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ABSTRACTABSTRACTABSTRACTABSTRACTABSTRACT

Cotton production continues to require the appli-
cation of a range of registered pesticides and her-
bicides.  However, the introduction of transgenic
cotton, resistant to insects  (Ingard®) or herbicides
(Roundup Ready® Cotton), with integrated pest
management, has provided Australian cotton farm-
ers with more options regarding responsible crop
protection.  These are supported by the develop-
ment of methods of risk assessment for pesticides,
monitoring for their residues and the application
of practical remedies.  In the first approach, knowl-
edge of the physical and chemical properties of
chemicals and of their environmental fate allows
estimates of relative risk from different pesticides.
Factors of importance in conducting such an as-
sessment include relative distribution into different
environmental compartments (e.g. Koc, Kow), vola-
tility, solubility in water, half-life and biodegrada-
tion, and toxicity of products.  Such assessments
can indicate the likelihood of residue risk in cot-
tonseed or of grazing livestock from aerial drift.
The second approach, monitoring of pesticide resi-
dues, has the important role in providing feedback
regarding the fate of pesticides and for validation
of risk modeling.  Thirdly, the Australian cotton
industry has experienced several crises regarding
the contamination of livestock for export.  In re-
sponse, best management practices have been
developed, supported by the results of research
conducted for the cotton industry in the decade
1991-2001.  We have also developed a new meth-
odology for assessing the ecological risk of chemi-
cals used in Australian cotton production.  A case
study of risk in proposed extensions in the area
sown to cotton was used as a model that could be
applied to other farms under development.  Based
on a standard framework for ecological risk as-
sessment (ERA), this methodology integrates the
exposure and toxicity of an agro-chemical to esti-
mate its risk to a specific environment.  To deter-
mine the exposure, the use of existing models (e.g.
the fugacity model) proved to be the most afford-
able way to calculate concentrations of pesticides
in several environmental compartments.  Knowing
the dissipation rates (half-lives) of a chemical, its
concentration with time can be estimated for each
compartment in the model.  Thus, the probability
of exposure of chemicals applied on farm can be
estimated for both the spatial and temporal di-
mensions.  Individual characteristics of a particu-

lar cotton farm, such as its location with respect to
sensitive ecosystems, farm layouts, climatic condi-
tions, and the pest management program, are
taken into account. Other remedies for reducing
the risks from use of pesticides are proposed, in-
cluding better farm design, reduction of drift and
the use of constructed on-farm wetlands.

IntroductionIntroductionIntroductionIntroductionIntroduction

The Australian cotton industry has grown in the
last two decades to become one of Australia�s major
agricultural export industries.  Total production reached
a peak of 3.5 million bales in 2001, valued at $AUD
1600 million.  Besides fiber production, cotton seed
and oil added an extra 11% to the total value of pro-
duction and therefore play an important role in the
economic success of the industry.  As 95% of Australia�s
cotton fiber, seed and oil are exported, mainly to coun-
tries in the Asia-Pacific region, it is imperative that the
Australian cotton industry maintains high standards in
the quality of these products, particularly avoiding pes-
ticide residue violations.

Inappropriate or excessive use of chemicals for
plant production (such as pesticides, defoliants and
plant growth regulators) can cause residue problems,
not only in cotton seed and oil but also in nearby pas-
ture and fodder crops used to feed livestock.  The cot-
ton industry also has a responsibility to ensure environ-
mental protection in areas adjacent to cotton fields
where pesticides are applied.

Residue riskResidue riskResidue riskResidue riskResidue risk
It is imperative that the Australian cotton industry

ensures that none of the chemicals used for cotton grow-
ing create residue problems for other industries, such
as meat.  Previous incidents of cattle being contami-
nated with chemicals resulted in the Australian meat
industry suffering serious losses in both international
and domestic markets. To minimize the risk of chemi-
cals residues in produce, the Cotton Research and De-
velopment Corporation has commissioned a review of
all plant protection chemicals used in cotton growing
with the aim of evaluating their potential risks for con-
tamination of cotton seed, oil and livestock.  This project
also seeks to integrate the outcomes of this risk assess-
ment into the best management practice (BMP) pro-
gram to further improve the cotton industry�s capacity
to minimize adverse impacts on other primary indus-
tries.

Ecological riskEcological riskEcological riskEcological riskEcological risk
Ecological risk assessments (ERA) are designed

to shed light on the consequences of applying chemi-
cals to crops, so as to strike a balance between the
benefits and problems derived from pesticide usage in
agricultural production. Only by including the environ-
mental cost together with other production costs, will
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cotton farmers be acting responsibly towards the com-
munity and helping sustain the natural resources from
which they draw their profits.  Standard methodologies
for assessing the risk of chemicals in the environment
are based on the framework of hazard identification,
exposure and toxicity assessments, concluding with a
risk characterization (Norton et al., 1992; US EPA,
1996). While exposure and toxicity assessments require
quantification, risks can be formulated in many ways
and do not necessarily conform to quantitative ap-
proaches (Suter II, 1990).  Most of the current assess-
ments refer to acute effects of chemicals on aquatic
environments, while little attention has been paid to
terrestrial and long-term hazards from pesticides (Van
Straalen and Van Gestel, 1999), despite the importance
of agricultural systems on terrestrial ecotoxicology
(Kendall and Akerman, 1992).

Newer approaches have emerged to deal with
the difficult issue of assessing the environmental im-
pact of contaminants, at the ecosystem level (Levitan et
al., 1995). The latest kind of assessment implies that a
judgment has to be made regarding the threats to the
environment and several taxa through different routes
of exposure. Most approaches opt for �environmental
impact scores� or relative risk indices which compare
the potential environmental and economic risks of dif-
ferent pesticides using single or aggregated indicators
(Higley and Wintersteen, 1992; Kovach et al., 1992;
Penrose et al., 1994; Linders and Luttik, 1995; Solomon,
1999), and though semi-quantitative in nature their sim-
plicity makes them ideal for farmers to use (Van der
Werf, 1996).  However, it is becoming necessary to as-
sess quantitatively the potential ecological risks for dif-
ferent chemicals, to allow comparison of pesticides used
in the same agricultural ecosystem in respect to their
environmental impact. In this context, environmental
impact points (EIP) can provide a simple and practical
way of estimating the impact that different compounds
applied to a site-specific farm would have in surround-
ing surface and ground waters (Reus and Pak, 1993).

Other approaches consider a larger set of fac-
tors (soil type, climate, distance to waterways, dosage,
etc.) to produce an indicator that may help farmers
decide on chemicals with the lowest risk potential in
their particular environments (Gyldenkaerne, 1996).
The model SYNOPS (Gutsche and Rossberg, 1997)
compares the risk potential of different chemicals us-
ing an aggregated index, calculated in a four-step pro-
cess which considers the environmental exposure to
several compartments, the biological exposure to vari-
ous taxa, and the application patterns and doses ap-
plied. The SYNOPS model includes application patterns
and a comprehensive range of factors to produce a
detailed assessment of chemicals in production systems
as a whole. More recently (Roussel et al., 2000), a fuzzy
expert system structured in modules (Ipest) was used to
assess the environmental risks in air, groundwater and
runoff water, of pesticides applied to specific crops, af-
ter considering several application techniques and site-

specific conditions.

We have recently described a detailed compos-
ite model for calculating a relative risk score to assess
impacts of pesticides used in any crop production sys-
tem. The ecological relative risk (EcoRR) (Sánchez-Bayo
et al., 2002) is site-specific, taking into account the dose
of chemical applied, its partitioning into air, soil, veg-
etation, surface water and groundwater, its rate of deg-
radation and hence its persistence in each compart-
ment, its bio-concentration in animal tissues and its tox-
icity to all species present in those compartments.  The
methodology is intended for any agricultural farm, and
indeed for any specific site where pesticides or other
hazardous chemicals are applied. Under the current
plans for expansion of the cotton industry in Australia
relatively pristine areas may be cultivated in future, rais-
ing questions from landholders, grazers and urban
dwellers concerning the safety of the new cotton devel-
opments.  The community at large is likely to demand
an objective assessment of the risks associated with new
cotton developments, specially when they are located
near sensitive areas such as urban centers, livestock
farms, national parks or heritage reserves.  Although
extensive studies have been conducted on the environ-
mental fate and behavior of pesticides in cotton pro-
duction systems in Australia (Kimber et al., 1995;
Kennedy et al., 2001), their ecotoxicological impact has
not been addressed in detail, and Australian regula-
tory authorities usually base their assessment of new
products on data obtained in trials overseas.

In this paper, some examples of the approaches
we are using to establish residue and ecological risk
will be described.

Experimental procedureExperimental procedureExperimental procedureExperimental procedureExperimental procedure

Residue risk indexResidue risk indexResidue risk indexResidue risk indexResidue risk index
The risk of finding pesticide residues in cotton

and meat produce (see Figure 1) can be estimated as
a risk index that considers the following parameters to
calculate a score:
1) Rate of application (%R)Rate of application (%R)Rate of application (%R)Rate of application (%R)Rate of application (%R), expressed as the propor-

tional amount of active ingredient per hectare (a.i.
kg or l ha-1) applied to the crop and nearby grazing
land. The proportion of drift is taken to vary from
0.3% for low ground-rigs applied as soil directed
spray or 1% for high ground-rigs applied to the crop,
to 10% for aerial applications; the remaining 99.7%,
99 or 90% respectively, would be found in the field
either on the crop or ground. The initial rate of ap-
plication is calculated as formulation volume in g l-
1 (or kg) multiplied by the rate of application in li-
ters or kilograms per hectare.

2) FFFFFrequency of usage (F)requency of usage (F)requency of usage (F)requency of usage (F)requency of usage (F), expressed by the ratio of
area applied against the total area planted to cot-
ton Australia wide (F = total lL/lL ha-1/total acre-
age). The score becomes null if a particular chemi-
cal is not applied at all, while F > 1 indicates more
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quantitation (LOQ) (in case there is no established MRL),
but the scores would be null in the following cases:
� When a pesticide (granular or in-furrow spray) is

incorporated completely into the soil, as zero or very
low drift would be produced

� When a pesticide is applied about the time of plant-
ing of the crop or before flowering, as hardly any
residues in soil would be transferred to the seed

Also, negative values may be obtained for Rm
scores when the Kow values are less than 1, as the
logarithm renders a negative number.  This effectively
reduces the total score of chemicals with no cumulative
properties, so scores would be misinterpreted: the high-
est corresponding to the lowest risk and vice versa.  For
this reason, it is suggested that this index only be used
with chemicals having positive logKow.

Indices such as the one proposed here are po-
tentially useful tools in assessing risks of pesticides in
agriculture (Gallivan et al., 2001), because they estab-
lish a ranking of the relative risks of a group of chemi-
cals.  Some authors (Metcalf 1982; Kovach et al., 1992;
Penrose et al., 1994) use arbitrary numbers to calcu-
late relative risk scores, thus introducing a subjective
factor in the evaluation of such risk.  Although a system
like this may have some value (e.g. it is easier for grow-
ers to use), it is our opinion that actual values of the
parameters involved should be used in the residue in-
dex, since most of these are well known or can be ob-
tained either from the literature or from the manufac-
turers. Indices similar to Rs and Rm have previously
been used to assess the relative environmental risk of
pesticides (Levitan et al., 1995), including the assess-
ment of new cotton developments in Australia (Sánchez-
Bayo et al., 1999).

A residue index is only a tool to discriminate be-
tween chemicals with potential risk of leaving residues
in produce, and those with little chance of posing such
a risk, and therefore the scores obtained are relative to
the chemicals being compared.  Moreover, since the
score values depend on the accuracy of the input data
and there are many gaps in information, caution should
be taken in extrapolating the conclusions derived from
the evaluation of any specific chemical because score
values can change if new and more accurate data are
presented.  In other words, the numbers obtained are
not absolute or definite, but provide a useful guide that
may be modified and improved when justified.

Residue risk scores were calculated separately for
cotton seed/oil (Rs) and meat (Rm). The proposed resi-
due risk index gives equal weight to all factors consid-
ered. However, the final scores depend to a large ex-
tent on the MRL values used: where they are high the
risk for a particular commodity will decrease, as com-
pliance could be easier to achieve than otherwise.  This
risk index is applicable to all pesticides applied to any
crop as long as a maximum residue limit has been
established for a commodity. Its aim is to provide the

than one application per season for the entire na-
tional acreage of cotton.

3) Timing of application (T)Timing of application (T)Timing of application (T)Timing of application (T)Timing of application (T), indicated by the frac-
tion M/4, where M is the number of months be-
tween flower buds appear once until harvest, as-
suming a four month period between flowering and
cotton picking. It ranges between 0 for chemicals
applied before flowering to 1 in defoliants applied
just before harvesting, providing a weighting coef-
ficient to express the probability of having a resi-
due problem in cotton seed. In the case of systemic
herbicides with a half-life in soil longer than four
months (120 days) applied about planting, T may
take a value of 0.1 or less to indicate that the risk is
not null.

4) PPPPPartitioning in octanol-water (Kartitioning in octanol-water (Kartitioning in octanol-water (Kartitioning in octanol-water (Kartitioning in octanol-water (Kow)ow)ow)ow)ow), indicated
(Tomlin, 1997) by its logarithm, which relates to the
capacity to accumulate in both cotton seed oil and
animal fatty tissues, as we have explained above in
this report. The risk that residues will be detected is
usually enhanced if this factor is large because these
tissues are especially subject to analysis.

5) Half-life in plants (tHalf-life in plants (tHalf-life in plants (tHalf-life in plants (tHalf-life in plants (t1/21/21/21/21/2))))), an indicator of the persis-
tence of residues in cotton plants, and hence cot-
ton seeds, as well as in pasture or fodder used to
feed livestock. Values of half-lives may vary for cot-
ton plants and pasture, but unless figures are avail-
able, the same estimated values have been used to
calculate cotton seed oil (Rs) and meat (Rm) alike.

6) Biomagnification factor (Bm)Biomagnification factor (Bm)Biomagnification factor (Bm)Biomagnification factor (Bm)Biomagnification factor (Bm). In the case of meat
products, it is calculated as the ratio of the plateau
concentration to the dietary concentration of resi-
dues; if unknown, a value of 0.1 may be taken, but
this should be flagged as an estimate. For cotton
seed and oil, Bm is the ratio of the residues in seed
to the estimated plant concentration.  Systemic
chemicals accumulate 10 or more times more in
cotton seeds than other chemicals do; however,
because the actual residues in seeds under recom-
mended practices are unknown, at this stage an
arbitrary biomagnification factor of 1 can be used
for systemic pesticides and 0.1 for any others.

This index is expressed separately for cotton seed/
oil (Rs) and the meat (Rm) scores, which are calculated
as:

The proposed residue risk index gives equal
weight to all factors involved, though the numbers used
in the above expressions are higher for the persistence
in plant material (half-lives), than for any other factor
in the numerator. However, the final scores depend to
a large extent on the maximum residue limit (MRL) val-
ues, because if they are high the risk for a particular
commodity must necessarily decrease, as compliance
would be easier to achieve than otherwise. This risk
index is applicable to all pesticides applied in any crop
as long as a maximum residue limit is available, whether
as established MRL for a commodity or as limit of
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Exposure assessment  Exposure assessment  Exposure assessment  Exposure assessment  Exposure assessment  Environmental risk occurs
whenever there is exposure of organisms to chemicals
(Suter II, 1990), and this is determined by the spatial
distribution of residues and a time frame from applica-
tion to their complete disappearance. Thus, area and
time constitute the main elements of any exposure as-
sessment (Kjolholt, 1990).  The first task is to identify
the areas that will be affected by all chemical applica-
tions taking place in a particular cotton farm. These
include basically the cotton fields and the area around
them that captures the drift from aerial or ground-rig
applications. This surrounding area will be called a
buffer in accordance with the current terminology used
by applicators.  It is important to determine the spatial
location of this buffer area, and estimate what propor-
tion of it falls within the farm and how much will fall in
the neighbouring properties, riverine systems, etc. In
assessing the exposure to chemicals we must aim at
knowing their concentration in all the environmental
compartments of an agro-ecosystem. These compart-
ments are:
� The soil of the cotton field and buffer zones, includ-

ing the ground moisture;
� The vegetation, including the crop itself and that of

the immediate vicinity that receives drift from
ground-rig or aerial application of pesticides;

� The water, containing the suspended particles and
biota found in the runoff;

� The sediment layer formed by deposition of such
runoff particles along the channels and storages
that make up the irrigation system;

� Finally, the volume of air above any of the previous
compartments.

Concentrations of any chemical in each of these
compartments can be determined by direct measure-
ment i.e. by analysis of field samples.  However, this is
a difficult and expensive method with an inherent vari-
ability in the results due mainly to seasonal variations
(Kennedy et al., 1997, 2001). Instead, modeling the
concentrations using an appropriate tool, such as the
fugacity model (MacKay, 1982, 1991; Connell, 1991,
1997), produce the desired data quickly and enable
the estimation of concentrations of pesticides under a
range of variable factors affecting the agro-ecosystem.
Any measurements of concentration or effects on wild-
life can then be used to test the predictions made in the
ERA (Sánchez-Bayo et al., 1999; 2002). For irrigated
farms, the water compartment must be split into two
subsystems: the water runoff from the field (tailwater)
and the whole farm irrigation system. The reason for
this is that chemical residues in irrigation/storm runoff
will be concentrated in the relatively small amounts of
water leaving the cotton field, whereas the same amount
of residues will be further diluted once the tailwaters
reach the farm storage. The whole farm system, there-
fore, feeds on the residues removed from the field by
the tailwaters.  All concentrations must be calculated
firstly at the time of application. But as the chemicals
are applied sequentially throughout the cotton grow-
ing season the residual concentrations at one week,
one month, a quarter, six months and a year after ap-

cotton industry with a tool to help determine the pos-
sible residue risk of current or new chemicals. In this
way, even pesticides for which limited information is
given by the manufacturers can be provisionally ranked
and targeted for residue testing if necessary.

Ecological relative risk (EcoRR)Ecological relative risk (EcoRR)Ecological relative risk (EcoRR)Ecological relative risk (EcoRR)Ecological relative risk (EcoRR)
EcoRR was developed following the recognized

framework for ERA (Norton et al., 1992), which basi-
cally consist of four steps:
i) Hazard identification,Hazard identification,Hazard identification,Hazard identification,Hazard identification, involving the source of the

hazard-chemicals and the impact they are expected
to have in the environment;

ii) Exposure assessment,Exposure assessment,Exposure assessment,Exposure assessment,Exposure assessment, which must account for the
spatial distribution of pesticides in the particular
environment under study, the time frame regarding
their application and persistence in the ecosystem,
and the exposure routes for off-target organisms;
The module of exposure assessment in EcoRR is
done separately for each environmental compart-
ment, namely air (A), soil (S), vegetation (V), ground-
water (GW), surface water (W) and sediment (SD).
In each compartment, the dose of residues per af-
fected area, their probability of exposure and per-
sistence in a certain environmental compartment,
indicated by both the half-life of a chemical and
bioaccumulation in organisms, are combined in a
single number as follows:

   Exposure (X)= D x P x t1/2 x BCF

where D is the dose, P the probability of exposure
to a compartment, t1/2 the half-life of a chemical in
such compartment and BCF a bioconcentration fac-
tor in animal tissues.

iii) TTTTToxicity assessment,oxicity assessment,oxicity assessment,oxicity assessment,oxicity assessment, consists in collecting all avail-
able data on toxicity of the chemicals under con-
sideration to the range of non-target organisms that
are present in the surrounding areas;

iv) Risk assessment,Risk assessment,Risk assessment,Risk assessment,Risk assessment, which consists in the character-
ization of risk by combining the information gath-
ered in the exposure and toxicity assessments. This
characterization should be done under several sce-
narios, since risk varies from one situation to an-
other.

Hazard identification  Hazard identification  Hazard identification  Hazard identification  Hazard identification  There are currently 67
pesticides registered in Australia for use in cotton pro-
duction. Some of these are rarely used nowadays but
they are quickly being replaced by new chemicals. About
half of the total number available are commonly used
by cotton growers, and only these have been consid-
ered here.  The main impacts that such chemicals have
in the environment are the direct contamination of soil
and water on farm. In addition, further risk is gener-
ated through drift onto vegetation and water in the vi-
cinity, the volatilization and aerial transport into sur-
rounding areas, the spillage of irrigation and/or storm
runoff into the riverine systems and the removal of on-
farm residues by floodwaters transported elsewhere.
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plication should be estimated for the same compart-
ments by using the known half-lives of each chemical.
In this way, knowing the persistence of individual pesti-
cides, the exposure of organisms to residues in time
can be assessed. The probability of exposure to such
environmental compartments can be estimated in vari-
ous ways (Sánchez-Bayo et al., 2002). The approach
taken in this project was to consider both the spatial
and the temporal framework. Thus, the probability of
exposure to soil residues and contaminated vegetation
can be regarded as proportional to the affected areas:
it would be 1 in the cotton field, but in the buffer zone
under downwind drift with a flume cone of 60o would
be 1/3 or any other fraction depending on the farm
layout.  This probability in areas off-farm will be equal
to the proportion of such areas included in the buffer
zone. The probability of exposure to airborne chemi-
cals will be determined by the time after application
(one at the time of application, but decreasing rapidly
to zero in a few days) and by the volume of air moving
towards a specified area.  The latter can be derived
from weather records specifying preferential wind di-
rections.  The probability of exposure of organisms to
water in the farm irrigation system can also be regarded
as the proportion of surface water in the storage and
open channels with respect to the overall farm area.
However, during flooding this probability is 1 and in
this case the frequency of flood events per year can be
used as the probability of exposure. The final step in
the preparation of the exposure assessment is deter-
mining which species must be considered, and which
are the routes for their exposure to such chemicals.
These routes are basically:
� Inhalation of airborne pesticides by terrestrial ani-

mals.
� Ingestion of contaminated water, plants and sedi-

ment by various species of terrestrial and aquatic
fauna.

� Contact with contaminated soil, sediment or water
by fish, terrestrial animals and plants.

The choice of organisms can vary with the pur-
pose of the risk assessment: from terrestrial animals -
whether livestock or wildlife - and plants to aquatic fauna
and flora. For ecological risk assessments of new cot-
ton farms, however, at least both livestock and wildlife
must be considered. The inclusion of flora could also
be necessary whenever the new developments are close
to areas such as marshes, rainforest, etc. regarded as
sensitive and having a particular cultural value by the
community.

TTTTToxicity assessment  oxicity assessment  oxicity assessment  oxicity assessment  oxicity assessment  Having decided the appro-
priate organisms of choice, an assessment regarding
the toxicity of all pesticides under consideration to each
biological species is the next step in the process. Here
lies the major obstacle in the preparation of ecological
risk assessments, since available data on toxicity is re-
ferred usually to a few surrogate species of mammals,
birds, fish, crustaceans and little more. Databases on
toxicology of pesticides (USEPA AQUIRE database;
Warne et al., 1998) do not include toxicity levels to

terrestrial wildlife species, and only rarely to livestock.
To overcome the deficiencies in this kind of informa-
tion, a new approach to estimate toxicity levels1  for a
large range of wildlife species was carried out (Sánchez-
Bayo et al., 2002): a standard correction of LD50 and
LC50 based on the body weight of surrogate species
was applied to all animal species within the same taxo-
nomic class or taxon. Although corrections like this are
subject to criticism (Wiemeyer and Sparling, 1991), at
present we found no other practical way to estimate
toxicities when large groups of wildlife species have to
be considered. Knowing the toxicity of a pesticide to a
surrogate species (sLD50), the average toxicity to a group
of n animals of the same taxon j can be regarded as
the geometric mean of the LD50 for the individual spe-
cies, estimated as:

where W is the weight of each species and sW the weight
of the surrogate species.

Risk characterization  Risk characterization  Risk characterization  Risk characterization  Risk characterization  Risk is the probability of a
prescribed undesired effect (Suter II, 1993). In ecologi-
cal risk analysis involving hazardous chemicals risk is
usually defined as exposure vs toxicity, so the simplest
way to quantify it is by the quotient of exposure and
toxicity levels, as adopted by the US EPA (Urban and
Cook, 1986). According to this simple model, a risk
value higher than 1 indicates that concentrations of a
chemical in the environment exceed the LD50 or LC50

for a particular species and therefore the chemical poses
a danger to its populations. This quotient model, how-
ever, applies only to a single species, and because of
the constraints in finding accurate toxicity data for most
wildlife species the risk values obtained must be handled
with care or corrected (Tiebout and Brugger, 1995).
Sánchez-Bayo et al. (2002) provided a new method
for calculating risk in situations in which many animal
species could be affected by agrochemicals applied in
the neighborhood.  The new mathematical expression
used (2) is based on the same conceptual model, but
includes more information about the exposure (prob-
ability, volumes and persistence) and considers a
weighted average of toxicity for as many species as
desired.  Moreover, the risk values must be calculated
separately for each environmental compartment i, since
the exposure is different between compartments, the
total risk being the sum of the individual risks in such
compartments (3).

In the above expression, the exposure is estimated
as the mass of pesticide remaining in the ecosystem
for a certain time. This mass is calculated as the prod-
uct of its concentration, the volume of the compart-
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ment and the probability of exposure to such compart-
ment in the specific area for which risk is being as-
sessed. To standardize the RR scores, the mass should
be expressed as grams per units of area affected in
hectares. The persistence is  the half-life of the pesti-
cide in such compartment, and the bioconcentration
(BCF) is a factor derived from the physico-chemical
characteristics of the pesticide (Chiou et al., 1977), the
bioconcentration factor is calculated as BCF = 0.607
+ 0.893 Log Kow).  On the denominator is the toxicity
to the biota in the ecosystem under assessment.  This is
calculated as a weighted average of the LD50 or LC50

for all taxa present, after taking into account the num-
ber of species n in each taxon (1). Thus, for each com-
partment i,

Because ecosystems are characterized by sets of
plant and animal species, the RR values thus calcu-
lated are specific for each particular agro-ecosystem
and will vary when applied to different farms. Increas-
ing the number of species will result in increasing risk
values. The calculation of this type of risk score can be
tedious, but in practice a well-organized spreadsheet
and personal computer can do the job easily. More
time is needed to collect information about the species
themselves (acute, dermal and dietary LD50, acute LC50,
average weight, presence/absence throughout a year
in the affected areas, routes of exposure) than to per-
form the calculations.

For a pesticide having an average toxicity to the
ecosystem of 1 ppm (1000 ppb), the presence of 1 g
ha-1 in a certain compartment introduces a risk of value
1 when the half-life is 1 day and the bioconcentration
factor is also 1. But the same risk value can be ob-
tained for only 10 mg ha-1 of another pesticide whose
persistence is a 100 days half-life, despite showing the
same toxicity and bioaccumulation.  This is reasonable,
since persistent chemicals imply a greater probability
of exposure in time and their effective risk must be
higher. In fact, the risk values obtained are relative to
the physico-chemical and toxicological characteristics
of each chemical. This feature of the new Relative Risk
(RR) is useful, because enables us to compare the risk
values for different pesticides used in the same farm or
impacting on different ecosystems.  We take 1 as the
critical risk threshold: values higher than 1 indicate there
is too much pesticide in the environment and that popu-
lations of certain species - but not the majority - will
suffer serious losses. Based on this, risk-ranking cat-
egories can be established to allow comparisons
amongst pesticides, as the one proposed below:

High risk RR > 100
Medium risk 10 < RR < 100
Low risk 1 < RR < 10
Negligible risk RR < 1
The ability of the RR to integrate all exposure fac-

tors also means that any variation in the environmen-
tal conditions will be reflected in a change of RR val-
ues. The risk will not be the same for pesticides applied
during the growing season (most insecticides and all
defoliants) as for those herbicides, fungicides and cer-
tain insecticides applied in winter. Unusual events such
as floods will introduce a change in conditions that may
increase the exposure, and therefore the risk, of some
pesticides while reducing that of others.  In other words,
EcoRR is a flexible expression that gives ample scope
for modeling the impact of pesticides on the environ-
ment.  Full details of datasets and methods used to
calculate EcoRR are given in Sánchez-Bayo et al. (2002).

ResultsResultsResultsResultsResults

Residue riskResidue riskResidue riskResidue riskResidue risk
The Rm scores (Table 1) and Rs scores (not shown

here, but available on request from the authors) give a
close correlation with the estimated residues in pasture
and cotton plants respectively, indicating that the chemi-
cals with highest risk for trade are mainly those that
produce more residues in both animal feed  and cot-
ton plants, and by inference in seed and oil. According
to this assessment, up to 28 pesticides have been iden-
tified as having potential residue risk in either meat or
cotton seed and/or oil, of which 10 are considered to
have a high risk in meat and 11 in cotton products.
Zeta-cypermethrin, imidicloprid, fipronil, propaquiza-
fop, diafenthiuron, sethoxydim, cyclanilide, carbaryl (all
Rm<0.01) and triadimenol, thiamethoxam, mepiquat
chloride, ethephon and quintozene (Rm n/a) are not
shown in Table 1. The highest score is for chlorfluazuron
in the domestic market (no MRL for international mar-
kets), mainly due to its high biomagnification factor
(6.55), logKow (5.8) and relatively long half-life in plants
(estimated 153 days).  No other pesticide considered
in this assessment had a biomagnification factor above
1, so that chlorfluazuron will behave very differently
from other modern pesticides, its residual properties
being in the same class as DDT and other highly per-
sistent organochlorines no longer used in cotton grow-
ing.  It should be noted that chlorfluazuron is included
for comparative purposes only, since it was banned after
the infamous Helix episode in 1994-95, in which seri-
ous contamination of Australian beef occurred when
livestock were fed cotton gin trash contaminated with
this insect growth regulator.  The endosulfan score of
17 in Table 1 applied to international markets; in Aus-
tralia the score is 8.5 because the domestic MRL is twice
as high as the international MRL. High logKow (4.76),
half-life in pasture (8-48 days) and significant
biomagnification factor (0.28) explain this result.  It must
be noted that average usage was unusually low in the
season considered when compared to past records:
1.4 l ha-1 in 2000/01 compared to the maximum per-
mitted 4.2 l ha-1.  A parathion methyl score of 3.1 in
the domestic market is mainly the result of its high ap-
plication rate, high frequency and very low MRL (tem-
porary), which is four times lower than that of endosul-
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fan.  Although the difference in half-lives between these
two insecticides balances out the MRL factor, the rela-
tively high volumes of parathion applied to cotton ac-
counts for the score obtained. Unless residue data in
animal tissues proves the contrary (eg. biomagnification
<0.1 because of rapid breakdown), parathion methyl
should be included among the pesticides with potential
residues risk in meat. Spinosad scored 1.34 in domes-
tic markets because its high biomagnification factor
(0.46) and logKow (4.16). However, its Rm score drops
to 0.08 - between 75 and 50 percentile in the interna-
tional market because the USA MRL is 3.5 mg kg-1,
which seems to be more realistic than the domestic MRL
of 0.2 mg kg-1. A group of about 16 compounds in
Table 1 can be classified as having small possible risk
in meat products (Rm>0.01<0.10).  Some of them have
unknown metabolism in animals (thiodicarb,
thidiazuron, bifenthrin, metolachlor and pirimicarb),
while their logKow values fluctuate considerably and
their half-lives are not well known. The scores of
chlorpyrifos, propargite and norfluazuron are mainly
explained by their high rates of application, although a
low biomagnification factor for chlorpyrifos and
propargite minimises their risk in meat.  Some doubt
remains with thiodicarb, because its residues can in-
clude all its toxic metabolites (methomyl, acetonitrile
and acetamide). The sources consulted did not report
residue figures from supervised feeding trials for
thiodicarb, but stated that they were highest in liver and
lowest in animal fat, and not quantifiable in milk (<0.01
mg l-1), implying that residues do exist in animal tis-
sues.  Residues of ethion could not be evaluated, as no
MRLs were available.

EcoRREcoRREcoRREcoRREcoRR
A simulation of relative risk assessment for 37

pesticides using the above EcoRR model was performed
so as to provide an example where comparison of
ecotoxicological risks among pesticides could be re-
ferred to a site-specific situation.   In Table 2, the pro-
cedure for estimating EcoRR values in different com-
partments and as a composite value is given for the
case of chlorpyrifos. The setting was a new irrigated
cotton development in a flood-plain adjacent to an area
of high biological value, the Macquarie Marshes Na-
ture Reserve, a Ramsar-listed wetlands located in cen-
tral-north New South Wales, Australia.  Soils in the flood-
plain are heavy grey clays, prone to form deep cracks
when drying, and the water table at the site is located
about seven to nine m down the profile, eventually re-
surfacing in the marshes.  Vegetation is governed by
the frequency of flooding, and comprises a mosaic of
21 plant communities in permanent swamps, semi-per-
manent riverine forested wetlands, ephemeral wetland
plants and dryland vegetation types.  The fauna of the
marshes is rich and varied, home to one of the most
important breeding colonies of waterbirds in the coun-
try, and is threatened by the progressive shortage of
water due mainly to increasing demand by agricultural
developments (Kingsford and Thomas, 1995).  The site

consists of 300 ha of irrigated cotton crop-ping area
surrounded by riverine ecosystems and grazing land.
The irrigation system on-farm comprises 3 km of 5 m
wide channels and a water storage with capacity for
156 Ml, with levees around the crop and irrigation sys-
tem ensuring that all runoff water from irrigation or
storms (tailwaters) would be contained on-farm, with
most of this water being located on the storage. Recir-
culation of tailwaters on-farm is a requirement of best
management practices for irrigated cotton farms in Aus-
tralia (Williams, 1997).  This simulation study attempted
to evaluate the relative risk of those pesticides on-farm
and the wetlands reserve only, but the same model can
be used to compare risks to the nearby grazing land.
The results for the summer growing season indicate a
high level of risk on farm for four of the selected pesti-
cides: parathion-methyl, whose risk is mostly to aquatic
organisms and some small mammals through inges-
tion of contaminated water and vegetation, aldicarb
which is a problem to the aquatic organisms in the
farm irrigation system (Table 3), endosulfan and
methomyl.

DiscussionDiscussionDiscussionDiscussionDiscussion

The findings of this study with respect to the use
of chemicals in the cotton industry reinforce the guide-
lines already in place in the Best Management Prac-
tices manual for cotton growers (Williams, 1997, 2000).
By complying with best practices, growers should avoid
residue violations in meat. Additional caution should,
however, be applied for those pesticides identified as
more hazardous by the Residue Risk Index.  At present
the BMP manual does not fully consider the possibility
of pesticide residues appearing in cotton seed and oil.
As there is incomplete evidence for this kind of chemi-
cal residue, some targeted testing for higher potential
risk chemicals should be done as part an industry strat-
egy to identify and prevent unnecessary risks. This test-
ing might require a greater financial commitment from
the cotton industry (especially seed processors and ex-
porters) as well as chemical manufacturing companies.

If residue-testing programs are initiated they
should include new chemicals identified as high risk.
Any such strategy should aim specifically at:
� Establishing a baseline on residues in cotton seed

and oil for those pesticides identified as having a
risk in seeds

� Consider the possible benefits of introducing a resi-
due monitoring of cotton seeds and oil

� Ensuring that high-risk chemicals are included in
meat testing programs.

� Chemical manufacturing companies should be en-
couraged or required to supply further information
on residues in meat for those pesticides listed as
having possible residue problems.

This assessment highlights that there would be
benefits in adopting a more careful approach to the
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residue risk management, based on more specific data
some of which are currently deficient for a number of
chemicals.

The EcoRR model provides an objective method
of quantifying and comparing the relative risk amongst
different hazardous chemicals applied on agricultural
farms. The flexibility of EcoRR allows detecting any varia-
tion in the environmental conditions of a site, as these
will certainly change the EcoRR scores by altering any
of the multiple factors involved in their calculation. Thus,
risk can be assessed for different seasons of a year, or
under scenarios such as the flood described in this pa-
per. The relative risk scores obtained will assist deci-
sion making, allowing a more responsible environmen-
tal choice of pesticides, and may help design manage-
ment strategies with the aim of lowering the risk of cer-
tain chemicals with major impacts outside the farm
(Raschke and Burger, 1997). In this context, the EcoRR
model has proved to have a flexible expression, which
promises ample scope for modeling ecological risk
assessment, and can be used as a tool in farm man-
agement.

While toxicity, persistence and chemical charac-
teristics are specific features of a chemical, the other
two major factors influencing risk in the EcoRR model -
quantity applied and method of application - are sub-
ject to management. For management to be effective
in minimizing the adverse impact of agricultural pesti-
cides in the environment, growers should be advised
of which compartments are most at risk when using a
particular chemical.  In this context, knowing there is a
risk it may be possible to find solutions that minimize it.
For instance, levees built around the crop fields can
effectively reduce or eliminate the off-farm risk of highly
hazardous chemicals such as aldicarb during a large
storm event or in a flood.  As shown by our flood simu-
lation (Sánchez-Bayo et al., 2002), levees avoided the
movement of metalaxyl-M residues into the wetlands,
and the same applied to quintozene and other pesti-
cides buried in the field as granules (aldicarb, phorate
and norflurazon).  As a modeling tool, EcoRR allows
one to estimate the risk in both protected or unpro-
tected field scenarios, giving the growers a quantitative
index of the relative risk involved in each case.  Like all
environmental problems, the magnitude of this risk
would differ from one setting to another, and since there
is not a single solution to avoid risks in all farms these
management strategies should be applied on a case-
by-case basis.  Very strict compliance with recommen-
dations of BMP for controlling aerial drift will also mini-
mize residue and ecological risk (Craig et al., 1998;
Woods et al., 2001; Sánchez-Bayo et al., 2002).  An-
other approach we are currently experimenting with is
the use of constructed on-farm wetlands (Rose et al.,
2001) to remediate runoff from tail drains; it will be
possible to use the EcoRR model to estimate the reduc-
tion in risk as a result of this approach.

ConclusionConclusionConclusionConclusionConclusion

A feature of the risk results given here is the po-
tential for marked differences between residue risk ver-
sus ecological risk for particular chemicals.  Chemicals
having a high-risk index on one scale are not neces-
sarily also high on the other, although some do rate
highly in both assessments.  Differences are to be ex-
pected because residue risk involves the quotient of
pesticide dose and MRL, whereas ecological risk is ob-
tained from the quotient of dose and a measure of
toxicity, such as the LD50 or LC50 as explained in the
experimental procedures section.  Given that farmers
need to be aware of risks that may affect their income
as well as the their environment, both kinds of esti-
mates are required for BMP.  Future work could focus
on providing user-friendly methods of presenting this
information on relative risk to farmers while also rec-
ommending better choices and appropriate manage-
ment to minimize these risks.
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Figure 1.Figure 1.Figure 1.Figure 1.Figure 1.
Routes of contamina-
tion of pesticides
applied to cotton
crops.  Estimates of
drift are approximate
and vary with
conditions, droplet
size and formulations
or method of appli-
cation.  *Average
values of drift under
suitable weather
conditions for
spraying.
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TTTTTable 1.able 1.able 1.able 1.able 1. Meat residue risk scores (Rm) for all chemicals registered in cotton production.
Chlorfluazuron is also included for comparative purposes. Gaps indicate lack of information
on MRLs.  Parameters: %R = highest rate per application (kg or L ha-1); F = total l/l ha-1/
total acreage; Log Kow; t1/2 = half-life in fodder (days); Bm = biomagnification factor; MRL
= mg kg-1.
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TTTTTable 2.able 2.able 2.able 2.able 2. Final procedure to calculate EcoRR scores, using the insecticide chlorpyrifos as an examplea.

TTTTTable 1.able 1.able 1.able 1.able 1. Contd.
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TTTTTable 3.able 3.able 3.able 3.able 3. Total relative risk during the growing season of 36 pesticides applied to the model farm.




