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1 Introduction

1.1 What is “Bioavailability’?

When synthetic, xenobiotic compounds such as agrochemicals and industrial chem-
icals are utilized, they eventually reach the soil environment where they are subject
to degradation, leaching, volatilization, sorption, and uptake by organisms. The
simplest assumption is that such chemicals in soil are totally available to microor-
ganisms, plant roots, and soil fauna via direct, contact exposure; subsequently these
organisms are consumed as part of food web processes and bioaccumulation may
occur, increasing exposures to higher organisms up the food chain. However, studies
in the last two decades have revealed that chemical residues in the environment are
not completely bioavailable, so that their uptake by biota is less than the total amount
present in soil (Alexander 1995; Gevao et al. 2003; Paine et al. 1996). Therefore,
the toxicity, biodegradability, and efficacy of xenobiotics are dependent on their
soil bioavailability, rendering this concept profoundly important to chemical risk
assessment and pesticide registration.

Bioavailability is the amount of a chemical in soil able to interact with organisms
inhabiting the soil environment. Bioavailability is greatly affected by many factors,
including properties of chemicals and soils, aging time in the soil, climate, and the
organisms of concern. Bioavailability changes over time, and displays differences
when considered in different contexts: degradation vs. efficacy/toxicity, and when
indirect exposure occurs through the food web. Thus, “bioavailability” is dependant
on context. The following examples illustrate this point:

[Bioavailability may be described as] “a measure of the potential of a chemical for entry
into biological receptors, and it is specific to receptor (e.g., invertebrate and microbe), the
route of entry, time of exposure, and the matrix containing the contaminant.” (Anderson
et al. 1999);
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[Bioavailability is] “the rate at which or extent to which a chemical compound can be trans-
ported to the specified biological population. The mechanisms which control contaminant
transfer and the indication that the transfer has occurred are specific to the chemical, source
media, and specified biological population.” (Shor and Kosson 2000); and “Bioavailability
refers to the extent to which humans and ecological receptors are exposed to contaminants
in soil or sediment.” (Ehlers and Luthy 2003).

The differences in these explanations attest to the fact that bioavailability of a
chemical is determined as the integration of several dynamic processes, such as
advection, sorption/desorption, degradation, volatilization, food web uptake, etc.
The best definition may be written as, “Bioavailability of a chemical is defined as the
amount of chemical available to be taken up or utilized by an organism/organisms
in a defined time and environment.” Dissolved and vaporized chemicals are usually
completely bioavailable. If chemicals are in contact with soil or sediments, however,
sorption reduces bioavailability. The extent of sorption and sequestration varies both
with type of chemical and soil. The bioavailability concept can be applied to any
environmental compartment: atmosphere, water, soil, and sediments. However, the
concept is most important when applied to the contaminants in soils and sediments.
These solid environmental matrices greatly affect the bioavailability of chemicals as
a result of sorption, sequestration, etc. Even in aqueous environments, sediment has
been shown to have a significant affect on chemical degradation rates (Rice et al.
2004). Therefore, soils and sediments will be reviewed and discussed in this chapter
in the context of bioavailability.

1.2 Relation to Biodegradation, Bioaccumulation,
Ecotoxicity, and Risk Assessment

The interaction of organisms with chemicals in soil consists of two processes: con-
tact with and uptake (absorption) of the chemical, followed by its transport within
organisms to site(s) of action. The former process (contact and uptake) relates
to bioavailability, whereas the latter process (transport within organisms) delves
into the realm of toxicokinetics (Fig. 1). Bioavailability describes the quantitative

Soil
environment Bioavailability Organism
Labile
chemicals | Uptake )
/—r; Site of
action
ﬁ@ <: Toxicokinetics

Inert Exoenzyme
chemicals

Fig. 1 Exposure of chemicals to organisms consists of two steps: uptake from the soil environ-
ment and toxicokinetics in organisms to reach the site of action in organs. For biodegradation,
exoenzymes may affect chemicals and, thereby, bioavailability to a greater extent than would be
expected from only their soil/water equilibrium.
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transport of chemicals from soil/sediment microsites into organisms within a defined
period. Toxicokinetics describes the quantitative transport of chemicals to receptors
(enzymes, organs, etc.) within organisms. Therefore, bioavailability is explained
as the product of interactions among soil (or sediment), chemical, and organism.
On the other hand, toxicokinetics is explained as the interaction between chemical
and organism. Only bioavailability is affected by the soil (or sediment) environ-
ment. Bioavailability and toxicokinetics do, indeed, differ. Therefore, bioavailability
is a key determinant of effective exposure, and is directly related to the toxicity
and degradability of chemicals in soil-inhabiting organisms. Bioavailability is also
associated with the potential for bioaccumulation of chemicals in soil-inhabiting
organisms. It should be noted that the toxicokinetic behavior of xenobiotics affect
both toxicity and degradability. Xenobiotics that are bioavailable to organisms may
not be toxic because they are not transported to target organs, or may not be
biodegradable because of a lack of degrading enzymes. The ecotoxicity of a chemi-
cal in soil/sediment is determined by the integrated processes of bioavailability and
toxicokinetics. It is therefore clear that when risks of xenobiotics in soil/sediment
are assessed, both bioavailability and toxicokinetics should be taken into account.
In the context of biodegradation, bioavailability has a slightly different mean-
ing, because degradation may occur without uptake of chemicals into organisms,
although chemicals are typically degraded after uptake by organisms; exoenzymes
excreted from organisms may transform chemicals in the soil environment. Fungi
excrete exoenzymes such as cellulase and ligninase. These exoenzymes digest the
two macromolecules, cellulose and lignin, respectively. Oligomers produced by
the degradation of such macromolecules are absorbed into organisms (Brock et al.
1994). Exoenzymes, especially hydrolytic enzymes from fungi, are often abundant
in soils amended with organic material and layers of forest litter (Bumpus et al.
1985; Tien and Kirk 1983, 1984). Phosphatase is also known to be present as cell-
free enzyme in soil after lysis of soil microorganisms, and organophosphates are
degraded faster in soils with such higher phosphatase activity (Sikora et al. 1990).

1.3 Purpose and Scope

As mentioned, the bioavailability of soil chemicals results from a series of dynamic
processes that include desorption, dissolution, diffusion, dispersion, convection,
and uptake (Fig. 1). Chemical and soil properties affect all of these processes.
Consequently, the experimental determination of bioavailability is not simple.
Because of differences in chemical properties, xenobiotics, in the context of
bioavailability, can be classified as either metals or organic chemicals.

Many studies have been conducted to characterize the bioavailability of metals in
soil. The interaction of soil organisms with metals occurs mainly in soil water. The
fraction of metals that is bioavailable can be determined by chemical analysis with
differential extraction from soil. Standard estimation methods have been developed
for metals (Hund-Rinke and Koerdel 2003), and many reviews on the topic have
been published (Amir et al. 2005; Audry et al. 2006; D’ Amore et al. 2005; Dercova
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et al. 2005; Hooda 2007; Intawongse and Dean 2006; Makovnikova et al. 2006;
Michel and Ludwig 2005; Paton et al. 2005; Peijnenburg et al. 2007; Rieuwerts
2007; Sheppard 2005; Young et al. 2005).

In contrast to metals, and despite attempts, no similar adequate methods yet exist
to accurately estimate bioavailability of organic chemicals in soil and sediments
(Hund-Rinke and Simon 2005; Pollumaa et al. 2004; Semple et al. 2003; Stokes
et al. 2005). For this reason, we focus attention, in this review, on organic chemicals
rather than metals, and summarize the current status and scientific understanding
of bioavailability of organic chemicals in soil and sediments. We address the major
factors and processes important to this topic and also address methods for estimat-
ing bioavailability. Finally, we make recommendations for probable future research
needs in this important area.

To enhance the understanding of what is meant by “bioavailability” of organic
chemicals in soil, we will address the following three questions:

(1) How are organisms exposed to chemicals in soil and how are such substances
taken up by organisms?

(2) How do critical variables such as organism, chemical, and soil properties affect
bioavailability?

(3) How is bioavailability measured and/or modeled?

2 Transport Mechanisms of Molecules Through Membranes

Multiple factors, and their complex interactions, affect soil bioavailability of xeno-
biotics (Table 1). In this section, we address the properties of organisms important
to their uptake of chemicals, a process that profoundly affects bioavailability.

Cellular cytoplasm is separated from the exterior environment by the cytoplas-
mic membrane. To enter cells, molecules are transported through the cytoplasmic
membrane. The cytoplasmic membrane consists of a lipid (mainly phospholipid)
bilayer and membrane proteins. This barrier protects the living cytoplasm, but
also is selectively permeable to molecules, nutrients, ions, and also xenobiotics,
in both directions (Amdur et al. 1993; Brock et al. 1994; Connell and Miller
1984; Tinsley 1979). There are four major mechanisms by which chemicals are
transported through membranes: passive diffusion, facilitated transport, active trans-
port, and phagocytosis (endocytosis). The differential functioning of these transport
mechanisms has clear implications for the study of bioavailability.

2.1 Passive Diffusion

Most cellular membranes have pores with diameters much smaller than 4 nm.
Water and dissolved molecules with molecular weights <100 (e.g., nitrogen gas)
can pass through these pores. Normally, cells have higher internal than external
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Table 1 Factors influencing bioavailability of chemicals in the soil environment (Alexander 1994;
Hund-Rinke and Simon 2005; Pollumaa et al. 2004; Semple et al. 2003; Stokes et al. 2005)

Group Factors

Chemical properties Water solubility, vapor pressure, n-octanol-water partition
coefficient (hydrophobicity), molecular size, molecular shape,
single vs. multiple components

Soil environment Solid phase (sand, clay, humus), liquid phase (water content),
gaseous phase (water vapor, Oz, N, CO»), dissolved
components (inorganic and organic nutrients, surfactants),
physical parameters (humidity, pH, temperature)

Properties of organisms Uptake mechanisms, motility (active vs. passive), growth pattern
(surface growth of bacteria, penetration by mycelia of fungi,
actinomycetes, roots, and animals), morphology (cell,
mycelium, roots, amoeba, worms), size (bacterial
cell<mycelia<protozoa<plant roots = worms), biosurfactant,
chemotaxis, predation, simultaneous and successive
coordination (aerobic/anaerobic, metabolic consortia,
cometabolism), acclimation (enrichment, mutation and
selection, induction), growth kinetics (maintenance energy,
maximum growth rate, substrate affinity)

Climatic or agricultural Temperature, precipitation, drying/wetting cycle, tillage,
activities fertilization of inorganic chemicals, soil amendment with
farmyard manure
Interaction and Sorption/desorption, dissolution, dispersion, sequestration/aging,
processes bound residue, convection, leaching

solute concentrations so that water molecules are transported into cells by osmo-
sis. The hydrophobicity of the central layer of cytoplasmic membranes constitutes
a strong barrier to ionic, but not non-ionic compounds. Small compounds that are
hydrophobic and weakly polar such as alcohols, fatty acids, benzene, and non-ionic
pesticides can penetrate and dissolve in the membrane’s lipid phase. Such transport
is controlled by diffusion through the lipid bilayer, and its rate is proportional to the
concentration gradient between the cytoplasm and outside environment. The major-
ity of pesticides and xenobiotics are uncharged and are lipophilic organic chemicals
that are transported by passive diffusion; passive diffusion is the most important
mechanism by which chemicals enter cells (Nikaido 1993).

2.2 Facilitated Transport

Strongly polar compounds (e.g., ions and amino acids) cannot diffuse freely through
membranes. For example, glycerol permeates a phospholipid bilayer artificial mem-
brane at rates 10° times higher than does potassium ion (Brock et al. 1994).
However, some highly polar compounds can be bound to membrane transport
proteins and, thereby, be transported into the cell. Transport results from a con-
formational change in a transporter protein. Each discrete compound type binds to a
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specific corresponding transporter. The process is not energy consuming; the driving
force of transport is diffusion along concentration gradients, though the diffusion
rate is faster when a transporter protein is involved (facilitated diffusion). Heavy
metals are transported into cells by facilitated diffusion or active transport, described
below. However, cationic organic chemicals are poorly transported through mem-
branes (Nikaido and Vaara 1985). There are no specific transporter proteins for ionic
organic xenobiotics.

2.3 Energy-Dependent (Active) Transport

Certain polar compounds (e.g., phosphate and potassium ions) are transported
into cells against a concentration gradient at the expense of energy (Brock et al.
1994). These compounds are also bound to specific transporter proteins. Adenosine
triphosphate (ATP) or proton motive force is the energy source for such transport.

2.4 Phagocytosis (Endocytosis)

Some cells surround solid particles with a cell membrane and then absorb the
substrate. This phenomenon is called phagocytosis in amoeba and endocytosis in
plant roots. Endocytosis has been observed to absorb organic compounds such as
peptides.

3 Uptake Mechanisms of Chemicals by Organisms
and Their Kinetics

3.1 Kinetics of Chemical Transport Through Membranes
by Passive Diffusion

Mass transfer through membranes is a diffusion process. Using a double-layer
model, based on Fick’s first law, and assuming an equilibrium lipid—water partition
coefficient Kjjp = Cjp/Cyy at the lipid membrane interface, the rate of transport (J)
of chemical compounds through the lipid membrane is written as follows (Parsons
et al. 1987):

DyDiipKiip

J=
dd - Duip - Kiip + 81ipDd

Ajip - AC (D

where

J = rate of transport of the chemical through the lipid membrane

Dy = diffusion coefficient of the chemical through aqueous diffusion layer at
vicinity of membrane

Dy;p, = diffusion coefficient of the chemical through the lipid membrane

Kjip = partition coefficient of the chemical between the lipid membrane and the
aqueous diffusion layer
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84 = thickness of the aqueous diffusion layer

d1ip = thickness of the lipid membrane

Ajjp = area of the lipid membrane

AC = the difference in concentration of the chemical between the outside and
inside of the cell. Assuming the concentration of the chemical compound
inside the cell is zero, AC = Cy,

Cy, = chemical concentration in the aqueous environment.

For convenience, a list and description of the equation symbols used in this
chapter, with corresponding units, has been added as an Appendix. The effect of
interface area was also reported by Geller (1979), who stated that accumulation
ratios of atrazine in bacterial cells of Acinetobacter, Cytophaga, and Pseudomonas
species were proportional to their surface areas. Of note is that the passive diffusion
rate is inversely related to molecular size, although Eq. (1) does not account for it.
In fact, large molecular size of a chemical decreases uptake by biota (Xiang and
Anderson 1994).

For hydrophilic compounds, Kjjp is low. That is, 8q-Dyip - Kjip < 84-Dg. Therefore

D - Ki
J=M‘Alip'

C 2)
dlip v

Because 8y, and Ay, of the lipid membrane are constants, transport rates of
hydrophilic compounds are proportional to the partition coefficient (Kj;p), the dif-
fusion coefficient through the lipid membrane (Dy;p), and the exterior concentration
(Cw). Kiip can often be estimated from other measures of hydrophobicity, for exam-
ple the n-octanol-water partition coefficient. In general, the diffusion coefficient
through the lipid membrane decreases with increasing molecular weight or size of a
compound (Mitragotri 2002; Xiang and Anderson 1994).

For hydrophobic compounds, Kj;, is high. That is, 8q - Dyp - Kiip > 84 - Dg.
Therefore

J=_'A1ip'Cw (3)

The transport rates of hydrophobic compounds are proportional to the diffusion
coefficient of a chemical through the aqueous layer at the exterior adjacent vicin-
ity of the membrane, and are independent of the lipid—water partition coefficient.
However, as the hydrophobicity of compounds increases, Cy, may become limited
by low water solubility.

3.2 Uptake by Microorganisms

Bacterial and fungal cells have no special structures with which to acquire nutri-
ents from their exterior environment. The cytoplasmic membranes of bacterial and
fungal cells are covered with cell walls. Nutrients and other chemicals must pass
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through the cell walls and then through the cell membranes that exist within the
cell walls. The cell wall is composed mainly of the peptide glycan in bacteria and
chitin in fungi. The structure of these cell walls resembles a net that maintains
cell shape, although the walls are punctuated with many large holes that are per-
meable to nutrients and other chemicals. Gram-positive bacteria have a thick cell
wall. Gram-negative bacteria (Proteobacteria) have a thin cell wall covered with an
outer membrane made up of a lipid bilayer and lipopolysaccharides. In this outer
membrane, porins, barrel proteins that cross outer membrane, are present and act as
large pores through which nutrients and chemicals may rather freely pass (Nikaido
1993). Inside the cell wall, the cytoplasmic membrane (or the inner membrane in
Proteobacteria) protects the cell contents and allows permeation of chemicals and
nutrients by diffusion. A concentration gradient between the outside and inside of
the cell is the driving force for uptake. Smaller cells have a higher specific surface
area and respond more rapidly to changes than do larger cells (Koch 1990).

The lowest concentration of a substrate on which microorganisms can survive has
been theoretically determined (Schmidt et al. 1986). Bacteria cannot survive when
the diffusion rate of a needed substrate decreases to less than that amount required
to maintain energy for life. The bacterial doubling time 7 is expressed as follows:

v = [1/ (R = ROD/2] /D Cu} /[ p = (me/ InD) - R = ROH)[2| - ()
where

T = bacterial doubling time

Ymax = maximum growth yield

Rd = radius of cell at cell division

Rb = radius of cell at initial stage

D = diffusion coefficient of chemicals in solution
Cy, = concentration of chemicals in solution

o = density of dried cell

m. = cell maintenance coefficient.

In aqueous solutions of organic molecules, where D is about 1 x 10~ cm?/sec,
Cy is calculated to be 0.2 pg/L. In soil, D in the range from 1072 to 10~ cm?/sec
results in a chemical concentration in soil solution from 20 to 200 pg/L. Multiple
substrates may contribute to successful microbial survival even if each is present
below the critical concentration limit.

3.3 Uptake by Plant Roots

Chemicals enter the food chain by first being absorbed into plants. Non-ionic
xenobiotic compounds (with log K,y values of ~1 to 3 and molecular weights
<300) can enter plant roots by passive diffusion or cotransport, and can then
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move upward in the transpiration stream (McFarlane et al. 1987; Riviere 2000;
Trapp et al. 1994). Where K, = n-octanol-water partitioning coefficient. Usually,
only natural compounds utilize chemical-specific carriers and active transport
to enter plants. Compounds, once absorbed, move in plants via the apoplas-
tic system. Diffusion of chemicals into roots may be described theoretically as
follows:

Ndr = (Kaw . Da,eff + Dw,eff) . (CW - Cr/Krw) : 2L7t/[ In (RZ/RI)] (5)

where (see also Eq. 29)

Ngr = the sum of the diffusive flux of chemical to the roots in air- and water-
filled pores

K,w = partition coefficient of air to water (Henry’s law constant)

K, = partitioning coefficient between roots and water

D, et = effective diffusion coefficient in air-filled soil pores

Cy = concentration in the external (soil) solution

C; = concentration in the root

L = total length of the roots

R, = radius of the roots

R>—R; = diffusion length

Ry = radius of a deficiency zone surrounding the roots.

Because R; is difficult to estimate, default values of R, and R; are used.
If transpiration stream flow Q,, is measured, uptake and transport may be
expressed as follows:

Ntr = Qw(1 - TSCF)CW (6)
where

Ny = uptake and transport
Oy = flow of transpiration water
TSCF= transpiration stream concentration factor.

TSCEF is the ratio of the chemical concentration in the transpiration stream to
the concentration of chemical in the external solution (Trapp et al. 1994). Ny, is
usually assessed indirectly from the mass of chemical accumulated in shoots for a
known volume of water transpired. TSCF is independent of time if the chemical
involved is stable in the plant. TSCF values are also known to be independent of
chemical concentration in the external solution and to have a maximum value of 1.0
for passive uptake (Shone and Wood 1974). The relationship of TSCF to log Kqw
values has been reported as follows (Trapp et al. 1994):

TSCF = 0.784 e exp [ — (log Kow — 1.78)%/2.44] (7
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As observed by others, this function reaches a maximum near 0.8 at K,,=100
(Briggs et al. 1982). For example, cyclodiene insecticide residues are found in the
peel or at the surface of plant roots with little or none stored within the plant.
Organophosphate and carbamate pesticides are more labile and readily sorbed by
plants growing in soil containing organophosphates and carbamates.

The root concentration factor (RCF) is also defined as the ratio of concentration
in roots to concentration in external solution (Shone and Wood 1974). RCF val-
ues are generally independent of concentration when solutions are in dilute forms
(Leroux and Gredt 1977).

Chemical properties that most influence chemical uptake by plant roots are
lipophilicity/water solubility (e.g., n-octanol-water partitioning coefficient; Briggs
1981; Briggs et al. 1982), acidity/basicity (pK,; Bromilow and Chamberlain 1995),
and vapor pressure (Bromilow and Chamberlain 1995). Root uptake increases with
lipophilicity of the chemical. It is often observed that RCF values are static at
approximately 1 for a log K less than 1, and increases to 100 as log Ky, increases
to 4 (Briggs et al. 1982). Although chemicals enter plant roots largely by passive
diffusion with undissociated acids, entry through an ion-trap mechanism is also
possible by acid exudation from roots (Briggs et al. 1987).

Some compounds diffuse through soil primarily via the vapor phase, and plant
roots absorb them after their solubilization in soil solution; these are governed by
Henry’s law, rather than by systemic transport (Bromilow and Chamberlain 1995;
Riviere 2000). Henry’s law constant (H') is calculated by

. PM
H = 8)
S-RTx

where

P = vapor pressure at absolute temperature T
S = water solubility at absolute temperature T
M = molecular weight

R = gas constant

Tk = absolute temperature.

When H' is larger than 10, movement occurs by diffusion in air. Examples
are ethylene dibromide, carbon tetrachloride, trichloroethylene, naphthalene, DDT,
DDE, trifluralin, nitrobenzene, and dioctyl phthalate (Bromilow and Chamberlain
1995; Riviere 2000). When H’ is less than 10‘6, diffusional movement occurs only
in water; examples are carbofuran, aldicarb, simazine, metalaxyl, prochloraz, and
hexazinone. For H' values between 10~ and 1070, diffusion in both air and water
occurs; examples are dibutyl phthalate, parathion, dieldrin, deltamethrin, and diuron
(Bromilow and Chamberlain 1995; Riviere 2000). It has not been demonstrated,
however, that vapor-phase diffusion within soil leads to absorption by plant roots
exposed to the vapor.



12 A. Katayama et al.

In addition to physical and chemical properties, uptake of xenobiotics is influ-
enced by other factors, including:

e Anatomical features and physiological processes of plants, such as differences
among root systems (Eijsackers 1994; Trapp et al. 1994).

e Excretion of solubilizing agents (e.g., monocots (barley) excreting mugineic acid
as a chelating agent of iron, and then incorporating the Fe-mugineic acid com-
plex) (Alam et al. 2001; Bernards et al. 2002; Chaignon et al. 2002; Figueira et al.
2001; Negishi et al. 2002; Singh et al. 2000; Walker 2002).

e Environmental parameters such as temperature, humidity, and soil water content.

e Changes in bioavailability of xenobiotics caused by enzymes excreted from plant
roots and actions of root-associated microbes (El-Shatnawi and Makhadmeh
2001; Lodewyckx et al. 2002; Lovell et al. 2001; Robinson et al. 2001).

e Effects on bioavailability from mycorrhizae, the symbiotic structures of fun-
gal mycelia and plant roots, associated with nearly all plants except for the
Brassicaceae. Arbuscular mycorrhizal fungi are known to improve the uptake of
phosphorus, nitrogen, zinc, copper, and sulfur (Paul and Clark 1988; Weissenhorn
et al. 1995a, b). Ectomycorrhizae, formed by white-rot fungi, cover host plant
roots, and the exoenzymes excreted from them degrade a wide variety of organic
chemicals in soils, which cannot be degraded by the host plant. The degrada-
tion by ectomycorrhizae reduces the availability of organic chemicals to the host
plant (often a tree), which has been observed in 2,4,6-trinitrotoluene (Koehler
et al. 2002).

3.4 Uptake by Soil Fauna

Because invertebrates are important in the soil environment, many chemical uptake
studies with such organisms have been reported. Soil invertebrates feed on OM,
fungi, bacteria, and protozoa and thus contribute to nutrient cycling and energy flow
within the soil ecosystem. Earthworms are among the most important of soil fauna
because of their abundance. For example, Lumbricus constitutes 80% of inverte-
brate biomass in floodplain soils, and comprises a major part of the diet of moles
(Talpa europaea), badgers (Meles meles), shrews (Soricidae), and other predators
(Hendriks et al. 1995). Thus, soil fauna may affect how chemicals are distributed in
the environment.

Soil invertebrates, especially earthworms, are classified by feeding behavior and
habitat as being either: anecic, epigeic, or endogeic. Anecic fauna (e.g., Lumbricus
terrestris) burrow deeply into soil, but forage at night on the surface for decay-
ing grass or litter or animal residues to bring into their burrows; Epigeic fauna
(e.g., Lumbricus rubellus) are surface-dwelling, and move through the upper litter
layer consuming freshly decayed litter and animal residues. Endogeic fauna (e.g.,
Nicordrilus caliginosa) are soil dwelling, and move through the upper organic-rich
mineral layers, ingesting soil and extracting nutrients from degraded OM. They
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leave finely dispersed organic particles. These examples of feeding behavior and
differential habitat are important variables for oral uptake of xenobiotics.

Hard- and soft-bodied fauna may absorb organic chemicals by different
routes (Eijsackers 1994). Soft-bodied organisms such as Protozoa, Nematoda, and
Lumbricidae rely on contact with soil pore water to remain hydrated; therefore,
chemical uptake occurs through the skin from pore water (dissolved organic chem-
icals) as well as by feeding. Hard-bodied organisms with tracheal systems obtain
organic chemicals by feeding, but also absorb vaporized contaminants that exist in
the soil atmosphere, or those that are dissolved in pore water. Intake of xenobiotics
by feeding is a major route for Carabidae and Aranea. Antennae and legs may also
be in contact with chemicals. Soil vertebrates absorb chemicals through the skin,
lungs, and via food; the latter is typically most important.

Equilibrium partitioning theory (EqP theory) has been applied to chemical uptake
by invertebrates in sediments (Di Toro et al. 1991; Felsot and Lew 1989). Biological
effects on organisms can be predicted from the chemical concentration in pore
water of sediments for relatively hydrophilic compounds; for hydrophobic chem-
icals, effects of a chemical can be predicted from the chemical’s concentration in
sediment organic matter (OM). The ability to make such predictions is based on the
assumption that an equilibrium of the chemical(s) is established by diffusion among
organisms, pore water, and the OC of sediment (Felsot and Lew 1989). EqP theory
accurately describes the uptake of polychlorinated biphenyls (PCBs) and polycyclic
aromatic hydrocarbons (PAHs) by L. terrestris L. (Krauss et al. 2000) and phthalate
congeners by Eisenia foetida (Hu et al. 2005b). However, EqP theory failed to accu-
rately portray acute and chronic toxicity for lindane, in soils, when studied using the
soil invertebrates E. foetida, Enchytraeus albidus, and Folsomia candida (Lock et al.
2002). The relative difference of lindane toxicity between the soils differed among
the invertebrates, and did not correlate with organic carbon (OC) in the sediment.
The results indicated that the pore-water contaminant fraction was not always the
toxicological by bioavailable fraction. Apparently EqP theory is considered to be
unreliable under certain conditions.

Because soil fauna feed bacteria, fungi, and soil OM, as well as protozoa, bioac-
cumulation of xenobiotics may occur through the food web. Based on the EqP theory
concept, a biota—soil accumulation factor (BSAF) has been described by Ma et al.
(1998) to characterize bioaccumulation of a chemical in biota. Assuming steady-
state conditions of ingestion and excretion and ignoring possible metabolism of the
chemicals, BSAF can be calculated by

Corg - F om
Cs- F lip

BSAF = )

where

BSAF= biota—soil accumulation factor

Corg = concentration in the worm

Cs = concentration in soil solid phase

Fiip = weight fraction of lipid in the organism
Fom = weight fraction of OM.
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By substituting for Fop with the equilibrium soil sorption Coefficient of
Chemical (Kp), the equation for bioaccumulation factor (BAF) results:

Cy - Kp
Cs 'Flip

BAF =

(10)

where
BAF= bioaccumulation factor
K, = equilibrium soil sorption Coefficient of Chemical.

A state of equilibrium in the equation is assumed. Soil OM and soil OC (typically
what is measured in soil tests) are related by

Kp = 0.58F o Ko (11)
where

Ko = equilibrium sorption coefficient of chemical on a basis of soil OC.

For hydrophobic organic chemicals with log K,, between 1.5 and 7.5, the
following equation (Sabljic et al. 1995) is proposed for estimating log Koc:

log Koc = 0.81 @ log Koy + 0.10 (12)

The coefficient values varied (among compounds tested and researchers) from
0.52 to 1 of the pre-logarithmic coefficient, and from —0.779 to +1.377 for the
coefficient of the second term (Fetter 1999).

BSAF provides a starting point for characterizing the bioaccumulation of persis-
tent organic compounds such as organochlorines, PAHs, and organotin compounds
(Van Brummelen et al. 1996). BSAFs may also help characterize the effects of
phthalate congeners on E. foetida in soil (Hu et al. 2005b). Concentrations of xeno-
biotics observed in the body of soil fauna are often a linear function of exposure time
(Custer et al. 1996). In the cases of polychlorinated dibenzo-p-dioxins and polychlo-
rinated dibenzofurans, BSAF values do not increase with increasing chlorine atom
substitution, although n-octanol-water partition coefficients increased with degree
of chlorine substitution (Van Der Oost et al. 1996). These suggest that bioavailability
balances affinities among chemicals, sediments, and organisms, or that molecules
with large numbers of chlorines are simply too large to pass through the skin or
integument of soil fauna.

3.5 Passive Diffusion: A Common but Variable
Mechanism Among Organisms

The major mechanism by which organic compounds, transport through membranes
in all species, from microbes to soil fauna, is by passive diffusion. The driving force
for such transport is the concentration of xenobiotics in soil solution. Exceptions are
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exoenzymes excreted from certain organisms, and metal cations transported through
membranes from soil mainly by facilitated diffusion and active transport.

Bioavailability of chemicals also differs among organisms as a result of the
mobility and habitat of soil organisms. Microorganisms need water, therefore, in
non-saturated soil microorganisms remain near hydrated microsites. On the other
hand, fungi and plant roots can penetrate dry microsites. Soil fauna such as earth-
worms are mobile in soil aggregates. For fungi, plant roots, and soil fauna, chemicals
sequestrated in the soil aggregate can be bioavailable.

4 Properties of Xenobiotics and Soils, and Their Interactions

Xenobiotics may exist as free constituents (i.e., dissolved form) in soil solution,
may be degraded by chemical and biological processes, or may be sorbed onto
soil particles. These three processes determine the availability of xenobiotics to
biota. The degradation of xenobiotics is proof that chemicals were actually bioavail-
able to organisms; moreover, degradation reduces xenobiotic bioavailability to other
organisms.

The most significant interaction between soils and xenobiotics that affects
bioavailability is sorption, followed by aging and bound residue formation. Sorption
can be greatly affected by xenobiotic properties including water solubility, vapor
pressure, molecular size, and n-octanol-water partition coefficient. Soil properties
also affect adsorption rates. In this regard, key soil properties include OM, pH, and
cation exchange capacity (Felsot and Lew 1989). Climatic and tillage practices also
affect bioavailability and will be addressed in this section.

4.1 Sorption Isotherms

The rate of uptake and subsequent degradation of chemicals by organisms is gen-
erally determined by the concentration of the chemicals in soil solution. Sorption
of xenobiotic compounds to soil constituents reduces the concentration of the
xenobiotics in soil solution. Many researchers have observed reductions of chem-
ical uptake and affects on degradation rates as a result of sorption. Some recent
examples include alpha-HCH (Rijnaarts et al. 1990), 2,4-D (Ogram et al. 1985), 1,2-
dibromoethane (Steinberg et al. 1987), naphthalene (Zhao and Voice 2000), carbon
tetrachloride to Pseudomonas sp. strain KC (Zhao et al. 1999), PAHs (Breedveld
and Sparrevik 2000), and atrazine (Beigel et al. 1999).

Sorption of chemicals to soil has recently been reviewed in detail (Wauchope
et al. 2002). Therefore, in this chapter only important equations and parameters
concerning sorption are presented in relation to bioavailability. Sorption is often
expressed by the Freundlich isotherm equation:

Lok clm (13)
m
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where

x = amount of sorbed chemical

m = soil weight

C = concentration of chemical in soil solution
Kr = Freundlich sorption coefficient

n = linearity factor.

Hydrophobic, non-polar chemicals often exhibit a linear sorption (n = 1):
=K, -C (14)

For non-polar solutes, many studies have shown that most sorption occurs by a
simple hydrophobic partition between soil OM and soil water (Chiou 1990). In such
cases

X
X kee-C (15)

Moc
where

moc = the OC content

This relationship is very widely used to predict the concentration of xenobiotic
compounds in soil solution. However, sorption often deviates from this linear equa-
tion (Wauchope et al. 2002), because soil OM is not always homogeneous or the
dominant sorbent for some soils and chemicals. Clay minerals and metal hydrous
oxides can be important sorbents depending on the properties of the solute. When
hydrophobic interaction is the major mechanism of sorption, it emulates a parti-
tion phenomenon and is reversible in a short time. However, irreversible sorption
of pesticides to soil may occur and can be experimentally demonstrated by using
14C-isotopic exchange techniques (Celis and Koskinen 1999a). This phenomenon
can be described by a two-compartment model that portends aging or bound residue
formation.

Sorption does not always reduce the bioavailability of chemicals or inhibit
their degradation. Degradation rates increased during experiments with 2,4-D, 2,4-
dichlorophenol, and 4-chlorophenol adsorbed on humified and nonhumified soil
OM (Benoit et al. 1999). The concentrations of these chemicals in the aqueous
phase were low and concentrations at the surface of suspended particles were high.
Thus, bioavailability was higher on the surface than in soil solution (Subba-Rao and
Alexander 1982). The direct uptake of sorbed chemicals by microorganisms also
occurs (Shor and Kosson 2000). Enhancement is also observed when metal hydrous
oxides act as biological catalysts; in such cases degradation rates are higher for
chemicals in the sorbed state.
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4.2 Properties of Xenobiotics That Affect Their Sorption to Soil

Uneven distribution of electron density in molecules results in molecular polarity or
the presence of local charges. Under such conditions, acidic molecules dissociate to
form anionic species. Tetra-ammonium salt structures result in a cationic molecu-
lar state. Alcohols and phenols are acidic polar structures and nitrogen-containing
structures generally have basic polar characteristics. Cationic and basic molecules
are strongly sorbed to soil particles because their surface has a net negative charge.
Conversely, anionic molecules are repulsed by the soil surface. Therefore, the avail-
ability of anionic or acidic molecules to biota is much higher than that of cationic
or basic molecules in the soil environment.

The n-octanol-water partition coefficient (Ko ), soil sorption, bioavailability, and
solubility of chemicals may all be correlated. In general, as Koy, increases, sorption
increases and solubility and bioavailability decrease. Thus, an increase in methanol
concentration in soil water, added as co-solvent, increased solubility and decreased
sorption of linuron and simazine on a clay soil (Kookana et al. 1990). Similarly, for-
mulation of propoxur as an emulsifiable concentrate resulted in an emulsion which
was stable in the soil, thereby greatly increasing the concentration of propoxur in
the solution phase (Wybieralski 1992). The presence of several compounds in soil
may sometimes increase the concentration of one of them in soil solution. In such
cases, multiple compounds compete for sorption to microsites, even in with non-
ionic organic chemicals. Competitive sorption was reported between the fungicides
carbendazim and iprodion (Leistra and Matser 2004).

4.3 Soil Properties That Affect Sorption of Xenobiotics to Soil

Sorption levels may vary widely among soils, even for the same chemical. Sorption
of a chemical to soil is affected most by OM, metal hydrous oxides, and clay miner-
als; therefore, the overall sorption capacity of soil is dependent on the characteristics
of soil OM, soil texture, soil acidity, Fe- and Al-oxide content and clay mineral-
ogy (Johnson and Sims 1993). There is a tendency for organic soils to sorb higher
amounts of organic chemicals. The sorption rate is generally fastest for humic acids,
followed by amorphous iron and aluminum hydrous oxides and, finally, the clay
minerals kaolinite and montmorillonite (Sha’ato et al. 2000).

There is extensive evidence that sorption to soil of a wide range of organic
chemicals increases with content of OM (Green 1974; Weed and Weber 1974);
therefore, as soil OM increases, bioavailability decreases. For example, the K, value
of imidacloprid was correlated with soil OC content and cation exchange capacity
(CEC; Oliveira et al. 2000). K, values of the herbicides alachlor, atrazine, dicamba,
hexazinone, metsulfuron-methyl, simazine, and sulfometuron-methyl had a signif-
icant correlation with the OC content of Brazilian soils, although this was not the
case for imazethapyr and nicosulfuron (Oliveira et al. 2001). The bioavailability
of phenanthrene to mineralization by Pseudomonas spp. declined in soil humin
(White et al. 1999a). PAHs and PCBs were also mainly bound to the lipid fraction of
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humin (Kohl and Rice 1998). The bioavailability (measured by bacterial genotoxic-
ity assay) of benzo(a)pyrene, 7,12-dimethylbenz(a)anthracene, 9-phenylanthracene,
and aldicarb after short-time sorption was correlated with the OM content of soil
(Alexander and Alexander 2000). Application of organic material, waste-activated
carbon, digested municipal sewage sludge, and animal manure to a sandy soil (OC
content 0.8%) increased sorption of alachlor and atrazine and reduced the bioactivity
of these herbicides to oat and Japanese millet (Guo et al. 1991).

In addition to OM content, specific surface area of soil is also an important factor
in sorption. The type of clay and proportion of small clay particles influence the spe-
cific surface area of soil minerals, and therefore, the sorption capacity. The sorption
of captan (Alexander and Alexander 2000) and imidacloprid (Ramakrishnan et al.
2000) has been observed to correlate with soil particle size.

As soil moisture decreases, sorption capacity greatly decreases, transferring pri-
mary sorption capacity from soil OM to metal hydrous oxides and clay minerals,
even for apolar chemicals (Chiou 1990). Hydrophobic chemicals partition into the
soil water phase at very low concentrations, which renders sorption equilibrium
moisture-dependent. Decreasing soil moisture content also induces the chemi-
cal sequestration in soil, and reduces bioavailability compared with BSAF model
predictions (Oen et al. 2006).

The CEC of soil is often correlated with the sorption capacity of xenobiotics.
Soil OM content and mineral particle size distribution not only determine CEC but
also the degree of xenobiotic sorption. Therefore, CEC may correlate to soil sorp-
tion capacity even though CEC values are not directly related to the actual sorption
capacity, except for cationic chemicals such as heavy metals and the paraquat cation.
Cation exchange processes in soil increase the lability of sorbed heavy metals.
Heavy metals are displaced with other cations and dissolved into soil pore water. It
is well known that heavy metals, extracted with dilute salt solutions (0.1 M CaCl,),
are easily removed from soil and made available for uptake into higher plants.

Soil pH affects sorption of chemicals that are dissociated variably at the nor-
mal range of soil pH. For example, sorption of pentachlorophenol is much less in
alkaline than in acid soils, because it is dissociated (anionic) at high pH, and is non-
ionic under acidic conditions. Soil pH also influences desorption; for example, more
imazethapyr was sorbed at low than high pH, but was readily desorbed (Bresnahan
et al. 2000). At higher pH, the situation was reversed, with less imazethapyr sorbed,
but no ready tendency to desorb the sorbed entities (Bresnahan et al. 2000). The
solubility of heavy metals is greatly influenced by soil pH; the ease with which
such metals can be extracted from soil by dilute acid (pH 1-2) is directly propor-
tional to their availability for uptake by soil-dwelling meso/macro fauna (Harmsen
et al. 2007). For anionic and neutral compounds, sorption constants for 21 soils were
adequately explained to vary as a function of pH (Fontaine et al. 1991).

Soil sorption is a complex process. In addition to interactions with soil OM, clay
minerals, and ionic/pH conditions other factors must be considered: soil to water
ratio, ionic strength of soil solution, persistence of the xenobiotics, hydrogen-bond
complex formation, etc. Soil to water ratio is always changing under actual field
conditions, and the change influences the sorption of xenobiotics. For example, the
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sorption constant of fluridone at a 1:1 soil/water ratio was higher than when the
ratio was 1:5 (Malik and Drennan 1989). Changes in soil to water ratio also pro-
duced changes in the ionic strength of soil solution. Increase ionic strength, in soil
solution, increased the sorption of four herbicides (Alva and Singh 1991). Calcium
saturation changed the Freundlich constant for acifluorfen, probably because a com-
plex with acifluorfen resulted in its precipitation (Pusino et al. 1993). The formation
of a hydrogen-bond complex between atrazine and subconstituents of soil OM is
important in determining the sorption constant for atrazine (Welhouse and Bleam
1993). The sorption of chemicals was higher in earthworm burrow linings compared
to bulk soil (Stehouwer et al. 1993).

4.4 Desorption and Dissolution

The concentration of chemicals in soil water depends on the properties of the sorbate
and sorbent, the mechanisms of sorption, the time allowed for establishing an equi-
librium, and the degradation rate of the chemical (Guerin and Boyd 1992). These
factors also affect the kinetics of desorption, which is a determinant of total bioavail-
ability over time. It has been observed that the rate of desorption is proportional to
the rate of uptake of highly hydrophobic chemicals (Jacobsen et al. 2001; Stucki and
Alexander 1987; Thomas et al. 1986; Zhao et al. 1999; Zhao and Voice 2000). The
process of dissolution of chemicals in non-aqueous soil solvent phases is similar to
the process of desorption. Desorption or dissolution flux is generally proportional
to the concentration difference of the chemical in the vicinity of particle and soil
solution:

Flux = ki [Cyic — C] (16)

where
Flux = desorption/dissolution flux
ki, = mass transfer rate coefficient
Cyic = concentration of the chemical in the vicinity of soil particles (or
chemical crystals/solvents)
C = concentration in soil solution.

When C is high, microorganisms may accelerate desorption by reducing concen-
trations in soil solution through biodegradation. Incubation of soil-bound residues
of atrazine with an atrazine-degrading Pseudomonas sp. for 83 d resulted in 30—
35% of soil-bound atrazine being converted to extractable residue, compared to only
3% in a sterile control. Under these conditions, the bound atrazine was released
from humic material (Khan and Behki 1990). Desorption has also been facili-
tated with p-alkyl amines (Wszolek and Alexander 1979) and parathion (Racke and
Lichtenstein 1985). After desorption (or dissolution) of the chemical, its concen-
tration in soil solution can become too low for utilization by microbes, essentially
ending desorption or reducing it to a very low rate.

Only the principle of desorption is expressed by the above equation. The kinetic
process in soil is complex and poorly understood. A single rate constant often
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does not apply over the entire kinetic process (Pignatello and Xing 1996). For
example, with longer contact time in soil, more chemical can diffuse into soil
aggregates (forming bound residues). This reduces the desorption rate over time
(Connaughton et al. 1993). Reduction in bioavailability over time is directly cor-
related with increasing residue binding and resistance to desorption (White et al.
1999b). Desorption of bound residues is greatly affected by the tortuosity or steric
restriction of soil aggregates (Steinberg et al. 1987). Sorption/desorption processes
display hysteretic characteristics, i.e., the sorption and desorption rates of xenobi-
otics in soil, or the equilibria, are not only affected by the present concentration
of xenobiotics in soil solution but also by the previous or original concentration.
The sorption rate under the increasing xenobiotic concentration in soil solution is
usually faster than the desorption rate under the decreasing xenobiotic concentra-
tion in soil solution. The hysteretic characteristic is considered to be caused by
the strong interaction between the sorbed chemical and the soil or by irreversible
sorption. This phenomenon has been demonstrated with !'3C-naphthalene using
an isotope exchange technique (Sander and Pignatello 2005). The hysteresis has
been observed in naphthalene, phenanthrene, p-dichlorobenzene (Kan et al. 1994),
ethylene dibromide (Steinberg et al. 1987), and trichloroethylene (Pavlostathis and
Jaglal 1991). Hysteretic behavior is affected by the combination of sorbate—solvent,
concentration, and time (Sander et al. 2005).

The bioavailability of a chemical may be enhanced if it is tested in the presence
of chemicals with substantially similar chemical structures, probably as a result of
competitive sorption. The rate and extent of degradation of aged phenanthrene in soil
by Pseudomonas sp. were enhanced by addition of anthracene or pyrene to the soil at
the same time as the bacterium was introduced, despite the fact that Pseudomonas
sp. could not degrade either anthracene or pyrene (White et al. 1999c). In sterile
soil, pyrene reduced the K, value of phenanthrene aged for 123 d in soil, which sug-
gests the competitive displacement of aged chemicals with freshly added chemicals
(White et al. 1999c). However, the replacement is often imperfect because a por-
tion of chemical is sorbed to soil irreversibly (Celis et al. 1997; Celis and Koskinen
1999a; 1999b; Cox et al. 1997).

4.5 Effects of Dissolved Organic Matter and Surfactants

Soil water contains a wide range of chemical species in solution. For example, a
portion of OM is dissolved in soil solution as dissolved OC (DOC), which is car-
bon that passes through a 0.45-pm pore size, and is composed of a diversity of
components, depending on source and soil conditions. DOC decreases water sur-
face tension and is capable of forming micelles with a hydrophobic interior similar
to that of a surfactant (Guetzloff and Rice 1994). When a chemical is bound into
the hydrophobic domain of the DOC, dramatic solubility increases occur at DOC
concentrations above the critical micelle concentration (CMC). This binding may
be reversible (like partitioning) or irreversible (Harms and Bosma 1997). Solubility
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increases may also occur below the CMC. Thus, hydrophobic xenobiotics, although
mainly sorbed to soil particles (or aggregates), may, in part, sorb to dissolved OC
and remain in soil solution.

The amount of a hydrophobic compound available to bacteria may decrease
when DOC is present, as a result of competitive interactions between DOC and
the bacteria (Robinson and Novak 1994). For example, the degradation rate of
PAHs (naphthalene, acenaphthene, fluorene, phenanthrene, anthracene, fluoran-
thene, and pyrene) was decreased by dissolved or particulate OM (Ressler et al.
1999). Degradation of 2.4,6-trichlorophenol by Pseudomonas aeruginosa was
reduced in the presence of dissolved humic acid (Robinson and Novak 1994).
However, the extent of the decrease is dependent on bacteria present and DOC
interaction. Dissolved humic acid decreased the bioavailability of p,p’-DDT for
bacterial degradation, but fulvic acid did not, although both were extracted from
the same soil and both increased apparent solubility (Fujimura et al. 1995). This
bioavailability-dampening effect by DOC has also been observed in organisms other
than microorganisms; an example is chlorpyrifos bioavailability to the estuarine
bivalve Mercenaria mercenaria (Bejarano et al. 2005).

When DOC increases the apparent solubility of a chemical, and the interac-
tion between the chemical and DOC is smaller than that which exists between the
chemical and the cells, the bioavailability of xenobiotics is expected to increase.
Enhanced degradation of PCBs was achieved when solubilization into the hydropho-
bic domains of soil humic substances was increased (Fava and Piccolo 2002). Soya
lecithin, a natural surfactant, also increased the bioavailability of PCBs in soil,
when present (Fava and Di 2001). Meredith and Radosevich (1998) demonstrated
an enhanced degradation of atrazine by Agrobacterium radiobacter ATCC 55551
in the presence of dialyzed Aldrich humic acid. This enhancement was attributed
to improved cellar uptake, although similar effects of dialyzed Aldrich humic acid
on degradation of quinoline by Rhodococcus sp. or naphthalene by Pseudomonas
putida ATCC 17484 did not occur. Enhanced aerobic degradation of PAHs in con-
taminated soil was observed in the presence of humic substances and soya lecithin
(Favaet al. 2004). Guerrero et al. (2003) demonstrated that suspended solid particles
with moderate hydrophobicity such as TOYOPEARL SP™ increased bioavailabil-
ity of pyrene to a freshwater fingernail clam Sphaerium corneum. Cyclodextrin also
enhanced degradation of transformer oil in soil (Molnar et al. 2005).

Similar to the situation with DOC, surfactants increase the concentration of
hydrophobic xenobiotics in soil solution and increase the desorption/dissolution
rate of sorbed chemicals. Soil biodegradation of highly hydrophobic compounds
is limited by low water solubility and desorption/dissolution rate. Surfactants have
been used to enhance biodegradation, although such enhancement does not always
occur (Table 2), probably because chemicals bound to surfactants are less available,
and the surfactants may be toxic to microorganisms. The solubility of hydrophobic
chemicals is dramatically enhanced above the CMC, and in such cases increased
uptake and degradation may occur. However, surfactants may also inhibit the uptake
and/or degradation of chemicals (Aronstein and Alexander 1992; Aronstein et al.
1991; Macur and Inskeep 1999). This inconsistency results from the inhibitory
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physiological and physicochemical effects of surfactants on microbial cells. The
inhibitory effect is a reversible physiological surfactant-micelle/bacteria interac-
tion, and may result from partial complexing or release of membrane material
(Guerin and Jones 1988; Laha and Luthy 1992). Inhibition by non-ionic surfactants
decreased with increasing hydrophilicity, and in proportion to increasing ethoxylate
chain length of the alkylethoxylate and the alkylphenolethoxylate moieties (Dorn
et al. 1993; Wong et al. 1997). Inhibition of a PAH-degrading Mycobacterium sp.
was observed when surfactants had an average ethoxylate chain length of 9-12
monomers (Tiehm 1994). The observed effect was reversible, because the bacte-
rial ability to degrade PAHs was recovered by dilution of the medium that contained
the non-ionic surfactant (Laha and Luthy 1992). It is believed that surfactants do not
disrupt the membrane lamellar structure. It has been generally noted that fungi have
higher tolerance to surfactants than do bacteria (Pinto and Moore 2000; Zheng and
Obbard 2000, 2001).

Both direct and indirect microbial uptake mechanisms have been reported
for hydrophobic chemicals bound to surfactants in aqueous solution, and differ-
ences between the two may explain some inconsistencies of surfactant effects.
In the direct mechanism, hydrophobic chemicals are transferred into microbial
cells without first passing through the water phase. In one study, PAHs were
transferred directly from inside the surfactant micelles to microbial cells (Guha
et al. 1998). Such transfer may derive from fast exit rates of hydrophobic com-
pounds from micelles as attractions are continuously formed and broken (Laha and
Luthy 1992; Tiehm 1994). In indirect uptake mechanisms, hydrophobic chemicals
are first transferred to the water phase, and subsequent chemical uptake by cells
is facilitated by the chemical’s relative affinity for cells and surfactant micelles
(Fujimura et al. 1995). Therefore, microorganisms with highly hydrophobic cell
surface have the advantage in taking up hydrophobic chemicals in soil. Gram-
positive bacteria have more hydrophobic cells than do Gram-negative bacteria
(Rosenberg et al. 1979).

There are various surfactant types and sizes of hydrophobic domains in micelles;
these produce different effects on chemical availability to microbial cells. Triton
X-100, a commercially available surfactant, has been observed to only minimally
inhibit degradation processes because of its relatively low hydrophobicity (Roch and
Alexander 1995; Tsomides et al. 1995). In sand with low OM content, Triton X-100
either adsorbs or solubilizes phenanthrene. However, in topsoil that contains higher
OM, Triton X-100 did not act as an adsorbent because of the lower hydrophobicity
of the surfactant (Edwards et al. 1994). In a soil solution containing one-half of the
critical micelle concentration of Triton X-100, the adhesion of bacteria to the surface
of non-aqueous liquid droplets was inhibited. This decreased the uptake efficiency
of non-aqueous liquids by bacteria (Stelmack et al. 1999).

Cosurfactants such as alcohols and acetone also increase bioavailability of xeno-
biotics. Addition of <1% of cosurfactants did not inhibit soil respiration (Kuwatsuka
personal communication). The use of cosurfactants may be a better way to increase
bioavailability than simply increasing the concentration of surfactants, because
surfactants also affect human health.
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Some microorganisms, when exposed to PAHs, exude biosurfactants that
increase desorption and/or dissolution rates (Banat 1995). Biosurfactants exhibit
low interfacial tension and low critical micelle concentration values and are pro-
duced by many bacteria, yeast, and fungi (Pritchard et al. 1999). Rhamnolipids
are the best-known biosurfactants. The Concentration needed to solubilize phenan-
threne was similar between a rhamnolipid and Triton X-100 (Pritchard et al.
1999); both enhanced the mass transfer of hydrophobic compounds (Gu and Chang
2001). Acinetobacter radioresistens KAS3 excretes alasan, another biosurfactant,
and increased the apparent solubility of PAHs by 5-26 times, and more than twofold
the biodegradation rate of fluoranthene (Rosenberg et al. 1979, 1999).

There are few reports on the effect of surfactants on more polar compounds. In
one case, no enhancement of soil desorption by formulation adjuvant (surfactant)
was observed for triticonazole (Beigel et al. 1999).

4.6 Effects of Aging and “Bound Residue”

“Aging” refers to decreases in bioavailability that occur from increased contact time
between chemical and soil. Even if no chemical degradation occurs in soil, aging
renders chemicals less available for uptake by organisms, less likely to exert toxic
effects, and less susceptible to microbial biodegradation (Alexander 2000). The
effects of aging has been observed in a wide spectrum of xenobiotics, e.g., PAHs
(Beckles et al. 2007; Chung and Alexander 1998; Nam and Alexander 1998), iso-
proturon (Walker et al. 1999), atrazine (Chung and Alexander 1998; Radosevich
et al. 1997), simazine (Scribner et al. 1992), triticonazole (Beigel et al. 1999), and
imidacloprid (Koskinen et al. 2001). Carbaryl, although relatively water-soluble and
weakly sorbed to soil, also showed reduced bioavailability and microbial biodegra-
dation after aging (Ahmad et al. 2004). The effects of aging have been observed not
only in microbial degradation, but also after oral intake of chemicals by mammals,
e.g., after oral intake of PAH-contaminated soil by male Fischer 344 rats (Reeves
et al. 2001).

It is believed that aging occurs by diffusion of sorbed chemicals into microp-
ores of soil aggregates or particle interstices, a process that segregates the chemical
from access by organisms (Gevao et al. 2000; Hatzinger and Alexander 1997).
Once entrapped in micropores, diffusion of the chemical back to macropores and
bulk soil water is a very slow process. In addition, soil OM may cover openings
and block access to micropores. Aging may result from covalent bonding with soil
humus to create bound residues after sorption inside micropores. Thus, aging is
largely a sequestration phenomenon. Crystallization of hydrophobic chemicals in
the soil matrix may also intensify effects of soil aging; this phenomenon occured
with anthracene (Willumsen et al. 1997).

The size distribution of micropores is a factor in aging: the smaller the micropore
the slower aging proceeds, but the larger the effect. Soils treated with OM have a
higher proportion of micropores, which increases chemical aging rates (Nam et al.
1998). When micropore surfaces lack hydrophobic characteristics, aging effects



26 A. Katayama et al.

were small. The role of soil particle hydrophobicity was demonstrated by using
beads with different surface characteristics as model soils (Nam and Alexander
1998); results demonstrated that phenanthrene was degraded by the bacterium in
the presence of: glass or polystyrene beads with no pores, silica beads with 2.5—
15 nm pores, 3-aminopropyl-bonded silica beads with 6-nm pores, diatomite beads
with 5.4-nm pores and octadecyl-bonded silica beads with 6-nm pores, but not in
the presence of polystyrene beads with 5- or 300400-nm pores. The concentra-
tion of the chemical in soil does not affect extent of aging (Chung and Alexander
1999), though chemical structure does. Such influences were demonstrated with
differences in sequestration and microbial-induced biodegradation effects over time
with naphthalene and atrazine (Chung and Alexander 1998).

The term “bound residue” is defined as “the portion of chemicals unextractable
by methods that do not significantly change the chemical nature of the com-
pounds (Roberts 1984).” The distinction between extractable and non-extractable
residues depends on extraction methods and conditions employed (Khan 1982,
1991). Soxhlet extraction, an exhaustive procedure, has often been used to determine
bound residues in soil after spiking such soil with isotopically labeled compounds
(Northcott and Jones 2000). Covalent bonding is believed to account for the
strong attachment between unextractable xenobiotic residues and soil (Dec and
Bollag 1997). Soil constituents producing the strong attachment are mostly humic
substances, mainly humin. Carbonyl, quinone, and carboxyl groups of humic sub-
stances are known to bind xenobiotics with hydrolyzable and non-hydrolyzable
bonds. Biotic and abiotic oxidative coupling between xenobiotics and soil OM
results in formation of bound residues over even short periods (Bollag 1992; Bollag
et al. 1983; Shindo and Huang 1982, 1984, 1985).

Xenobiotics that are unextractable because of occlusion in stable soil nanopores
are also regarded to be bound residues (Barriuso and Koskinen 1996). Such unex-
tractability results from entrapment of xenobiotics in small diameter micropores.
Compared with Soxhlet extraction, using other extraction methods such as super-
critical fluid extraction, high temperature distillation, microwave extraction, and
silyation prior to extraction will yield different extractable amounts of xenobi-
otics in soils and, therefore, different levels of xenobiotic residues in soil (Gevao
et al. 2000). This differential extractability is thought to be produced from differ-
ent penetration rates of extractants into soil micropores. Regardless as to cause of
unextractability, or degree of covalent-bond formation or entrapment in small soil
pores, unextractable xenobiotic soil residues are considered to be “bound residues’;
therefore, the meaning of “aged” and “bound” residues overlaps each other.

A major concern is whether soil-bound xenobiotic residues can be mobilized,
become bioavailable and have toxicological and ecological significance. Bound
residues can be released by changes in the physico-chemical environment and by
activities of soil organisms. However, there is a wide range of opinions concern-
ing whether “bound residues” may eventually become bioavailable or not. The
variability in types of soil-bound residues has probably led to this wide range of con-
clusions. Although bound residues, formed by covalent bonding with soil organic
matter, are not considered bioavailable, the exact chemical nature and structure
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of this type of bound residue have not been elucidated for all xenobiotics; how-
ever, progress in this direction has resulted from use of '3C-labeled xenobiotics
(Dec and Bollag 1997; Park et al. 2000). There are also reports that microbial
degradation and plant uptake of bound residues from soil can occur. Bound soil
residues of anilazine were mobilized as degradation of humic substances, espe-
cially fulvic acids, proceeded (Liebich et al. 1999). Cypermethrin residues, bound
in soil, were mineralized (25-40%) during 26 weeks of incubation (Roberts and
Standen 1981). Mineralization of soil-bound parathion was also observed (Racke
and Lichtenstein 1985). After 28 d of incubation 3, 23, and 24% of bound residues
of 1*C-labeled isoproturon, dicamba, and atrazine, respectively, were extracted by
solvents or mineralized to *CO, (Gevao et al. 2001). These results demonstrate that
bound xenobiotics may be mobilized from soil, although only very slowly.

4.7 Environmental and Management Factors

Bioavailability of xenobiotics is also influenced by climate and agricultural man-
agement factors (Table 1). Temperature affects the rate of every process involved
in bioavailability. This is particularly true of xenobiotics with higher vapor pres-
sures, wherein transport in soil is dramatically increased with increased temperature
(Trapp et al. 1994). Conversely, microbial degradation increases with increased tem-
perature, and this decreases availability of xenobiotics to higher plants and soil fauna
(Gyldenkaerne and Joergensen 2000; Ouyang 2002). Temperature also affects the
biochemical activity, population response, and dwelling area (habitat) of soil fauna,
and therefore alters soil bioavailability of xenobiotics (Eijsackers 1994).

Moisture, in the form of precipitation, changes the soil solid to water ratio.
Thus, as moisture changes, the distribution of xenobiotics between soil solids and
water will vary. Precipitation results in leaching of xenobiotics deeper to sub-
soils. In deep subsoils, bioavailability decreases because plant roots and soil fauna
become sparse (Bromilow and Chamberlain 1995; Gyldenkaerne and Joergensen
2000). Earthworm burrows enhance leaching of xenobiotics. The presence of the
earthworm, L. terrestris L., doubled the leaching rate of herbicides in soil, clearly
demonstrating enhanced preferential flow resulting from presence of earthworm
burrows (Farenhorst et al. 2000). Application season is also an important factor
that affects the fate of pesticides (leaching or degradation), because of differences
in precipitation strength and temperature, especially in the case of weakly sorbed
non-persistent pesticides (Boesten and van der Linden 1991).

Soil moisture content affects the bioavailability of the sterol synthesis inhibiting
fungicides, flusilazole, propiconazole, epoxiconazole, fenpropimorph, and prochlo-
raz (Roy et al. 2000). Low soil moisture renders surfaces of humic substances
more hydrophobic, which favors sorption of hydrophobic fungicides (flusilazole,
propiconazole, and epoxiconazole). The herbicide diuron, a rather hydrophilic her-
bicide, was more highly sorbed in high moisture soil, because its moiety had higher
diffusion rates and affinity for hydrophilic regions of humus. Effects of moisture
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content in soil are more complex for easily protonated compounds; weakly basic
compounds (prochloraz) partition rapidly into the liquid-like humus interior at low
soil moisture content; however, increased diffusion at high soil moisture content
may cause additional sorption by ion exchange at colloid surfaces. Strongly basic
compounds (fenpropimorph) may be adsorbed due to ionic interactions with col-
loids, and their sorption may be enhanced at high soil moisture content as a result of
diffusion (Roy et al. 2000). Soil microorganisms are normally most active where
optimum moisture exists (Brock et al. 1994), such as in the vicinity of grow-
ing plant roots (Bromilow and Chamberlain 1995) and the habitat of soil fauna
(Eijsackers 1994).

Wetting and drying induce cycles of reduction and oxidation of soil constituents,
including ferric hydrous oxides/ferrous irons and OM. At anaerobic spots in soils
ferric hydrous oxides are reduced. Portions of soil OM are released by reduction of
ferric hydrous oxides to soluble ferrous ion. This also releases into the soil solution
chemicals sorbed to/in ferric hydrous oxides or OM. Biodegradability or assimila-
tion by E. foetida of di(2-ethylhexyl) phthalate and phenanthrene was increased as
a result of wetting and drying cycles (White et al. 1998). Alternatively, wetting and
drying during soil aging may reduce bioavailability; an example is reduced miner-
alization by Pseudomonas sp. of naphthalene (White et al. 1997). Karimi-Lotfabad
et al. (1996) reported that anthracene was oligomerized by ion exchange to higher
molecular weight aromatic compounds on clays that contained surface transition
metals. This reaction was inhibited by addition of water, and air-drying of the soil
appeared to cause polymerization of anthracene on the soil surface and decrease
bioavailability.

Tillage and slurrying (slurrying is used in Japanese paddy fields to pulverize soil
crusts under flooded conditions before rice is transplanted) increase the bioavailabil-
ity of chemicals that have been sequestrated in soil aggregates. Slurrying rendered
aged phenanthrene in soil available to a phenanthrene-degrading Pseudomonas sp.
(White et al. 1999a). Without tillage, atrazine degradation declined and atrazine
became unavailable because of soil sequestration (Radosevich et al. 1997). In a
soil slurry, PAHs transferred to silicon oil (a water-immiscible, non-biodegradable,
and biocompatible liquid) were efficiently degraded by PAH-degrading microbes
compared to the slurry system without silicon oil (Villemur et al. 2000). Tillage
also eases penetration of plant roots into soil, increasing root density and rendering
chemicals more bioavailable.

Soil amendments also affect soil bioavailability of chemicals. Chemical fertiliza-
tion of soil may induce an exchange of cations with heavy metals and make them
bioavailable. Conversely, an increase in the ionic strength in soil solution would
increase sorbed amounts of organic chemicals to soil, thereby reducing bioavail-
ablity. Amending soil with manure increases microbial density and soil fauna,
thereby increasing soil sorption (Weber and Weed 1974; Weed and Weber 1974);
microbial degradation rates of xenobiotics also increase despite increased soil sorp-
tion (Alexander 1994). Addition of polyacrylamide gel to soil for prevention of
soil erosion also reduced the formation of bound residues from 2,4-D and atrazine
(Watwood and Kay-Shoemake 2000).
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5 Bioassays to Measure Bioavailability

Bioavailability may be measured directly (chemical analysis) or estimated using
bioassays or simulation models. Bioassays can provide insights into bioavailabil-
ity, distribution and environmental behavior of contaminants, and their interrelation
with organisms and soils. Although often laborious and time-consuming, bioassays
must be used to verify results produced from chemical analyses, use of mathematic
models, and similar methods.

Microorganisms, plants, and invertebrates are used as test organisms in bioas-
says. Most methods that utilize microorganisms to study bioavailability are per-
formed at the community (consortia) level, and focus on the biodegradation of
chemicals or emphasize functional effects on C, N, P, or S cycles. In plant bioassays,
survival, growth rate, and seed formation of individual species have been exam-
ined. Achieving consistent results from plant bioassays is difficult because of the
variability that exists in root uptake systems and physiognomic responses among
species. Invertebrate bioassays focus on lethality, reproduction, and more recently,
uptake, accumulation, and excretion mechanisms. Bioassays may address issues at
the biochemical/biophysical, organismal, population, or community level. At the
population and community levels, species composition and population dynamics
have been investigated for dominant groups in Lumbricidae, Collembola, Acari,
and Carabidae. Few studies of plant—microbe interactions, known to be important in
ecosystems, have been performed (Eijsackers 1994).

5.1 Microorganisms

The extent to which degradation occurs is often used as an indicator of chemical
bioavailability in soil. Extent and rates of microbial degradation are determined
by incubating a chemical in soil samples with or without inoculation of microbes
capable of degrading the studied chemical in intact soils, compared with corre-
sponding sterile soils. The resulting biodegradation rate in soil can be compared
with the biodegradation rate of the chemical under control conditions to elucidate
a probable full bioavailability value for the chemical. Examples are phenan-
threne mineralization in soil (Schwartz and Scow 1999), 2,4-D degradation by a
Pseudomonas sp. in chlorite-2,4-D complexes (McGhee et al. 1999), the degra-
dation of polyaromatic hydrocarbons by Mycobacterium sp. (Boldrin et al. 1993;
Tiehm and Fritzsche 1995), and atrazine mineralization by bacteria (Radosevich
et al. 1997). Chemical bioavailability in aged and field soils may be estimated
using a chemical-mineralizing bacterium (Godskesen et al. 2005; Knightes and
Peters 2003; Radosevich et al. 1997; Schwartz and Scow 1999). Mineralization
has been measured using a '*C respirometer capable of detecting off-gassing from
14C-labeled chemicals (Reid et al. 2001) as was performed using phenanthrene.
Microorganisms sometimes degrade chemicals more extensively than amounts
in the aqueous phase would suggest, although results of most mineralization studies
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demonstrate that only a portion of chemicals dissolved in soil solution are sub-
ject to microbial degradation, e.g., 2,4-D (Burns 2001). There are several possible
explanations for this:

(1) The equilibrium is constantly reestablished as the soluble substrate is metabo-
lized.

(2) Microbial exudates alter pH at microsites.

(3) Microbes produce surfactants that render hydrophobic xenobiotics more water-
miscible.

(4) Microbes produce extracellular enzymes that are capable of transforming
chemicals sorbed to soil particles.

(5) Degradation of sorbed chemicals occurs on solid particle surfaces.

Reasons for degradation would differ depending on the chemical, soil, and how
they interact.

Guerin and Boyd (1992) found that microorganism-dependent bioavailability of
naphthalene sorbed to soil greatly differed between two bacterial species (P. putida
ATCC 17484 and a gram-negative soil isolate, NP-Alk). One reason for this may
be the difference in hydrophobicity of microbial cell surfaces. Chemical partition-
ing between humic substances and bacterial cells has been documented (Fujimura
et al. 1995; Katayama et al. 1993). The cell surfaces of Gram-positive bacteria are
generally more hydrophobic than those of Gram-negative bacteria (Rosenberg and
Doyle 1990). In Gram-negative bacteria, cell surface hydrophobicity varies with
the proportion of lipopolysaccharides that cover the outer membrane (Nikaido and
Vaara 1985).

The bioavailability of a chemical can be measured directly by extracting bacterial
cells from soil to determine degree of sorption. Direct extraction of bacteria from
soil by dispersion and centrifugation suggested that about 30% of DDT, freshly
added to soil, was available (Fujimura and Katayama 1997). However, microbial
cells cannot always be separated from soil, particularly clayish soils.

Toxicity assays for soil microbial activities such as mineralization, nitrification,
respiration, and substrate-induced respiration have been standardized in OECD and
ISO guidelines (Table 3). Toxicity to microbial biomass is also available as an ISO
guideline. Positive test results in these assays (e.g., Djomo et al. 2004; Juvonen et al.
2000) show that chemicals are bioavailable. Growth tests of various soil microorgan-
isms to characterize bioavailability are also proposed (Hund 1997; Iannacone and
Gutierrez 1999; Krogh et al. 2003; Lang et al. 1992; Martensson 1992; Megharaj
et al. 1992; Yarden et al. 1993). The degree of bioavailability can be estimated only
when the dose-response curve is provided for each compound. However, dose—
response curves of soil activity differ among soils because of differences in the
soil microbial communities they harbor. The dose-response curve obtained in a
natural soil produces an integrated result of the responses of specific indigenous
microorganisms and the bioavailability of the chemical in that soil. Thus, toxicity
assays that rely on soil microbial activities are considered to be qualitative rather
than quantitative when used to estimate bioavailability. Using artificial soil made up
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of a prescribed mixture of quartz sand, kaoline, and peat moss may give a standard
dose—response curve; however, the microbial community in the artificial soil would
be different from those of natural soils. More research into this area and these rela-
tionships is needed. Measures of bioavailability also differ between bioassays. For
example, nitrification inhibition occurs at lower concentrations of chemical than N-
mineralization inhibition (Somerville and Greaves 1987). The difference represents
different susceptibility among microbial species. A model population of microor-
ganisms is needed as is a model soil; these would be useful as standards when
comparing different chemicals in different studies.

A solid-phase genotoxicity assay for chemicals sorbed to soil has been proposed
as another way to measure bioavailability (Alexander and Alexander 1999, 2000;
Alexander et al. 1999). In this assay, the mutation rate of a P. putida strain to
rifampicin resistance is measured. In actual testing, the ratio of induced to spon-
taneous mutants correlated with the concentration of PAHs in soil. Similarly, the
Microtox™ test and SOS chromotest using Vibrio fischeri and Escherichia coli
PQ37, respectively, have also been proposed (Haeseler et al. 1999); herein, aqueous
solutions extracted from soil are used to conduct a dose-response study. The range
of chemicals to which such testing may apply is narrow, although these tests are
highly useful for PCBs and other hydrophobic pollutants.

The bioluminescence of genetically modified Pseudomonas fluorescens strain
HK44 was used for detecting available naphthalene in soil (Sayler et al. 1999).
The P. fluorescens parent strain was isolated from a site contaminated with PAHs.
A plasmid that contains a salicylate inducible operon and the gene cassette for
bacterial bioluminescence (lux) from V. fischeri was incorporated into the par-
ent strain (King et al. 1990). When naphthalene is metabolized to salicylate, the
lux gene is transcribed and expresses bioluminescence, which signals the pres-
ence of bioavailable naphthalene in soil. The bacterial luminescence test is also
used in ecotoxicology, wherein toxicity is measured as inhibition of lumines-
cence by V. fischeri. This test using V. fischeri strain NRRL B-11177 has been
standardized, and is commercially available to measure water quality (ISO11348-
1 1998). Soils and sediments require higher sensitivity than water for detection
of similar endpoints. Studies using reporter gene technique have generally been
applied to slurries or soil extracts, although Toba and Hay (2005) were able to
detect 2,4-dichlorophenoxyacetate (2,4-D) in soil (as solid phase), using Ralstonia
eutropha JMP 134-32, a luxCDABE-based 2,4-D whole cell bioreporter. Polaroid
film is now used for detection of bioluminescence and provides improved accu-
racy by employing computer-assisted quantification (Tamminen and Virta 2007).
This method allows in situ measurement of bioavailability of chemicals in soil.
However, the methods have limitations for quantitative estimation of bioavailabil-
ity. Bioluminescence strength is affected by oxygen concentration, temperature,
and relative humidity (Sayler et al. 1999). Biosensors have also been constructed
for detecting the toxicity of PAH-contaminated soil by using an immobilized
recombinant bioluminescent bacterium GC?2 that harbors the reporter gene system
lac::luxCDABE (Gu and Chang 2001). Soil bioavailability of PAH (phenanthrene
in this experiment) was shown by the decrease in bioluminescence, which was also
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well correlated with the concentration of PAH in the soil aqueous phase. Surfactants
increase the mass transfer rate of PAH from sorbed soil to aqueous phase, and there-
fore increase the bioavailability of PAH in soil; this was clearly observed with the
immobilized recombinant bacterium GC2 system. The bioluminescence test also
revealed that the surfactants Arkopal N-300 and Sapogenat T-300 decreased the
toxicity of PAH in soil by increasing availability and enhancing the degradation
rate (Tiehm et al. 1997). Two other tests are available: Lumistox™, a commercial
toxicity test using luminescence or color (growth inhibition of V. fischeri lumines-
cent bacteria), and MetPlate™ that employs enzyme inhibition in a bacterial strain
by heavy metals in aqueous samples. Soil microbial activity influences the toxi-
city of contaminated soil in the Lumistox ™™ and MetPlate™ bioassays (Brohon
and Gourdon 2000). Brouwer et al. (1990) made it possible to measure the toxic-
ity of hydrophobic chemicals by placing a luminescent bacterium in direct contact
with sediment. This luminescent bacterium was utilized to measure bioavailabil-
ity of propiconazole (Tilt 250 EC), dimethoate (Roxion), and chlorsulfuron (Glean
20 DF) (Ahtiainen et al. 2003). Although not yet widely applicable, these methods
require less effort and time to produce needed toxicity and degradation assay results.

5.2 Higher Plants

Uptake of chemicals by whole plant roots is relatively easy to study, and many
such studies have been performed (Nash 1974). Usually, a radiolabeled xenobi-
otic is applied to soils and amounts absorbed into plants, and accumulated in
plant parts are measured after a given time (Bromilow and Chamberlain 1995).
Cultivation of plants on contaminated soil is one of the best ways to estimate
bioavailability of chemicals in soil (Riviere 2000), but is laborious and time
consuming. Brassica napus (Cruciferae), Glycine max (Leguminosae), Kochia sco-
paria (Chenopodiaceae), Lotus corniculatus (Leguminosae), and Setaria faberi
(Gramineae) have been used to study bioavailability of atrazine, metolachlor, and
pendimethalin (Anhalt et al. 2000).

Uptake of xenobiotics by plants growing in contaminated soil varies with species
of plant and growth stage. For an example, cucurbits (Cucurbitaceae) took up more
dieldrin and endrin than did 16 other families of arable crops; the highest uptake
occurred in zucchini (Otani et al. 2007). Residues of aldrin and heptachlor in peanut,
soybean, oat, barley, and corn seeds were directly related to the oil content of seeds
(Nash 1974). The plant growth stage has been shown to influence plant residue con-
centration. In soybeans, residues increased during the active growth stage and then
decreased after maturation of seeds. In cotton, however, the opposite trend occurs;
the xenobiotic concentration increased during the seed maturation stage. During
active plant growth the concentration of pesticides does not usually increase because
growth rates outstrip pesticide sorption rates. In addition, metabolism in plants often
exceeds plant sorption. The total amount of chemical absorbed by a plant, over its
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growing season, may increase, particularly for persistent xenobiotics such as the
chlorinated hydrocarbon insecticides. These complexities can be modeled to esti-
mate amounts of chemicals in soil solution and plant growth rates. Weeks or months
are required when field measurements of crop or plant bioavailability are under-
taken. Such studies could be waived more often if adequate models were available
to extrapolate results from laboratory to field.

Toxicity tests with endpoints focusing on germination and growth, in various
monocotyledon and dicotyledon plants, have been proposed in OECD guide-
lines (OECD208 1984) and ISO guidelines (ISO11269-1 1993; ISO11269-2 1995)
(Table 4). In such studies, calibration curves are built by incorporation of standard
toxic compound dilutions in soil, and assays are performed to glean estimates for
testing chemical concentrations in the same soil. If such data were combined with
aquatic culture toxicity data (where bioavailability is 100%) one could estimate
and relate soil solution concentrations to the corresponding toxic effects and also
estimate the degree of sorption of the chemical.

Indirect biological measurements have been used to assess bioavailability. A
bioassay using corn seedlings susceptible to a nematode was used to evaluate the
effect of a nematicide (Pattison et al. 2000). The challenge in this system is to obtain
a reliable dose-response curve.

5.3 Earthworms and Other Soil Fauna

Uptake and/or accumulation of various hydrophobic chemicals by earthworms
(mostly Eisenia sp.) from soil has been successfully examined by many researchers
(Table 5) using various methods (Lanno et al. 2004). Chemicals tested include
organochlorine insecticides, other pesticides, PAHs, and chloroaromatic compounds
(Table 5). Residue uptake was observed, even from long-term aged soils (Verma and
Pillai 1991). For example, uptake by E. foetida was 30, 12, 34, and 20% for DDT,
DDE, DDD, and total DDT residues, respectively, after aging for 49 yr. The avail-
ability of dieldrin, aged 49 yr in soil, was 28% (concentration in E. foetida) or 43%
(assimilated amount) (Morrison et al. 2000).

Various other soil fauna can be used for toxicity testing. Toxicity tests, using
the earthworm (E. foetida) and Collembola (F. candida), have been standard-
ized by OECD guidelines (OECD207 1984) and ISO guidelines (ISO11267 1999;
ISO11268-1 1993; 1SO11268-2 1998; ISO11268-3 1999). For marine sediments,
benthic organisms such as the Polychaete, Nereis diversicolor, and a netted dog
whelk, Hinia reticulata, have been used as test organisms (Ruus et al. 2005). In
OECD guideline tests, survival of earthworms is observed for 14 d. Other endpoints,
in addition to mortality, have been used. These include weight loss, reduced burying
ability, and curling. These endpoints were recorded as symptomatic effects char-
acteristic of acetylcholinesterase inhibition in a bioavailability assay of diazinon
in composts (Leland et al. 2001). Acetylcholinesterase and lactate dehydrogenase
activities have been used as endpoints for soil isopods (Ribeiro et al. 1999). Schaefer
(2003) also reported using avoidance as a test for the earthworm E. foetida.
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Although toxicity tests using insect—soil systems have traditionally been per-
formed as summarized by ISO and OECD guidelines, the toxicity tests should be
considered as qualitative rather than quantitative, because chemical and soil inter-
actions are not constant over the entire experimental period. Recently, changes
in bioavailability of xenobiotics during the discrete test period have been docu-
mented; examples are aging (decrease in bioavailability) of creosote constituents
(Charrois et al. 2001) and PAHs (Chung and Alexander 1999) in soils. Charrois
et al. (2001) assessed the influence of dichloromethane-extractable organic com-
pounds on bioavailability in soil by observing the duration of earthworm survival.
A dose-response curve can be obtained for quantitative evaluation by using an arti-
ficial soil and a single representative soil fauna (ISO11268-1 1993; ISO11268-2
1998; ISO11268-3 1999).

The toxicity to mammals of xenobiotics in soil has been examined using rats.
Exposure to PAH and PCB residues in a polluted soil induced mono-oxygenase
enzymes in liver and lungs of rats. Soil properties, especially the OM content and
particle size distribution, influenced bioavailability (Billeret et al. 2000). In another
report, Fouchecourt et al. (1999) observed three endpoints in tested rats: (1) presence
of PAHs in liver and lung; (2) induction of cytochrome P450-dependent mono-
oxygenases and 7-ethoxyresorufin-O-deethylase (EROD) activity in liver and lung;
and (3) an increase in DNA adducts. Bordelon et al. (2000), in a genotoxicity study,
dosed rats with coal tar-contaminated soils and showed that toxicity was reduced by
sorption.

There are many bioassays for estimating bioavailability of chemicals in soil.
However, very few of these have been standardized. One exception is the con-
fined rotational crop study that utilizes radiolabeled pesticide, a study required for
pesticide registration.

6 Chemical Methods to Measure Bioavailability

6.1 Chemical Extraction Methods

Many experiments have been conducted to compare measures of chemical bioavail-
ability resulting from bioassays vs. chemical extraction methods. Exhaustive solvent
extraction is used to measure the total amount of extractable xenobiotics. Such
rigorous extraction methods, when compared to mechanisms of biological uptake,
tend to overestimate bioavailability. For example, Reid et al. (2000) reported that a
dichloromethane-Soxhlet extraction and a butanol-shaking extraction both overesti-
mated phenanthrene bioavailability in soils by an average of more than 60%. Thus,
less exhaustive techniques have been sought to better emulate the bioavailable pool
in soil.

Sequential and/or selective extraction procedures from matrices have been devel-
oped for estimating bioavailability of metals. The Standards, Measurements and
Testing Programme (formerly BCR) of the European Commission proposed a three-
step sequential extraction procedure for such sediment analysis: 0.11 M CH3COOH
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solution (exchangeable fraction), 0.5 M NH,OH.HCI solution (pH = 1.5) (fraction
bound to hydroxides of Fe and Mn) and then 25.0 ml of 1.0 M CH3COO NH4
solution (pH = 2.0), after digestion with 30% H,O; solution (fraction bound to
OM and sulphide) (Rauret et al. 1999). This method has been used successfully for
measurement of metal availability (Almeida et al. 2005).

Such sequential and/or selective methods are under development (Dean and Scott
2004) for organic compounds, including Priority Organic Pollutants (POPs). The
following extractants have been used successively for organic pesticides: 0.01 M
CaCl, for aqueous phase concentrations, followed by acetonitrile and 1 M HCI for
sorbed phase concentrations. Carrizosa et al. (2000) estimated bentazone availabil-
ity in a bentazone-clay system by extraction with a CaCl,/methanol solution. Using
this same extractant, Koskinen and his colleague successfully estimated bioavail-
ability of atrazine (Barriuso et al. 2004) and simazine (Regitano et al. 2006) in
aged soil (corresponding to bacterial mineralization). Cox et al. (1998) reported
that, in aged soils, the fraction of imidacloprid in the initial extract with 0.01 M
CaCl, decreased, whereas the fraction increased in subsequent extracts with ace-
tonitrile and HCI. However, this sequential extraction has not been compared with
any bioassay results.

Mild extraction methods that mimic chemical uptake by soil organisms are
more suitable for estimating bioavailability. For example, a mixture of water and
hexane, which is water immiscible, may better emulate natural bioavailability
because the mixture may not penetrate pores of amorphous OM (Schwartz and
Scow 1999). Extraction with hydroxypropyl-beta-cyclodextrin, a macromolecule
with a hydrophilic exterior and hydrophobic cavity, may offer an improvement
because its hydrophobic cavity may trap organic compounds in soil solution (Dean
and Scott 2004; Wang et al. 1998). To determine suitability, results of mild
extractions must be compared with bioassay results. Using aqueous hydroxypropyl-
p-cyclodextrin extraction, availability of PAHs to earthworms (L. rubellus) was
overestimated by twofold, but use of this solvent successfully predicted availability
to the mineralizing microbe (Pseudomonas sp.) (Hickman and Reid 2005).

Extraction with supercritical carbon dioxide is also proposed for use in estimat-
ing bioavailability (Kreitinger et al. 2007a, b; Nilsson et al. 2002, 2006). Extraction
using supercritical carbon dioxide under mild conditions (60 min, 40°C and 120 bar)
resulted in the removal of 54% of PCB from naturally contaminated limnic sedi-
ment. These results agreed well with the 60% PCB-bioavailability value obtained
in a bioassay with chironomid larvae (Nilsson and Bjorklund 2005; Nilsson et al.
2002, 2006). The mild supercritical fluid extraction of PCB from sediment also gave
a good estimation and was compatible with amounts of PCB bioavailable to eels
(Anguilla anguilla) in sediment (Nilsson and Bjorklund 2005; Nilsson et al. 2002,
2006). The mild supercritical fluid extraction under a different condition (60 min,
50°C and 350 bar) also gave a good estimate of PCB bioavailability to earthworms
(E. foetida) in soil (Hallgren et al. 2006; Nilsson et al. 2002).

Several reports with promising results have been published on this relatively new
line of research, mild extraction (Table 6). Methods regarded to be mild included
sequential solvent extraction, solid phase extraction, and supercritical fluid CO,
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extraction. Estimation of bioavailability for organic chemicals can be achieved by
careful selection of solvent, although, in the future, the range of compounds stud-
ied should be expanded beyond those in the non-polar category, which constitute
the great majority investigated thus far. Further research to compare an array of
mild extraction techniques is needed, because differences in estimated bioavailabil-
ity have been reported among techniques including: solid-phase microextraction,
semipermeable membrane devices, leaching with various solvent mixtures, testing
effects of additives, and sequential leaching of PAHs in soil (Bergknut et al. 2007).

Results of mild extraction may be confounded by apparent xenobiotic aging
(Kelsey and Alexander 1997; Kelsey et al. 1997). As xenobiotic—soil contact
time increased, sequential extraction with methanol:water (1:1), 1-butanol and
finally dichloromethane-Soxhlet extraction showed changes in extracted amounts
of ['*C]pyrene. Fractions extracted in methanol:water and 1-butanol decreased dur-
ing the 24-week incubation. A comparison between microbial mineralization and
the amount of '#C activity extracted by the sequential extractants, methanol:water
significantly underestimated the mineralized fraction, whereas, 1-butanol overes-
timated the mineralization (Macleod and Semple 2000). These findings suggest
that frequent mild extractions may be required to accurately track changes in
bioavailability with time.

Humans are primarily exposed to chemicals in soil through soil ingestion.
Such soil ingestion rates vary widely. Values used in exposure estimates by the
USEPA are 200-mg soil/d for children (age 1-6) and 100-mg soil/d for others (US
Environmental Protection Agency 1991, 1997). The human gastrointestinal tract
has a range of pH values: 1.2—-1.4 in the stomach and 6.9-8.6 in the small intestine.
When extracting soil to simulate such conditions, both acidic (0.1 M NaCl, 0.1 M
HCI, 0.01 M NH4Ac, pH = 1.0) and neutral extractants (0.2 M NaCl, pH = 6.7) are
used. Less naphthalene was desorbed by the acidic (<3% of 20 pg/g) than neutral
extractant (<30% of 20 pg/g) (Jin et al. 1999). A more elaborate extraction method
has been employed with pH-adjusted saline utilizing pepsin (1% wt/v; gastric fluid),
pH-adjusted saline (1% wt/v) with pancreatin (3% wt/v), amylase (1% wt/v), and
bile salts (0.075% wt/v) (intestinal fluid) to aged or spiked soils contaminated
with the following pesticides and other substances in soil: POPs (lindane, endo-
sulfan I, endrin, DDE, DDD, and endosulfan II), phenols (cresol, trichlorophenol,
and pentachlorophenol), and base neutral compounds (hexachloroethane, acenaph-
thene, dibenzofuran, fluorene, and hexachlorobenzene) (Scott and Dean 2005). The
extracted amounts of the xenobiotics were always less when using gastric fluid (less
than several %) vs. intestinal fluid (less than 25%). This indicated that over 75%
of the contaminants in soil would not be available for absorption in the human
gastrointestinal tract.

6.2 Estimations Based on K, or K,

Some success has been reported for estimating bioavailability using sorption coef-
ficients. Zhao and Voice (2000) measured the true rate of biodegradation in the
liquid-phase with both liquid- and sorbed-phase naphthalene. The phytotoxicity of
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atrazine and simazine correlated with K}, values in nine Danish soils (Streibig 1979).
However, as previously discussed, K, values vary widely under real soil conditions.

Efforts are underway to more accurately determine K, values. K}, values have
been measured by a batch soil-slurry shaking method as described in OECD
guideline 106 (OECD106 2000), wherein a water phase (often 0.01 M CaCl,)
is added to obtain lower dry soil to water wt ratios (usually 1:5). However, K,
values are overestimated by the batch soil-slurry shaking method when soil to
water ratios are low, probably because soil sorption sites are not all exposed to
the chemicals under test conditions; this does not occur in the actual soils except
in rice paddy fields, wherein such slurry conditions may exist. It is desirable
to measure sorption using soil with actual water content and without shaking
to properly determine K, or Ko values. Use of low-density (i.e., 0.25 g mL™")
supercritical carbon dioxide allowed extraction of atrazine, linuron, and triadimefon
from the water phase in field-moist or unsaturated soils; this allowed estimation of
sorption coefficients (Kp) under realistic soil moisture conditions without shaking
(Berglof et al. 2000a, b; Rochette and Koskinen 1996,1998). Centrifugation is
another method for measuring the sorption of chemicals in soils with high soil to
water ratios (Walker and Jurado-Exposito 1998). This method has been applied
to sorption measurements with isoproturon, diuron (Waker and Jurado-Exposito
1998), and metsulfuron-methyl (Waker and Jurado-Exposito 1998; Kah and Brown
2007), imidacloprid, carbofuran (Yazgan et al. 2005), 2,4-D, dicamba, fluroxypyr,
fluazifop-P, and flupyrsulfuron-methyl (Kah and Brown 2007) in soils.

Radosevich et al. (1997) measured atrazine concentration in soil solutions by
high performance liquid chromatography, after the solutions were retrieved by cen-
trifugation. Observed microbial degradation rates in the soils were 25-227 times
slower than expected from atrazine degradation rates in solution. This result sug-
gests that a significant fraction of the solution-phase atrazine was sequestered from
microbial attack, and that the unavailable fraction increased with soil residence time.

Hysteretic desorption may skew estimation of bioavailability when based on K,
or K, values. Leaching for imidacloprid was greatly overestimated, as compared to
Koc, when determined at field application rates (Cox et al. 1997).

7 Simulation Modeling to Estimate Bioavailability

Factors such as BSAF (Eq. 9) and TSCF (Eq. 7) have been proposed to predict
the bioavailability of chemicals in soil. Most concentration coefficients assume an
implicit equilibration among chemical, organisms, and the soil. Whereas equilib-
rium factors may explain chemical bioavailability in some cases, such as desorption-
resistant phenanthrene to oligochaete Ilyodrilus templetoni (Lu et al. 2003), biotic
uptake is actually a time-dependent non-equilibrium process. Therefore, time-
course modeling is essential to accurately describe the dynamics of bioavailability.
Such modeling must account for differences among organisms, i.e., microorgan-
isms vs. plants and animals. In microorganisms, modeling of degradation kinetics
has been used to estimate bioavailability. Only chemical uptake has been modeled
in plants and animals.
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Bioassays, of course, give direct measurements of bioavailability, although not
every variable can be tested. Models are needed that are capable of estimating
chemical bioavailability by extrapolating results of bioassays.

7.1 Degradation Models: Bioavailability to Microorganisms

The extent and rate of microbial degradation of a chemical in soil depends on the
degree to which the chemical is bioavailable to microorganisms. The best descrip-
tion of such degradation is usually expressed by first-order kinetics, and sometimes
by zero-order kinetics. Both are derived from the Monod equation:

dc, Gy -
dar YK F o)

where
dCy

— =4t = substrate decomposition rate
X = microbial density

Cy, = substrate concentration in soil solution
t = time

K = half-saturation constant

Y = growth yield

Mmax = Maximum specific growth rate.

Generally, nutrient deficiency limits soil microbial density, unless the chemical
serves as a carbon source for microorganisms.
If Cyy < K, Eq. (17) can be simplified to reflect first-order kinetics:

dcC C X
- = umax—WX ~ kCy where k= Himax

(18)
dt YK YK

In this situation, the microbial biomass is assumed to be nearly constant because
of low substrate concentration (low Cy,). Because microbial activity is dependent on
both soil temperature and humidity (Boesten and van der Linden 1991), k also can
be expressed as follows:

k = frfokrer (19)

where
k= first-order degradation rate in soil
Jr = afactor for the influence of soil temperature
Jo = areduction factor for soil humidity
kref = k at reference conditions.

Temperature dependence is described by the Arrhenius equation: the value of fr
doubles when a temperature increase of 10°C from the reference conditions occurs.
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The reduction factor for soil moisture content is described as follows (Boesten and

van der Linden 1991):
9 \B
fo=min | 1, <—) (20)
Qref

where

min= “the minimum of”

6 = the volumetric water content

Oref = the 0 at the reference conditions
B = a constant.

Zero-order kinetics has been observed when 4,6-dinitro-2-methylphenol was
incubated in soil at a concentration range from 5 to 2500 pg/kg-soil, glyphosate
at 90 mg/kg-soil and maleic hydrazide at 120 mg/kg-soil, respectively (Alexander
1994). A chemical concentration much greater than Ky (K; <« Cy) induces zero-
order kinetics when growth of degrading microorganisms is not significant in soil. It
has been suggested that such growth is suppressed by oxygen limitation, deficiency
of essential nutrients, or a too-large degrading microbial biomass. Hydrophobic
chemicals may display zero-order kinetics because solubilization/desorption is
rate-limiting for microbial degradation.

The Monod equation does not always provide a good fit when depicting degrada-
tion of low concentrations of chemicals (Alexander 1994). Logistic and logarithmic
models are better in such cases, particularly when testing is conducted in aqueous
environments.

Many soil studies have demonstrated that very tiny amounts of chemicals per-
sist in soil, even after long intervals. In such cases, residual chemicals may be
sequestered or sorbed at soil sites inaccessible to microorganisms.

Sorption of chemicals in soil is often incorporated into first-order kinetic
equations:
dCy, k

d 1+ W K,

Cy 21
where

W, = soil to water ratio
K, = equilibrium on a basis of soil

Kp values are affected by various factors. If the amount of chemical bioavailable
to cells is known, the first-order kinetic equation may be further developed:

dcy k
dt 1+ (Sy/Sm)

Cw (22)
where

Sw = substrate amount in solution or soil
Sm = chemical amount in cells.
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Attempts to estimate such quantities of bioavailable chemicals in cells have uti-
lized centrifugation-extraction of bacterial cells (Fujimura and Katayama 1997) and
bioluminescent bacteria (Sayler et al. 1999).

There are examples in which microbial populations have directly used chemi-
cals sorbed to soil particles (Alexander 1994). A microbial consortium mineralized
biphenyl sorbed to polyacrylic beads faster than the compound’s desorption rate.
There was no excretion of biosurfactant. These results suggested the direct uti-
lization of biphenyl by attachment of microorganisms to the beads (Calvillo
and Alexander 1996). Some of PAH-degrading bacterial strains, three strains of
Burkholderia sp., a strain of Delftia sp., and a strain of Sphingomonas sp., degraded
phenanthrene sorbed to humic acid, but other isolated PAH-degrading bacteria did
not. The sorbed-PAH-degrading bacteria were able to directly access phenanthrene
sorbed by humic acids, and did not rely on desorption for substrate uptake (Vacca
et al. 2005). However, direct utilization is rare, and in most cases microorganisms
use only a chemical dissolved in the soil solution.

Where chemicals are sorbed or sequestered in soil, first-order kinetics are
used to describe simultaneous multiple degradation reactions with different rates.
Such kinetics also applies to the presence of multiple degrading microorganisms.
Kinetics, using compartment models for sorbed chemicals, may be expressed as
follows (Ogram et al. 1985):

aC
- = ky CNw W + kgw CNsm (23)

Ng = Kp - Ny, (24)

where

N, = bacterial cell number sorbed to unit weight of soil

Ny, = bacterial cell number present in unit volume of soil solution

Ky = sorption coefficient of bacterial cells

W = volume of soil solution

m = weight of soil

kw = degradation rate constant in soil solution by cells in soil solution

ksw = degradation rate constant in soil solution by cells sorbed to soils.

This kinetic equation can be applied to various cases, e.g., as a kinetic model for
a chemical present at both accessible and inaccessible soil sites.

In other cases, two-compartment models provide a better fit for data. For 2,4-
D degradation by a Pseudomonas sp., where the rates of sorption—desorption of
2,4-D and bacteria were high, only 2,4-D in solution was degraded by bacteria that
were both attached to the soil and suspended in soil solution (Ogram et al. 1985). A
two-compartment model was also used to determine the availability of atrazine and
terbuthylazine to the Pseudomonas sp. strain ADP. In this experiment, desorption
was the rate-limiting step in mineralization of terbuthylazine (Jacobsen et al. 2001).
There was a decrease in the degradation rate over time, either because imidaclo-
prid’s rate of desorption from or diffusion out of soil particles was slower than the
degradation rate in aqueous phase (Koskinen et al. 2001).
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It is also possible to incorporate other mechanisms into a model relating to chem-
ical bioavailability. Changes in the concentration of soil solution chemicals occur
by many processes: macropore dispersion, advection, dissolution, biodegradation,
intraparticle diffusion, and volatilization (Ghoshal and Luthy 1996; Ghoshal et al.
1996; Ramaswami et al. 1997; Ramaswami and Luthy 1997a, b). The change in
concentration of chemicals in soil solution can be expressed as functions of these
processes in the following differential form:

aC 2Cc  aC
e T~ I kChem
or - g " Vay Tha

o C
R Cmo — €] - K2F (0= 22

[Ceq,t - C] — kbioC
(25)

where

C = concentration of chemical in macropore with location x and time #

Dy = dispersion coefficient

v = pore water velocity

kyio = first-order biodegradation rate constant

klc;lem = mass transfer coefficient

ki";“l = mass transfer coefficient

kl‘zg = mass transfer coefficient

H' = equilibrium constant (dimensionless Henry’s law coefficient)

C(r=r; = the concentration of chemicals at the surface of spherical soil
aggregates.

In the right side of the equation, the six terms express macropore dispersion,
advection, dissolution, biodegradation, intraparticle diffusion, and volatilization of
chemicals, respectively. In these processes, the intraparticle diffusion of chemi-
cals is the major rate-limiting step of chemical transfer. The intraparticle diffusion
of chemicals is modeled with an assumption that the soil particles are spherical
(Scow 1993):

dCe 92Ce 2 0Ce
- = — 4+ =), 0 R 26
a1 eff(aﬂ r8r> el (26)
K
=142 7 27)
&

where

I = retardation factor

ps = bulk density of soil aggregate dried
€ = pore ratio of soil

Ry = diameter of soil aggregate
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The effective diffusion coefficient Degr is defined as follows:

Deit = Dn®/ [& + Kpps (1 = &)] (28)

where

Dy, = molecular diffusion coefficient
€ = pore ratio of soil
ps = density of dry solid material.

A model linking sorption with desorption, biodegradation, and mineralization,
in many instances, accurately predicted atrazine mineralization in soil by three
atrazine-degrading bacteria (Pseudomonas sp. strain ADP, A. radiobacter strain
J14a, and Ralstonia sp. strain M91-3) that utilized atrazine as a sole N source; there
was a presumption that atrazine degradation only occurred in soil solution (Park
et al. 2003).

Models to estimate bioavailability can be constructed that follow the above-
mentioned principles. Several leaching models that take account of micro-
bial degradation have been introduced for regulatory purposes: CHEMRANK,
CMLS, PATRIOT, PRE-AP, PRZM2, GLEAMS, CALF, LEACHM, PELMO,
etc. (Cleveland 1996). In these models, microbial degradation is considered to
occur only for chemicals dissolved in the soil solution, and the degradation rate
is described with first-order kinetics. In reality, many factors affect the kinet-
ics of degradation. Therefore, the parameters used in the models, as determined
by laboratory experiments in defined homogenous systems, often do not match
field conditions; results predicted by the models may, therefore, deviate sub-
stantially from actual leaching experience. The models leave certain factors out:
diffusion of chemicals into macropores, multiple sorptions of chemicals to soil
constituents, presence of other organic substances, presence of multiple degrad-
ing microorganisms, the Oy supply, the supply of nutrients and growth factors,
effects of predatory protozoa that consume degrading microorganisms, characteris-
tics of microcolonies of degrading microorganisms, etc. (Cleveland 1996). Further
model enhancement is required to describe the availability of chemicals under
field soil conditions. Recently, a numerical soil/water microcosm system model
has been reported, which is based on diffusion mass balance equations (Fick’s
second law), local sorption—desorption (a linear isotherm), irreversible sequestra-
tion (pseudo-first-order kinetics), and biodegradation (Monod kinetics) (Liu et al.
2007a, b).

7.2 Uptake Models: Bioavailability to Plants

Conceptual models have been proposed for the uptake of xenobiotic organic chem-
icals into plants. A plant uptake model must describe the dynamics of uptake
of xenobiotics from soil, soil solution, and the soil atmosphere, in addition to
metabolism and accumulation in roots, stems, leaves, and fruits. Trapp et al. (1994)
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combined such individual processes to create the PLANTX model. PLANTX
accounts for: diffusion of chemical in soil water to roots and from air pores to
roots, transfer of the chemical into roots with the transpiration stream, transloca-
tion of the chemical into stems and leaves via the transpiration stream, partitioning
of the chemical into the stem, transport of the chemical into fruit via the assimilation
stream, diffusive exchange of the chemical between air and leaves via stomata and
cuticle, and the metabolism of the chemical and its dilution by growth. PLANTX
can be applied to different plant species and most organic chemicals in soil. Mass
balance equations are assigned to the four plant compartments: roots, stems, leaves
and fruit, within which reactions are assumed to be homogeneous.
Root mass exchange is expressed as follows:

aC;
Vr? = (Kaw . Da,eff + Dw,eff) .

Com S) . 2L (1= TSCF) - Cy — 2r- Vs - C.
" Kw) In@Ry/Rp) " Voo

(29)

where
V; = root volume
C; = concentration of chemical in the root
K, = partition coefficient between air and water (dimensionless Henry’s law

constant)

D, et = effective diffusion coefficient in air-filled soil pores
Dy, ofr = effective diffusion coefficient in water-filled pores
Cy, = concentration in the external soil solution
K = the partitioning coefficient between roots and water
L = total length of the roots
R, = radius of the roots
R = the radius of a deficiency zone surrounding the roots
QO = the flow of transpiration water
TSCF = transpiration stream concentration factor
Ar = the first-order metabolic rate constant in the root.

Mass exchange for shoots is expressed as follows:

5C C C C
Vst * = Qw' (CwTSCF - - ) + Qp' ( . . ) a )\'St.VSt'CSt (30)

ot stxy Kiew K. stxy

where
Vg = stem volume
Cq = concentration of chemical in the stem
Kitxy = the partition coefficient between stem and xylem sap
QOp = the flow of the assimilation stream
Cie = concentration in the leaves
Kijew = the partition coefficient between leaves and water in the assimilation
stream
st = the first-order metabolic rate constant in the stem.
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Similarly, mass exchange for leaves is expressed as follows:

0Ce Cyt
Vie— = Qy -
le a1 Ow Kstxy

Cle Cie
+ Al - grotal - | Ca — —— _Qp'__)Lle'Vle'Cle (31)
Kiea Kiew

where

Cle = concentration in the leaves

Vie = volume of the leaves

Ale = leaf area

Zrotal = the total conductance of chemical in the foliage/atmosphere system
C, = concentration of chemical in air

Kiea = the partition coefficient between leaves and air (=Kjey Ko™

Me = the first-order metabolic rate constant in the leaves.

Finally, mass exchange for fruit is

0 Cf Cst

Vi——=0p-
at P Koy

— A Vi Gy (32)

where

V¢ = volume of the fruit
Cr = concentration of chemical in the fruit
Af = the first-order metabolic rate constant in the fruit.

Plant growth results in dilution of xenobiotics in the plant body. In the absence
of metabolism

Co-Vo=Ci- Vi (33)
where

Co and Vy = concentration and volume at time zero
C; and V; = concentration and volume at time ¢.

These systems of differential equations are solved numerically. This model has
the advantage of requiring only a few common input parameters. Partition coef-
ficients and exchange rates are calculated from these minimal data. For example,
the partition coefficient of the chemical between plant tissue and soil solution
is calculated from lipid and water fractions of the plant and the lipophilicity of
the chemical. The estimation of exchange rates is based on the fugacity concept
(Riederer 1990). The required input parameters for this estimation of exchange rates
are the n-octanol-water and cuticle—water partition coefficients, the aqueous solu-
bility, and the saturated vapor pressure of the chemicals. The uptake of chemicals
from soil solution into shoots with the transpiration stream is governed by the TSCFE.
Metabolism is assumed to follow first-order kinetics. By combining the advection
and dispersion model for soil, the PLANTX model can also be applied to field
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soils. The model has been expanded to deal with gaseous deposition in addition to
soil uptake processes, volatilization from leaves, transformation and degradation,
and growth (Trapp and Matthies 1995). The uptake of bromacil and terbuthy-
lazine has been successfully simulated with this model (Gayler et al. 1995; Trapp
et al. 1994).

Trapp (2000) also applied the model to ionizable organic compounds. The flux of
ionized chemicals through biological membranes is described by the Nernst—Planck
equation. When the gradient of electric potential is constant through a membrane,
the net current is zero and individual ion fluxes reach steady state. Then, the Flux of
the ion can be described as follows:

a0 —ai- NN = L pyy = PR

Flux = Pym RT Ax
K

N1 G

where

ap = activity of ion on the outside of the membrane

a; = activity of ion on the inside of the membrane

z = valency (for monovalent acid: —1)

E = membrane potential

F = Faraday constant (96484 cal mol™1)

R = universal gas constant (8.314J mol™! K1)

Tk = absolute temperature (K)

D = diffusion coefficient of chemical through membrane
Kjip = partition or distribution coefficient between solution and membrane
Ax = diffusion length

P\ = permeability of the chemical.

The model adds the flux of ionized chemical to the flux of neutral chemical; the
latter is described by Fick’s law of diffusion. The expanded model has been applied
to simulate the kinetics of cyanide degradation after its uptake into plants (Trapp
et al. 2001).

In PLANTX, the plant conception is simplified, in that the mechanisms of
translocation of chemicals into plants are not addressed by the model, and the four
compartments (roots, stem, leaves, and fruits) are regarded to be homogeneous.
Many other phenomena are ignored by the model, such as the mycorrhiza-enhanced
availability of chemicals and the accumulation of PAHs into the rhizosphere (Liste
and Alexander 2000).

A one-dimensional mathematical model for the coupled transport of water, heat,
and solutes in the soil-plant—atmosphere continuum (CTSPAC) has also been pro-
posed (Boersma et al. 1988, 1991; Lindstrom et al. 1991; Ouyang 2002). CTSPAC
consists of a Soil submodel and a Plant submodel. The Soil submodel represents
solute transport in the vadose zone with continuous space and time, and accounts
for: (1) simultaneous transport of water, heat, and solutes in the soil slab, (2)
dynamic coupling boundary conditions at both the atmosphere—soil and vadose
zone—groundwater interfaces, (3) introduction of chemicals by rain, surface air,
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groundwater, and initially distributed sources in the soil layers, and (4) balance rules
for mass, momentum, and heat.
The Soil submodel equation for solute transport and fate is expressed as follows:

Vievs {% [+ (E—0)H)C+ (1 —&)S]+ [0+ (e —0)HNACy

0
+ 2 [oga+ (e - em]}

Apr(Z)QWs(Z’t)Cl(ZJ) for
qw = 0
= -0 +Aprqrt + Vievs Oso(2.1)
Apr(Dgus(z.0Cpr(z,) for T

(35)

where

Vievs = representative elementary soil volume

6 = volumetric water content

€ = soil porosity

H' = Henry’s law constant

C) = concentration of solute in the liquid phase

Ss = average concentration of solute in the sorbed phase

A = cumulative first-order loss coefficient

qc1 and gy = solute fluxes in liquid and vapor phases, respectively

Api(z) = effective soil-root contact area (cm?) at soil depth, z

qws(z,t)= the water flux due to root extraction at soil depth z and time 7

Cpr(z,1) = solute concentration inside the plant root at soil depth z and time ¢

gt = solute diffusive flux through the soil near the root—soil interface, then
through root membranes and finally through plant cells into the xylem vessels

Qso = the sources of solute.

Solute fluxes in the liquid (g.1) and air (¢.y) phases, and at the root—soil interface
(gr) are

aC
ol = —Dcla—‘ G (36)
Z
0C
Gev = _Dcv_v 37
0z
D.(z,0)
G = —— (Ci(z,t) — Cpr(z:1)) (38)
Axmp(2)

where

qcl, 9ev, and gy¢ = solute flux in liquid phase, air phase and root—soil phase
D¢ and D, = diffusion coefficients of chemicals in the water and air phases
D. = effective molecular diffusion coefficient across the root cell membrane
v] = velocity of liquid phase water.
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In the Plant submodel, the plant is divided into compartments of similar tissue
structure and function. Important compartments and processes are: (1) water uptake
by roots, (2) water transport driven by the gradient of total water potential through
roots, stem and leaves in both xylem and phloem, (3) chemical transport in phloem
driven by a gradient of positive pressure, and (4) water vapor flow from intercellular
spaces to the atmosphere for evapotranspiration. The Plant submodel describes the
transport and storage of a solute in plants as follows:

d|\V_;,(1+B_;))C_; D;
[V-i€ D] _ A (C—j — C) — QiC—i — MM _; (39)
dt AX;

where

—i = the compartment just below compartment i

Vi = sugar molar volume in compartment i

B; = sorption coefficient for compartment i (dimensionless) that expresses
immobilization of the solute by reversible sorption to cell walls or large
molecules in compartment i

C; = concentration of sugar in compartment i

D; = diffusion coefficient across membrane along the flow path i

A; = contact area between compartment { and the adjacent compartment

Q; = water and water vapor flow rate

A1 = rate constant for all other first-order loss processes in compartment i that
expresses immobilization of solute by incorporation into structural materials
or loss of solute due to metabolism

M; = solute mass in compartment i.

The Soil and Plant submodels are coupled with atmospheric conditions, which
are non-linear and dynamic top boundary conditions. These include a daily cycle
of soil temperature determined by the energy balance at the soil surface, a daily
cycle of leaf evapotranspiration, and daily variations in air temperature and rela-
tive humidity. The Plant submodel was calibrated under constant soil water content
and soil temperature using the soil experimental data in the report by Aitchison
et al. (2000), who studied the phytoremediation of 1,4-dioxane by hybrid poplar
trees in both hydroponic and soil experiments. A comparison of measured and pre-
dicted amounts of 1,4-dioxane in soil, roots, stem, and leaves for the soil experiment
showed good agreement.

In a simulation study using the calibrated model, the following scenario was
defined: phytoremediation of 1,4-dioxane by a poplar cut from a contaminated sandy
soil in response to daily cycles of water flow and heat flux for a simulation period of
7 d. Simulation indicated that the 1,4-dioxane concentration was high in leaves and
low in roots, with stem concentration in between. About 30% of soil 1,4-dioxane
was removed within 7 d by root uptake. Leaves were an important compartment
for 1,4-dioxane accumulation and transpiration. The same model, with modifica-
tion, was successfully applied to estimate phytoremediation of 2,4,6-trinitrotoluene
from a contaminated site by a poplar tree (Populus fastigiata) (Ouyang et al. 2005).
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Results suggested that this model is useful in estimating bioavailability of chemi-
cals. However, plant growth was not considered in the model. In addition, this is
a one-dimensional model, which limits its application to field-scale transport and
chemical fate.

The more polar a molecule, the more readily it reaches the root, passes through
the epidermis, and is translocated throughout the plant. Plants, specifically plant
roots, are not very discriminating toward small (molecular wt <500) organic
molecules, except when they are polar. Non-polar molecules tend to adsorb to root
surfaces rather than pass through the epidermis.

7.3 Uptake Models: Bioavailability to Soil Fauna

A comprehensive model, based on chemical and physical pesticide properties and
biotic and abiotic factors, has been developed that predicts exposure of soil-dwelling
organisms to pesticides under various test conditions, e.g., different soil types
(Gyldenkaerne and Joergensen 2000). Soil-dwelling fauna may be exposed directly
to a chemical during application. Fauna may be exposed by consuming contami-
nated food, by inhaling (respiring) contaminants, and by direct contact of tarsi and
the cuticula with the soil solution. Fauna may eliminate chemicals from their bodies
by enzymatic reaction, enterobacterial degradation, or simple excretion. Therefore,
the total amount of chemical inside the organism at a given time can be expressed
as the summation of these processes as follows:

t t 1 t

1
P(t)=Ptopica1+/Cch8t+/CAAcat+p—waUat—/ke(t)Bt (40)
S
0 0 0 0

where

P(#) = total amount of chemical inside the organism

Pyopical = the amount of chemical contacting the organisms at the time of
chemical application (z=0)

Cr = concentration of chemical in the food

F = food consumption

C, = chemical concentration in air

A, = air consumption

Cy = chemical concentration in the soil solution

U = uptake rate from the soil

ke = elimination rate constant.

Elimination rates follow first-order kinetics. The concentrations of chemical in
the soil, air, and soil solution can be estimated by a soil model that accounts for
sorption, degradation, solute transport, volatilization, and uptake by soil fauna. The
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soil model for fauna, unlike the one for microbes, also incorporates uptake by fauna
as a component of the model.

Little work has been reported on uptake of chemicals by eating contaminated
prey. Beetles, for instance, are not very selective in choosing between contaminated
and non-contaminated prey, and they may eat contaminated prey species that have
been killed and have fallen to the ground. In studies using the beetle Nebria bre-
vicollis (F.), and the deltamethrin-treated aphid Metopolophium dirhodum (Walk.)
(Wiles and Jepson 1993a, b), it appeared that consuming contaminated prey was
an important cause of faunal mortality. However, in another study using the spi-
der Oedothorax apicatus, Mullie and Everts (1991) observed no significant effect
of deltamethrin contamination on prey consumption. Environmental factors such as
accessibility of fauna to prey that change the prey consumption rate (Dixon and
McKinley 1992) may explain the discrepancy among the studies. Faunal behavior
may also account for the discrepancy. For example, carabids only eat fresh or newly
killed aphids. The maximum consumption rate of prey (aphids) by carabids that have
an unlimited access to prey may be expressed (Winder et al. 1994) as a function of
body weight and temperature:

2.3610g; (T) + 0.495log,o (Wp) — 3.423
24

Log,y(Fa) = (41)

where

F, = consumption rate
T = temperature (°C)
Wy = weight of carabids.

The model fits data from another study well (Wiles and Jepson 1993a).
A simple model for actual aphid consumption (Aac, acrual, mg/hr) is given by
Gyldenkaerne and Joergensen (2000)

1 =< Iftm Aackfp
tre—"t
Agcactual = | I < ffe Aac tf:_—tfe kfp (42)
t>te Aac=0

where

Ayc = consumption rate of aphids

trm = the time when maximum contaminated food uptake occurs
tr. = the time when the uptake of contaminated prey ends

kgp = the fraction of the prey containing pesticides.

The model assumes a maximum uptake until f,, after which uptake decreases
linearly until #. After f., uptake becomes zero.

The concentration of chemicals in prey should be estimated in the context of
the prey’s behavior and application and subsequent behavior of the chemicals con-
cerned. The concentration in pesticide-contaminated aphids will depend on rate of
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topical application and plant stem sap concentration. Absorption rates of chemi-
cals from the gut are fast: The first-order kinetic rate constants of absorption were
0.72-1.39 (hr™!) for tobacco hornworm larvae (Manduca sexta (L.)) and 0.34-0.45
(hr™1) for cockroach (Blaberus Craniifer (Burm.)), respectively (Shah et al. 1972).
Thus, chemicals in consumed food are quite bioavailable unless food is taken up
with soil/sediment solid particles.

Chemicals are absorbed by beetles from air by passive diffusion through the res-
piratory system and the cuticula. The respiration rate depends on temperature and
body size (Gyldenkaerne and Joergensen 2000), and pesticide uptake Pg(f) at time
t is defined by

0mc+mp~T
Py(1) = O—W;§ - Ca(0) (43)

a

where

Py (1) = pesticide uptake at time ¢

mc = a constant

mp = temperature dependence

0, = relative oxygen content in the air
Wy = weight of carabids

r = constant

C, = pesticide concentration in the air
W, = respiration rate.

The uptake of chemicals from soil solution is related to the surface contact area:

t

/ CyUdt = Cy(t)cpty (44)
0
where

Cyw = uptake of chemical from soil solution
U = uptake rate from the soil

Cp = contact area with soil

Ty = transfer coefficient.

These differential equations are solved numerically using a Runge—Kutta
method. Most of these are widely accepted soil-related parameters. What constitutes
appropriate parameters for any test is usually determined from controlled laboratory
studies. Validation of the model that expresses the total amount of chemical inside
the organisms (Eq. 40) has been tested for soil-dwelling beetles exposed to insec-
ticides (Gyldenkaerne and Joergensen 2000). The model described dose—response
curves for four pesticides: lindane, parathion, fenvalerate, and metamidophos, rather
well. If the exposure was combined with the toxicity of the pesticides, the model pre-
dicted pesticide bioavailability for different soil types, and different times of release
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of beetles to the soil environment along with pesticide-contaminated aphids. Uptake
from the soil was the most important route among the four considered uptake routes.
It was also the most difficult route to estimate because of the large variation in pes-
ticide parameters and soil properties. Uptake from prey (food) can be significant.
Uptake through respiration was negligible. In actual field exposure, spatial factors
would also be important to chemical bioavailability.

8 Recommendations for Further Research

Chemical bioavailability is determined by a dynamic process in which a chemical is
taken up by (an) organism(s) in a specified time and place. Estimation of bioavail-
able amounts is critical to assessing chemical risk, predicting biodegradation rates,
and achieving a better understanding of prospective ecological effects. To date,
there are four main approaches to estimating bioavailability of chemicals: bioas-
says, chemical analyses with mild extraction, estimating relationship from sorption
coefficients, and use of simulation models. Each approach has advantages and dis-
advantages (Table 7). Bioavailability is affected by many factors, and even using the
same approach or method may produce different predictions of degree of bioavail-
ability. Therefore, one cannot accurately determine bioavailability by employing a
single method for all chemicals, organisms, or soils. Therefore, further research is
needed to achieve improvements for estimating bioavailability of chemicals. The
following comprises our priority recommendations for further research in this area:

(1) Efforts are needed to standardize bioassays. This action is important in that it
would allow better comparison of bioavailability results from one experiment
to another. The results of bioassays that measure actual chemical accumula-
tion into organisms and degradation by organisms are usually achieved as an
integrated reflection of (a) bioavailability, (b) toxicity of the chemical, and (c)
physiology and other characteristics of species of test organism. Standardization
will improve comparisons of chemical bioavailability among different organ-
isms in the context of physiology, uptake mode, behavior, and distribution in
the soil (or sediment) environment; it would also make bioavailability extrapola-
tions from one organism to another less problematic. In addition, it is important
to maintain standardization of experimental conditions (e.g., moisture content)
and materials (e.g., nature of soil/sediment), because they may dramatically
affect bioavailability.

(2) Rapid bioavailability assay methods are needed. Bioassays provide direct evi-
dence of bioavailability, but are time consuming, laborious, and expensive,
especially when studying higher plants and animals. Faster assays are desirable,
even for biological assays. Development of alternative methods such as biosen-
sors may permit achieving good estimates of bioavailability while reducing
labor and time. In addition, we encourage expanded use of chemical analyses
that employ mild extraction methods, and further enhancement of mathematical
modeling to achieve estimates of bioavailability.
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Further efforts are needed to validate and compare results from non-biological
and rapid biological estimation methods with conventional (and more labori-
ous) bioassay results. Rapid methods may only represent bioavailability at the
moment of measurement, whereas conventional bioassays produce bioavailabil-
ity results that are dependent on longer exposure times in which equilibria may
not have been reached. Validation studies must consider such basic differences
between methods, and find ways to better bridge the differences.

Elaborate on attempts to use the soil sorption coefficient K, and the soil OC
sorption coefficient K, to estimate bioavailability. These values may compare
well with analyses of total amounts of chemical gleaned from exhaustive extrac-
tion experiments. Many K}, and K, values already exist in the literature for a
wide range of chemicals and soils. Unfortunately, these coefficients are typi-
cally measured in soil slurries and may not represent typical and actual soil
moisture levels. To be relevant, realistic soil moisture levels should be used
when determining a chemical’s sorption coefficients.

Mathematical models that describe bioavailability should be developed, particu-
larly for individual microorganisms, plants, and invertebrates. These individual
models are needed, because of the large differences that exist in physiology
and behavior among these groups of organisms. Simulation models are useful
in describing the behavior of xenobiotics in soil at states of non-equilibrium.
The output is enhanced when these models account for all significant pro-
cesses that may affect an organism’s bioavailability. Individual processes,
such as fate of xenobiotics, sorption/desorption, volatilization, dissolution,
intraparticle-aggregate sorption—diffusion (aging), and biodegradation, should
be investigated and incorporated into these models. Physiological properties
such as transpiration in plants and habitat characteristics for invertebrates are
also important factors that should be considered. Although the key equations
should be incorporated into such models, they should be kept as simple as pos-
sible to make them utilizable actually. Whenever possible these models should
be validated against existing reliable bioavailable data. Because obtaining accu-
rate bioavailability data is difficult, particularly with aged xenobiotic residues,
efforts to validate the models are needed.

Experimental work is required to reconcile experiments where scale differences
are large. For example, when laboratory experiments are conducted with soil
plugs in bottles, the dynamics of chemical movement with infiltrating soil water
is not considered. In the field, by contrast, transport of chemicals in the soil
matrix with infiltrating water will have a very important impact on bioavail-
ability. Such transport is often described by convection—dispersion models.
Notwithstanding, field-scale modeling is complicated by the heterogeneity of
field soils. Therefore, ecotoxicological assessment of bioavailability at the field
level is not yet practical, although it is desired and needed.

Conduct more studies on the interaction of multiple xenobiotics in soils, and
with soil components. Currently, the ability to assess the ecological implications
of bioavailability, when more than one xenobiotic is present (e.g., the simulta-
neous presence of petroleum hydrocarbons and heavy metals in soil) is in its
infancy.
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Table 8 A possible tier approach to determine the bioavailability of chemicals in soils

Aim: Bioavailability related to

Tiers Degradability! Ecotoxicological effect or efficacy?
Primary level Chemical structure Exhaustive extraction analysis
Chemical properties Estimation from K}, and Ko
Secondary level  Degradation assay using soil plugs Mild extraction analysis
Degradation model Genotoxicity/enzyme assay
Tertiary level Degradation assay in microcosm — Toxicity/behavior assay

mesocosm with degradation model
Mild extraction analysis
Soil microbial analysis
Ecological level  Residue analysis in field Uptake assay
Ecological models Ecological models

! Triggers to next step for degradability constitute rates that are lower than a threshold-degrading
rate.

2 Triggers to next step for ecotoxicological effect or efficacy are exceedence of threshold
concentration as determined by chemical analysis or prediction by models.

(8) The methods used to estimate chemical bioavailability should be selected
and organized to ensure that they are suitable to their primary purpose: (a)
bioavailability as it affects degradability, and (b) bioavailability as it affects
the ecotoxicology of chemicals. A potential tier approach for estimating chem-
ical bioavailability is presented in Table 8, and relies on approaches that
range from the simple to sophisticated. Utilizing a compilation of standardized
measurement/estimation methods is important to this tier system, especially
standardization of the biological endpoints used to evaluate bioavailability.
Dealing with the ecological level tier is more challenging, because organisms
occupy different ecological niches, and bioavailability of a chemical to each
organism has different importance to the ecosystem as a whole.

9 Summary

It is often presumed that all chemicals in soil are available to microorganisms, plant
roots, and soil fauna via dermal exposure. Subsequent bioaccumulation through the
food chain may then result in exposure to higher organisms. Using the presumption
of total availability, national governments reduce environmental threshold levels
of regulated chemicals by increasing guideline safety margins. However, evidence
shows that chemical residues in the soil environment are not always bioavailable.
Hence, actual chemical exposure levels of biota are much less than concentrations
present in soil would suggest. Because “bioavailability” conveys meaning that com-
bines implications of chemical soil persistency, efficacy, and toxicity, insights on the
magnitude of a chemicals soil bioavailability is valuable. However, soil bioavail-
ability of chemicals is a complex topic, and is affected by chemical properties, soil
properties, species exposed, climate, and interaction processes.
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In this review, the state-of-art scientific basis for bioavailability is addressed.
Key points covered include: definition, factors affecting bioavailability, equations
governing key transport and distributive kinetics, and primary methods for estimat-
ing bioavailability. Primary transport mechanisms in living organisms, critical to an
understanding of bioavailability, also presage the review.

Transport of lipophilic chemicals occurs mainly by passive diffusion for all
microorganisms, plants, and soil fauna. Therefore, the distribution of a chemical
between organisms and soil (bioavailable proportion) follows partition equilib-
rium theory. However, a chemical’s bioavailability does not always follow partition
equilibrium theory because of other interactions with soil, such as soil sorption,
hysteretic desorption, effects of surfactants in pore water, formation of “bound
residue”, etc. Bioassays for estimating chemical bioavailability have been intro-
duced with several targeted endpoints: microbial degradation, uptake by higher
plants and soil fauna, and toxicity to organisms. However, these bioassays are often
time consuming and laborious. Thus, mild extraction methods have been employed
to estimate bioavailability of chemicals. Mild methods include sequential extrac-
tion using alcohols, hexane/water, supercritical fluids (carbon dioxide), aqueous
hydroxypropyl-beta-cyclodextrin extraction, polymeric TENAX™ beads extrac-
tion, and poly(dimethylsiloxane)-coated solid-phase microextraction. It should be
noted that mild extraction methods may predict bioavailability at the moment when
measurements are carried out, but not the changes in bioavailability that may occur
over time.

Simulation models are needed to estimate better bioavailability as a function of
exposure time. In the past, models have progressed significantly by addressing each
group of organisms separately: microbial degradation, plant uptake via evapotran-
spiration processes, and uptake of soil fauna in their habitat. This approach has
been used primarily because of wide differences in the physiology and behaviors
of such disparate organisms. However, improvement of models is badly needed,
particularly to describe uptake processes by plant and animals that impinge on
bioavailability. Although models are required to describe all important factors that
may affect chemical bioavailability to individual organisms over time (e.g., sorp-
tion/desorption to soil/sediment, volatilization, dissolution, aging, “bound residue”
formation, biodegradation, etc.), these models should be simplified, when possible,
to limit the number of parameters to the practical minimum.

Although significant scientific progress has been made in understanding the
complexities in specific methodologies dedicated to determining bioavailability, no
method has yet emerged to characterize bioavailability across a wide range of chem-
icals, organisms, and soils/sediments. The primary aim in studying bioavailability
is to define options for addressing bioremediation or environmental toxicity (risk
assessment), and that is unlikely to change. Because of its importance in estimating
xenobiotic degradability and toxicity in contaminated soils and sediments, further
research is needed to more comprehensively address the key environmental issue of
“bioavailability of chemicals in soil/sediment.”
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Appendix: A Description of Equation Symbols,

and the Units They Use

Symbol Description Unit
84 Thickness of the aqueous diffusion layer L

Slip Thickness of the lipid membrane L
AC Difference in concentration of the chemical between the ML

outside and inside of the cell; assuming the concentration of
the chemical compound inside the cell is zero, AC = Cy,

dCy - 31
T Substrate decomposition rate ML™T™
O ref 0 at the reference conditions —
kﬁhem Mass transfer coefficient T!
kf;il Mass transfer coefficient T!
ki ag Mass transfer coefficient T!
Cio=rp Concentration of chemicals at the surface of spherical soil ML

aggregates
P Density of dried cells ML
Os Density of dry solid material ML
Ar First-order metabolic rate constant in the root T!
Ast First-order metabolic rate constant in the stem T
Ae First-order metabolic rate constant in the leaves T!
Af First-order metabolic rate constant in the fruit T!
Ax Diffusion length L
Volumetric water content -
€ Soil porosity -
A Cumulative first-order loss coefficient T!
Af Rate constant for all other first-order loss processes in T!
compartment i that express immobilization of solute by
incorporation into structural materials or loss of solute from
metabolism
Mmax Maximum specific growth rate -
T Bacterial doubling time T
Agc Consumption rate of aphid MT!
Aqc, actual Actual consumption rate of aphid MT!
Al Area of the lipid membrane L2
Ac Air consumption 37!
Ag Activity of ion on the outside of the membrane ML
a; Activity of ion on the inside of the membrane ML
A; Contact area between compartment i and the adjacent L2
compartment
Ale Leaf area L2
Api(z) Effective soil-root contact area at the soil depth, z L?
B Constant -
BAF Bioaccumulation factor -
B; Sorption coefficient for compartment i (dimensionless) that -

expresses the immobilization of the solute by reversible
sorption to cell walls or large molecules in compartment i
BSAF Biota—soil accumulation factor -
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Symbol Description Unit

C Concentration of chemical in soil solution ML

Co Concentration at time zero ML

C, Concentration of chemical in air ML

Cp Contact area with soil L2

Cy Concentration of chemical in the fruits of food ML

C; Concentration of sugar in compartment i ML

Cle Concentration in the leaves ML

C Concentration of solute in liquid phase ML

Corg Concentration in the worm MM

Cpr(z,1) Solute concentration inside the plant root at the soil depth z and ML
time ¢

C; Concentration in the root ML

Cs Concentration in soil solid phase -

Cyt Concentration of chemical in the stem ML

C; Concentration at time ¢ ML

Cyic Concentration of the chemical in the vicinity of soil particles ML
(or chemical crystals/solvents)

Cw Chemical concentration in the aqueous environment or in ML
solution

D Diffusion coefficient of chemical through membrane or in M2T!
solution

Dy et Effective diffusion coefficient in air-filled soil pores M2T-!

D, Effective molecular diffusion coefficient across the root cell M2T!
membrane

D¢ Diffusion coefficient in the water phases M2T-!

Dy Diffusion coefficient in air phases M2T!

Dy Diffusion coefficient of the chemical through aqueous diffusion M>T~!
layer at vicinity of membrane

Dt Effective diffusion coefficient M2T!

D; Diffusion coefficient across membrane along the flow path i M2T-!

Dy Diffusion coefficient of the chemical through the lipid M2T!
membrane

Dy Molecular diffusion coefficient M2T!

Dy et Effective diffusion coefficient in water-filled pores M2T-!

Dy Dispersion coefficient M2T!

E Membrane potential (V) C

F Faraday constant (96,484 cal mol™) ML'N-!

F. Food consumption MT!

F, Consumption rate MT!

Fiip Weight fraction of lipid in the organism -

Flux Dissolution flux ML7T!

fo Reduction factor for soil humidity -

Fom Weight fraction of OM -

fr Factor for the influence of soil temperature =

8total Total conductance of chemical in the foliage/atmosphere LT!
system

H Henry’s law constant -

1 Retardation factor -

Rate of transport of the chemical through the lipid membrane MT!
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Symbol Description Unit

k First-order degradation constant in soil T!

kep Fraction of the prey containing pesticides -

Kaw Partition coefficient of air to water (the dimensionless Henry’s — —
law constant)

Ky Sorption coefficient of bacterial cells LM

kbio First-order biodegradation rate constant T!

ke Elimination rate constant T

K¢ Freundlich sorption coefficient L*M™

Kiip Partition coefficient of the chemical between the lipid -
membrane and the aqueous diffusion layer

kia Mass transfer rate coefficient T!

Kiea Partition coefficient between leaves and air (=Kjew Kaw™!) -

Kiew Partition coefficient between leaves and water in the -
assimilation stream

Koc Equilibrium sorption coefficient on a basis of soil OC LM

Kow n-Octanol-water partitioning coefficient -

K, Equilibrium soil sorption coefficient of chemical L’Mm!

kef k at reference conditions T!

Kiw Partitioning coefficient between roots and water -

K Half-saturation constant

Kixy Partition coefficient between stem and xylem sap -

ksw Degradation rate constant in soil solution by cells sorbed to T!
soils

kw Degradation rate constant in soil solution by cells in soil T!
solution

L Total length of the roots L

me Cell maintenance coefficient -

m Soil weight M

M Molecular weight M

mc Constant -

M; Solute mass in compartment i M

min “The minimum of” -

Moc OC content -

mp Temperature dependence -

n Linearity factor -

Nar Sum of the diffusive flux of chemical to the roots in air- and MT!
water-filled pores

N Bacterial cell number sorbed to unit weight of soil -

Nir Uptake and transport MT!

Ny Bacterial cell number present in unit volume of soil solution -

0, Relative oxygen content in the air ML

P Vapor pressure ML-IT2

Pum Indicates the permeability of the chemical Lr!

Py (1) Pesticide uptake at time ¢ MT!

Py Total amount of chemical inside the organism M

Propical Amount of chemical hitting the organisms at the time of M
chemical application (t = 0)

qe1 and gey Solute fluxes in liquid and vapor phases, respectively ML=2T!

gcls ey and Solute flux in liquid phase, air phase, and root—soil phase ML2T-!

qrt
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Symbol Description Unit

Qi Water and water vapor flow rate L3T!
Op Flow of assimilation stream L3T!
Gt Solute diffusive flux through the soil near the root—soil ML2T"!

interface, then through root membranes and finally through
plant cells into the xylem vessels

Oso Sources of solute ML3T!
Ow Flow of transpiration water L3T!
Gws (1) Water flux due to root extraction at the soil depth z and time ¢ ML2T!
Ry Diameter of soil aggregate L

R Universal gas constant (8.314 J mol~! K1) ML2T2N-'¢!
r Constant -

R Radius of the roots L

Ry Radius of a deficiency zone surrounding the roots L
Ry—R; Diffusion length L

Rb Radius of cell at initial stage L

Rd Radius of cell at cell division L

S Water solubility ML
Sm Chemical amount in cells M

Sw Substrate amount in soil or solution M

Ss Average concentration of solute in the sorbed phase ML
t Time T

tem Time when maximum contaminated food uptake occurs T

tre Time when the uptake of contaminated prey ends T

Tk Absolute temperature (K) 0

T Temperature (°C) 0

Ty Transfer coefficient MTL2
TSCF Transpiration stream concentration factor -

U Uptake rate from the soil MT!
v Pore water velocity LT!
Vo Volume at time zero

Vi Volume of the fruits L3

Vi Sugar molar volume in compartment i L3

Vie Volume of the leaves (m?) L3

V] Velocity of liquid phase water LT
Vi Root volume L3
Vievs Representative elementary soil volume L?
Vit Stem volume L3

\A Volume at time ¢ L3

w Volume of soil solution L3
Wy Weight of carabid M

Wi Respiration rate MT!
We Soil to water ratio -

X Amount of sorbed chemical M

X Microbial density -

Y Growth yield -
Yimax Maximum growth yield -

z Valency (for monovalent acid: —1) -
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Symbol Description Unit
X0z Coordinates M

i Compartment -

—i Compartment before compartment i -
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