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Introduct ion- M n n - "I'he I ' j icLoQht^Chain 

I l i c combined propertieb of environmental persistence and mammal ian toxicity displayed by many 

organocl i lor incs make them pollutants of part icular concern. The l ipophi l ic compounds in part icular {eg. 

polychlorinated t l iben/o-p-diyxins and dibenzofurans ( I * C D D / F ) , polychlor inated biphenyls (PCBs) and 

organochlorine [>csiicides) display a strong tendency to accumulate in human tissue. The ubiquity o f ihcsc substances 

make-s for a mult i tude of ctimplcx human exposure routes. A n understanding of these envi ronmenta l pathways to 

man is a preretjuisiie lor developing Mratcgies to reduce human exposure and for predict ing the behaviour of other 

com[)Ounds. 

The FirM Link: Da in ' Products • Major Source of Human Exposure 

The first step in a pathways assessment is to determine the pr imary direct sources of human exposure. 

Several studies of this c]ue.sMOii have been conducted, three of which are summarized in Table I. Food, pr imar i ly 

animal fai, is seen to be pr im; i r i ly responsible for the P C D D / F and I*CB burden. Indeed, one food group - dairy 

products - predominates, contr ibut ing about 50% of the daily P C D D / F dosage and 2 8 % of the PCB dosage. This 

arises f rom the ii|iO[)hilic nature o f the contaminants and the dominant role o f mi jk fat in i l ie typ ical person's diet. 

While ihe.'ie figures represeni the 'average individual" and other sources such as fish could play a more dominant role 

in specific sub-groups, accumulat ion in agricultural food chains, and especially in cow's mi lk, is the cr i t ical exposure 

pathway for the general popuhuion to many organochlorines. 

T A H L K I Sources of Hi tman Rxposure to Organochlor ines 

Compound Percent of Total f lxposure Source 

;s Plants 

Envi ronment On ta r io . 1988 

Beck et al.. 1987. 

Summermann ct al . , 1978 

'I'he Second Link: The Cow • A Cc^niamin.mt Pipeline 

Mi lk cows have been the subject of numerous feeding studies in which the animals were fed contaminated 

feed (Fr ies. 1977; Tuin.stra et al.. 1981; Jensen and Hummel , 1982; Firestone et at. 1979). Various authors used these 

data to define carryover factors, the la i io of the mi lk to the feed concentrations (Travis ct al.. 1988; Heeschen and 

Bl i i thgen. 1985; Connett and Webster. 1987). In a recent study of a cow under natural condit ions we l o o k a different 

approach, showing that virtually all of the pcrsi.stcnt contaminant that finds its way in to the cow is excreted in the 

milk (McLach lan ct al.. 19W; M c L i c h l a n and Hutzinger. 1990a). Hence a cow can be understood as a pipeline: 

inf low = outf low. 

The problem is knowing which compounds arc persistent. A t the moment one is dependent on experimental 

evidence. For instance, we know that the 2,3,7,8-substituted P C D D / F isomers are persistent wh i le the other 

P C D D / F arc not. Similari ly. it has recently been suggested that the 2.4.4' substi tut ion pattern is i hc key lo PCB 

persistence in the cow (McLachlan and Huu ingc r , 1990a). However, lhe lack o f predict ive methods for chemical 

persistence remains a major hemdicap in model ing contaminant behaviour in the cow. 
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The ability of n cow to degrade a substance does not preclude its appearance in the milk. Indeed, a .small 

fraction of the uptake of labile PCDD/F and PCBs is excreted in milk (McLachlan and Hutzinger. 1990a). Uiis 

"short-circuited" fraction was observed to increase with increasing lipophilicity of the compound (from 2% to 11% for 

PCBs). It is not clear whether this is due to a physico-chemical phenomena or slower degrad.iiion kinetics for the 

more chlorinated isomers. 

The cow has a second pathway besides milk to rid itself of contaminant, namely the feces. Our cow mass 

balance showed that the lactating animal also excreted some resorbed contaminant by this route. However, it was 

generally much less significant, ranging from 0% to 15% of excretion by milk. In beef cattle feces represeni the only 

significant possibility to excrete ingested persistent contaminants. As this route is much less favourable than 

lactation, tissue concentrations will likely be determined by the ratio of ingestion to growth dilution. 

FIGURE 1 
1.a.3.7.8-CI5IX) Concentration in Cow'a 

Milk lmtii«diat*ly Altar ttw Frat Calf 

A cow need not always be in a steady state characterized by 

the relationship: input = output. Changes in the feed contaminant 

level or the dry period prior to calving when the cow gives no milk 

but gains weight (typically 6 weeks) can upset the balance, and the 

cow's body requires time to adjust to the change. Feeding siudies 

have shov/n clearance half lives of about 1.5 months for a wide range 

of lipophilic substances (Fries, 1977; Jensen and Hummel. 1982). 

Our measurements of milk of the first milk pproduced by a young 

cow give similar results (Figure 1). These observations can be 

interpreted as the buffering effect of the cows body fat. A 600 kg cow 

with 6% body fat producing i .2 kg of milk fat a day excretes its body 

fat weight in milk fat once ever)' 30 days. 

The Third I,.ink: Leafy Plants • Pollutant Accumulators 

How do these pollutants get into the cow? Modeling siudies have concluded that feed is responsible for the 

bulk of the cow's exposure (Stevens and Gerbec. 1988). These results were confirmed by our contaminant mass 

balance of a cow, which showed that feed accounts for virtually 100% of the uptake (McLachlan et al., 1990; 

Mcljchlanand Hutzinger. 1990a). 

Soil has also been suggested as a source of contaminant, panicularly for pasturing cows. In a review of soil 

consumption by cattle. Fries (1987) reported that soil comprised between 1% and 18% of the dry weight eaten by 

pasturing animals, depending on the supply of grass, and that offering supplcmentry feed reduced the soil 

consumption by more than half. For cattle that were on the pasture 12 months of the year, the average value was 6%. 

In Bayreuth the cows are on the pasture 6 months of the year, the grass supply is always abundant, and they receive 

supplcmentry feed. A soil consumption of 1-2% of the dry matter uptake would appear to be a realistic estimate in 

this situation. 

Using PCDD/F as an example, the average feed 

concentration in Bayreuth was 0.44 pg TE/g DW (International toxic 

equivalents per gram dry weight). The soil concentration in a field 

in the area was 0.8 pg TE/g DW. Thus soil could account for 2-4% 

of the cow's PCDD/F uptake in this case. This was confirmed by 

foUowing the milk concentrations of a cow during the transition from 

bam to pasture feeding. As seen in Figure 2. the milk concentrations 

actually decreased when the cow was put out lo pasture. 

If the soil concentration was 22-44 pg TE/g DW, the 

contaminant load from soil would equal that from feed. Soil 

concentrations of this magnitude have been reported close to 

industrial areas. In such cases it might be appropriate to investigate 

whether the animal husbandry practices employed in these areas lead 

to elevated contaminant levels in milk. 

1.2.3,7.8-01500 Concentralton in Milk 
Paature Feeding Bagan on May 5 

» 22 2fl e 13 20 27 
Jun* 
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Not al! of tl ie contaminant ingeMed l"'y a cow is lesorbed in 

the digestive t r a d . Our iiia.ss balance studies indicated that the 

resoqi t ion decreases wi th increasing l ipophi l ic i ty (sec Figure 3). 

Wh i l e it is alxive 8 0 % for log 1-octanol-water par t i t ion coefficients 

( l o g K „ ^ ) values up to (j.,*!, the resorption then falls of;" quickly, 

reaching 2 1 % for Clj>DD. It i.s not known i f the resorpt ion is 

sicnif icantly d i f fercnt for different feed types. Resorpt ion f rom soil 

for instance miglit be lo'ver than f rom grass. 

Hie contr ibut ions of the dif ferent feed types to the exposure 

to three contaminants at our study farm are shown in Figure 4. The 

i j ass products, namely the different hay cuts and the grass silage, 

account for the majority of the load, whi le corn silage plays a 

s<x-ondary role. Gra in is a negligible pollutant source. 

This has implications for feeding practices. AU cows have a 

basic dietary requirement of grass which brings a mi lk product ion of 

about 12 L /d . The production can Ix; increased to 35 L / d and more 

b> feeding grain. Therefore, a cow on a high grain rat ion would 

produce twice as much milk with tl ie s.nme contaminant content as a 

cow on a low grain rat ion, ie. mi lk wi th half the contaminant 

concentrat ion. 

In I'igure 5 the dr>' weight concentrations of PCB 153 in corn 

leaves, corn silage (Icavits, stalk and cobs), hay and grain arc plot ted. 

The leaves, which have the highest surface area/weight rat io, clearly 

accumulate much more contaminant than the whole plant or just the 

cra in . Leafy planls are the major source of organochlorines for the 

cow, and hence for the milk. 
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The Fourth 1 .ink: A i r - Gas Phase Dif fusion or Particulate Deposit ion? 

TTiere are two basic ways for pol lutants lo reach plant leaves: through the soil, roots and stem; or through the 

air. Al though soil uptake was long the subject of scientif ic investigation, Bacci and Gaggi (1985) demonstrated in an 

elegant experiment that root uptake of PCBs is insignif icant in comparison to the pathway soii-air-plant. This is 

l ikely also the case for the P C D D / F , which have lower water solubil i t ies and are thus even less mobile in the plant's 

aqueous transport media. Organochlorines w i th a high water solubil ity and relalively low l ipophi l ici ty such as lindane 

may be exceptions to the generalization that root uptake and plant translocation is an insignificant pathway for this 

dass o f compounds 

The role that the soiJ-air-plant transfer observed by Bacci plays in the real wor ld has not yet been extensively 

investigated for organochlorines. Studies wi th another fami ly of compounds, the PAHs, have shown that planls 

growing on extensively contaminated soils do not have significantly higher le^'cls lhan plants growing on 

u jKontaminated soils (Kampe, 1987). This indicates that the substance di f fus ing out of the soil is quickly d i luted by 

the air in the plant canopy, so that the plants see an air concentrat ion very close to the ambient level 
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Another possible route to the leaf is direct appl icat ion. As the use of organochlorine compounds in West 

Germany has largely been forb idden, the major remain ing fo rm of direct deposition is th rough the spreading of 

sewage sludge. It has been demonstrated that heavy metals in sludge adhere to forage fo l lowing spraying, and that 

they arc not completely washed of f by heavy ra in (Chaney and L loyd. 1979). Organochlorines cou ld al.so accumulate 

on plants fol lowing direct appl icat ion o f sewage sludge. Organic contaminants in sewage sludge have Ixjen shown to 

accumulate in soil (Kon ig ct al, 1987; Kampc , 1987; McLachlan and Reissinger, 1990). which once again raises the 

question of soil ingestion by grazing catt le. As these issues have yet to l>c satisfactorily resolved, the appl icat ion of 

sewage sludge on forage has been forb idden in West Germany. 

By the process of e l iminat ion the accumulat ion o f organochlorines in plant leafy parts must be due to aerial 

deposit ion. There are three possible mechanisms: wet deposit ion, dry particulate deposi t ion, and dry gaseous 

deposit ion. 

Rain and snow can capture large quant i t ies o f gaseous and particle bound matter on its descent to the earth, 

resulting in high fluxes to receiving surfaces. T h e gas phase str ipping of relatively insoluble compounds such as PCBs 

is much less ef fccthx than the part ic le scavenging (Du inke r and BouchertaU. 1989). On the other hand, the annual 

wet deposition o f these compounds is f ive to ten t imes less than the dry particulate deposition (H i tes , 1990), so that 

the latter can be expected to be more impor tant . In addi t ion, rain washes off contaminants already present on the 

leaves. Therefore, wet deposit ion is l ikely not a signif icant pathway of l ipophilic organochlorines to plant surfaces, 

w i th the possible exception o f very soluble compounds such as l indane. 

Particle deposit ion has commonly been assumed to be responsible for the t ransport of involatiJe 

organochlorines such as P C D D / F to plant surfaces (Stevens and Gerbec, 19S8; McKone and Ryan, 1989). However, 

recent siudies have demonstrated that plants absorb significant quantit ies of these compounds out o f the gas phase 

(Bacci ct al.. 1990; ReischJ et al., 1989). Moreover , our measurements of organochlorines in the air dur ing the 

growing season showed that over 9 5 % o f t h e PCBs up to a chlorine number of 6 anda large f rac t ion o f t h e P C D D / F 

were present in the gas phase (McLach lan and Hutz inger , 1990b). 

We attempted to evaluate the signif icance o f these two 

processes using the air and plant data col lected dur ing the same 

growing season in Bayreuth. W c first assumed that the C l o D D and 

CIgDF measured in the plants were tracers for part ic le deposit ion. 

The particle bound component o f the other P C D D / F in the plant 

was then estimated by scaling the P C D D / F part iculate data. T l ie 

results arc plotted in Figure 6. Part ic le deposi t ion cou ld account for 

the C l y D D / F in com leaves, but wou ld appear to make a minor 

contr ibut ion to the Q ^ D D / F accumulat ion. Th is suggests that gas 

phase diffusion o f the lower chlor inated P C D D / F homologues to the 

leaves plays an important role in plant uptake. 

It has been suggested by several authors that gas phase 

transport of contaminants to plants is a pa r t i t i on ing process that 

should correlate wi th the Inx tano l -a i r par t i t ion coeff ic ient K „ g , just 

as sedimeni-walcr par t i t ion coeff ic ients corre late wi th K^^ 

(McLachlan ct al.. 1989; Mackay and Paterson, 1989; Bacci et al.. 

1990) In Figure 7 ihc ratios o f the non-part ic le bound corn leaf 

concentration to the gas phase concentrat ion (on a vo lume/vo lume 

basis) are plotted against K^g for organochlor ines ranging f rom 

tetrachlorobenzene ( T C B ) to C I g D D . T h e cor re la t ion is much flatter 

than the linear relation predicted. Whereas the leaves behave as if 

they had a higher solubil i ty for T C B than I-octanol, they would 

appear to have less than 1/5000 of the l -octanol solubi l i ty for 

C IgDD. 

FIGURE 6 
Compar igon o( P C D O / F in Co rn Leavea ; 

ih« Fract ion A l i r i D u l c d to Part tckta 

lllli 
4 5 6 7 

FURANS 

• • Total In Corn Leaves 

< J b l 
4 5 6 

OIOXINS 

Ei i3Paft ic»a Frac 

FIGURE 7 
Plot ot Corn L e a f / A i r Gaa Phase 

Cortcan t rat ton Rat io va Koa 

Conc.tCorn Le«t/Ai/) 

6.5 I 

5 5.5 6 6.6 7 7.5 8.6 e 9.S 10 10.5 

: Ra t i o and Koa o n TOk»n« b a a t a 

482 Organohalogen Compounijs 1 
 
1990



\ 

The reason for tti is ol!S<;t^:ition may lie in the kinetics of (jascous coii l . imin:int uptake by Ihe pl.lnt. 

Organochlor ine clearance h.ilf lives in the order of months have been found for spruce needles, w i th est imated times 

to reach equi l ibr ium in the years (Ke is th l e l al., ]W' ) ) . Thus agricultural crops may never achieve equ i l ib r ium with 

Ihe surrounding air. The practical consequence; Fast growing versions of Ihe same crop are likely less contaminated. 

The impractical consequence: Mo<lel l ing chemical fate in agricultural food chains liccomes more di f f icul t , as non-

equi l ib r ium considerations as well as growth d i lut ion must be considered. 

T l ie Final I ink: T h t Sources - O l d and New 

Where do the contaminants in the air come from? One source for many compounds is cont inu ing emissions. 

F K ; D D / F for instance coni inue to be released by automobiles and various combustion processes. Many 

organochlorine compounds are no longer in use however, but are nevertheless sti l l present in the air. A good 

example, PCBs in the USA, has been extensively documented by Manchester-Neeswig and Andren (1989). They 

postulate that lhe earth is acting as a PCB reservoir in a dynamic quasi-cqui l ibr ium with the atmosphere. Thus, as 

long as p e n s are present on the earth they wi l l also be found in the air. 

This has significant impl icat ions for future efforts to reduce food chain exposure to l ipophil ic organochlorines. 

It is clear that air concentrat ions must be reduced to interi ipt the food chain accumulation of these substances. 

However, reducing emissions wi l l not necessarily lead to an immediate rcducnion in air levels. Rather, the decrease 

wi l l depend on the response of Ihe complete ecosystem to Ihe reduced emissions. Of particular importance is the 

existing equi l ibr ium discrepency between the earth's .surface and the a lmospheie. and the rate al which contaminant 

is removed f rom the interactive environment. Whi le there is some knowledge about lhe response of aquatic 

ecosystems, very l i t t le in format ion is available about terrestrial ecosystems. 

Summary 

The dominant route of human exposure to many l ipophil ic organochlorine contaminants begins wi th 

atmospheric emissions, l ioth direct ly through sources and indirectly through release of accumulated substance f rom 

the terrestrial and aquatic environments. These compounds in the air are deposited on plant surfaces, to a large 

degree through gaseous d i f f i js ion. The plants are inges'ted by cows, and most of the contaminant is resorbed in the 

animal's digestive tract. Mt iny compounds are degraded in the animal, bui those that are persistent are excreted 

almost quantitatively in the mi lk. Man consumes large quantities of milk products, resulting in significant exposure 

to organochlorines. 

The Weak Links; Research Needs 

Contaminant behaviour in the cow Is relatively well understood. Further study of other livestock such as pigs, 

chickens or beef cattle would be useful, but the big dellcit in this area remains the lack of predict ive models for 

degradation in the animal. 

There is cont inuing uncertainly as lo the effect of sewage sludge fert i l izat ion and contaminated soils on food 

chain accumulation. Wh i l e these arc regional issues of considerable economic significance that warrant further 

investigation, the dominant route for most organochlorines into the food chain is through grass. 

The most significant gap in our knowledge is the air-plant interface. The issue of how organochlorine 

compounds in the air are transfered lo plant surfaces has not yet been sat isfaaoral ly resolved, and the questions such 

as species differences, degradat ion on and in plants, kinetics and temperature dependence have hardly been 

addressed. 

Finally, the reaction of the complete ecosystem to changes in emissions needs to be studied. 
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