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3.3.1 INTRODUCTION

Soils are the relatively thin film of heterogeneous particulate and fibrous
matter which constitutes much of the land-atmosphere interface. They are a
complex mixture of minerals, carbonaceous matter and water, in which live
the vast range of micro-organisms, and the soil-fauna and flora. Classification
is traditionally based upon abiotic composition, origin and geography (Finch
and Trewartha, 1949, pp. 454—466; Ehrlich er al., 1977, pp. 254-255). Soils
are a most vital part of the human environment since they support the entire
range of terrestrial flora and their directly- or indirectly-dependent fauna
mcluding man.

Current trends in world population, and in food, energy, fibre, and
chemical demands per head of population, have emphasized the effectively
limited nature of cultivated and economically cultivable soil, and the urgent
need to protect this resource (UNEP, 1977; FAOQO, 1979a; Winteringham,
1979; 1980a).

It is now clear that immense, and possibly irreversible, damage to many
soils of the world has already occurred as a result of human activities in recent
millennia and even in recent decades. These activities include deforestation,
shifting agricultural practices, over-grazing, agricultural intensification,
pollution and especially industrial and urban development. Agricultural
intensification has involved an increasing energy input per food calorie
ingested by man, fertilizer and pesticide usage, and artificial irrigation
(Winteringham, 1980a).

This contribution concerns part of the problem of protecting soils,
especially agricultural soils, from the undesirable effects of agricultural and
other environmental chemicals which reach the soil, either intentionally or
unintentionally. In particular, it relates to the use of laboratory or field tests in
order to predict chemical concentration levels likely to be achieved in the
particular soil system under consideration.

Simple models (see Sections 3.3.7.1 and 3.3.7.2) play a useful role in the
handling and presentation of data on concentrations and movements in and
between the various compariments (e.g. plant, the soil profile, drainage
horizon) of the soil ecosystem. Ta provide for the great complexity and
variability of the soil ecosystem in vivo, the laboratory determination of
comparative rate constants would appear more useful than that of absolute
rate constants in isolation (see Section 3.3.8).

The assessment of possible ecological hazard or biclogical impact will. in
turn, depend upon the nature of the critical chemical-biotic interactions
within the ecosystem over the same range of chemical concentrations or
levels: this taking into account the relation between measured or predicted
concentration and its availability to the exposed organism.

It is difficult to envisage any simple or useful model in the overall
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chemical-biological-socio-economic context. The only feasible objective in
that context would be a balanced judgement based upon the need for food
and other agricultural and forestry products, resource conservation, and
ecological hazard in that order. The assessment of biological impact is
discussed under the complementary SCOPE project entitled Effecs of
Pollutants at the Ecosysiem Level (Sheehan et al., 1984).

The effective chemical concentration or level achieved will be the net result
of the nature and magnitude of the inputs, and the various ‘disappearance’
factors which tend to remove the chemical, i.e. the outputs. The biological
effects of the chemical will also depend upon its vertical distribution in the soil
profile, and upon the spatial variability between the defined profiles over the
total soil surface area of the ecosystem under consideration.

It is convenient to classify and discuss inputs according to origin or purpose
as follows:

(a) Incidentally from the atmosphere as intercepted gaseous pollutants
(e.g., that of SO, by aerial foliage), as particulate fall-out or deposition,
or as dissolved chemical in precipitation.

(b) Incidentally from irrigation and flooding

(c) Intentionally from agrochemical usage, waste recycling, or from
non-agricultural dumping.

It is convenient to classify and discuss outputs as follows:

(a) Abiotic factors such as volatilization from the soil surface, loss through
surface soil erosion and run-off, downward leaching and abiotic
inactivation in situ.

(b} Biotic factors such as plant uptake and metabolism, grazing animal
absorption and ingestion, bioaccumulation and metabolism by soil
organisms.

The various inputs, outputs and the net consequence of their integration are
discussed seriatim in the following sections.

3.3.2 PRINCIPLES

Soils are almost invariably covered by native or cultivated flora. Therefore, it
would be neither useful, nor at all realistic, to consider soil in abiotic isolation,
only as part of the soil (and its biota)—plant-atmosphere system. This is
particularly germane to the problem of environmental chemical residues
because their quantitative and qualitative fate is mainly determined by
chemical-biotic interactions. Most important are plant uptake and
metabolism, and soil microbiological degradation (Kokke and Winteringham,
1980; Tabak, Quave, Mashni, and Barth in AOAC, 1981, pp. 267-327: see
also Klein and Scheunert, Chapter 4.1; Cabridenc, Chapter 4.2 and Moriarty,
Chapter 4.5).
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3.3:2.1 The Soil Profile

For the purpose of study or modelling it is usual to consider a vertical element
of the soil-plant-atmosphere system represented, or simulated
experimentally, by a ‘lysimeter’. The lysimeter is a laboratory column of
representative soil or protected monolith of undisturbed field soil provided
with facilities for sampling and for monitoring the behaviour of water and
specific chemicals. A vertical diametric (ns) section of the soil column will
expose the various layers or horizons of the soil and the vertical structural
variability—i.e., the soil profile. Lateral dimensions of the lysimeter vary
from the few square centimetres of a laboratory column to square metres of
the field lysimeter. Depth of the lysimeter extends to some arbitrary or
*critical” limit. The critical limit may be that below which an environmental
chemical will cease to interact with the plant-root system. Alternatively, it
may be the effective drainage horizon or ground water table which, when
reached by a leaching chemical, could pose a water pollution problem.

While a lysimeter or its deterministic model can reasonably represent the
soil profile in depth at a particular point, it may, by no means, take into
account the spatial variability across the hectares of a natural, or
artificially-sustained, agricultural ecosystem.

3.3.2.2 Spatial Variability

Biggar and Greenwood (1978) have discussed and illustrated the nature and
magnitude of both the lateral and vertical variability of field soils with
particular rteference to soil nitrogen and organic matter content.
‘Macro'-lateral variability was expressed as the estimated coefficients of
variation in defined parameters when representatively sampled as unit areas
(e.z. 1 m*) over some limited lateral area (e.g. 100 m?).

Nitrate, for example, can undergo denitrification at anaerobic *micro’-sites
while, overall. the soil is adequately aerated and denitrification would not
otherwise be expected to occur. This *micro’-variability involves dimensions of
the soil particulates (i.e. in mm or pgm). Observations, with experimental
lysimeters must largely ignore such micro-variability but its existence can
account for chemical changes not otherwise indicated by the usual parameters
(e.g. pH, redox potential).

For purposes of prediction on the ecosystem scale on the basis of lysimeter
studies it will, clearly, be most important to take into account the spatial
variability and soil surface topography in fact.

Nielsen et al. (1980a; b) have developed a ‘scaling’ method to quantify and
allow for the spatial variability of field soils. They have successfully applied it
to the prediction of the cumulative leaching of NO; on the hectare scale.
Their method takes into account both spatial and temporal variability of the
soil, water status, sample size, ete. Prediction of cumulative leaching on a
stochastic basis could then be made quantitatively.
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3.3.3 INPUTS, ORIGINS AND PATHWAYS

3.3.3.1 The Atmosphere

Soil can be adversely affected by atmospheric-borne contaminants such as
sulphur dioxide, particulate toxic metals (Cu, Zn, Pb), or acid rain (NO,,
$0.*", SO,”). Radioactive substances can also reach the soil through
atmospheric fall-out. However, for various reasons discussed elsewhere
(FAO/UNEP, 1977) it is improbable that the soil ecosystem would be
significantly damaged per se without simultaneously involving all the alarms
and countermeasures for the radiological protection of man. Atmospheric
fall-out and precipitation represent an area source of environmental
chemicals while atmospheric lead contamination from a busy motorway would
be a line source.

Sulphur and nitrogen oxides from industrial area and point sources are the
most serious atmospheric pollutants of soil. This is due to the effects of acid
precipitation on seil pH, and the resulting increased leaching of soil nutrients.
The important prognostic indicators in this context are pH of the
precipitation, buffering capacity and available mineral content of the soil, and
water infiltration (Malmer, 1976; Glass ef al., 1979).

3.3.3.2 Irrigation and Flooding

The use of unsuitable water for agricultural irrigation or flooding can lead to
soil pollution, to unaccepiable levels of nitrogen, phosphorus, sodium,
chloride, pH, etc. Guidelines are available for the testing of water suitability
for agriculture {Ayers and Westcot, 1976). Flooding usually originates from a
line source (e.g. from a burst river bank). Extensive flooding with saline water
from the sea, as with certain kinds of waste dumping and accidental releases
(see below), presents problems of reclamation rather than of prediction. The
reclamation of saline soils has been extensively studied and successfully
undertaken in huge areas of the Netherlands (Glopper and Smits, 1974),

3.3.3.3 Agrochemical Usage

Excessive or unsuitable applications of pesticides, fertilizers, prowth
regulators, harvest-aid chemicals, etc. can obviously lead to undesirable
residues in soil and in harvested crops, or lead to ground water pollution
(especially by nitrates) and pollution of surface waters exposed to eroded sail
(e.z. with pesticides). This subject has been extensively discussed and
reviewed elsewhere (e.g., USDAJ/EPA, 1975, FAO/UNEP, 1976;
FAO/UNEPF, 1977; FAO, 197%; Kornberg, 1979).

Unlike environmental chemicals which reach the agro-ecosystem in
precipitation or through systematic irrigation, agrochemicals are usually
applied sporadically (e.g. for pest control) or infrequently even though
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regularly (e.g. as an annual fertilizer application). The former represent more
the conditions of a ‘continuous input” while the latter represent those of a
‘discontinuous input’ (see Section 3.3.6).

3.3.3.4 Waste Recycling

The use of municipal sludge as fertilizers can lead to soil pollution with toxic
metals such as lead, zinc, copper, cadmium and mercury (Bryce-Smith, 1973;
Kurihara, 1978). Similarly, the application of organic wastes generated by
intensive livestock farming can lead to excessive residues in soil of various
minerals including NH3, NO; and toxic metals (Cottenie and Van de Maele,
1974; Viets, 1974). It is clearly better to determine potentially undesirable
residues by sludge or animal waste analysis before application to the soil
(Baker and Chesnin, 1975).

3.3.3.5 Waste Deposits, Dumping

The dumping of municipal, industrial or mining wastes can represent serious
point or area sources of soil pollution according to the scale of deposit.
Dumping may be uncontrolled or even undetected at the time so that the
nature and magnitude of the pollution problem cannot be predicted. Other
forms such as municipal waste deposits and mining wastes are usually
controlled and the nature of the hazard to the covered or neighbouring soils
well recognized.

Thus, again, it is more a problem of eventual soil reclamation than of
prediction. The reclamation of soils polluted by various industrial wastes has
been extensively studied, e.g. the reclamation of land used for coal-mining by
the extensive ‘spoil dumps’ which contain high proportions of FeS5,
(Doubleday, 1974). Soil pollution can occur as a result of an accident, e.g.,
the highway spillage of a toxic chemical (Kornberg, 1979), Clearly, the
control of such point sources is largely a matter of education, legislation and
reclamation. Such accidental releases can only be predicied at large on a
purely stochastic basis. They have, however, provided unique opportunities
for studying transport of the chemical, levels, biclogical effects, etc., but only
after the event, for example, those following the accidental release of
2,3,7 8-tetrachloro-dibenzo-p-dioxin (TCDD) at Seveso in lItaly and the
appearance of residues in local soils (WHO, 1977; Pocchiari et al., 1980),

3.3.3.6 Pathways

Having reached the soil, environmental chemicals can be transported laterally
by surface erosion caused by wind, or by surface water drainage from sloping
soils. They can move vertically into the atmosphere by volatilization
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processes, or down the soil profile by leaching. In addition they can undergo
chemical transformations and redistribution within the soil-plant—
atmosphere system as a result of chemical-biotic interactions, and by gaseous
or solute diffusion. Many simple and elaborate models for these processes
have been described (e.g., by Frissel, 1977; Draggan and Giddings, 1978).

A great deal of current intelligence on the pathways of chemical elements
in the soil-plant—-atmosphere system is owing to the very extensive
quantitative studies of radionuclides in the environment following their
release from point, line or area sources (e.g., see CEC, 1972).

3.3.4 ABIOTIC DISAPPEARANCE FACTORS
3.3.4.1 Volatilization

This is a major pathway by which some environmental chemicals can be lost
from the soil surface, for example, NO3-N as N, and N,O as a result of
anaerobic denitrification in temporarily flooded soils, or as volatile amines
and NH; from animal waste.

The loss of pesticide residues by volatilization processes has been well
studied. Volatilization rates from plant or moist soil surfaces can be very
large, with losses approaching 90% within 3 days for more volatile
compounds. Losses from dry soil are much less. Strong adsorption of
pesticides by the dry soil greatly lowers the vapor pressure to a level so that
volatilization from exposed dry surfaces is almost entirely inhibited (Taylor,
1978).

Taylor (1978) has also presented simple equations for the vertical flux of
pesticide from soil or leaf surfaces as a function of concentration gradient,
turbulent air flow, etc., and illustrated volatilization rates as a function of
equilibrium vapor pressure for various pesticides.

The use of radio-isotopically labelled compounds applied to test soils under
defined conditions has one unique advantage when quantifying volatilization,
or indeed any other disappearance factor, on the basis of a *balance’ study. It
provides for the easy detection of ‘bound residues’ which might not be
recovered by conventional chemical extraction (FAO/TAEA, 1980c, p. 291).
A modification of the laboratory system described by Ebing and Schuphan
(1979) would lend itself well to such balance studies with the
soil-plant-atmosphere system.

3.3.4.2 Photochemical Decomposition

The method described by Korte er al. (1978) clearly provides a useful
indicator of comparative photochemical decomposition rates. Here, the test
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"C-labelled compound is adsorbed on an inert particulate and exposed to a
mercury lamp, decomposition being assaved as “CO..

3.3.4.3 Erosion and Run-off

Several empirical equations describe surface soil erosion and ‘run-off” as a
function of wind, precipitation, soil type, slope, etc., e.g., the Universal Soil
Loss Equation (USLE) used by the United States Department of Agriculture
(USDA/EPA, 1975, pp. 16-21). The rate of loss of an environmental
chemical on this basis will then be the product of erosion rate (e.g., as kg soil
ha ' yr'') and concentration of environmental chemical in the relevant top
layer of soil. Such losses cannot be reliably predicted over short periods
because of the vicissitudes of climate, wind force, wind direction,
precipitation, etc. upon all of which the erosion must depend.

3.3.4.4 Leaching

Many equations and models have been designed to represent the physical
movement of environmental chemicals both up and down the soil profile
according to precipitation, soil water status, evapotranspiration, etc. (Enfield
and Carsel in AOAC, 1981, pp. 233-250). Reference has been made to
many of the equations and models by Davananda er al. (1980) and by
Winteringham (1980b) who have also described relatively simple equations
for predicting comparative leaching rates (and implied losses to the root zone)
of solutes under a succession of precipitation and drving events. Helling and
Draggan have discussed the problems of predicting leaching rates on the basis
of laboratory tests for organic compounds (ADAC, 1981, pp. 43-88).

3.3.4.5 Abiotic Inactivation in situ

In addition to the foregoing abiotic removal mechanisms a chemical residue
may be effectively removed in the ecotoxicological context either by simple
chemical decomposition in sitw (e.g. the abiotic degradation of atrazine
residues in soil as reported by Skipper er al., 1967) and/or by strong
adsorption on the particulate or interparticulate surface (e.g. the
ion-exchange type adsorption of bipyridylium herbicide residues explained by
Calderbank, 1968). Total and abiotic removal are usually differentiated by
the effects of soil sterilization on the observed disappearance rate.

3.3.5 BIOTIC DISAPPEARANCE FACTORS

3.3.5.1 Plants

There is a very extensive literature on experiments and models for the uptake
and metabolism of nutrients and environmental chemical residues by plants
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from the soil and the critical importance of evapotranspiration of water in this
context (see FAQ/UNEP, 1977). Data are also available on net removal asa
result of harvest, grazing, etc. (see Frissel, 1977).

3.3.5.2 Livestock and Wildlife

While many studies have been made on the metabolism and effect of
environmental chemicals, especially of pesticides, on laboratory and farm
animals and upon wildlife species (e.g. see Pimentel, 1971), no significant
information or data were found on the reciprocal effects on soil
concentrations of otherwise unpopulated land. Such effects would, however,
be expected to be small and, in any event, depend firstly upon plant uptake
from the soil and significant accumulation in the edible parts of the aerial plant.

3.3.5.3 5¢il Fauna and Flora

There is abundant evidence that by the processes of bioaccumulation and
biodegradation the soil fauna and flora (including microbiological action)
represent an important factor in the disappearance of many organic chemical
residues from the soil (especially under anaerobic conditions) or aguatic
environment (Draggan and Giddings, 1978; Kokke and Winteringham, 1980;
El Beit er al.. 1981; see also Cabridenc. chapter 4.2}, this despite one curious
and surprising conclusion to the contrary (Moriarty, 1978, p. 116). Many
models and methods are available for quantifying absorption,
bioaccumulation, ingestion, degradation and metabolism, etc. by soil
microorganisms and other soil biota (see FAO/UNEP, 1977).
Microbiological activity can lead to the formation of relatively polar
metabolites which may then be lost by leaching (especially as NO;) or to
relatively volatile products which may then be lost from the soil surface (as
S-compounds, NH,, N.,O, N, etc.). Alternatively, residues can become
metabolized and stored in the organic matter pool of the soil itself.

3.3.6 EFFECTIVE CONCENTRATIONS

It is unlikely that the rate of input of any environmental chemical into the soil
would be strictly continuous (cf. Butler, 1978). It is likely to reach the soil asa
series of regular or sporadic pulses. for example, as a result of agrochemical
applications. However, it is useful 10 compare the soil residues respectively
resulting from a hypothetical continuous exposure and a discontinuous but
total dose-equivalent one, other things being equal.

3.3.6.1 Continuous Input

This condition might be approximated by a soil exposed to fall-out from some
up-wind industrial complex, or to the relatively regular inputs as a result of
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daily irrigation with poor quality water, a situation by no means unusual
during the long growing seasons of arid-zone agriculture.

Let the soil receive the chemical at a constant input rate, /, units of soil
concentration eguivalent per unit of time (e.g., kg chemical, per
hectare-depth of the rhizosphere, per year). Since the concentration of
environmental chemical is likely to be very low it is reasonable to expect that
the overall disappearance (in the absence of abrupt cessation of input) would
be exponential with time {(Winteringham, 1971). In the case of enzymic
degradation this would, indeed, be expected from classical Michaelis—Menten
enzvme kinetics as demonstrated for acetvlcholine esterase activity at very
low substrate concentrations. Here, the disappearance rate constant was
V/Km, using the conventional symbols of enzyme kinetics (Winteringham
and Disney, 1964; Winteringham and Fowler, 1966). Let the disappearance
rate constant 4 (in appropriate units, ¢.g. years ' as above) with respect to the
rhizosphere under consideration (see above) be the additive result of the
separate disappearance factors such as microbiological degradation,
volatilization, leaching, etc. This additive rate is analogous to the effective
disappearance rate constant for the specific radionuclide burden of an animal
due to the combined effects of excretion and radioactive decay (e.g., see
ICRP, 1960, pp. 33-34).

Thus, when the soil concentration is C; at any instant:
dC/dT =1 — AC (1)

Assuming C = C;, = 0 when T = {, the concentration C achieved after time
T will be given by:

C,=I{1—e*)a (2)

When T is large compared with the overall disappearance half-time
(T,,= 0.69315/2), a steady-state concentration, C,, will be achieved so that:

C.=1ji—C (3)

Then C, will also tend to become identical with the time-weighted mean
concentration, C, as also indicated in equation (3).
If the inputs cease (e.g. as a result of a control measure or change in

agricultural practice), the residue will disappear exponentially with time so
that:

dC/dT = —aC
and Cpy, = Cpe~ (4)
where T' is now the time after stopping the input when the concentration had

reached the wvalue C; (and which might already be ). The

time—concentration curve under all these conditions is illustrated in Figure
3.3.%L:
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Figure 3.3.1 Natwre of the time-concentration
curve under conditions of continuous input (see
Section 3.3.6.1). Continuous input (I)-Effective
exponential disappearance rate constant A; corres-
ponding half-time ©y2

3.3.6.2 Discontinuous Input

This condition would be represented by an annual herbicide application
when the total disappearance half-time T, is not negligibly small compared
with the time interval, t, between each application or pulse, i.e. the time
weighted mean concentration will tend to increase with successive pulses until
some steady state between inpuis and disappearance obtains.

For comparison with the case of continuous input (see above), it is assumed
that only the pattern of input is now altered, i.e. when C, is the instant
concentration equivalent of the first pulse [ = Cy/t, and T = nt after n
successive applications. It can be shown that:

Cﬂ - Cﬂ_1 ». 'B_k + Cu {5}

When T % r: it can be shown that C, will reach a steady-state peak value C,
such that:

C,=C,=Cy/(I-8) (6)
and the time-weighted mean concentration C, will now be:
C>=¢.-C‘J{f—ﬂ}=¢-c~ [?}

The constant 6 (0 < 8 < 1) is the residue remaining at the end of any time
interval, ¢, but at the instant preceding the next pulse, and expressed as a

fraction of the peak residue achieved in adding the last pulse, i.e. 8 = e~ %,
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The constant ¢ (0 < ¢ < 1) is similarly the time weighted mean concen-

tration over the time interval, 1, also expressed as a fraction of the peak
concentration at the beginning of the interval. It follows that:

I
o= [era=cye. ®)
L]
C, is the time-weighted mean concentration over the time interval 1 and C,
the initial peak concentration on adding the (n + 1)th pulse. It should be
noted that ¢ and @ are constants determined only by 4 and r. The
time—concentration curve under these conditions of discontinuous input is
illustrated in Figure 3.3.2.
These considerations have two important implications:

(a) Inital peak concentrations under the conditions of discontinuous input
can greatly exceed the maxima achieved with continuous input. More
serious acute toxic effects on soil biota would, therefore, be expected
from a discontinuous input.

(b) Over relatively long periods of time (T = r or T,,) the time-weighted
mean concentrations tend to the same value whether input is continuous

it
shOps

] ¥

[s:oB8315/ 7, |
L 1.,1\:.

0 r 2r & 4y ot
Fisav)
Figure 3.3.2 Nature of the ime—concentration curve
under conditions of discontinuous or ‘pulsed’ input.
Mean rate of input and of disappearance rate constant
assumed to be identical with conditions of continuous
input illustrated in Figure 3.3.1 (see Section 3.3.6.2),
T = — Discontinuous input [T = C,/t;]

Cﬂ.;.l =c" gt C.;]

whenT B1C, = C, = Cy/(1 — 8)andT = ¢Cy/(1 — ¢)
where ¢ and 8 are constants for given values of 1 and ¢
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or discontinuous. Therefore, ‘dose commitments’ (see Butler, 1978) for
exposed populations would also tend to equalize. Thus, long term effects
such as the accumulated uptake from the soil by woody perennials would
likewise tend to be independent of the pattern of input (other things
being equal).

Long term effects of different application regimes, such as the emergence of a
toxic chemical-resistant population of arthropods or microorganisms which
involves both acute lethal action and long term population selection, could
not usefully be predicted in the current state of knowledge.

3.3.6.3 Availability

It is important to distinguish between the total predicted or determined
concentration of an environmental chemical in the soil, and the fraction
thereof which is mobile or biologically active. Thus, certain elements may be
present in soil at concentrations in the range of 10* to 10° p.p.m., but the
plant-available or mobile fractions may lie only within the 1-10 p.p.m. range
(Professor André Cottenie, personal communication, 1977), Similarly,
studies have shown that only relatively small fractions of otherwise toxic
levels of arsenic or mercury in the soil are available for plant uptake or
leaching (Stewart et al., 1973).

Availability can be classified on the basis of extractability with neutral and
increasingly acid solvents—that with strong acids often being used to
determine the total soil pool (Viets, 1962).

It is, similarly, important to recognize that the unextractable or ‘bound’
fraction of a chemical residue in soil may in fact be biologically available or
active. Thus, Fuhremann and Lichtenstein (1978) have shown that some
‘bound’ pesticide residues in soil can apparently be taken up by plants and
earthworms (see also Chapter 4.5). However, as warned elsewhere
(Winteringham, 1972), the appearance of an isotopic label in some
compartment of an ecosystem initially exposed to an added labelled
environmental chemical does not necessarily indicate the presence of a
significant metabolite or derivative of the original compound. Likewise, a
metabolite or chemical decomposition product is not necessarily without
ecotoxicological significance (Winteringham, 1977; El Beit er al., 1981).

As with plant nutrients, availability and potential for biological interaction
will depend upon the chemistry of the residue per se as well as upon the
physical-chemical water status of the soil. The careful use of isotopic dilution
and tracer techniques for estimating availability, bioaccumulation, etc. is well
established (e.g. see Fried and Broeshart, 1967, pp. 182-219; IAEA, 1976,
pp. 43-46). The use of radio-isotopically labelled compounds provides a
unique method for the detection of ‘bound’ residues which might not be
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recovered by conventional chemical analysis: but caution must always be

expressed in the interpretation of the isotopic data (Winteringham, 1972;
FAQ/IAEA, 1980c, p. 291).

3.3.7 TESTS AND MODELS

Against the above background the problem of predicting the behaviour of an
environmental chemical in the soil-plant-atmosphere system can be
described in terms of specific information and data requirements. These are,
essentially:

{a) Identifying the significant parameters of the soil—plant system in terms of
floral cover, soil, agricultural and irrigation practices if relevant, climate,
evapotranspiration rates, precipitation andfor irrigation practice,
Juxtaposition in relation to possible umintended point, line or area
sources of environmental chemicals.

(b) Quantifying the existing or likely input rate (I) of the equations explained
in Sections 3.3.6.1 or 3.3.6.2 or their more sophisticated relatives,

{c) Quantifying the separate and derived overall disappearance rate constant
(1) of the same equations or their more sophisticated relatives, Solving
the equations for the test compound and comparing the results with those
for one or more reference chemicals whose behaviour and biological
significance in the soil-plant-atmosphere ecosystem have been
extensively studied (e.g. the classical pesticides, radionuclides, toxic
elements, fertilizers, industrial pollutants, etc.).

The simple equations of Sections 3.3.6.1 and 3.3.6.2 at least provide some
rational basis for the time-soil concentration curve and its limiting
parameters (steady state maxima, time-weighted means, etc.). However, they
provide no information on the distribution of the chemical between two or
more of the virtually unlimited theoretical compartments of the soil-plant
system in vivo. Such compartments would include the harvested or edible
parts of a crop, the crop root zone, leachate or drainapge water, surface
run-off, ete.

It is the purpose of the experimental laboratory or mathematical model to
simulate these more complex systems. Any review of this rapidly expanding
subject which now involves systems analysis and computer-aided modelling is
outside the scope of this monograph. Instead some representative tests and
models will be used as a basis for an overall critical appraisal.

3.3.7.1 Laboratory Tests

A collection or ‘protocol” of recommended or standardized tests will not here
be deemed a model (see Section 3.3.7.2) unless the tests can be linked
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explicitly to indicate compartmental distribution or transfer rates within the
simulated ecosystem.

Meeting the requirements of (a), above, clearly involves observation and
collection of existing information and data. For (b) adequate data may also be
available. This aspect is then the subject of ‘statistics and not of experimental
investigation’ (Korte er al., 1978, p. B0). The existing or recommended
herbicide or fertilizer application rates for an agricultural crop are the obvious
example.

In some cases data on effective inputs will depend, at least in part, upon
laboratory and field tests, for example, in the case of a known agricultural
irrigation regime but with water of unknown quality. Chemical and biological
analysis of the water will be indicated. Similarly, where atmospheric fall-out is
suggested by agricultural or other land area—industrial juxtaposition, air
sampling and analysis may be indicated. Soil input can then be estimated on the
basis of well known deposition studies (Whelpdale, 1974; Schwela, 1979).

Most test protocols relate to disappearance factors (c) above. Usually they
relate also 1o specific abiotic conditions and only to one or two biological
species which, hopefully, will at least be relevant to the soil ecosystem under
consideration. Many tests have been standardized for official national or
international use, e.g., by CEC and OECD countries (Gilbert, 1979; Smeets,
1979). While biodegradability of a compound is inevitably test-specific, there
is often reasonable agreement between the various tests when used to com-
pare a range of different compounds, for example, in tests designed to simu-
late sewage treatment and water purification (Gerike and Fischer, 1979). The
real value of laboratory tests, therefore, appears to lie in the evaluation of
comparative properties of environmental chemicals. It is these comparative
data which provide the most reliable basis for the prediction of behaviour in
the ecosystem in vive: Always provided that some actual field data on levels
and effects of at least one of the tested chemicals are available.

The biochemistry and toxicology of xenobiotics are remarkably constant at
the molecular level, species notwithstanding. For example, both toxicity and
mechanisms of action of insecticides at the molecular or cellular level
were found to be surprisingly similar for both insecta and mammalia
(Winteringham and Barnes, 1955; Winteringham, 1957; 1965). Moreover,
within homologous series of chemical compounds, or within analogues and
structurally-related groups, there is often a well-defined correlation between
chemical structure and biological activity (e.g., see Ferguson, 1939; Sexton,
1963).

Many laboratory tests (e.g. oil-water partitioning) for evaluating abiotic
disappearance rates such as those due to leaching also provide reliable data
on comparative behaviour in the very much more complex ecosystem. Thus,
the octanol-water partition coefficient can usefully indicate relative
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mobilities in soil (Briggs, 1977 as quoted in Winteringham, 1980b; Helling
and Dragun in AOAC, 1981, pp. 43-88).

Thus, the use of suitable laboratory tests to indicate the comparative
behaviour of different chemicals in the soil-plant ecosystem evidently has
a sound basis. Moreover, it has the advantages of anticipating possible
ecological hazards and obviating the need for premature trials or releases
which involve chemical contamination of the ecosystem.

Draggan and Giddings (1978) have usefully discussed the range of laborat-
ory tests for predicting chemical behaviour in both terrestrial and aguatic
ecosystems. Transport between systems through the common atmosphere by
volatilization, deposition, erosion, and irrigation was also discussed. The tests
reviewed included:

(a) Batch equilibrivm studies in which the test chemical is partitioned be-
tween the solid and aqueous phases of a soil-water mixture;

(b) Leaching of the test chemical through a column uniformly packed with
soil;

() Thin layer chromatography using soil as the solid stationary phase;

(d) Volatility as rate of loss of the test chemical from a solution exposed 1o
controlled air flow over the surface;

{e) Soil microbiological degradation of the test chemical by simple perfusion
of soil in & column with aerated, nutnient-fortified solution of the test
chemical.

A recent symposium (AOAC, 1981) resulted in a series of comprehensive
and authoritative reports on laboratory tests. These included:

(a) A comprehensive review of the theoretical aspects of leaching down the
soil profile, and a description of column and TLC tests for evaluating
comparative leaching rates (Helling and Dragun in AOAC, 1981, pp.
43-8H);

{b) Laboratory tests for biodegradability as applicable to organic pollutants
assigned priority by the United States Environmental Protection Agency
Effluent Guidelines. The tests involved static incubation of the test chem-
ical at two different concentrations in water fortified with a yeast extract
and inoculated with a ‘settled’ waste-water input from a working sewage
treatment plant. Methods were also detailed for emulsifying hvdrophobic
compounds for testing by the same procedure. The general problem of
predicting field biodegradability from laboratory tests was also discussed
{e.g. the use of closed systems for assessing the biodegradability of
volatile organic compounds). The importance of acclimatization of the
microbial inoculum and in providing for enzyme induction during the
test was also discussed (Tabak, Quave, Mashni and Barth in AOAC,
1981, pp. 267-327).
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The method of ecotoxicological profile analysis developed by Korte and his
colleagues (Korte et al., 1978; Freitag er al., 1979) is a multitest protocol
designed to predict the comparative behaviour of chemicals under a range of
selected but representative conditions of their likely environment. They
indicate comparative metabolism in mammals (based on the rat),
bioaccumulation in fish { Leuciscus idus melanoius), in algae ( Chlorella fusca),
degradation in activated sludge under conditions of refuse composting, and
degradation by incineration and photochemical decomposition (irradiation at
4 > 290 nm).

Sokolov (1980) has described a ‘stepwise scheme’ based mainly upon
work in the USSR which also provides for effects of the chemical upon
enzyme preparations in vitro as well as other chemical—biotic interactions,

3.3.7.2 Models

When mathematical or experimental simulation takes into account the
transfer and interactions between two or more of the conceptual or actual
compartments of the ecosystem in vive, the simulation becomes a model.

In this context the simplest model will be the instrumented and sampling-
facilitated laboratory or field lysimeter (see Section 3.3.2.1). It provides for
disappearance estimates of volatility, leaching or drainage measurements,
plant uptake and metabolism and, possibly, for soil microbiological
degradation (e.g. as used by Klein and Korte, 1980). The all-enclosed
soil-plant-atmosphere system represents the next step in sophistication (e.g.
as described by Ross er al., 1964; Ebing and Schuphan, 1979). These models
provide for atmospheric sampling and the introduction of atmospheric
chemicals as well as for direct assay of volatilization and biofixation (2.g. with
N or "“CO.,labelled atmospheres).

Yet more sophisticated models are represented by that described by Metcalf
(1974). Here a tank was used to house a small water body (‘lake’) charged
with live plankton, mosquito larvae, and fish. The terrestrial ‘shelf or *farm’
supported growing maize, etc. The isotopically-labelled test chemical could be
introduced appropriately, for example as an insecticide spraved on to the
plants, or as a mosquito larvicide added to the water. Distribution,
bicaccumulation, transfer and degradation in the various compartments of
this microcosm could be followed.

The ultimate model is, of course, the use of an actual ecosystem in vive, for
example, the small pond as also used by Klein and Korte (1980), following
contamination as a result of normal agricultural practice, an accidental release
or following an intentional addition for the purpose of the study (see
Winteringham, 1977 for examples of large-scale field studies). Such studies
may then be used as a model for related ecosystems or for the same ecosystem
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in relation to a new environmental chemical evaluated comparatively on the
basis of laboratory tests.

Undoubtedly. some of the most comprehensive studies of environmental
chemicals already present in various ecosystems are those reported by the
Associate Committee on Scientific Criteria for Environmental Quality
sponsored by the National Research Council of Canada (NRCC, 1972 and
later).

3.3.8 CRITICAL APPRAISAL AND RESEARCH NEEDS

3.3.8.1 The Case for Laboratory Tests

Taking also into account the discussion of both tests and models elsewhere
(especially usefully by Draggan and Giddings, 1978; Cairns, 1979; Gillett in
AOAC, 1981, pp. 214-232; Tabak eral., in AOAC, 1981, pp. 267-327), the
following appraisal is prompted by more than a decade of international
ecotoxicological research coordination (FAQ/TAEA, 1979; 1980a; b):

Neither tests nor models can accurately represent the immense complexity
of the soil-plant-atmosphere ecosystem in vive, not to mention the infinite
variability of climate and in natural populations. Therefore, the results of tests
and models should never be assigned the precision normally associated with
laboratory experiments.

While a field study of a chemically exposed ecosystem in vive can provide
an accurate analysis of an ecotoxicological system in retrospect, its prognostic
value for new chemicals must still be based on comparative laboratory tests
with the new chemicals and well-studied existing environmental chemicals.

Models and experimental ‘microcosms’ are useful indicators for chemicals
assigned sufficient priority by laboratory test protocols and can indicate the
potential for intercompartmental transfer. But the costs of evaluation are
likely to be higher than the use of laboratory tests and the entire system must
surely be replaced by fresh abiotic and biotic components after each test.

A major advantage of laboratory tests for both abiotic and biotic—chemical
interactions is that they can be standardized, easily replicated in different
laboratories with different chemicals, and are relatively less costly than more
sophisticated tests. Moreover, they are more conveniently supervised by an
experienced scientist who might otherwise have neither time nor facilities for
field visits and remote supervision. Finally, while a test merely simulates some
of the conditions of the ecosystem in vivo, it evidently can provide reliable
comparative information which can, indeed, be used for prediction on the
basis of reference chemicals whose behaviour in the field has already been
studied.

A disadvantage of the model, despite its superficial resemblance to
conditions in the field, is that it can never represent matural populations,
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genetic pools, climate fluctuation, ete. which certainly play a decisive role in
determining the ecological significance of an environmental chemical in fact
(see Winteringham, 1977; 1981). Thus, Frissel (1981) has described no less
than twenty different proposed models for the behaviour of nitrogen in the
soil-plant—-atmosphere system but the problem of identifying the best one
remained unsolved!

Since the case for predictive tests is overwhelming if the possible ecological
hazards of the ever growing range and burden of environmental chemicals are
to be anticipated, the evidence reviewed suggests that an approach on the
following lines will be the most useful.

3.3.8.2 Optimal Use of Tests for Prediction

The tests should embrace the full range of parameters limiting or controlling
the behaviour of the chemical in the ecosystem in addition to the obvious
physico-chemical and biological properties almost certain to be available.
These would be vapor pressure, solubility, chemical stability, acute toxicity
to rodents, fish, arthropods, etc. In addition, the ecotoxicological test profile
should aim at least to quantify the range of the significant and, at least,
representative abiotic and biotic disappearance factors as outlined in sections
3.3.4 and 3.3.5. Above all these tests should be applied comparatively to
include one or more environmental chemicals already widely studied and
documented on account of their past release, usage and presence in actual
£COosystems.

In order to cbviate the testing of an unnecessarily large number of
substances and to establish priorities, some preliminary laboratory screening
involving toxicity, chemical and physical properties are clearly indicated.
“Test guidelines’ and different levels of such tests have been suggested (van
der Harst er al., 1981). The concept of different levels or stages to obviate
unnecessary or premature development has been used for many years in the
WHO testing scheme for new public health insecticides (Wright, 1971).

Having established priorities, the need for tests at the microcosm, model or
even field level can then be considered. Finally, the integrated information is
used for predicting levels and peak concentrations likely to obtain under
practical field conditions bearing in mind the inevitable limitations of
prediction imposed by spatial, temporal and biological variability of climate,
soil, and natural fluctuation of soil flora and fauna. It is for the ecotoxicologist
to estimate or determine the biological significance, if any, of such chemical
concentrations and their time functions.

3.3.8.3 Research Needs

At least two research needs have become evident. Almost all the laboratory
tests on biotic interactions are conducted with one or more specific animal or
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plant species, or at best, with a relatively limited microbiologically active
medium. On the other hand, there is abundant evidence of the vital role
played by the plant root system and the vast range of soil biota in determining
the fate and significance of the soil chemical residue. What is needed then,
appears to be a simple laboratory test for at least characterizing overall field
soil biomass and its acrivity, for example on the basis of sampled ATP levels,
%C0,/CO, respirometry, etc, (Kokke and Winteringham, 1980; FAQ/IAEA,
1980c). Such tests would complement the trophic indices mentioned by
Cairns (1979). They would at least indicate the actual soil potential for
degradation, etc. as indicated by the laboratory biodegradation tests in the
presence of known biota. They would obviate the danger of an apparently
biodegradable chemical proving unexpectedly persistent in fact because of its
appearance in an otherwise untested and unusually dry, low-organic matter
soil. Such tests have already been developed and widely used for assessing the
comparable net primary production of aguatic ecosystems (IAEA, 1975).

Another important but evidently neglected provision of laboratory testing
in the present context is that for the well established capacity of insects, fungi,
bacteria, plants (weeds), and even rodents to evolve, over a few generations,
populations highly resistant to an otherwise toxic chemical such as an
insecticide {Winteringham, 1977; 1981).

3.3.9 SUMMARY AND CONCLUSIONS

The factors which determine the behaviour of an environmental chemical in
the soil profile are described. Simple equations for predicting concentrations
on the basis of known or determined input and disappearance rates are given.

Laboratory tests and models are briefly reviewed and critically discussed.
These relate mainly to disappearance factors such as volatilization from the
soil surface, loss with erosion and run-off, leaching and mobility in the soil
profile, and the chemical-biotic interactions including plant uptake and
metabolism, and microbiological degradation.

An optimal use of laboratory tests and models for the purpose of prediction
is suggested, and the limitations imposed by temporal and spatial variability
of the ecosystem stressed. The value of comparative testing with
well-established environmental chemicals is also stressed.

Some research needs are identified. The review has underlined the
particular value of isotopic tracer techniques in this aspect of ecotoxicology
provided care is exercised in interpreting data on the distribution of the
isotopic labels within a model ecosystem.
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