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Biotic ligand models are tools used to 
predict the trace metal concentration in 
the water column that will have an 
adverse effect upon an aquatic organism. 
This Environmental Brief outlines how 
biotic ligand models have been 
developed, and how they are now being 
applied to set and implement regulatory 
quality standards. 
 
The	 ecotoxicity	 of	 many	 trace	 metals	 to	 aquatic	
organisms	depends	on	water	 chemistry	 conditions.	This	
has	 been	 taken	 into	 account	 during	 the	 setting	 of	
environmental	 quality	 standards	 for	metals	 in	 the	 past,	
predominantly	through	the	use	of	water	hardness‐based	
corrections.	 	 These	 water	 hardness	 corrections	 were	
based	 on	 the	 observation	 that	 metal	 toxicity	 was	
generally	lower	at	high	hardness	than	at	low	hardness	in	
laboratory	 ecotoxicity	 tests.	 Regions	 with	 soft	 waters	
were	 identi ied	 as	 being	 particularly	 sensitive	 to	 trace	
metal	 toxicity	 and	 so	 where	 assigned	 relatively	 low	
environmental	quality	standards.		
	
Fish	 gills	 were	 identi ied	 as	 the	 site	 of	 metal	 uptake	
causing	toxicity,	and	experiments	led	to	the	development	
of	 the	 Gill	 Site	 Interaction	Model	 1	 	which	 relates	 the	
level	of	toxicity	to	the	degree	of	accumulation	of	metal	on	
the	 gill	 surface.	 If	 the	 binding	 constant	 for	metal	 at	 the	
ish	gill	 is	known	then	the	degree	of	metal	accumulation	
at	the	gill	can	be	related	directly	to	the	free	ion	activity	in	
the	 water	 that	 the	 gill	 is	 exposed	 to.	 This	 model	 also	
resulted	in	the	calculation	of	stability	constants	for	metal	
binding	 to	 ish	 gills.	 The	 competitive	 effect	 of	 the	
hardness	 cations	 Ca2 	 and	Mg2 	 on	metal	 toxicity	 could	
then	 be	 interpreted	 in	 terms	 of	 their	 competition	 with	
divalent	 trace	metals	 binding	 to	 ligand	 sites	 on	 the	 ish	
gills.	
	
Another	 factor	 in	 de ining	 the	 toxicity	 of	 a	metal	 is	 the	
degree	 of	 binding	 to	 dissolved	 organic	 carbon	 DOC 	

such	as	humic	and	fulvic	acids,	because	the	metal‐organic	
complexes	 do	 not	 contribute	 directly	 to	 the	 organism	
toxicity.	Advances	in	chemical	speciation	modelling	were	
provided	 by	 models,	 such	 as	 the	 Windermere	 Humic	
Aqueous	Model	or	WHAM	 2 ,	which	are	able	to	describe	
the	 interactions	 between	 trace	 metals	 and	 humic	 and	
fulvic	acids	 in	natural	waters.	These	models	enabled	the	
free	 ion	 activities	 of	 metals	 in	 natural	 waters	 to	 be	
predicted,	 and	 where	 comparisons	 with	 direct	
measurements	 of	 free	 ion	 activities	were	possible	 there	
was	typically	good	agreement	 3 .	
	
A	further	key	development	in	the	understanding	of	trace	
metal	toxicity	was	achieved	through	combining	both	the	
Gill	 Site	 Interaction	 Model	 with	 the	 aqueous	 speciation	
model	WHAM	to	produce	the	Biotic	Ligand	Model	 BLM 	
4 .	 This	model	 treated	 the	metal	 binding	 sites	 present	
on	 the	 ish	 gills	 as	 an	 additional	 ligand	 in	 the	 chemical	
speciation	model,	and	enabled	the	equilibrium	speciation	
of	metal	 between	 gill	 ligands,	 DOC,	 solution	 complexes,	
and	the	free	ion	activity	of	the	metal	to	be	predicted.	This	
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Figure	1.Schematic	of	the	biotic	ligand	model,	showing	
the	chemistry	speciation	component	on	the	left	and	
biological	interactions	on	the	right.	Me2 		represents	a	
divalent	metal	ion.	POC	is	particulate	organic	carbon;	
DOC	is	dissolved	organic	carbon.	Adapted	from	 4 . 
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development	 provided	 the	 irst	 direct	 link	 between	 the	
dissolved	concentration	of	a	metal,	as	 is	measureable	 in	
iltered	 samples	 by	 routine	 analytical	methods,	 and	 the	
level	of	 toxicity	experienced	by	an	organism	 in	complex	
natural	waters.	
	
The	BLM	considers	the	inorganic	speciation	reactions	of	
the	 metal	 and	 system	 components,	 and	 the	 binding	 of	
cationic	 species	 to	 both	 DOC	 usually	 assumed	 to	 be	
present	as	fulvic	acid	only 	and	the	“Biotic	Ligand”,	which	
is	an	assumed	metal	binding	site	on	the	animals	gills	 or	
some	other	exposed	membrane	surface .	This	concept	is	
shown	 schematically	 in	 Figure	 1.	 The	 interactions	
between	 a	 trace	metal	 and	 cations	 in	 the	 bulk	 solution,	
such	as	H ,	Na ,	Ca2 	and	Mg2 ,	are	much	more	complex	
than	is	predicted	by	the	hardness‐based	metal	standards	
historically	 used,	 because	 all	 the	 cations	 interact	
competitively	 at	 the	 binding	 sites	 on	 both	 the	 DOC	 in	
solution	and	the	biotic	ligand	on	the	organism.	Therefore,	
a	 solution	 based	 measurement	 of	 either	 the	 free	 ion	
activity	 or	 some	 other	 “available”	 fraction,	 is	 unable	 to	
completely	 replicate	 the	 sensitivity	 of	 the	 organisms	 to	
changes	in	the	water	chemistry.	
	

Does the biotic ligand model work?  
Validation	 studies	 have	 shown	 that	 the	 bioavailability	
models	which	 have	 been	 developed	 for	 speci ic	 species	
can	be	applied	to	understand	the	effects	of	bioavailability	
on	 other	 species	 from	 the	 same	 trophic	 level	 5 .	 The	
extrapolation	 of	 the	 BLMs	 between	 different	 species	
requires	a	bioavailability	correction	to	be	made	for	each	
individual	 species	 within	 a	 species	 sensitivity	
distribution	 SSD 	 or	 even	 each	 individual	 toxicity	
endpoint	within	the	database 	to	the	same	speci ic	set	of	
water	 chemistry	 conditions	 6 .	 This	 correction	 allows	
the	 relative	 sensitivity	 of	 different	 organisms	 to	 be	
compared	 under	 conditions	 for	 which	 they	 have	 not	
necessarily	been	tested.		
	
The	 calculation	 of	 a	 site‐speci ic	 bioavailability	
normalised	SSD	requires	a	water	quality	standard,	which	
may	 be	 derived	 from	 data	 for	 a	 particular	 set	 of	 water	
chemistry	conditions,	to	be	corrected	for	the	local	water	
chemistry	 conditions	 at	 each	 site.	 This	 site‐speci ic	
standards	 result	 in	 calculated	 dissolved	 metal	
concentrations	 against	 which	 compliance	 can	 be	
assessed	by	routine	regulatory	monitoring,	provided	that	
the	required	supporting	parameters	which	are	 required	
for	the	bioavailability	normalisation	are	available.	
	
Within	Europe,	the	development	of	bioavailability	based	
environmental	quality	standards	for	metals	has	followed	
this	type	of	approach,	using	an	SSD	of	chronic	ecotoxicity	
data	 which	 is	 normalised	 to	 different	 water	 chemistry	
conditions	using	a	suite	of	BLMs	developed	for	different	

trophic	 levels.	 The	 BLM	 normalised	 SSD	 is	 then	
calculated	 for	 a	 diverse	 range	 of	 European	 water	
chemistries	in	order	to	identify	the	most	sensitive	water	
chemistry	conditions	which	are	likely	to	be	encountered.	
The	 environmental	 quality	 standard	 is	 expressed	 as	 a	
“bioavailable	metal”	concentration,	which	ensures	a	high	
level	 e.g.	 95% 	 of	 protection	 in	 regions	 with	 sensitive	
waters	 i.e.	 where	 bioavailability	 is	 maximised .	
Exposure	 monitoring	 data	 for	 dissolved	 metal	 can	 be	
converted	into	a	“bioavailable	metal”	concentration	using	
the	 BLM	 for	 comparison	 against	 the	 environmental	
quality	 standard.	 This	 approach	 allows	 the	
environmental	 quality	 standard	 to	 be	 expressed	 as	 a	
single	 value	 for	 example	 across	 the	whole	 of	 Europe ,	
whilst	also	enabling	it	to	be	corrected	to	local	conditions	
and	 ensuring	 a	 consistent	 level	 of	 acceptable	 potential	
risk.	
	
In	 practice,	 the	 available	 regulatory	monitoring	data	do	
not	 tend	 to	 include	measurements	 of	 dissolved	 organic	
carbon,	 which	 are	 required	 for	 the	 BLM	 calculations,	
although	 pH	 is	 commonly	 measured.	 This	 omission	
occurs	 because	 water	 hardness	 has	 historically	 been	
required	 in	 most	 cases.	 It	 is	 possible	 to	 estimate	 the	
concentrations	 of	 other	major	 ions	 in	 solution	 from	 the	
concentration	 of	 calcium	 or	 other	 parameters	 7 	 with	
suf icient	precision	to	allow	robust	BLM	calculations.	The	
routine	 regulatory	 use	 of	 BLMs	marks	 a	 step	 change	 in	
the	 way	 water	 quality	 is	 assessed	 and	 delivers	 a	 clear	
evidence‐driven	link	to	environmental	protection.		
 
 

References 
1.	R.	Playle,	Sci.	Tot.	Env.,	1998,	219,	147‐163.	
2.	E.	Tipping,	Comp.	Geosci.,	1994,	20,	973‐1023.	
3.	E.	Unsworth,	K.	Warnken,	H.	Zhang,	W.	Davison,	F.	
Black,	J.	Buf le,	J.	Cao,	R.	Cleven,	J.	Galceran,	P.	Gunkel,	
E.	Kalis,	D.	Kistler,	H.	van	Leeuwen,	M.	Martin,	S.	Noel,	
Y.	Nur,	N.	Odzak,	J.	Puy,	W.	van	Riemsdijk,	L.	Sigg,	E.	
Temminghoff,	M.	Tercier‐Waeber,	S.	Toppwien,	R.	
Town,	L.	Weng,	H.	Xue,	Environ.	Sci.	Technol.,	2006,	40,	
1942‐1949.	

4.	D.	Di	Toro,	H.	Allen,	H.	Bergman,	J.	Meyer,	P.	Paquin,	R.	
Santore,	Environ.	Toxicol.	Chem.,	2001,	20,	2383‐2396.	

5.	C.	 Schlekat,	E.	 van	Genderen,	K.	de	Schamphelaere,	P.	
Antunes,	 E.	 Rogevich,	 W.	 Stubble ield,	 Sci.	 Tot.	 Env.,	
2010,	408,	6148‐6157.	

6.	P.	van	Sprang,	F.	Verdonck,	F.	van	Assche,	L.	Regoli,	K.	
de	 Schamphelaere,	 Sci.	 Tot.	 Env.,	 2009,	 407,	 5373‐
5391.	

7.	 A.	 Peters,	 G.	 Merrington,	 K.	 de	 Schamphelaere,	 K.	
Delbeke,	Integr.	Environ.	Assess.	Manag.,	2011,	7,	437‐
444.	

This	article	represents	the	informed	view	of	the	author	at	the	time	of	writing,	not	that	of	the	ECG	or	the	RSC.	It	has	not	been	peer	reviewed	and	no	
guarantee	regarding	the	accuracy	or	otherwise	can	be	given	by	the	author,	the	ECG	or	the	RSC.	It	was	published	in	the	February	2016	ECG	
Bulletin,	see	http://www.rsc.org/Membership/Networking/InterestGroups/Environmental/ECGBulletin.asp 

 


