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Abstract.  Successful weed management in agroecosystems centers on manipulaung the
weed seed bank in soil, the source of annual weed infestations. Despite advances in above-
ground weed control and decrcases in the production of new sceds. weed infcstations
continuc 10 be generated from a small portion of the sced bank that persists as a result of
dormancy and resistance 10 decay, Depletion of the persistent seeds using soil-applied
chemicals to stimulate germination has received much aitention while the search for mi-
croorganisms selective for seed decay has been largely overiooked. This paper provides an
overview of the effects of microorganisms on weed seed viabilily relative to seed bank
depiction, and how this information can be applied 10 wecd management. Limited studics
indicate that microorganisms associated with weed seeds can contribute to seed bank
depletion through attraction to seeds by chemotaxis, rapid colonization of the spermosphere
and production of enzymes and/or phytotoxins to kill sceds prior 10 germination. It is
recognized, however, that the best opportunity for success will be through integration of
selected microorganisms or microbial products with other approaches including germi-
nation stimulation, application of low rates of herbicides, manipulation of the soil ¢nvi-
ronment (e.g., solarization), and biological control agents for effectively eliminaling dor-
mant, persistent seeds from soil. To achieve success, more in-depth rescarch on microbial
factors affecting weed sced banks is required.
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InTRODUCTION: THE WEED SEED
BanNK PROBLEM

Weed management involves systems in which all
available strategies are used 10 reduce weed seeds re-
siding in soil (the seed bank), prevent weed emergence
from the seed bank, and minimize compelition from
weeds growing with crops (Ennis 1977, Aldrich 1984).
It is readily apparcnt that successful, leng-term weed
management emphasizes control of seeds arising from
the soil. Cultivated soils contain large numbers of seeds.
primarily from annual weed species. thal under favor-
able conditions germinate and interfere with crop pro-
duction. The weed seed bank is widely considered the
major source of weed infestations in arable land (Cav-
ers and Benoit 1989). The intent of sced bank research
1s to improve weed management strategles by manip-
ulating weed seed bchavior in soil.

Depletion of the seed bank is ¢ritically imiportant in
overcoming vearly weed infestations (Ennis 1977, Al-
drich 1984), Significant reductions in weed seed banks
over several vears have becn reported when seed re-
plenishment was prevented. The following selected ex-
amplcs illustrate the magnitudes by which sced banks
can be depleted. After a 4-yr fallow with mtensive 1ill-
age, only 10% of the original pepulation of velvetleaf
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(Abutilon theophrastr Medic.) seeds remained n soll
(Lueschen and Andersen 1980). A similar study showed
that 6 yr of fallow and multiple tillage reduced wild
mustard [Brassica kaber (DC.) L.C.] seed in soil 10
<. 3% of the original population (Warnes and Andersen
1984). However. over 2 x 10° seeds/ha sull remained
in the plow laver, and it was suggested these eradication
measures were impractical. Under irrigated corn {£ea
mavs 1.} receiving annual herbicide applications for
weed control, the overall decline of the dominant weed
species, redroot pigweed (Amaranthus reiroflexus 1)
and common lambsquarters (Chenopodivm album L)),
after six cropping seasons was 99 and 94%. respectively
(Schweizer and Zimdahl 1984). Burnside et al. (1986)
reported that the average decline of viable weed seeds
in soil al five sites in Nebraska was 93% after 53 vr
where herbicides were uscd for complete weed control
in corn,

A consisten! conclusion made in these and many

#30

other studies was that despite the achievement of

“pood’ weed control (> 80%) over scveral vears with
timely use of availablc 1echnology, weed infestations
in succeeding seasons slill occurred if intensive weed
management was ¢iscontinued. Chancellor (1981} sim-
ilarly concluded that cven if a system of weed control
was developed that completely controlled above-
ground growth and was continued for a long enough
time, complete elimination of weeds would not be
achieved. Weeds emerge in high numbers even though
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seed banks ol some species are composed largely of
nonviable seeds (Forcella 1992). Thus, subsequentl in-
festations are due 10 a small but highly persisient por-
tionn of the seed bank thai is not affecied by conven-
tonal weed control practices, It has been noted
repeatedly that the key to weed management progress
is elimination of the persisicnt portion of seed banks
(Ennis 1977, Chancellor 1981).

The persistent portion of the seed bank is composed
of weed seeds that ¢nter and survive in soil for =1 yr
(Thompson and Grime 1979). Germination of persis-
tent seeds does not readily occur undcr favorable en-
vironmenial conditions due to dormancy traits (Baskin
and Baskin 1989), Dormancy can be imposed physi-
cally by impermeable seed coats (hard seceds), which
prevent moisture uptake and gas exchange necessary
for germination, or physiologically through mecha-
nisms inhibiling germination in the ¢embryo. Seeds in
the s¢ed bank can exhibit annual dormancy/nondor-
mancy cveles in which dormant seeds can become non-
dormant and germinate if environmental factors are
nonlimiting {Baskin and Baskin 1989). Seeds failing to
germinate can re-enter dormancy and become non-
dormant for potential germination the following sea-
son. It is this cvcling that contributes to continuing
weed infestations.

The unpredictable emergence of weed seedlings from
dormant seeds in soil is the major cause of [ong-lasting
weed problems and recent weed research programs have
focused on elimination of this portion of the sced bank.
Ennis (1977) suggesied that if 98% of the dormant seeds
were induced 10 germinate annually under typical ficld
conditions, the seed bank could be depleted within 6
vr. Cultivation and herbicides are effective only in
climinating persistent seeds that become nondormant
at one point in time; thus, methods of inducing the
remaining dormant seeds to germinate are necessary.
The most satisfactorv approach involves chcmical
means of breaking seed dormancy (Chancellor 1981).
Application of chemical stimulants t¢ manipulate sced
germination has had limited success; however, more
information on mechanisms of seed dormancy and ger-
mination is required to fully develop this approach as
a practical method for weed control (Egley 1986).

Seced bank processes are important components of
predictive models developed to advance new weed
management systems. The models generally include a
persistent component composed of seeds under differ-
ent types of dormancy. and a nonpersisient component
composed of germinating seeds and sceds losing via-
bility prior to germination. The goal of predictve seed
bank models is to understand the phenomena of per-
sistence and depletion among seed bank populations
and then use this information to develop strategies Lo
destroy buried seed populations through germination
stimulation or by direct action of 1oxicants (Schafer
and Chilcote 1969). Information for input into the
models is derived from seed burial and scedling paticrn
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studies carefully designed 1o account for deplelion
through germination and moriality.

Little quantitative information on seed bank mor-
1alitv caused by microorganisms is available, Results
of many buried seed studies have acknowledged in-
directly the influence of microbial activity on seed mor-
lality. Indeed, recent weed management models stress
the importance of seed mortality caused by microor-
ganisms for accurate prediction of weed populations
and for subsequent development of conirol measures
{King et al. 1986). Zorner ¢t al. (1988) applied the seed
bank dcpletion model of Shafer and Chilcote (1969)
to their studies on wild oal (Avera fatua 1..) and con-
cluded that the ideal method of depletion would in-
volve a tillage scheme to enhance sced decay while
excluding seedling cmergence. Aldrich (1984) first sug-
gested that manipulation of microorganisms 1o sirip
sceds of thelr apparent proteciion against decay mier-
ited examination as an approach for reducing wecd
sced numbers in soil.

A comprehensive account of microbial effects on
viability and germination of seeds relative to potential
depletion of weed seed banks is not available, This 1s
an area that deserves more attention, particularly with
weed seeds, since they remain in contact with soil much
longer than crop seeds. The cbjective of this paper is
1o provide an overview of what is known about the
ecology of microorganism—weed seed relationships and
how this information can be applied to weed manage-
ment sysiems.

PRESUMPTIVE EVIDENCE OF MICROORGANISMS AS
FACTORS v SEED BanK [DEPLETION

Seed banks depicted by diagrams, flow charts, and
models typically include a comiponent for seeds losing
viability prior to germination, with microbial activity
as a factor contributing to nonviability (Harper 1977.
Egley and Duke 1983). Microbial activity has been
implicaled as a factor in seed depletion in many stud-
ieg, vel the microorganisms or those conditions causing
the observed depletion due to nongermination were
rarely examined further. Despite the apparent impor-
1ance of mieroorganisms, suggestions that they might
be ¢xploiled 10 hasten sced bank depletion have been
limited (Aldrich 1984). Some studies have indicaled
the possible role of microorganisms in “‘uncxplained™”
losses of seeds in soil and thus serve as presumplive
evidence of microbial invelvement,

Roberts and Feast (1972) periodically assessed via-
bility of seeds buried in tilled and undisturbed soils for
5 yrand consistently found a proportion of the original
pepulation could not be accounted for either as seed-
lings or as surviving viable seeds. They suggested that.
since the seeds were initially viable, their absence must
have been due to attack by pathogens resulting in non-
germinated, decaved seeds or 1o seedling mortality be-
fore emergence. The rate of sced depletion in other
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tillage studies could not be explained fully due to ger-
mination alone; thus, losses {rom “posi-germination
mortality™ were significant (Froud-Williamset al, 1983).
The viability of johnsongrass [Sorghum halepense (L..)
Pers.] seeds at all depths of burial in soil declined from
83 to <2% in 52 mo and was attributed parly 1o seed
decay (Leguizamon 1986). In a study of itchgrass [Roii-
boellia cochinchinensis (Lour.) W. Clayton]. a trouble-
some weed in tropical crops, mortality of 55% of the
original seed population in soil was atiributed to decay
(Bridgemohan et al. 1991). Fungal mycelia observed
on rotled seeds indicated that soil fungal attack was a
major cause of seed decay, In a study 1o determine
viable seed losses of wild oat, germinated (nonemerged)
and dead seeds recovered from soil appeared to be
degraded by soil microorganisms (Zorner et al, 1984).
An earlier study concluded that the rapid decline in
wild oat sced numbers on the soil surface was due 10
deterioration agents, since the exlensive seed deplelion
could not be explained by germination alone {Banting
1966). Depletion of sceds of proso millet biotypes
{Panicum miliacewm L)) buried in soil was explained
by mortiality factors, including decay by seedborng and
soilborne microorganisms (Colosi et al, [988).
Previous observations of fungal growth on decayed
seeds suggest that soil microorganisms may atlack weed
sccds that are already physiologically dead. There arc
no studies that clearly distinguish between microbial
attack causing weed seed death and that occurring after
seeds die, even though such a distinction would pro-
vide insight into the overall importance of microor-
ganisms in seed mortality, It is possible, however, that
soil microorganisms preferentially colonize and decay
weed seeds that are inferior in quality due 1o increased
nutrieni ¢xudation from damaged membranes and re-
duced cnzymatic activity within seeds, and conse-
quently inhibil germination (Harman and Stasz 1986).

MICROBIOLOGY OF WEED SEEDS

The previous seed bank siudies allude 1o microbal
relationships with weed seeds and suggest that migro-
organisms are partly responsible for seed mortality.
However, the studies were conducted in such a way
that isolation and characterization of microorganisims
associated with buried seeds were not possible. Thor-
ough investigations of microbial associations are nec-
essary to fully understand ecological relationships be-
tween weeds, crops. and soil environments and thercby
increase our effectiveness in dealing with weeds. Con-
siderable knowledge has been atlained regarding shifts
in weed populations resulting from different culiural
practices and herbicide usc. In contrast, very little is
known about how those same practices affect the im-
pact of microorganisms on weeds. Perhaps some factor
imposed in a seed bank study caused a segment of the
microbial population to attack sceds of one or more
weed species that resulted in observed seed depletion
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simply described as “mortality.” Seed bank studics
should be designed to investigale aff aspecis of seed
depletion to gain a full understanding of factors in-
volved and 10 assess microorganism—chemicul-seed in-
teractions as possible bases for alternative and aug-
mentalive weed management,

Characterization of seedborne microorganisms can
vield valuable information on unique properties that
may affect persisience and deterioration resistance of
weed seeds in soil. A collection of such microorganisnis
can be developed as a source of agenis useful for in-
direct attack of seeds under certain cultural practices
or for direct attack as biological conirol agents applied
to soil, For example, Kirkpairick and Bazzaz (1979)
quantitatively determined the seedbome fungi of four
annual weed species and found that several strains af-
fected seed germination and seedling development.
Kremer et al. (1984) reported that velvetleafseeds con-
sistently possessed an association of sporulating fungi
composed of Alternaria alternaia, Cladosporium cla-
dosporioides, Epicoccum purpurascens and Fusarinm
spp., which had little effect on seed viability, A study
carried outl in India tound that fungi associated with
weed seeds may cause infection in a manner similar 1o
that for crop sceds (Mishra and Srivastava 1977), Sev-
cral fungi occuring in field-grown sunflower (Helian-
thus annuus L) seeds possessed mycotoxic and seed-
detleriorative properties (Roberts et al. 1986).

Seedborne bacteria of five species of annual weeds
were found to posscss an array of diverse properties
(Kremer 1987). Prevalence of bacteria in seeds ranged
from 0.8% for Pennsylvania smartweed (Polygonum
pensyivanicion L)} 10 44% for jimsonweed (Datura stira-
monium L.). Distribution of bacierial 1ypes varied
among the weeds, with 21 species associated with vel-
vetleal and only one species with Pennsylvania smart-
weed {(Baciilus sp.) and cocklebur (Xamthitm siruma-
riwme L) (Erwinia kerbicola). Approximately 15% of
all bacterial isolates exhibited polential phytopathoge-
nicity, suggesting that germination and initial seedling
growth might be detrimentally affected by seedborne
bacteria. These cultures are currently under investi-
gation for potential biclogical conirol of weed seeds
and seedlings.

Very few studies have been conducted of microor-
ganisms directly associated with weed seeds in the soil
environment, Scedborne fungi of green foxtail [Setaria
virtdis (L..) Beauv.] and giant fox1ail (S. faberi Herrm.)
were able 1o persist as colonists of seeds after incor-
poration into soil in the field (Pitty et at. 1987). In
addition, seeds were colonized by two types of fungi
occuring only in soil, One isolate completely inhibited
germination and deteriorated the seeds, indicating a
potential for biological control. Fungal infestations of
wild oat seeds included several species that were not
consistently pathogenic toward wild oat in sced bio-
assays (Mortensen and Hsiao 1987). It was concluded
that reduced seed viability previously observed in the
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field could not be cxplained entirely by seedborne fun-
gi. in another study with wild oal, depression of se¢ed
germination by both soil and seedborne microorgan-
1sms was enhanced in soils of different texiures at soil
watcer capacities of 50% or more (Kicwnick 1964). Soil
and scedborne microorganisms also affected germi-
nation of bull thistle [Cirsium vidgare (Savi) Tenore]
sceds (van Leeuwan 1981).

The fungi association previously described for vel-
velleaf (Kremer et al. 1984) persists on seeds in ¢contact
with soil during the first 32 d after dispersal from the
plant (Kremer 19864). Soilborne microorganisms in-
cluding potential seed pathogens were unable to col-
onizc the seeds, primarily duc to antlagonistic activity
of seedborne fungi and bacteria, It was concluded that
microorganisms inhabiting velvetleaf seeds and soil arc
restricted 10 their respective microenvironments, and
limited seed decay is initiated by specific seedbome
microorganisms.

Although limited to only a few weed specics, the
foregoing reports indicate that microorganisms asso-
ciated with seeds prior to and upon entry into soil may
contribule to depletion of at least a portion of the seed
bank. However, a significant portion of viable and dor-
mant seeds continue to persist and periodically ger-
minate and thus sustain annual weed infesiations. Re-
liable and eflective approaches for managing weed seed
persislence with microorganisms can be developed only
as deterioration resistance mechanisms of weed seeds
in soil are characterized.

DETERIORATION RESIS TANCE OF WEED
SEEDS IN SOIL

Only a small portion of weed sceds in soil succumb
1o microbial attack. A greater number persists for many
years in the presence of millions of soil microorganisms
that apparently are unable to exploit the potentially
rich nutrient sources within the seeds. The most im-
portant component in resistance of seeds of many crop
specics 10 deterioration by pathogens is the seed coat
(Halloin 1983). Although resistance in weed seeds is
thought 10 occur in a similar manner, very liutle quan-
ltative information exists, especially for seed banks in
soil. Seeds of weed species apparently rely on complex
deterioration resistance mechanisms composed of sev-
cral factors. Velvetleaf, & rcpresentative species pos-
sessing the hard-seeded trait, serves asan ecxample, The
physical structure of the seed coat consists of a con-
tinuous layer of densely packed palisade cells, which
resists direct penetration by soil fungl (Kremer et al,
1984). Histological and chemical analyses of the seed
coat revealed phenolie compounds present in palisade
layers and in the chalazal end of the sceds. Subsequent
assays demonstrated that these compounds diflused
from intaet seeds 1o inhibit 38% of the bacteria and all
fungi tested (Kremer 19864). The inhibitory activity
was pgreatest with hard, intact seeds, suggesting that
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diffusion of antimicrobial substances trom these sceds
into microhabitats in soil might limit or inhibit poten-
ttal seed decomposers. The inhibitory substances were
later shown to include flavonoids highly active against
microbial growth (Paszkowski and Kremer 1988). The
presence of phenolic compounds in seed coals as a
general means of proteclion is not surprising, since
these chemicals are broad-spectrum toxins 1o microbes
(McKev 1979). An additional factor involved in de-
terioration resistance was the presence of antagonistic,
nonpathogenic bacteria located within the velvetleal
sced. Many of these bacteria were found in the chalazal
area of the seed, which is the only discontinuity in the
palisade layer of the seed coat, and they were capable
of releasing antifungal substances presumably inhib-
iting attack by sced pathogens (Kremer ¢t al. 1984).

Very little information on delerioration resisiance
mechanisms of other weed species in seed banks is
available. Literature on microbial relationships with
crop species must be relied upon to explain similar
occurrences with weeds. Seeds of some cultivars of oal
(Avena sariva. L)) and barley (Hordewm vulgare 1,) arc
highly resistant to certain fungi that associale with them.
Two types of inhibiting factors were found: (a) the outer
seed covering (hull), which provided a mechanical bar-
rier to direct fungal penctration; and (b) several phe-
nolic acids that possessed antifungal activity (Picman
et al. 1984). It is possible that similar deterioration
resistance in other grass species may funciion in sced
longevity in soil. The recovery of intact and apparently
decay-resistant yellow foxiail [Seraria glauca (L)
Beauv.] seeds afier 4 vr of burial in soil might be ex-
plained by these mechanisms (Dawson and Bruns 1973),
Lectins, highly specific sugar-binding proteins and gly-
coproleins common 10 many seeds, have been tmpli-
caled in resistance of seeds to microbial invasion and
decomposition (Brambl and Gade 1983). In vitro as-
says showed that purified seed lectins specifically bound
10 germinating spores of three fungal species and sub-
sequently disrupted cellular growth. Based on these
resulis, Brambl and Gade (1985) suggested that lectins
in seeds may provide an additive or more diversified
defense against invading microorganisms in soil,

It is not fully understood how physiologically dor-
mant seeds resist microbial decay. Halloin (1983) cites
some exanmples where dormant, imbibed seceds might
be protected through production of anoxic microen-
vironments or phytloalexin synthesis in the spermo-
sphere.

Although our understanding of deterioration resis-
tance mechanisims of weed seeds in the sced bank 1s
limited, encugh information exists 1o begin devising
strategies to overcome barriers to microbial attack and
determine the feasibility of the sirategies as compo-
nents of weed management systems, Several strategies
must be 1ested since it is unlikely that one remedy will
predispose all weed species in a given sced bank (o
microbial attack.
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Fii. L. Effect of soil inoculation with two bacierial isolates

on seedling emergence and sced viability of velvetleal. *In-
dicates significant difference {£ = .03) from conirol. based on
LSD. Data from Begonia (1989).

APPROACHES TO WEED SEED Bank
MANAGEMENT WITH MICROORGANISMS

sSumulation of dormant sceds to germinate as u
method to eliminate the persistent portion of the seed
bank has received the most attention in meodeling and
planning new wecd management sirategies. Brecaking
of dormancy and stimulation of germination are two
difterent processes, which are rarely manipulated by
the same chemical treatment (Eglev 1986). In nature,
soil microorganisms may not be a significant factor in
breaking seed dormancy, primarily due to deteriora-
tion resistance mechanisms described previously (Bas-
kin and Baskin [989). However, dormancy in somc
species may be broken in the presence of selected fungi
thal secrete enzymes to sofien the impermeable seed
coat (Gogue and Emino 1979). Kremer et al. (1984)
observed thai when the hard seed coat was punctured
and velvetleaf allowed 1o germinate in the presence of
seedborne fungi, > 60% of the seeds decaved and > 30%
of the developing seedlings were attacked by the fungi.
Fracuures of velvetleafseed coat that occasionally occur
under field conditions (LaCroix and Staniforth 1964)
may present infection courts for soilborne and secd
surface microorganisms. The ability of microorgan-
isms to invade and attack seeds via sced coal openings
demonstrates the potential for reduction of the seed
bank by microbial decay if a feasible method for sur-
mounting the seed coat barrier can be developed.

Examples of some approaches under investigation
that use microorganisms for eliminating persistent seeds
are described below, Together, the data from these
studies ofter evidence for potential depletion ot the seed
bank by incerperating microorganisms in weed man-
agement strategies.
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Application of selected microorganisms

Begonia (1989) used inocula prepared with bacieria
isolated from wvelvetleaf rhizospheres to reduce vel-
vetleaf emergence in greenhouse and field studics, The
bacterial isolales, Pp00! and Pf239, significantly (P =
.03) reduced velvetleaf seedling cmergence (< 53%).
duecreased seedling vigor, and increased the nonviable
portion of seeds in soil compared 10 the noninoculated
treatment (Fig, 1). Thus. inocula applied to soil prior
lo scedling emergence were effective in attacking weed
seeds and could be used to hasten seed bank depletion.
In addition, isolate Pp001] consistently inhibited root
development of those seedlings that did ¢cmerge. Both
bacteria attained high populations in the spermo-
sphere, thereby sustaining antagonism of velvetlcafsced
activity. The deleterious effeets on seed viability and
seedling growth are consistent with phytoloxin activity
of selected bacteria on various weed seedlings (Kremer
et al. 1990). It should be noted that a bacterial isolate
originally developed to inhibit scedling growth of downy
brome (Bromus tectorum LY in winter wheat also de-
creased viability of seeds in soil, indicating a potential
for depleting the seed bank of this weed (Kennedyv et
al, 1991),

In contrast to direct penciration of seeds, bacteria
and fungi can produce an array of metabolites that are
toxic¢ to s¢eds and which can be absorbed by the seed
embryo without invasion by the microorganisms (Har-
man 1983). Use of microbially produced toxins may
be an alternauve means of indirectly attacking weed
seeds possessing impermeable seed coats. Selected mi-
croorganisms applied 1o developing seeds on plants in
the field can readily infect them and form toxins prior
10 development of seed coat impermeability during
seed ripening (Halloin ¢t al. 1991). Toxins produced
by sclected soil actinomyeeles inhibit in vitro germi-
nation of barnvardgrass [Echinochloa crus-galli (L)
Beauv.]: however, toxin cffectiveness in soil has not
been demonstrated (DeFrank and Putnam 1985), The
potential of this approach in depleting the seed bank
will be realized onlyv afier factors affecting microbial
toxins and weed sced viability in soil are fully eluci-
dated.

Selection of seed-attacking microorganisms possess-
ing certain key properties should further improve their
effectiveness in soil, An ideal combination would be
selective attraction of microorganisms (chemotaxis) 1o
weed seeds by exudates diffused from intact seeds or
released during germination, rapid seed colonizing
ability, and 1oxin production. In a study investigating
potential chemotaxis of selected bacteria 1o velveticaf
seeds in soil (Begonia 1989), isolate PpOOl actively
migrated from an inoculation site in soil to the seed
placement site {distancc = 2 ¢m) within 24 h (Fig. 2).
The bacterium was not detected at the same distance
from the inoculation site in soil without seeds until 72
h post-inoculation. Selective attraction to seeds via
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Fig. 2. Chemotaxis of bacterial iselate Pp0Q1 woward vel-
velleaf seeds in soil {density measurcd as cells per unit soil
dry mass). Bacterial inoculum was dispensed in soil (con-
tained in a culture dish) 2 cm from seed placement. Soil was
sampled daily and bacterial populations determined to mon-
itor movement toward sceds, Data from Begonia (1989).

chemotaxis may not only be a competitive advantage
in the soil environment but may also allow introduced
microorganisms 1o establish in thc spermosphere
quickly and invade the target seed.

Integration of microorganisms with chemicals

Kremer and Schulte (1989) reviewed several studics
that described the effects of soil-applied pesticides and
other plant-growth-regulating chemicals in stimulating
germination and cmergence of dormant seeds in vitro
and in soil, It was also noted that certain chemicals
also enhanecd seed and scedling root infection of crop
plants by either phytopathogenic or saprophytic soil
microorganisms. Based on this information, several
chemicals were tested alone or combined with a se-
lected fungus (Fusarium oxysporum) for effeets on seed
imbibition, germination, and seedling growth of vel-
vetleaf in soil. Seedling emergenee was reduced 3%
compared 1o nontreated controls when ethephon, a ger-
mination stimulant, or carbofuran, an insecticide, was
applied 1o soil with the fungus (Fig. 3). This was ac-
companied by 23 and 7% increases in nonviable seeds
caused by ethephon and carbofuran, respectively. Bu-
tylate, a herbicide, and “AC94377,” a substituted
phthalimide and germination stimulant, also signifi-
cantly (P = .05) increased nonviable seced content.
Nonviable seed numbers were significantly inereased
with addition of the fungus alone and were increased
even more when the fungus and chemical treatments
were combined. Nonviable seeds recovered from soil
treated with chemicals plus the fungus werc heavily
infeeted with mycelia. Increases in nonviable seed and
decreases in scedling emergence wcere apparently due
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10 effects of chemical-fungus interaciions on imbibing
seeds, since the hard sced content of the soil was not
significantly reduced by any treatment combination
(Fig. 3). The chemicals uscd in this study apparently
promoted fungal attack of imbibing and germinating
velvellcaf'secds by stimulating nutrient exudation from
seeds (Kremer and Schulte [989). This study demon-
strated the potential of an integrated approach of com-
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Fis. 3. Scedling emergence (A) and prevalence ol hard
seed {seeds having coats impermeable to water and to gases)
(B) and nonviable seed (C) components of greenhouse-grown
velvetleaf as influenced by soil-applied chemicals with and
without Fusarium. *Indicates significant difference (P < .05)
between treatment combination and comparable control.
Modified from Kremer and Schulte {1989).
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lation and Fusarium application alone and combined on vi-
ability and fungal infection of velvetleaf seeds preduced dur-
ing the 1990 growing scason. *Indicates significant difference
(£ = .05} between treatment combination and comparable
conirol. R. J. Kremer, ynpubiished daia.

bining low rates of soil-applied chemicals and selected
microorganisms for depletion of seed banks.

Iniegration of insects with microorganisms

Culiivation and herbicide use are bases for current
weed management in crop production, yet some weeds
continue to escape control measures. Escapes are likely
the most difficult problem confronted in weed man-
agement, since these weeds contribute significant num-
bers of viable seeds to the sced bank but do not pose
enough of a threat to the growing crop to warrant con-
trol (Aldrich 1984). Reduction of sced viability on the
plant before dispersal 1o soil might be accomplished
using biological apents. There are few examples of weed
seed control using this approach. The potential use-
fulness of this method was illustirated in a study of the
fate in so1l of puncturevine (Tribulus terresiris L) seeds
that had been attacked by a sclective sced-feeding wee-
vil {Goeden and Ricker 1973). Infection by soil mi-
croorganisms killed the majority of weevil-damaged
seeds, even though the loss of intact, undamaged seeds
was low in all soils and at all depths studied. There arc
limited reports of predation of seeds on the soil surface
by insects and subsequent reduction of germinating
seeds (Brust and House 1988), but possible eontribu-
tions of microorganisms 1o sced deterioration in this
situation arc not known.

A sclective seed-feeding insect (Niesthrea loutsiani-
ca: Hemiptera; Rhopalidae) that attacks immature vel-
veileaf seeds on the plant has been extensively inves-
tigated as a means of reducing viable sced production
(Kremer and Spencer 19894, ). Insect feeding reduced
velvetleaf sced viability to 15,5% compared to 95.5%
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for insect-free sceds. The insects also enhanced micro-
bial infection in sceds up to 98% comparcd to 8%
infection for nonatiacked seeds. When seeds were bur-
ied in soil, seed viability continued 10 deerease 10 =2%
after 24 mo. These results prompted a subsequent study
examining the integrated use of the secd-feeding insect
and fungi selected for high pathogenic aetivity toward
velvetleaf seeds. Developing seed capsules on velvet-
leaf plants in the field were spraved with suspensions
of selected fungi (Fusarium spp.). After application of
fungi, insects were r¢leascd onto half of the plants (25—
50 adults and nvmphs/plant) contained in cages and
allowed to feed throughout the growing scason. Fu-
sarivm spp. applied to seeds alone had little impact on
viability. Insects attacking sceds without Fusariim spp.
reduced viablity 10 25%, and increased infection with
naturally occurring fungi to 58% (Fig. 4). Combined
fungal application plus insect feeding further reduced
seed viability to < 2%, and infection with the selected
fungus increased 10 98%. These preliminary results in-
dicate that integration of compatible biological agenis
may be an effective method for reducing seed viability
before entry into the seed bank. Thus, pre-dispersal
secd mortalily, an important process in sced bank dy-
namics of natural ecosystems {(Janzen 1971), might be
exploiled as an cffective method for manipulating the
seed bank in agricultural systems.

Manipulation of soil environmenr to favor
microbial attack of weed seeds

Several soil environmental factors aflect weed seed
germination in the field (Egley 1986). Reduction of
weed seed populations by manipulating these factors
to enhance germination has received considerable at-
tention due 1o the nonchemical nature of the approach.
For example, soil solarization. a method by which soil
temperatures of 40-70°C are attained near the soil sur-
face by covering the soil with plastic, can reduce weed
emergence and seed viability (Egley 1983). Viable seed
reduction of several weed species by thermal death was
most eflective in moist soil at 70°C (Egley 1990). Even
though solarization reduced seed numbers, it was ev-
ident that the sced bank could not be completely elim-
nated, since sustained temperatures of up to 70°C were
not practical under field conditions and seeds of some
species exhibited heat tolerance. Most of the observed
losses in viability were attributed 10 sceds stimulated
to germinate that died prior to emergence. However,
decay of a portion of these seeds by soil- or secdborne
microorganisms could not be ruled out (Egley 1983).

Certain soil- and seedborne microorganisms are
metabolicaliy active at high temperatures. Under these
conditions, growth and enzymatic activities (i.e.. pec-
tinase, amylase) of bacteria inhabiting sceds can be
enhanced. Soybean sceds were induced 1o imbibe at
high temperatures with simultaneous release of nutri-
ents allowing Bacillus spp. 10 readily attack seed tis-
sues, which resulted in seed decay (Schiller et al, 1977).
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No similar work on temperalure-microorganism ef-
fects on weed seed viability has been conducted. These
rclationships might be exploited for reducing seed banks
where soil temperatures can be modified using methods
such as solarization.

In a preliminary investigation of these rclationships,
seeds of three weed species, velvetleaf, morning-glory,
and jimsonweed, were incubated at different temper-
atures on water agar for 4 d. Secd germination was
greatly inhibited a1 41°C for all species and also at 34°C
for jimsonweed (Fig. 5). The proportion of seeds with
bacterial infection increased with increasing tempera-
ture 10 34°C, and then declined at 41°C. As tecmperature
increased, the incidence of Baciflus spp. increased and
a conconiitant decrease in total viable (germinating +
hard) secds occurred. Heat-induced physical and phys-
iclogical changes in hard and germinating seeds may
have predisposed secds 10 attack by rapidly growing
bacteria. Selection of heat-tolcrant bacteria with cer-
lain properties {i.e., enzvme and seed toxin production)
combined with solarization might enhance seed-killing
effectivencess. Solarized soils are readily colonized with
microorganisms applied after trcaiment, as demon-
sirated for selected biocontrol agents of plant patho-
gens, due to reduced competition from indigenous soil
organisms (DeVay and Katan 1991). Weed sceds sur-
viving solarization may be weakened and more sus-
ceptible to microbial attack. Microorganisms appiied
immediately after solarization might therefore enhance
reductions of viable seeds remaining in soil. Thal seed
viability was reduced by bacteria at temperatures lower
than those of cflective solarization (Fig. 5} indicates
that selected bacteria might also be applied below sur-
face plant residue mulches that only moderately in-
creasc soil temperaturcs.

Little work has been conducted on the relationship
of other soil faclors aflecting weed seed deterioration
in soil, The complex nature of soil properties influences
the size and composition of microbial populations.
Factors having the greatesi cffect on microbial growth
and activity also have greatest impacts on decompo-
sition in soil (Parr and Papendick 1978). As mentioned
previously, microorganisms arc associated with seeds
prior to dispersal from the parent plant. Very little is
known of the influence of resident microorganisms on
seed decomposition at the soil surface and thetr inter-
actions with soil microorganisms after incorporation
into soil. Investigation of how soil environmental fac-
tors interact with potential weed seed decomposers is
critical 10 an undersianding of seed decomposition dy-
namics and to devclopment of strategies for manipu-
lating soil-seed—microorganism relationships for max-
imum seed depletion. For example, soil moisturce and
organic maiter werc implicated as mayjor factors af-
fecting deteroration of sceds of various weed specics
during 20 vr of burial in undisturbed soils (Lewis [973).
Recent work suggests that organic and inorganic sub-
stances accumulated in the soil surface layer in long-
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term no-till ficlds create unique ¢cnvironments high in
biological activity ideal for proliferation of weed seed
predators and pathogens, which can cause shifis in weed
composition and population dynamics (Cardina et al.
1991). The consideration of methods for manipulating
soil and cultural factors to ¢nhance weed seed decom-
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Relationships of microorganisms and weed seeds in the soil environment. Several methods for depleuing the weed

seed bank with potential for integralion with an approach including microorganisms are indicated.

position is intended to stimulate the development of
novel strategies for weed management and not to imply
that every approach will be successful. However, all
oossibilities should be pursued.

SUMMARY: OUTLOOK FOR THE FUTURE

Studies have shown that a small proportion of highly
resistant seeds persist in soils despite eradication cf-
forts. These persistent seeds are the source of continu-
ing weed problems and their elimination will be a dif-
ficult task. Research to solve the weed seed problem
has concentrated on phvsical and chemical means of
breaking seed dormancy to stimulate germination and
has largely ignored the use of microorganisms to in-
crease sced mortality.

It is unlikely that a single microorganism will be able
10 selectively seek out weed seeds in the soil, overcome
their protective mechanisms, and kill them before
emergence. However, there are several approaches by
which microorganisms can likely be integrated into
weed management strategies (Fig. 6):

1) Application of seleeted microorganisms or their
metabolites (i.e,, phytotoxins) to soil or to weeds prior
10 seed dispersal to enhance current weed management
practices;

2) Application of low rates of herbicides or growth-
regulating chemicals to predisposc seeds and scedlings

1o attack by applied and/or soilborne microorganisms
(Kremer and Schulte 1989).

3) Integration of microorganisms with nowvel seed
bank depletion methods including chemical germina-
tion stimulants and soil solarization (Egley and Duke
1983, Egley 1986, DeVay and Katwan 1991),

4) Modification of weed management practices to
increasc the effectiveness of naturally occurring bio-
logical agents ineluding seedborne fungi (Roberts et al.
1986) and seed-feeding insects (Goeden and Ricker
1973, Kremer and Spencer 198%9a, ).

It is apparent that research on microbial factors af-
feeting sced banks is in its infancy, with many ap-
proaches described only in hypotheses. Exploitation of
ecological aspects of weed seed—-microorganism—soil
environment relationships may lead to real progress
toward effective weed management systems. Weed bi-
ologists, ecologists, and microbiologists need to pool
their efforts in devising integrated strategies 10 enhance
the possibility of success in managing weed seed banks.

ACKNOWLEDGMENTS

1 thank Jerry Baskin, Diane Benoit, John Halloin, Gary
Harman, and three anonymous reviewers for their valuable
eomments on the manuscript. This is a joint contribution
from the United States Department of Agriculture, Agricul-
tural Researeh Service and the Missoun Agricultural Exper-
iment Station. Journal Serics Number 11 643,



February 1643

LITERATURE CITED

Aldrich, R. J. 1984. Woeed-crop ceology: principles in weed
management. Breton, North Scituate, Massachusetts, USA.

Banting, J. D. 1966. Studies of the persistence of Avena
farwa. Canadian Journal of Plant Science 46:129-140,

Baskin, J. M., and C. C. Baskin. 1989. Phvsiology of dor-
mancy and germination in relation to seed bank ecology.
Pages 3366 in M. A. Leck, V. T. Parker, and R. L. Simp-
son, cditors. Ecology of soil sced banks. Academic Press,
San Diego, California, USA.,

Begonia. M. F. T. 1989, Characterization of atiraction of
rhizodacteria 10 weed seeds and scedlings. Dissertation.
University of Missouri, Columbia, Missouri. USA.

Brambl, R., and W. Gade. 19835, Plant sced lectins disrupt
growth of germinating fungal sporces. Physiolegica Planta
64:402-408.

Bridgemohan, P., R. A. 1. Brathwaite, and C. R. McDawid.
1991. Seed survival and patterns of seedling emergence
studies of Rotthoellia conchinchinensis (Lour.) W.D. Clay-
1on in culuivated soils, Weed Research 31:263-272.

Brust, G. E., and G. J. Housc, 1988. Weed seed destruction
by arthropods and rodents in low-input soybean agrocco-
systems. American Journal of Alternative Agriculture 3:
16-25.

Bumsisde, O. C.. R, 8. Moomaw, F, W. Rocth, G. A. Wicks.
and R. G, Wilsen. 1986. Weed seed decline in soil in
weed-free com (Zeg mays) production across Nebraska.
Weed Science 34:248-251.

Cardina. J.. E. Regnicr, and K. Harrison. 199!, Lenp-lerm
tillage effects on seed banks in three Ohio seils, Weed Sci-
enee 39:186-194.

Cavers, P. B.. and D. L. Beneit. 1989, Seed banks in arable
land. Papes 309-328 in M. A. Leck, V. T. Parker, and R,
L. Simpson, ¢ditors. Ecology of soil seed banks, Academic
Press, San Diego, California, USA.

Chancellor, R. L. 1981, The manipulaton of weed behav-
iour for control purposes. Philosophical Transactions of Lhe
Royal Socicty of London, Series B 195:103—1 10.

Colosi, J. C., P. B. Cavers. and M. A. Bough. 1983. Dor-
mancy and survival in buried sceds of proso millet (Pani-
cum miliaceurn). Canadian Journal of Botany 66:161-168,

Dawsen, J. H., and V. F. Bruns, 1975, Longevitv of barn-
vardgrass, green foxtail, and yellow foxtail seads in soil.
Weed Science 23:437-440.

DcFrank, J.. and A, R. Putnany. 1983, Screening procedures
1o identify soil-borne actinomycetes that can produce her-
bicidal compounds. Weed Science 33:271-274,

DeVay, J. E.. and J. Katan, 1991. Mechanisms of pathopen
control in solarized soils. Pages 87-101 in J. Katan and J.
E. DeVay, editors. Soil solarization. CRC, Boca Raton.
Flonda, USA.

Egley, G, H. 1983. Weed sced and scedling reductions by
soil solarization with transparent polyethvlene sheets. Weed
Science 31:404-409.

1986. Stimulation of weed sced germination in seil.

Reviews of Weed Scicnee 2:67-89.

1990. High-temperature eflects on germination and
survival of weed seeds in soil. Weed Science 38:429-4335.

Egley. G. H., and 8. O. Duke. 1985, Physiolegy of weed
sced dormancy and germination. Pages 27-64 in S, O. Duke,
editor. Weed physiology: reproduction and ccophysiology.
Volume 1. CRC, Boca Raten, Florida, USA,

Ennis, W. B., Jr. 1977, Integration of weed control 1ach-
nologies. Pages 229-243 in J. D. Fryer and S. Matsunaka,
cditors. Integrated control of weeds, University of Tokyo
Press, Tokyo, Japan.

Forcella. F. 1992, Prediction of weed seedling densitics
from buried seed reserves, Weed Research 32:29-38.

Froud-Williams, R, J., R, J. Chancellor, and D. 8. H. Dren-
nan. 1983, Influence of cultivation regime upon buried

WEED SEED BANK AND MICROORGANISMS 51

weed sceds in arable cropping systems. Journal of Applied
Ecology 20:159-208.

Goeden, R. D, and . W, Ricker. 1973, A soil profile anal-
vsis for punclurevine fruit and sced. Weed Science 21:304-
507,

Gogue, G, J.,and E. R. Emino. 1979. Sced coat scarification
of Aibizia julibrissin Durazz, by natural mechanisms. Jour-
nal of the American Socicty of Horticulwaral Science 104:
421423,

Halloin, J. M. 1983. Deierioration resistance mechanisms
in sccds. Phytopathology 73:335-339,

Halloin, J. M., L. S. Lee, and P. J. Couty. 1991. Pre-ripening
damage to cottonseed by Aspergifius flavis 1s not influenced
by seed coat permeability. Journal of the American Oil
Chemists Soctely 68:522-523,

Harman. G. E. 1983. Mechanisms of seed infection and
pathogenesis. Phytopathology 73:326-329.

Harman, G. E., and T. E. Stasz. 1986, Influence of seed
quality on soil microbes and sced rots. Pages 11-37 jn .
H. West. editor. Physiclogical-patholegical interactions af-
fecting secd deterioraticn. Crep Science Society of America.
Madison, Wisconsin. USA.

Harper. J. L. 1977. Population biology of plants. Academic
Press, London, England.

Janzen, D, H. 1971. Sced predation by animals. Annual
Review of Ecology and Systematics 2:465-492.

Kennedy, A. C., L. F. Elliott, F. L, Young, and C. L. Douglas.
1991. Rhizobacleria suppressive to the weed downy brome.
Soil Science Scciety of America Journal 35:722-727.

Kiewnick, L. 1964, Experiments on the influence of seed-
borne and soilborne microflora on the viability of wild oat
seeds (Avena faiua L) 11. Experiments on the influences of
micreflora on the viability of sceds in soil. Weed Research
4:31-43.

King, R. P.. D. W. Lvbecker. E. E. Schweizer, and R. L.
Zimdahl. 1986, Biocconomic modeling 1o stimulate weed
control sirategics for continuous corn (Zea ays). Weed
Science 34:572-979.

Kirkpatrick, B. L., and F. A Barrar, 1979. I[nfluencc of
certain fungi on seed germination and seedling survival of
four colonizing annuals. Journal of Applied Ecclogy 16:
513-527.

Kremer, R. J. 19864, Microorganisms assoclated with vel-
veleal (Abuiion thegphrasti) seeds on the soil surface. Weed
Science 34:233-236.

1986h. Antimicrobial acuivivy of velvetleal (Abusi-

lon theophrasti) seeds. Weed Science 34:617-622.

1987. ldeniity and properties of kacteria inhabiuing
seeds of selected broadleaf weed species. Microbial Ecology
14;29-37.

Kremer. R, J.. M. F. T. Begonta. L. Signley, and E. T. Lanham.
1990. Characierization of rhizobactena associated with
weed scedlings. Applied and Environmental Microbiology
56:1649-1653,

Kremer, R. I.. L. B. Hughes. Ir., 2and R, J. Aldrich. 1984,
Examination of microorganisms and deterioration resis-
1ance mechanisms associated with velvetleaf seed. Aeren-
omy Journal 76:743-749.

Kremer, R.J., and L. K. Schulie. 1989. Influence of chemical
treatment and Fusarium oxysporum on velvetleal (Aburilon
theophrasti). Weed Technology 3:369-374.

Kremer, R. 1., and N. R. Spencer. 198%¢. Impaet of a sced-
feeding insect and microorganisms on velvctleaf (Abuiiion
theophrastd) seed viability, Weed Science 37:211-216.

Kremer, R. J.. and N. R. Spencer. 19895, [nteraction of
insects, fungi, and burial on velveteaf {Abutilon theophras-
1) seed viability, Weed Technelogy 3:322-328.

LaCroix, L. J., and D. W. Staniforth. 1964, Seed dormancy
in velvetleaf, Weeds 12:171-174.

Leguizamon, E, S, 1986. Sced survival and patterns of seed-




52 ROBERT 1],
ling emergence in Sorghum haiepense (L) Pers. Weed Re-
search 26:397-403.

Lewis, I. 1973, Longevity of crop and weed seeds; survival
after 20 vears in soil. Weed Research 13:175-191.

Lueschen, W. E., and R. N. Andersen. 1980. Longevity of
velvetleaf (Abutilon theophrastt) seeds in soil under agrni-
cuttural practices, Weed Science 28:341-346.

McKey, D. 1979, The distribution of secondary compounds
within plants, Pages 55-133 /n A, Rosenthal and D. H.
Janzen. editors. Herbivores: their interaction with sccond-
ary plant metabolites. Academic Press, New York., New
York, USA.

Mishra, R. R., and W. B. Srivastava. 1977. Comparson of
mycoflora associated with certain crop and weed seeds.
Acta Mycologica 13:145-149,

Mortensen, K., and A. . Hsiao. 1987. Fungal infestation of
seeds from seven populations of wild oats (Avena fatia L)
with different dormancy and viability characicristics. Weed
Research 27:267-304.

Parr, 1. F., and R. L. Papendick. 1978, Faclors affecting the
decomposition of crop residues by microorganisms, Pages
101-129 in W, R, Oschwald. editor. Crop residue man-
agement systems, American Sociely of Agronomy, Madi-
son, Wisconsin, USA,

Paszkowski, W. L., and R, I, Kremer. 1988, Biological ac-
livity and tentative identification of flavonoid components
in velvetleaf (4busilon theophrasti Medik.) seed coats. Jour-
nal of Chemical Ecology 14:1573-1382.

Picman, A, K., R. Giaccone, K. C. Ivarson, and 1. Aliesar.
1984. Anufungal properties of oat hulls, Phyloprotection
65:9-15.

Piuy, A.. D. W. S1aniforth. and L. H. Tiffany, 1987, Fungi
associated with caryopses of Seraria species from field-har-

KREMER Ecological Applications

Vol 3, No. 1

vesled seeds and from soil under 1wo tillage svstems. Weed
Science 35:319-323.

Roberts, H. A, and P. M. Feast. 1972, Fale of seeds of some
annual weeds in different depihs of cultivated and undis-
turbed soil. Weed Research 12:316-324,

Roberts. R. G., J. A. Robertson. and R. T. Hanlin. 1986.
Fungi occurring in the achenes of sunflower (Hefiarihies
annius). Canadian Journal of Botany 64:1904-1971.

Schafer. D.E.. and D. O. Chilcote. 1969. Factors influcncing
persisience and depletion in buried secd populations. [ A
model for analysis of parameters of buried sced persistence
and depletion. Crop Scicnce 9:417-419,

Schitler, C. T.. M. A. Ellis, F. D. Tenne, and 1. B, Sinclair.
1977, Effect of Bacilluy subiilis on soybean seed decay.
germination, and stand inhibition. Plant Discase Reporter
61:212-217.

Schweirer, E. E., and R. L. Zimdahi. 1984, Weed secd dce-
cline in irrigated soil after six years of continuous corn (Zea
mays) and herbicides. Weed Science 32:76-83.

Thompson, K., and 1. P. Grime. 1979. Scasonal variation
in Lthe sced banks of herbaceous specics in ten contrasting
habizats. Journal of Applicd Ecology 67:893-921.

yvan Lecuwan. B, H. 1981. Influence of microorganisms on
the germination of the monocarpic Cirsitem vitfgare in re-
lation to disturbance. Oecologia {Berlin) 48:112-1135.

Warnes, D. D., and R. N. Andersen. 1984, Decline of wild
mustard {Brassica kaber) seeds in soil under various cul-
tural and chemical praciices. Weed Science 32:214-217.

Zorner, P. S., R. L. Zimdahl. and E. E. Schweizer. 1984,
Sources of viable seed loss in buried dormant and non-
dormant populations of wild oat {4vena fatuwa L.) seed in
Colorado. Weed Resecarch 24:143-150.



