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REVIEW ARTICLE

IS BIOMASS A RELIABLE ESTIMATE OF PLANT FITNESS?!

BRETT S. YOUNGINGER?#, DAGMARA SIROVAZ3, MITCHELL B. CRUZAN?,
AND DANIEL J. BALLHORN?

“Department of Biology, Portland State University, Portland, Oregon 97201 USA; and 3Biology Centre of the Czech Academy of
Sciences, Ceské Budgjovice, 37005, Czech Republic

The measurement of fitness is critical to biological research. Although the determination of fitness for some organisms may be rela-
tively straightforward under controlled conditions, it is often a difficult or nearly impossible task in nature. Plants are no exception.
The potential for long-distance pollen dispersal, likelihood of multiple reproductive events per inflorescence, varying degrees of
reproductive growth in perennials, and asexual reproduction all confound accurate fitness measurements. For these reasons, biomass
is frequently used as a proxy for plant fitness. However, the suitability of indirect fitness measurements such as plant size is rarely
evaluated. This review outlines the important associations between plant performance, fecundity, and fitness. We make a case for
the reliability of biomass as an estimate of fitness when comparing conspecifics of the same age class. We reviewed 170 studies on
plant fitness and discuss the metrics commonly employed for fitness estimations. We find that biomass or growth rate are frequently
used and often positively associated with fecundity, which in turn suggests greater overall fitness. Our results support the utility of
biomass as an appropriate surrogate for fitness under many circumstances, and suggest that additional fitness measures should be

reported along with biomass or growth rate whenever possible.

Key words:

Quantifying the relative fitness of any organism—defined as
the reproductive success of a particular genotype compared to
all genotypes in a population—is a difficult task (italicized terms
are defined in Appendix 1). This is especially true for plants
because (1) they are usually hermaphroditic so both male and
female reproductive success need to be accounted for
(Campbell, 2000); (2) multiple sires may be responsible for fer-
tilizing the seeds of each fruit (Ellstrand, 1984); (3) pollen and
seeds can be widely dispersed away from parents, making their
success difficult to track (Burczyk et al., 2006); (4) fitness may
be accrued through both sexual and asexual reproduction
(Silvertown, 2008); and (5) perennial plants can reproduce mul-
tiple times over many years (Santos-del-Blanco et al., 2013).
Moreover, relative fitness (hereafter: fitness) estimates are con-
founded because they depend not only on the number of propa-
gules produced (i.e., fecundity), but also on their success, which
ultimately determines an individual’s contribution to the next
generation (Haldane, 1937).

A complete accounting of all aspects of fitness is rarely con-
ducted in plants because of the large amount of time and effort
required. As a result, measurements of plant size or biomass are
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often used as proxies for fitness. Indeed, the ability to acquire and
retain resources generally displays strong positive correlations
with plant growth rate, vegetative spread, and reproductive suc-
cess (Harper and White, 1974; Bazzaz et al., 1987; Herms and
Mattson, 1992); however, it is unclear whether size is the most
reliable estimate of fitness in natural populations. For example,
under intense competition and limiting nutrients—conditions
commonly faced in nature—plants may allocate more resources
to asexual and sexual reproduction than vegetative growth and,
therefore, recruit more offspring (Sugiyama and Bazzaz, 1998;
Aarssen et al., 2014; Tracey and Aarssen, 2014). Consequently,
the most accurate method to quantify plant fitness should include
a determination of the number of sexually and asexually pro-
duced progeny recruited into a population from a given individ-
ual over its entire life. Because the genetic analysis of every
seedling and its potential parents is generally unrealistic, a con-
sensus on whether biomass is an appropriate estimation of fitness
is needed. With this in mind, it is important to review the current
state of knowledge on the relationship between biomass and fit-
ness so that we can draw conclusions about the accuracy of this
relationship for a range of plant life forms, and to outline impor-
tant exceptions where biomass measures should be supplemented
by other fitness estimates (e.g., fecundity). We report the results
of our review of published studies that analyze plant fitness, high-
light studies that include size or biomass measurements, and note
when these measurements show correlations to fruit or seed pro-
duction. We conclude that size measurements are frequently used
as surrogates for fitness in plant biology and often display posi-
tive correlations to fecundity metrics. Larger plants generally
have more reproductive output, leading to a greater likelihood of
leaving viable offspring and higher fitness.
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LITERATURE REVIEW OF FITNESS ESTIMATES USED
IN PRIMARY RESEARCH

In an effort to assess the frequency of utilizing biomass as a
fitness estimate in published research, we reviewed 170 primary
research articles that examined plant fitness and documented the
metrics that were used for its estimation. We performed this lit-
erature review to clarify which metrics are frequently used to
estimate fitness and also to determine if biomass measurements
correlate with other estimations of fitness. We are not purporting
that metrics used in the past are more valuable simply because of
their prior use, nor do we include all of the papers published that
have examined plant fitness. We used the search term “plant fit-
ness” in Web of Science for all dates and filtered for only re-
search articles. A total of 8548 articles, published between the
years 1935 to 2016, matched our search term. Many of these
papers did not actually analyze plant fitness (e.g., some exam-
ined pathogen or herbivore fitness; some were from outside of
the biological sciences altogether). We sorted all of the papers
that matched our search term randomly, and then examined the
first 170 that analyzed some aspect of plant fitness. For any ar-
ticles that did not analyze plant fitness (as mentioned above), we
highlighted it as unusable and continued our literature review
with subsequent papers. No priority was given to publications
from specific journals or authors. Additionally, we analyzed any
of the 170 studies that used biomass, size, or performance to
estimate fitness to determine if any of these studies also found
correlations to additional fecundity-related metrics (e.g., seed,
fruit, or flower number). All of the studies used in this review
and the categories of their fitness estimates are included in
Appendix S1.

RESULTS

Of the 170 total papers analyzed in our literature review, we
report that 42% (n = 71) used biomass, size, or performance as a
fitness estimate (Fig. 1). Not surprisingly, most studies used
seed-related metrics to estimate fitness (58%, n = 98), while
other fecundity-related metrics were also strongly represented
(flowers: 39%, n = 66; fruits: 33%, n = 56). It is interesting to
note that only 20 studies tracked the number of recruited off-
spring (or their performance) from parental plants directly (12%)
and only six studies traced the offspring recruited through the
use of allozymes, microsatellites, or other molecular techniques
(4%). This result was unanticipated because determining paren-
tal contributions to successive generations is the most direct
route to estimating fitness. However, the usage of molecular
markers may not be the most feasible for field studies with hun-
dreds of potential parents in a population and low rates of juve-
nile recruitment in established communities. In addition, because
we did not limit our search to a specific date range, many studies
preceded the widespread usage of certain molecular methods
(e.g., microsatellite markers; 18% or 30 studies were published
prior to the year 2000). In addition, the continued development
of molecular markers for studies of plant fitness and population
genetics will likely result in more researchers embracing these
technologies in the near future.

Of the studies that used biomass/size/performance as a fitness
estimate, 46% (n = 33) found positive correlations between bio-
mass and various measures of fecundity (fruit, seed, and flower
number; Fig. 2). No studies found a negative correlation be-
tween biomass and fecundity, 24% (n = 17) found statistically
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Fig. 1. Published information on the methods used to estimate plant

fitness in literature review. Results depict the number and percentage of
times each metric was used in fitness estimations of 170 studies analyzed.
Most studies incorporated multiple measurements of fitness, and each mea-
surement is included in this analysis (percentage totals exceed 100). The
first 170 studies that analyzed or estimated some aspect of plant fitness were
analyzed across all years, sorted randomly. Height of the bars refers to the
number of studies, with percentages (out of 170) included at the top of the
bars. The ecology category includes studies that used ecological-related
measurements to estimate fitness (e.g., rates of herbivory, pollinator visita-
tion, or pathogen infection).

insignificant or equivocal correlations, and 30% (n = 21) of stud-
ies that used biomass or size-related metrics did not incorporate
any additional measures of fecundity to estimate fitness. When
removing studies from the analysis that did not examine both
fecundity-related metrics and biomass (n = 21), a significant
number of studies found a positive correlation between both
measures compared to studies that found insignificant/equivocal
results (33 out of 50; exact binomial test; P < 0.05). The fact that
no papers found negative correlations between fecundity and
biomass was highly significant (0 out of 71; exact binomial test;
P <0.001).

Most of the papers in our literature review used either peren-
nial/biennial herbs (43%, n = 73) or annuals (43%, n = 73) as
study systems (Fig. 3). Only 7% (n = 12) of the studies used
trees, 6% (n = 11) used shrubs or lianas, and only one study ex-
amined a moss. Although a majority of studies employed Arabi-
dopsis thaliana (L.) Heynh. and other members of Brassicaceae
as study systems, there were more than 150 plant species exam-
ined from a total of 55 different plant families, most of which
were angiosperms (Appendix S1).

DISCUSSION
Based on the results of our literature review, biomass esti-

mates of fitness are used frequently in published research owing
to its relative ease of measurement and close correlation to
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Fig. 2. Correlations of fecundity-related measurements to biomass es-
timations of fitness in literature review. Results depict whether a fecundity
measurement was positively, negatively, or insignificantly/equivocally cor-
related to biomass measurements in 71 total studies that estimated fitness
with some type of plant size or performance metric. Fecundity included
seed-, fruit-, and flower-related measurements. Height of the bars refers to
the number of studies, with percentages (out of 71) included at the top of the
bars. Twenty-one studies that estimated plant fitness through plant size or
performance did not include any additional fecundity-related measurements
(30%).

fecundity. In contrast, few studies make the effort to determine
parental contributions to succeeding generations in natural and
controlled conditions. Because few offspring are recruited per
capita in established habitats that are free of disturbance (Harper,
1977), this practice requires great effort with low sample sizes in
return. Additionally, if more papers with an agricultural focus
were included in our review, we would have likely found a
greater proportion of studies that tracked parental contributions
to offspring, particularly as it relates to desired genes and pheno-
types. Although Web of Science includes agricultural studies in
its database, only two publications with an agricultural focus
were included in our random sorting of articles.

With a large percentage of studies showing positive correla-
tions of biomass to fecundity-related measurements, and a
greater likelihood of highly fecund plants leaving successful off-
spring, we emphasize that biomass measurements are relatively
simple, straightforward, and accurate estimations of fitness for
plants of the same age. Additionally, we emphasize that mea-
surements of plant size only estimate fitness; researchers should
refer primarily to the data that they have measured in their stud-
ies. We further highlight several important points regarding the
relationship of plant biomass to fitness. First, individual plants
that attain a greater size, relative to neighboring competitors,
generally have greater fecundity (Harper, 1977). However, both
deterministic and stochastic variables influence plant growth
and size; therefore, fitness estimates will not always reliably re-
flect the “quality” of the genotype because an inherent degree of
randomness persists in nature. Second, the most important

http://www.bioone.org/loi/apps

Downloaded From: https://bioone.org/journals/Applications-in-Plant-Sciences on 18 May 2024
Terms of Use: https://bioone.org/terms-of-use

Younginger et al.—Biomass to estimate plant fitness

80-

43%

43%

[¢)]
o
1

Number of studies
) N
(e ] o

Result

Fig. 3. Habits of plants under study in publications analyzed in litera-
ture review. Results depict the breakdown of plant habits for study species
in the literature review. Height of the bars represents the number of studies
that used a plant species of a particular habit, with percentages (out of 170)
included at the top of the bars. No studies that examined fern fitness were
included in our literature review because of random sorting of the articles.

question is not whether bigger plants just produce more seeds,
but instead whether bigger individuals leave more successful
offspring within a population (Aarssen, 2007). Numerous vari-
ables influence the success of progeny (e.g., priority effects, tim-
ing of germination, dispersal of offspring), but larger individuals
have the potential to leave more offspring due to higher fecun-
dity. Third, using biomass as an estimate for relative fitness
should only be used to compare conspecifics. In contrast, mak-
ing comparisons of fitness between different species based on
biomass is problematic, as plant growth forms and life-history
strategies can vary considerably. Comparisons of fecundity or
biomass between species do not reliably reflect success, as some
of the largest and most fecund plant species on Earth are also
rare (e.g., giant sequoias and orchids; Parsons, 1994; Nicole
et al., 2005). Fourth, studies of natural, age-structured populations
should not use biomass as a fitness estimate because size and
growth rate are strongly dependent upon age; the employment of
size as a fitness estimate should be restricted to manipulative
studies of plants in the same age class. Furthermore, if studies
are conducted with natural plants in the same age class, the us-
age of biomass to estimate fitness may only be reliable for plants
within the same population due to numerous uncontrolled vari-
ables that likely exist between different habitat types. With these
points in mind, we may be able to make the case that the biomass
of plants of the same species and age class is generally an accu-
rate estimate of fitness: larger individuals have greater survival
and growth, higher reproductive success through male and fe-
male function, and a better chance at leaving viable offspring.

Exceptions regarding plant size and fitness—Despite the
strong correlations between biomass and fitness frequently
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found in the literature, exceptions do occur. In most plant
species—from annuals to woody perennials—a threshold size
must be obtained before allocations to reproduction occur
(Wesselingh and de Jong, 1995; Wesselingh and Klinkhamer,
1997; Weiner et al., 2009a; Santos-del-Blanco et al., 2013), and
further increases in size beyond this threshold may not result in
greater fecundity and siring of ovules on other plants (Klinkhamer
et al., 1989; Méndez and Obeso, 1993; de Jong and Klinkhamer,
1994; Pino et al., 2002; Echarte and Andrade, 2003). Further-
more, trees and shrubs possess a high percentage of function-
ally dead, lignified tissue and experience sizable variations in
annual reproductive output (Harper and White, 1974; May and
Killingbeck, 1992; Obeso, 2002; Santos-del-Blanco et al.,
2013). Because mortality is common for juvenile plants (i.e.,
viability selection), early stages of growth in these long-lived
perennials favor a larger body size, when allocations to repro-
duction are not necessary (Peet and Christensen, 1987; Mojica
and Kelly, 2010). In this instance, the size of juvenile trees and
shrubs may be a good predictor of future fitness before a thresh-
old of reproduction is reached. As later declines in growth and
productivity occur due to both resource-based and physical fac-
tors (e.g., limits on the ability to acquire enough resources or
limits on the translocation of water; Weiner and Thomas, 2001),
the reliability of plant size as a fitness estimate may track the
asymptotic growth rate of these long-lived plants. Regardless of
these exceptions, an abundance of evidence demonstrates a pos-
itive allometric relationship between plant body size and repro-
ductive output (Harper, 1977; Aarssen and Taylor, 1992; Weiner
et al., 2009a). The slope of this relationship will vary for plants
depending upon genotype, age, and habitat (Schmid and Weiner,
1993), but larger plant individuals will produce more reproduc-
tive structures compared to smaller conspecifics and will have a
greater potential to generate viable offspring.

How biomass differentially affects the sexes— Although
larger individuals have a greater potential to devote resources to
reproduction, it is important to ask whether biomass plays an
equal role in male and female success. Sex-specific fitness esti-
mates are traditionally quantified as seed set for females and pol-
len export for males (Klinkhamer et al., 1997; Campbell, 2000;
Goodwillie et al., 2005). When examining the role of size in in-
fluencing female fitness, individuals that produce more flowers
tend to attract more pollinators and receive more pollen (Harder
et al., 1985; de Jong and Klinkhamer, 1994; Wang et al., 2000).
However, investigations of hermaphroditic plants including
Cynoglossum officinale L., Eichhornia paniculata (Spreng.)
Solms, and Mimulus ringens L. have revealed that the number of
matings per flower decreases when there are more flowers per
plant and the chance of inbreeding increases (Klinkhamer et al.,
1989; Harder and Barrett, 1995; Karron and Mitchell, 2012).

With regard to male fitness, plants with more flowers attract
more pollinators, thus improving dispersal ability and mating
opportunities (de Jong and Klinkhamer, 1994). In an analysis of
pollinator visitation rates in natural populations of Echium vul-
gare L., larger individuals have more flowers and more total vis-
its from pollinators than smaller individuals, but the number of
visits per flower decreases on plants with many flowers
(Klinkhamer and de Jong, 1990). Also, because larger individu-
als that are hermaphroditic have an increased likelihood of in-
breeding, mating opportunities may be limited through pollen
discounting (i.e., because of increased selfing; Holsinger et al.,
1984). Additionally, other factors that are not size-related affect
paternity rates, including the timing of pollen deposition, donor
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and recipient genotypes, and pollen competition (Bernasconi,
2003). Furthermore, anemophily (i.e., wind pollination) may
have a differential effect on male and female fitness because
larger or taller-statured plants may export pollen more easily,
while fruit and resultant progeny remain closer to the parent
plant when dispersal is not mediated by animals, as demon-
strated theoretically by Sakai and Sakai (2003). Therefore,
larger wind-pollinated individuals may favor male fitness to a
greater degree than female fitness.

It should be noted that a significant body of literature has been
devoted to plant sexual allocation theory (Burd, 1994; Wilson
etal., 1994; Campbell, 2000), the fitness effects of selfing (Sakai
et al., 1997; Barrett, 2003), and strategies to promote outcross-
ing (Bawa, 1980; Goodwillie et al., 2005). Therefore, these top-
ics will not be reviewed further here. Despite the potential
deleterious effects of self-fertilization in larger plants, having
more biomass results in a greater pool of resources for reproduc-
tion and can lead to more flowers, more mating opportunities,
and greater fitness for both male and female function.

Challenges of allocating resources to reproduction—With-
out a dedicated germline in plants, the formation of reproductive
structures depends on the differentiation of vegetative tissue.
This generates resource and ecological constraints where plants
must balance the costs and benefits of reproduction and vegeta-
tive growth (Watson, 2008). Rapidly growing plants can be lim-
ited in their ability to produce abundant reproductive structures
when pulses of nutrients are acquired late in the growing season
(Herms and Mattson, 1992). Moreover, there is significant vari-
ation in the allocation of resources to growth and reproduction
among plant individuals in the same population (Bazzaz et al.,
1987). Studies have demonstrated reproductive plasticity in the
annual Senecio vulgaris L. in response to limiting nutrients, but
reproductive output still covaries more strongly with biomass in
this plant system (Weiner, 2004; Weiner et al., 2009b). Other
work has documented the importance of a species’ life-strategy
in determining the relative importance of tradeoffs for fecundity
at the expense of growth. In an analysis of the relationship be-
tween fecundity and plant size in 21 naturally occurring herba-
ceous species, annuals and biennials demonstrated a greater
allocation to reproduction with increasing plant size than did
perennials, especially clonal perennials (Aarssen and Taylor,
1992). In the context of the #/K hypothesis, these results empha-
size that fecundity is more important for annual and biennial
species proximally (r-selected), while performance and survival
are more important for perennial species ultimately (K-selected).
In a similar manner, fecundity likely plays a greater role in the
fitness of colonizing species, while resource acquisition and
growth/survival is a more important component of fitness in
crowded, established habitats (Grime, 2006).

Clonal plants are particularly useful systems when examining
this balance between reproduction and vegetative growth owing
to their ability to produce clonal ramets at a lower cost (energeti-
cally) than sexual reproduction (Ashmun et al., 1982; Silvertown,
2008; Aarssen, 2014; Herben et al., 2015). For example, in the
aquatic clonal plant, Eichhornia crassipes (Mart.) Solms, meri-
stems that develop inflorescences are limited to sexual repro-
duction only, while meristems that maintain vegetative growth
can also produce ramets from axillary buds, thus increasing
overall size and future reproductive potential (Geber et al.,
1992). Plants that possess more flowering meristems in this sys-
tem have a reduced ability to produce clonal ramets and less
sexual potential in the long term. However, it is important to
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keep in mind that an estimated 80% of plants are clonal to some
degree, yet sexual reproduction remains vital to maintaining ge-
netic diversity in all plant populations (Barrett, 2015). There will
be some point within the life of a plant (or its clonal ramets) in
which it must generate reproductive tissue, incurring a resource
trade-off for the sake of sexual reproduction. Although clonal
plants have evolved an ability to counteract this resource con-
straint, the maintenance of genetic diversity through sexual re-
production is vital to plant populations tracking local and
regional environmental changes. As a result, the costs associated
with generating reproductive structures will always present a
challenge to plants in natural habitats.

Why small plants are plentiful in nature—Despite the posi-
tive correlation between biomass and fitness, plant communities
still abound with small individuals. A significant body of litera-
ture emphasizes the importance of plant reproduction at a
smaller body size (Sugiyama and Bazzaz, 1998; Tracey and
Aarssen, 2014) because many herbaceous plants will sacrifice
growth for an opportunity to produce at least some reproductive
structures (Harper, 1977; Aarssen, 2007). The reproductive
economy hypothesis posits that most populations of herbaceous
plants demonstrate a right-skewed distribution of body size and,
therefore, selection favors increased reproduction at the expense
of growth. The logic asserts that smaller plant individuals col-
lectively recruit more offspring than larger, less abundant con-
specifics, thus allowing smaller plants to persist in the population.
Despite this assertion, fitness emphasizes the importance of a
single genotype’s genetic contribution relative to others, not the
collective contribution of many alleles to successive generations
(Fisher, 1930). Still, many small individuals do persist in popu-
lations, especially among herbaceous annuals and perennials.
This fact can be explained through experimental work over four
growing seasons with the annual grass Avena barbata Pott ex
Link conducted by Crosby and Latta (2013). Their study clearly
demonstrates that larger individuals recruit more offspring than
smaller conspecifics per capita, resulting in positive directional
selection for body size. Although many small individuals still
persist in this population, some form of resource limitation,
dominance, or shading is likely forcing smaller plants to eschew
additional growth at the expense of reproduction (Agren, 1985a,
b). In addition, it is important to note that if larger individuals
have higher fecundity and a greater potential to leave viable off-
spring, it would seem that plant size in successive generations
would continue to increase until physical limits were attained.
However, there is little empirical evidence for this occurring in
nature, which is likely the result of (1) a low heritability of size-
related traits, (2) niche-based constraints on larger offspring in
successive generations and beyond (e.g., competition and re-
source limitation), or (3) an increased likelihood of death from
natural disturbances, pathogens, or herbivores. Therefore, the
existence of many small plant individuals in natural populations
is not the result of having greater fitness when smaller, but in-
stead the result of constraints on reaching a greater size (i.e., a
lack of performance).

Downsides to being big—Although larger biomass is likely
the result of greater competitive performance or diminished
competition from neighbors, additional factors within plant
communities may lead to decreased fitness when a larger size is
attained. Larger plants may undergo reproduction later in the
growing season compared to smaller conspecifics, possibly
causing reproduction to occur past the most opportune time in a
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given habitat, leading to higher mortality of offspring (e.g., dur-
ing the onset of drought) (Fox, 1990; Latta and Gardner, 2009).
An overall greater biomass introduces constraints on nutrient
and water transport leading to decreased photosynthesis (Yoder
et al.,, 1994), stomatal conductance (Mencuccini and Grace,
1996), and an increased likelihood of air emboli (Ryan and
Yoder, 1997)—although these problems are mostly restricted to
trees. Larger plants will also face greater susceptibility to me-
chanical damage (Everham and Brokaw, 1996) and potentially
experience greater damage from herbivores and pathogens due
to increased apparency. The apparency hypothesis explains pat-
terns of plant defense in the context of how “apparent” plants
are—e.g., early successional or ruderal species are generally
smaller and have a shorter life span, experience lower rates of
herbivory due to their size and ephemeral nature, and therefore
either invest less in chemical defenses or produce qualitative
defenses with high toxicity (Feeny, 1976). Larger plants and
those with a greater lifespan are antagonized more readily by
herbivores and tend to produce quantitative defenses with low
toxicity. However, apparent plants may not always be more sus-
ceptible to herbivores and pathogens, and patterns of plant de-
fense tend to track resource availability more than apparency
(Coley et al., 1985).

In addition, the population can impose a negative level of
group selection on larger individuals, relative to smaller con-
specifics (Stevens et al., 1995). Natural populations of Silene
tatarica (L.) Pers. have shown positive individual selection for
the number of vegetative shoots, but negative group selection
for the same trait (Aspi et al., 2003). In this system, high levels
of herbivory tend to impose a greater degree of group selection
on the number of vegetative shoots, regardless of its effects on
individual fitness. Although a larger individual plant size may
result in greater fecundity and fitness, a high degree of group
selection may impose limits on the ability of these individuals to
attain a large size. There are likely other types of selection that
contrast with a greater plant size that we have failed to mention
here. Still, despite potential downsides of being big (e.g., de-
layed reproduction, greater physical or biological constraints,
negative group selection on larger plants, or others), a larger
overall size is an indication of greater plant performance that
most often results in higher reproductive output and fitness, rela-
tive to competitors.

Molecular methods to track offspring and fitness—The de-
velopment of remarkable dispersal strategies has been a boon to
rates of adaptation in plants; however, high dispersal compli-
cates the assignment of parentage to juvenile plants in natural
populations. It is relatively straightforward to link fruit or seed
set to female fecundity when these structures are still attached to
the plant (Meagher, 1986), but if one is considering the viability
of offspring or the numbers of juveniles a parental plant is able
to recruit into a population, the task becomes difficult. Similarly,
assigning paternity to seeds in a single fruit may be a daunting
task, as multiple males frequently compete for ovules within the
same fruit (Ellstrand, 1984). For these reasons, researchers have
embraced the utility of a variety of molecular markers for track-
ing parentage in natural populations, thereby linking parentage
of recruited offspring to fitness (Smouse and Meagher, 1994;
Smouse et al., 1999; Garant and Kruuk, 2005; Silvertown,
2008). These markers include allozymes and isozymes, ampli-
fied and restriction fragment length polymorphisms (AFLPs and
RFLPs), random amplified polymorphic DNAs (RAPDs), and
microsatellites (or simple sequence repeats [SSRs]). Currently,
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researchers almost exclusively track the genetic structure of
populations through the use of SSRs and single-nucleotide
polymorphisms (SNPs), especially in genome-wide surveys
such as restriction-site associated DNA sequencing (RAD-
Seq) and genotyping by sequencing (GBS; Elshire et al.,
2011). Each molecular marker has advantages and drawbacks
that are beyond the scope of this review (for details, please see
Parker et al., 1998; Burczyk et al., 2006; and Wheeler et al.,
2014). Despite a number of studies employing these tech-
niques to track parentage rates, there is often a limited return
on the investment of effort due to low rates of offspring re-
cruitment in established plant populations (Eriksson, 1992)
and the requirement of sampling hundreds of potential sires in
a given population in paternity exclusion scenarios (Meagher,
1986). Although linking the number of offspring recruited in
a population from a given parent is the most accurate method
to determine plant fitness, when considering the abovemen-
tioned drawbacks, it is not surprising that many studies still
employ biomass estimates for fitness (Keller et al., 2000; Sletvold,
2002; Zhang et al., 2011).

Conclusions—Despite its widespread use, no consensus yet
exists in the literature regarding the reliability of biomass as a
fitness estimate in conspecifics of the same age class. However,
agreement does exist on the close association between biomass
and fecundity, and because fecundity increases the likelihood of
leaving viable offspring (Aarssen and Clauss, 1992; Schmid
et al., 1995; Bonser and Aarssen, 2003; Watson, 2008), a strong
case can be made for the corollary between biomass and fitness.
We acknowledge that there may be circumstances where larger
plants have lower fitness, particularly in woody perennials with
a large proportion of functionally dead tissue and significant an-
nual fluctuations in reproductive output (May and Killingbeck,
1992; Santos-del-Blanco et al., 2013), as well as in larger plants
experiencing higher levels of herbivory (Mauricio et al., 1993;
Agrawal et al., 1999). These circumstances represent exceptions
to the general rule that larger plants of the same age have higher
fecundity. Additionally, quantifying which genotypes recruit the
most offspring through molecular markers is the most direct
method for determining fitness. Unfortunately, their use is unre-
alistic in many studies where there may be hundreds of potential
sires and low rates of offspring recruitment in established popu-
lations (Meagher, 1986; Eriksson, 1992).

With these limitations in mind, we suggest that researchers
approach each plant species under study with thoughtful consid-
eration of the factors mentioned above. The best surrogate for
fitness is likely to be slightly different for each species and situ-
ation examined—even the manner in which we measure plant
size will vary based on plant habit and lineage (e.g., basal diam-
eter, leaf area, or above- and belowground biomass). Future re-
search should seek to clarify the relationship between biomass
and plant fitness across several lineages and habits to address
which specific biomass or performance metrics most accurately
track fitness. It would be straightforward to establish an experi-
mental protocol that tests whether the leaf area (for example) of
plant individuals is correlated with fecundity and ultimately the
number of viable offspring they recruit into the population. The
offspring recruited should be tracked through molecular meth-
ods to determine parentage, but once these associations become
well-defined in the literature, they will serve as a valuable re-
source to other investigators that work with the same plant
system. In conclusion, when analyzing fitness, size is a great
place to begin because it is relatively easy to quantify and is
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closely correlated to fecundity, but we emphasize that multiple
measures should be taken whenever feasible.
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Allometric scaling: deviations from a proportional increase in the size of certain structures relative to overall body size (contrasted with isometric scaling)

Apparency hypothesis: the division of plants into “apparent” and “non-apparent” groups, in which apparent plants (e.g., shrubs and trees) experience greater herbivory
and produce high-molecular-weight organic compounds with low toxicity that act as inhibitors of herbivore digestion (quantitative defenses) and non-apparent plants
(e.g., herbs) experience less herbivory and produce defensive compounds in smaller amounts or produce low-molecular-weight organic compounds that are strongly
bioactive and highly toxic (qualitative defenses)

Biomass: the amount of organic matter derived from living organisms (also referred to as “size” in this review)

Fecundity: the reproductive output of a plant including the number of seeds, flowers, fruits, and the number of asexual propagules produced

Performance: the ability to acquire resources and survive in the presence of competition or in stressful environments where physiological limits are reached
Relative fitness: the ratio of surviving offspring of a particular genotype to the total surviving offspring for all genotypes in a population

Reproductive economy hypothesis: the ability to produce offspring economically in resource-limited environments, characterized by early sexual maturity at a
smaller plant size, smaller seed size, increased rates of self-fertilization, and increased clonal growth
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