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Enhancement ol Methylmercury Uplake in Fish by
Lake Temperature, pH, and Dissolved Oxygen Gradients:
Hypothesis

Abstract
Mercury adalyses of fish tissue ftom wo Otegon, U.S.A., lakes showed higher lne(cury concetltfa-
tions in lish from a "europhic" lake than io fish froo an adjacent "oligottophic" type. This finding
was attributed to differenies between lakes regardiog certaio physical-chemical vertical gradients.
In summer. the euuophic lake developed tbermal, pH, and dissolved oxygen conditions which may
have contributed to higher rates of methylrnercury uptake in fish. Conversely. fish in the oligotrophic
lake were not subjected to these coaditioos, aod coosequendy ac(umulated less mercufy.

lnlloduction

Mercury levels in fish are reportedly highet for oligotrophic lakes than eutrophic ones,

provided both lake types are similarly contaminated with mercury (Ienelo\ e, al,

1975 ). This fact is caused by ( 1) the large biornass unirl volume eutr<4>hic lakewater

which nakes less mercury available unirl biomass, (2) ttre supposed higher efficiency

of energy transfer between trophic levels in oligotrophic lakes which concentmtes nlore

mercury in the higher carnivores and (3) the genemlly lower pH of oligouophic lakes

which teods m form biologically-available monomethyl mercury mther than the volatile

dimethyl type.
I-ake studies in Oregon, U.S.A., indicate that othe! factors promote mercuty tr,puke

in fish. These factors may have caused the high melcury cotlceotrations in fish from a
"zutrophic" Iake which exceeded levels found in fish from an adjacent "oligotrophic"

ryPe.

Lake Descriptions

The study lalces, Big Squaw and Upper Squaw lakes, are located in somthwestetn Ote-

gon, approximately 4 km qorth of dle Oregoar-California border, and 105 km €ast of

the Pacific C-oast. The lakes lie within a fevr hundred meters of one anothe! iA tlre

vicinity of at least o!rc former mercury nlining site. Cinnabar deposits, associated with

serpentine and diorite rocks, are found in the general area.

Uppet Squaw Lake lies at elevation 777 m, has a surface area of 0.082 km2, reaches

a maximum depth of 16 m and drains into Big Squaw Lake via Squaw Creek.

Big Squaw Lake, elevation 762 m, has a sutface atea of 0.196 kmz, reaches its maxirnum

depth at 34 m aod is irnpouoded by a small eafth-filled dam at its q/est end.

Big Squaw Lake is less productive biologically than the upper lake, caused, in part,

by its deep, steep-sided morphornetry. Upper Squaw take is truly eutroPhic, feahuing

substaotial blooms of bluegreen algae (Anabaena sp.) vrhich did oot aPPear in Big Squaw

duriog the study.
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Melcury conceltlarions in Big Squaw Lake sediment samples differed subntantially
from Ulper Squaw sediments. Average total mercury conceoffarion per t},tee sedimeot
samples from rhe upper lake (0.51, 0.61,0.56 4 gr) was 0.56 rg gr, q double the
amount for Big Squaw (0.20, 0.3O, 0.26 tg gt; i : O.2j rrg g1), (unpr,blished &ta
courtesy Urnlqua Research Compny, Myrtle Creek, Oregon).

Procedures

Several fish species were collected from Squaw Iakes on 23, 24 April and 21, 22 Au-
gust, 7975. Collections were made using gmduated mesh gill nea ( stretch mesh 1.3-5.1
cm) set ar right angles to the shoreline for overnight periods of about 14 hours. Ners
were retrieved rhe following day. Gilled fish wele ideotified, weighed, measured (fork
length), taggd placed individually in plastic bags and stored in ice. Mercury analyses
of fish tissues were initiated vridr,in fqur hours of collectio,n Whole fish wele pla.ed in
a blender and redrrced to a fine slury. This slurry was subsampled for total mercuy
analysis by zulfuric acid digestion and flameless atomic absorption technique (Uttre
et al., l)70; Thorpe, 1971).

Some fish from the April study were delivered to the U.S. Food and Drug Admin-
istatio'n (FDA) lab in Seattle, I7ashington, U.S.A., for metcury analyses. These were
frozen, and analynd lot total mercury about six weeks lr,te!. Fish were grouped accord-
ing to species, and each species was composited for analysis. Analyses were perfonned
on "edible" parts of cornposi,tes of each species (1.e,, ooly muscle tissue). Dorerrninatiotr
of total mercury was by cold l apor ato,mic absorption merhod, using sulfuric/nitic
acid digestion with vanadium pr,toxide catalyst.

Temperature and dissolved oxygen vertical profiles were obtained for each lake
on 25 July and 22 August. Ternperarure was m,easured with a Yellowsprings Model
43TD tele-thermometer (scale calibrated in 1.0"C units). D.O. determinatiotrs were by
r$Tinkler medrod (azide m,od,ificarion). pH was measured with Corning Model 610.4
pH meter (expanded scale) on 2) July.

Resulls and Dlrcu$ion

Average co'ncentrations o,f toral mercury in Upper Squaw Lake fisrlr q/ere dou,ble the
levels detected in the same spcies from the lowet, more "oligorophic" 

lake (Tabte 1) .
Composited fish analyses by FDA produced similar results ( Table 2), although FDA
values were relatively higher than those obtained by rhe plivate lab. This difference was
caused, perhaps, by differences beween laboratory digestion techniques or analytical meth-
ods (e,g., composite versus individual fish, "edible" portion versus whole fish, delayed
versus im.rnediate analyses) -

Lirnnological snrdies iodicated that he lakes were gradually depleted of dissolved
oxygen in deq> waters duriog surnnrer (Table 3). By August, Upper Squaw Lake was
anaerobic, or nearly sq betweeo nine meters and the botton Tbe co,ncentration of dis-
solved oxygen in the 6-9 m srarlun, paniculatly duing early moming, appeared to be
intolerably lqw for fish (Table 1). Big Squaw la.ke was well-oxygenated ( ) 5.0 rngl1)
in the top 20 m (Table 3), but was anaerobic along the bottom.

Both lakes develo,ped relatively high rernrperarure and pH curditions in the 0-4 m
sratum druing summer. Temperatures in the u14rr layers exceeded 16.0"C, and pH
reached 9.1 in Uplrr Squaw Iake during a July algal bloom ( Table 3).
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TABLE 1. Conceotratims of total merc1]fy (wet w€ight basis) io Sqtaw Iakes Fish.

21-24 Apfll

LaLetr Speciesb
'Weisht (g) Fork ledgth (c6) Mercury com

(p.p.m.)

u.s.
U.S.
U.S.
u.s.
u.s.
u.s.
u.s.
U.S.
u.s.
u.s.
u.s.
u.s.
u.s.
U.S.
U.S.

B.S.

B.S.
B.S.
B.S.

B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.
B.S.

CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT

CT-RB
CT-RB
CT-RB
CT-RB

BH
BH
BH

BC

BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC
BC

BC
BC
BC
BC

7 4 .1
45.6

122.5
109.0
to2.9
L20.1
82.4
88.3
al.4
88.0

91.6
69.3
69.0
47.8

17 5.0
203.7
182.8
150.0

63.4
84.1
90.9

3t.0
)9.7
51.0
49.1
4 t .1
46.9
t0.8
45.4
45.4
46.2
46.4
41.8
38.0
40.5
40.8
41.5
4 l . r
4 r .3

41.1
t0.0
4 t .2
4 4 9
44.4
16.1

19.6
r7.3

22.1

20.8

20.6
2r-6
19.1
20.4
19.1

17.3

25.9
26.2
21.9
24.9

17.1
18.3
19.r

11 .0

t5.2

14.2

r5 .0

r4.2
i  5 .5

1.4.2
14.7

14.0

r4.0
13.2
14.0
15.0
14.0
14.0
14.0
1a.1

0.216
0.04'i
0.220
o.268
o.240
o.222
0.190
o.2r)
0.264
0.218
0.159
0.17  4
o.tt2
0.167
0.222
o:o: (x)
0.078
0.099
0.100
0.082
o-oso (i')
0.046
0.051
0.049
0i49 (x)

0.067
0.075
0.044
0.0: l
0.044
0.064
0.014
0.078
0.083
0.068
0.ae4
c.0t0
0.048
0.063
0.070
0.0t6
0.066
0.r20
0.061
0.048
0.050
0.074
0.048
0.071
0.048
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TABLE 1. (coorinued)

B.S.
B.S.
B.S.
B.S.
B.S.

49.t
51.2
31.0
4.9
11.0

15.2
13.1

11. '

BC
BC
BC
BC
BC

0.048
0.068
0.048
0.061
0.052
0.0t (*,)

2L-22 A.uq'u'st

u.s.
U.S.
U.S.
u.s.
u.s.
u.s.
u.s.
U.S.
U.S.
u.s.
u.s,
U.S.
U.S.
U.S.

u.s.
U.S.
u.s.

B.S.
B.S.

B.S.
B.S.
B.S.
B,S.
B.S.
B.S.
B.S.
B.S.

B.S.
B.S.
B.S.
B.S.

B.S.
B.S.
B.S.

CT-RB
CT-RB
CT-RB
CT-Rts
CT-RB
CT-RB
CT-RB
CT-RB
CT-RB
CT.RB
CT"RB
CT.RB
CT-RB
CT,RB

BH
BH
BH

CT-RB
CT,RB

BH
BH
BH
BH
BH
BH
BH
BH

BC
BC
BC
BC

BG
BG
tsG

6t .8
66.4
61.7
55.8
96.6
51.1
62.O

119. r
126.4
146.0
1.i7.6
129.6

87.4
51.0
7 4.2

71.0
225.1

,9.4
134.8
126.8
88.4

712.6
7 6.7
94.4

r7  4 .6

47.4
91.8
18.6
69.1

68.2
69.2
7 0.5

18.8
19.r
19.4
18.8
22,9
18.1
18.1
24.1
24.a
24.4
26.7
25.2

20.0
17.5
19.6

20.8
11.5

22.6
22.6
19.8
21.6
19.8
20.8
24.9

I  ) . )

19.1
15 .0
1 7  . 1

16.5

0.0r8
0.051
0.121
0.1t 8
0.r93
0.066
0.098
0,218
0.141
0.175
0.169
0.146
0.r49
0.285
ol49 (i)

0.125
0.091
0.100
o--.roa (*)
0.030
0.067
0-049 (T)
0.038
0.068
0.078
0.05t
0.0t9
0.120
0.09t
0.091
0.076 (i)
0.026
0.048
0.048
0.024
0.037 (F)
0.061
0.038
0.061
0.0t3 (x)

a U.S. : Upper Squaw lake; B.S. = Big Squaw Lake
I CT = Cutthroat ttout SaJmo alar*i Richardson

CT'RB - Cutthroat-Rainbow trout cross
RB : Rainbos/ trout .tdlmo gaitdneti kidtardsort
BH : Brown t:ullhead lctalaus neb*lotut
BC = Black craFie Panoxit nigromacalatut
BG: Bluecill Lepon;r na.rcchintlt
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The rate at which fish assirnilate toxicants (e.g., medrylmercury) rnay be aacelera,ted

when the fish are suessed by incre"ased tempelatures. reduced dissolved oxygen con-

ceqrration! high pH, or a combination of all three factors (Lloyd, 1961; r$farren, 1971).

Accordingly. as tenxperalutes rise, dre fish may respood with a sudden irrcrecse in dis-

solved oxygen consurrU)tion. Increased respiration rates will resr:It in ptopottionately

higher er-posu,re to methylmercury and a consequent highet assimilatio'n of dre su,bstanre

as respiratory surfaces receive larggr quantities of mercury-laden wEter. Likewise, under

conditions of lo,vr dissolved oxygen, fish may be forced ro respire m,ore rapidly to

acquire sufficient oxygeo- As the quantity of water increases acroes respiratory surfaces,

tbe fish may be exposed to more medlylmerculy.

In Upper Squaw Lake fish may be {orced to occuPy depths around 5-6 m to avoid

less favorable ten4)erafiues of tbe ovedaying water. In occupying the 5-6 m stratudn,

hr:wever, the fish are exposed to exceedingly low cor:centrations of dissolved oxygen,

and find themselves compressed between high temperatures and pH above and dangerous.

ly low D.O. beloq/. Th,is corLdition may force an atrnormally high nurnber of fish into

a narrow band of water rcsu,lting in excessive comPetition fot food and space, and pre-

dation. Consequeody, suess develolx which fotces abnormally high respirarion rates

and posible increase in mercury assirnilation. C,onversely, Big Squaw Lake a14:ea.rs to

offer zuitable fish habitat from thermocline (ie.,6-7 m) to 20 m (Table 1). Thus'

Big Squaw fish are less likely to eocounter temPerature, pH, and oxygetr-re)ated stress

which rnay account fot the lo,wer metcury concentratioos found in their rissues

The higher coflcentations of mercury in Upper Squaw Lake sediments may have

little rela,tionship to tb,e levels of mercrlry found in Upper Squaw l-ake fish. La,ngley
(1973) shoved an inveme relatio,nship bewreen methylation ra,tes and the cotrcentm-

tion of mercury in sediments. Methylation rate, according to I-angley, was depeod,ent far

more on the otganic eoaichment and microbial densi y of the sedimeots rather dran on

rlletcury cooteot.

TABLE 2. Melcury content of Squaw La.kes fish (total mercury, wet weight basis) collected 21'24
April i975. Analysei by U.S. Food and Drug Admidistration, Seattle, \trashinglon,
U.S.A.

2)-24 Aprll

Speciesu Veisht (s) "
Number fish Mercury

Fork length (cm)d composited conc. (p.p.m.)

0.68
0.52
0.31
0.12
0.29
0.26
0.21

1
5

2
26

8

U.S.
u.s.
B.S.
B.S.
B.S.
B.S.
B.S.

c't
BH
CT-RB
RA
BH
BC
BG

51,150
3 )

217 -282
54-292

108-241
40-243
39- 89

17 .8-2r.9
14.0

27.4-)0.2
r8.8-29.1
20.1-26.1
13.r-24.9
11.9-16.1

U.S. Upper Squaw Lake: B.S. - Big Squaw Lake
CT - Cutrbroat rram Salmo r/arli RiLhardson
CT-RB : Cutthroat'Rainbow trout crcss
RB : Rainbow ttout Salmo gdirdt e Richadson
BH - Browtr brll},ead lctahsas neb*losus
BC - Black c]appje Ptunaxi, niSrcntatllatst
BG: Bluegill Letamtu ,nacro.hirtut
Range of individuals irr composite
Range of individuals rn composite
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