 7403 3730 4.6{4.5)
Conductivity

{uSom™ 554 (0.4 3634001 Gl.s (1062 6£9.6 {8.2)
Total hardness

(my L7 as Cal) 16.8 (3.4) NG 17.3 (0.9 8.5 (1.7¥F
Colour {true colour

units) 3.0 (1.4 1505 9.2y 13037y LR L8
GOC tmg L7 344Gy 15,8 (01.3Y 3404y G400

*Although these two columns are for water from the same source, the means for unfiltered St "v?arv’ﬁ

Lake water represent samples taken at the same me as those for filtere
ration effects.

allow for a direct comparison regarding fil
"n = |; no statistical comparison possible.

“po= 5.
Y= 9.
o

gently transferred by 2 large-bore dropper {two or three at a
fime) o 100-mi polyethy len ¢ weigh bouts. To begin a test,
zach group of 10 fish was r;mdsmly distributed to one of six
treatments (five concentrations of Cu plug a controly. The mean

(8D wet weight of fish used during the study was 0.68 (0.08)

g of

he)

mg. The exposures used 2Z-L pohpnp\;‘sm beakers in
which the ratio by wcé<rfh1 oé vater to fish of approximately
300000 1 (74 L'g fish-d " ') far exceeded the minimum rec-

ommended by Sprague (1969).

Test solutions were prepared with copper sulphate
{CuS0, 5H, O, reagent grade; Fisher Scienrific, Torento, Ont
3-12 h before each test to allow pH and Cu to equilibrate, Five
contiguous concentrations of Cai were sc;cumﬁ z"mm the geo-
meiric series 560, 320, 180, 100, 56, 33, 18, 5.6.3.2, “and
L8ug L mdmg tests, The
test beakers were covered with glass pi'm:' $ 10 ?imif eva pr}r;ﬁ%{m
and airbome contamination and held in o water bath to maintain
tcmpemmrﬁ {measured daily) ar 22.0 = 0.2°C. Although the

beakers were not aerated, oxvgen levels n fe EI helow 80%
saturation. The pH in each beaker was measurcd faily with a
oH meter {model PHMEZ, Radiometer, C:}mzﬂmgsﬂ

bas indicated by preliminary range-!

gy

Cver

d
en-

mark) attached to a {fmy!: recorder. Values were recorded when
a stable reading had been established i sl water after stirring
Fry were inspecied for mortality after 1, 306, 24, 48, 72, 96,
and {in some cases) 120 b and were considered dead when fis

or heart movement was no iongw, deteciable under a dissecting
micrascope. The fish were not é during the toxicity ests.

Singe fathead minnow have i
ing chronic loxicity (231515 usu 1§

yolk reserves, fecamg dur-

? itigied within 12 hofhatch

1358

d St Mary's Lake water o

{Envirenment Canada 1992). We chose not to feed the fish dur-
ing these acufe tests, since the metal-chelating effects of food
in the test containers could have confounded the toxicity-mod-
ifving effects of DOC. Food deprivation probably contributed
to the control mortality outhined below.

Batch samples of dilution water were taken prior o the start
of each toxicity test (after pH adjustment) for full chemical
characterization, including determination of DOC concentra-
tion and alkalinity {Table 1), Water samples for analysis of total
Cu concentration were collected from each test container ar the
beginning and end of each toxicity test. Al s;zmp%es werg stored
in linear polvethvlene bottles pending analvsis by the Labora-

ory ‘acrvaca Branch. Gmmo \émzsmﬂ of Environment and
Emr(f\, Rexdale, Onl. All sample containers. as well as the test
beakers, were soaked for approximately 1 min in 5% nitric acid
and rinsed 710 times in glass-distilled water before use. Cu
concentrations in the rinse water were typically <i pal™!
and were often undetectable. Total Cu concentrations were
determined by graphite-furnace diamzf‘ absorption spectropho-

aly

e LR

tometry {detection limit 0.3 wg L~ ' sensitivity = 1.0Ong L '),
{I&ahmn by inflection-point acid tiration. and DOC by col-

orimetric roaction after inorganic carbon was removed and the
sample digested by ultraviolet ight. AN analytical procedires
conformed to standard protocels of the Laboratory Services
Branch, Ontario Ministry of Environment and Energy (Locke
and Scotr 1€ %é} Anatytica] blanks approprinte to the design
were completed in conjunction with alf chemical analyses.
During the toxicity tes
trols were consistent

g, barxwrmné Cu levels in the con-
. Assaved Cu

e
rations

fwd

;Ag'L concents
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] and JG‘{ (p = )
ated levels of Al '?Li ou gh, <>\a"m
sible (o test §

4 ié;fézz'f:;a e C‘mrcmza fil

3
concentratio {J}“§ f{‘i( 5 < f) () 1) md a signil
{fivefold) in AI CORG ddzlam {(p < 0.05% All
water characterisiic sdm‘ not change significantly
large standard deviations associated with alk‘
attributed to the pH adjustment of the waler bef,
Low variabilify in the hardness md conductivity v
ever, indicates that the “sofiness”
appreciably. While Al was the only metal to increase signifi-
cantly after charcoal f‘"l?z'atim. an increasing trend was also
obi;e:rvcd with Pb dm ziaz This increase of the three metals in
filtered water indicates that they were being leached out of
th charcoal filter H?L concenirations of Cuand Cd mim water
were nol szgmizcamiv different after filtering (Table 1)

Ithough similar changes in water quality were evident &
Brandy Lake waler after filtration. a sample size of |
statistical comparisons.

Median lethal concentrations (96-h LCS0s) were caloulated
with mortality data and measured total Cu concentrations by
the trimmed Spearman—Karber method (Hamilton et al. 1977},
For two of the tests, $6-h LU30s could not be caleulated, since
the lowest exposure concentration showed >50% mortality a
96 h. The lowest exposure concentrations were substitu ed: HIC
actual $6-h LUS0s would be lower, No correetions were made
for control mortality, which occurred in 11 of the 21 wests with

Cu. Of the 1 tests in which controi fish died, cight showed
moriality level of 109 ’% (1 fish); the remaining three had mor-
tality of 10-30%. In all cases, control mortality occurred at the
end of the tests (bctwu, n 72 and 120 kY while monaelity in the
Cu-exposed groups occurred before 96 h and usm!i}« before
72 k. Since control mortality occurred at the end of the tests,
and since the fish were not fed, we consider the mortality (o be
the result of starvation as opposed 10 an undelined toxicosis,
To make correction for Lommﬁ mortality unnecessary, all test
results {with two exceptions outlined a}om are reported as
96-n LC350s. Since mortality coased by 96 h in all of the Cu-
treated groups, the LCEOs are considered (o b:, incipient lethal
levels. The treatment LOSOs were related 1o DOC me,g *Fi
using ge )mcim mean regression analysis (Halfon 1983), which
assumes that both the X & \i ¥ variables are measured mzh SITOr.
The in{cmcm{: effects of acidity and DOC were assessed by
comparing the slopes ¢ >f I.b rela mnshm between LC50 and pH
at the two DOC levels by “ymmf;u, The relation-
ship between DOC and )E 1with CH L from both 5t. Marv's
and Brandy lakes was dc;c rmined by s:m;}m, and stepwise mul-
‘iépi egression, Water E.ﬂ;ii.iCE"HSIiC\fT ble 1} were compared
using Student /~tests. All statistical analysis were completed
using SYSTAT (SYSTAT 5.0 Systar Inc., BEv )

orc euch test.
values, how-
of the water did not change

by analysis

Kesulls

The acuie toxicity of Cu to larval fathead minnow range
] ZoweL ' (968 LCSO at pH ’3\ and 0.2 m

£
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DOCH 51 Mary's Lake
1327 0.2
3665 (.3
2.5-3.1 0.5

- (.4
— 3.5
1468 8.6
6.3-10.8 5.4

High DOCS 51 Mary's Lake

bEd 8.9-13.¥ 3.3 540 (005
4.9 &.0-1201 3.1 5.49 {308}
18,7 i3.3-18.5 31 5.85 (0.03)
1501 12.1-18.8 33 385011
3.6 26.6-37.5 3.3 6.36 (0.05;
AN 18, 1--24.6 3 3.42 (0.04}
36.0 31,3413 4.3 6,38 (0.03)
47 — 3.3 710 (0.06;
59.8 51.7-64.3 3.4 715 (.02}
Brandy Luke
4.8 960 (.8 FRLER(EREEY
T3 17,2-86.4 5.1 TA3 000
856 6911011 1.5 7.06 0.02)
Y054 B9.2-124.7 16.0 7.05 (0.05;
182.0 146.0-225.5 15.6 6.90 (0,04}

Nean (8D, ) DOC level 04 (0.1 T méb-i, h

PThe pi was measured daily in each test breaker and a mean cal-
culaied. These are the prand means for the six beakers used in cach
iw‘(iu?‘/ lest.

“Caleulation of 2 96-h LCS0 was not possible, since mortality &
46 b exceeded 506 in the lowest Cu exposure concentration. The value
given here is the Jowesl exposure cancentration: the ¥6-h LCS4 would
be lower.

“Mean (5D, ) DOC level 3.4 (0.4, 9y mg L~

“There was an insufficient ndmbm of exposure concentrations with
partial mortality to aliow calculation of mﬂizdu ce limits by Spear-
man—Karber analysis.

DOC-L o ahighof 182 ug L7 {96-0 LC30 &t pH 6.9 and
15.6 mg DOC-L 1) (Table 2). Toxicity was a function of both
the pH and the DOC of the test water. There wus a significant
nositive relationship between the logarithm of the 96-h Cu LC50
and the pH of the test waterat 3.4 myg D@C L™ (p = 0.00003,
2= 093, =9 Arl4mg DOC-L . however, the rela-
Emﬁ?ﬂi;’} between log LC50 and pH was nmrgmaiiy insignificant
{(p = 0.066, P = }.ﬁl 5 = 7). At both DOC concentrations,
the LCA30s decreased (foxicily increase d} as the pH of the water
decreased {Fig. 1) At0.4mg DOCL7  the L,C"!{}s ranged from
20 Col Tt pH 56w 8.2 ug Cul ' atpH 7.3, while
ai 3.4 myg DO&, i_ . they rang 24 from 9.9 pg Co-L ' at pH
551 Cat pH 7 .2 ”{ he siupm of the regression
ines ‘kix’%n LLS{} and DH at the high an Eﬁw DOC levels

ionificant i o= L {f he potential dif-
‘,‘ - dnd i i i

£

ooy
=




0 585 +
O High DOG log LESD = +1.395 + G.443 pH

ip = 0.00003, & = 053}
ip o

&

& Low DOT

P
o
=
2
4
o s
o 0L
&
b
-
=
©
m T
b4 159 LOSD = 1,812 4 0.310 pi
i b= 0086, & = 052}
5.0 55 20 .5 78 7.5

o

. 1. Relationship between pH and the acute toxicity of Cu o gr‘m}
Athud minnow at ;,ﬂncr alow (G4 mgL yorah Wh {34 mgl %
concentration of DOC in St. Mary’s Lake water, With two exceptions,
all values are given as 96-h LC30s with 95% fiducial limits, Two
values (denoted by the number [} are the lowest exposure concentra-
tons in the toxicity tests, concentrations that showed > 50% mortality
at %8 h

between log LCS50 and pH at the low DGC ?ev | was both sig-
nificant and less variable fj) = 005, 7 = 0.89. n = 6L f?ns
second refationship was also not significantly f%iiipnm m siope

from the high-DOC relationsh ;p (p = 0.204),

For two of the toxicity tests in filtered St. Mary's Lake water
{Fig. 1 and 2), the lowest exposure concentrations were sub-
stituted for the 96-h LO50s; the actual 96-h LC30s would, of
course, be lower. We included these values because of the low
namber of toxicity tests in filtered St. Marv’s Lake water.

‘The logarithm of the 96-h Cu LC30 dE‘:{) had a significan:
Hnear relationship with the ioearz%irn ol ahc test water DOC
concentration {(p = 0.00001, r* = 0.92, # = 10} (Fig, 2). This
relationship was determined sﬁ pH 7.0 using both 81, Mary's
Lake and Brandy Lake water; toxicity consistently increased
(LCS0 decreased) with def.n,ax ing I""«i, s of DOC. The LCS0s
ranged from 4.8 ug CuL 77 arf 0.6 mg DOCL™ 0 182 ug
Cu-L™ " at 15.6 mg DOC-L™".

A stepwise muétzp e regression model was used to describe
the meodification of the 96-h LCS0 of Cu for fathead minnow
by pH and DOC concentration. The equation for the model,
which was significant (p = 0.00001) and explained 93% of the
variability in the data, was

log(96-h LCS0) = —0.308 +

(3.192pH

+ 0.136{pH log.,DOO).
The model applies over the pH range from 5.4 16 7.3 and the
DOCrange from0.2t0 16.0mg-L ™" Althought {f"'{‘éiﬁeffﬁi,?a

model {i.e.. 0o interaction term) was also highly si g ificant,
had slightly less predictive capacity (p = 0.00001, 7 = 0.91 }A

Discuossion

By selectively removing DOC from low-alkalinity lake water,
1‘fcg nerated conditions that allowed us o 'ig ern a;fmt the impact
\}C on the toxicity of Cu  fathead minnow over a pH

ge from circumneutral to the lower range ¢ E% * tolerance
?h pecies, pH 5.5, The resulrs indicate that we can reject

4 [s] Bt Mary's Lake 3 Brandy Lake
o
- )
g o ¢ / #
> . #
= g
j=2
&
— 10 ;
= 7 2+ 0,999 tog DOC
i & = gz
& T ¢ !

i
01 i R 0

DO fmg L
Fre. 2. Relationship between DOC concenry
icity of Cuto larval fathead minnow at pH 7
witer from either St Mary’s Lake or Brang
tion, all values are given as 96-h LCS0s with 95
viiue {denoted by the number 1} is the lowest ¢ :
in the toxicity test, a concentration that showed
96 h.

ind the acute ox-
oxicity tests used
e With one excep-
ducial imits, One
[Ure concentration
- 50% mortality at

toth pH and BOC

tvmeal of softwater

our original null hypothesis and affirm that
affect the toxicity of Cu and do so at levels
lakes,

The linear relationships between log toxivity and both pH
and fog DOC mdzuiuhm the H™ conceniration and the binding
properties of the Cu molecule to DOC are the snmar} faciors
associated with the acute toxicity of Cu to fithead minnow in
soft water. This observation is reinforced by 19e high correlation
coetficient and significance that was obtained with the muluple
regression model exanuning the combined cifects of both pH
and DOC concentration. An interaction between pH and DOC
was detecied in describing the toxicity of Cu in both Brandy
Lake and St Mary's Lake water. This internction indicates that
the binding specificity of the DOC moleculss 1o Cu changes
with 1nereases in HY concentration. Since addition of the
interaction term to the multiple regression model only margin-
ally increased the predictive power over the main effects model,
the effect of H™ appears o be relatively Himited. We did not
detect interaction between pH and DOC when Cu toxicity was
examined at the two levels of DOC m St. Mary’s Lake water
(i.e, the slopes of the lines in Fig. I were not significantly

different). The inability to detect an ,n“wzczam nwm have been
due to the sensitivity of the Cu analysis {= | pg-L™ ") combined
with the small differences in measured LC50s at fow DOC,
Although Meador {19913 and (’Shea and Mancy (1978) also
provided some evidence for a pH effect on Cu mm*}lamzzsp by
BOL, the evidence is inconclusive,

All of the toxicity tests performed in filtered St. Mary's Lake
water @OS 0.4 mg-L™!) gave 96-0 LC30s below 10 g

Cu-L 7%, For the most extremne conditions (DO 0.2 mgL7F,
pH :36;_._ acute toxicity was observed at 2 ue Cu-L7 . Simégar
fevels of Cu toxicity were reported by Cusimano et al, (1986}

in artificial soft water {alkalinity 11 mg-L~ They observed
acule toxicity with 3-mo-old rainbow trout 2t 4.2 and 2.8 ug
Col7PatpH 5.7 and 7.0, respectively. The bulk of the studies
on the sigmficance of f‘r&mu szﬁ i ts on metal ion
toxicity were compleie : in artificial or
reconstituted water at pH >"’ Y f'BGrszmz‘nﬂ 1983 Winner 1985;

tarodub ct al. 1987; Meador 1991). Despite these differences
from the work reporied hers, some interesting parallels are
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spparent. Meador (1991) found that both pH 2 m
derived DOC were important factors controliin _: the
froe Cudon (4 ‘ present in a synthelic water al p

that both were pomu;i in predicting Cu togic iy 1o .}gspfg; il
magne. When Loxicily was mpiasscﬂ as fre { um " {as opposed
1o total Cu, _5; ywever, no relationship between toxicity vand DOC

was apparent. Hulchinson and bpmwu 19‘% 1. working W%ih 4
mizture of Al Za, ;md Cu, aiso found no re Eai zsilm between
DOC and the wxi""o; of Al and Cuwhen was a,xéa gasnd
in terms of free {dialysed) o :z% However. s}mh of the studies

outlined above reporied decreasing loxicity w ith increasing
L DOC concentration when toxic {}, vits expressed I 1erms ¢ [
otal metal, as does our wot la ’a?meﬁﬁh 1 is apparent that
organic complexation of metals will reduce their acute toxiciy
10 aquatic organisms, the potential coniribution of some organ-
pmetaliic LOHIQHU\&A 1o toxicity, particularly during chronic
. exposure, remains unclear (Bor«*mam 1983; Meador 19913

Changes in the amount of lree Cu** in sclution will affect
the amouni of Cu that 13 biOdVdi]dbiL and hence its toxicity, The
reduction in Loxicity with n;u‘mssd DOC is probably due o 3
decrease in the amount of the toxic free metal 1on Ihrounb Coin-
plexation with DOC. The amount of Cu bound to the DOC
molecule would be expected to decrease as the HY concentra-
tion increased, owing to competition for binding sites. If H'
displaces Cu* from the sies, an increase in free Cu’ . oand
hence toxicity, would be expected to vceur with de creased pHL
H* itscif may, of course, be exe erting a direct oxic xtn; pact on
fish. We determined the incipient lethal level (ILL) of pH for
the fathead minnow {0 be approximately 5.3 {uszpuh‘zs hed data).
Hickie et al. (1993} reporied an [LL of 5.54 for the same spe-
cies. Therefore, af the fow-pH Cu tests in our xmm WE WETE

elose 1o the lower limit of 1!*11&'1&1} pH tolerance. Alt 1&1031 we did
not observe any direct toxicity from H” alone, subl ethal stre
due o 7 vob&b y occurred in the tests. Since hoth H” zm{i
Cu™" wie mm;regbidmw toxicants, the LC50s in the low pH
fange ,;-c:pmbdb!y a function of joint H'—Cu® " toxicity. Inter
action o sublethal levels of H™ with other lonoregulatory stros-
sors, inciuding Al (Holtze and Hutchinson 1989 and mixtures
of Al, Za, and Cu {Hﬂibhxﬁb(}ﬂ and Spms_ae 1989, has been
{C?Gﬁ%i for several fish spem es. Hickie et al. {1993) demon-

strated thal lethality in the latter study could be atiribuied to
Cu-H" interactions. Similarly, the very low I Lis thw we
obtained m the low-pH, low-DOC treatments might hove besn
duc to H " stress.

There s also the pom‘niif) although stight. that the elevated
background levels of Al in Brandy Lake and St. Mary's Lake
water (uble 1) contributed to the high toxicity noted at the
tower codd of the SOC and pH ranges tesied, We previously
reportest {Hickie et al. 1993) on the toxicity of metal mixtures
{0 rainbow trout in saﬁ, acidic water, Tests with individual met-
als showed that mixture toxicity was caused by Cu alone at pH

% and by Al alone at pH 4.9, Measures of metal bloavailability
amﬁ 5.8 using dialysis suwm:&d 1 wse findings. It
can be inferred that as pH rises rom 4.9 10 5.5, 2 shift from
Al oxicily oCours. Snm some of E'Jf zo,\%—‘ia}‘ tests
were completed between pH 5.4 and 3.8, some

i

Above pH 3.8, however, Al
A

naturally

wunt of

LT Y,

E o7 and

o

at pH

fromy AL s possible

EAIREE AR Crsive

is given

RN LA R Oz‘.\s‘ﬁ‘m'si i\?‘s_éi'ii}
Cthe tor internetions of AL Culand HY
(1993

: o5 losiraie that acuie Tn 1oxicily Inorsgses s
onceniraiion increases (pH decrsd ses) with the DOC %}f,éﬁ at
: ig. 13 At no point dzé HY protect

¥ T
L{}\a\. LY.

ace and -i‘tcrr*h&'
*(é*%fwu,ue; able o demonstrate ! ;sw;zum(m i metal

at pHs lower than those n%,, in this study, The effect was
observed between piH % Fand 4.7, w 'ima the 9{3 h Lnﬁ }s wers
4.7 and 66 pg Qw7 ', respectively. §

(1986) uscd stc”‘i}cad OUL, 8 mOTE ac ifj tolerant ﬂpec‘c‘; than
the fathead minnow, the zcﬂmi;t Fof HT

it
{

3 1™ did not overshadow the
gill protonation effect. For an acid-sensitive species at sublethal

levels of H™ . however, the joint action of H and Cu to produce
Riity md be more ¢ important than H”~Cu competition for
aill-bi kful‘ s,

it has been Li\,m established that free Cu™" and copper
hvdroxides (al pH > 7 (‘) are the primary Cu species resuling
in toxicity to fish. At the pHs used in this study, toxicity will
be a function of free Cu®™ , or more specifically, of competition
“and HY for DOC binding sites. As the binding
DOC molecule become saturated with Cu, the free
sniration increases o the threshold of mxicéz}*. The
ried here suggests a threshold bum,w and 4.8 ug
Cu-L~ ' and most likely closer 1o 4.8 pg-L ™' in the absence as"
¥ stress (pH 7.0). This s based on the LC300f 4.8 g Cu-L”
at pH 7.0 and minimal complexation (0.6 mg DOC-L" '} as
well as the LO30 of 2.0 pg Curl” [ at pH 5.6 and 0.4 mg
DOC-L A threshold of 2-4.8 pg-L 7' is also consistent with
the work of Hutchinson and Sprague {'i%"?) w’m reporﬁ;ed an
LOS0 of 2.3 g Cuh ! for flagfish at pH 5.8 and <0.3 mg
DOCLTY

Few studics examining the toricity of Cu to agualic organ-
isms report resulis obtained in waters with an alkal 1;1‘{}?
<230 mg‘L Cas CaCO,, alevel that exceeds those in thousands
of Canadian lakes. One of the most troublesome aspects of the

work reporied here, from the i}a,zspu:me of defining and lim-
iting the environmental impacts of metals, s the extreme 10%-
icity of Cu i water of low alkalinity (7 mg-L " as CalG,),
pH, and DOC: the 96-h LCS0 at pH 5.6 and 0.2 mg DOC-L™]
was 2 pg Cul ' This level oi éLLEEQ toxicity is the same or
very close o criteria for the protection of aguatic life estab-

lished by several federal and provincial regulatory agencies
(CCE REM 19479, Since criteria are normally based on chronic

toxicity data, which tend to pmwéd-& the most sensitive endpoint,
our acute lethality data bring into guestion the level of protec-
tion that current regulatory guzcic;;ms afford to aguatic life in
softwater systems.

In summary, we have & maodel, based on pH and DOC, that
wiil pradict the wxicity of Cu to the fathead minnow in low-
dii\dh Ly sysiems. Ye are now in a position Lo test the model
predictions by d{mum:\,;w Cu toxicity tests with ?di%}@&d min-
now in water from a number of lakes with naturally different
{as opposed 1© f:,\pusm“fum v manipulated) levels of DQ*C
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