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The more persistent a pollutant i< in lh. 'm'iNnm,nt. the more 'e10,""'
becomes Ihe question, by' how much does position in 'he f()O(\ chain
determine Or influence the rna... or body burden. of pollutant contained b)
indi"idual animals. Con-ersel)'. this is not a ver)' meaningful queStiOn foe
unstable compound>. although it will be rele"anl for an)' stable break-down or
metabolic products.

Three topics need to be considered before we can appraise the amounts of
persistent pollutants found in terrestrial animals. and whether or how it i'
possible to predict this distribution: the nature of food chains. the O<X"Urrence
of pollutant< in terrestrial species. and experimental data.

4.5.2 THE I\ATl;RE Of" FOOD CHAINS

The onl)' ,ignificant fOule of entry for pt",;s"'nt pollutants into te,.,.."rial
animals "ill. in man)' circum.t.nces. be "'ith the food, Animal. eat onl\' a
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limited rang<' of spe<ies, and Elton (1927) first used Ihe lerm food chain 10
descri"" Ihe sequence in which a plant may"" eaten by a herbivorous animal.
which i' in lurn eaten by a carnivore. and so on. In Ihi' >cherne, species are
allocated 10 feeding. or trop~ic,le"els.and mem""rs of One trophic le"el feed
on organism. In the next lower trophic le\el. "'hil" lhey are preyed upon b}'
organi,ms in the ne~t high.r trophic le'el, Thi, >chem. i' useful as a
shorl-hand description for the feeding relationships ""tween different species.
but it is over.simple,

(I) There are at lea" two major type' of food chains. Most allenlion i'
commonly focused on those in which succe"i,'e pr.dators aec larger
lhan Iheir peey. Th.s. are the so-<'alkd grazing food chains, but equally
importam are the processes of decal' afler death-lhe docom)1'O'SCr Or
d.lriti,'m-e food chains_withOut which life would soon become
imprn;,ible. if only because .,senlial element' ".-ould no longer recycle.
Successive organi'm, in these food ch.ins t.nd not 10 incre.se in size.
most sped•• of d."iti\oro range in SilO from small 10 vel)' small, and
th.y indude m.ny b.cteria. fungi .nd protozoa. There are aJ", other.
mOre speciali,.d, f.eding r.lationships such a, parasiti,m and sy'mbiosis.

(2) Th. t.rm food chain impli.,. cert.in constancy about feeding patt.rn,
In f.ct an .nimal's food will "al) both with ..ason. ""cause both
nutritiOnal needs and a"ailability of prey "a1)'. and with the animal'''i'.
and ag., ""cause Iaeger anim.l, t.nd 10 take larg.r pr.y, Mor.o\ or, some
animals f••d on speci.s from tWO or more trophic le"els. Because of
these romplicalions. the torm food web is >omelime, used instead of
food chain.

In practice it is usually difficult to disco\.r the pre(i.. delails of an animal"
diet. E-en the 'itualion ofli\e<lock grazing in a fi.ld is decepti-ely simple. for
grazing animals are u,uall}' ..Ie(ti\. in lhe species of plant that they eat
(Duffey .nd Watt, 1971). There arc in principle four "'a}'s in "'hich Ihe
comprn;ition of the diet (an"" a'>e<scd, direct obsel'\lation. d",,"ction of guts.
inspection of ex(reted Dc ejected gut contents. and tests of likel~ food item,
either by labelling with radioi"'topes or b) the use of ..rological technique"

On••,ample of the nalure of food web' must suffice, Southern (1954)

studi.d the food of individual tawny owl' (S"ix aluto) On the Wy'tham estat••
near Odord. an area of about 1000 acrc, (445 hal, predominantly de(iduou,
woodland w;lh SOme paekl.nd, young plantation,. eough gra"land and
farmland. which normally contained about 20 breeding pairs of ta"'ny
owl, Tawny owls maintain separate territories, and ejee:t the indigestible
fragments of their prey in pell.ts. at definite, though (hangeable, prn;itions
"';thin their territories. Southern collee:ted all pellets from known
pellet-stations e'er) month for 8 yea,"" from 1945-1952. and identified Ihe
contents,
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Tobl,4.$.1 Numbt" of diff n' .pecie< of .,,,.b,,,. pr.y ,~k.o by 'av.ny owl!
(S,rIx al~co) in j'ham from 1945_1952. Quanli,i.. a'. al", ox~ress<d

as '~,.y uni,,·. bj' 0"'" coo,·."ioo f.""" baS<d on th...Iim.,ed m....
"'oilhl of Ih. prO) l'k"" of noh .pe<;" (dOl' from Soolhern. 19So1).

No. of Con"."ion 'P'n
Spe<i.. 01 ~r.y indi.idu~l. f~"or oni"

Wood mouse (ApOd.",IU .yl....'icwi 1781 , 2783

Elank "ole (Clt'IrnOlfO"'Y' IIOF<OI..,-) NW , 'W
Shon-lail<d '01. (MICro'''' al_''') ,,~ , ,~

Common .h"... (Sonx .ron....) ,,~ 0' '"PYlm)' shrew ($<>Iv ",inu'us) '" 0' "Water .hr.... (N"'mY'jodi'ns) '" 0.75 ,.
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,
'"..... .,.. 'ole (A"1t;oJo omph'bilU) • ,
~

......~",I (.\[""ria n,""lis) , , W
B"d. (14 .peei... ~r<domi""nllrfin.h... ,. , ,.

~onicol.rIY ,h. ch.ffmoh. Fring,lIa
_M

~" • O.2S ,
~~ 1236J

Soulhem found lhal 0.. 1, look lx>lh ,".".bral' and inv.rt.brate pro)" It
"'a. difficult 10 calculate th••ctual quan'iti.. <al.n of in,·.n.bral", because
lheir r.main. a" nm ,","1\ ",.ign.d 10 "'P"'10 lndi,·idual,. '" ......,lJ
consider Ih. ,·.n.brat< pro~' fi"t. A wid. rang. of pro)' <~,;.. W'r' laken
(Tabl. ~.5, I)....ilh con'iderabl. "arialion, be' ..·..n «.",n, and l ..... (Figure
~.5.1). Thor. was. pronounced .....n.1 fluctuation in Ih. ,.,1.li"
impon.nce of small and large mammal" Roo.nt' comprised n.arl\ 80"" of
Ih. food .alen in lh. four monlhs .ft.. l<.f·fall. ... hen Ih. ground ,eget.,ion
h.s died. compared to 30---~5"" in Ih. summer and .arl} autumn, wh.n larget
mammals predominat<d in Ihe diel. Simil.r «."'nal e}.I.s oo::urred for th.
rela,i,·. numbers of rabbi" and mol..... ilh maximum oo",ump'ion of
indi' iduals from bolh lh.« speci.. relal.d 10 th. lim. at "'hich lh.« animals
bre.d. Thet. w.,., al'" pronounced \.arl)" variation. in Ih. lOlati," numbelS
<alen of roo.n" and of larger mammal'!. T.rrilori.. differ.d too in ,he
proportions lak.n of diff.renl pr.} ,pe.i... which ap~a" 10 refl.ct DOl only
diff.,.,n"", hetw..n 'crritori.. in th. a"ailabih'y' of P"'\. bul a1'!O ,.,flects Ih.
f«ding pref.,.,nces of indi'idual o,,·(s. Th. plin';p.1 in,·.rteb,." pre)' "er.
be.t1." ..peoia11)" cockoh.f.rs (,IMoiomha rntloJamha) t.ken in lh.
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iUmmer, and eanhwonn~ pnll('lpall~' on open Found. ...-hell' numbers ealen
tended '0 increase: after rainfall. Rainfall had In> e«en on the eonsump'lOI1
of eanb,,"Of'!M from more shaded areas U:ss de'ailed da,a fromF~ and
German~ ..,ges>e<.l tha' ,he <be, of "'''"'') "".." probabI) differs from one
rq>O<110 aD01ber

llle im~' alftdU$ions too" ....r purpose> are !ba'. for thiI opecie$ al
Jew:

(I) Otfferenl indi>idual 0'001J call expenencc ~e')" differen. expc.>Wre$ 00
poIIown iD <he" food. bea~ ,heor food is 50 dr-ene

(2) 50:--' dwIp iD doeIlIl'Ipl. Iba' e>lp0sure:5 of paftirobr tndr>iduaIJ
"iD .-a,)" .nil. oe_

".5..) THE OCCLRJlL'ooCE m' POLLLTA.'-rs L' TERRESTRI"L
SPECIES

An enormous amoun' of data hal been publIShed on the amoun" of poOlIWl'
found in ,errnlrial orpnisms. Ind 11 JeW one entire ;..urnal, ,he Poticidu
l'oniw.v.K JOUnuM, COlI","' nochm, bu' anal~.,i<:al resuh~ Ind 'heir
im~rpll'ta'ion, for pestici[k., ,,'ith 1 larlJC proponion referring '0 ,errestr;al
species. Onl)" a small proponion IS of direct ,ele""""" for assessin, ,he
ma,nitude of bioaewmula'ion. because amounts of polIulan' in ,h~ food of
specimens lhal are Inalysed are usuall) unknown. Fo' heavy melal., se.'eral
au,hors hl"e commen'ed on Ihe paucily of rele"nl dall (Hughes tl al.,
t 980).

Amoun.. of pollu,an,s in spcc;~. from differ~m lrophie le~els are
commonl)' compared b) coneen,ralion facton, defined as lhe concentration
of poIlu..n' in one specie, di"ided 1»' 'M coneenlTalion Oflhe pollutanl in ,he
food of 'ha' ,pecies. InlerprClalion or weh facton is complica,ed I» man)
"nables, ,,'hich include:

(I) The possibi~,) tha' <:l)fICCn'n,i(lM of residues all' not directl)
proponionallo ,he mll"nude of lhe expo5Ull', "beTI ,he concr:n'rallOl1
flet'" "'ll ~llf)' ""h ,be devee of uposurc

(2) DiffiaIlties of establishm, "-hat is ea'en. l"'ariabll nsumptioM ha~e '0
be made aboll' <he nl1ull' of lhe dieI before concr:onaUon fKlOfS Q/I be
caJad..ed (e.J. \lo~dli.amson, 1979). In some .....'a........ DOt aU of a pre)"

'issues 1ln' eaten. ,,'hen -hoJe-bod) conoennaUon in pr-ey mal P"e III
inaccurate eslimate of the predator', dme

(3) ~ 01 mf........non OIl the freqvertC}·4Is<ribu""" of conoenu....oo.
found in dillell'n, indJ.1duaJs. tJse of. single conccnlClUon faetof fO<"
poIIown Ie>..,b in a opecie1 and >tt food fttquentl) implies that bolh
food and ..-umc-r all' sampled randomJ)'. .nth indi\idual
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concenlrahons conforming '0 unimodal di>lribu,ions, In practice. bOIh
,heS" aS6ump,;ons may be false.

Carcasses of predalOry birds recei'ed at Monks Wood during lhe
years 1963~1977 "'ere allocaled 10 one of lhree calegories: dea'h by
'rauma, diS"aS""'s,a"alion and Olhe" unknown. causes (Cooke er al"
1979), Concentrations of both DOE and HEOD in lhe Ii"ers ""ere
.ignificantly lower in birds d.ad from lrauma lhan in birds dead from
unkoown causes (Table 4.5.2),

Anall'sis for PCBs ga' e a .imilar pan.rn, excep' for the kestrel, whIch
showed no significant diffcr.nce between Ih.se 1"0 cat.gori.s of dealh,
Whal.,'.r lh. causes of 'hese diff.rences. one rel.vanl deducllon is lhal
grea' care w'ould be n«d.d to g<'l a r.ahstic piClu'. of ,h. amounts of
poliulantS found in 'he livers of lhese four spc<:ie. of bird,

More positi". m.,hod. of sampling may also producc biaSI'S. I have
discussed earli.r ('loriany, 1978) how lhe amounl of pollu,ant in one
liS6U. or organ "aries ,,'i,h dura,ion of exposure, Th.re i. a considerat>1e
amOUnt of .,'id.nce to show 'ha' a8e and/or siz., lime of y.ar, and
d.tail. of 'he physical .nvironm.nl Can also affecl conccntra,ion. of
pollutants in biota.

(4) Concenlration factors should be deri"ed from comparabl. anal)'tical
resullS, 1'1:01 infrequ.ntly COnccnlraliOns for specific lissues or organ. in a
predator arc compar.d with concentralions for whol. bodies of th.ir
presum.d p'.y', This is likely' '0 giv. misl.ading resuhs, and il is a nice
qU.Slion w'hich li",u.. of, sa)', an earthworm are Slr>ctl)' comparable
wilh which lissues of, say, lhe bird thaI ea,s ,he eanh,,'orm, Mean
ooncenlralions in whol. bodi•• has'. a S"mblance of greater oomparatio.
valu.> allhough lh. precise numerical yalue of a concentralion faClor
will depend on lhe "'ay concentra'ions are .xpressed, in particular. as
fr.sh, dry. lipid or prol.in w.ighl of organism. No One s)'st.m is
complelely' !oatisfaClOry

Mass of pollulanl is lh. primary unil for Slud)'ing transf.r along food
Chains, and concentra,ions are uSl'd primarily' 10 compensate for lh.
diff.r.nt ",'.ights of differ.m organi.ms, Concenlrations should
lherelor. be based on fr.sh w.ights unless lh..e are addi'ional special
consideralions. 1>luch of th. published Iilerarure baS"s con«nltatiQns on
dI)' .....ightS of organi.ntS, ....hich "'ill si'·. values roughly four tim.s as
high as concentralions based on fr.sh ..... ights.

T1>cre are good reaSOnS wby orb.r units of con«ntra'ion ar.
wmelimes 10 be pref.rred, bill th.y arc irr.le' ant for ,h. assessmenl of
transfer of pollulant along food chains, Thus, concenlralions of
organochlorin. inSl'Clicid. in fau)' ,i"ues may indi""t. lh. d.gr.e of
risk to lhal animal a, time' of 'ta,."alion (Jefferi., and Davis, 1969j or
hibernalion (Jefferies, 1972). and Ihe concentration of organochlorin.
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in5e<:ticidc. in Ihe brain. or the concenlralion, of SOme heavI metal. in
Ihe kidney, may indicate the prol»bilily of dealh or of lesser
malfunClion (O'Brien, 1%7; Task Group on Metal Accumulation,
1973). E"en in these illStances, it is still d~irable 10 know the lotal
mass of pollutant conlained in individual organisms as well.

J,S,J.1 E>orth"orms

Earthworms are of parlicular inlUesl. II is relalively easy to asses,the degr~

of comamination of an earthworm's en"ironmem, and information aboulthe
relationship bet,,'een field ufIO\ures 10 pollutantS and the consequent le"ds
of body residues is more extensi'e Ihan for an)' mher terremial group,
Moreo"er, earthworms are prominem;n the limited number of u.,.rimemal
stud,es on pollutants in food ehaillS. II should be remember¢d though Ihat
earthworms are in inlimate contact "ith Ibe surrounding soil, so thai food
rna) nm be the sole source of the" residues, Jf a significant proportion comes
bl inlake through the external body .urface, the real concentration factor for
pollulanl ingested wilh the food will be less than is apparent

We do nOI know what proportion of pollutants found in earthworms enler<
aeros, the body surface. Earth""rm' can absorb lipophilic .,.sticide.
from "",Ier and soil through ,heir bod)' surface, although diffusion of
.,."icide. through soil i. so slow that eanhworms kept in soil'that are s,irred
.,.riodicall) anained "eady concentrations of dieldrin Ihal were about 5~
higher than for eanh""rms kept in unstilTed soils (Lord el 01 .. 1980). Some of
,he species that pene'"'' deep inlo the soil form permanent burt'Q'WS
(Ed"'ards and Lofty, 1972), ,,'hen bodil)' coniact with tbe soil rna) be less
important than for spec~. that do nm form burrows_

Beyer and Gish (1980) applied dieldrin, heptachlor or DDT al 0.6, 2.2 or
9,0 kg acti"e ingredien!/ha (0.5, 2 or 8 lb/a) to individual 10 m square plots.
Samples of earth""rms and so~ were analysed for the next II years. There
"'ere four s.,.cies of eanh"'orm (Apo,,«wdea INl{X"oides. A. rurgida.
AlJoiobopho,a chlo,olic" and LumbricUS 1I"'n'$tris), but an)' diffe",nces
between species "'ere ignored, and most specimens we", taken from Ihe 'op
:10 em of soiL Soil samplC$ were laken from the tOP 3.5 em.

In geTICral it "'as practicable to describe changes wi,h time of ",sidues, in
both soil and earthwotl'l1s. bJ-' linear ",gression (Table 4.5.3). The major
e~ceptinns we", for heptachlor, which declined to trace levels in soils "ilhin
2-6 l'eu'l, and for the breakdowll producls heptachlor epo.ide and DOE in
soil, where residues rose for some lime after applicalion. Earth"'orms
conlained higher concemrations of dieldrin, hePlachlor epo~ide and of DOE
Ihan the soil. but 'ended to have lower con""ntrations ofp, p'-DDT, Thslast
result indicate' tha' any DDT absorbed b)' eanhworms is melabolised rapidly
to DOE. Heplachlor w", nm deteCled in earthwotl'l1s, These results suggest
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TQIJJ.4.$.3 COOC<1ltr:atioo,. and rat" of 10><. of o...noohIOfin, in=;c-i<l" io soii
'nd ,uthworm' from exp<rim,ntal plo" in \lal)land, USA. for a porooo
of II y<ar'. from applicatioo of ptOlicid. in 1'166. un!il 1977. Con""o·
Hatio.. rd... to dr}' ....ibt of both soil, and nrtli .."'m" and _Ii ,'o1u,
i' tl« mtlim<ti. mnn for t,.'o f<poc...tCll, ',p, indi<a.te< ''<f}' PO"''''o,
Half·h~ and ini'iol r«idues "or, ClI,imat«l bj' linea, rov<ss'oo,. It
;hould b< "01«1 that ,h. half·lif, for ,."h,,'orm, m,a,urn how rapidl)'
r<>idu" d«lio«l in 'he population of nnh"'orm,. "hich o«un«l ",n­
cun.olly "'i'h 'he <!<clio, io soil "'nC<1l"o'io"" ,data from Ik)'" and
Gi<h.198O)

R..,idu<s(p.p.m,)
Appli..,ion pi"""" ioi'ioll)' Half·lif.

rot< aft... applicatioo (yoar:ll

10«<1icid, (kllha) Soil Eo"h'orm, $<lit E,,,h"-orm,

Oi.ldrin •• .~ U 2,6
"" U " ., ,.,

•• ••• " 12, l .,
p,p _DDT •• 0,35 0.19 ,.• "2,2

"
•.~ ,' "•• " •• " ,.

ODE (appli<d .. DOn •• O.s· '.p, "" ;0 ",p •••• " ",p "~,po

H<pu<:hl", opoUd< •• ,. ,. "t.ppli<d a, h.p,achlor) 2,2 •• " "•• n " "
Ihal, for chemically stable organoehlonne inseclicid.. or con,'emon products,
eanh"'orm~ "nd 1o ha," high.r cone<:o1ra,ion~ 'han Ihe soil. Too much
emphasis should no' be plae<:d on Ihe aClual figures: cone<:otralions
in earth""orms "'ould be abou' 25" of those sho"'n in Table 4.5,3 if based on
"'et "'eights of eanhworms. \-Ioreo,.r .•anh""oITOs ",ere nOi entirel) de,'oid
of soil in ,h.ir guts "'hen anal}'sed: D.vi. (1971) found in laboratory lem on
Lumbricus 1""JI<is that gUI contents ".-ere about II" of Ih. lotal df) ""eighl
and contain.d 23-40'll0 of lhe lotal COment of dieldrin r"idues after 20 daj'S'

ex!""ure to com!""t "ith 32 p.p.m, dieldrin. The Italf.li,·.. for residues in soils
do oot al",ays coincid. wi'h those lor residues in earthworms: in particular
le"els of dieldrin decr.a..d more rapidl}' in earthworms 'han in soils.

If one .llo.... for the r.sults being ba..d 00 df) ",.. ighlS, """ ma) conc:lud.
,hat there ha' been a mod..t ,nere'" in concentration from soil '0
.arth",·orm

Laboratof)' experim.nts wi'h soils in coot.iners ,uggested that many
fa<1ors can influence such re,ults (Davis, 1971). Results depend on the



266 TEsrS TO PREOICT THE E..,VIRO'<\lE....,..AlllEHA VIOUR Of CHE\lICAlS

... " 5:140>< • 0~ .g 91<0

"r
•

" •x ,,
0
0

I 0,
•,

!

01~-----

filur.4.5.2 Graph of the dietd"n
OOna:ntrat"'" (). baled on f,ull
..'.igh") in .anhw<mn' (AlloIolx>pltoTtl
~;giN)... ) '.pt in on. offi,·. ",il...-II"""
organic <On ..n' (» ranl.d f,om P"'~
k>o.m '0 I""m~ >and. " '" of Ih¢ ,,,,al
'ari.nox be,..'•• n"'il s "'as ooeoun ltd for
h) ,be tGualion, ...hkh ...., KCQ\On, of
>Oil pH as _II as "'I"n", 00'''."1
H<>tiwntal bars iT>die.,. "andard tTTOn.
(from D.,.;,. 1971)

speci••. "'hich rna}' im.rao:l ..ilh lhe mod. of upo>Ure, and/'" the in5tt1icide
(fable 4.5.4). So,I prop"rlie< al", can affec' r~sidu~s. The c<>ncenlralion of
dieldrin in Allolooop/ro'a ~olig;,tQSa afle' 4 week<' eXl""'ure .aried 2Q.fold
acoo,ding to soil t}·p". The ~ffeo:l of soil dep"nd~d largely On its COll1en! of

Tg!* 4.5.4 Ruidue> of d..ld,in .nd DDT r"iduu in ''''0 .p<ci<> of .arlh"<mn> afl"­
I"" Ill'CS of .'po<"f<. E,I'O'O" continued for 4 w.... s. ooneer",a,ions
b&s<d on fruh ...ilb" (da.. from D..-i>. 1911)

Expo<uI<

Sp<ci<1
AIkiIOfuPlIoro Lwm6iii1lf

NJI;,iMj(J ft"""'"
17 p.p.m. di.ldrin in >oj]

FaJl<n appl.·I.., .. from all on:hard
'pta>~ .. i'h DOT

Di<ldrin

pp·DDT
op'.DDT
pp-DDE

27,hO.66

0.25
lrace
I,ac.

11,5hO.5-t

Lll
0.19

""
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FigUf< ".53 Co<=ntrati"", of. l.lle.d. (1)) riD<. in the lop I'j<r of"";l (0-5 em
deep). and in four .nimal .p«ic:... olong. tr.meC1 from dc:"'lic' mine ""'fl'"" ""ar
\\' ..,h.m, :-'orth Wal." Sit", ..,,,. adjacent '0 1~ "''''•. 100 ond SOO m OOwn".rd
and 10 km ..... j ... - ... deno,es ••"h-orm' (Luml><kwr "'''tirri<). _ deno'e. 'he
common ,h..", (So,...x .,,,,,.,,,). <1<""'" tile wood mou"" (Apod",,,.. ,,'i,'an'.IU).
"nd .d' <!too... the field \'olt (.1'''''01''' "8"""u..), • indi<oo,... mean body
",,,,,cotraM,,,, indica,.> """""otra,ion. in 'he die.. irouoo _.r 'ege'ati"" for
lIiero'''' Q~rt''';'. """or ><g."'iorl .00 er><lo;p<rm for Apod.",,.. 'rh'.'ic"" and
in'.n.b....., for .5oHx ''''<>CII'. 1l>c: di'gonal da,hed hl'l¢ indic..., ronccn".. .."... ,h.,
equall!l«le in ,k"';l (do ... from Ro!><n••nd John"",. 19~5)
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organic malter (Figure 4.5,2). bUI soil pH was also significant, and between
them these 1"'-0 factors accounted for 9S'llo of the total variance in dic!drin
content of the "'Orm•.

Wheatley and Hardman (1968) examined dala from their Own and other
work and concluded that. for a range of earthworm .pecies and
organochlorine insecticides (aldrin. dieldrin. DDT and lindane). from ••,,'eral
site•. thai C - ~X'. ""he'e C is the eoncenlration of insect;ci(\( in the
earth"'''rm (b.a>ed on fresh ""eigha). X ;s Ihe eoncentration in soil. and
b - 0.79. Concentration faClors in urthworms become less than unit}' at soil
eonccntration. abO\--e about to p.p.m,. and with eonccntration factors of 5 to
to_fold for soil eoncentrations of 0.001-0.01 p.p.m, These are broad
generalisations. affected b}' factors of the type already d;SC\I""d,

The relationship between COncentTatiOn of metals in earthworms and their
.urrounding ""ii' "arie, ",';th the metal (Hughe. el ai., 1980), Se"eral repom
.how that earth"'·orm. eontain lo"'<:r corn:entraliOll. of lead than the soil. The
",Ie exception. for eoncentrat;on. hased on dry weights. is for De"d,ob'UM
",b;d~ ;n ooil hea"i1y contaminated ";th mine waste: earthworm. contained
4160~ 930 p.p.m. of lead. ",hil'l soil samples had only' 17t3~ p.p.m.. a
eoncentration factor of 2.43 (Ireland. 1975). Factors in other studies ranged
from approximatc!y 1,0 10 0.04, Qldmium. b}' contrast. had concentration
factors within Ihe range 3.g-22 ,5, Body.le"el. of zinc. an element e""nlialto
life. are ",gulated by' many Spe<:;es within relativ'ely COnStant limits. "'hen the
concentration factor "'"uld be expected to decrease a. the concentration of
zinc in soil increases. ZInc <:oncen"ation in Lumb,~1IS le..e'lris, taken at
various diStancc. from an area contaminated by lead and zinc from an
abandoned mine. changed b}' a factor of tw'o-fold fOl a fifteen·fold change in
""il concen"ations (Roberts and Johnson. 1978) (Figure 4,5.3). At Ihe same
time. lead CO<lccntration. in earth""orms "'ere a constant plOfJOltion of ,hose
in Ihe soil.

In summa')'. these data are sufficient to .uggest that a uni'·e .....! statement
cannOt be made for eanhworm. about the increase in con~ntralion. or lack
of it, to earthworm. from their environment. Whether or not concr:ntrations
increase depends on both the pollutant and a range of en"ironmental
"ariabl...

For man~ terre.lrial .pec;e•• particularly "ertebrates. food is likel}' to be Ihe
majOl or solc source of pollu'ants, There are extensive sets of da,a on
pollutant le,..,I. in field specimens, bUI "",V'er is it cena;n how near pollutant
level' are to a "ead~·S1ate. and Ihere is l;ttle Or no information on the utent
10 which contamination of the food fluctuates--olten there i. no information
of an)' <on On the degree of e~posure. DireCt calculatIon of concentralion
facto... is Iherefore "inuaUy impo:ssible,
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Possibl} the first 'Judy on Jran,fer of I"'.licides along food chains "'3.S

made at Urbana. lIIinoi. (Barker. 1958). 1400 elm trees (Ulmus americana)
On the 400-aere university campUI ",ere sprayed ,,'th 'echnlcal grade DDT
t",ice }ea,ly. in June 0' earl} July. and again bet",een mid·July and
mid.August. each year from 1949_1953. at a rate of 1_1.5 lb/tree, Some time
afte' the firsl }eaT's arrlica';Ons. but before an)' sprays in 1950. consideTable
numbers of d}lng American robin. (Turd... mig,afOn... ) ""er<: "'flOrted.
panicularl) aller rain. The'" bird. nhibited lhe 'ypical symptoms of tremor
that are associated with DDT poisonIng. and brains ",e,e analyscd. by' 'he
Schechter-Haller method. for DDT and DOE. One cannOt pu' tOO much
rehance on resuh. from this anal)lioal melhod: quanlities are e.timated b)'
inten.it}' of colour in solution. and potentiall)' man} compounds can inlertere.
DOD in panieular ("1i.kus. 1964), Ho"e>"er. il is reasonable to deduce from
the resuhs (Table 4.5,5) lhat'

(1) There "'as a bimodlll di,..ibution of residuc concentration,.
(2) Man) of these birds ""ere killed by DDT. "'i'h • mod.1 concenu.tion of

aboul 60-70 /,g DDT g of bram
(3) BirdS ",i'h less than 10 1'8!& probably died from other causes. T",o of lhe

si, individual, con,.ined no dcteCl.ble residue•. nor did t"'o heahh)
robin. f,om an uncontamina,ed arU th,l "'ere shot. This illus"a,es ,h.
poin, lhat care i. needed '0 lake unbiased <ample. if one ,,'ishe. to
es,ima'e the magni'ude of the res.idues ,hat occur in • popula'ion. This
<ample "'as kno"'ing!) bi.",d ,n favour of birds \u.pcc,ed of having hIgh
residue•.

Barker considered lhe like I}' palh"'ay. by which robins had .cquired lhe",
residues. Most of lhe DDT in lhe soil occuTTed in the lOp la)e"

lkp,h o{JOil ,ample

0-1 inch
1-2 inch
2-3 inch

Conffm,arion aftu rhe
fin' spray applicarion. 1950

17.S "g DDT Ssoil
5.9_9,5 ,,& DDT.'g soil

0.9 "g DDTig soil

TIlbI. ~.j,j Coll<'Cn,ratio", (baled on f,c,h -.,.igh"j of DDT in the brain of a<lui'
robins (Turdu mis""or'''') found dead", d)ini on or nur the u",".,,") campus.
I.:"",n., Illinoi•• from Ma)' 19W.. \bj 1952 (dala from Il.,~e,. 1958)

,,•

Rana. of ron,,""tration. (;4, I)
0-10 11_::0 21_30 ll-lO 41_50 51-(10 61_'0 71-80 SI_90 91_100 )100

1'0,ofblfd., ,



174.253 and 263 /<g DDT/S leaf

ConanrrariotU (based 0" fre.h ...·eigh";

15.30. 109 and 206 /<g DDTig leaf
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Lea"es on the lrees conlained higher =nlralions:

Time .ample. tab"

I day ~fore lhe s<:cond
spray appli~alion. 1950
I day aller the sc<:ond
spray applicalion, 1950

When Ihe lea"es fell that autumn. lhree ",mple. conlained ::0. 23 and 28 109
DDT/g leaf. ",hi~h ",as simila, to Inels in the surface soil layer Fallen lea'ell
"'ere chaffed and mulched by machines, and lell on lhe lawns.

Earthworms of "ariO<ls species "'ere also anal)'sed, entire, and cornained
from 33-164 109 DDTts bod) fresh weighl,

Dealh' of robins "'ere reponed particularl) after hea') ra,ns, "'hen
earthworms tend to come 10 the soil ,urface, and Barler suggelled lhal
earthworms concentraled DDT residues by selecti"e feedins on spra) e<:l leaf
mulch. and lhal robins ingeSled their lethal dose of DDT "'ith lhe eartb""Orms
they ale,

Barker's paper sel lhe patlem. in one 'el) important aspect. for nearly all
subsequern work Results were expres>ed as concentralions, and rarel; i, il
possible to calculale, from lhe published dala. the mass of pestiCide
Moreover. for large organi,ms. particularl) yertebrates, the lotal bod)' burden
cannol ~ determined, ~cause only some specific tissues are anal)'sed.

Moore and Walker (1964) anal)"iCd lhe breast muscle from 85 bird corpses
coIlecled in the field' . genera]]; in lhe absence ofcircumilances suggesti"e of
poisoning', They alSO analy~d 5S egg•• and both selSof analyses sho",'ed lhal
concentralions ofp, p'-DDE and dieldrin ""ere bighest in predators, and were
less in omni"ores and cami,'ores. a pallem which has since been found 10 M
"'idespread (Moore, 1965 ~ Stickel. 1973). The~ re,ults indicated dearl) that
organochlonne insecticides and/or thei, mOre slable metaboliles Mcome
widely disJ)"rsed and occur in man) species. Reasons for lhe link Ml""een
feeding habit' and residue roncentrations were uncenain. Differenlial
e<mlam,nation of food. or phl",iological differences ~!ween species. were
suggested as possible ~ause•. but a "idespread view n-ow i, lha! successi"e
predalors will inc' 'lably acquire higher residues lhan lheir prey contain This
"iew is not "'·ell-founded. and we will consider "hy in lhe next section

4.5.4.1 Mo<Iels

The experimenlal e'idence OIl bioaccumuJalion i' fragmenlary and
interpretalion will ~ helped by a preliminary. simplified, descriplion of the
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10p1C. If a proda[or nCI[hcr cxcrcte$ nor me[aboli"'$ an)' of [he prey'.
pollutan[, [hen the concentration of pollutant in the predator ...il1 e'«cd ,ha,
in the pre) as >OOn as the pll:dalOr hasuten more [han iuown body "'eigh[ of
that prey $peCles. Thi' d"'" a",ume 10lJ'0 a",imi!a[ion of ingested pollutant,
and we "ill return to 'hi' point later, but lower assimilation ratndo nOt affect
[he pnnciple of the argument In practice no pollu[ant is retained comple[el),
SO "he,her or fIO[ the concentration factor exceeds unit), dependo on the
balance bet"'een [he rate of intake and the rate of I"" by e,oreUOn and
metaboli$rn A s[eady'·"ate is eStablished "hen Ihe,.. rates aro e<jual.

Let U$ con'ider a prey opecie, whose individuals ha"e all anained the same
"ead}'·sta'e oonccntralion of pollutant_ and leI uo SUPf'O$C 'hat the pollutant
"ithin an indi,-idual predator can be regarded a$ a oingle homogeneous
oompanment (..lori.ny. 1975).

Th," ,
Q -­'..

"hero Q,~ (lOg) io the study-s[ate rna", of pollutant within the preda,or.
R (I'g,,'day) i. the r-te of intake of pollu[ant. and k,,(108 day)i$ [he rate
oono[an[ for excro[ion plu$ metaboli'm.

,,-here / (g 'day) is [he weight of food consumed and, (JOg, g) is ,he concen·
tra[ion of pollmant in the food.

LeI W be Ihe predator's weight in gram._ Then

Q .L'..
and ,he roncentra[ion !a,[or (,..e p. 261) 1$

In other "'ords, pollutant concentration i$ higher in the predalor than the proy
If .... [he ra[e of food con$umption as • proponion of [he pre<!a[or'$ body
weight, exceed, the rate constant for excretion plus metabolism

In practice, many qualifies,ion, aro needed for [his ,imple. bm ,"'ealing.
conelu.i"", The,.. inelu<1c.

(I) The amOunt of pollu[an[ within the predator de<:rea,..o as the percentage
a$$;milalion decreasc$.

(2) Growth in [he predator Increaoes both food coru;ump[ion and the ma",
of tissue "ithin which the pollutant is distributed.
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(3) l1>c: proponions of pollutant thai are assimilal.d, .xcret.d and
melaboli~w rna)' all alter with .xposu"" rate.

(4) Diff.r.nl "SSU's and organs "ithin an organism rna)' na,e diffe""nt
C<If>COntrations of pollutant. and approach a sl.ad).slat. at diff.""nt
raleS.

Within lhe assumplions of lhis ntod.l. since

0.693
1

"
,- -,-

where r,., (day.) - lhe half-I if. for assimilaled pollulant. On lhe assumption
that loss occurs at an .xpon.ntial rale, if

w-- ,
k",

•~'=" ' -• 1.443..

in general. lhe "alue of ..· decreases as W Incru>eS (Kenaga. 1972). ahhough
il is nOI eas}' 10 g'l p""cise data for animals in the field. As an example, Brown
(1976) found, for nine ,pecie< of preda!o')' bird> Ihat '" ranged from 0,23 for
a bird weighing 167 g 10 0.06 for a bird "'eighing 3705 g (Figure 4.5.4}. An

•
•

• •,

/1
/ .

/
/. /. ./.. /,'

)
/

/
/

/
/

"Lc"oo'/c--'="'c---.=w,-,="',J
ao:, .. o":o'

Figure 4.5.~ 11>< effeCl of bod; ....,ght on lood
ron,umptiQfl dunna tl\e ,Ummel ~ Indi,idu,l
predator; bird. of nin. '1"".... - - - indic.... ' dail}'
lood ",,"'umptOon of 10'" of tl\e bod} ,",'.;ght (d.t,
Irom 8"'·....". 1916}
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T~bk •. ,. 6 Half_hves f"" loss of ..,!lulonl from a pl<'dalor. "'!larded "" Oil<" com""rI­
men, "'ilh eXPO"ent,al loss, that ",ill en,ure ""ocentrat;on fa"ors of "oil~'

in "e.dy·"at< ""odit'on,. for • ranlle of f~inl ra'a, ond for ,,,..,
""imilatK>o rot"

Daily food inrate a, a
pro..,nlon of body "'<isht 0,01 0.01 0.10 0,23 .." '00
Half·life (dal~) "'ith 100...
a»imllolion ~.~ 13.86 6.9) '" 1.19 .~

Half·lIfe (<h}~) ",jth 10"-
a...imil.,ion M' 138,6 69,3 1'.7 n,9 .,
IUlU"a""e serie~ of half.li,.~. for 10 and l~ a""mllalion of iog.sted
pollutant. are gi'·.n in Tabl. 4.5.6. Th sJ\ov,·. within the a...umplion~ of the
mod.1. that larg.r pr.dator-s will h lower wnuntrat;on~ Ihan ,,'ill ~mal1

predato". ,imply because large animal. tend 10 .at I.ss, per unit of bod)
w.;gh,. than do ~mall animal'. Thi~ th.n permi.. " rang. of p<lS~;bi;;ties. from
,h. situa,ion wh.T<' conun,,'alion fador-s increa",. at a d.c1ining rat•. at
~ucce...i.. trophic 1..·.1' lowards Ih. top predators. "ia 'itoatiom "'ith short.r
half.Ii,·.~ ",h". interm.d;at. trophic I.vel, ha.. the high.~t conunlration
facto". to ,;wation. wh.r. Ih. conuntrat;on hctor d.er.a",! a' .ach
.uc.:essi\'C trophic Ic,'el (Table 4.5,7).

Th.", calculations are ",lei)' heuristlc. but do demonstrate tha' as one
asccnd~ a food ohaln the 1i~.lihood increa",s that the poIlulant oonccntralion
"'ill deorea'" in succe...i". trophic le"els, One rna} conolude that hath
a...;m'lation rates and e1im;nation rate~ mu," be ~no"'n. or estimat.d before
oonccntrat;on factors can be pr.dicted,

4.5,~.2 Fefding Trialo

F." experlm.ntal 'Iudies ha.. been mad. On the retention of pollutants bj
terrestrial species f.d on other animal species. In On. of Ih. earli.st 'tud..s.
Am.rican woodcoc~ (PhiloMla mmOT) were f.d for up 10 60 da)~ On
eanh"'orms (Lumbricus rerrar";') thai had be<:n exposed 10 heptaohlor
(Slic~.I., aI.• 1965), Worms "'cr. kepI for 7 dal' in peat with 0,0705 g or
0.0044 g h.ptaOhlor.'149.8 8 (II) o(modium (471 Or 29.4 p.p,m, w.'w). and
ch.mical analyses suggest.d Ihal the worm~ contain.d on a'erage 2.86 or
0,65 p.p,m. respecti,·.ll (ba"'d on dry ",.ights) of h.ptachlor residue'
(h.ptachlor plu~ hep,aChlor .po.ide), Twel'" birds ""re fed On "'Orm' thai
contain.d an .~timaled 0.64 p.p.m.' one bird died aft<r 45 daj's. t"'O W'T<'
kill.d aftcr 60 dal'S. and 70th... di.d or were ~i1ied during the next 11 days.
when thej wet< f.d On a restricted quantit}' of worms, The m.an bodl burdon
was 52,7 1'8. with a range of 17_146 I'g. Th.r. "'3S a slight suggestion. not
sign,ficant statiSticall). that th"", birds paniaH) s,an·.d before 'hel were



I"M" 4.1.7 The "c;,dl""'H~ """"0""""" 1o! 1~,llutl"" wi'h Mlc'c,,' h.II_lovc, in fi"c ",,,,,,,,,,,'C ""pl"e Ie"eh, ''''UOl1og •
co,,""',,,''',;,,,, "I II'KI~;I' ""1",,1,,,,1, ,>I 'he f",' lel'cl. A""".,", .,e Ire,,'ed iI. ''''gle oo"'p.""'co". w;,10 fi""',,,lco
• "",he' 1'", ",t,,~e ",~I ~", of I~)IIIJ""", ",~I I()...",""1",,,,,, "I' tl", il'~e'te.J 1",I1,".nt

D,.;ly fOOl! ,,,'.'e Slo..1y-"., c <"''''<''' '.' io'" Co<>« '" ro'",n 1'.0'''''
Trophi< .,. 1'<0""'''01' 1'", h"II·li,<, ld"y,) of 1'", h"II·I;v<> ld"Y') of

1.,<1 01 bOO\' we;.h' '" W 'W '" ~ 'W
,,, '00 , , ,
l"d ,~ 0.~8 " •., 0'8 " •.,
.1,d

"~ U.11 " J7.1 0.29 " 4..1

"" 0.10 "~ " 81.1 0,14 0,72
""" 0.01 0.0017

"
81.8 ,m ,~

"
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analysed had hIgher burden' than Ihe olher three bird. (mean logari,hms of
"'eight ( ...g):%: >Iandard elTO": I i2:%: 0.17 and I,J5:%: 0,15 respccli'e1)'),
The mean bod~' ron,em of heptachlor eroxlde. adjusted ",'here appropriate 10
compensate for I"", in bod) "'eighl due 10 Ila,,'al;on. was 1.7 p.p.m. (ba.cd
on df) "'-eights}. ncarl~ 'hrce limCI the concen'ration in the worm•.

Of 12 b"'ls on the higher ~ge. fed on wonn.tl1lu conla,ned an eslimated
2,86 p,p.m, of heplachlor residue,. 10 had died b) lhe 52nd da), One of the
lwO su,,'i,'on ....a. killed the nCxl da) for anal~.il. Slickcl n <11. cStimated
lhl! lhe median concentralion of heplllchlor epoxide in hirds "" the high dose
fate ....as aboUI 13 p.p.m.. although this value should no, be taken 100 Inerall).
becau.c fj'e oflhe birds ....ere recorded simpl)' as containing more Ihan 300
...g of hepl.chlor, Ilo....e'er. if one lake' the Io"'e" possible ,alue,. and
","umt'S th.t no bird conl.ined more than 300 pg of heplachlor epoxide. lhe
mean bod~ ronlem reduces 10 ahoul 8,9 p,p.m.. .,illlhree limes grnler than
lhe roncemrat;on in lheir food

One considerable uncenaim) applies 10 Ihe"", ronccmralion f.CIO.. , The
eanh....orms ....ere prese"ed in alcohol until anal~"",d. and lhere 's lhe
possibilil)' Ihal SOme of the heplachlor would h.,'e been lost by .-o1.lm,.tion
",hen the alcohol was evaporated off CerUllnl) the eanhworms "'ere found to
comain ,ef)' low roncenlrations compared 10 lhe sod (d Table J,5.3).
allhough Ihe exposure period "'.,IS shon .nd Ihe worm. ""ere reponed to ha'e
mo,'ed aoo fed onl)' a linle. If Ihe ....orm' had losl .boUI ,....'Hhird' of lheir
heplllchlor residues '0 the alcohol. then the aOlual concentration faOlor from
""rm to bird ""ould be 1.0.

A ,imilar feeding expenment. wilh dIeldrin, ""as made ,,-jlh Ii"e indi"idual
iOng Ihrmhe§ (T~rdus .r'u,on",t), ""hich ",'ere fed for J2 da)5 on a mixture of
ooo'anunated and uncontaminated e.nh....orms (preoominantJj Lumbn'cus
tern.lris) to give a range of dieldrin concentrations in Ihe bird" diet (Table
J.5 ,g)••nd ,hi. ruel ,,'as supplemented ....ith a proprielar} bird food (Jefferies
and Da"js, 1968), h is oot kno""n. for etther of these e~penmen... ""he'her
Slead)-S1ate concenlralions of pollutant h.d been eStablished. N.."enhele....
some important details can be compared:

(I) Woodcocl, con,umed on a"erage a ""eighl of food equi,alent 10 aboUI
81]10 of Iheir bodl "'eight per day••hou, double the rate for song
Ihrushe. (Table J,5,8).

(1) Woodcocks retained. after 60 da). on the low dose rale. ahout 7_9~ of
the ingested heptachlor reSIdue>. Song 'hrus.hes. aftcr J2 d3)'S, retained.
at the mOSl, J.J~ of the inges'ed dieldrin.•nd the lower dose ra,es,
comparable for concentfa,ion of in"'OIicide in the food to Ihe exposures
for ""oodcock, re,.ined al the mOSt 2,~ of ,he ingested dieldrin,

In brief. assuming 'hat concentr.tion f.c'o" bMCd On dT) and we' weighls are
comparable. conccn,ra,ions of heplaohlor in ....oodcock ....ere grea'er Ihan in
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TalN ~.5,& Con,urnption of food and of d'eldrin b)' fl"e SQng \hrYih~ (Tyr{/"'l"
ffl<rfOl'llm) f«J on a di....i,h <;Qn'arni",u«J e.nhu",m, (mOSlJ)'
L~mbrl<><s 1~lriJ),

Bird' A_O uere fed fo' 6 "'eok" .nd 'hen killed for an.ini" Bord E
died from dieldrin poi",nin••fter 8 d.~, (dot. from Jelfe,i., and Oll'i"
,~)

Bird A .. C D ,
Con=tr.tlon ofdleld'in in '0'01 di.,
(blUed CHI we' ..'ridn) or uO,m, (p,p,m.l O,jj 0.)2 ". ,~ 12,lS
Food inlake (j;/da)') 31.6 32.4 N.' ~, ~,

Bod)'lI'6dIt of 'h'u...... (l'O<an or
uriiJIt 01 S1arl and end of
..periment) (J:) m 74,0 JJ.l 78.3 ~,

D.il)' food <;Qn,umption .. pe, COOt 01
b<>dy,,''';iJI' ~, 43.J ~. 39.0 ~,

Con•.,,,,.,"'n ofdieldrin in ,,'holo
b<>dr (f,..l> "'oiiJIt) (p.p.m ,) om ".~ U6 4.0J 42?
Con«n' ...'''''' fOOlor 0.13 0.::8 "" O.JI "~Por cen' of~'ed dl<ldno ''''lOed
...i,l>in body "'

,.
2~ U .,

Iheir food, and =nlralion, of dieldrin in song Ihrush.. "'ere less.
Woodrook ate I"ice as much food per unil of body weighl, and re'ained more
of Ihe ingested in,.clicide: Ihe relali"e significance of Ihe rale COnSlants for
a"imilation. excrelion and melabolism are unkno.o'n

A $'Olilar bul le'Sl lhorough siudy wa'S made w,lh gosha....k$ (Accipi", 8.
gtn,ilis) fed on chickens contaminaled "ilh melhyl mercul) (Borg el 01..
1910). The chidenl were fed "'hea' dreS>ed "ilh 8 p.p.m. Olerhyl mer<:ul)
for 5-6 ....ks. and "'ere 'hen killed. Their mus.:le and li"er li.'Sue ..as slored.
fro,en. unlil f.d 10 g()$ha"'ks. The tOlal mereuI')' conl.nl of Ih.,. ti$,ue,.
mOltl)' in Ihe form m.'h)'1 mercul'). was aboul 10 .nd 40 p.p.ol, resp«ti"ely.
Four ha..ks ..ere fed on Ihe,. conlam,naled ris'Su.'S, and they slaned '0 lake
less food after Ihe firsl 10 da~s. as loxic s)"mploms de>'eloped. The chicken.
consumed aboul 0.-1-0,5 mg Hgjkg bod) ,,·~,ghVda}'. and the gosha"'k$
conJ;uOled about 0.7-'-2 Olg Hgjkg body ..·.ightiday

Th"', 5-6 week' exposure of chicken, to 8 p.p.m, of m.rcury (9.4 p.p.ol.
d') "eighl) yieldod 10 p.p,ffi. of mer<:ul') (27 p.p,m. dry "'eighl) in Ih. brea$'
mu'SCie. G()$ha ..·ks fed on a diel. predominanll) of m"'SCle, "'ith abou' 13
p,p.ol, of m.rcury, for lillIe mOre lhan 3 weeks, acquired 40-50 p,p.m. mer­
cury in mu'SCle (Tabl~ 4.5,9), The,. rlala are incomplele, and.liko Ih. pre'i.
00'1"0 sludies. there is no indica'ion whe'he, Ole=1') Ie"el, were dose 10 a
'I.ady-'Stale. Howe"er, Ihey do .uggesllhal mefcul)' is relained less readily in
Chicken'S ,h.n in gosha..,ks. POlSiblj' Ole=I)' i'S ab$orbed from ""ed leu effi·
cienlly 'han from mtISCi~. and perhaps. like is not bc:ing compared "ilh like;



r.fJh' 4, ,. 9 COTIcrnlratK>" of m"eury ,n I<»h••,h lA("(";p"" ~, ",""llSl fcd ti,,;ue from '"""e," that h.d oo:n fcd (H'l "hu' d'...".,.
"ith ,nnhyl me,eury (da.. fro>nl llo<l".r. 1910)

(;once,,"otion of W"&!'t of {;o"ee,,"""''' of tOlal H& I',nal I""re'''''n 1h. ""'."
m"'"yl su",..1 onOfcury (on"'t ,n form of melhyl mercuryJ ~, lHxIy roll<e"".. ;'-'" of
In d,<l t"ne ron",meJ (ml/kl "el ""'lhIJ weillhl 101.,III&'!oil HII"".;'l<d

(p.p.m,", Hill (danl (mlJ U'er Kidney S'elet,1 nlll'tie "' ("'I/~j. ~,., wr;~hl)

" " '" '" " ~ W.

" W '" " '" "'" '" '" " OW 22.0

'" " " '" '" " ~ 26.S

Co""ol. ~ "
..,

""". 0.2J 0.21 ,,~

• K,,100 for .".Iy.",
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mu<cl. of g<>$ha,,"~s ronlains more rn}osJoblO than muscle of chic\;.~ns. and
m}'oglobin appears to increase Ihe r.tention of mercur) b) muscle lissue,
I'evertheleso. Ihese dala do ""Ue.1 that mer<:U", increa>oed in concenlration.
in al IU<l some I"'ues. along Ihi, food chain

~.!.J.j Rudualions in 1M Ilqret- of Conlantinalion In .'00<1

In alllhree of Ihe'" e~penmenlal ,tudies. e~posure,were reialiHI} con>lanl
for appreciable period. of lime. In field silualions. e~posures are HeI)' 10 ,'a",
from lime to time and from place 10 place (Da'·i•. 1966). and this can ha,·.
implicalion. for the interpretatIon of dala.

lefferiesel 01, (1973) contrasted the "el)' .mall and insignlficanl degree of
conlamina,ion b)' organ<>chlorine inse<1icides thai is nO""all)" found in .mall
mammals. "'Ih Ihe utremel) high atld >Ornetimes lethalle"el. found in bird.
that feed On the'" mammal•. Thi' conlrasl implie. Ihal either Ihese birdS
relain mOSI of the residues Iha' lhe) ingeSI. Or Iheir exposure. llu<1uates Veally
during lbe j'ear. The) Iherefore Irapped wood mi« (Apodemus .)A-atic"-f) in
an arable field for 17 da)". before. and 13 day. after. Ihe field ,,"'a. '1)I"n ,.'th
"inter wheallhat had been dre.sed wilh dieldrin and mer<:UI)', The amOuntS
of ,he.. conlaminants in samples of mice increa"'d. after Ihe wheal had been
sown. 68· and 11·fold rC'Spe<1ively. ResiduC'S in ,h. mice rose Ihroughout Ihe
13 days afler sowing. and lhe maximum recorded individual concenlratio",
were 22.3 and 0.75 /lSI, ,,"CI weighl. compared 10 mean concenlration.
before sowing of 0.1 7 ~ 0.025 and 0.04 ~ 0.005 "gig "e' "'cight. increa.c of
131·fold for dieldrin and 19.fold for mereu",.

Apodemus form a large part of Ihe die' of the lawn) owl (Sln.< 01"(0)
(Table 4.5,1). Barn 0,,'1. (7)"10 alba) and ~eSlrels (Falro limrun'"I.... ) also
fud on Ihi. speciC'S. The intake of pesticide. bj these preda'o", bird' i. like I}'
Iherefore to Yal) considerably from lime to lime, and these f1ucluations ma>'
De magnified if those mice v.-ith the highe,' residues are thereby induced to
behave abnormall). which mal aUracl a predalor'f a"enlion.

Exposure can al.., val) from place to place, Three specie. of .mall mam­
mal. the insecti"ore So,e.< a,aneus (common ,hrew) and the rodent'
Apodem.... JJ/;'ali,,,,, (,,-00<1 mouse) and Mi,rot"" ag,mu (field vole). "'ere
>ampled at 3-4 sites along a lransec' of decreasing metal conlamina,ion from
a dereli<1 mine (Robens and Johnson. 1975), Anal}'se. of the presumed
componen.. of Ihese mammal, diel (see legend to Figule 4.5.3 for delails)
also enabled e"imale. to be made of Iheir me,al imake (Fig. 4.5.3). There is
some e,'idenee of differenees belween .pecie" al1hough the cami'orous
shre,., ha. melal concentration. a, leasl as low as ,he omni"orou' wood mouse
and herbivorous "ole. There is dearly a difference between melal" zinc 100'eis
ale regulated. whereas lead level. relle<1lh""" in Ihe diet, For cadmium also.
le"el. in these sp«ies correlaled wilh le,'el, in Ihe diel. Concentration faclors
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were neYer appreciabl) greater lhan 1,0, and ...-ere oflen considerably I~,

except for low-Ie"el exposures of zinc in Ihe diet of the 'ole and the ,,'ood
mouse. In all instance, concentrations in both diel and animals were lo"'e'
than lhe estimaled soil concentralions.

This stud}' does illustrate lhe difficul'ies of relaung concenlTalions of pol­
lUlant in the bod) 1o 'he exposure, Considerable effon was made 10 estimale
the degree of melal conlaminalion in lhe die" bu, there are inevitabll doubts
aboUI "ha, 'he animals anuall) cal, and also aboul ho" fa' lhey range 10
feed: food from differenl place> mal be expected '0 ha,e diffe,enl degrees of
conlamination.

In a "ider contex" animals are not ,'a'ic. Apan from the" relali"el) lTi"ial
day-,o-day movement,. specie, oflen ha\e larger-scale mo"emen" related to
dispersal, season (e.g. migration) and to breeding acti,'ilies, all of which will
'end to gi"e animal' irregular exposures '0 pollutantS. ThIs "regularity Iuds
lhen '0 lhe que"ion; how great is the variaiioo between indi"iduals from
...-tthin Ihe <ame area?

Some care is needed in an''''enng this question. Differences bet"'een
indi"iduals, taken for analysis al differenl'imes. mal resul' from difference,
in exposure or from seasonal change-;. but anal)sis of birds' eggs mighl be
expeCled to minimise variation from seasonal changcs. Studics on heron
(Arden cineh'n) demonstrated the magnitude of the "ariation that can
<)ttUr. Eggs from a hreeding colon)' in Trol. LincolnShire. were analy5<'d for
p,p'-DDE and for HEOD in 1966. 1968. l'nO, 1973 and 1977 (Cookerl uI..
1979), Af,er the first occasion lhe eggs were also anal)'sed for PCBs (Figure
4,5.5). There is dearl) a considerable nriation between clutches in their
content of contaminants. The data for 1968. ,,'here an average of four
eggs.--duteh "'ere analysed, "'ere examined to detail. The range of
roncentration, "ithin clutches 'ended to increase linearl) "'ilh the mean
concentration, so analIse, of \ariance were made on 'he logarithm, of the
concen,ra,ions, Variation in concentralions of ODE and HEOD bet....een
clutches "'as much greater lhan that ""hin dutches (F,~" - 80.76 and 92.59
respeni\el~', p< 0.001). The hiStograms in Figur. 4.5,5 can thereto'e be
taken to indicale real difference> in the pollutant content of dutche' laid b}'
different birds In the same colony, Th. paltern of disttibulion i' different both
for differenl pollulan" and for different years, An increasing, though ,mall.
proportion of eggs contaIn relati,'ely high Ie' cis of PCB. in the later
).ars, "'hil,, lhe opposile. of an increa~ng proportion of eggs ,,'ilh low
concentrations, occurs for ODE and diddrin, Thcse differences belween
years were .hown to be significant b~ a l' te,\t (Table 4.5 10): the range of
concentralion, Wasch~n to en'ur. lhal no e~pected frequency was less than
5.0. and lhe data "'-ere correc1.d for lack of ron"nuity.

The simplest explanation for tho observed distribution' and changes wi,h
time is lhat a relativel; .mall proportion of birds gOl a relatively high



- - .~ ." .""

:! ""

l "t.'I n ,",no n0 "' .... ""60"'" o ~~ OilO"'OfoOlIOlOO

•

I"I ~ l ~
~~'

~OO": l ~,, "
:[ dH&J L...n ab, .. fJL l ~

048'216 048l.11t 04.'216 o 4 8 '2 • 041>20ll
(;oN:.__ <pp ..... _1

I I~U'" ~ ~ ~ I req"'lI<) b,,",pu.. r", ,"" """""'"">1M"" or PC1J.. 111-00.IId,.".' -I)!)'- '00",01 ,he h«011
("'*"..-...1 "'len ""'" a"'ot<Io"""'*"'l .J 1 "'J.' '_0""'•. ,.lIOr>.I", 1_.,. n••,..,.bo>al "" .n.h....
,or I 'CW'duldo (.......0 """1<lM1do1 10.11 othtr )C ~rdl wa....." ,hall I ." .....1'C'd rrom •
a,udl l'of I"CB>. lot ,Ahor> r ,,"'. 11.. .......,., 11_ "'.... ,"" ••"h_,,,, __~••".,_ ..
• M J""" ~ ,hal ,lot 100 """"".n.,_ all"tlh .. f,~ ,.-. ,hat. "" 1II-.0t) _ l>1)I (data r....
Coot.. rf J, 1919)



BIO"ca:~tL'U.TIO:- I" TEllllESTlllAL FOOD CtlAI.'S 281

TotM 4.j, 10 The 'il"if",ano< of the cbao';". propOrtioo, of <U' ..'nb 10" coo=·
"artoo, 01 PCB., IiEOD aod DOE in <us of tho horoo (Md<'<l «~,....).
For I"rth., dotai1. SO< FiiU" 4.l.S

ConC<JI"atioo, turn ..
Compound '\0..-' (p.p,m...'ct ..eitht) X p

PCB, 0-, 11.04 <o.oS
IiEOD 0-' ~.~ <0.001
p,p'·DDE ~ 14,47 <0.01

exposure: there i. good experimental evidence to .ho..' thai for dieldrin in the
crowned guinea.IO"o'1 (,\'umida ruhagriJ), for DOE in 'he American ~~trel

(Falco spa,,'m'w) and for p.p' ·DDT in the dome"ic hen, the concentration in
the e1l8 appro,imate. to that in the diet ""hen conccntration. arc in a
.teadj_.tate (Wie.. ~, aJ" 1969; Linccr. 1975 ...,Qriarty, 1975). \\'hethe!
the.. heron. "'ere any",her. nea, 10 a 't.adj-'tate condition i. un~nown,

Heron. at the Troy colon)' di.pe,...., O"er a wider area OUI of the breeding
season, and during the breeding S<'a<on, whil" based at Troy, each bird has ils
own particular feeding area. probably "'ithin a 2o-mile radius (Bell, per<.
comm.).

~.S,S PREDlCfIO:\, Of 1I10ACCU..n;LATION

Mostte". proposed Or in uS<' a. meaSureS of bioacn>mulalion are for aquatic
.pecie•. For example. the OECD guideline< for I~ling of chemical. (1981)
list five lest. for biooccumulalion, and all fi"e le.ts use fi'h. These guideline.
Ihen suggeSt that the ,,·oetanol: water partition codficient gi,'e. a good
indication of bioaccumulatiOIl for teTTestrial specie" Non·ionized organic
chemical. do cross lhe gUt wall bj passi"e diffu.iOll. and Iherefore II!<
".octanol . water panition cocff"';en. gi,'e. a uS<'ful measure ofone importanl
factor tha. <!clermine. the absorplion rale of such rompounds (Houston and
Wood, 1980), Howe"er, mhe! facto". particularly me.abolism, al<o exert a
large effect on the degree of biooccumulalion, <0 the uS<' of partition
coefficienlS alone is inadequate

We ha"e alread) discussed the difficulties of interpreling field data, One
rcaelion has heen 10 develop model ecosystems (Metcalf ~, 01., 1971),
simula'ion of ecos)'Slem., which are usuallj' relati"elj .mall CQflla;ners with
sand, water ami a range of .pecie•. The compound of interest is introduced
into the model ecosystem•• and mea,urement. can Ihen he made on Ihe
quantilie. and distribution of both the compound and its metabolite., The
'e<:ologjcal magnificalion' and 'biQdegradabjlilj ind..· of Ihe compound can
Ihen be calculated. HO"o'e' er, IheS<' quantnali, e measurements arc diffiCUlt to
interpre. (Monarty, 1977); all 'hat is known is .he amounl of oompound
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inlroduced. and arnQUnl$ in the organ~rns alone lime. MelCalf (1977) aIw
has concluded lhallhese model CCO'i)"lems are of limiled value. and il is novo'
becoming widell a=pled lhnl mnn}' lears of research would bt' needed
before the rele"an~ of model ecosystem, In OIher '}'Slems. nalural or
anificiaL could bt' assessed (Gillen and Win. 1919; Pritchard. 1982),

Prediet;on$ of the degree of bioaccumul3lion require lwo appro.>ches:
knowledge of likely palhwa)" laken b)' the pOlemi.1 pollutam in lhe
en"ironmen" which delermines lhe species Wilh the highe'l exposures. and
use of companmental models in laoor.'o') experiment., "ilh panicular
emphas;s On a"imila,ion and pu,islence within ,he bod) .

.!.S.6 SU'L'IARY A:"D CO:-;CLUSIOI"S

Food is the principal source of man)" pollutant$ for lerre$trial .nimal•.
Feeding pallern, are nOI con,lant: food ,-nne, ,,"h seuon. an anImal's age
and size, and with an animal's localion. In practice, it is difficull 10 delermine
precisely what an animal does eal. and, 'herefore. ""hat is il< exposure.

Concenrralion factors are difficuh to interprel. but dala for hea') melal.
and organochlorine insecticides show lhal nO uni"ersal slalemen, can be
made for these contaminant. aboul 'he increase in concemration. Or lack of it.
from ,he abimic em'ironmenl inlo earthworms. The,.., ha'e been 'inuan) no
meaningful eSlimalC$ of ooncentration faetol'S for "erlebrates, in ,he field,
Nevertheless, analyses of field ,pecimens. particularly bird•• ha'e led 10 lhe
sU~C<lion that predators lend 10 ha"e the highesl roncemra'ions of
organochlorine insecticides. as a direc, oonsequence of ,heIr peIS"ion in lhe
food chain In general. successive lerrestrial predalol'S are Ihoughlto oomain
,ucccssi,'el) higher ooncentralions of pel'Si51enl oonlam,nanl,.

The emphasis on,rophic level as a delerminanl of poilu lam ooncentralion.
appeal'S to be mi,placed, The likelihood that a pollUlant wili incr<:ase in
ooncentralion along a food chain depends primarily on ph)'siol<>gJcal and
hiochemical function. "ilhin individual animals: lhe percenlage assimil.lion
of .n inge'led pollulant.•nd ils rale of e1iminalion, i.e, melabolism plu,
excr<:lion, Trophic le\ el is of significance primarily for i1> rel.lion.hip 10 siu:
large predalors appear less Iikel) Ihan are ""an predators 10 h3"e
concemrntion faCtors grealer lhan 1.0, More delailed informalion noout
en\'ironmenla1 palh""a}'s i. needed befor<: amounl< in indi"idual food webs
can be ....ssed. Field exposure is like!} 10 fiuCIuale 0< 10 be intermi1tent.
which will oolllplicale such assessment'.

Il follows lhat. 10 predict ,he likelihood of bioaccumulalion of a Chemical.
t\lo'O measuremenl< arc needed' Ihe percenlage assimilation. and the degree of
persislence wilhin animals. These .re beSt measured In <landardized
l.boraIO')' conditions

Prediclion. of lhe m.gnitude of bioaceumulalion require lwo Iype. of
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~no"'ledge: fim, delailed kn<ro,ledge of ,he en,'iroomenlal palhway> of a
polential conlaminanl lha! indicates 'he .peeies Ihal would gel Ihe higheSl
.xposure: secondly, laboralOt} m.a.ur.m.nl' of amountS wilhin organi,,,,,,
during and afler exposure 10 assess Ih. ral., of assimilation and loss.

~.5.1 REFERENCES

8.... ,. R. J. (19S8) '-01<. on >om< «:oIogical <fIco" of DDT 'pr.)·.... "" elm. J.
»,ldL \f4nOg•.• 12.269_27~

8.~.r, '" ~ .. on<! F"h. C. D. (l980). I'......'.n<o in ••nh.iomu and poten'ial haun:b
'0 binio of >0,1 'Wll.d DD1, di.ldrin and h.ptachior, J, Appl, Eool,. 17. 193-307.

801';. K.. Erne, K. ltanko. E., .nd W.nnlo'!>. H. (1970). Expenm.ntal secondof)
rne'h)1 mercllf) poi>oning in Ih. g""'..... (A«ipj,.r g. gen'iJiJ L). En'-mm, Poll",.,
1.91_I(I.t

B"",,'II, L (1976). Bri'i.Jh Bird, of Prq. A SludJ of Bri"',"" 14 Oiu,rwl RaplOrs,
Colh'" (1'0'.... Na'urtlli" Serie'> no, 60), London,

Coo.e, A. S. Bell, A. A ...n<! H.as, M. a. (1979). Bi,d< "IP'.,.. and PoliUlan", fin~1
R.p"'" ""u,,1 En"ronmen' R.",,,ob CouOCll Con1r><l R.port '<> ,h. Notur<:
C<>n",,,'a~ Council, CST R.port no. 256. aanbuf): '-CC

D.,·", B " K (1966), Soil animal, a. "«I"fS of or~nochlorine in",.,,,,,ide. for
I1round-f«~i"8 bird•. J. Appl. F:ct>I .. 3 (suppl.). 133-139

DaH'. a. '- Ie (1971). l.a00ra10f} "udi.. on Ihe up'ake of diel~rin and DDT b)
e."h.'onm. Soil Bioi. Br«h",,-- J, 221_233,

Duff.), E., .nd Wall, A. S. (Ed,) (1911), Th' S<i'nn/i{ ,II.""g'",'n' ofA.nimol ""d
(>U.", C"",,,,"nir"s for Con",n~Mn. British Ecol<>gi<al So<:i<'r Sym"",ium. II 'h.
Black.'ell S<;;.nliflO Public'''M., O'for<!,

Ed"ard•. C. A .. and L<>fl;, J. R. (1972). Biology 01 Eo"hw,"-,. Ch.pmaa .00 Hall,
L<>nd<>n.

EIlM, C. S. (1927), A",maJ Eroio/I>' Sidrid and John<On. London,
Gill.ll, l. W ,'nd Win. J. M. (Ed.}(19"9). T",,,,,,.I .\1"''''''0'''''. 1't0000dings of,~

W""I..hop on T«re"ri.1 MiCfoeo<m., Oner Cr"" 1977. N3Iio".1 Seie"""
Ft>Unda'ion, Washia!,on. IX:

H"""on. l. a ...n~ Wood. S G. (1980), G.strointestinal .b>Orp1ion of dlllp.nd
o,h" ..nobio","". hog. Orog .""01>01.. 4. 37-129

Huil\", ~t K., upp, N W. and Phipp>, D. A (1980). Aerial ~""} m<tal poIlu'ion
and ,e"e"ri.1 <ooo)~,em•. Ad,' Eeoc, R"" 11, 217_327

I'el.n~, \t. P. (1913) Me..1conlenl of OmdrobMna ",bid. (Olieoch..ta) in a ba'"
metal mining "ea. Oiko" l~. 74_79.

Jefferi... D. J. (1971), Orpn""hlorine inSCClicide ,.';<In.. ,o aM.h bat> ao<!,he ..
"gnifl<'''''''. J, ZOOJ., 166. 14S_263.

lefferi.., D. J" and DO"i., B. N K. (1968). Dj'namics of di.ld,in in >oil, .anh..-orm..
an<! >OnE t~1ll'IIe •. J Wild/. .1I0~oge .. n, 441-456.

Jell<ri... D. J., S'aln"'~·. B., .~d Fronoh. \1. C. (1973). Th< """""c; of >m.1l m.mmal>
In o"lll. f,eld. d,ill.d ...',h IO',n'" "nea' and ,lie i""'.... in II\<" di<ldrin and
merou" ""id""'.J. Z<><>I.. 171. S13_Sl9

Kenap. E. E. (1971). Gui<kline. I", .nmonm<n"l O1ud; of pe""'ides:
M,,,m,n.1lon 01 bioconc<:n,ralion polen'ial. R",d,.. Rr' . 41. 73_113.

Lint~l. J. L. (1975). DDE-induced eU.hell.thinnin~ in ,n. Am<rieon '."'e!. a
<:<>mpari<On of ,ne fi.ld ,;'uation andlaoon'<><} '"UI". J Appl. £<01.• 12. 781_793



28J IT5TS TO PREDlcrnlE ESVIRO'-\'E.''''",L BEH",VIOUR OFCHE.\lJCALS

I.or<l. K A. Brigs<. G, G., :-.... , M. c., and Manla.-., R. (I980). UpUl\:.C of
p<'>licide' from ......, .nd ""I b) .anh..X>mIi. Pe"ic. Sci.. II. 401_J08

Metcalf. R. l, (1977), Model «XlO)''''_ "Wroach 1(' in><:OIicKk degradation' a
critiqoe. Annu. R,,'. EmomoJ., 11. 241-261

.\t<t..lI. R. l .. Sangha, G. K.. 000 Kapoor. I. P. (1971). Model ''''''l'''''' fo< the:
"".Ioati"" of J'<,ticide b;odegra<labilit) and «:oIOJicaI m.gnifica"Oo. E,,,·iron. Sci.
Tech""", S. 709-7l3.

M".u•. R. (1964). DDT In Z,,·.ig. G (Ed,). Pw",id., Plam Gro"'lh RegulaloN! ""d
Food Addil"·"". \'01. 2. pp. 97_!O7. Academic Pt.... " .... York

.\100". N W. (19M). Pe>1icide, and birds_a ,"',"'< of'he: ",,,>tion 'n G.... a,; ...i.
in 19M. Bi.d SM1,-. Il. 2n-2~2

Moot<. N. W nd W.lk.r. C. H, (1964). O'ianic chlorine in..cticide "sido..
in wild bird, \alu". London.:Wt. 1072_1073

\Ioriart). F, (lo,S), bpooure.oo f<,idue•. [n \torian). F. (Ed.). 0'B"l>O<hlorin<
J"HClic'd.... PmulMI O'l0nic PoIl"UlnlS, p!>. 29-72. Academic ""''',londO<l,

\lorian)·. F (1977). !"r.d;",i"" of «:oIoa:i<aT .ff=, b) J'<"ici""., In P."ini. F. H
and Mellanb). K. (Ed,). Ecological EffrclS of Peshcwes. p!>. 16S_174. linn...n
S<riet)· S)'mpo,;um Serie. 1'0. S. A..~emic Pre", London.

Morian). F. (1978). Terre,tria[ animll<, In But[.,. G C. (Ed.). Prltlc;p/ts of
EcolOaicolog,-. SCOPE 11. pp, 169-186. JOOn Wile) .nd Soo" O'Iiche:"c'~:-c'"

YorJ.-Brisbanc-To'onlo.
O·B".". R. D. (1%7). In,eclicwn A<tioll and '''''''!><>lism. AcademKo Pro... I'ow

Yo,k.
!"ritch.rd, P, H. (1982), \todel """')~tem'. [n COO""), R. A (Ed,), En,'iron~nlaJ

Risk Anal;"i> for Ch,,,,,,,aJ•. Pr· H1-3S3. '"" -;ostrand R.;nl>old. N." York.
Robens. R, D., .nd Johnson. M. S. (1978). Di,persal of he..) motal. from ab.ndon.d

mine "'o'king> .nd thei' tr.n,fe'ence ,h'ough terre,tria[ food cha,ns f:n"i"",
"oll~l.. 16. <93-310.

Southe:rn. H." (1954). T...n) ",,-I< 000 their p") lbU. 96. 384_UO
S,ich[. L. F. (1073). P,"icid< residu" in bi,<b .nd mommo[" In Ed" rd" C. A

(Ed). En,'ironm<nlaJ Poll",ioII b)' "wicides, pp. 254-312. Pl.num Pre l.<>ndoon,
Slid.•!. W. H.• H.)",. D W.. and Stookel. L. F (196~) Eff=, of

he:ptactllor--oontominated e.nh"""m, in "'oodcoch J It'~d/. Ita",,!'. :!J.
[32-146,

To,k Group on M.tal ACCllmulat>oo' (1973), ACCllm"lati"" of ,,,,ic m<tal, .."h
speCIal ",fer.nee to th.i, .boorpt;on. excre,ion.nd b>ologic.l h.[f·to",.•. En \'iron
Ph.,Ut;>I. Blochem .. 3. 6~-107.

""Malle)'. G. A .• and Hardman, J. A. (1968). Organoch[orine inseeticide residu" in
.anh",-omu from arable soils. J xi. Food Agn< .. 19. 219-225

1'0'..... [ H .. B'Wln. ~ C J.. "an de, Vper. J. H.. and '-"0 dc' Merwe. J. H. (1%9)
T",,~~ .nd djnam,.. of d..ldrin on ,h. ",,,,,'n«! goinea.fow!. \'~midJJ

m«"'gm (L). Ph)'wphillnica. I. 161_176
William_. P. (1979). Comparison of metal [,,'<1< in in'·en.bra,e <Ietriti.ore••nd

,h.i, nalural diet>' eoneentratioo factors .........d, O<eologja. 44, 15_79




