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Chapter 2
Introduction to the Fundamentals of Laboratory 
Bioassays

Abstract  This chapter describes and provides comments on the following basic 
features of laboratory bioassays: (a) biotic and physicochemical factors, (b) test 
materials, (c) measurements, hypotheses, experimental designs, and data analyses, 
and (d) basic information that should be provided by researchers for all bioassays.

2.1 � Factors of Bioassay Systems

2.1.1 � Biotic Factors

2.1.1.1 � Bioassay Species

The species to be used in a bioassay really depends on the objective of the study. For 
example, if one is interested in understanding basic modes of action and processes 
of plant-plant allelopathic interactions, choosing sensitive species such as lettuce, 
tomato, clover, or cucumber as model plants may be quite appropriate. However, 
if the primary objective is to determine if seedlings of species A are stimulated 
or inhibited by allelopathic compounds released from mature plants of species B 
(putative promoters or aggressors) then the use of lettuce, tomato, clover, or cucum-
ber seedlings by themselves as bioassay species is not appropriate. In this instance 
seedlings of species A should be the primary bioassay species being tested. The 
inclusion of frequently used sensitive species in addition to species A, however, is 
acceptable and in fact useful since these sensitive species can serve as a baseline for 
determining the relative sensitivity/resistance of species A and as a means of com-
paring results from the present bioassay to those of previously published bioassays 
as well as those that may be published in the future.

2.1.1.2 � Stage of Life Cycle for Bioassay Species

The most vulnerable parts of a higher plant life cycle to environmental stressors, 
including allelopathic compounds individually or imbedded in complex mixtures 
of organic and inorganic compounds, (e.g., leachates, root exudates, litter, etc.) are 
likely to be germination, seedling emergence, early seedling development, and plant 
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reproduction (Blum and Heck 1980; Waters and Blum 1987). However, since plant 
species adjust (i.e., acclimate) to stresses differently due to genetic variation, stage 
of development, presence or absence of symbiotic relationships, and past and pres-
ent environments, broad generalizations about sensitive life cycle stages (i.e., the 
most or least sensitive) must be viewed with some caution and skepticism (Levitt 
1972; Cox and Conran 1996; Kozlowski and Pallardy 2002; Marshall et al. 2005). 
Thus, the responses of all the appropriate stages of the life cycle of a plant to alle-
lopathic compounds must be studied. However, since growing seedlings to mature 
or reproductive stages is frequently time consuming and unwieldy under labora-
tory conditions, most researchers studying allelopathic interactions in the laboratory 
have chosen to utilize changes in germination or seedling physiology and growth as 
their main response indicators. In spite of the convenience of using seeds and seed-
lings in bioassays, it is important to recognize that responses of seeds and seedlings 
to allelopathic compounds are not necessarily (in fact unlikely to be) representative 
of (i.e., cannot be extrapolated to) the responses of mature or reproductive stages 
of plants.

The essential point is that the stage of the life cycle of a species used in a bioas-
say depends on the experimental objectives. For example, if the primary interest is 
germination or seedling emergence, then there is no need to study other parts of the 
life cycle. However, using germination or seedling emergence as an indicator of 
seedling or older plant responses is not appropriate.

2.1.1.3 � Symbiotic Relationships

There are two structures resulting from microbial-plant symbiotic relationships that 
are of particular interest when it comes to laboratory bioassays, legume nodules and 
mycorrhizae (Fig. 2.1). Clearly when appropriate, roots should be inoculated with 
Rhizobium, Bradyrhizobium or mycorrhizal fungi. The presence of nodules and my-
corrhizae will in most instances dramatically change the response of seedlings or 
older plants to allelopathic compounds (see Sects. 3.6 and 3.7). However, since:

a.	 it takes approximately a week or more to develop functioning nodules and 
mycorrhizae and then an additional 4–9 weeks, depending on species and envi-
ronment, for the extensive formation of nodules and the colonization of roots by 
mycorrhizal fungi (see Sect. 3.6),

b.	 the target organisms are frequently seeds or very young seedlings, and
c.	 most laboratory bioassays studying the effects of identified putative allelopathic 

(IPA) compounds last no more than a week or so, it could be argued that the 
inclusion of inoculums for the induction and development of nodules and mycor-
rhizae is not necessary.

In fact from a reductionist perspective, the inclusion of inoculums for the formation 
of nodules and mycorrhizae can at times make it much more difficult to sort out 
cause and effect. From a holistic perspective such inoculums should be included 
even when full development of the symbiotic relationships will not occur during 
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the time of the bioassay. After all there is considerable evidence that the presence 
of microbes, no matter their source, can and will modify and regulate, sometimes 
very dramatically, the observed effects of individual IPA compounds or IPA com-
pounds imbedded in complex mixtures of organic and inorganic compounds (see 
Sect. 3.7). Furthermore, the absence of microorganisms involved in the formation 
of nodules and mycorrhizae will also prevent the detection of effects of allelopathic 
compounds on the induction, formation, and development of symbiotic relation-
ships, important relationships that influence and regulate how seedlings or older 
plants respond to allelopathic compounds (see Sects. 3.6 and 3.7).

2.1.1.4 � Treatment Surface Areas

The total or potential treatment surface area within a bioassay system is determined 
by seed, seedling, or older plant density, root initiation, rates of root growth, and the 
formation and development of mycorrhizae. The effective treatment surface area of 
a species is the proportion of the total surface area that actual interacts with allelo-
pathic compounds. The effective surface area within a medium is determined by the 
distribution of the total surface area in relationship to the distribution of allelopathic 
compounds. In solution culture the total and effective surface areas are identical. In 
soil culture total and effective surface areas are not necessarily, in fact unlikely, to 
be identical.

Seed, seedling, or older plant effective treatment surface areas in bioassays may 
not be a major concern for systemic allelopathic compounds since the whole organ-
ism will be impacted even if only a small proportion of the surface area is contacted 

Fig. 2.1   Two symbiotic relationships, nodules and mycorrhizae. (Illustration by Amy Blum 
Grady, used with permission)
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by such compounds. However, one might expect that as the effective treatment sur-
face area is increased, the speed of the response by a seed, seedling, or older plant 
to allelopathic compounds would increase at least initially.

For non-systemic allelopathic compounds the effects are local and, thus, the pro-
portion of the total surface area in contact with such compounds will determine 
the ultimate observed effects both in speed and magnitude of response. Since most 
seeds and their initial radicles have such small surface areas, the proportion of their 
surface area contacted by allelopathic compounds are unlikely to be a major concern 
for even non-systemic allelopathic compounds. That, however, is not the case for 
seedlings and older plants (see Sect. 6.5) since a link between effective treatment 
surface area and seedling responses has been observed by Lyu and Blum (1990); 
Klein and Blum (1990); and Lehman et al. (1994). These authors found that for a 
given treatment concentration, inhibition increased as the proportion of the effective 
root treatment surface area was increased (see Sects. 5.2.3.1 and 6.5 for details).

Unfortunately most laboratory bioassays of seedlings or older plants ignore the 
potential variation in contact between allelopathic compounds and surface areas of 
roots and mycorrhizae. In fact, bioassays are frequently designed so that there is 
a high probability that the entire surface area of the roots and mycorrhizae are in 
direct contact with IPA compounds or sources. Data from such bioassays represent 
a worst-case scenario, a scenario that may or may not be consistent with what has 
occurred or is occurring in the field. The author suspects that in most instances, par-
ticularly for older seedlings and older plants, treating whole root and mycorrhizal 
systems is at odds with what occurs in the field. See Sects. 5.2.3.1 and 6.5 for ways 
to deal with this issue in laboratory bioassays.

2.1.1.5 � Density

A quick perusal of the early literature will indicate that the densities of seeds and 
seedlings used in bioassays were extremely variable and frequently arbitrary; not 
until recently have researchers paid much attention to this factor of bioassays. The 
density used in a bioassay will, of course, depend on the experimental objectives but 
every effort should be made to use relevant densities or the artificial nature of the 
density used should be accounted for in the interpretation of the resulting data. The 
role of density in seed or seedling bioassays should not be underestimated since den-
sity can influences/determine the magnitude of effects of allelopathic compounds, 
the level of autotoxicity in some species, the total and effective treatment surface 
area of a bioassay species, and the levels of resource competition (e.g., Wilson and 
Rice 1968; Weidenhamer et al. 1987, 1989; Lyu and Blum 1990; Sinkkonen 2001, 
2003, 2007; Huang et al. 2013; see Sects. 2.1.1.4, 3.2.2.6, and 3.5).

2.1.1.6 � Microorganisms

The fact is that the populations of microorganisms present in laboratory bioassay 
systems will not be representative of the populations of microorganisms found in 
field systems. In spite of that the roles of microorganisms in laboratory bioassay 
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systems should not be underestimated (see Sparling and Vaughan 1981; Vaughan 
et al. 1983; Vaughan and Malcolm 1985; Heisey et al. 1985; Hoagland and Williams 
1985; Siqueira et  al. 1991; Schmidt 1991; Schmidt and Ley 1999; Barazani and 
Friedman 1999; Inderjit 2005; Blum 2006; Zhang et al. 2009). Their roles within 
bioassay systems must be identified, characterized, quantified, and understood, and 
when possible, controlled or regulated. Unfortunately, researchers have only limited 
options to control or regulate microbial populations within bioassay systems. The 
following are the only options:

a.	 Eliminate the microbial populations for part or all of the components of a bioassay 
system by sterilization (Shay and Hale 1973; Přikryl and Vančura 1980; Dalton 
et al. 1983; Vaughan et al. 1983; Vaughan and Malcolm 1985; Blum et al. 1994, 
1999; Pue et al. 1995; Wu et al. 2000a, b; Blum 2004; Kaur and Singh 2007).

b.	 Inoculate bioassay systems that have been sterilized with cultures of individual 
microbial species, subsets of microbial species, or complex mixtures of micro-
bial species such as soil extracts (Vaughan et  al. 1983; Kosslak and Bohlool 
1984; Vaughan and Malcolm 1985; Pue et al. 1995; Blum 2004; Kaur and Singh 
2007; Zhang et al. 2009).

c.	 Do nothing and live with whatever microbial populations are present within a 
bioassay system.

d.	 The use of antibiotics, inhibitors, etc. to control or regulate microorganisms are 
usually not recommended unless their use is a specific part of an experimental 
design since such substances will not only lead to differential selection, ampli-
fication, and suppression of specific microbial species but can also function as 
promoters, modifiers, or inhibitors of bioassay species. However, the use of such 
compounds in selective media to enumerate populations of specific types of 
microorganisms (e.g., actinomyces, fungi, phosphatase-positive bacteria, gram-
negative bacteria, phenolic acid utilizing microorganisms, etc.) can be very use-
ful (see Blum and Shafer 1988; Shafer and Blum 1991).

When microorganisms are present in bioassay systems, the disparity between labo-
ratory bioassay systems and field systems becomes even greater when laboratory 
bioassay systems are treated with IPA compounds, leachates, root exudates, extracts, 
or litter (see Sect. 3.2.2.8). Such treatments lead to intense modifications of micro-
bial populations by differential selection, amplification, and suppression of specific 
microbial species (Blum and Shafer 1988; Shafer and Blum 1991; Blum et al. 1993; 
Pue et al. 1995; Blum 2006, 2011; see Sects. 3.6 and 3.7). The initial and induced 
differences in the nature and associated functions of microbial populations for labo-
ratory systems are thus a major conundrum that desperately needs resolution.

2.1.2 � Physicochemical Factors

2.1.2.1 � Containers

There are a whole range of options ranging from Petri dishes to open or closed con-
tainers of various sizes constructed from a variety of materials (e.g., glass, plastic, 
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clay, metal), each with its own benefits and limitations. Ultimately the type and size 
of container used will be determined by the experimental objectives. The following 
are some of the factors that should be considered when choosing a container:

a.	 the life-form characteristics, age, and density of the species to be used,
b.	 root characteristics and their normal distribution with or without their symbiotic 

relationships,
c.	 the desired type of growth medium (e.g., nutrient solution, sand, soil, levels of 

aeration, nutrition, and moisture retention),
d.	 the desired control over environmental factors to be manipulated,
e.	 the plant processes of interest (e.g., cellular processes, germination, seedling 

emergence and growth, nutrient uptake, water utilization, and transpiration),
f.	 the duration of the bioassay (e.g., hours, days, weeks, or months),
g.	 the actual growth environment (e.g., available space [e.g., container size and 

shape], aeration [e.g., open or closed container], light bank, growth chamber, or 
greenhouse),

h.	 the potential release of chemical residues from container walls and the affinity of 
the container walls to the compounds being tested, and

i.	 the normal growth environment and perceived requirements of the species in the 
field.

When the right type and size of container is chosen, day to day management 
(e.g., frequency of watering and fertilization) and the creation of inappropriate 
environments (e.g., pot-bound roots and mycorrhizae, or anaerobic media) will be 
minimized. Clearly if the containers used create a completely unrealistic or unrep-
resentative environment for the bioassay species, then the resulting data may have 
limited or little value to field systems recognizing that bioassays, particularly in the 
laboratory, represent simplified models of real systems and not the real thing (Blum 
2007). However, the type and size of container chosen will not only affect the na-
ture of the physicochemical growth environment of seeds, roots, and mycorrhizae 
but can also determine the dose of allelopathic compounds experienced by them. 
For example as the volume of a container and the associated medium containing 
a specific concentration of an IPA compound (mM/liter or µmol/g of media) are 
increased the total number of molecules of that IPA compound that can potentially 
interact with seeds, roots, and mycorrhizae at a given density will also increase (see 
Weidenhamer et al. 1987; Hoffman and Lavy 1978).

2.1.2.2 � Media

A variety of media have been used in bioassays. They include solutions (e.g., water, 
nutrient solutions, extracts, leachates, root exudates, etc.), filter paper, agar, sand, 
gravel, vermiculite, soil, and other substrates. What is used depends on the experi-
mental objectives. Each has benefits and limitations that must be kept in mind when 
choosing a particular medium (see sect. 3.2.2.1). The choice of medium, however, 
should not be underestimated since the choice of media will directly influence the 
effective treatment concentrations required for observed allelopathic effects on cel-
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lular processes, germination, growth, development, and reproduction of bioassay 
species (also see Sect. 3.2.2).

a.	 Solutions: Solutions containing IPA compounds, extracts, leachates, and root 
exudates provide direct and continuous contact with seeds, roots, and mycorrhi-
zae. For solutions, concentrations of both organic and inorganic compounds, pH, 
water potential, and aeration will change fairly rapidly over time. Changes will 
likely be due to microbial utilization and synthesis, uptake or losses from seeds, 
roots, and mycorrhizae, water loss due to transpiration and evaporation, and oxi-
dation/reduction. Unless accounted for, these changes will make it difficult to 
identify cause and effect since such changes can also directly modify cellular 
processes, germination, and seedling growth and development of the bioassay 
species. However if experimental time intervals are short enough, then most 
of these changes will have only a limited impact. In addition the regulation by 
external means and inclusion of appropriate references/controls can potentially 
help to identify and quantify the impact of such changes. For example contain-
ers can be sterilized, solutions can be aerated, buffers can be added to slow pH 
changes, solutions can be filter sterilized, seeds and roots can be surface steril-
ized, water can be added back to compensate for transpiration and evaporation, 
chemically inactive osmotic compounds can be added to regulate water potential, 
and organic and inorganic compounds can be supplemented to minimize concen-
tration changes. Ultimately, however, it may be simpler to include appropriate 
references/controls (e.g., a range of aeration, pH values, inorganic compounds 
[e.g., nutrients], and water potentials, etc.) in factorial designs that will allow for 
the identification of causes and effects or replace solutions completely at given 
time intervals to maintain a narrow range of solution changes. If done correctly, 
solution culture can provide an estimate of the potential stimulation (i.e., facili-
tation) or inhibition (i.e., phytotoxicity) of IPA compounds, extracts, leachates, 
and root exudates for the experimental conditions of the bioassay. Producing 
functional nodules and mycorrhizae in solution culture is possible but special 
conditions are required (Hawkins and George 1997; Mosse and Thompson 1984; 
Bollman and Vessey 2006; Mortimer et al. 2008).

b.	 Filter paper. Filter paper is generally included in Petri dishes to provide for an 
even distribution and contact of treatment or reference/control solutions for 
seeds or seedling radicles in Petri dishes. Filter paper is generally assumed to 
be inert and, thus, have minimal effect on the solutions added to Petri dishes. 
Some adsorption and absorption, however, may be expected. Concerns regard-
ing changes in pH, solute potential, inorganic and organic compounds, etc. for 
solution cultures apply here as well. Regulating these factors, however, is more 
cumbersome than for solution cultures.

c.	 Agar: Very similar to solution culture (see a. and b.), with the exception that 
agar substrates (pure or with inclusions) tend to have more buffering capacity, 
provide support for seeds or seedlings, and adsorb and absorb organic and inor-
ganic compounds on or within their matrix. The initial magnitude of sorption 
and fixation of IPA compounds, extracts, leachates, etc., and the pH and water 
potential of an agar matrix will vary with agar concentration, the presence of 
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other inclusions (e.g., inorganic and organic compounds, etc.), and the IPA com-
pounds, leachates, etc. added to the matrix. Concerns regarding changes in pH, 
solute potential, etc. for solution cultures apply here as well. Regulating these 
factors, however, is much more cumbersome than for solution cultures. With 
proper care and conditions functional symbiotic relationships can be obtained in 
agar medium (Bago et al. 2004; Zhu et al. 2010; Shukla et al. 2012).

d.	 Sand, gravel, etc.: These represent another form of solution culture and, thus, 
have very similar concerns since clean quartz sand and gravel are essentially 
inert (e.g., minimal adsorption or absorption). They do provide support for seeds 
and seedlings and aeration is generally much better than solution and agar cul-
tures as long as these systems are open or flow-through systems. However, these 
media generate a resistance to root and mycorrhizal growth. The smaller the pore 
sizes, the greater the resistance. In addition, available water will very likely be 
much more limiting than for solution and agar media. Since such systems can 
be readily flushed, some of the concerns listed for solution and agar media can 
be minimized or controlled. Similar observations can be made for vermiculite 
and perlite which are, however, not inert. The use of peat moss or pine bark is 
generally not recommended because of their acidic nature and the high content 
of tannins, phenolic acids, etc. Finally inert materials such as sand and gravel, 
etc. have an additional advantage over solution cultures. They provide a support 
structure on and in which plant tissues, litter, and residues can be tested. Func-
tional symbiotic relationships can readily be obtained in sand, gravel, etc. media 
as long as conditions are appropriate for their formation (Francis and Read 1984; 
Lynch et al. 1990; Medeiros et al. 1993; Gryndler et al. 2005; Zhu et al. 2010; 
Pang et al. 2011).

e.	 Soil: The concerns associated with solution systems are more extensive and 
much more difficult to regulate or control in soils. Processes such as sorption, 
desorption, resorption, utilization by soil organisms (flora and fauna), move-
ment, distribution, and contact of organic and inorganic compounds by seeds, 
roots and mycorrhizae, as well as water potential, nutrition, and the growth of 
roots and mycorrhizae are generally much more variable, dynamic, and unpre-
dictable in soil systems than in solution, agar, sand, gravel, etc. systems. The 
physicochemical and biotic environments of field soils are even more complex 
in that every field soil sample is very likely to be different from every other field 
soil sample. (Note: Such difference in soil samples can be a particular concern 
for soil samples taken at various distances from a plant or row of plants.) To 
get around this problem soil samples are frequently sieved, mixed, air-dried, 
etc. (i.e., processed). Homogenizing soil samples by sieving, mixing, and air-
drying leads to some soil uniformity for experimental units but this uniformity 
comes at a cost. The cost, structure, hydration, aeration, compaction, soil organ-
ism populations, and organic matter distribution of the resultant soil substrate 
are all modified in the process. The addition of clean quartz sand (or other inert 
substances with very low absorptive and adsorptive properties) or materials such 
as vermiculite and perlite to soil to reduce compaction, increase soil aeration 
and percolation, nodulation, formation of mycorrhizae, or reduce resistance to 
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growth of roots and mycorrhizae is another common practice. Homogenizing 
soils and adding such materials should only be made after carefully considering 
the experimental implications of such practices since these practices can modify 
soil processes and dramatically alter the responses of bioassay species to IPA 
compounds, leachates, root exudates, tissues, litter, and residues. Functional 
symbiotic relationships can readily be obtained in most soils as long as condi-
tions are appropriate (Fitter et al. 1998; Arias et al. 1999; Vázquez et al. 2001; 
García et al. 2008; Jalonen et al. 2009; Hasbullah et al. 2011).

2.1.2.3 � Environments

The first things that should be determined are the environmental limits (e.g., mini-
mum and maximum) for growth and development of the chosen bioassay species. 
However if that is not possible or practical, then at least a normal-growth range for 
the bioassay species should be determined. Environmental conditions of interest 
within this range should then be used. The investigator could also just choose to use 
average or representative environmental conditions of the field in which the spe-
cies is growing. However, since the field environment is constantly changing, it is 
important to remember that the effects observed for a laboratory bioassay at a given 
temperature, light intensity, humidity, pH, soil moisture content, etc. represent only 
a very small slice of the potential range of effects and physicochemical and biotic 
conditions that occur within the field. But no matter what environmental conditions 
are chosen, the actual environmental conditions of a laboratory bioassay must be 
clearly characterized or described.

Standard dose-response bioassays frequently are designed to have a single treat-
ment factor, i.e., increasing or decreasing concentrations of allelopathic compounds. 
Researchers tend to ignore that these presumable single-treatment factor bioassays 
in reality turn out to be multi-treatment factor bioassays since the physicochemical 
(e.g., presence of organic and inorganic compounds other than those being tested, 
soil moisture, pH, compaction, aeration, solute potential, and soil temperature to 
name a few) and biotic (e.g., microbial populations) environments change, some-
times dramatically, as concentrations of IPA compounds, extracts, leachates, root 
exudates, litter, and residues are increased or decreased within bioassay systems. 
For them to function as single factor systems, requires that bioassay systems treated 
with increasing or decreasing concentrations of IPA compounds etc. be adjusted 
so that with the exception of the compounds of interest they are environmentally 
equivalent. That turns out to be an extremely tedious job particularly for complex 
mixtures of organic and inorganic compounds found in extracts, leachates, root exu-
dates, litter, and residues since each system would have to be monitored for a variety 
of environmental factors and adjusted accordingly. But unless that is done, it will 
be impossible to characterize the effects of increasing concentrations of specific al-
lelopathic compounds independently of other active (i.e., regulating and modifying) 
environmental factors.
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Unfortunately it is not always possible to know and identify the entire range of 
environmental factors that will influence the results of a bioassay. However, that 
should not prevent researchers from characterizing the obvious factors (e.g., light 
intensity, temperature, moisture, nutrition, pH, aeration, water potential, composi-
tion and volume of substrate, presence or absence of microorganisms and other 
organisms, and symbiotic relationships). The importance of adequate monitoring 
and characterization of environmental factors for laboratory bioassays cannot be 
overemphasized since environmental factors will not only influence the bioassay 
species directly but also modify the actions and effects of the IPA compounds in-
dividually or imbedded in complex mixtures of organic and inorganic compounds 
(see Einhellig 1989; Lehman and Blum 1997; Gawronska and Golisz 2006; Pedrol 
et al. 2006; Blum 2011).

Most of the physical factors (e.g., light, temperature, moisture, nutrition, and 
soil compaction) can be readily regulated or controlled in laboratory bioassays. 
However the biotic factors, particularly the microorganisms, are another story. Soil 
microbial populations are a particular pernicious problem in laboratory bioassay 
systems since the enrichment or treatment of environmentally rich bioassay systems 
(e.g., adequate nutrients, moisture, and temperature) with carbon sources, such as 
IPA compounds, extracts, leachates, root exudates, litter, and residues can dramati-
cally alter the qualitative and quantitative nature of microbial populations within 
the soil. Such changes are a concern because microorganisms not only utilize and 
modify organic compounds and in the process increase or decrease their potential 
allelopathic effects but also produce their own and sometimes unique allelopathic 
compounds. Furthermore, such enrichments or treatments can also modify potential 
symbiotic relationships (e.g., formation, development, and function of nodules and 
mycorrhizae) adding another level of complexity to our ability to identify causa-
tion in seedling or older plant bioassays. One could, of course, argue that microbial 
populations in field soils will also change with increasing and decreasing inputs of 
organic and inorganic compounds of leachates, root exudates, litter, and residues. 
However, the present evidence suggests that changes in microbial populations in 
laboratory bioassays are much more dramatic than in field soils. For a more detailed 
discussion of this problem see Sects 3.6 and 3.7. Clearly this is a subject that de-
serves much more attention.

2.1.3 � Test Materials

2.1.3.1 � Nature of Test Materials

Compounds tested in laboratory bioassays include identified putative allelopathic 
(IPA) compounds isolated and identified from living plant tissues (e.g., extracts of 
leaves, roots, mycorrhizae, and whole plants, leachates, root exudates, etc.), litter 
and residues (e.g., extracts or leachates of dead plant materials), soils (e.g., soil 
extracts, solutions or leachates), and complex unknown mixtures of compounds as-
sociated with the testing of extracts, leachates, and root exudates of living tissues, 
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litter, residues, and soils. IPA compounds can be purchased from a vender or iso-
lated, purified, and collected from living tissues, litter, residues, and soils. However, 
locating, identifying, and collecting representative source materials (i.e., plants, tis-
sues, residues, litter and soils) for testing or for obtaining extracts, leachates, or root 
exudates are another matter since for any given species, ecotype, cultivar, or soil 
these materials can be highly variable in time and with location.

Chemical Composition  Since the chemical compositions of living plants, plant 
tissues, litter, and residues, and soils are highly variable their chemical composi-
tion should/must be characterized before they are used in laboratory bioassays. The 
reasons for this variability in chemical composition are as follows:

a.	 Living plants or their tissues: The organic and inorganic composition of plants or 
their tissues at a particular time and location will vary with species, ecotype, cul-
tivar, stage of plant development, stage of life cycle, time of the growing season, 
tissue type, presence or absence of symbiotic relationships, and past and present 
growth environments (Koeppe et al. 1969, 1970; Bates 1971; Hall et al. 1982, 
1983; Rice 1984; Hocking 1994; Drossopoulos et al. 1996; Chaves et al. 1997; 
Lambers et  al. 1998; Chaves and Escudero 1999; Zhao and Oosterhuis 1999; 
Bertran et al. 2010; also see Sects. 3.6 and 3.7). Since the allelopathic potential 
of living plants and their tissues varies with their inorganic and organic compo-
sitions, collecting them at the right time of the growing season, the right place 
(e.g., site where putative interactions are occurring), and under the right condi-
tions (e.g., before or after major rain events or other disturbances) is essential.

	 For example, Hall et al. (1982) found that total phenolic acid content of sun-
flower ( Helianthus annuus L.) plants grown in sand culture varied with the 
nutrition and growth environment. As the concentrations of Hoagland’s nutri-
ent solution (Hoagland and Arnon 1950) supplied to sunflower plants growing 
in the greenhouse or in the out-of-doors were increased, the total phenolic acid 
content in chlorogenic acid equivalents of the plants declined. Total phenolic 
acid content ranged from 40 (1/4 strength) to 32 (full strength) mg/g dry weight 
for plants grown in the greenhouse and from 79 to 52 mg/g dry weight for plants 
grown outdoors. When sunflower plants were grown in a local garden, the total 
phenolic acid content was 19 mg/g dry weight. For additional environmentally 
induced variation and for developmental and tissue variation of phenolic acids in 
sunflower plants, see Koeppe et al. (1969, 1970) and Rice (1984).

	 Hall et  al. (1982) found that total phenolic acid content of freeze-dried and 
coarsely ground sunflower plant tissues obtained from sunflower plants grown 
under a range of environmental conditions (see above) was directly related to 
the inhibition of pigweed ( Amaranthus retroflexus) seed germination when 
these sunflower tissues were mixed into soil. However, inhibition of pigweed 
seedling dry weight was not significantly related to total phenolic acid content 
unless NPK (total N, P and K determined on dry-ashed plant samples) con-
tent of the sunflower tissues was also included in the regression model (Hall 
et al. 1983). Total phenolic acid and N were directly related and P and K were 
inversely related to the inhibition of pigweed seedling dry weight. Inhibition 
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of germination was reduced and inhibition of seedling biomass was eliminated 
when NPK solution (in the form of NO KNO3 3

− , , and HPO3) roughly equivalent 
to NPK content of sunflower tissue was also added to the sunflower tissue-soil 
bioassay system. These observations lead the authors to suggest that nutrients 
within tissues and nutrients within soils appear to act differently in modifying 
allelopathic interactions. The fact that increasing soil nutrients tends to reduce or 
eliminate the action of inhibitory allelopathic compounds by way of microbial 
utilization would tend to support this observation (Vaughan et al. 1983; Blum 
et al. 1993, 1999; Schmidt and Ley 1999).

	 Variations in organic and inorganic content of living plants and plant tissues 
are actually very common and can occur over a range of time intervals. For 
example, alkaloid content of hemlock fruits ( Conium maculatum L.) changed 
not only weekly but also hourly during fruit development (Fairbairn and Was-
sel 1964). Hourly changes were particularly dramatic during times of pericarp 
development of fruits but were not obvious during early seedling development 
in the vegetative tissues. For 2 year old hemlock plants the alkaloid γ-coniceine 
(slightly water soluble) was found in the aerial parts and roots during March 
(spring growth) but only in the aerial parts during vigorous growth in June. Sea-
sonal variation of organic compounds in plant tissue is actually a common occur-
rence (Witzell et al. 2003; Muscolo and Sidari 2006; Solar et al. 2006; Kotilainen 
et al. 2010). For examples of variations in inorganic compounds in plant tissues 
see Bates (1971); Hocking (1994); Drossopoulos et  al. (1996); and Zhao and 
Oosterhuis (1999).

b.	 Plant litter and residues: The organic and inorganic composition of plant litter 
and residues will vary with the:

1.	 species, ecotype, and cultivar,
2.	 tissue type (e.g., stems, leaves, or roots),
3.	 stage of development and stage of life cycle,
4.	 time of growing season,
5.	 physicochemical and biotic growth environments of living plants and their 

tissues prior to senescence,
6.	 timing and rates of senescence, mortality, and abscission (shedding),
7.	 location of litter and residues (e.g., standing upright, lying on the soil surface, 

or located within the soil),
8.	 length of time the litter and residues have been in the field (e.g., amount of 

fragmentation, weathering and decomposition), and
9.	 precipitation events (e.g., rates, volume, frequency, and timing), and manage-

ment (e.g., tillage and chemical applications).

That allelopathic potential of plant litter and residues will vary with their com-
position of organic compounds has been well established (Guenzi et al. 1967; 
Patrick 1971; Vaughan and Malcolm 1985; Coleman et  al. 1989; Koch et  al. 
1992; Blum et al. 1997; Lehman and Blum 1997; Bonanomi et al. 2006). Cir-
cumstantial evidence would suggest that this is also the case for the composition 
of inorganic compounds within litter and residues (see a. Hall et al. 1983 above). 
Thus, collecting litter and residues for bioassays at the right time of the year, the 
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right place (e.g., site where putative interactions are occurring), and under the 
right conditions (e.g., before or after major rain events or other disturbances) is 
essential.

	 For example, total phenolic acid content in ferulic acid equivalents of crimson 
clover (Trifolium incarnatum L.), rye (Secale cereale L.), subterranean clover 
(Trifolium subterraneum L.), and wheat (Triticum aestivum L.) cover-crop resi-
dues taken at monthly intervals from a field after glyphosate desiccation, de-
clined over time (Lehman 1993). However, the decline was not evident until 
2 months after the glyphosate desiccation for wheat and rye residues. After 4 
months the total phenolic acid content of the cover crop residues had declined by 
31, 36, 38, and 56 % for wheat, crimson clover, rye, and subterranean clover, re-
spectively. Similar observations have been made for DIBOA (2,4 dihydroxy-1,4-
benzoxazin-3(4H)-one) and two related compounds in rye (Yenish et al. 1995). 
For this study DIBOA and the related compounds, DIBOA glucoside and BOA 
(benzoxaolin-2-one), declined by 50 % 10–12 days after clipping. Both phenolic 
acids and DIBOA and related compounds have been shown to have inhibitory 
properties under appropriate conditions at the appropriate concentrations (see 
Barnes and Putnam 1987; Blum 2011). For variation of inorganic compounds 
in litter and residues over time see Buchanan and King (1993); Schomberg and 
Steiner (1999); Lupwayi et al. (2006); and Ventura et al. (2010).

c.	 Soils: The organic and inorganic content of soils and, thus, their allelopathic 
potential will vary with:

1.	 soil type,
2.	 the absence, or presence and nature of plant roots, mycorrhizae, and soil flora 

and fauna,
3.	 the nature, state, and horizontal and vertical distribution of tissues, litter, resi-

dues, organic matter, and soil flora and fauna,
4.	 the physicochemical and biotic environments of the soil and associated types 

and magnitudes of soil processes, and
5.	 management. (Börner 1960; Buckman and Brady 1965; Patrick 1971; 

Alexander 1977; Brady 1984; Vaughan and Malcolm 1985; Coleman et al. 
1989; Foth 1990; Blum et  al. 1991, 1992; Hartel 1998; Lavelle and Spain 
2001; Blum 2004, 2006, 2011).

Finally with the exception of pure IPA compounds, all other test materials 
(e.g., extracts, leachates, root exudates, tissues, litter, residues, and soil) are 
composed of complex mixtures of organic and inorganic compounds. In the 
past it was assumed, or at least implied by the experimental approaches taken, 
that plant-plant allelopathic interactions were primarily determined by specific 
organic compounds within such test materials. That was unfortunate since all 
active organic and inorganic compounds within a bioassay system, not just 
identified putative allelopathic organic compounds within the test materials, 
ultimately determine the stimulation or inhibition of sensitive species (see 
Sect.  1.2). Thus a few additional comments about allelopathic compounds, 
organic compounds, inorganic compounds, and the physical state of the test 
materials are warranted at this point.
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Allelopathic Compounds  As stated previously (see Sect. 1.3) the reader may have 
noticed some ambiguity in the way the term allelopathic compounds has been used 
in this volume. That stems from the fact that potentially any given organic com-
pound can function as a promoter, a modifier, an inhibitor, or as a neutral compound 
depending on a variety of factors. Some determining factors are the sensitivity of 
the species and the process being studied, the concentrations of the compounds, 
the nature of other organic (and inorganic) compounds present, and the biotic and 
physicochemical environments (Blum and Rice 1969; Rice 1984, 1986; Blum et al. 
1989, 1993; Gerig et al. 1989; Gerig and Blum 1991, 1993; Pandey 1994; Pue et al. 
1995; Blum 1996, 2006, 2011; Belz et al. 2005, 2007; Duke et al. 2006; Belz 2008; 
Gianinazzi et al. 2010; also see Sects. 3.6 and 3.7). Therefore, in an absolute sense 
there is no such thing as a compound that is always an allelopathic compound. 
There are only organic compounds that are promoters or inhibitors under the appro-
priate conditions. Restated, under the appropriate conditions and at the appropriate 
concentrations, organic compounds function as allelopathic compounds or agents. 
Theoretically this is true but from a practical perspective, there clearly are organic 
compounds in nature which at very low concentrations readily affect (stimulate or 
inhibit) plant processes and there are other organic compounds that require very 
high or unnatural concentrations, to affect plant processes. Additional justification 
for the continued use of the term allelopathic compounds given this ambiguity can 
be found in Sect. 1.3. The reader, however, should be clear as to what is meant when 
the term is used.

Organic Compounds  What is important to remember about organic compounds in 
the environment is the following:

1.	 That organic compounds can be reversibly or irreversibly sorbed to soil particles.
2.	 That organic compounds can be taken up by roots and mycorrhizae and detoxi-

fied, sequestered, and/or metabolized.
3.	 That microorganisms (flora and fauna) can modify and/or utilize organic com-

pounds as a carbon and energy source.
4.	 That all active organic compounds can directly or indirectly promote or inhibit 

germination, growth, development, and reproduction of seeds, seedlings, and 
older plants, and promote or inhibit growth and reproduction of microorganism.

5.	 That the actions of individual active organic compounds within mixtures of 
organic compounds on seeds, seedlings, older plants, and microorganisms can 
be independent or similar joint action (synergistic, additive, or antagonistic) 
depending on the composition of the mixture, the bioassay system, and the phys-
icochemical and biotic environments of the system (see Sects. 1.2, 1.4, 3.2, 5.3, 
and 6.2). That individual organic compounds within mixtures of organic com-
pounds can also function as modifying agents of active organic compounds.

6.	 That the composition of organic (and inorganic) compounds within a bioassay 
system will be determined by the background levels of the system, the treatments 
added to the system, and the actions of the bioassay species, microorganisms, 
and medium present within the system (Sects. 1.3, 2.1.1, 2.1.2, and 2.1.3).
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7.	 That the composition of the treatment materials will be determined by how and 
when the treatment materials were collected, processed, and applied to the bioas-
say systems (see Sects. 2.1.3.2 and 2.1.3.4).

8.	 That the concentrations required for specific effects of individual organic com-
pounds (or even simple mixtures) in laboratory bioassays are not consistent with 
the concentrations required for individual compounds imbedded in complex 
mixtures of organic (and inorganic) compounds (see Sect. 3.2.2.3).

Inorganic Compounds  As a general rule, the exception being nutrient and nutrient 
stress studies, researchers studying plant-plant allelopathic interactions have simply 
ignored or downplayed the importance of inorganic compounds. In fact, in some 
solution culture bioassays nutrients have been deliberately omitted. The general ten-
dency has been to simply make sure that nutrition is adequate or more than adequate 
for seedlings and older plants. The initial presence of inorganic compounds in the 
media (e.g., solutions and substrates such as soil) and the subsequent inputs of inor-
ganic compounds by extracts, leachates, root exudates, litter, residues, and nutrient 
solutions (e.g., Hoagland’s solution; Hoagland and Arnon 1950), however, can have 
considerable impact on when and how potential allelopathic organic compounds 
will affect seeds, seedlings, older plants, and microorganisms (see Hall et al. 1982, 
1983; Blum and Shafer 1988; Blum et al. 1993, 1999; Blum 2004, 2006, 2011). 
The types and concentrations of inorganic ions present will not only determine the 
availability of nutrients for plants and microorganisms but also determine pH, buff-
ering capacity, and solute potential of test solutions, substrate sorption of organic 
compounds (e.g., multivalent-cation bridging and formation of polymers), salinity 
of substrates, and substrate structure (e.g., formation of aggregates), to name a few 
(see Blum 2006, 2011). Care should, therefore, be taken when designing bioassay 
systems to provide and maintain inorganic compounds (e.g., nutrients) at consistent 
and relevant levels (see Sect. 3.2.2.4).

Physical State of Test Materials  Let us assume that the test materials have been 
properly collected, processes, stored, and applied to laboratory bioassay systems 
(see Sects. 2.1.3.2–2.1.3.4). Since the physical states of individual organic and inor-
ganic compounds in solutions such as leachates and root exudates are ultimately 
determined by the physical and biotic environments of a bioassay systems creating 
and maintaining field-relevant bioassay systems and/or adequately characterizing 
other types of bioassay system are/is essential for interpreting and evaluating the 
relevance of the resulting data (see Sect. 3.2.2). For tissues, litter and residues the 
outcome of a bioassay can be, and likely will be, determined by the type, composi-
tion, and particle size (physical state) of tissue, litter, and residue added to the sys-
tem (Ells and McSay 1991; Blum 1999). (Note: Effects are also determined by their 
location (see Sect. 6.5).) The smaller the size of the particles of a treatment sam-
ple, the faster the water soluble compounds will be released and decomposed. The 
larger the size of the particles of a treatment sample, the slower the water soluble 
compounds will be released and decomposed. The former will provide a pulse dose 
(higher concentration over a short time interval) and the latter a more phased or 
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chronic dose (lower concentration over an extended time interval although it is very 
likely that an initial pulse will also occur). Clearly actual particle size of the samples 
collected in the field should be maintained wherever and whenever possible.

Final Comments  Given this range of variability for test materials, the importance 
of adequate and representative sampling is absolutely essential if meaningful (i.e., 
field relevant) information is to be obtained from bioassays. Otherwise the stimula-
tion or inhibition observed in bioassays for the collected test materials may not be 
representative for the time period and location of interest. The bottom line, one of 
the important decisions a researcher studying plant-plant allelopathic interactions 
makes is when and where he or she collects test materials (i.e., the source) and then 
how those samples are processed and used in bioassays.

2.1.3.2 � Collecting and Storing of Test Materials

Identified Putative Allelopathic (IPA) Organic Compounds  For purchased, 
isolated, or synthesized pure compounds this is fairly straight forward since dif-
ferent concentrations of compounds can be mixed directly into a substrate, added 
in solution form to a substrate, (e.g., soil, sand, or gravel; substrate culture; Blum 
and Rice 1969; Blum et  al. 1993) or used in solution form without a substrate 
(solution culture; Einhellig et  al. 1970; Einhellig and Kuan 1971; Blum et  al. 
1984). A description of the synthesis, isolation, purification, and collection of 
sufficient quantities of pure putative allelopathic compounds is beyond the scope 
of this volume. For procedures regarding isolation, identification, purification, 
and collection of allelopathic compounds, the reader may wish to consult Waller 
et  al. (1999); Yu and Dahlgren (2000); and Sampietro et  al. (2009). Stocks of 
most pure liquids or dry compounds can be readily stored in their containers in 
the laboratory. Replacing air in storage containers with nitrogen may also provide 
a benefit for some compounds by reducing or eliminating oxidation. However, 
if liquid dilution series are created, they should be properly adjusted for pH and 
water potential and used immediately in bioassays. If there is a delay in their 
use, they should be filter sterilized or refrigerated for short delays and frozen for 
longer delays. However, freezing of such dilution series is generally not recom-
mended since freezing and subsequent thawing are likely to alter the nature of the 
solutions.

Extracts  For the extractions of tissue, litter, residue and soil samples, the follow-
ing aspects should be considered before choosing and implementing a particular 
type of extraction procedure. Although tissues, litter, and residues extracts have 
frequently been tested in bioassays in the past, such bioassays are no longer rec-
ommended since they are not representative of what is lost from tissues, litter, and 
residues (for details see Sect. 2.1.3.3). For crude initial surveys of allelopathic 
potential they may, however, be useful as long confounding factors such as water 
potentials, pH, and potential anaerobic conditions are accounted for in the experi-
mental design.
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a.	 Tissues: Organic solvent extracts of tissues cannot be used directly in bioassays 
for obvious reasons. Organic solvents must first be replaced by water. However, 
removal of organic solvents by freeze-drying, flash evaporation, or air-drying 
alters the nature of extracts as the organic and inorganic compounds in extracts 
are concentrated and precipitated. The bottom line, it is best to avoid organic 
solvent extracts altogether in bioassays. Water extractions are much more 
appropriate.

	 Cold, ambient or boiled distilled water extractions of ground or chopped liv-
ing tissues have frequently been used in the past (Abdul-Wahab and Rice 1967; 
Wilson and Rice 1968; Rice 1984; Quayyum et al. 2000; Kumar et al. 2009). 
Boiled extractions are probably better than ambient or cold water extractions 
because the boiling reduces or eliminates degradation by enzymes associated 
with released by cold extraction procedures and reduces or eliminates micro-
bial utilization and synthesis after extraction. However, since solubility of both 
organic and inorganic compounds is modified by temperature, the quantitative 
and qualitative composition of cold, ambient, and hot extracts will be different. 
Extraction of uncut, cut or ground freeze-dried, air-dried, or oven-dried tissues 
has also been a common practice (Guenzi et al. 1967; Leather 1983a; Liebl and 
Worsham 1983; Wardle et al. 1992; An et al. 2000; Wu et al. 2007). Freeze-dry-
ing maintains the chemistry of the living tissue. Air- or oven-drying changes the 
chemistry of the tissue during the drying process. The chemistry of air-dried tis-
sue may, in fact, be more closely related to early stages of senescing tissues than 
living tissues. Oven-dried tissues have a highly modified chemistry, something 
that is to be avoided. The actual physical and chemical nature of extracts are 
determined by the source and type of the tissue (e.g., species, tissue type: leaves, 
roots, etc., health, acclimation, and growth environment of the plants from which 
the samples were taken, presence or absence of symbiotic relationships), tissue 
processing prior to extraction (e.g., freeze-drying, oven-drying, chopping, grind-
ing, etc.), and the extraction procedure used (e.g., extraction time, temperature, 
solvent, solvent/tissue ratio, etc.).

b.	 Residues: Most of the above comments about living tissue extracts are directly 
applicable to plant litter and residue extracts. However, extracts of litter and 
residues have generally not been tested. More commonly leachates of litter 
and residues or litter and residues have been tested directly in bioassays (see 
Sect. 2.1.3.3).

c.	 Soil: A variety of extractants and extraction procedures have been utilized to 
recover a range of potential allelopathic compounds present in soil (see Whitehead 
1964; Flaig 1971; Kaminsky and Muller 1977; Whitehead et  al. 1981, 1982; 
Hartley and Whitehead 1985; Dalton et al. 1987; Cheng 1990; Blum 1997, 2011; 
Blum et al. 1991, 1992, 1994; An et al. 2000; Ohno et al. 2000). Extractants have 
ranged from water to organic (e.g., methanol, ethylenediamine tetraacetic acid 
[EDTA], sodium acetate) and inorganic (e.g., NaOH) solutions. Extraction pro-
cedures have ranged from soaking for various time periods to autoclaving with 
subsequent filtering or centrifugation. What is recovered (i.e., free, reversibly 
sorbed, or irreversibly sorbed) depends on soil type, the physicochemical nature 
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of the extractant (e.g., pH, temperature, and chemical composition), and extrac-
tion procedure (e.g., soaking, shaking, time, pressure, and solvent/soil ratio). 
However, only extraction procedures that recover compounds that are available 
to seeds, roots, mycorrhizae, and soil organisms (e.g., free and reversibly bound) 
are appropriate for field-relevant bioassays (Blum 2011). Furthermore, to test 
soil extracts in bioassays requires that the extracts be water based since both 
organic and inorganic extractants will/may be inhibitory/toxic to seeds, roots, 
and mycorrhizae and their associated microorganisms.

	 In general distilled water, rain water (real or simulated (see Sect. 4.3.3)), or irri-
gation water (when fields are irrigated) are recommended for the extraction of 
available (i.e., free and some reversibly sorbed) organic compounds from soil. 
However, the use of distilled water can be disruptive to algal, microbial, and plant 
cells and, thus, release contents of such cells into the soil during soil extractions. 
The length of time for water extractions, particularly at ambient temperatures, 
should be fairly short, since longer extraction times will likely be associated 
with the utilization and synthesis by microorganisms, sorption, desorption, and 
resorption of compounds to soil particles, oxidation/reduction, and polymeriza-
tion. Utilization and synthesis by microorganisms can be eliminated by first 
sterilizing the soil (Dalton et al. 1983) or by using a water-autoclave extraction 
procedure (see Blum et al. 1991, 1992; Blum 2011). However, sterilizing soils 
directly or indirectly by the water-autoclave extraction procedure will modify the 
physicochemical nature of soils (e.g., modify sorption, desorption, and fixation 
of both organic and inorganic compounds present in the soil) and soil extracts 
(e.g., modify organic and inorganic composition).

Once collected, plant tissue, litter, residue, and soil extracts should be filtered 
or centrifuged to remove insoluble particles before testing and used immediately. 
As stated previously plant tissue, litter, and residue extracts are no longer recom-
mended for use in bioassays (see Sect. 2.1.3.3). If plant tissue, litter, and residue 
extracts are to be used for crude initial surveys of allelopathic potential, they and 
soil extracts should be filter sterilized or refrigerated for short delays and frozen for 
longer delays. Extended refrigeration or freezing, however, may modify the overall 
chemical composition of extracts due to the precipitation of various components 
within the extracts. For those not filter sterilized, utilization and synthesis by micro-
organisms will modify those extracts over time.

Leachates  A variety of approaches has been used to collect leachates from plants, 
litter, residues, and soils. Among them are the following procedures:

a.	 Leaves: Throughfall and fog drip under vegetation canopies are the most repre-
sentative of actual leachates in nature (del Moral and Muller 1969; Gallet and 
Pellissier 1997; Nilsen et al. 1999). However, the chemical and physical proper-
ties of throughfall and fog drip do vary with the type and nature of the canopy, 
sample location in and under the canopy, when and how samples are collected, 
and the physical (e.g., frequency, volume, and rates) and chemical nature of rain 
and fog events. Representative sampling locations and proper collecting and 
handling of samples are, therefore, essential.
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	 Leachates of leaves (also petioles, stems, bark, flowers, and fruit leachates) have 
been collected by spraying plants with distilled water, rain water, simulated-rain 
water, or other types of solutions (Long et al. 1956; Tukey et al. 1957; Tukey 
1966; Wilson and Rice 1968; Al-Naib and Rice 1971; Chou and Muller 1972; 
Cogbill and Likens 1974; Scherbatskoy and Klein 1983; Percy 1986; DuBay 
and Heagle 1987; Shafer et  al. 1985; Shafer 1988, 1992). The physicochemi-
cal nature (e.g., composition, pH, etc.) of leachates collected will not only vary 
with species, leaf shapes and surface areas, amounts and types of leaf hairs and 
glands, nature of cuticles (e.g., thickness, cracks and crevices), angles and posi-
tions of leaves on plants and in the canopy, stages of maturity of the leaves, types 
and amounts of leaf injury, and past and present growth environments of plants 
and their leaves but also with the composition, temperature, pH, pressure, drop-
let size, volume, rate, frequency, retention time of the solution applied and time 
of day when samples are collected.

	 Leaf leachates have also been collected by immersing leaves in distilled water 
(Tukey and Mecklenburg 1964). Leaf leachates obtained with distilled water 
by either immersion or spraying are the least natural in their physicochemical 
nature (e.g., composition and pH, etc.) because the gradient generated between 
leaf content and distilled water is greater than what would be found with rain 
water. Distilled water can also be very disruptive to leaf cells because of its water 
potential (i.e., approximately zero).

	 Finally, no matter how collected, the composition of both organic and inorganic 
compounds in leaf leachates (also petiole, stem, bark, flower, and fruit leachates) 
will also be determined by the solubility (e.g., the hydrophobic or hydrophilic 
nature) of compounds being leached, the mobility of the compounds within and 
outside of leaves (e.g., bound or free, membrane and cuticle permeability), and 
the existing gradient between internal concentrations of leaves and the external 
concentrations of the leachate solution. For a given solution, however, the longer 
the droplets are on leaves (or the leaves are immersed in a solution) the greater 
will be the concentration of the compounds leached from those leaves. The high-
est concentrations will be recovered the first time leaves are leached and will 
decline with subsequent leaching events unless adequate time is provided for 
leaves attached to plants to recover. The first leachate will include materials on 
the surface of the leaves (e.g., dust, soil particles, microbe, insect remnants, etc.). 
A series of plants (leaves, etc.) should be used in rotation if bioassays are to be 
run over extended periods.

b.	 Litter and Residues: In theory surface litter and residue leachates collected by 
properly preconditioned lysimeters (e.g., acid washed, aged in soil; see Dalton 
1999) just underneath plant litter and residue layers in the field are the most rep-
resentative of actual surface litter and residue leachates in nature. The chemical 
and physical properties of surface litter and residue leachates do, of course, vary 
with the type and nature of the litter and residue layer, the chemical and physical 
properties of rain, the frequency and volume of each rain event, the location of 
the lysimeter, the time samples are collected (e.g., during or after a rain event; 
length of time solutions were in lysimeter), and time of year. Simulated-rain 
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events may also be used with lysimeters in the field (see Sect. 4.3.3). Another 
option would be to bring undisturbed or minimally disturbed surface litter and 
residue samples (i.e., maintaining the profile of the litter and residue layer) into 
the laboratory. For these samples simulated-rain events could be used to collect 
leachates directly without lysimeters. Surface plant litter and residue leachates 
have also been collected by soaking plant litter or residues in water solutions for 
various periods of time at temperatures from below ambient to boiling (Nilsen 
et al. 1999; An et al. 2000; Bonanomi et al. 2006; Nakano et al. 2006). Ambient 
temperatures are probably the most realistic but degradation by microorganisms 
can be a problem if leachate times are too long. Placing residues in boiling water 
to obtain leachates is the least realistic particularly when the residues have been 
chopped or ground.

	 The author is not aware of any studies on belowground litter and residue leach-
ates independent of soil and living roots and mycorrhizae. Studies of below-
ground root litter and residue leachates independent of living roots, mycorrhizae, 
and soils, however, could prove to be very useful in distinguishing their role from 
the role of surface litter and residue leachates in allelopathic interactions. Once 
collected and cleaned (i.e., soil is gently removed by brushing), simulated-rain 
events (see Sects. 2.1.3.2, 4.3.3, and 4.3.5.1) may be used to collect leachates 
from root and mycorrhizal litter and residues in the laboratory. When cleaning 
belowground plant samples, water should not be used unless absolutely neces-
sary and then washing should be minimized as much as possible to limit the loss 
of both organic and inorganic compounds from the samples. Finally, litter and 
residue samples should never be chopped, ground or oven-dried if they are to be 
used to collect realistic leachates.

c.	 Soils: Soil leachates and soil solutions have been collected with lysimeters 
(Grover and Lamborn 1970; Neary and Tomassini 1985; Debyle et  al. 1988; 
Hughes and Reynolds 1988; Dalton 1993, 1999; Zabowski and Ugolini 1990) 
in soils with adequate moisture or after sufficient rain or irrigation events (e.g., 
gravitational water). Lysimeters need to be properly preconditioned (e.g., acid 
washed, aged in soil; see Dalton 1999) before they are used to collect leachates 
and soil solutions. What is recovered from the lysimeters is determined by their 
location in the soil, physical and chemical nature of the soil, rate and extent 
of soil solution movement in the soil, volume of the soil solution, activity of 
microorganisms, tissues, litter, and residues present, etc. Soil solutions have 
also been collected from moist soils by centrifugation of soil samples. However, 
the volume collected is generally not sufficient for seed and seedling bioassays 
(Zabowski and Ugolini 1990).

Leachates, no matter their source, should be collected and filtered to remove in-
soluble particles and used immediately. If there is to be a delay in their use they 
should be filter sterilized or refrigerated for short delays and frozen for longer 
delays. Extended refrigeration or freezing, however, may modify the overall chemi-
cal composition of the leachates due to degradation, activity of microorganisms, 
and the precipitation of various components within the leachates.
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Plant Tissues, Litter, and Residues  Plant tissues, litter, and residues may be 
collected from plants grown in growth chambers, greenhouses, or field plots. 
Growth chamber and greenhouse environments can provide ample sources of liv-
ing tissues while field environments are an excellent source of both living tissue 
and dead tissues (i.e., litter and residues). However, due to the differences in 
morphological, anatomical, and chemical characteristics of plant materials from 
these locations and, thus, their allelopathic potentials, it is generally best to collect 
these materials from field plots. This can be fairly easily done for aboveground 
shoot tissue, litter, and residues. Root and mycorrhizal tissues, litter, and residues 
are somewhat more difficult to obtain and are usually obtained with soil cores or 
from soil pits. The soil associated with root and mycorrhizal tissues, litter, and 
residues may then be removed by sorting, screening, or washing (see next para-
graph). At that point recognizable root and mycorrhizal litter and residues may be 
separated from living roots and mycorrhizae. However, identifying and isolating 
root and mycorrhizal litter and residues from living roots and mycorrhizae is an 
onerous task since identifying belowground living and dead tissues is in most 
cases extremely difficult and time consuming (Böhm 1979; Schenk 1982). After 
plant tissues, litter, and residues are collected, cleaned, and sorted they may be 
used directly in bioassays, air-, oven-, or freeze-dried before being used in bio-
assays, or stored for future use (Abdul-Wahab and Rice 1967; Wilson and Rice 
1968; Al-Naib and Rice 1971; Leather 1983a, b; Putnam et al. 1983; Weston et al. 
1989; Lehman and Blum 1997; Kamara et al. 1999; Staman et al. 2001; Moonen 
and Bàrberi 2006; Kumar et al. 2009).

The chemical composition of plant tissues, litter, and residues collected will, 
of course, vary with species, tissue type, stage of development, stage of the life 
cycle, and growth environment. For litter and residues chemical composition will 
also vary with the cause of mortality (e.g., natural causes, herbicide desiccations, 
etc.), time of abscission or loss, weathering, and decomposition. Tissues, litter, 
and residues should not be washed unless absolutely necessary and then wash-
ing should be minimized as much as possible to limit the loss of both organic 
and inorganic compounds. Oven-drying of plant tissues, litter, and residues is 
not recommended since that will modify their chemistry excessively. Air-drying 
will also change the chemistry but one can argue that these changes in chemistry 
are somewhat similar to changes that occur in nature. This may be the case for 
aboveground litter and residues but is unlikely to be the case for root and mycor-
rhizal litter and residues except under extended drought conditions. Freeze-drying 
will maintain the chemistry at the time of collection. Dried plant tissues, litter, 
and residues can be stored for short periods in a cool dry place in the dark before 
they are used in bioassays but extended storage is not recommended. Dried plant 
tissues, litter, and residues should never be chopped or ground before storage be-
cause the increased surface area will expedite oxidation and associated chemical 
changes. Furthermore, chopped and ground living or dead tissue should not be 
mixed into soil for bioassays unless the researcher wishes to determine a worst-
case scenario or doing so would be consistent with field management practices 
(Blum 1999).
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Root Exudates  The use of the term root exudates in root-root allelopathic interac-
tions is somewhat misleading since exudates actually constitute only a part of the 
loss of organic compounds from roots (Rovira 1969; Rovira et al. 1979; Smith 1970, 
1976; Moody et al. 1988; Bertin et al. 2003; Bais et al. 2006). Exudates accord-
ing to Rovira et al. (1979) are composed of organic compounds of low molecular 
weight which leak (a passive process) from root cells. Roots also lose organic com-
pounds by way of secretions, lysates and the production and release of mucilages. 
Secretions are composed of low and high molecular weight compounds which are 
released from root cells mediated by metabolic processes. Lysates are composed of 
low and high molecular weight compounds which are released by autolysis of epi-
dermal and cortical cells. Mucilages are composed of a complex of high molecular 
weight compounds secreted by living epidermal cells, root hairs, and root cap cells. 
They are also a product of hydrolysis of primary cell walls and bacterial degrada-
tion of primary cell walls of old and dead epidermal cells. The resulting gelati-
nous matrix, a product of the root-microbial-soil complex, is referred to as mucigel. 
Roots also loose inorganic compounds to the soil and take up both organic and 
inorganic compounds from the soil. All of the above processes (e.g., exudation, 
secretion, uptake, etc.) will be determined and regulated by the species involved, 
their state of development, presence or absence of symbiotic relationships, and 
their biotic and physicochemical environments (Rovira 1969; Shay and Hale 1973; 
Barber and Gunn 1974; Barber and Martin 1976; Smith 1976; Přikryl and Vančura 
1980; Bertin et  al. 2003; Jones et  al. 2004, 2009; Neumann and Römheld 2007; 
Carvalhais et al. 2011). Plants with mycorrhizae have additional pathways of uptake 
and of loss for both organic and inorganic compounds by the mycorrhizal hyphae 
in the rhizosphere and hyphosphere (Jones et al. 2004, 2009; Toljander et al. 2007; 
see Sect. 3.7.4). Given the actual multifaceted nature of what is lost from roots and 
mycorrhizae, root exudates from here on out will be referred to as “root exudates 
plus”. Furthermore, given:

a.	 the complex chemistry of “root exudates plus”,
b.	 the close association of microorganisms (e.g., actinomycetes, bacteria, fungi, 

etc.; see Sect. 3.7) and fauna with the rhizoplane and rhizosphere of roots, and 
the rhizoplane and mycorrhizosphere (i.e., rhizosphere, and hyphosphere, i.e., 
see Sect. 3.7.4) of mycorrhizae,

c.	 the continuous turnover of organic and inorganic compounds released from roots 
and mycorrhizae (e.g., uptake, utilization, transformation, transport, sorption, 
desorption, oxidation/reduction, polymerization, etc.), and

d.	 the variable and complex nature of soils (e.g., texture, structure, clay, organic, lit-
ter and residue content, etc.) surrounding roots and mycorrhizae of both produc-
ers and receivers, the collection of realistic “root exudates plus” samples from 
roots and mycorrhizae, as well as soils surrounding roots, will be extremely dif-
ficult under field conditions although some have tried (e.g., Smith 1970, 1976).

To get around this problem researchers studying allelopathic plant-plant interac-
tions in the past have primarily used two approaches. “Root exudates plus” leach-
ates have been tested by direct transfer from producing plants to receiving plants 
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(see leachate bioassays of Sects. 4.2.3 and 6.3) or “root exudates plus” samples have 
been extracted from media and tested in bioassays. However, the rhizosphere and 
mycorrhizosphere, per say, have been probed by much more sophisticated methods 
(see Narasimhan et al. 2003; Newmann et al. 2009; Badri et al. 2013).

Direct transfers of “root exudate plus” leachates between plants have been car-
ried out in solution-sand/gravel culture (two or more container or stair-step systems; 
Bonner and Galston 1944; Martin and Rademacher 1960; Abdul-Wahab and Rice 
1967; Wilson and Rice 1968; Bell and Koeppe 1972; Newman and Miller 1977; 
Kochhar et al. 1980) without and with XAD-4 resin columns (Tang and Young 1982; 
Tang 1986; Tang et al. 1989; Yu and Matsui 1994, 1997), and sterile agar culture 
(Wu et al. 2000a, b, 2007; Huang et al. 2003). In the absence of microorganisms, 
leachates consist primarily of the water-soluble (hydrophilic) compounds released 
by roots. (Note: Some chemical oxidation/reductions may occur after compounds 
are released from roots.) In the presence of microorganisms, leachates consist of 
water-soluble compounds released by roots and mycorrhizae, compounds modified 
by microorganisms, compounds synthesized by microorganisms, and compounds 
that have been oxidized or reduced during the transfer process. Few, if any, water 
insoluble compounds would be expected to be transferred between plants by “root 
exudates plus” leachates. The question of whether non-polar (hydrophobic) com-
pounds may be partially solubilized or carried in water solution by mixtures with 
other amphiprotic compounds (having characteristics of both an acid and a base 
and acting as either) has really not been adequately determined. There is also the 
issue that some volatile compounds such as cineole which have been considered 
to be “insoluble” (hydrophobic) may in fact be fairly water-soluble. For example, 
oxygenated monoterpenes are soluble in the hundreds of ppm and which is much 
higher than the solubility of phenolic compounds like juglone (Weidenhamer, Per-
sonal Communications; also see Martin and Weidenhamer 1995). In addition since 
the rates and amounts of “root exudates plus” released from roots and mycorrhizae 
are to a large extent regulated by rates of leaching, activity of microorganisms, 
growth rates of shoots and roots, presence or absence of symbiotic relationships, 
type of substrate, nature of the substrate solution surrounding the roots and my-
corrhizae, rates of substrate sorption/desorption, and the growth environment, the 
“root exudates plus” produced and tested by direct transfer in sand/gravel culture 
or that produced under sterile conditions in agar or solution culture will not be 
qualitatively or quantitatively the same as “root exudates plus” produced in soils 
in the laboratory and in the field (Shay and Hale 1973; Barber and Gunn 1974; 
Barber and Martin 1976; Přikryl and Vancura 1980; Hodge et al. 1996). The direct-
transfer technique(s) can, however, provide some insight into potential plant-plant 
allelopathic interactions and how such interactions may be modified by various 
physicochemical and biotic factors that regulate the production of water-soluble 
components of “root exudates plus” by roots and mycorrhizae.

Samples from direct-transfer systems, sterile or non-sterile solution culture, or 
sterile or non-sterile agar culture have also been collected and tested for allelopathic 
activity. Frequently organic compounds from these samples have been isolated by 
a range of techniques (e.g., chromatographic techniques) or captured on and then 
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extracted from various types of sorption materials such as XAD resins (see Sect. 6.3 
for other potential sorption materials; Börner 1960; Rovira 1969; Shay and Hale 
1973; Smith 1970, 1976; Přikryl and Vančura 1980; Tang and Young 1982; Tang 
1986; Tang et al. 1989; Moody et al. 1988; Pérez and Ormeňo-Nuňez 1991; Yu and 
Matsui 1997; Pramanik et al. 2000; Wu et al. 2001a, b; Hao et al. 2007; Yang et al. 
2010; Zhang et al. 2010). Capillary mats and in situ tube microextractions have also 
been used to recover a range of organic compounds on root surfaces (i.e., rhizo-
plane) and within the rhizosphere and mycorrhizosphere and identified and quanti-
fied (Czarnota et al. 2001, 2003; Mohney et al. 2009; Weidenhamer et al. 2009; 
Barto et al. 2012). In case of delay in testing collected “root exudate plus” leachates 
or IPA compounds collected from “root exudate plus” they should be processed 
and stored the same way as leachates, solutions, and IPA compounds described in 
previous subsections.

2.1.3.3 � Uses for Test Materials Collected

Identified Putative Allelopathic (IPA) Organic Compounds  Purchased com-
pounds or compounds that have been isolated from plant and soil extracts, leach-
ates, and “root exudates plus” when used in solution culture (see Sect. 6.2), can 
provide considerable insight regarding the potential stimulation (facilitation) or 
inhibition (phytotoxicity) of individual compounds or mixtures of compounds 
and how such stimulation or inhibition may be modified by various environmen-
tal factors (e.g., pH, water potential, inorganic compounds, other organic com-
pounds, temperature, light intensity, populations of microorganisms, and with or 
without the presence of symbiotic relationships; see Sect. 5.2.3). This can readily 
be achieved by manipulating these factors for solution cultures. Factors, however, 
change over time for solution cultures due to physical and biotic processes. The 
ability to completely replace solutions at various time intervals for solution-cul-
ture bioassays can help in maintaining the desired range of minimum and maxi-
mum concentrations of IPA compounds, pH, solute potential, etc. over time and 
to some extent controlling microbial populations. Solution-culture bioassays also 
provide an opportunity to gain insight into the modes of action by which IPA com-
pounds affect bioassay species. The primary down side of using solution culture 
bioassays is the atypical environment (e.g., aeration, total immersion of seeds, 
root, and mycorrhizae, distribution of compounds being tested, and absence of 
modifying compounds, etc.) of solution cultures for seeds, roots, and mycorrhizae 
(see Sect. 7.2).

When added to substrate culture in solution form (see Sect. 6.2), they provide an 
opportunity to determine how substrate characteristics (e.g., pH, organic matter 
and clay content, inorganic compounds, microbial populations, moisture content, 
aeration, and compaction) modify the stimulation or inhibition of such compounds. 
Benefits of using treatment solutions containing IPA compounds in substrate bioas-
says are:
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a.	 the ability to modify, adjust, and maintain the composition and concentrations of 
identified putative allelopathic (IPA) compounds for the treatment solution,

b.	 the ability to readily adjust treatment solutions for such things as pH, content of 
inorganic compounds, solute potential, etc. so that these remain within desired 
limits for all treatments,

c.	 the ability to readily alter the nature of treatment solutions in order to determine 
how pH, inorganic compounds, other organic compounds, etc. can modify the 
effects of IPA compounds, and

d.	 the ability to add treatment solutions repeatedly over time at predetermined 
intervals or continuously by drip irrigation to replenish and regulate maximum 
and minimum concentrations of IPA compounds under study.

The down side of using treatment solutions containing IPA compounds is:

a.	 there is little control over the distribution patterns within a substrate system,
b.	 the amount of solution that can be added per treatment to substrates can be limit-

ing particularly for small volumes of substrate,
c.	 depending on solubility, there are limits to the concentrations that can be added 

per treatment or over time,
d.	 that for repeated additions, if substrate losses are slower than inputs, concentra-

tions of the compounds of interest will increase in the soil with time, and
e.	 the potential creation of atypical factors (e.g., intense modification of microbial 

populations by differential selection, amplification, and suppression of specific 
microbial species) by frequent additions of treatment solutions to environmen-
tally enriched (e.g., adequate to excessive nutrition, soil moisture, etc.) substrate 
cultures.

IPA compounds in dry form can be directly mixed into a substrate (e.g., soil; Blum 
et  al. 1993). The initial desired distribution pattern within the substrate for such 
additions can readily be achieved except for very low concentrations of IPA com-
pounds. However, multiple additions to substrate once the bioassay is in progress 
are not possible without considerable disturbance of the bioassay system. They can 
be applied to the substrate surface at that point but, depending on the solubility of 
the compounds being tested, toxicity at or near the substrate surface and the result-
ing steep vertical gradients within the substrate will be a problem. Adjusting pH, 
solute potential, etc. of the substrate solutions for the different IPA concentrations 
added to a substrate in dry form will also be extremely cumbersome. In addition the 
amount of dry compounds added to the surface or mixed into substrate that is dis-
solved in the substrate solution is not predictable and, thus, available concentrations 
within a system are an unknown.

Organic Solvent Extracts of Plant Tissues, Litter, and Residues  Organic sol-
vents are best used to isolate, identify, and collect solvent-soluble organic com-
pounds that may have promoter, inhibitor, or herbicidal properties. Organic solvent 
extracts cannot be used in bioassays unless the organic solvents are first removed 
and replaced with water. In the process of replacing organic solvents with water the 
physical and chemical properties of the extract will be modified.
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Water Extracts of Plant Tissues, Litter, and Residues  Water extracts are best 
used to isolate, identify, and collect water-soluble organic compounds that may 
have promoter, inhibitor, or herbicidal properties. They could be used in bioassays 
but their use is not recommended for even preliminary tests of potential allelopathic 
activity because composition and concentrations of both organic and inorganic 
compounds in tissue, litter, and residue extracts are totally inconsistent with what 
is released from living plants, plant litter, and plant residues under field conditions. 
In addition, effects of water potential, pH, potential anaerobic properties, and enzy-
matic degradation of extract are confounding factors that make the identification of 
cause and effect extremely challenging.

Organic and Inorganic Solvent/Extractant Extracts of Soils  Some examples of 
solvents or extractants that have been used are methanol, sodium acetate, citrate, 
Melich III, ethylenediamine tetraacetic acid (EDTA), NaOH, etc. (see Dalton et al. 
1987; Blum 1997; Dalton 1999). Such extracts are best used to isolate, identify, and 
collect compounds that may have promoter, inhibitor, or herbicidal properties. They 
are also excellent when used in combination with water extracts of soil for deter-
mining the states of the compounds in soil (free, reversibly or irreversibly sorbed) 
as well as for determining how various physicochemical and biotic factors may 
modify reversible and irreversible sorption to soil particles, uptake by seeds and 
roots (with or without symbiotic relationships), and utilization by soil organisms 
(see Blum 2011). These types of extracts cannot be used in bioassays unless the 
organic solvents (e.g., methanol) or the organic (e.g., EDTA, citrate, acetate) and 
the inorganic compounds (e.g., Na) of the extractants are first removed and replaced 
with water. Replacement of organic solvents may be achieved by evaporating or 
flash-evaporating extracts to dryness before dissolving the remaining organic and 
inorganic precipitates in water. Removal of organic and inorganic compounds (e.g., 
EDTA, citrate, acetate, Na) of extractants may be achieved with dialysis, anion and 
cation resin columns, or molecular sieves but these are very cumbersome and uncer-
tain processes particularly for large volumes of extracts. In both instances the result-
ing solutions will be very different from the original soil solutions in pH, content 
of organic and inorganic compounds, water potential, etc. An additional reason for 
not using these extracts in bioassays is that in some instances they contain organic 
compounds that are not available to interact with seeds, roots, mycorrhizae, and 
soil organisms (e.g., compounds that are irreversibly sorbed to soil particles and the 
recalcitrant organic matter of the soil).

Water Extracts of Soils  At ambient temperature and pressure water extracts 
recover what is in the soil solution and probably a small portion of what is revers-
ibly sorbed to soil particles. This fraction has frequently been referred to as the free 
or soil solution fraction in the soil (compared to the reversible and the irrevers-
ible fractions) that is available to interact with seeds, roots, mycorrhizae, and soil 
organisms (Note: Both free and reversibly bound organic compounds are available 
to interact with seeds, roots, mycorrhizae, and soil organisms, thus ambient water 
extractions recover only part of what is available.). However, extraction times for 
these must be fairly short. For longer extraction times extracts will be modified 
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by the utilization, conversion, and synthesis of organic compounds by soil organ-
isms, sorption, desorption, and resorption to soil particles, and oxidation/reduction 
of organic compounds.

Extractions using higher temperatures and pressures, assuming temperature 
and pressure are sufficiently high enough, will eliminate activity of soil organisms 
but will increase the probability that compounds that are normally not available to 
seeds, roots, mycorrhizae, and soil organisms will be recovered (e.g., compounds 
that are irreversibly sorbed to soil particles and the recalcitrant organic matter of the 
soil; see Blum 2011). When utilizing water extracts obtained with ambient or higher 
temperatures in bioassays, extract properties such as level of dilution, water poten-
tial, pH, and inorganic compounds must be accounted for in the experimental design 
(see Sects. 4.4.3 and 6.4.2). However with an appropriate experimental design, po-
tential allelopathic effects of soil-water extracts for a given set of soil samples can 
be determined in the presence of other causative and modifying environmental fac-
tors (e.g., see Sect. 6.4.2). Water extracts of soil may also be used to isolate, identify, 
and collect compounds which may have promoter, inhibitor, or herbicidal properties 
although the author suspects that other more rigorous extraction procedures would 
be more effective in isolating and collecting such compounds.

When all is said and done, water extracts of soil at a given point or given points 
in time will provide only minimal, if any, information on turnover, flux, or flow 
rates of organic and inorganic compounds in soil systems and only a portion of the 
reversible sorbed fraction in the soil. Quantities of both organic and inorganic com-
pounds recovered by water extraction of soil, if done properly, actually represent 
water extractable residuals or net concentrations left in the soil (i.e., what is left af-
ter reversible and irreversible sorption, microbial utilization, uptake by seeds, roots 
and mycorrhizae, etc. have taken place; see Sect. 1.4). If quantities of free organic 
and inorganic compounds recovered are expressed as units/unit of actual moisture 
in the soil [e.g., µM], then the resulting concentrations are approximately equivalent 
to soil solution concentrations at a given point in time. Estimating total available 
concentrations in soil will require not only data for the water extractable fraction but 
also data for the reversibly sorbed fraction not recovered by water extraction, and 
the flows, fluxes, or flow rates to seeds, roots, mycorrhizae, microbes, soil particles, 
etc. (i.e., source-sink relationships).

Throughfall and Leaf Leachates  If carried out and collected properly, throughfall 
leachates contain what was actually lost from leaves, stems, fruits, etc. within the 
canopy and what was present in the initial rain water during a specific rain event 
in the field. Leachates generated by artificial or simulated-rain events in the field 
or laboratory using collected rain water, simulated-rain water (see Sect. 4.3.3), or 
irrigation water are an attempt to simulate throughfall leachates under more con-
trolled conditions. The use of irrigation water is, however, not recommended unless 
overhead irrigation is part of the normal system management. Unfortunately the 
composition of leachates no matter how they are collected are highly variable both 
in the field and the laboratory for obvious reasons (e.g., composition and nature 
of canopy or plants, frequency of rain events, time between rain events, rates and 
length of rain events, etc.). The bottom line is that the chemical compositions of 
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throughfall and simulated leachates for any given event or location represent only 
a small fraction of all the possible chemical compositions of leachates that can 
occur in the field or in the laboratory. Therefore, the best that either can demon-
strate is the potential for allelopathic effects (e.g., the difference in effects between 
rain water above the canopy and throughfall or leachate below the canopy) for the 
conditions under which the throughfall or leachates were collected and the nature 
and environment of the bioassay system. An upside for using collected rain water, 
simulated-rain water, or irrigation water to obtain leachates is that their physico-
chemical nature (e.g., composition, pH, etc.) can be readily manipulated prior to 
application to leaves, plants, or canopies to determine how different physical and 
chemical factors of rain water, simulated-rain water, or irrigation water can modify 
the leachates recovered and subsequently how such modifications could potentially 
affect plant-plant allelopathic interactions. No matter the approach taken, with an 
appropriate experimental design, potential allelopathic effects of throughfall and 
simulated leachates for given points in time and for given places and systems can be 
determined in the presence of other causative and modifying environmental factors 
(see Sect. 4.2.2).

Throughfall and simulated leachates can also be used to isolate, identify, and col-
lect compounds that may have promoter, inhibitor, or herbicidal properties. Finally, 
immersing leaves, plants, etc. in distilled water, rain water, simulated-rain water, or 
irrigation water results in poor imitations of actual leachates under field conditions 
and, thus, are of limited value. However, they may be useful as an initial screening 
tool.

Litter and Residue Leachates  The comments for throughfall and simulated-leaf 
leachates are directly applicable to natural and simulated-surface litter and residue 
leachates. The primary differences are location, i.e., canopy vs. litter layer, and the 
ease with which they are collected. Collecting representative leachates from lit-
ter layers is much more difficult (e.g., defining what constitutes a litter layer, the 
need for lysimeters or similar tools, the proximity and potential interference of soil 
materials, etc.). As with throughfall and simulated leachates from canopies, the lit-
ter and residue leachates are also highly variable due to composition and nature of 
litter layer, frequency of rain events, time between rain events, rates and length of 
rain events, etc.

Immersions and soaking of or simulated-rain events for root and mycorrhizal 
litter and residues separated from living roots and mycorrhizae and soil are artifi-
cial but that may be the only way to obtain and test root and mycorrhizal litter and 
residue leachates independent of living roots, mycorrhizae, and substrates such as 
soil. The use of distilled water to collect leachates from root and mycorrhizal litter 
and residues should be avoided. Even the use of rain water or simulated-rain water 
(see Sect. 4.3.3) is questionable since the physical states and chemical composi-
tions of simulated-rain solutions are very likely to be different from soil solutions 
or gravitational water.

No matter the approach taken, with an appropriate experimental design, potential 
allelopathic effects of litter and residue leachates for given points in time and for 
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given places and systems can be determined in the presence of other causative and 
modifying environmental factors (see Sect. 4.3.5). Litter and residue leachates can 
also be used to isolate, identify, and collect compounds that may have promoter, 
inhibitor, or herbicidal properties. However given the difficulties in obtaining repre-
sentative litter and residue leachates, it is not surprising to find that most researchers 
have chosen to use litter and residues directly in soil bioassays instead of litter and 
residue leachates.

Soil Leachates and Soil Solutions  For all intents and purposes soil leachates col-
lected with lysimeters will most likely be a combination of gravitational water and 
soil solutions. The level of dilution, and thus the potential allelopathic effects, will 
be determined by the volume of rain water or simulated-rain water added to the 
soil system during natural or simulated-rain events, respectively. Those collected 
by centrifugation will likely represent soil solutions. Just like soil extracts (another 
potential way of collecting organic and inorganic compounds in soil and soil solu-
tions), soil leachates and soil solutions represent residual concentrations and not 
total available concentrations. With an appropriate experimental design, potential 
allelopathic effects of soil leachates and soil solutions (assuming enough can be 
collected) for given points in time and for given places and systems can be deter-
mined in the presence of other causative and modifying environmental factors (see 
Sects. 4.4.3 and 6.4.2). Soil leachates and soil solutions can also be used to isolate, 
identify, and collect compounds that may have promoter, inhibitor, or herbicidal 
properties.

Plant Tissues, Litter, and Residues  If tissues, litter, and residues are collected at 
the correct time, if litter and residues are collected at the right state of weathering 
and decomposition, if the collected materials are not altered dramatically by pro-
cessing, and if they are added to field soil samples at the appropriate concentration 
(i.e., quantity, amount, or level) and location, then plant tissue, litter, and residue 
bioassays can provide reasonable insight regarding their potential stimulation or 
inhibition of bioassay species. Changes in soil moisture, temperature, pH, aeration, 
structure, inorganic compounds, and microbial populations with increasing levels 
of plant tissues, litter, and residues on the surface or within the soil will, however, 
make identification of the actual cause and effect challenging. Thus, when utiliz-
ing increasing or decreasing amounts of plant tissue, litter, and residues in bioas-
says, linked changes in soil pH, moisture, inorganic compounds, organisms, soil 
aeration, etc. must be accounted for in the experimental design. However, given an 
appropriate experimental design, it is possible to determine allelopathic effects of 
plant tissues, litter and residues for given points in time and for given places and 
systems in the presence of other causative and modifying environmental factors 
(see Sects. 4.3.4 and 6.4.1).

Soil cores with and without plant tissue, litter, and residues can also be used to 
determine effects of tissue, litter, and residues. However, actual causation will be 
extremely difficult, if not impossible, to determine for soil cores unless differences in 
the physiochemical and biotic environments for the soil cores can also be determined.
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“Root Exudates Plus”  “Root exudates plus” (see Sect. 2.1.3.2) collected with ster-
ilized solution (e.g., in culture flasks) and from agar cultures are adequate for the 
isolation and identification of compounds released (active and passive processes) 
from roots. However, since the rates and amounts of “root exudates plus” lost or 
released from roots are to a large extent regulated by rates of leaching, activity of 
microorganisms, presence or absence of symbiotic relationships, the growth of shoots 
and roots, type of media, the nature of the solutions surrounding the roots and mycor-
rhizae, the rates of sorption and desorption, the rates of uptake of roots and mycor-
rhizae, etc., the “root exudates plus” produced in such closed sterile systems are not 
qualitatively and quantitatively representative of “root exudates plus” found under 
field conditions (Shay and Hale 1973; Barber and Gunn 1974; Barber and Martin 
1976; Prikryl and Vančura 1980; Hodge et al. 1996; Neumann and Römheld 2007). 
Bioassays using such closed sterile system, thus, provide at best only limited insight 
regarding the actual production, modifications, and effects of allelopathic compounds 
released into natural soil systems.

The direct transfer in larger semi-closed or open systems with or without XAD 
resins or other sorbents (two container or stair step systems; see Sects. 2.1.3.2 and 
4.2.3) should theoretically be more natural in the production of “root exudates plus” 
but the use of sand or a substrate (essentially porous inert materials), the frequent 
absence of symbiotic relationships, and the constant recycling of leachates within 
semi-closed systems or the collection of multiple leachates from the same plant 
or even different plants in open systems will generate different total and available 
concentrations than would be expected in field soils. Furthermore particularly for 
semi-closed systems used over extended periods, unless inorganic compounds, pH, 
and water levels of the solution re-circulating throughout the systems are carefully 
monitored and frequently adjusted, competition for inorganic compounds (i.e., nu-
trient), pH and solute potentials may be confounding factors. These systems also 
tend to be highly aerobic and, therefore, activities of microorganisms and oxida-
tion/reduction are unlikely to be similar to those of soil environments. Finally, only 
the water-soluble compounds for “root exudates plus” are tested in these multi-pot 
systems since only those are leached and transferred from pot to pot. However, even 
with these limitations and if systems are properly managed, a potential role, if any, 
of “root exudates plus” leachates in allelopathic interactions may be determined 
(e.g., Sect. 4.2.3.1).

2.1.3.4 � Application of Test Materials

The common procedure for solutions containing water soluble compounds (e.g., 
IPA compounds, extracts, and leachates) has been to apply these solutions directly 
to a bioassay species (e.g., Petri dish or solution culture) or to apply them to the 
surface of a medium containing a bioassay species (e.g., sand or soil). The applica-
tion of test materials in recirculating systems (e.g., a “root exudates plus” stair step 
system) is, thus, unique since the source of the treatment materials comes directly 
from a putative allelopathic plant within the system. Fresh or dried tissues have 
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frequently been chopped or ground and placed on the surface of a medium or mixed 
throughout the medium. Unfortunately, in many instances such applications of test 
materials are not consistent (i.e., atypical) with what occurs under field conditions. 
Every effort should be made so that test or treatment materials applied to laboratory 
systems are consistent with the nature, location, and distribution of materials in the 
field. For more details regarding how such atypical applications may impact the 
behavior of bioassay species see Sects. 3.3 and 7.2.1.

2.1.4 � Measurements

Both destructive and non-destructive measurements have been utilized to quantify 
how IPA compounds, extracts, leachates, litter, residues, etc. modify the behavior 
of bioassay species and system components and processes (e.g., physical, chemical, 
and biotic [predominately microbial] components and processes). Measurements 
range from the molecular level to the whole system level. What is measured and 
when, where, and how measurements are to be taken really depends on the experi-
mental objectives of the research. On the surface it would appear that determining 
what to measure and when, where, and how to take measurements should be a 
simple matter. However, making these choices for a bioassay species and system 
should not be taken lightly since the measurements chosen can/will for example:

a.	 determine the nature and complexity of the experimental design and the type of 
model system chosen for a study (e.g., solution culture, substrate culture, etc.),

b.	 determine the level (e.g., molecular, cellular, tissue, organ, whole plant, or sys-
tem) at which the effects of treatment materials are observed,

c.	 determine the types of questions that can reasonably be answered, and
d.	 determine how well measurements and observations made and conclusions 

reached for a chosen laboratory bioassay system will relate to the behavior 
of seeds, seedlings, plants, microorganisms, etc. in natural or field (managed) 
systems.

Most plant-plant allelopathic bioassays are designed to study how the behavior of 
a bioassay species (e.g., seeds, seedlings or older plants) is modified by promot-
ers or inhibitors released from putative allelopathic plants or how various system 
components (e.g., media, biotic and physicochemical environment, etc.) and pro-
cesses (e.g., sorption, leaching, uptake, and microbial utilization and transforma-
tion) may modify this behavior. When we add that the behavior of bioassay species 
and their associated systems are highly variable, at times ephemeral and extremely 
complex, it should not be surprising to find that most researchers have chosen mea-
surements that integrate, summarize, or average all this behavior (i.e., represent 
some final end product). Thus, measurements such as rates of germination, radicle 
length, or changes in biomass of seedlings (actual size, weight, or growth rates) 
dominate the literature. In many ways this is logical since the processes of germi-
nation, seedling emergence, and growth, as well as tolerance/resistance, competi-
tiveness, reproduction, and seed dispersal are or can be excellent indicators of the 
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success or failure of species in nature. For agricultural or horticultural species, the 
bottom line varies somewhat with the commercial and aesthetic interests of the pro-
ducer and consumer. However, the processes of germination, seedling emergence, 
competition, survival, and vegetative and sexual reproduction (yield) are just as 
important as in natural systems. A lack of seed dispersal at maturity is a desirable 
characteristic for most agricultural and horticultural plants. In spite of their use-
fulness these measurements are far removed from the primary effects of stressors 
including allelopathic compounds. They have arisen from primary effects by way of 
a cascade of secondary, tertiary, etc. effects. Thus, these types of measurements are 
excellent for surveying or screening types of bioassays (i.e., are treatment materials 
effective as promoters or inhibitors) but not all that helpful for identifying primary 
sites and effects and modes of action (see Chaps. 3, 4, and 6).

For determining primary sites, effects, and modes of action lower levels (i.e., at 
cellular level and below) and frequently more ephemeral and elusive processes must 
be measured. For example, determining primary effects of phenolic acids would 
appear to require measurements of root membrane depolarization or alteration of 
membrane permeability since root membranes are a likely site of initial contact 
(i.e., primary sites; see Sect. 5.2.2). The other initial site of contact would be root 
cell walls. Changes in net water uptake or net nutrient uptake, nutrient efflux, me-
tabolites, energy flow (i.e., carbon fixation, respiration, and translocation), cell wall 
lignifications, etc. resulting from the phenolic acid induced changes in membrane 
depolarization/permeability and cell walls already represent secondary, tertiary, etc. 
effects (i.e., the cascade of effects) that may or may not eventually lead to reduc-
tions in growth, yield, etc. Plants after all have considerable buffering capacity, the 
ability to acclimate, and a broad range of responses to biotic and physiochemical 
environments, (see Chaps. 3 and 7), thus, cellular-level measurements in labora-
tory bioassays may or may not be directly relevant to the final product of interest, 
the rates of germination, or seedling emergence, growth, and reproduction under 
natural or field conditions. For additional details see Sect. 3.11 and Chaps. 5 and 6.

To identify and characterize the primary sites and modes of action by which 
allelopathic compounds initiate and ultimately produce plant effects, however, re-
quires much more comprehensive molecular and cellular methods than the type of 
measurements just described. A Group of tools that presently show considerable 
promise are the omics methods (e.g., genomics, proteomics, metabolomics, and 
physionomics). What omics methods can do is provide detailed information on ge-
netic and biochemical impacts of allelopathic compounds (e.g., Gidman et al. 2003; 
Macías et al. 2007; Duke et al. 2008, 2013; Chen et al. 2009; Leão et al. 2009). For 
details regarding the potential use of omics methods in this way see Sect. 6.6.

There are three primary reasons for measuring other aspects of laboratory bioas-
say systems besides the behavior of the bioassay species.

a.	 To characterize the biotic and physicochemcial environment of the bioassay 
system.

b.	 To determine how a range of biotic and physicochemical factors (i.e., modifiers) 
found in nature may influence or modify the behaviors of bioassay species to 
promoters and inhibitors (see Sect. 5.2.3).
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c.	 To determine cause and effect. Determining cause and effect requires that all 
other environmental factors (other than the treatment factor of interest) are ini-
tially constant, stay constant, or that changes occurring during the experimental 
period are measured and accounted for adequately before the final interpreta-
tions of the results are made by the researcher (see Sect. 6.4).

Measurements taken initially and over time could among other things include the 
following for solution and substrate bioassays.

Solution Bioassays 
a.	 types and concentrations of treatment compounds,
b.	 types and concentrations of organic compounds other than treatment compounds 

present,
c.	 types and concentrations of inorganic compounds present,
d.	 types and population levels of microorganisms present,
e.	 presence or absence of mycorrhizae,
f.	 solute potentials, pH, temperature, and aeration of solutions, and
g	 photoperiod, light quality and quantity, temperature, and relative humidity of the 

growth environment.

Substrate Bioassays 
a.	 types, concentrations, and distribution of treatment compounds,
b.	 types, concentrations, and distributions of organic compounds within the sub-

strate other than treatment compounds,
c.	 types, concentrations, and distributions of inorganic compounds within the 

substrate,
d.	 types, population levels, and distribution (bulk soil, rhizosphere, rhizoplane, 

etc.) of microorganisms present,
e.	 presence or absence of mycorrhizae,
f.	 composition, texture, and structure of substrate,
g.	 temperature, pH, moisture status, compaction, and aeration of substrate, and
h.	 photoperiod, light quality and quantity, temperature, and relative humidity of the 

growth environment.

2.1.5 � Hypotheses, Experimental Designs, and Data Analyses

Initial formulation of testable hypotheses before designing bioassays is essential. 
Once these have been formulated, experimental designs to test these hypotheses 
can be constructed. Afterwards hypotheses can be modified as appropriate and nec-
essary or new hypotheses can be formulated. Hypotheses, thus, have a major role 
in determining the design of bioassay systems that will be used, the types of data 
that will be collected, when and how data will be collected, and how the resulting 
data will be analyzed. Hypotheses are tentative experimentally testable statements 
that provide potential explanations for phenomena, processes, or events and that 
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frequently include predictions as to the outcome if the hypotheses are true. Recall, 
however, that Science progresses not by trying to confirm hypotheses but by at-
tempting to falsify hypotheses (Blum 2011). Examples of testable hypotheses can 
be found in Chaps. 4 and 6.

Examples of experimental designs for laboratory bioassays, methods and types 
of data to be collected, and general comments regarding data analyses can be found 
throughout the volume and in particular in Chaps. 4 and 6. In addition the benefits 
and limits of laboratory bioassays (Sect. 1.6), false assumptions and misconceptions 
of laboratory bioassays (Sect. 1.7), the fundamentals of laboratory bioassay systems 
(Chap. 2), issues and challenges when designing laboratory bioassays (Chap. 3), 
comparisons of field and laboratory systems (Sect. 7.2), and how to make laborato-
ry bioassays more relevant to field systems (Sects. 1.5.2 and 7.4) are also provided 
in various sections and chapters of this volume.

Finally, it is beyond the scope of this volume to provide an in-depth description 
of statistical analytical procedures and techniques. Thus, the reader is encouraged to 
consult with a statistician and books on statistics for identifying and implementing 
appropriate experimental designs and to use the appropriate statistical techniques 
and tools to analyze and interpret their data (Steel and Torrie 1997; Summer et al. 
2003; Cox and Donnelly 2011; Sokal and Rohlf 2012).

2.2 � Basic Information Required for All Bioassay Systems

The following information should always be provided for the following types of 
bioassays:

a.	 Germination and early seedling development in Petri dishes with filter paper or 
other substrates:
1.	 size and type (e.g., plastic or glass) of Petri dish,
2.	 size and type of filter paper or type (e.g. agar, sand, and soil), composition, 

amount, and volume of other substrates,
3.	 presence or absence and source of microorganisms; in the absence of micro-

organisms, the type of sterilization procedure used,
4.	 source and type of species being tested, number of seeds or seedlings per Petri 

dish, and location of seeds in reference to substrate (i.e., on surface or the 
depth below surface),

5.	 type (e.g., IPA compounds, extracts, leachates [e.g., tissues, litter, residues, or 
“root exudates plus”], tissues, litter, or residues) and source of the materials 
being tested (e.g., How, when, and where was it collected? How was it pro-
cessed and stored prior to use?),

6.	� volume, concentration, pH, and solute potential of IPA compound solutions, 
extracts, or leachates added to Petri dish, or concentration, particle size, 
nature, and location (e.g., on top of substrate or mixed into substrate) of tis-
sues, litter, or residues added to substrate in Petri dish,
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  7.	 volume, concentration, composition (e.g., nutrient solution, water, etc.) and 
nature (e.g., pH, solute potential, etc.) of reference or control solutions, or 
substrates,

  8.	 type and frequency of treatments and other additions (e.g., nutrients),
  9.	 incubation temperature, relative humidity if Petri dishes are not sealed; if 

sealed, type of seal, length of incubation, levels and type of lighting, and 
photoperiod,

10.	 numbers of times solutions (e.g., water, treatments solutions) were added 
to compensate for evaporation if Petri dishes were unsealed and range of 
maximum and minimum volume of solution or moisture content of the 
substrate,

11.	 method and frequency of measurements and length of experiment, and
12.	 other relevant treatment and environmental factors.

b.	 Seedling or older plant solution bioassays:
  1.	� size (diameter and volume) and type of solution container (e.g., shape, 

plastic, glass, etc.)
  2.	� presence or absence and source of microorganisms; in the absence of 

microorganisms, the sterilization procedure used,
  3.	� presence and source of microorganisms for the formation of symbiotic 

relationships,
  4.	� source and type of species being tested, age of seedlings or plants, stage of 

development, and number of seedlings or plants per container,
  5.	� type (e.g., IPA compounds, extracts, or leachates [e.g., tissues, litter, resi-

dues, or “root exudates plus”]) and source of materials being tested (e.g., 
How, when, where was it collected or obtained? How was it processed and 
stored prior to use?),

  6.	� volume, concentration, pH, and solute potential of IPA compound(s) solu-
tions, extracts, or leachates added to container

  7.	� volume, concentration, composition (e.g., nutrient solution, water, etc.) 
and nature (e.g., pH, solute potential, etc.) of reference or control solutions,

  8.	� frequency and timing of solution changes or additions and frequency and 
timing of water additions to compensate for evapotranspiration,

  9.	� type of growth environment before, during and after treatments (e.g., level 
of aeration, levels and type of lighting, photoperiod, and temperature),

10.	 method and frequency of measurements and length of experiment, and
11.	 other relevant treatment and environmental factors.

c.	 Seed, seedling or older plant substrate bioassays other than Petri dishes:
  1.	 size (diameter and volume) and type of container (e.g., shape, plastic, glass, 

etc.),
  2.	 composition, type, nature, amount, and volume of substrate,
  3.	 presence or absence and source of microorganisms; in the absence of 

microorganisms, the sterilization procedure used,
  4.	 presence and source of microorganisms for the formation of symbiotic 

relationships,
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  5.	 source and type of species being tested, age of seedlings or plants, number 
of seeds, seedlings or plants per container, and location of seeds in refer-
ence to substrate (i.e., on surface or the depth below surface),

  6.	 type (e.g., IPA compound solutions, extracts, leachates [e.g., tissues, litter, 
residues, or “root exudates plus”], tissues, litter, or residues) and source 
of materials being tested (e.g., How, when, and where was it collected or 
obtained? How was it processed and stored prior to use?),

  7.	 volume, concentration, pH, and solute potential of IPA compound(s) solu-
tions, extracts or leachates added to substrate, or amount, particle size, 
nature, and location (e.g., on top of the substrate or mixed into the sub-
strate) of tissue, litter or residues added to substrate,

  8.	 controls, reference or baseline: volume, concentration, composition (e.g., 
nutrient solution, water, etc.) and nature (e.g., pH, solute potential, etc.) of 
reference or control solutions added to substrate or amount, particle size, 
nature, and location (e.g., on top of the substrate or mixed into the sub-
strate) of inert material added to substrate,

  9.	 if no nutrients are added to the substrate, then inorganic compound content 
particularly nutrient content of the substrate should be provided,

10.	 timing and frequency of solution or material additions to substrate, fre-
quency and timing of water additions to compensate for evapotranspiration, 
and range of maximum and minimum moisture content of the substrate,

11.	 type of growth environment before, during and after treatments (e.g., levels 
and type of lighting, photoperiod, and temperature),

12.	 method and frequency of measurements and length of experiment, and
13.	 other relevant treatment and environmental factors.

In addition to the materials and methods, clear and precise information regarding lo-
cation of the bioassay (e.g., light banks, growth chambers, or greenhouses), the dis-
tribution of the experimental units within a location (e.g., completely randomized, 
blocked, randomized and blocked, etc.), experimental design, and the tools and pro-
cedures used to analyze the resulting data collected must be provided. Background 
of the research topic, justification for the research, objectives of the research, and 
hypotheses tested should also be provided in clear and precise language.
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