Foreword

In the public debate about the benefits and risks of agrochemicals, food safety
and environmental protection have rightly received special attention against
the background that several hundred pesticides are nowadays being used
worldwide and that the general public is afraid of, or at least averse to,
pesticides. Researchers in academia, government, and industry should consider
it a continuing challenge to explain clearly the nature of the problems and of
the experimental approaches. While regulatory efforts are directed to reducing
pesticide use in agriculture, research is aiming at further improving the use
and safety of pesticides, particularly by the promotion or development of
compounds which can be used in small quantities with high specificity, are
readily degradable and environmentally “friendly”.

In order to assess environmental safety, research is needed to acquire
information on the long-term fate and effects of pesticides in the agro-
ecosystem. This research is, to a considerable extent, dependent on valid and
reliable experimental models. The better the model simulates “nature”, the
better will be the possibility of extrapolating results to real-world situations.
Results from experimental studies, incidentally, are also needed to provide
factual support to mathematical models used to “predict” the environmental
behaviour of pesticides.

Lysimeters have been applied to the needs of pesticide research for some 20
years now. In the early 70’s, laboratories developed lysimeters, filled with
“monolithic” soil blocks or cores, and began using radio-labelled compounds in
outdoor lysimeter-type devices. This led, especially in Germany, to the
development of a standardized agro-ecosystem approach in which labelled
pesticides are applied to undisturbed soil, simulating Good Agricultural
Practice.

In two Workshops, organized in the Federal Republic of Germany in 1989
and 1990 (at the Nuclear Research Centre, Jiilich, and at the L.L.F.A. in
Neustadt), the basic prerequisites for the conduct of such lysimeter
experiments were discussed, and experience gained thus far was exchanged.
Pesticide regulatory agencies in Germany have now included this experimental
approach in the procedures used for assessing the long-term, especially the
leaching, behaviour of pesticides in an agricultural ecosystem. Experience with
this technique is beginning to accumulate.

This monograph, edited by experts of high renown in the field, presents
descriptions as well as pro’s and con’s of lysimeter arrangements now in use for
studies with labelled pesticides. It is the first treatise dealing solely with this
important technique. It will contribute to improving the understanding of, and
expedite approaches to the experimental elucidation of the fate of pesticides in
the environment and their performance in the plant/soil and soil/water
systems. And it will certainly promote continuing discussions which —
hopefully — can provide answers to a number of questions some of which extend
beyond the narrow scientific issues. One is whether regulatory action can be
based solely on results obtained from lysimeter experiments. A second is the




extent to which leachates from lysimeters can be used to assess the likely
pesticide concentrations in the groundwater. After all, if maximum use is to be
made of lysimeters, they must be well understood, otherwise they are just

measuring instruments.
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The seemingly perpetual chase by agriculture to keep pace
with the world population increase is so well known as to be
taken for granted and sometimes it even appears to be
forgotten. A few basic statistics are therefore worthy of
repetition.

The population of the world in 1989 was 5.2 thousand
million and the annual rate of increase was about 100 million.
Projected forward this gives a population of 11 thousand
million in 2050 (Finney, 1990). Against this, while only about
50 ¥ of the world's land that has agricultural potential is in
use this figure rises to around 90 % in the highly populated
areas of Europe and Asia. Most of the remaining area will be
expensive to develop either in financial terms, for example if
aridity and/or salinity must be overcome, or in ecological
terms, for example, if tropical rain forests are converted into
arable land. Also, the existing stock of agricultural land is
being reduced by urbanization at a rate of about 0.6 % per
year. In addition about 0.4 % of the fertile land is lost per
year due to erosion, irrigation enforced salinization and
overgrazing leading to desert formation. For these reasons the
area of arable land is expected to increase by only about
2.9 % by the year 2000 (FAO 1981) which means the arable area
per head of population will decline from 0.3 ha (1981) to
0.22 ha (2000) and, using Finney's population projection, to
about 0.13 ha in 2050. This implies yields must increase by
230 % between 1981 and 2050 just to maintain current levels of
nutrition which are self-evidently inadequate in many parts of
the world. Such a yield increase is equivalent to an annual
(compound) rate of increase of almost 2 %. This seems, perhaps,
to be a modest target given that the annual rate of increase
for all food (including fish) for the period 1961-88 was
3.67 %. This, however, is the sort of calculation that may be
appropriate to the financial markets but is of dubious
applicability to agriculture where production must, at some
stage, run up against a limiting factor such as availability of
water, nutrients or even photosynthetic efficiency. There can
be no doubt that such a sustained increase can only be
approached by intensifying production and using the most
advanced technology.

Such technology includes the use of pesticides.
Regrettably, the subject of agrochemicals has been brought into
the political arena, particularly in the developed countries,
so that decisions concerning their wuse are increasingly
constrained by political considerations. Whilst this may be
seen as a triumph of western-style democracy, it does not help
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seen as a triumph of western-style democracy, it does not help
efforts to increase agricultural productivity. In fact in a
related issue, that of the 1level of food reserves to be
maintained, government policies in Europe and North America
have successfully reduced world food stores to levels that have
been regarded by FAO to be positively dangerous (Finney, 1990).
It may be safe to assume that policies to reduce food
production in developed countries will not continue forever but
certainly their application in recent years has provided a
useful background for those opposed to the use of modern
agricultural techniques.

Critics of pesticide technology are particularly concerned
about possible effects on the quality of food and about effects
on the environment. These are also the concerns of the
manufacturers and users of pesticides and of agriculturalists.
The reasons underlying the concerns are common to both groups
of protagonists despite appearances to the contrary. Indeed
those engaged in activities which use pesticides recognise that
they are under an unequivocal obligation not to use pesticides
in ways that harm the environment (and certainly not to produce
food that poisons the consumer!).

What seems to be lacking is a common philosophical base
from which to address the issues. For example, the extreme
view, that "harm" is caused by the mere presence of a man-made
chemical even if there is no demonstrable biological effect, is
particularly difficult to counter with scientific argument

simply for this reason.

A balanced approach should surely take into account the
other effects of man's activities to provide a proper
perspective. The practice of any form of agriculture, or even
systems of hunting and gathering, inevitably brings about
ecological consequences since the aim of settled agriculture is
to replace the indigenous climax vegetation with plants that
are more useful to man. Thus agriculture is ecologically (or
thermodynamically) unstable and therefore can only be
maintained by the input of energy. Traditionally this has been
provided largely in mechanical ways but modern technology
allows the use of energy in a chemical form to supplement or
replace older techniques. Agricultural crops provide a
different habitat to mixed climax vegetation so the species
composition of wild flora and fauna changes whether or not the
agricultural system uses chemicals. The changes vary
geographically, with cropping pattern and with the technology
that is used. Thus it is important to evaluate pesticides not
against some arbitrary (often imaginary) baseline but against
the consequences of using alternatives to attain the objective.

Evaluations of this sort do not, of course, always give
clear answers. A good example is provided by a comparison of
mechanical soil tillage with no tillage using herbicides for
weed control. Mechanical treatments can reduce the populations
of soil inhabitants by up to 90 % (Somerville, 1987) and
increase the risk of soil erosion. No tillage systems reduce
erosion, use less energy and increase water infiltration
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(Radcliffe et al., 1988) but the 1latter may increase the
possibility of pesticides reaching groundwater (Isensee et al.,
1990). In addition, weed and disease problems may be more
intractable with minimum tillage and, on at least some soils,
yields tend to be lower, see for example Touchton and Johnson,
(1982). Thus no general conclusion can be drawn about the
"ideal" system of cultivation.

Consideration of toxicological issues also frequently
ignores relativities. As Graham-Bryce (1989) pointed out, most
herbicides introduced in the last 20 years have acute LDg
values for rat that are 1lower than that of aspirin ang
certainly lower than that of caffeine. He also drew attention
to the work of Ames et al. (1987) which showed that the
relative carcinogenic hazards from the average dietary intake
of DDT/DDE and ethylene dibromide were several orders of
magnitude lower than those of naturally occurring carcinogens
such as aflatoxin in peanuts or hydrazines in mushrooms (not to
mention ethanol in alcoholic beverages!)

Provided this criterion is borne in mind it is undoubtedly
the duty of responsible government to ensure that pesticides
are used in such a way that they provide minimum additional
toxicological and environmental hazard. To this end a variety
of test procedures has been developed with which to evaluate
the toxicological and environmental acceptability of new and
existing plant protection materials. Such tests now include, in
addition to the well established toxicity studies with mammals
as models for man, studies with a range of bird, fish and
insect species, soil flora and fauna and of the environmental
fate of the active molecule and its major transformation
products. It is equally the duty of scientists to ensure that
the procedures and their interpretation are as valid and
reliable as possible. Not only must consumers and the
environment receive adequate protection but also materials that
can help in the struggle to raise agricultural productivity
must not be rejected unnecessarily. In the latter context it is
particularly important that chemicals are not denied to
developing countries for reasons that are irrelevent to them.
Proposals to prevent the export of agrochemicals from countries
where they are manufactured but not registered, even if they
have no identified use in the country of origin but will be
valuable elsewhere, are misguided if not positively
misanthropic.

The objects of this monograph include an evaluation, in
the light of this obligation, of procedures to study the fate
of pesticides in the soil and sub-soil, with particular
reference to lysimeters using radio-labelled compounds.
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ABSTRACT

Registration procedures usually require standard
laboratory measurements supplemented by other laboratory
studies and field observations. The 1limitations and
advantages of various methods used to assess degradatio
pathways, persistence and mobility are discussed. It is
suggested that lysimeter systems have a number of
advantages compared with other methods because they almost
exactly reproduce the field environment and agricultural
practice, they are easier to monitor than field
experiments and radioisotopes can be used. The results
obtained integrate the processes that are normally
measured separately in the laboratory. Their main
disadvantages are expense, environmental factors can be
measured but not controlled and they may not reflect field
variability.

Type of information that is required

Many governments have issued guidelines, in some cases
requirements, for the data they need to evaluate the
environmental acceptability of a pesticide. For the purposes of
this discussion, the FAO (1989) draft guidelines provide a
convenient basis as they avoid specific national pre-
occupations and they have also been incorporated in the GIFAP
(1990) criteria.

At the beginning, the FAO draft makes the important point
that "Research resources should be focussed on the
identification and evaluation of major risks and data
requirements which are excessive and stifle innovation must be
avoided." It is to be hoped that this sentiment gains the
widest possible acceptance for the reasons discussed in chapter
I. In the document the principle is applied by recommending a
4-step, sequence of tests of increasing complexity (and cost).
By assessing the risks and benefits following each step the
need for further testing can be determined. The statement,
"Tests closer to practical use conditions may be required if
there are doubts that benefits clearly outweigh risks" implies
that a compound could be classified as acceptable at step 2 or
even step 1. In practice this doesn’t happen; whilst a compound
might be rejected at an early stage of the evaluation (this
would normally be an action taken by the manufacturer) it is
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almost wunthinkable that, currently, a compound could obtain
registration without evaluation at all levels of the sequence.

The steps are:

1. Standard Data/Laboratory tests
Physico-chemical properties of the AI and the formulated
product; mobility of the active ingredient
(adsorption/desorption/leaching in soil); methods of
analysis.

Supplementary Laboratory tests

These depend on the properties and intended uses of the
product. They may include degradation in water and
sediments, leaching of major degradation products,
photolysis on soil surfaces and estimation of volatility
(e.g. from soil).

Simulated Field and Field Trials

It is envisaged that these will be necessary for compounds
that appear to be relatively persistent or mobile on the
basis of the results from steps 1 and 2.

Post-registration Monitoring

This involves monitoring residues in soil, water and
wildlife, preferably combined with biological assessments,
during normal commercial use.

The Guidelines then go on to list procedures considered to
be appropriate for the various steps. Those concerned with fate
and mobility in the environment include standard laboratory
techniques for incubating soil with pesticides,
adsorption/desorption measurements, soil TLC, soil (leaching)
columns, lysimeters and field 1leaching. This conventional
approach is based on the (in this case unstated) premise that
there are correlations between field behaviour and appropriate
laboratory tests so that often it will be possible to avoid the
expense of field investigations given adequate laboratory data.
Thus, only in borderline cases should extensive field work be
neccessary. An additional consideration is that it is possible
to limit the number of variables in laboratory studies so that
results tend to be more reproducible than those obtained in the
field. Whilst this may make 1life slightly easier for
registration authorities, it is arguable that the avoidance of
a proper consideration of field variability will reduce the
quality of any decisions that are taken.

At this point it might be useful to compare some aspects
of 1laboratory and field experiments with regard both to
experimental conditions and results.

Experiments to assess degradation pathways and persistence

The FAO guidelines make the points that knowledge of
whether a pesticide is degraded by microbial, chemical or
photochemical mechanisms is of limited relevence from the point
of view of environmental safety and that where both chemical
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and microbial processes occur the products are often identical.
Such generalisations are really valid only in particular
contexts. The first 1is acceptable in relation to field
measurements of persistence but clearly, when deciding what
laboratory studies of degradation would be appropriate, it is
necessary to know which processes will operate. The similarity
between chemical and microbiological (i.e. biochemical)
pathways of degradation is certainly not always true. For
example the chemical decomposition of the chloro-triazines is a
hydrolysis to produce the corresponding hydroxy-compounds,
whereas biological transformation usually proceeds either by N-
dealkylation or by conjugation with glutathione. A different
situation occurs when considering compounds which produce
"pound" residues, which with a few notable exceptions, are
produced only biologically (using the term to include
extracellular enzymes). Perhaps the FAO attitude would be that
these differences between chemical and microbiological
reactions are of little or no consequence for the environment;
this is plausible but could be vulnerable to new evidence and
is unsatisfying philosophically if the view is taken that the
ultimate fate of all anthropogenic chemicals should be known.

The relative importance of the various pathways of
dissipation depends on the chemical and the conditions to which
it is exposed. Usually it is assumed, unless there is strong
contrary evidence, that in the soil pesticides are degraded
largely microbiologically. The rate of such processes depends
on the availability of the pesticide, the number of organisms
capable of degrading it and their level of activity. The second
and third of these factors are controlled by soil temperature,
moisture, aeration, nutrient status and pH (Frehse and
Anderson, 1983). These considerations apply to a soil in a
stable condition. However, soil is essentially like a fragile
tissue so its biological activity is easily disturbed by
insensitive handling. In particular, commonly used laboratory
procedures such as prolonged storage, air drying, freezing,
thawing and seiving can reduce microbial biomass several fold
(see Walker, 1989, for examples). Further, microbial activity
declines during the course of a laboratory incubation whether
measured by a process, such as CO, evolution (Guth, 1980), or
as biomass (Anderson, 1987); 50 % reductions in 70-90 days are
not unusual.

Another deficiency in laboratory incubation studies is
that they frequently do not include dgrowing plants, vyet
rhizosphere organisms are known to be largely responsible for
the microbial characteristics of soil in the field (Greaves and
Malkomes, 1980). Admittedly, as far as pesticide dissipation is
concerned, studies which compare planted with unplanted soil
have not always found differences, at least in experiments in
pots (Seibert et. al, 1981; Mudd et. al. 1983; Cheng et. al.,
1975, for example) although effects with decaying plant
material frequently have been seen (Cheng et. al., 1975;
Seibert et. al., 1981, 1982). In the field, results are
complicated by the greater water 1loss from cropped than
uncropped plots so there are reports of increased dissipation
in the presence of plants (Sikka and Davis, 1966), reduced
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dissipation (Birk and Roadhouse, 1964) and no differences
(Hance et. al., 1978). A related factor is that, at least for
some compounds, microbial communities can degrade compounds
more effectively in laboratory systems than single species
populations (Slater and Lovatt, 1984). Although there seems to
be no experimental evidence, it is reasonable to expect that
the environment of a laboratory incubation will sustain a
different microbial community to that which occurs in the same
soil in the field.

Comparisons of laboratory and field persistence have been
made using laboratory data obtained at a range of (constant)
temperature and moisture conditions together with a simulation
model that takes account of daily fluctations in temperature
and soil moisture in the field (reviewed by Walker, 1989).
Almost always the predictions from laboratory data overestimate
residues measured in the field. This must be partly because the
model ignores possible losses by volatilization and
photodecomposition. Note here that, although the FAO guidelines
recommend studies to estimate these processes in isolation they
do not include specific suggestions as to how such measurements
can be integrated with other measured processes of dissipation.
Another limitation of the model is that laboratory observations
are made at a series of constant environmental conditions
whereas in the field, soil experiences daily temperature and
moisture fluctuations.

Kubiak (1986) found that the rate of metamitron

mineralisation at a constant 22°C was about half that which
occured in a regime fluctuating between 10°C and 25°C but with
daily average temperatures of always below 22°C. Whether
similar stimulation is produced by a fluctuating moisture
regime does not seem to have been studied but it is not
unreasonable to expect that microbial activity would not be the
same as in a system maintained at a constant water status.

A further aspect, not usually reproduced in the
laboratory, concerns fluctuations in oxygen tension and the
occurrence of anaerobic microsites which are known to occur in
the field (Haider, 1983). This could effect rates and pathways
of dissipation as these are known to be different under
anaerobic than aerobic conditions for several compounds
including cypermethrin (Roberts and Standen, 1977), parathion
(Sethunathan and Yoshida, 1973; Munnecke and Hsie, 1976) and
the dinitroaniline herbicides (Probst et. al., 1975).

Finally, laboratory experiments are constrained by the
decline in microbial activity already mentioned. This is
important, not only for relatively recalcitrant molecules, but
also for studies of the long-term behaviour of pesticide
transformation products such as "bound" residues. In these
cases, the validity of orthodox laboratory studies must surely
be questionable.




Experiments to assess mobility

The rationale for using adsorption/desorption
measurements, soil TLC and leaching experiments in columns of
soil to assess the mobility of a pesticide in the field is that
the soil-water system may be considered as a type of partition
chromatography. However, there are now numerous examples (e.g.
Graham-Bryce et. al., 1982; Stork et. al., 1990 to show that
such laboratory estimates bear almost no relation to what is
observed in the field.

The reasons for this are clear. The most important are:

1. Sorption by soil is not a linear, equlibrium, reversible
process (even in the laboratory).

Field soil is heterogeneous and does not resemble a
chromatographic stationary phase with respect either to the
partitioning of solutes between mobile and stationary phases
or to water movement, because there are preferential flow
paths (cracks, worm holes etc) and spatial variability in
hydraulic properties.

Water movement through the soil does not resemble that of a
chromatographic solvent because of soil heterogeneity (as
stated in 2. above) and during the growing season movement
is largely upwards because of evapotranspiration.

Rao et. al. (1988) and Wagenet and Rao (1990) discuss these
issues in detail.

In addition, most laboratory soil leaching column
protocols use unrealistically high rates of water application
and, partly as a consequence, take a relatively short time so
that dissipation processes do not occur significantly.

Field experiments

The foregoing sections are not intended to be an
exhaustive critique of laboratory methods for assessing the
fate and behaviour of pesticides in the soil but it is hoped
that they are sufficient to illustrate the major points. They
show that it is hardly surprising that registration authorities
are unlikely to approve new compounds on the basis of
laboratory data alone. However, the full-scale field
experimentation that is therefore necessary brings its own
problems and limitations.

Firstly, it is scarcely possible to control most of the
environmental and edaphic variables in the field. To a limited
degree precipitation may be supplemented by irrigation or
reduced with shelters and light may be reduced with shading
devices but environmental variables cannot really be controlled
in a defined way. This means that interactions between soil
type and climate cannot be studied with incremental variations
except by comparing results at the same site from different
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years or seasons and, to some extent, by comparing different
sites in the same climate zone.

Secondly, not only the weather but also soil is variable.
This variability includes the variations between soils, which
can to some extent be quantified in pedological terms, and also
variability within fields or even smaller units (Bunte, 1991).
Thus Beckett and Webster (1971) suggested that coefficients of
variation for measurements of soil properties in individual
samples taken within an area of 0.1 ha are of the order of 10-
40 %. similar variations for pesticide persistence in samples
incubated in the laboratory have been reported by Walker and
Brown (1983) and Rao and Wagenet(1985), while Taylor et. al.
(1971) found larger cvs for the distribution of dieldrin
residues in the field. The situation is further complicated
because many properties, notably those related to water
movement, do not follow a normal (Gaussian) distribution
(Biggar and Nielsen, 1976). Therefore the possibilities of
using geostatistical methods are under active consideration
(Rao and Wagenet, 1985).

Further discussion of these issues is scarcely relevent
here; the main point is that to obtain reliable estimates of
pesticide behaviour in the field requires very high replication
at many sites representing different soil and climate
conditions. Thus is time consuming, particularly because
results for at least two years from any one site is normally
the minimum requirement, and expensive.

There are further restrictions on field studies for
reasons of public and environmental safety. Important among
these is the prohibition in many countries of the use of
radioactive isotopes.

Lysimeter systems

Lysimeters "can be useful models to study the fate of
pesticides in soil/plant systems" (FAO Guidelines), stated in
the context of leaching studies. As the use of lysimeters
becomes more widespread this seems increasingly to be something
of an wunderstatement. Lysimeters have a number of features
which give them apparent advantages over other experimental
systems.

Compared with laboratory techniques they have the
advantages that they almost exactly reproduce the environmental
conditions that occur in the corresponding field soil (Pitz,
1992) and they do not significantly perturb the soil either
mechanically or microbiologically. In addition it is possible
to grow crops and carry out cultivations in 1line with
agricultural practice and they can be maintained for many years
(Fihr et al., 1991). The results integrate the processes that
are normally measured separately in the laboratory. Some of the
problems of field experimentation can be at least reduced in
that soil monoliths from different sources can be grouped at
the same site so it is possible to expose soils to different
climates. It is usually easier to install equipment to monitor
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environmental parameters at a lysimeter station than it is in
the field, particularly when a large number of field sites is
involved. There is also no restriction on using radioisotopes.

Starting in 1972, the Institute of Radioagronomy of the
Nuclear Research Center Jiilich GmbH has developed, in close
cooperation with pesticide scientists from the Bayer AG
Leverkusen, a lysimeter agroecosystem approach (Fihr et i}.,
1991). On the basis of experiments with approximately 50 c-
labelled pesticides it has been demonstrated that it is
possible:

s To quantify overall residues in plants, soil and percolate
("drainage water") and bound, (non-extracted) residues in
plants and soil.

To integrate degradation and leaching studies (including aged
residues) and obtain a more realistic assessment that can
derived from laboratory studies.

To define detailed studies of degradation, sorption, release
and the availability of residues to untreated rotational
crops.

To obtain information on translocation of aged residues in
the topsoil and, with sufficient high specific labelling,
also on realistic, extremely low, concentrations in the
subsoil.

To use the information obtained to improve the interpretation
of field ecotoxicological studies.

To validate pesticide transport and degradation models.

Their major disadvantages are expense (though to get the
same data from field studies would probably be more expensive
even if it were possible) and the fact that environmental
parameters can be monitored guite accurately but cannot be very
well controlled. It is also not yet clear how well lysimeters
will be able to reflect field variablity. However, taking an
optimistic view, it is quite conceivable that a well conducted
series of 1lysimeter studies could answer almost all of the
questions that must be answered for registration purposes with
regard to the fate and mobility of pesticides. That includes
those concerned with dissipation pathways and rates as well as
mobility, which seems to account for most current regulatory
interest in lysimeters. If such development could be achieved,
lysimeter studies would be the core source of registration
data, supplemented from laboratory and field studies where
necessary to resolve particular uncertainties.

REFERENCES

Anderson, J.P.E. (1987) Handling and storage of stoils for
pesticide experiments. Pesticide Effects on Soil
Microflora L. ©P. Somerville and M.P. Greaves (Eds),
London: Taylor and Francis, pp. 45-60.

Beckett, P.H.T. and Webster, R. (1971) Soil variability: A
Review, Soils and Fertilizers 34, 1-15.

