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Metal toxicity in water
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Use of biomarkers to study metal toxicity to aquatic 
organisms
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After: Walker et al. 2001

NOEC - No Effect Concentration
LOEC - Low Effect Concentration
LC50 – Lethal Concentration, 50% mortality
LT50, LD50

How do we express toxicity?

Must define type of 
effect for NOEC & 

LOEC:

Growth, behaviour, 
mortality etc.

Environmental factors 
(chemistry, temp. etc.)
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How do we test?How do we test?
SingleSingle-- and Multiple stressorsand Multiple stressors

Dose Dose -- responseresponse

Eggen et al. 2004

The “normal way” of testing a 
single substance: High dose-short 

time (24-, 48- or 96-HrLT50)
The “best way” of testing a single 

substance: Low dose-long time
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Bio-concentration and bio-accumulation

Bio Concentration Factor BCF:

BCF= Concentration in organism (Xorg)

Concentration in water (Xw)

X1

X2

K12

Ku

Ko

Box model with Semi Markov prosess

Steady state:
Cmax = Kuptake/ Kexcretion

Box model
Uptake rate

Excretion rate

Ku

Ke

Organism

Do we know when we
sample in nature that we
have a ”steady state”?
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Metal binding components in organisms
Strategy of inactivation

Metallothioneins (MT) – low molecular compounds -
contains cystein
Three main types of metallothioneins spread among animal 
and plants (MT I-III)
Specific binding of metals:  Cu, Zn, Cd, Zn/Cd and Hg
– Gills, liver, kidney, muscle

Other binding sites

Binding to mucus
Binding to chorion (egg membrane) on fish eggs
Binding to calciferous structures (invertebrates) 
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Heavy metals – effects on fish
General effects:

Formation of “Free radicals” = “Reactive Oxygen 
substances” (ROS)

Reduced enzyme-activity

Increased deformities (development of eye - Hg 
sensitive)

Failure in heart development

Reduced hatching (reduced embryo activity)

Reduced yolk sac absorption

Affect behaviour

Affect metabolism (reduced growth)

Critical levels depends on pre-history exposure

Species and strain differences in sensitivity
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Vital organs in fish which can be affected by pollutants
in the environment

Modified after Kryvi 1992

Olfaction
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Head kidney

Stomach/intestine

Side line

Gonads

Ear

Brain
CNS

Mucus

Kidney

Muscle



Bjørn O
lav R

osseland
et al. : M

etal toxicity in w
ater.H

eavy M
etals

Critical
Loads

W
orkshop, 

W
inderm

ere, U
K, N

ov. 22-23, 2007

10

N
O

R
W

EG
IAN

 U
N

IVERSITY O
F LIFE SCIEN

CES

www.umb.no

Organs for study of metal toxicity

Gill

Liver Kidney

Blood

Muscle & finSkeletal

Photos: B.O. Rosseland
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How to link a specific metal to fish toxicity

Water:

Total conc. of little value

Metal species being reactive to biological membranes/organs
– Depends on: pH, chelators (TOC, Si), temperature

Other metals interacting: additive, synergistic or antagonistic

Ameliorating factors: Ca, Ion strength or Conductivity

Fish

Fish species

Life history stage

Pre history of exposure

Habitat (hiding, shelter)

Smolt stage

Atlantic salmon (Salmo salar)

”Early life history stage”
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Binding models Cu

WHAM=Windermere Humic Aqueous
Model (free ions in solution)

GSIM=Gill Surface Interaction model

FIAM=Free Ion Activity Model

For toxicity modelling

WHAM: Tipping 1994

GSIM: Pagenkopf 1983

FIAM: Morel 1983
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Binding affinities (log K) of free ions onto gills

Niyogi and Wood (2004).
Higher affinity = 
higher toxicity

Photo: B.O. Rosseland



Bjørn O
lav R

osseland
et al. : M

etal toxicity in w
ater.H

eavy M
etals

Critical
Loads

W
orkshop, 

W
inderm

ere, U
K, N

ov. 22-23, 2007

14

N
O

R
W

EG
IAN

 U
N

IVERSITY O
F LIFE SCIEN

CES

www.umb.no

Cationic Al-species transform to transient, 
more “gill-reactive” Al-species during the 
initial step of polymerisation

Teien et al. 2004
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Ali water - Algills –
osmoregulation-toxicity
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Al deposits

Gill-Al becomes
THE Biomarker!

Photo: D. Oughton

Photo: B.O. Rosseland

Mortality in 
freshwater at:
300 µgAl g-1dw
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Ca/Al-toxicity model – pH 4.5 - 5-5
Labile Al and time (Hrs) to death

Atlantic salmon (Salmo salar)

Ca is extremly important in modulating the
toxicity of Al (and other metals)!
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Brown trout
Cd EC10 for weight of

start feeding

2007

CaCO3 mg/l

Cd EC10
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We need background data to establish the link 
from laboratory to nature 

Photo: B.O. Rosseland
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EMERGE
Metal concentration in salmonides

Gill
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Al, As, Cd, Cr, Cu, Fe, 
Mn, Ni, Pb, Se, Zn
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Mercury Hg, EMERGE Lakes
Distribution of muscle- and kidney-Hg concentration

Kidney

Kidney

Muscle
EMERGE Hgmax in muscle of Salmonidae
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Rosseland et al. 2003

Mean = 0,065
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EMERGE Lakes
Distribution of kidney- and 

gill-Cd concentration

Gill
Gill

Kidney

Lochnagar

Lochnagar

Mean = 0,4559 

Mean = 5,068

Rosseland et al. 2003
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EMERGE Lakes
Distribution of kidney- and 

gill-Pb concentration

Gill

Gill

Kidney

Kidney

Lochnagar

Lochnagar

Mean = 0,6111

Mean = 2,105

Rosseland et al. 2003
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A book about Lochnagar 
in 2007

The ”Royal Lake” has the
highest Pb, Cd, Al, Hg, PBDE 
etc level of the non-piscivorous
trout populations found in 
European high mountain lakes.

EMERGE Hgmax in muscle of Salmonidae
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Rosseland, B.O., Rognerud, S., Collen, P., Grimalt, J., Vives, I., 
Massabuau, J-C., Hofer, R., Lackner, R., Fjellheim, A., Harriman, 
R., and Pina, B. 2007. Brown trout in Lochngar. Population and 
contamination by metals and organic micropollutants. In: Rose, 
N. (Ed.): Lochnagar: The Natural History of a Mountain Lake. 
Developments in Paleoenvironmental Research (DPER) Volume 
12, 247-280.

The chapter
contain many
data on metals
in organs of
brown trout
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How much gill-Al causes mortality in freshwater?

•Deposition
of seasalts

•Mobilization of
Al from soil
•Increased Ali in 
water
•Increased gill-Al

Mortality

Gill-Al

Teien et al. 2005

•Fish kill when 
gill-Al > 300 µg/g
gill d.w.

Flood and seasalt episodes on the Norwegian West Coast in 2002

0
20
40
60
80

100
120
140

8. Feb. 18. Feb. 28. Feb. 10. Mar. 20. Mar. 30. Mar. 9. Apr. 19. Apr. 29. Apr. 9. May.

Al
 c

on
ce

nt
ra

tio
n

(µ
g 

L-1
)

Total Al
Ali

'

0
100
200
300
400
500
600
700

8. Feb. 18. Feb. 28. Feb. 10. Mar. 20. Mar. 30. Mar. 9. Apr. 19. Apr. 29. Apr. 9. May.

Al
-g

ill
co

nc
ne

tra
tio

n
(µ

g 
g-1

 dw
)

0
0.2
0.4
0.6
0.8

1
1.2

8. Feb. 28. Feb. 20. Mar. 9. Apr. 29. Apr.

W
at

er
 le

ve
l(

m
) River Espedal

0
20
40
60
80

100

8. Feb. 18. Feb. 28. Feb. 10. Mar. 20. Mar. 30. Mar. 9. Apr. 19. Apr. 29. Apr. 9. May.
2002

M
or

ta
lit

y
(%

)



Bjørn O
lav R

osseland
et al. : M

etal toxicity in w
ater.H

eavy M
etals

Critical
Loads

W
orkshop, 

W
inderm

ere, U
K, N

ov. 22-23, 2007

25

N
O

R
W

EG
IAN

 U
N

IVERSITY O
F LIFE SCIEN

CES

www.umb.no

Lav-Al

Høy-Al

Episode

Referanse

O2-overmetning

Can we go from a gill-metal
concentration to ecological relevant 
population effects?
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Physiology related to gill-Al in Atlantic salmon smolt

y = -0,074x + 136
R2 = 0,42100
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Kroglund et al. 2007
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Mortality in freshwater
at >300 µg g-1 dw
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Gill enzyme activity; 
Na+K+ATPase and gill-Al 

at time of “Smolt Window”

Never high enzyme
activity at gill-Al >25 
µg/g gill d.w.

y = 14,6x-0,3152
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Kroglund et al. 2007

Parrlevel
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Na-K-ATPase
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Wild salmon return from sea:
Ecological implications at low gill-Al

Carlin tagged smolt exposed 
to episodic acid water  – as 
little as 3 days exposure!

Released from River Imsa, 
Rogaland

Gill-Al from 40 - 60µg/g gill dw and/or  
NaK-ATPase activity <5, 
reduces return rate by 50%!

Kroglund et al. 2007

Photo: B.O. Rosseland
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Critical levels of Al in water and gill, relative to smolts

b <5µg LAl L-1; gill-Al= -0.2x + 6.4
R2 = 0.01

>5µg LAl L-1; gill-Al= 7.9x - 30.1
R2 = 0,83
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Smolt is extremely sensitive to Al during smoltification

Population effects!
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Lochnagar Gill-Al
Bioconcentration but no bioaccumulation of gill-Al
– Reflecting free ion (labile Al) concentration

“Lochnagar Atlantic salmon” would have 
problems returning from sea

d.w. = w.w. * 5, 75 – 150 µgAl/g gill d.w.
Rosseland et al. 2007
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What about the Multiple 
stressor concept:

Al, Cd and radioactivity (γ)
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”Bystandard effect”
A new tool of biomarker for early warning of effects

Tissue from an exposed fish can through a culture medium 
induce apoptosis (cell death) in un-exposed cells

From: Mothersille et al. (2007)
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Case: Salmon exposed to metals and gamma radiation, 
Norway and Canada

Water reservoar 
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gamma from 
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Conclusion

Determination of a critical level for a single metal must 
include a range of data on biotic and abiotic factors 

Methods for identification of early responses in 
laboratory and field, must include a set of sensitive 
and validated biomarkers 

Critical loads and critical levels for heavy metals must 
take into consideration the interaction between several 
different stressors (“Multiple Stressors”) 

If possible, identification of “Delayed responses”
should be included

It is important to identify the most sensitive target 
organisms in actual Eco-regions and catchments, and 
establish critical levels based on their most sensitive
life history stages in low Ca waters.
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