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Abstract

Despite the considerable research efforts invested over the years to measure the fithess
costs of herbicide resistance, these have rarely been used to inform a predictive theory
about the fate of resistance once the herbicide is discontinued. One reason for this may be
the reductive focus on relative fitness of two genotypes as a single measure of differential
performance. Although the extent of variation in relative fitness between resistant and
susceptible plants has not been assessed consistently, we know enough about plant
physiology and ecology not to reduce it to a single fixed value. Research must therefore
consider carefully the relevance of the experimental environment, the life stage and the
choice of metric when measuring fitness-related traits. The reason most often given for
measuring the cost of resistance, prediction of the impacts of management options on
population dynamics, cannot be addressed using arbitrary components of fitness or a fixed
value of relative fitness. To inform management options, the measurement of traits that
capture the relevant processes and the main causes of their variation are required. With
an emphasis on the benefit of field experiments measured over multiple time points and
seasons, we highlight examples of studies that have made significant advances in this

direction.
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1 INTRODUCTION
1.1 Why measure fitness cost of resistance and not use it?
It has become almost an expectation that studies of new cases of herbicide resistance
must determine, along with the biochemical mode of action, if there is any “fithess penalty”
or “resistance cost” incurred by resistant plants in the absence of the herbicide to which
resistance had evolved. The reason for doing this is rarely stated explicitly, although most
assume that it will relate to the persistence of the resistance gene(s) in the population
when the selecting herbicide is not used'?(; thus, there is the possibility of working out
how to modify the management system appropriatelyg‘GD. The fact of the matter is that
nothing further is done with most of the published estimates of resistance cost other than
to compare their existence or apparent non-existence with other studies.
We believe that there are several reasons why resistance cost estimates have been
consigned to mere lists:
The quantities typically measured experimentally as “resistance cost” are usually only a
fraction of what is needed to capture fitness appropriately. With the many other
parameters required for drawing useful predictions remaining unknown, it is difficult to
do anything with these measurements other than to tabulate them.
The way to manage agricultural systems to avoid or to respond to resistance is clear
without knowing accurately the magnitude of resistance cost. Thus the focus of applied
research has been restricted to Integrated Weed Management (IWM), the development
of multiple options to reduce seed banks, and its communication to farmers.
It has become a habit to test for the presence of a resistance cost, rather than to
quantify useful life-history parameters and the variation thereof. The conclusion drawn
is frequently that there is no resistance cost, with a severe possibility of Type Il
statistical error, and so no follow-up research ensues.
The valid research aim may be a very simple one which requires no further elaboration.

For example, the existence or absence of an effect of resistance on plant growth may
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be needed to provide support for the proposed physiological mechanism responsible

for resistance. Nothing more.
Whatever the reason, the tradition of trying to measure resistance cost — with little use of
the results - continues. There are no doubt some valid reasons for measuring resistance
costs usefully. But we have great concerns that, with a few notable exceptions,
researchers are measuring the wrong thing, for the wrong reasons, with the wrong
expectations. As a result, the quantities we compare in our lists of resistance costs are
measured in so many different ways that we cannot have any confidence in their
relativities. We do not argue that all work on resistance penalties should be disregarded;
but rather wish to ensure that future work will be designed to be useful, with studies

beginning by specifying the utility of the results.

1.2 What is fitness?
To understand what a useful estimate of fithness cost could be, we should first consider
what fitness is (and by extension what it is not). Despite a long history of theoretical

discussion by evolutionary biologists’~"°

1, the basic concept behind fitness is simple. The
fithess (w) of a particular genotype (i) in a particular environment represents its success in
contributing individuals (»,) to the next generation, i.e.
wi=n;(t)/ni(t-1) (1)

If we are interested in the population consequences of herbicide use, this definition is
sufficient. w can be estimated by monitoring numbers of each genotype over multiple
consecutive generations, aided by the fact that the herbicide provides a readily available
assay. This can be achieved relatively easily within farming systems and has the additional
benefit of accounting for local environmental and genetic heterogeneity. If we are only
interested in the fitness of one genotype relative to another — as we usually are - we would
only need to monitor their relative frequencies rather than absolute numbers, an option
that is becoming cheaper and easier with sequencing technology.

Nonetheless, the “black box” definition in Eqn (1) is uninformative about the
influence of individual traits on fithess and hence about the processes involved in the

frequency dynamics of the different genotypes. This is inherently limiting from both
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scientific and practical management perspectives. We can partly overcome this weakness
by subdividing fitness into a survival and a fecundity component, which can be estimated
separately. Thus, a slightly more mechanistic definition of fitness adopted by many
empiricists is:
w;=P;(S-R) P;(lifetime) (2)

i.e., the product of the proportion of seeds that goes on to become reproducing plants and
the lifetime reproductive output per mature plant. Survival from seed dehiscence to
reproductive maturity P(S-R) is not at all easy to measure. It is the combined outcome of
seed predation, mortality within the seed bank, establishment, survival and so on. Unless
the population is highly synchronised, lifetime fecundity may also be complicated to
estimate, particularly when a measure of fecundity must take into account the entire life
span of the plant. Equation (2) can be decomposed almost indefinitely to separate out the

different components of the lifecycle.

2 HOW TO MAKE THE ESTIMATION OF FITNESS-RELATED TRAITS USEFUL

2.1 Predicting the fate of herbicide resistance

The most direct way to assess the fate of herbicide resistance, only relying on the first
definition of fitness (Eq. 1), is without question the use of experimental evolution studies''
3 " These imply long experiments running over multiple generations and with major
difficulties of thoroughly controlling the experimental factors tested. A less laborious and
more widely used approach to predict the evolution of herbicide resistance is modelling, in
which shorter-term experiments can be used to estimate appropriate parameters.

Various classes of models of increasing complexity have been used to describe
herbicide resistance evolution™ | Early models typically focused on a population as an
entity, with the advantage of being very informative and straightforward but often holding
parameters constant, making the models at best very abstract if not completely theoretical.
More recently, individual-based models have increased the flexibility in the way trait
relationships (i.e. processes) can be specified with the potential for these relationships to
change over the simulation. The outcome is a greater mechanistic insight, potentially

making a more extensive use of empirical data, which is evidently more helpful for
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management purposes. But this flexibility often comes at the expense of simplicity, making
them more labour intensive to parameterise.

Most early models of herbicide resistance dynamics were process-based

1,15,16

models “where the fitness cost of resistance was often parameterised as a single

value ranging from 0 to 1"®"718[1 " this single value being sometimes extracted from

61519 Yand its influence tested

experiments® but more often than not chosen arbitrarily
through a sensitivity analysis®'® . Perhaps the high exposure received by these studies
was a major reason that the weed research community felt the need to shrink the outcome
of potentially complex situations down to a single quantity. These models were excellent
for illustrating principles, but otherwise limited. Herbicide resistance modelling thus turned
away from fitness costs as a single scaling parameter, to embrace a more realistic level of

complexity, trail-blazed in some early efforts'®*® "

individual-based approaches®?' . Fitness costs are not incorporated directly but emerge

and more recently extended to

as a consequence of many potential changes in lifecycle parameters between resistant

and susceptible biotypes, including for instance variation in competitiveness®*' "

or
flowering time® . Models should be seen as a great opportunity to use the full extent of
experimental data available, as well as to identify crucial experiments that would fill in gaps
or test specific model assumptions. Another important feature is the way in which models
integrate both processes and traits — rather than merely traits - for a comprehensive

outcome® 82223,

2.2 What to measure: beyond biomass

The evolution of resistance can impact numerous traits involved in multiple processes and
ultimately alter fitness in many different ways. However, studies focusing on fitness cost of
herbicide resistance have primarily focused on plant biomass and productivity®*>'c1. We
acknowledge that total seed production is often a good proxy for fithess and, in many
cases, primary biomass production is indeed a good predictor of seed output®* 'However,
this by no means implies that measuring only productivity will adequately capture the full
differences between resistant and susceptible biotypes. Other factors such as life-history

13,22,33,34 [

traits or response to biotic*® ‘and abiotic®*® 'conditions may also play an important
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role. And on an individual plant level, biomass may make no sense as a measure of
fitness: a large but sterile or dead plant clearly has no progeny and zero fitness - even
though it may have substantially affected the fitness of its neighbours.

The number of offspring a plant contributes to the next generation is the net
outcome of all stages of the plant lifecycle®” . Many models of resistance thus use the
lifecycle of a plant as a template. If our research aim is to predict the dynamics of
resistance, it would make obvious sense if our data-gathering also used the same life-
stage structured template. Depending on the nature of the resistance, we might expect
performance at any or all stages to be affected. We must therefore be comprehensive in
comparing genotypes at all stages, not just those that are convenient to measure. The risk
of measuring only one stage, such as early plant growth, is that it may be the “wrong”
stage in terms of finding out whether or not there is a fitness cost and may not reflect the
overall lifetime fitness difference between genotypes.

In recognition of this, it has become increasingly common to examine more than
one “component” of fithess and list how each of these is affected (in the absence of
herbicide) by resistance: for example dormancy? | germination®** | early growth®
flowering™ "and seed production. Although telling us biologically interesting, perhaps even
useful information, there is still the real possibility of missing out key stages. Added to this,
there is the problem of bringing the various components together to measure the overall
fithess cost. It is not simply a matter of averaging or multiplying the components, although
this has been the approach used in some fitness indices*®71. We expect, for example, the
influence of stages early on in the lifecycle, such as rate of germination and early vigour, to
be magnified by processes such as competition later on**(1 and competitive superiority of
one genotype over another may change considerably during growth*®*'c). How do we
compare quantitatively the effects on dormancy with those on growth or mortality? Once
again, the answer is to consider fully-parameterised models rather than a piecemeal
selection of arbitrary stages.

The focus on population dynamics***?

1 has been valuable, especially from a weed
management perspective**1. However, if we want to delve deeper into physiological

changes resulting from resistance and how they will affect fitness, empirical counts of the
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numbers of individuals germinating, dying and being born will be insufficient. To illustrate a
few possibilities, height, leaf area, root length and water use efficiency, especially early on,
are well-established as important traits in competition with other genotypes and with a
crop, impacting on plant mortality (density-dependent and —independent) and further
growth of survivors. There might be effects on stigma-pollen interactions, pollen-tube
growth and even attractiveness to pollinators, determining the plant’s level of outcrossing
and its contributions to heterozygote progeny. Pleiotropic effects on seed protein,
carbohydrate and secondary metabolites could alter dormancy, survival in the seedbank,
seedling ability to grow from depth and to survive disturbance, as well as pathogen

infection and predation rates.

2.3 Targeting key fitness traits for management
Ideally, we need a model that is mechanistic, at least for growth and development, to go
with such measurements; mechanistic “eco-physiological” models are available and —

even better — functional-structural models® ‘¢

ould be developed. Unfortunately, the effort
required to parameterise mechanistic models is such that they are unlikely to be
developed for most situations; indeed, the use of eco-physiological models for weed-crop
competition has waned since the mid-1990s.

Notwithstanding our argument that measuring just a few components of fithess
could lead to unreliable predictions of resistance dynamics, there may be circumstances in
which our objectives require the identification of only the most influential traits. For
example, this may help identify the prime target stages among a number of IWM options or
the priorities for future detailed research. There are rigorous ways of doing this other than
through modelling, provided that at the outset we collect a large amount of data. We can
apply various multivariate discriminant analyses such as principal component analysis or

334617 {0 see which have the most influence. Another

canonical correspondence analysis
option widely adopted in evolutionary studies is to compute the matrix of genetic variance
and covariance between standardised traits, the “G-matrix™"*® | This is, to our knowledge,
the most powerful way to evaluate first the redundancy among traits and second the

contributions of each trait to fithess. This would allow the measurement of fewer traits that
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are more directly connected to overall fithess in future work. The G-matrix can also be
used to identify the extent of pleiotropy between herbicide resistance and each trait, and to
measure directional selection on multiple traits. This approach is used under the term
“selection gradient analysis™® . The selection analysis framework has only occasionally -
but rather convincingly - been used to identify pleiotropic effects of resistance'?¢*%°" ‘on
productivity and life history traits.

Regardless of the mechanisms involved, it can be argued that traits appearing to
co-vary with resistance should be the prime targets of integrated pest management
approaches. Moreover, the correlation between productivity traits and their effect on
fitness may well vary for different life history stages®®® . It is easy, however, to overlook
potentially important traits. Pleiotropy may be obvious in coarse measures such as
biomass at some arbitrary time (reflecting the growth rate of established plants), but there
is every reason to expect more subtle effects — though still with significant consequences

for population dynamics.

2.4 Experimental design and the competition conundrum

Fitness is dependent on the environment in which a plant grows (i.e. it is context-
dependent) and the biotic environment cannot be ignored: weeds can have large effects
on crop growth and vice versa. It is surely unwise, therefore, to measure fitness of weeds
in the absence of a crop or to assume that fitness will be the same within all crop species
in a rotation. Plant growth is also affected by the supply of the resources for which plants
compete. A great many studies investigating resistance costs have been performed under
closely controlled conditions, primarily planting the tested genotypes in potting mix under

greenhouse conditions®2%%"%4

1. While we do not reject the qualitative conclusions
reached by these studies, given the focus we have placed on the usefulness of the
estimates obtained, it is obvious that an experiment performed in cropping field conditions
will be more reliable than its greenhouse counterpart. Studies measuring competition in

fields and other natural environments have been conclusive®'*?

1 and despite the technical
difficulties and the inherent variation introduced by a less controlled environment, proved

useful.
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Two related aspects of the measurement of fitness cost concern the density at
which to grow the resistant and susceptible genotypes and whether they should be grown
together in mixtures. Competitiveness can differ greatly between resistant and susceptible
genotypes and opinions on the “correct” experimental procedure to measure it can be
strong, dare we say dogmatic, in some cases. There are those, especially with ecological
training in the 1970s and 1980s, who remain faithful to the replacement series

design20,28,29

"1 where the two competitors are grown alone and in mixtures, all at the same
total density; there are also those who consider that the replacement series design has no
place in science and should be banned®®]; and there are those who pay no attention to
the possibility of density- or frequency-dependence. We simply do not know how much
estimates of resistance cost vary with choice of experimental design. But we know enough
to be cautious.

Basic ecological theory predicts that as abundances increase, plants will
increasingly compete for resources — both with their own kind (either at the species or at
the genotype level) and with others. Their environment will change and so will their
demography. The growth of individuals and their probability of survival will decrease

simultaneously (the population will “self-thin”®

1), altering their average number of
offspring per plant. But will it matter to the average relative fitness of the two genotypes? If
relative fitness does change with the competitive environment, it will certainly not be
possible to specify a single density or relative frequency to use in an experiment.
“Competitive fitness” measured in some studies® [ is also liable to be density- and
frequency-dependent (notwithstanding the problem with basing fitness on just part of the
lifecycle). Logically, then, we should make measurements under a range of densities and
proportions®'[]; by fitting a response-surface model®®(] to the data we could estimate
fithess cost at any abundances of the genotypes. The experiment may become more
onerous, but the results are more useful for making population predictions.

Another avenue to alleviate excessive experimental complexity would be to run
simulations using an eco-physiological model of weed-crop competition®*(]. Instead of
trying different competition designs in vivo, we could use sensitivity testing in silico to see

what size of variation in fitness cost we might expect from this confounding factor; we
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could even explore which traits, and what magnitude of variation in those traits, would
result in fitness differences that would be detected as statistically significant in a

reasonable experiment.

3 HOW CAN TRAIT ESTIMATES BEST REFLECT DIFFERENCES BETWEEN R
AND S BIOTYPES?

3.1 Avoiding the type Il error trap

There is a logical contradiction between the way we view resistance scientifically and the
way we analyse and interpret our data. For a new occurrence of resistance we could
reasonably expect an effect on fithess to be anywhere along a continuous scale from zero
to very large'’ . Some mutations may have a major physiological effect that can be
detected almost regardless of how good our experiment is. But we mostly expect cases in
which the impact in the absence of herbicide will be small or perhaps nil.

Having obtained experimental data, it is standard practice to examine a null
hypothesis of no effect and ask if we can reject it: if the test is non-significant, then we
conclude there is no effect whatsoever. We are, therefore, starting with the a priori
assumption that there cannot be small effects on fitness! Or, equivalently, that the only
relevant effects are so large that they can always be detected above background noise®r’
(i.,e. we deny the possibility of what statisticians refer to as Type Il error, or false
negatives).

There is always a residual error in any experiment, even the largest one carried out
by the most fastidious of professionals. On examining an ad hoc selection of herbicide
resistance fitness papers drawn from published reviews, it would appear that a coefficient
of determination (Standard Error, SE, divided by the mean) of 10% is typical, 5% might be
about the best we can do and occasionally only 20%. Interpreting the LSD as a crude
measure of an experiment’s limit of detectability (and for p-value=0.05, it is roughly 3 times
the SE), we must appreciate that a typical experiment is likely to miss (i.e. conclude as
non-significant) a real effect on fithess as large as perhaps 25%. Surely this should be a

concern to researchers?
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There are various ways to increase the power of an experiment, such as choosing
uniform experimental material and units, increasing replication, and so on. But it is an
inescapable fact that there will always be a limit to the size of trait differences detected
using an hypothesis-testing approach. One alternative would be to avoid statements of
“there was no effect” in favour of “no effect could be detected”. Better still, use the
approach advocated by most biometricians, of treating the aim of an experiment as
estimation rather than hypothesis-testing: calculate the size of the difference between
means, along with its confidence intervals. The same statistical calculations, different
philosophy. The confidence interval may overlap with zero, but we avoid the Type Il error
trap. In reviews, instead of stamp collecting and tallying how many studies find an effect or
no effect, we could produce histograms of the means, so that the distribution of the

estimated effect size is explicit.

3.2 The need to measure traits in a meaningful environment
We previously touched on why traits measured in low density weed genotype monoculture
may differ from those measured in the presence of a crop that modifies the environment
substantially. The timing of resource availability, not just its magnitude, will be exaggerated
and thus we might expect a small difference between genotypes in early growth to become
magnified as a crop grows. Therefore, if our aim is to estimate the size of the fitness cost,
not just its occurrence, we reiterate our recommendation that experiments are conducted
under realistic field conditions — which includes the presence of appropriate crops or
pasture species. Plant scientists are familiar with genotype-by-environment interactions.
So, is it reasonable to expect that the relative fithess of two genotypes grown in potting
compost with a plentiful supply of water and nutrients, in a glasshouse, without crop
competition or other biotic interactions, will be transferable to field conditions where all
resources may be severely limited?

Looking at the broader picture, variation in the environment has often been shown
to modulate the trait difference between resistance and susceptible genotypes. The type of
environmental variation tested has included both abiotic and biotic factors, expectedly

25,36,61 35,62 0

leading to variable conclusions. Variations in temperature 1 and light intensity
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have been tested, which is particularly relevant in the case of triazine resistance, known to
be primarily endowed by chloroplastic genes. A solid body of work has also tested the
interplay of resistance with other defense mechanisms against pathogens and

herbivores®>¢3¢4

1. This layer of complexity leaves us with two options: to either restrict
research to the one field environment in which we are interested, in which case the
conclusions may only be valid in that particular environment, or test many environments
with the aim of estimating the mean and range of costs across environments. The second
option requires considerable work due to the multifactorial design but this would be the
best way to assert definite general conclusions about fitness cost.

A practical but yet rigorous approach would be to measure fitness-related traits in
multiple environments that reflect the most relevant climatic, edaphic or biotic gradients.
There have been at least two studies examining resistance levels and genetic variation of
weeds from multiple environments, in order to gather landscape-level information®®(].
The next step would be to measure the most relevant trait as well, so that descriptive
models could become functional and any significant GxE interaction for relative fitness
could be taken into account. An experimental design specifically capturing an
environmental gradient would then allow the interpolation of results within the range of

variation observed (but beware of careless extrapolation).

3.3 Ensuring that the trait is measured between plants that only differ for resistance
The fitness cost of herbicide resistance emerges as a side effect of the primary response
to selection, from different and potentially interconnected mechanisms. It is thus expected
that this cost may involve a rather numerous set of epistatic interactions between the
resistance alleles and the genetic background considered. Agricultural weeds often have

67-7011 The distribution of alleles

abundant genetic variation segregating within a population
within and across populations is expected to vary more often than not when exposed to
selection”' ] and this heterogeneity can cause variation in the magnitude of the resulting
interactions. As allele frequencies evolve in every generation due to selection and other
evolutionary forces, the cost itself is thus also expected to evolve over time’?1. There are

currently limited means to anticipate these epistatic interactions, most genomic prediction
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methods relying on purely additive models. Using fully isogenic backgrounds through a
mutant to wild-type comparison would be valid®?(1, but considerably limited in scope.
Similar to testing a single environment, the conclusion will only be valid for this specific
background, which might well be relevant to the case of introgression of resistance alleles
in crops but certainly not to all wild weed populations. However, it seems rather
presumptuous to assume an even genomic background response when comparing
resistant and susceptible accessions on the ground of a similar habitat origin® (.

Testing all the genetic backgrounds seems even more ambitious than testing all
agronomically relevant environmental conditions, and there are no valid methods to
transpose results across genetic backgrounds. However, a rigorous starting point would be
to homogenise the genetic background through biparental crosses between resistant and

susceptible biotypes?>303%73

1, eventually adding more subtle intercrosses. This approach
would also have the advantage of better deciphering the genetic architecture of resistance
(recessive, additive or dominant) and disentangling truly pleiotropic effects from linked
variation. It has typically been shown that some combination of chloro-nuclear interactions
could induce fitness differences in the case of triazine resistance® 1. Another more
modern option would be to test multiple natural populations, which is more relevant in an

applied context®*3*

_. There has been a decreased interest in analysing the population
genetics of weeds in recent years, which is unfortunate given how sequencing technology
has boosted our capacities. Investigating the population structure present in a species and
differentiation among populations at a larger scale could provide valuable and rigorous
evidence of the degree of genetic homogeneity. This would determine unambiguously
whether or not it is valid to assume that the distribution of genetic backgrounds is uniform
and indicate whether or not most epistatic interactions are acting within a population. If that
is the case, a single broad sample may well represent the extent of diversity of the

species.

4 CONCLUSIONS
Resistance research has no doubt been influenced by the reductionist view built into early

conceptual models which coined the simple term “fitness cost”; for whatever reason, this
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soon — misleadingly - became synonymous with the reduction in growth observed in
resistant biotypes. The adoption of the term “fitness” has been unfortunate, since we
seldom measure fitness strictly according to its formal evolutionary and ecological
definition. True, resistance to herbicides can induce a fitness cost and the term fitness has
been used and debated widely by evolutionary theoreticians from Darwin to the current
day. But there are many inherent practical challenges associated with measuring fitness
cost for herbicide resistance; these have been discussed over several decades with
increasing thoroughness™’, though strangely with little alteration of research practices.
Issues highlighted in reviews include ways to control or to cope with variable genetic
backgrounds, the influence of growth conditions, presence or absence of other genotypes,
experimental designs and estimation methods, the appropriate stages of the lifecycle to
measure and how to combine measurements over different stages. Despite the high
quality of some empirical studies (Table 1), the observation that the methodology behind
almost every published fithess cost estimate is not the same is more than the concern of
academic purists. The inescapable conclusion, that it is unsafe to directly use — or even to
merely compare - estimates from different studies or research groups, should surely be of
concern to the entire resistance research community?

While there is always an inherent appeal in reducing “the resistance fitness penalty”
to a single number, there is a point at which this becomes detrimental. As emphasised in
some very hands-on reviews?*’* | this simplistic representation of fitness cost might reflect
very different realities depending on the experiment, potentially leading to truly variable
outcomes and conclusions. One number for cost will obscure such valuable information.
Fitness is not one single, fixed entity: by its very definition, we expect fitness to be very
context-specific and highly sensitive to perturbation. We need studies across genotypes,
populations and environments, to establish the extent to which relative traits of resistant
genotypes can be expected to vary. This will provide a basis on which to draw conclusions
from restricted studies.

How, then, do we settle this frustratingly ineffective debate about appropriate
methodology? Not, in our opinion, by trying to reach agreement on one, standard,

irrefutable way to measure fitness cost: that would be both an anathema to scientists and
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an impossibility. Indeed, why do we insist on referring to whatever single metric we end up
generating as “fitness” when first it is clearly not fitness as usually defined and second we
do little with it once we have it? How often are we actually interested in determining fitness
per se?

The most common reason given for seeking to measure fitness cost is to build
decision tools for resistance management. In other words, to predict population trends of
resistant and susceptible phenotypes (i.e. evolution) under a range of scenarios. One way
to do this is to estimate the appropriate genotype-specific parameters of a suitable model
of the weed lifecycle; the model can then be used to determine what we need to measure.
While some of these parameters may also be recognised as “components of fithess” we
do not measure them because we need to know about fitness per se. We thus urge the
discontinuation of the “fitness cost” labelling of every experiment, instead taking the data
for what they truly are and can be used for: measuring differences in processes and traits
between resistance and susceptible plants. If there are occasions when fithess — or
relative fitness - is truly the metric of interest, then we must define it and demonstrate that
it is measured appropriately as the number of individuals a genotype contributes to the
next generation. Given the common use of poor methodologies - that continues in the face
of reasonable, repeated criticism - it is our personal view that journals, and the societies
that publish them, should finally take the lead in apprising their reviewers, editors and

authors of these issues and insisting on appropriate standards.
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Table 1: Example studies containing aspects of particular significance for the measurement of fitness costs associated with herbicide resistance. HR:

herbicide resistance, R: resistant, S: susceptible

Reference Species and Traits measured Response to Environment Genetic Significance
herbicide selection background
resistance
Baucom & Ipomoea purpurea Exemplary data Partial Agricultural field 32 plants froma  Seminal study that
Mauricio (2004)51 resistant to collection with measures  regression of origin of the natural was done in field

Gassmann
(2005)%

Gage et al.
(2015)*°

glyphosate

Amaranthus
hybridus resistant to
triazine

Conyza canadensis
resistant to
glyphosate

of survival, 10 rounds of
collection of seeds plus
viability assessment

Herbivores growth and
survival, plant phenolics
and nitrogen

Survivorship, height,
rosette diameter, number
of leaves, life stage, and
herbivory at 11
instances, biomass and
seed weight plus
management history

analysis using
mixed models

NA

PCA and
discriminant
analysis,
mixed model
analysis of
covariance
with HR
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plants,
competitive
weeds left
undisturbed

Greenhouse
condition with 2
levels of light and
2 levels of
nitrogen

In-field and
ruderal habitat
tested

population

F3 lines from
reciprocal
crosses from 2
natural
populations

Populations from
the margin of 17
fields surveyed, 2
populations of R
and 2
populations of S
tested

conditions using
multiple populations
and advanced
statistical modelling.

One of the rare
studies testing the
effect of multiple
environments.

Study proposing the
most advanced
statistical tools for
high-dimension
multivariate analysis.



Van Etten et al.
(2016)*

Wu et al. (2017)%

Bravo et al.
(2017)*

Ipomoea purpurea
resistant to
glyphosate

Amaranthus palmeri
resistant to
glyphosate, lactofen
and mesotrione

Amaranthus palmeri
resistant to
glyphosate

Germination, early root

and above ground
growth

Evolution of 7 molecular

resistance traits

23 growth and
morphology traits plus
their ratios, flowering
time and chlorophyli
fluorescence

Evolution of
HR frequency
tested over 6
generations

NA

A single
greenhouse

Greenhouse
conditions;
planted in plots

Outdoor pots
under irrigation

43 natural
populations plus
a selfing
generation

multiple
introgression of
herbicide
reistance into a
population of
susceptible
plants

10 natural
populations and

progeny

The greatest number
of natural weed
populations
comprehensively
analysed in a study.

One of the rare
instances of
experimental
evolution in
resistance studies

The most complete
set of traits measured
in a herbicide
resistance study
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Herbicide resistance costs: what are we actually measuring and
why?

Roger D Cousens and Alexandre Fournier-Level

Herbicide resistance studies often report estimates of any consequent penalty imposed on

resistant plants. Experimental designs need to better anticipate sources of variation and
purpose of collecting the data.
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