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Toxic Effects of Aluminium on Freshwater Animals: Review

Chan Jin Park*, Dae Han Kim, Sang Ho Han and Myung Chan Gye*

Department of Life Science, College of Natural Sciences, Hanyang University, Seoul 133-791, Korea

Abstract - Aluminum flows into the river from the abandoned mine leachate, industrial wastewa-
ter, and sewage and is responsible for acute toxicity in aquatic organisms. Recently, the number of
reports have indicated the increased toxicity in a variety of aquatic organisms’ due to the alumin-
um toxicity. In this study, we reviewed the toxicity of aluminum on aquatic invertebrates, fishes and
amphibians and suggested the guideline for management of aluminum residues in aquatic envi-
ronment and strategies for aluminum toxicity evaluation. In aquatic animals aluminum complexes
evoke gill dysfunction primarily, the cytotoxicity, genotoxicity, oxidative stress, disruption of
endocrine function, reproductive success, metabolism and homeostasis. Notably, at environmen-
tally relevant concentration, aluminum complex can alter the hormone levels in fish in acidic con-
dition. Further, since the solubility of aluminum is higher in the acidic and basic conditions, thus
it is likely that the toxic effects of aluminum may not only occur in acidic water near the abandoned
mines but also in lakes and rivers, where pH is raised by algal bloom.

Key words : aluminium, aquatic animals, toxicity, endocrine disruption, gill disfunction
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Az TR Aielm, A MAHoz AgEE |
A2 e g /‘}%Eb— UA T vl wA FH e I H
A&7t BaE 3 9lo} (Rengel 2004; Zhu et al. 2013).
dZn|ge FFLor EFIHE ¥4 (arsenic), 7F=HF
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71% (guideline == standard)Zx} AA = o] QA ¢o
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2 ggslual ok B A A SASE
+ "oz =AY eE v e d3dERrle
(aluminium chloride; AICl;), +AFF1] 3% (aluminium sul-
fate; Al,(SO4);), E-3}<F1) % (aluminium fluoride; AlF3),
Ak % (aluminium nitrate; AI(NOs);) 59 &)
wHTES diten d7AAEE Helsc

Tle| EFojssie=e] 2=

Akl o3t dFulE o9 ARIEA w3 Agzy
o} Keswick Reservoir2 -§-%] %+ Spring Creek2 233
Aol Qs on, of BN WEE LT BFUE
=w 2830ug L2 #9159} (Taylor ef al. 2012). &
FHlES S pHellA o g7 o] &3157] dfel
Al pH 24t ARE w AAYNS] BFelE 3
BeRE gyl oY & AA ek olst B
Ble] 29l ] Tyresta National Parkel| A= AMAd3tel 5
o) pH 2 918 A3l 1978958 1991971 4
3]= Ab%3}9lE=d Trehorningen Lakeol| A w}x]=t A 3]
AP F1992~1994K36 HEH dFuEe =8 78
ug L'o]gix"k #2} pH7} 5.5~6.0 50 =23t
2006~2007l ZEH dFuEe] FEE 65ug L7t
A At%eh0. 20, 4 B4 ELE (phytoplankton) o] EA]
o] F7+steleh (Wallstedt er al. 2009). B Ak (pulp
industry) =3+ F2 GFu]F ooz BNty gt}
B2z 34 #47F §95=3 ol =2 Taiping Rivero|]
A AEd §F dFvE TET 2008 3~549e] 154
+126 ug L', 20094 3~5Y0] 264+346 ug L', 20104
3~54ef] 261136 ug L7}, 201089 6~7Qe) 237467
ug L2 Z2A=glon, o) gl AN A 3
T 45 FUE FE(2uglhuc o ) ¥
(Wang et al. 2013). Ao A AEHE &3 4709
wE AR wel Weksd elzelzle] Umdioti
Reservoire| A= & o &2 7124 Z+7F 0.157+0.0006
mg L', 0.037+£0.003mg L', 1.875+0.000l mg L' =
o] 4= dFu|gEe] AEHUoY, o] ZFERE] o
%91 Umdloti Riverel| A -, 6], 7} 717+ 0.054
+0.001 mg L', 0.046+0.004 mg L', 0.930+0.0001 mg
Ll sxe 42 22vyel A2Hdeh o AgaA
bl AT 42 BFUTE F7Re Aol 4
2714 o]t} (Olaniran et al. 2014). o]&} Zro] <2l
A, Ak A )1 dglell ofs) dAsE A W dFeE L

Qe e FHolLET B L SR B

o} Folxza]7}2] Olifants Riverol| A Al == A3}t
ol 298 AHAA HAEH LFH|F FEE 64mg
L'gor, FHel §AAE #a (root)ol| A 11,111 mg
kg™', £7] (shoot)ol A 640 mg kg™'¢] &Fu|Fo] &=
Ak w3 Y A HellA 3k 2 A 5ol o3
245 A3 A HAEH dFu)F FEE 636 mg
L'gen, 34 AlES EAM3 A3} ma]ex 47,996
mgkg™!, Z7]o|A 3,961 mgkg '] &Fu]Fe] HEE
o} (Genthe et al. 2013). Zo| A 7Z% dFn)ge Hx
7} @ A G M E B 70 AESFo] HAd 2
He= edmiEde] BAo w2 4FuE 3gE g
o] zfe] W A wiEEE o shEEAe] ok o
& AEo] FEHEHE Amel Aol7} AT 4 S-S
o]m] gt}

el GFrES AL A giAEE G
F 29 T2 H3AE ez =AY $
guel &3k Aol 1,0007) o) Abe] BxE3}A|TE,
g Ro] 1980t o] Fof = Z= i} (Jung er al. 2004).
e FHZol| wee] w3k e Qg BAsH
A B 2ok o] BauEglon, ofd whE A0 F
%ol gl 3=l 93 292 Fe3 IQFEAZ o
F5 et (Choi er al. 2004). =W | FAE Q9] dFn]
¥ 99 I3 R 200630 22 | FAk 91 Zo)
Fuly A& ol H3A 2 e E vy A
S BRE 74F FIFEY vEe] dFu|Fo| AR
A= ek &4 Ak ZA T Al A 24,5
9,79l 27} 0,565, 140 ug L8] kFn)ge] 7A&H
o, vz wigE AAHNAN 24, 549, 7Ll A7
15,940, 10,500, 21,260 ug L'2] orn]Fo] AZH g}
w3t g v A ZRE] o]ojA|= AlFRoA 24,54,
Tl 77k 373,124,240 ug L'9] FFn)ge] FEE 9
t} (Lee and Choi 2008). u}e}A] 3m] wj Ao A= 749
7 9le Al7lel= A& oz gFnjge] FEEM,
A f9] dFPEE e AFTEHE AFd 2
$25= ZAe BoFu =3k, Folx=e 7t Olifants
River AtE| 2 & of, &20)g ZHAZE8Fo] fAkSE 241 ¥
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otz o] 725 ¢lth(WHO 2010; Kim ef al. 2013).

SUESOM 2T

Fo|F8EEe S&

1. 93} <4Fv] & (Aluminium chloride; AICl3)2] =4

1) MX| = E (Arthropoda)

Mexicoel] ¢l= Aguascalientes5~2] San Pedro River2-
whg} 387 XS A AsFe] 2005, 200616 Z7] 9}
<71l 7}E& A3 35l atomic absorption HPH o2 b
FrlE vEE AT A 20059 2479 dFvE
=t 0.06~62.6 mg L, 279 d=2ny »x= 0.1
~5.85mg L', 200611 Z+47]¢8] &FnE =X 0.18
~9.05mg L7, 979 &FZn%E lg—_L% 0.16~7.858 mg
L'z A= 34 242445 7
83 (rotifer; Lecane quadridentata)) %E}%—?—U]-‘g:—;
0.0008~0.5mg L' =2 48X7F I3t A3t A3},
LC50 0.1572mg L', NOEC 0.001 mg L™}, LOEC 0.01 mg
L'2 =Z3)9 ) (Guzman et al. 2010). o] HA= o=

Hpe] BE WA £EF AEEe) ATE BE 5

e olnlse, B3] B4rle] Frbele AulEe

FEE ESF ANE Bl ¢ 5 A e
2= <

A= (Hemlptera)oﬂ —-—6}‘— lesser water boatman
(Corixa punctata) 355 WA=z 3k oA pH 3.0
A4 SmgLle] JsAFFE 2047 ¢ AP
A3 Nat fr§de] s 7o) Fl= ok (Witters ef
al. 1984). o8|t A= E&oA ZEFIA g %
ol Aoz dFulE 2o o3 AW o] 2FAA
(ionic homeostasis) %ol Aol 7} LAY &S o]n] 3}

2) o{ & (Fish)

B3l & 6~8/de] A3 A B}y S (Danio rerio)
o pH5.85 6.89)A At 520 d3tdFuE 50ug
L& 9647k Ek A=)a A5 pH 68e| 4= 40] B
ZE 2] kA 9F pH 5.8\ 4] o] %F-A] (locomotor activity),
o] =7 2] (distance traveled), Z o) <% (maximum speed),
o] A 3] 7} (absolute turn angle) S-o] 22+ 25%, 14.1%,
24%, 12.7% 7}rAs}d 3l ¥ 22]2] acetylcholinesterase
(AChE) &A] o] Z=7}3}9]t} (Senger et al. 2011). AChE:
A ametel 2] Bu)E = A AAGER acetylcholine$
acetate?} choline o 2 7lpiafsl= E42 =AEZ
23t A1 A 7|15 =k vlo] empA 24 A%t (McGleenon
etal. 1999). whebs] G3}eLFo) Aelo] me A vt

9] WA Wk WA wdd e e Am
o o7 Axs %L} A2 AlBeta]d] AfobA
Z(ZF4)ol] dForznw-S 100 uM 52 2447+ E9F
=gt Az oF 90% H]:a‘u} ApE 8k 31, 50 uMel| A
+= DNA w4} (DNA single strand break)o] =7}
&3 ok (Pereira et al. 2013). A| Bg}u]4] =]ofo]] I3}t
gl FASAS APAT, 48h LC502 7.92mg L=
el (Griffitt er al. 2008). ¥Fbd TehilEl ol vitello-
genin (VTG)2 o}7le] Zrol|A] o 2~E 2 Al (estrogen)e]|
oal feso] W& ol daz oEstel WA %
Ao mebr] A= e AN WiEa A wE
B4 ke wow fxEE AAAz=E ogdn
(Kendall et al. 1996). =] 7] 4] (Oncorhynchus mykiss)
9] 7FA) 3 (hepatocytes)el] 17-beta estradiol (E2)S 2 uM
w2 xgdly, o9 I J3dEu|w< 0,1, 10,20,
30,60, 100 uM F=2 547 2 A dFo)F = O
FHo= VIG =4 3o 2kt 1= $le (Mugiya
and Tanahashi 1998). §-AFgF AF-=2A], U3t o]F2] 7}
M=zl 0,1, 10, 50, 100 uM == 547+ x2]3t A3}
VTG mRNA #3icfe] zx oJEx oz ZiAsdiglon,
VTG =hijd wbsiof2 df ol ulsl] 50 uMellA| 48%
(p<0.05), 100 uMell Al 20% (p<0.01) 7FA=5tAc}. w3k,
10uMe] d3tdsuES 347 A8 5§ oA dx2
wjoFol o2 wA F 7UzF VIG ©hjal whadoks ik
g A3,z w3 pFEo R 355 (Hwang
et al. 2000). °o]= FFu]go] o] FollA AT 2 EA W
HAzRadE FUE F USE HAFH dA Sk
Ao (Salmo salar)e)| 50 ug L' A3ldzn)sS 2047k
A2lgt A3} frodse] Fastalar, 3647 A2 A el
M 12d ARAARE Abm4u] et AFEke]
23kt AlzE A3l whel Alsav]E AAeFEeR
3B AR AFee 3)EFH A ok} (Brodeur et al.
2001). fAFSE B2 A oFARY 7oA dFr]Ee] =
25 FAUNEe] =3 A 8] 4SRN 129 F Alm
An]Eo] AA} $Fo 7 3)E-x¢lo) (Wilson ef al. 1994,
1996; Wilson 1996). T A oF dojol] H4=2} |27 ol A
30+7ug L' F3k2nw- A2dt 3 2447 A3} A
Gz A W Cl 7t FrAast e} =38 21~31ug

A F 60217 A A Fdo] Z71skgl ek (Nilsen er
al. 2010). F3}dFulFel] 23 o] 34A] Aol 2 ¥
3= AR AF3Sd = BaE vl glok(Waring
et al. 1996; Allin and Wilson 1999, 2000; Kroglund et al.
2001; Monette and McCormick 2008). T A ¢F <lofe] 8+
ugml ! 3k A2l Azt ofrule] ]
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Fol FAEA AARE 15£9, 30
gl F opylule] A% dFu|w %EL 133, 124 ug
glez FEgeh w3 Fd 2 9dz Hs A
g Zo| A Nat, K*-ATPase &A4] o] ZJ-J_H]-":‘D]-(Nllsen et
al. 2010). o] Fu]xo] &3t olrfu] 7)%52] Aelj7}
gl ArEqtzA o] Aol & S ofn| g (Camargo

et al. 2009).

+7ugmL'Z 347

3) &M F (Amphibia)

European common frog (Rana temporaria) 523l pH
4.4 z7NA 08mg L' 1.6mg L' g3}z n)% g
Al Alge] Akl ar, BE pH 73kl A el 7t A=)
ek 0.8mg L' stk 7wy A2l A ko= =)
7HARE ebsll o, 1.6mg L7 ol M We| DA 72 =
2otAl X ol dFulEel FAe AAAN et
WS sk APTES SUHA)) dEeR M
318} o} (Cummins et al. 1986). o] 37402 £9]
v gulwe] FAFE AAFLE BT S ST
X AVEYe}. Rana cameranoi 4239 0.2mg L' &3 3}ek=n)

& A2l A b5 78 B4 (polysp-
m)® BPAA FAALH Shae wusgs
ol2gt A= 3ol A= Sle dFulwel <k
Aol WA Hl 5—-7]%/@0]] eddge WA 4 S
2] u] gt} (Erdogan et al. 2001). kA 7} 7] 2-2] Smooth
newt (Triturus vulgaris)} Palmate newt (Triturus helvetic-
us)®] §Ael pH 4.5 27A|A] 0.222mg L™ ¢33tz n)
B& 677 Aeisi f49 Aol Aa ¥ (Brady
et al. 1995). o] Fu]H (Anura) W -F1]F (Urodela) &
@il AR THE §UTE 2ol o
Aol Fe] nud dejdiviwe] SAERe] A
=X &3Z Table 1o 22F31

2. 322 1] 5 (Aluminium sulfate; Al (SO4)3)2]
=2
b -

1) A X| == (Arthropoda)

3} 27} (Ostracoda)el Z-38)=
2o FAEA-L 96h LC50 301mg L'z g9
et ol FUT APelA el T2 (2520 ug L,
F}=F(13.15ug LY, o121 (1,189.83 ug LY, 3 (526.19
ug LY, A (278.90 ug L), %2k (510.24 ug L") 59
LCS0kH o= EA|5k Aol o3 LCS0%k(19,743.75
ug LHxel 6wl v Zlojo)h et hEnwe] AE
2L YAWY &9t (Shuhaimi-Othman er al.
2011a). 5 AFAke] AF2A 57 2] 5 (Diptera)

Stenocypris majorel] o3t

o] &&= AWV AUE (Chironomus javanus)e] 7% <&
Zu)go| th3t 96h LC502 1.43mg L '2A], YA (5.32
mg L™, o} (5.57mg LY, =7k (527 mg L Hwo o 7}
& w4e 2 Aol FAsHeh Solshle Az
FoA AFo)ES) ABEEAS G2 139 Fhol e
wr} 7}stA Yebsdt} (Shuhaimi-Othman et al. 2011b).

2) AX| == (Mollusca)

B-=7} (Gastropoda)ol] 4:3}= Malay51an Trumpet Snail
(Melanoides tuberculata)| 4] <F0]E2e] FAHA=AL 96
hLC50 68.23ug L' 2 &l= e} |27}k S. majore} &
7+ C. javanus R} FFulE AgtAdeo] Iokw A
E5SAL 98 F5EEY vl% Sk} (Shuhaimi-
Othman et al. 2012a).

3) 0% (Fish)

73 Zo]7} (Osteichthyes)ol] <43} Seluang fish (Rasbo-
ra sumatrana)®} guppy (Poecilia reticulata) 2| 3FAF
20|59 FASAL BAM3 A R. sumatranas$; P.
reticulata 2r7¢ol] @& 96h LC502 1.53 mg L™}, 6.76 mg
L '= Jelygc} (Shuhaimi-Othman er al. 2013). Australian
Spotted Gudgeon (Mogurnda mogurnda)®] 7t %343t %
o] (hatched sac-fry)E o] &3t FAZAAIFA] pH 5.0
ol A 0, 250, 500, 750, 1000, 2000, 3000, 4000 ug L' 3}kab
d2n|ES 497 s A3 96h LC502 0.3~0.5
mg L™'2 ebye} (Camilleri ef al. 2003). 7% H-3}3F 2
ol (Carassius auratus gibelio) X o] (fry)S o] 43t FA
A AFolA pH 525904 50mg L' pAkr2n] &
AzE A Al oprpu|ElAl A el AT =3
pH 5.758| A 150 mg L' kAt 2u)x 28] A 0}7]-11]@
N 22 Adaet 3 vlfed AAZE Fobskich 54
Aol A pH 475 7oA 300 mg L7'9] spatatgn)w
S 747 YA Ao AEEo| foJFHA A,
3} (yolk) &M S ZHAAIA Y (yolk sac)e] A
o|7} Z7}s}gd v} (Taghizadeh et al. 2013). Prochilus line-
atusol| A 20 g W £] 9] A S0l pH 5.2¢]|4] 438.0+36.3
ug L' 3hAk2m)w-& 44z 2 A & mFzulex|r)
Z7tslg o, % & xF2H] (Hemoglobin)s %, A3

27 (hematocrit), & - (erythrocyte)5 =7} W &
AEskel FFael ebrbwel|A] Na'/K'-ATPase 4 o]
23k o]+ °}7}U] 71%F el oz s FAAFSE
A ol 7} LAY S-S o]n] gk} (Camargo et al. 2009).
15 F%oielA ‘/}E}‘“} obtmgA A FHae o
Eo] oprlmlel| A o] 23 Aofj7} o] 7] AT AA
Agss FASHEAYLE on]didh dFu]gel 93t

FN oy J% -

o
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Table 1. Toxicological effects of Aluminium chloride on aquatic animals

Taxa Species Exposure / Stage / duration Effects References
Rotifera  Lecane quadridentata  Various concentration, LC500.1572mg L™; Guzman et al. 2009
Aquatic exposure / NOEC 0.001 mg L™!;

Asexual eggs /48 h LOEC 0.0l mgL™!

Insecta Corixa punctata 5mg L' (pH 3), Aquatic exposure /  Decrease of Na*-influx Witters et al. 1984
Imago/20h

Fish Danio rerio Various concentration, LC507.92mg L™ Griffitt er al. 2008

Aquatic exposure / Female / 48 h

50ug L' (pH 5.8, 6.8),
Aquatic exposure / 6~ 8 month-old /
24hand 96h

Increase of AchE activity Senger et al. 2011
(after 96 h of AICl; exposure
at pH 5.8) Impaired

locomotor activity (25%)

5 uM, Culture / Fibroblasts /
1 day

Increased number of Pereira et al. 2013

DNA double-strand breaks

30 uM, Culture / Fibroblasts /
1 day

Increase of cytotoxicity (20%)

50 uM, Culture / Fibroblasts /
1 day

Increase of DNA breakage

Oncorhynchus mykiss

50 uM, culture / Hepatocyte /
5 days

Decrease of E,-induced Hwang et al. 2000

vitellogenin protein level

10 uM, culture / Hepatocyte /
5 days

Decrease of Er-induced
vitellogenin protein level

60 uM, culture / Hepatocyte /
5 days

Decrease of E-induced Mugiya and Tanahashi 1998

vitellogenin protein level

Salmo salar

28~64ug(pH 5.4~6.3),
Aquatic exposure / Smolts /
5 days

Decrease of T3, Monette et al. 2008

Gill Nat, K*-ATPase activity

50ug L™ (pH 6.6),
Aquatic exposure / 395+ 132 ¢
and 33.4+3.1cm /36 days

Decrease of weight loss, Brodeur et al. 2001

food consumption

8+3ugmL ' (pH6.9),
Aquatic exposure /
Smolts / 3 and 9 days

No change in gill Nilsen et al. 2010

Al concentration

15+9ug mL™' (pH 5.9),
Aquatic exposure /
Smolts / 3 and 9 days

Increase of gill Al accumulation
at3(48+0.2ug g ') and

9 days(30+2.5ugg™h)

after exposure

30+7ug mL™! (pH 5.6),
Aquatic exposure /
Smolts / 3 and 9 days

Increase of gill Al accumulation
Decrease of gill Na™,
K*-ATPase activity

Increase of plasma glucose

Amphibia Rana cameranoi

1.5 mM (200 mg L™'; pH 7.8),
Culture / Eggs / 36 h

Duration of potential change Erdogan et al. 2001
induced by fertilization was
significantly reduced

Increase of the risk of polyspermy

Rana temporaria

0.8 and 1.6 mg L™ (pH 4.4),
Aquatic exposure /
Tadpoles / 12 days

Reduce growth, Cummins et al. 1986
slow development and

increase mortality

Triturus vulgaris

0.222 mg L' (pH 7),
Aquatic exposure /
Eggs (stage 35~42) / 6 weeks

Decrease of growth rate Brady ef al. 1995

LC50, median lethal concentration; LOEC, lowest observed effect concentration; NOEC, no observed effect concentration; AchE, acetylcholinesterase; E», 17-
beta estradiol
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WHAE s FRATEA 200g e A o
o] (Cyprinus carpio)s] 0.05mg L' Al 20) x-S A7
% 12402 A% A Y= (ymphocytes)] 2Ha3HEA)
7] & 4 (superoxide dismutase; SOD) &Alo| FFAs}le]a,
7}edelolA (catalase; CAT)EHA] S Z7}slgieh =3t 2d
A} Al Yaz79] A2k (lipid peroxidation)7h 27}
Sgom, 39 A A P=T ol Adsshno) §2)
Ao 7 =7}8l9d v} (Garcia-Medina et al. 2010). o] &} &
ALt 24 Twospot Astyanax (Astyanax bimaculatus)
A7l pH5.3¢04) 0.6mg L™ Hakabwn) 5 4947 A
2] A] Aol g FehAcke] ZHasty 5 A
3 2% triiodothyronine (T3) =%} A& 34} (lipid
peroxidation)7} Z7}3}¢ T} (Vieira et al. 2013). o] 5ol A
Atk TS AMSAEH A FHEAQE Feotslr] ¢
g dAF=2 23¢9 Zo] (Grass carp; Ctenopharyngodon
idella) X)o]el] pH 7.5~8.0¢1A] 1mg L' At n| %
el F 247 A3 Al HzA] A FheketolA] (catala-
se; CAT) &Alo] 7}A3slxr =3} (dopamine) 3 =7} =
7hetat. =9l B2 A FASA A FHE 1 2
AAZA ABALGEARZ A L3t x2ol=ddR
(noradrenaline)2- Z7}3}= vl o} =422 (adrenaline)
& grasioleh wah 48413 A3 Al M2 AAB )
(lipid peroxidation) & }AFE}-E-#)] 4 &4~ (superoxide dis-
mutase; SOD) &4 o] Z7}3}93 o} (Fernandez-Davila et al.
2012). =313} re2eot=ddyl Y AbAREARS} HH-S-3led
X A4 (reactive oxygen species; ROS)S A Al gt} (Ver-
straeten et al. 2008). t}}A] o] FoAA] AL Zn)F =&
NAAGEA ) ol 9 olo] W AsAse A
RS & 4 Sleh AR Bl o F05
(genotoxicity) ™ M| EE5A] (cytotoxicity) A2 200 g
2ol AA| eley (Cyprinus carpio)®| 0.05mg L' Ak
uFS A F 14 A3 A comet assay 2 £A
T DNA £74fo] F7letdet. w3 d =752 A%
F7] A7 005mg L' shabkd2uy A8 ¥
1221 7F 733} A] HZFel| A A A4k (apoptosis)2 2]7]
& sub-G17]9] Z7}8}d 1, 0.05 mg L™ HAkekgn)
2] ¥ 39 A3} A] terminal deoxynucleotidyl transferase-
mediated dutp nick end labeling (TUNEL) A|g o2 12X
3} A ZA} (apoptosis) 7} =7}8}9] o} (Garcia-Medina et al.
2011). o= 87 9] dFulgFe] A E2| DNA 117
g oolz QI AZFAL U 4 S-S HAEH
Atk gu) el WiEuAwdas FAAZ oA v
o "2}y o} (Nile tilapia; Oreochromis niloticus)o|~] pH
71614 0.6£0.1 ug mL™" Atk gg 497 A

ox Mt rlo

¢

<y

Al A4 A (gonad lipids)-2 Z7}stx 7+ A& (liver
lipids) - 7F23}9th pH 57004 W& =wel 0.5+0.1
ug mL™' pabRu]aE X7 Al AAa A" Fh 4
Z+ AA A R ookdEt dAs=E AFA 170-
hydroxyprogesterone (17a-OHP)®] d3%x=7} 7

o} o] SAkkRaEe] o8| b x| A4 o] Fe]
AaE ® ople s dagE L
o} (Correia et al. 2010). AH|Z o= thAlel] Fodsl= &
4Bl GFuel e WAL Aow FEaw o
2RE FAAHQ 717 e s A7 o 218
ofoF & olch AFEES 2Eds 2 L 52E
eyt FH AFEA AF 200~500 go] Ao
(Brown trout; Salmo trutta) n)A< 471l pH 5.000 4
125ug L' Balk2u] 58 10 o)Ak 28] A] dF 2
H 2 uke 32 2Q] FE]L(cortisol)Z} E =T (glucose)
5, 43 A F =22 thyroxine (T4), trilodothyronine
(T3) 3 =7} =713l (Waring et al. 1996). o] = oF-Fn)
F xEo] oFfo Z=EAA H dAE WA 5
Se-e oful bk, Lo AT 0 2ol
i matel HAE AFEA] 1459 FoF ook Alg
%7 (control; pH 4.75; pH 4.75+A1(0.2 mg L™"); pH 5.25;
pH 5.25+A1(0.2 mg Lol 824} 3)1%o] (European
cisco; Coregonus albula)S x=ZA1Z& o, $47l9] A=t
&2 7+ AP LA 81%, 36%, 14%, 61%, 25%= e}
WL, A ALE S RS pHYF B3, dRelE
swrb B 24s AN T 4ES 4
stodeh pH 475014 0.2mg L™ 3Aakek-#n)y 2] A &
N ] Zxo} w7y} A3l (Vuorinen et al. 2003),
o)t 9% Amelse] W] WA Asasel me
E] o] = (corticoid)7} F7}&F ® wE 2xpub-goln
(Mazeaud et al. 1977; Wendelaar 1997). 3+ pH 4.7591| A]
02mg L' 3akek2u]y A7 A o}rtm] <] (gill lamellar)
SNA] o8l EAdel MAET, ofrbul A (eill fila
ment epithelium)7} B|AAH o2 v] &= 9]t} (Laurent
and Perry 1991). 3150198 ZdF<l o], ZAFof, 77|
Mo, ZEolol A drulw Aele A4S FEA S
(Tam et al. 1988; Mount et al. 1988a, b; Wilson ef al. 1994).
Ao Q7AFEEL P 2 . S GH 5.0~60)
Z7olA 1mg L™ Wele] shatdzu g FASA, W
o)A e, AR, Ao 4L e Aow B
o) =3 B} Y2 =5 (0.1~1.0mg L A=
HEANN LRI o ol AAEN L §
ool whe Aelstd, Ak Wie SUT 4

& & 4 stk

©
30 a2 i

o w2
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Table 2. Toxicological effects of Aluminium sulfate on aquatic animals

Taxa Species Exposure / Stage / duration Effects References
Insecta Chironomus javanus ~ 0.32~3.2mgL™", 24h LC50 15.85mg L™! Shuhaimi-Othman et al.
Aquatic exposure / 48h LC50 10.53mg L™! 2011b
larvae (approximately 1.0 cm 72h LC50 2.68 mg L™!
body length) / 96 h 96h LC50 1.43mg L™}
Ostracoda Stenocypris major 1000~ 18000 ug L™ (pH 6.51) / 96h LC50 3.0l mg L™! Shuhaimi-Othman et al.
Adult/96h 2011a
Gastropoda  Melanoides 0.14~4559 mg L', 96h LC50 68.23 mg L™! Shuhaimi-Othman et al.
tuberculata Aquatic exposure / 2012a
Adult (mean wet weight
22.5+£1.6mg)/96h
Fish Astyanax bimaculatus  0.6+0.02mg L' (pH 5.3), Decrease of liver lipid, Vieira et al. 2013

Aquatic exposure / Female /
4 days

total protein concentration
in ovary and plasma
Increase of plasma T3 and
lipid peroxidation

Carassius auratus
gibelio

50, 150 mg L™ (pH 5.25, 5.75),
Aquatic exposure / Fry / 3 days

Decrease of gill cover movements
in newly hatched yolk sac fry

Taghizadeh et al. 2013

150 mg L' (pH 5.75),
Aquatic exposure / Fry / 3days

Increased number of
non-swimming fry

300, 600 mg L' (pH 4.75),
Aquatic exposure / Fry / 7 days

Decrease of survival rates
in newly hatched yolk sac fry
Increase of yolk sac length in fry

50, 100mg L™! (pH 6.5),
Aquatic exposure / Fry / 10 days

Decrease of survival rates in
yolk sac fry

Coregonus albula

0.2mg L ™! (pH 4.75, 5.25),
Aquatic exposure / Mature /
145 days

Decrease of spawning

rate in female

Abnormality in testis in male
Derease of growth rate
Increase of blood glucose level

Vuorinen et al. 2003

Ctenopharyngodon
idella

0.1mg L™ (pH 7.5~8.0),
Aquatic exposure /
Average weight of 2.3 g/
12,24, 48,72 and 96 h

Increase of lipid peroxidation,
SOD activity, dopamine level,
noradrenaline level

Decrease of catalase activity,
adrenaline level

Fernandez-Davila et al.
2012

Cyprinus carpio

0.05, 120, 239 mg L™ (pH 7.5~ 8.0),

Aquatic exposure / 18.39+0.31 cm
in length and weighing
201.71+7.8 g/ 4 days

Increased mucus production,
lipid peroxidation,

catalase activity

Decrease of SOD activity

Garcia-Medina et al.
2010

0.05, 120,239 mg L™! (pH 7.5~8.0),

Aquatic exposure / 201 £71 g
and 18.394+0.31cm/ 4 days

Increase DNA breakage,
oxidative DNA damage
Reduction in cells in

G1/GO0 stage and a rise in cells
in sub-G1 stage

Garcia-Medina et al.
2011

Mogurnda mogurnda

0~4000ug L' (pH 5.040.2)
Aquatic exposure /
hatched sac-fry (< 10 h old) / 96h

96h LC500.3~0.5mg L™}
Decrease of liver lipids

Camilleri et al. 2003

Oreochromis
niloticus

0.6+0.1 ug mL™! (pH 7.1),
Aquatic exposure / Female / 4 days

Increase of gonad lipids

Correia et al. 2010

0.5+0.1 ug mL"! (pH 5.7),
Aquatic exposure / Female / 4 days

Increase of gonads lipids
Decrease of liver lipids
Decrease of plasma
17a-hydroxyprogesterone
concentration
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Table 2. Continued

Taxa Species.5

Exposure / Stage / duration

Effects References

Fish Poecilia reticulata 0.1, 1.0,3.2,8.7, 18 mg L!

(pH 6.50+0.1),

Aquatic exposure / Adult / 96 h

Shuhaimi-Othman et al.
2013

96h LC50 6.76 mg L™!

Prochilus lineatus 438.0+36.3ug L™ (pH 5.2),

Aquatic exposure / 20.07£6.08 g

and 12.23+1.23 cm / 4 days

Increase of hemoglobin content
Decrease of plasma osmolarity
and Nat/K*-ATPase activity

Camargo et al. 2009

Rasbora sumatrana 0.1, 1.0,3.2,8.7, 18 mg L!

96h LC50 1.53 mg L™! Shuhaimi-Othman et al.

(pH 6.50%0.0.1), Aquatic exposure / 2013

Adult/96h

12.5ug L™ (pH 5.0),
Aquatic exposure /
Immature female / 5 days

Salmo trutta

Increase of cortisol,
glucose, T4, T3 levels

Waring et al. 1996

Amphibia 1.35~13.5mg L™ (pH 5.0),
Aquatic exposure /

Tadpoles (approximately

Duttaphrynus
melanostictus

2.0~2.5 mm body length) / 96 h

96hL.C50 1.9mg L™ Shuhaimi-Othman et al.

2012b

LC50, median lethal concentration; SOD, superoxide dismutase; T4, thyroxine; T3, triiodothyronine

4) 2tA{2 (Amphibia)

7o) 20~2.5mm ¥ 2 Asian common toads (Dut-
taphrynus melanostictus) 2ol pH 5.0¢ 4] 1.35, 2.1,
5.6, 10.0, 13.5mg L' sialat=20) %S 28] A] 96h LC50
2 19mg L'z #9159t} (Shuhaimi-Othman et al.
2012b). o] A F= ofFe} mEIAR ofAMA] (pH
5.0~6.0) 27| A 1mg L™ We]e] statetgn] gl <
o AEgel 4T & Ae e v wa ueh
2 F=(0.1~1.0mg L9 shatatzu)go] o oF
oM Bag ASpAE S b gl oo whE APe]eha,
243 WIE 0 4 A Aoz ot o4
9] 7]Ee Ry SAUAFu|ES TR HE 5

R EFE Table 26 & oka}Aet.

3. 3} 93 u]F (Aluminium fluoride; AlF3)2] =A

1) X| =& (Arthropoda)

=72} E- (Amphipoda) G A -$-°}&- (Gammaridea)®] Gam-
marus pulex §-2oj pH 4.9¢)|4] 0.23~0.27 mg L™! &3}
deulps Aol A3t A Y2l pasad
(McCahon et al. 1989). 237} #Zz}2]E (Odonata)2]
Lake Emerald (Somatochlora cingulata) %l pH 3.6,
42 274 10~30 mg L™ ¥3ld2u)xS 28] A] AF
2487} FHAESI o (Correa et al. 1985). &FFAto] &2
(Ephemeroptera)®] Baetis rhodani -3l pH 59| 4] 0.35
mg L™ 237058 X2 A3} oprln] A En|7}
74281913, pH 4.7914] 0.78 mg L' E3lotsu S 24

Az A3 A3 £ 2 5731990 (Weatherley et
al. 1988). 3}FALo| B2] Ephemera danica, Heptagenia
sulfurea, Heptagenia fuscogrisea 5% 0.5,2mg L' 7zt
7} wsgule AT A5 HRGRAs oeas
o o)A}, 3&F=71=2 §a)l9d o} (Herrmann and Andersson
1987). o] 242} Azpgell A ofabdz 7oA 0.2mg L7 o]
o) waokpule Sy AR RS AEe] oS 918

49l Aoz Az

2) 0{& (Fish)
AZo}7pe] AA%o] Xojo] 0.04~0.16,049 mg L'
Sakrelpe A2l A3 Batdel 2rha 59

7} A3kl o} (Sayer et al. 1991). E-v)|32E1)] 7] (Brook
trout; Salvelinus fontinalis) *]o]el| E3}LFn)HS 0.11~
ImgL™'2 1147 X2)shd Nat §-9¢] Fhashe ubad
Nat 9-Zo] =7}315c}h (Booth et al. 1988). THAJoF &lo]
Z|ejol] 59 <k pH S5, 5.500 4 0.2mg L' B3k-Fu]E
< g5tz pH 4.5, 6.1¢14 0.075mg L' B3}lat2u)y
2 Aeq Az AAaZ hypoxia)e] Z7HsHEE Neville
et al. 1985). A7) %] AAo)| pH 54X 02mgL™"' &
sobFrES 35412 5t A A] oprhulE B3t o]
2fZo] Z}sled T (Witters et al. 1986). tE3F, pH 514
02mg L' B3lokznxS 347F Al A] olrlu]of A
AFEQrz A3 Ak, 7] 2" F23F Nat, K*-ATPase
%} ebalels& 4 (carbonic anhydrase) &4 o] 748}kl L
Aofo| M= Fd3Al HZE e (Staurnes er al. 1984).

o) A sk Fuly mZe] o FelA o7

flo
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Table 3. Toxicological effects of Aluminium fluoride on aquatic animals

Taxa Species

Exposure / Stage / duration

Effects

References

Arthropoda  Baetis rhodani

0.35mg L™! (pH 5.0),
Aquatic exposure /
Nymph / Unknown

No mucus was seen
on mayfly gills

McCahon et al. 1987

0.23~0.27mg L' (pH 4.9),
Aquatic exposure /
Nymph / Unknown

Showed increased drift

Weatherley et al. 1988

Ephemera danica

0.5 and 2mg L™! (pH 4.0 and 4.8),
Aquatic exposure / Nymph /
10 days

Increased respiration caused by
impaired osmoregulation and
ion transport

Herrmann and
Andersson 1987

Gammarus pulex

0.7mg L™' (pH 4.7),
Aquatic exposure / Nymph / 24 h

Increase of mortality

McCahon et al. 1989

Heptagenia fuscogrisea

0.5 and 2mg L™! (pH 4.0 and 4.8),
Aquatic exposure / Nymph /
11 days

Increased respiration caused by
impaired osmoregulation and
ion transport

Herrmann and
Andersson 1987

Heptagenia sulfurea

0.5 and 2mg L' (pH 4.0 and 4.8),
Aquatic exposure / Nymph /
12 days

Increased respiration caused by
impaired osmoregulation and ion
transport

Somatochlora 10~30mg L™ (pH 4.2 and 3.6), Decrease of oxygen consumption  Correa et al. 1985
cingulata Aquatic exposure / Nymph /
Unknown
Fish Salmo gairdneri 0.2 mg L™! (pH 5.0), Reduced Na*, K*-ATPase and Staurnes et al. 1984

Aquatic exposure / Fry / 3 days

carbonic anhydrase activities

0.075mg L' (pH 6.1),
Aquatic exposure / Fry / 5 days

Increase of hypoxia

Neville et al. 1985

0.075mg L' (pH 4.5),
Aquatic exposure / Fry / 5 days

Increase of hypoxia

0.2mg L' (pH 5.0, 5.5),
Aquatic exposure / Fry / 5 days

Increase of hypoxia

0.35mg L' (pH 4.1),
Aquatic exposure / Adult /3.5h

Lost ions through the gills

Witters et al. 1986

Salmo salar

0.2mg L™! (pH 5.0),
Aquatic exposure / Fry / 3 days

Reduced Na™, K*-ATPase and
carbonic anhydrase activities

Staurnes et al. 1984

Salmo trutta

0.04~0.16 or
0.49mg L™ (pH 5.8~ 6.6),
Aquatic exposure / Fry / Unknown

Increase of net efflux of Ca**
and decrease of Ca®>* influx

Sayer et al. 1991

Salvelinus fontinalis

0.11~1.00mg L™" (pH 4.4~5.2),
Aquatic exposure / Fry / 11 days

Reduced Na¥ influx as well as
stimulated its efflux

Booth et al. 1988

 Aelsl sETRS
X

4. AL 5
=4

1) 0{5 (Fish)

AZ) 7} SHAL 23X (Rutilus rutilus), A F <

o] (Atlantic salmon),

do7|m o] YA
e 718l Bad EIekrlw
E3}Z Table 30 2.9Fs}3i v

u]F Aluminium nitrate; AI(NO3)32]

% % X] (Phoxinus phoxinus), %

i

A

=

Ab H 2] (Perca fluviatilis) 22+l o8] pH 5.17¢]| 4] 402
+oug L' AAtd e s AEs A3 25 FodA #
Sd5eo] AR 5 2] A LT0 (14

AFA1ZE median lethal time)2 97 hgleon], =& A=

LT50-2 331 hgdon,
$9AF Aol e LTS0S
900 he|
4goz QAR AdolA pH} F3vlw

300 hel| #H AR A F defell A3k LTS0->
ow,

85h<d

BE JWAE 300hel] s Abekde dE= A Hg

=E AL 800he] AT
350 hglom, v = A=
= A8} ek (Poléo er al. 1997). o] 21 H Pl i

= H3}
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Table 4. Toxicological effects of Aluminium nitrate on aquatic animals

Taxa Species

Exposure / Stage / duration

Effects References

Fish Perca jtuviatilis 402+6ug L' (pH 5.17),

Aquatic exposure / 9.7+5.5¢g
and 100+ 14 mm / Between 11

and 44 days

Rapid decline in activity Poléo et al. 1997
(after few hours, not moving),

LT50 (50% lethal time) : 350 h

Phoxinus phoxinus 402+6ug L™ (pH 5.17),

Aquatic exposure / 2.4+ 1.4¢g
and 65+ 10 mm / Between 11

and 43 days

Rapid decline in activity
(after few hours, not moving),
LT50:331h

402+6ug L™ (pH 5.17),
Aquatic exposure / fry

Rutilus rutilus

(1.1+0.6 g and 53+ 10 mm) and

Rapid decline in activity
(after few hours, not moving),
LT50:97h

mature (14.9+6.5 g and 118+ 18 mm) /

Between 11 and 42 days

Salmon salar 402+6ug L™ (pH 5.17),

Aquatic exposure / 4.0+ 1.2 g and
74+ 12mm / Between 11 and

42 days

Rapid decline in activity
(after few hours, not moving),
LT50:85h

LT50, median lethal time

FA @k DA A wE APAAE =%
J& ZHeth o3 Adz e Y9 A ]
L e P e o R A B B

7P SeE & & odnk o] de] el Bl
Ao FATE dd SA &S Table 40

d
e o

ERDE

AL

gRolEel HE

ApeA el Al HEEA (gibbsite; AIOH)3)Z A Hkelo]
E (jurbanite; AISO4(OH)sH,0)¢} 72 E9F wjy e &
AZ f45=E 1280 4F0)E F-59 oo (Driscoll
and Schecher 1990; Campbell et al. 1992; Kram et al.
1995). &Fu|xe L=+ pH, &=, $ER77s4
(dissolved organic carbon; DOC), 7| A% %2 o3k
whet) 53], pHe} DOCE 4Fu)y A%l M $2
g Q¢le]t} (Campbell and Stokes 1985; Hutchinson and
Sprague 1987; Schindler 1988; Kullberg et al. 1993;
Driscoll and Postek 1996). =4 We|A] DOCx IFn|%
I 23 4 glen, dFulE-f71E 5AVE FAH
o GFuE ALY s A =) (Farag er
al. 1993; Parent ef al. 1996). &Fn]ES FA pH H9
(pH 6.0~8.0)oll M= B84 Jejz &3} dFv|w
o] g8l =+ AW (pH<6) == 9714 (pH>8) H 9] ol A
7k @ pH 271eA £F dFvuE diE

APT el EA)s)n, & pH 270 4% AIOH)" s

Ze 44 $A3E gelz EA) 3k (Driscoll and
Schecher 1990; Witters et al. 1996). u}gtx] & dZn|H
FE7h SASETE A2 pH 23] et §E U
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Fig. 1. Schematic diagram of aluminium toxicity in aquatic animals. Aluminium complexes evoke gill disfunction primarily, the cytotoxicity,
genotoxicity, oxidative stress, disruption of endocrine function, reproductive dysfunction, metabolism and homeostasis.
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