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In recent years, there has been a rapid increase in the number of reported
cases of herbicide-resistant weed species (over 100), as well as an increase
in the types of herbicides to which resistance has evolved. This paper
reviews evidence for differential fitness of herbicide-resistant and
susceptible biotypes. Fitness estimates are required to produce reliable
population models. Fitness measures describe the potential evolutionary
success of a genotype based on survival, competitive ability and ultimately
reproductive success. Differences in relative fitness between resistant and
susceptible biotypes are usually inferred from measures of relative plant
productivity or competitiveness. For triazine-resistant weed species, studies
have indicated that resistant plants were generally less fit than susceptible
plants, although exceptions did exist. Although less data are available on
the fitness of plants resistant to non-triazine herbicides, information is
summarized for sulfonylureas, substituted ureas, dinitroanilines, paraquat,
diclofop, and organic arsenicals. No consistent differences in relative fitness
were observed for non-triazine resistant and susceptible biotypes. In general,
studies have indicated that the relative fitness of susceptible and resistant
biotypes of a single species depends upon biological conditions, including
genotype and population variation, intra- and inter-biotype competition,
and environmental conditions such as temperature, light quality, and
management practices. Future needs for relative fitness studies are
discussed.

Warwick, S.I. et L.D. Black. Aptitude relative de biotypes de mauvaises
herbes résistants et sensibles aux herbicides. PHYTOPROTECTION 75
(Suppl.): 37-49.

Au cours des derniéres années, il y a eu une augmentation rapide du
nombre de mauvaises herbes (plus de 100) signalées comme étant
résistantes aux herbicides, de méme qu’une augmentation du nombre de
groupes d’herbicides auxquels la résistance a évolué. Cet article fait état
des données qui suggerent l'existence de différences d'aptitude entre les
biotypes résistants et sensibles aux herbicides. Des estimés de |'aptitude
sont nécessaires afin d’établir des modéles de population fiables. Ces
estimés permettent de prévoir le potentiel de succes évolutif d’'un génotype
base sur sa survie, sa compétitivité et en dernier lieu, sur son succés repro-
ductif. Les différences d'aptitude entre les biotypes résistants et sensibles

1. Centre for Land and Biological Resources Research, Agriculture Canada, K.W. Neatby
Bldg., C.E.F., Ottawa, Ontario, Canada K1A OC6
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sont généralement dérivées des mesures de productivité relative ou de
compétitivité. Pour les mauvaises herbes résistantes aux triazines, des
études ont démontré que les plantes résistantes étaient généralement
moins compétitives que les plantes sensibles, malgré la présence de certaines
exceptions. Bien qu’il y ait moins de données disponibles sur I'aptitude des
plantes résistantes aux groupes herbicides autres que les triazines, cet
article résume l'information disponible sur les sulfonylurées, les urées
substituées, les dinitroanilines, le paraquat, le diclofop et les arsenicaux
organiques. Aucune différence d’aptitude constante n’a été observée pour
les biotypes résistants et sensibles aux herbicides autres que les triazines.
En général, les études ont démontré que |'aptitude relative des biotypes
sensibles et résistants d’une espéce donnée dépend des conditions
biologiques (incluant la variation a I'intérieur du génotype et de la population
et la compétition inter- et intra-biotypes), et des conditions environnernen-
tales telles la température, la qualité lumineuse et les pratiques de gestion.

Nomenclature of chemical names cited in the text:

Atrazine: 6-chloro-N-ethyl-N-(1-methylethyl) -1,3,5-triazine-2,4-diamine; chlorsulfuron: 2-chloro-
N-[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl)Jamino]carbonyl]jbenzenesulfonamide,
chlorotoluron: 3-(3-chloro-p-tolyl)-1,1-dimethylurea; diclofop: (+)-2-[4-(2,4-dichloro-
phenoxyjphenoxylpropanoic acid; paraquat: 1,7'-dimethyl-4,4"-bipyridinium ion; simazine: 6-
chloro-N,N-diethyl-1,3,5-triazine-2,4-diamine; trifluralin: 2,6-dinitro-N,N-dipropyl-4-
(trifluoromethyl)benzenamine.

INTRODUCTION resistance, include: i) herbicides with a

single target and specific mode of
Since the discovery of a triazine- action, an increased activity and effec-
resistant biotype of Senecio vulgarisL.  tiveness inkilling a wide range of weed

in the United States (Ryan 1970), there ~ species, and a season-long residual
has been a rapid increase inthe number ~ control of germinating weeds; and
of reported cases of herbicide-resistant  ii) herbicides which are applied fre-
weed species and also an increase in  quently, over several growing seasons
the types of herbicides to which of the weed population without rota-
resistance has evolved. There are over ~ tion or combination with other types
100 weed species with biotypes known of herbicides. Indeed, the majority of
to be resistant to herbicides (Holt and herbicides for which there are docu-
LeBaron 1990; LeBaron and Gressel mented cases of resistance exhibit
1982: Moss and Rubin 1993; Warwick these characteristics. In most instances
1991). Herbicide resistance may be with triazines, resistance appeared
defined as the condition whereby a plant after 7 yr or more, with dinitroanilines
withstands the normal field dose of a  after 10 yr, with paraquat after 5 yr or
herbicide, as a result of selection and ~ more, while sulfonylurea resistance
genetic response to repeated exposure  appeared after only 3 to 5 yr (Warwick
to herbicides with a similar mode of 1991).

action. Susceptible plants are normally

killed by recommended field doses. Differential fitness of resistant and

susceptible biotypes was recognized as
The weed population/herbicide an important factor influencing the
model is an excellent tool for studying evolution of herbicide resistance long

selection, adaptation and evolution before resistance to triazine herbicides
since herbicide selection pressure is evolved (Harper 1956). In a herbicide-
easy to study within a specific environ- free environment, resistant biotypes can

ment (Warwick 1991). Characteristics of be less, more, or as fit as susceptible
herbicides, and their use that increase biotypes. When a resistant biotype is
the selection pressure for herbicide less fit than a susceptible biotype,
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discontinued use of the selective
herbicide allows natural selection to
restore the predominance of susceptible
plants. The larger the fitness differences,
the more rapid susceptible plants will
replace resistant ones. If there are no
fitness differences between the two
biotypes or if the resistant biotype is
more fit, stoppage of the use of the
selective herbicide will not result in the
elimination of the resistant biotype.
Differences in relative fitness will,
therefore, influence the selection of
herbicide resistance management
strategies. Differential fitness is also one
of the prime factors affecting the
potential ecological impact of the escape
of herbicide resistance from transgenic
crops into wild or weedy populations
through hybridization and introgression,
or simply as new crop escapes.

The present paper reviews evidence
for the relative fitness of herbicide-
resistant and susceptible biotypes of
weeds. This topic is of considerable
agronomic interest given its important
implications for the management of
herbicide-resistant weeds.

RELATIVE FITNESS

Fitness measures describe the potential
evolutionary success of a genotype
based on survival, competitive ability
and ultimately reproductive success,
with the most fit individual leaving
the greatest number of offspring
and thereby contributing a greater
proportion of its genes to the gene pool
of the population. Practically, fitness
differences between resistant and
susceptible biotypes are usually deter-
mined from measures of relative plant
productivity or competitiveness (Holt
1990; Radosevich and Holt 1982;
Warwick 1991). Relative fitnesses are
calculated by assigning a fitness value
of 1 to the most fit biotype, i.e. the one
with the highest productivity or greatest
competitiveness. Differences between
the relative fitness of the most fit
biotype and that of the less fit biotype
is termed the selection coefficient. The
cost of resistance in a herbicide-free
environment is the ratio of the perfor-
mance of the resistant biotype over the
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performance of the susceptible biotype
(P:P ), and selection against the resistant
biotype equals 1-(P:P_). In the presence
of the herbicide, selection against the
susceptibe biotype equals 1- (PP ) and
will equal 1.0 if resistance is complete.

The earliest relative fitness studies
of herbicide-resistant and susceptible
biotypes were conducted with only
single populations, that often originated
from widely separated areas. Later
studies conducted more critical tests,
including estimates of both inter- and
intra-population variability of each
biotype and effects of geographical
origin (Haigler et al.1994; Murphy et al.
1986; Warwick and Marriage 1982;
Weaver et al. 1982). Recent studies also
include comparisons of biotypes of
similar genetic background, either from
the same field population or as isogenic
lines. If isogenic plant material is not
used, general consideration must be
given to levels of population variability
within weed species, and a range of
susceptible and resistant populations
should be included in the study
(Warwick 1991). For example, Darmency
et al. (1992) examined the relationship
of inter- and intra-population variation
in Chenopodium album L. as regards
the mutation on the psbA gene that
confers triazine resistance and the
accompanying decrease in the chlo-
rophyll a:chlorophyll b (chla:chlb)
ratio. Their studies indicated consi-
derable genetic variability for the
chla:chlb ratio among plants within a
susceptible population and among
populations of the species. The
magnitude of chla:chlb differences was
greater than that due to the influence of
the mutation itself, i.e. 10% decrease
for isogenic resistant plant material.

Recent studies by Dekker and
Burmester (1992) have suggested both
an ontogenetic and diurnal influence
on the relative photosynthetic charac-
teristics of triazine-resistant and
susceptible plants, i.e. the photo-
synthetic superiority of one biotype
relative to the other was a function of
the time of day and of the age of the
plant. Younger resistant plants of
Brassica napus L. had greater photo-
synthetic rates early and late in the
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diurnal light period, whereas those of
susceptible plants were greater during
midday, as well as during the photo-
period as a whole. The relationship
between the two biotypes dramatically
changed with the onset of the repro-
ductive phase, when the resistant plants
had greater photosynthetic rates than
susceptible plants during all periods of
the diurnal light period. These observa-
tions suggest that resistant plants
may have a fitness advantage over
susceptible plants in certain unfavour-
able ecological niches independent of
the triazine herbicides, such as cool,
low-light environments. These studies
also indicate that relative fitness
measures are highly dynamic and are
influenced not only by genotype, but
also by the stage of plant development
of that genotype, and on a very smali
environmental scale, by time of day.

Relative fitness estimates are required
to produce reliable population models.
Most relative fitness studies have usu-
ally restricted measurements to vege-
tative and reproductive growth, while
recent population models (Maxwell et
al. 1990; Mortimer et al. 1992; Putwain
and Mortimer 1989) emphasize evalua-
tion for a number of life-history stages:
seed dormancy and germination, seed-
ling establishment, survival, growth,
pollination, and seed production.

Triazines

The evolution of weed species resistant
to triazines has become widespread
with ca. 55 resistant species reported in
Canada, Europe and the United States
(Warwick 1991). Triazine herbicides are
strong inhibitors of photosynthesis, and
resistance in most weedy species results
from a loss of herbicide binding ability
due to alteration of the binding site on
the thylakoid membrane of the
chloroplast (Warwick 1991). The first
relative fitness studies were conducted
by Conard and Radosevich (1979), who
reported that susceptible plants of
Senecio vulgaris and Amaranthus
powellii S. Wats. (reported as A.
retroflexusL.) had greater above-ground
dry matter production and greater seed
production than resistant plants, when
grown under both competitive and non-
competitive conditions in the absence
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of atrazine. Subsequent studies have
supported the hypothesis that triazine-
resistant plants are generally less fit
than susceptible plants, although some
exceptions do exist (Holt 1990; Warwick
1991). Reduced productivity or competi-
tiveness of the resistant biotypes are
reported for several weed species
(Table 1).

The correlation of reduced plant
vigour with triazine resistance has
also been observed in engineered
triazine-resistant crops, with 20-30%
yield reductions in resistant cultivars of
Brassica napus (Beversdorf et al. 1988)
and Setaria italica (L.) Beauv. (Darmency
and Pernés 1989; Reboud and Till-
Bottraud 1991; Ricroch et al. 1987).

In Abutilon theophrasti Medic., the
mechanism of triazine resistance is
different from the species listed above
and involves herbicide detoxifica-
tion through enhanced metabolism.
Nevertheless, non-competitive experi-
ments of Bailey and Garbutt (1991)
found that while resistant individuals of
A. theophrasti had lower biomass and
lower photosynthetic capacity than
susceptible individuals, there was no
significant difference in seed mass or
seed number between the biotypes.
Under competitive conditions, the
results suggested that, in general, the
resistant plants were inferior, but that
both frequency and density had marked
effects on the competitive outcome
(Bailey and Garbutt 1991).

The use of nuclear-isogenic lines
allows for the study of the effects of
the mutation conferring herbicide
resistance separate from other genetic
differences. Similar yield reductions
in the triazine-resistant cultivars of
Brassica napus were evident when
examined in either a similar (Gressel
and Ben-Sinai 1985) or common
nuclear-genetic background (Beversdorf
et al. 1988). Isogenic studies of triazine-
resistant Senecio vulgaris conducted
on F, hybrids and backcrossed plants
(McCloskey and Holt 1990; Stowe
and Holt 1988) also presented data
supporting reduced productivity of
resistant biotypes, with the actual
percentage of reduction in vyield
dependent on the nuclear genome and
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time of harvest. For example, Stowe
and Holt (1988) found that although the
susceptible parental line outperformed
the resistant parental plantin all growth
parameters, differences between the
reciprocal F, plants (S xR, R x S) tended
to converge over time, with the cost
of resistance ca. 60% at 6 wk, 30% at 8
wk, and 0-2% at 10 wk. Time of harvest
will influence results if susceptible
biotypes develop faster than resistant
biotypes, as shown for example in
Brassica rapa L. (Mapplebeck et al.
1982), Chenopodium album (Marriage
and Warwick 1980) and Senecio vulgaris
(Holt and Radosevich 1983) The
differences between biotypes will
diminish with time as the growing
season progresses. Relative fitness
studies of isogenic lines of Chenopo-
dium album (Darmency and Gasquez
1990) indicated that both intermediate
and resistant biotypes flowered later
and produced fewer seed than the

susceptible biotype. However, inter-
mediate plants at the seedling stage
grew more vigorously than either
susceptible or resistant plants.

Studies by Jordan (1992) compared
the fitness effects of triazine resistance
in similar nuclear backgrounds in
Amaranthus hybridus L. from Virginia
and Maryland, with the use of reciprocal
F, progeny derived from selfing of F,
hybrids, both in the greenhouse and in
a mixed weed community in the field.
Reduced biomass production and
associated fitness cost was evident for
the resistant plants, but the magnitude
of the cost of resistance (i.e. the ratio of
biomass of resistant plants: biomass of
susceptible plants) varied sharply
among populations and environments.
For example, in the greenhouse, cost
of resistance in the Virginia popula-
tion increased from 24 to 35% with
competition and increased further still

Table 1. Weed species exhibiting reduced productivity or competitiveness of triazine-resistant

biotypes
Species Country Reference
Amaranthus cruentus L. Spain De Prado et al. (1991)
Amaranthus hybridus L. United States Ahrens and Stoller (1983)
Jordan (1992)
Spain De Prado et al. (1991)
Amaranthus powellii S. Wats. United States Radosevich and Holt (1982)
Canada Weaver and Warwick (1982)
Weaver et al. (1982)
Amaranthus retroflexus L. Canada Weaver and Warwick (1982)
Weaver et al. (1982)
Brassica rapa L. Canada Mapplebeck et al. (1982)
Chenopodium album L. Belgium Bulcke et al. (1985)
Hungary Solymosi and Lehoczki (1989)
Canada Marriage and Warwick (1980)
Warwick and Biack (1981)
Warwick and Marriage (1982)
Leroux (1993)
Poa annua L. Belgium Bulcke et al. (1984)
Polygonum lapathifolium L. France Gasquez et al. (1981)
Senecio vulgaris L. Czechoslovakia Chodové and Mikulka (1992)
United States Holt (1988)
Holt and Radosevich (1983)
Canada Warwick (1980)
Setaria glauca (L.) Beauv. Spain De Prado et al. (1992)
Solanum nigrum L. Belgium Bulcke et al. (1985)
Italy Zanin and Lucchin (1990}
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(> 50%) in the field trial. In contrast, in
the Maryland population grown in the
greenhouse, there was no measurable
cost of resistance in the absence of
competition and smaller cost differences
(18%) in the presence of competition.
Reboud and Till-Bottraud (1991)
measured the cost of resistance in two
nearly isogenic lines of Setaria italica
by conducting a competition experiment
over a range of densities in the absence
of herbicide treatment. Susceptible
individuals were better competitors, but
the cost of resistance was density
dependent and increased with density.
The cost also varied with the characters
measured. It was highest (65%) for seed
production estimates compared to shoot
height or shoot weight at the higher
density for resistant individuals.

Not all triazine-resistant biotypes
demonstrated reduced vigour and
competitiveness. In Chenopodium
strictum Roth., a late-flowering,
slower-growing species, resistant and
susceptible biotypes produced similar
amounts of biomass in both competi-
tive and non-competitive conditions
(Warwick and Black 1981). Similarly, one
study of Chenopodium album reported
similar rates of photosynthetic activity
for the two biotypes with the resistant
one being a better competitor than
the susceptible one (Jansen et al. 1986).
The resistant biotype of Phalaris
paradoxa L. was either equal or superior
to the susceptible one in photosynthetic
potential and growth under non-
competitive conditions (Schonfeld et al.
1987).

The relative productivity of suscep-
tible and resistant biotypes of a single
species may also depend upon envi-
ronmental conditions, including light
quality and temperature. Results of
field trials testing differential growth of
the triazine-resistant and susceptible
biotypes to light vary. In a study of
Amaranthus hybridus grown under
non-competitive conditions at three light
levels, the growth rate did not differ
between biotypes at 10% light, whereas
at 40% and 100% light, biomass of the
resistant biotype was 40% less than that
of the susceptible one (Ahrens and
Stoller 1983). In contrast, the resistant

biotypes of Brassica spp. were
always less productive than the
susceptible ones regardless of light
quality conditions (Hobbs 1987).
Similarly, studies by Hart et al. (1992)
reported that under high photon flux
densities (PFD), growth response
between nearly isonuclear triazine-
resistant and susceptible plants of
Brassica napus, as measured by dry
weight and biomass allocation, was
30-40% greater for the susceptible
biotype compared to the resistant
one. However, under low PFD there
was little difference in dry weight
and biomass allocation between the
two biotypes. The differences in
growth under high PFD are likely due
to the greater photo-inhibitory sen-
sitivity of resistant plants. The simi-
larity in growth response observed
under low PFD was probably due to
similar rates of photo synthesis in
susceptible and resistant plants. The
inefficient photochemistry of resistant
plants is not necessarily reflected in
inhibition of whole plant growth.

Reports also vary with respect to
differential biotype response to
temperature. An increased heat and
pH sensitivity of the photosynthetic
apparatus was evident in several
triazine-resistant biotypes, including
isogenic nuclear lines of resistant
Solanum nigrum L., suggestive of a
greater instability of the oxygen
evolving system in resistant plants at
higher temperatures (Warwick 1991).
Several studies have suggested less
of a competitive disadvantage for
triazine-resistant biotypes at lower
temperatures. For example, triazine-
resistant cultivars of Setaria italica
indicated no biotype differences at
17°C, whereas at 27°C, the usual
differential between biotypes was ob-
served (Darmency and Pernés 1989;
Ricroch et al. 1987). Similarly, for
Polygonum lapathifolium L., the 20-
50% growth differential of resistant
and susceptible biotypes in total bio-
mass, observed under warm green-
house conditions, was reduced to 4%
under cool conditions (Gasquez et al.
1981). The latter result was consistent
with enhanced low temperature
germination in resistant biotypes of
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Polygonum lapathifolium and Amaran-
thus retroflexus L. observed in the same
study. A resistant biotype of Phalaris
paradoxa displayed more vigorous
growth than the susceptible biotype
when grown under early winter condi-
tions (Schonfeld et al. 1987). In con-
trast, studies of Amaranthus hybridus
indicated that the susceptible biotypes
were more vigorous at lower tempera-
tures than resistant ones (Vencill et al.
1987).

Other studies have indicated no
correlation between differential biotype
productivity and temperature, for
example, in resistant biotypes of
Chenopodium album from different
geographical origins (Vencill et al.
1987). Similarly, temperature was not
observed to elicit photosynthetic
differences between triazine-resistant
and susceptible biotypes of Brassica
spp. (Hobbs 1987), nor to differentially
affect the relative growth of resistant
and susceptible biotypes of Solanum
nigrum (Jacobs et al. 1988) (the latter
was evaluated in a common nuclear
genetic background by parental lines
and reciprocal F, crosses). There was
also no differential temperature effect
on biomass production of nearly
isonuclear triazine-resistant and
susceptible plants of Senecio vulgaris
(McCloskey and Holt 1991). The lack
of consistent temperature-related
effects among triazine-resistant
species may reflect the importance of
the nuclear genome in determining
temperature response.

Reports of differences in seed
dormancy between resistant and
susceptible biotypes may vary depend-
ing on species and growth conditions.
Some studies have shown that the
resistant biotype has greater dormancy
or later germination than susceptible
biotypes (Bulcke et al. 1984, 1985;
Mapplebeck et al. 1982; Weaver and
Thomas 1986). Others suggest no
correlation in dormancy with resistance
(Bulcke et al. 1985; Weaver and Thomas
1986) or report variable results depend-
ing on conditions (Gasquez et al. 1981).
Studies by Bailey and Garbutt (1994)
showed that the susceptible biotype
of Abutilon theophrasti had both a
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greater rate of germination and greater
total germination percentage in the
majority of treatment/environment
combinations, with differences between
biotypes accentuated at 25°C. However,
in some environments there were no
biotype differences in germination
characteristics.

Alternative weed management
practices and the accompanying
changes in environmental conditions
may also have an effect on measures of
relative fitness. The role of such factors
was revealed in a comparison of seeds
and adult plants in a mixed simazine-
resistant and susceptible population of
Senecio vulgaris on a fruit farm in the
United Kingdom (Watson et al. 1987).
Two seed banks were identified, each
having a different effect on biotype
maintenance. Seeds of the resistant
biotype had greater longevity than those
of the susceptible biotype in the lower
seedbank (> 2 cm depth), while in the
surface bank (0-2 cm), biotypes showed
different longevity according to man-
agement practice, i.e. substantial net
contribution to the seed bank by the
resistant biotype with simazine treat-
ment, and by the susceptible biotype
under rototilling. Cultivation practices
that place seeds at greater depths will
result in a depletion of the susceptible
biotype at faster rates than the resistant
biotype. In the surface seed bank, it was
the fate of the adult plants and their
relative seed yield that determined the
relative success of the two biotypes.

Non-triazine herbicides

Although less data are available on the
relative fitness of plants resistant to
non-triazine herbicides, information is
summarized for sulfonylureas, substi-
tuted ureas, dinitroanilines, paraquat,
diclofop, and organic arsenicals.

Sulfonylureas

Sulfonylurea herbicides inhibit ace-
tolactate synthase (ALS) which cata-
lyzes the first step of the biosynthesis
of branched chain amino acids. Resis-
tance is due to an altered site of action
and a form of acetolactate synthase that
is insensitive to inhibition (Warwick
1991). Reports on differential fitness
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vary relative to source populations.
Studies by Christoffoleti and Westra
(1991) on sulfonylurea-resistant and
susceptible populations of Kochia
scoparia (L.) Schrad. from Colorado in-
dicated that in greenhouse studies,
under non-competitive conditions, the
susceptible plants produced more
biomass than did the resistant plants.
The data from field experiments con-
ducted by the same authors at different
densities and competitive levels also
confirmed the lower competitive ability
of the resistant plants. In contrast,
Mallory-Smith et al. (1992) and Thomp-
son and Thill (1992) concluded that the
sulfonylurea-resistant biotypes of K.
scoparia from Kansas and North Dako-
ta were not less competitive than the
susceptible ones. Their studies showed
that the resistant biotype from Kansas
accumulated similar biomass in com-
parative growth studies, while the re-
sistant biotype from North Dakota tend-
ed to accumulate more biomass than
its susceptible counterpart, and that
under competitive conditions, the
Kansas resistant biotype was more
competitive, producing ca. 50% more
biomass than the susceptible one,
averaged over all densities. Field
observations and growth chamber
experiments indicated that sulfonylurea-
resistant K. scoparia from Montana
germinates more rapidly than suscep-
tible plants in the absence of the
herbicide, particularly at lower tem-
peratures (Dyer et al. 1993).

Fitness studies on sulfonylurea-resis-
tant and susceptible Lactuca serriola L.
from Idaho by Alcocer-Ruthling et al.
(1992 a, 1992b) found no differences in
seed longevity, fecundity or seed
viability between the two biotypes,
although seeds from the resistant
biotype germinated as fast or faster than
those from susceptible plants. Com-
parative greenhouse trials indicated that
the susceptible plants had a 52% faster
growth rate and also produced 24%
more biomass. Similarly in competitive
growth studies, the susceptible biotype
produced 31% more above-ground
biomass than the resistant biotype,
when averaged over all densities.
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Crop studies indicate that plant fit-
ness may be unaffected by sulfonylu-
rea resistance. Field trials of trans-
genic sulfonylurea-resistant Linum
usitatissimum L. carried out in Sas-
katchewan indicated no significant
differences between the transgenic
lines and the parent for any agro-
nomic trait in the absence of the her-
bicide (McHughen and Holm 1991).
Studies in France on chlorsulfuron
resistance transferred into wild Ci-
chorium spp. from the crop indicated
that all measured growth and repro-
ductive characteristics were identical
for resistant and susceptible biotypes
of wild populations (Lavigne and
Gasquez 1992). Similarly, Brassica
napus resistant to imidazolinones, a
separate class of ALS-inhibiting her-
bicides, exhibited similar seed vield,
maturity, and disease tolerance to
the susceptible biotype (Swanson et
al. 1989), as was the case for shoot
height in imidazolinone- and sulfony-
lurea-resistant mutants of Zea mays
L. (Anderson and Georgeson 1989).
However, the agronomic performance
of two sulfonylurea-resistant trans-
genic lines of Nicotiana tabacum L.
grown under field conditions in On-
tario indicated that both transgenics
were lower yielding than the controls
in the absence of the herbicide treat-
ment (Brandle and Miki 1993).

Substituted ureas

No evidence of inferior growth rate was
observed in chlorotoluron-resis-tant
Alopecurus myosuroides Huds. from the
United Kingdom and Israel (Chauval and
Gasquez 1991). Studies by Mortirner et
al. (1992) on chlorotoluron-resistant
populations of A. myosuroides from the
United Kingdom indicated that relative
fitness, as measured from seed pro-
duction, was shown to be both frequen-
cy and density dependent in experi-
ments comparing resistant and suscep-
tible biotypes in mixtures with winter
wheat (Triticum aestivum L.). For ex-
ample, in control plots, the susceptible
biotype outcompeted the resistant one
at low densities, but was selected
against at high intra-biotype densities.
The form of this interaction and the
consequent selection against the sus-
ceptible biotype was also strongly
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influenced by the two rates of chloro-
toluron applied. At the highest rate,
selection coefficients were greater than
0.87 and tended to increase with in-
creasing sowing density of the suscep-
tible biotype, and decrease with increas-
ing sowing density of the resistant one,
while at the half rate, selection was
always against the susceptible biotype
although not as pronounced.

Dinitroanilines

Dinitroaniline herbicides inhibit the
formation of microtubules and there-
by block mitosis in susceptible plants,
with resistance conferred by an altered
form of tubulin that results in microtu-
bule insensitivity to the herbicides.
Fitness studies (Murphy et al. 1986)
under non-competitive conditions on
several populations of dinitroaniline-
resistant and susceptible biotypes of
Eleusine indica (L.) Gaertn. from South
Carolina, have indicated no significant
differences between biotypes in terms
of most growth and development
characteristics, with the exception of
significantly greater inflorescence
weight in the susceptible biotype.
Studies by Valverde et al. (1988) indi-
cated no differences in vegetative bio-
mass or growth rate among three
dinitroaniline-resistant and susceptible
populations of E. indica from North
Carolina, South Carolina and Missis-
sippi, although reproductive weight of
the susceptible plants was higher than
that of resistant plants. Competition
studies (intra- and inter-biotype) of the
above species by the latter authors
suggested that the resistant biotype
was less competitive than susceptible
plants, responding to competition by
reduced reproductive output (Valverde
et al. 1988).

The preliminary results from recently
described trifluralin-resistant Setaria
viridis (L.) Beauv. from Manitoba (I.
Morrison, personal communication)
indicated no measurable differences in
relative fitness or reproductive effort
between resistant and susceptible
populations.

Paraquat
Studies in Japan on the growth of
paraquat-resistant and -susceptible

45

biotypes of Erigeron canadensis (L.)
Crong. indicated that the susceptible
biotype was more vigorous than the
resistant biotype under non-competitive
conditions in the absence of paraquat
(Itoh and Matsunaka 1990). Studies by
Tucker and Powles (reported in Powles
and Howat 1990) indicated that the
relative fitness (inter- and intra-specific
competitive ability) of paraquat-resistant
Hordeum glaucum Steud. from Australia
was lower than that of the susceptible
biotype in the absence of paraquat.

Diclofop

Reduced fitness of diclofop-resistant
biotypes of Lolium rigidum Gaudin.
from Australia was also reported, the
relative fitness of the resistant biotype
being 0.81 when grown in pure stands
and 0.65 when grown in mixed stands
with susceptible plants (Powles and
Howat 1990).

Organic arsenicals

Haigler et al. (1994) compared three
organic arsenical-resistant and four
susceptible populations of Xanthium
strumarium L. from South Carolina
under non-competitive field condi-
tions over two growing seasons and
found that susceptible and resistant
biotypes were similar in reproductive
potential, and in growth and deve-
lopment.

FUTURE NEEDS

The evidence summarized in this
review indicates that generalities, as
regards the relative fitness of herbi-
cide-resistant weeds, are difficult and
must take into consideration biologi-
cal conditions, i.e. genotype/popula-
tion source and geographically-based
variability of the weed species, intra-
and inter-biotype competition, and
the effects of the environment (temper-
ature, light, management practices,
etc.). Relative fitness studies should
include either multiple populations of
each biotype or isogenic lines. Compe-
tition experiments should address rel-
ative fitness both in the early vegetative
phases, including seed and seedling sur-
vivorship, andinthe reproductive phase.
Relative fitness studies should also be
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done in the field, and include competi-
tion with crop plants and perhaps other
weed species. In addition to the effects
of selection pressure imposed by her-
bicide application, more field data are
required on the selective effects of other
agronomic practices (such as crop rota-
tion, herbicide mixtures, post- versus
pre-emergence herbicide applications,
and inter-row cultivation) on the rela-
tive fitness, establishment and spread
of resistant populations. Additional
studies testing response to light,
temperature and other environmental
conditions are also needed on a wide
range of herbicide-resistant species.

Given this variation in relative
fitness, case by case studies are
required to assess the ecological
impact of the escape of herbicide
resistance from transgenic crops.
Such a quantitative experimental
study of the invasiveness of a
herbicide-resistant transgenic crop
(glufosinate-tolerant Brassica napus)
has been recently reported (Crawley
et al. 1993). Experiments were carried
out over 3 yr in 12 different habitats
at three sites within the United
Kingdom, and showed that inter-
specific plant competition proved to
be the main determinant of the
finite rate of population increase,
i.e. measure of invasiveness, rather
than the genetic lines tested. One
might predict that the risks of
increased invasiveness, in association
with the acquisition of herbicide
resistance through gene escape,
would be a more significant factor in
already highly invasive species such
as weedy species.
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