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1  | INTRODUC TION

The concept of fitness is central to evolutionary biology, yet is noto-
riously difficult to define (c.f. Endler, 1986; de Jong, 1994; McGraw 
& Caswell, 1996). From an empirical perspective, fitness estimation 
is important to studies addressing key questions about life history 

evolution (Endler, 1986; Roff, 2002; Stearns, 1992) and about adap-
tation in general (de Jong, 1994; Williams, 1966). Fitness, if under-
stood to be the ‘population growth rate of the individual’ (McGraw 
& Caswell, 1996), can be difficult to measure, and empiricists often 
use fitness components such as survival, offspring number or mating 
success as proxies (Lande & Arnold, 1983; Roff, 1992). Assumptions 
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Abstract
The concept of fitness is central to evolutionary biology, yet it is difficult to define and 
to measure. In plant biology, fitness is often measured as seed count. However, under 
an array of circumstances, seed count may be a biased proxy of fitness, for example 
when individuals vary in allocation to sexual versus asexual reproduction. A more 
subtle example, but also likely to be important in natural populations, is when inter-
individual variation in conditions during development results in variation in offspring 
quality among seed parents. In monocarpic (semelparous) plants, this is expected to 
result from variation in effective season length experienced among individuals that 
reach reproductive maturity at different times. Here, we manipulate growing season 
length to ask whether seed count is an accurate representation of parental fitness in 
the monocarpic herb Lobelia inflata. Simple seed count suggests a paradoxical fitness 
advantage under constrained-season length. However, we find that the apparent fit-
ness advantage of a constrained-season length is overridden by low relative per-seed 
fitness. Furthermore, the fitness deficit in the constrained environment is associated 
primarily with an accelerating decrease in viability and seedling survival in seeds de-
rived from fruits produced progressively later in the season. In this study, the overall 
fitness value of a seed under a constrained season is 0.774 of that observed under a 
long season.
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underlying the association between fitness and proxies of fitness are 
often not tested, and their reliability as estimates of fitness is gen-
erally unknown (Lande & Arnold, 1983; McGraw & Caswell, 1996; 
Mousseau & Roff, 1987; Thoday, 1953).

The total number of seeds produced, or fecundity, is a com-
monly used fitness proxy in plant evolutionary ecological studies 
(Aarssen, 2014; Côté & Simons, 2020; Pan & Price, 2002; Wen, 2019). 
There are good reasons for this: seed number is generally easily ob-
tained either through direct count or through estimation based on 
fruit count (Primack & Kang, 1989). Furthermore, seeds are a defin-
ing characteristic of gymnosperms and angiosperms, and are thus 
the most readily recognized structures that propagate genetic mate-
rial across generations (Pan & Price, 2002).

However, the relationship between fitness and seed count may 
be weakened or dissociated under several natural scenarios includ-
ing those detailed more fully in Wen (2019): some plant species can 
propagate both asexually—for example vegetative propagation—and 
sexually (Aarssen,  2014; Antonovics & Ellstrand,  1984), and seed 
count would thus provide a biased estimate of fitness when indi-
viduals invest differently in asexual and sexual reproduction; plant 
architecture may influence the relationship between fitness and 
seed count through factors such as dispersal or pollination success 
(O’Connell & Johnston, 1998); success as a male parent in outcrossing 
species is not reflected in an individual's seed count (Devlin, 1989); 
trade-offs between allocation to reproduction and defenses against 
herbivory may exist (Agrawal, Strauss, & Stout,  1999); individuals 
that allocate more energy to reproduction are expected to suffer 
lower residual reproductive value (Miller, Williams, Jongejans, Brys, 
& Jacquemyn, 2012); variation among individuals in the proportion 
of self-fertilized and outcrossed seeds may result in fitness variation 
due to inbreeding depression (Johnston & Schoen, 1996); individuals 
may express apparently low fitness as seed count as a result of a 
conservative bet-hedging strategy that maximizes fitness over the 
longer term (Simons, 2011); and finally, plastic adjustment of seed 
production observed to result from variation in flowering phenology 
among individuals (Hughes & Simons, 2014a) may bias the fitness–
seed number relationship through variable seed quality (Galen & 
Stanton, 1991). Here, by manipulating seasonal constraints, we in-
vestigate the reliability of seed count as a fitness measure under this 
final scenario of variable phenology.

Phenology, or the seasonal timing of life history events and tran-
sitions, may have important fitness effects (Rafferty, CaraDonna, 
Burkle, Iler, & Bronstein,  2013; Weis, Turner, Petro, Austen, & 
Wadgymar, 2015; Zimmerman & Gross, 1984). For instance, in tem-
perate insects, seasonal timing of egg hatch determines whether 
the larval stage coincides with optimal conditions for feeding, 
development and growth (Sniegula, Golab, & Johansson, 2016). 
Similarly, constraints on flowering phenology can impose fitness 
costs by causing asynchrony between flowering and pollinating in-
sects (Forrest, 2015) or by influencing the allocation of resources to 
growth versus reproduction (Austen & Weis, 2015). Such variation in 
reproductive phenology may be caused by environmentally induced 
differences in germination and development. In the monocarpic 

perennial, Lobelia inflata (Campanulaceae), the variable timing of 
seed germination within seasons results in variation in the phenology 
of reproductive phase or ‘bolting’ (Simons & Johnston, 2003). The 
phenology of this transition to reproduction is critical, because in se-
melparous plants, there should be strong selection for reproduction 
that completely exhausts resources prior to the end of the growing 
season (Hughes & Simons, 2014c; Simons & Johnston, 2003).

Previous work on this species demonstrates that individuals re-
spond to variation in reproductive phenology using season length 
cues by adjusting post-bolting reproductive allocation patterns 
(Hughes & Simons,  2014b). Specifically, late-bolting individuals 
that experience a more constrained-season length respond plasti-
cally with a corresponding more ‘extreme’ semelparity (Hughes & 
Simons,  2014a): they express reduced time to first reproduction, 
smaller size at reproduction and multiplication of reproductive 
organs through increased branching (Hughes & Simons,  2014a). 
Remarkably, individuals experiencing a constrained-season seem to 
compensate and do not suffer the expected reduction in seed num-
ber (Hughes & Simons, 2014a). However, like in most studies of plant 
fitness, offspring quality was not assessed. A fuller understanding 
of the effect of variable phenology on the relationship between 
seed count and fitness requires an assessment of offspring quality 
because high seed production may not translate into high realized 
reproductive success.

The monocarpic herb, Lobelia inflata, makes an excellent model 
system for the study of effects of phenology on seed count and 
fitness for several reasons. First, as mentioned above, higher 
than expected seed production was observed in an earlier study 
when season length was experimentally shortened (Hughes & 
Simons,  2014a). Second, L. inflata is semelparous, and lifetime re-
productive success can be observed during a single growing season 
in nature. Third, L. inflata has a simple acropetal flowering pattern, 
where fruits form sequentially along inflorescences, making it possi-
ble to track the packaging of reproductive effort through the grow-
ing season (Simons & Johnston,  2000a). Fourth, the populations 
under study are completely self-fertilizing (determined through mi-
crosatellite analysis; Hughes & Simons, 2015); therefore, the effect 
of mating system on genetic load found in some species can be ruled 
out as an explanation of fitness differences among siblings; and, crit-
ically, total reproductive success can be directly determined because 
L. inflata reproduces exclusively by seed.

In this study, we use L. inflata to test the hypothesis that inter-
individual variation in phenology results in a disparity between seed 
count and fitness. Specifically, we hypothesize that a constrained-sea-
son length experienced by later bolting plants will result in a more 
extreme semelparous (‘big bang’) reproductive strategy (Hughes & 
Simons, 2014a) that trades off seed quality for seed number, thus 
biasing seed count as a measure of true fitness. In an observational 
study, later bolting could be correlated with other factors such as 
greater resource acquisition prior to bolting, which would confound 
the effect of phenology on realized fitness. We therefore manipu-
late phenology through post-bolting season lengths to preclude the 
possibility of confounding factors influencing timing of bolting. This 
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manipulation was performed by splitting newly bolted plants be-
tween a constrained and a long simulated season. Furthermore, the 
purpose was solely to elicit a response to season length; we do not 
ask to what extent temperature, photoperiod and their interaction 
affected response. We note that in the field, other variables may also 
provide cues of season length.

To determine individual parental fitness, we then assessed con-
strained and unconstrained plants as both a direct seed count and 
parental ‘realized fitness’ adjusted for offspring quality based on ger-
mination success and seedling survival under common conditions. 
We used slightly stressful, saline germination conditions to reveal 
underlying fitness variation that would otherwise be masked by 
benign laboratory environments and would inflate germination and 
survival rates. Offspring quality was measured both at the whole-
plant level and as patterns of reproductive allocation to fitness 
among fruits within individuals to test whether any general disparity 
between seed count and fitness occurs uniformly or changes across 
sequential fruits, and whether this pattern differs between the con-
strained and full season. If the expected fitness return on a seed dif-
fers depending on interindividual variation in phenology, seed count 
should be used cautiously as a measure of fitness.

2  | MATERIAL S AND METHODS

2.1 | Lobelia inflata and field collection

L. inflata is a monocarpic herbaceous perennial native to North 
America that grows well in disturbed and sandy areas. Seeds of L. 
inflata in the Ottawa area typically germinate in the spring and early 
summer and form basal rosettes (Bowden,  1959). L. inflata, once 
germinated, has two distinct phases of life: the vegetative rosette 
stage in which resources are accumulated, terminating with the 
transition to the reproductive stage and the formation of a flow-
ering stalk (‘bolting’) in the first or second season (Bowden, 1959). 
Reproduction occurs in an acropetal pattern (i.e. from basal to distal 
positions) along the stalk, with most plants producing between 10 
and 100 fruits, and many thousands of seeds, over the course of the 
reproductive season (Hughes & Simons, 2014b). Bolting is triggered 
by light intensity and photoperiod (day length), is irreversible and has 
to meet a threshold for rosette size that changes with time of year 
(Simons & Johnston, 2000b). The timing of bolting directly affects 
fitness; bolting late in the season decreases the time available for a 
plant to reproduce. Alternatively, the rosette may increase its effec-
tive season length by overwintering and bolting the following spring 
(Simons & Johnston, 2003). Upon fruit maturation (the browning of 
fruits), seeds are passively dispersed and the plant senesces.

Individuals appear to be exclusively self-fertilizing, result-
ing in complete homozygosity after a few generations (Hughes & 
Simons, 2015). A closed tube of fused anthers ensures self-fertiliza-
tion and acts as a barrier to pollen release; pollen is released directly 
onto the stigma of the same flower. Recent research using nuclear 
microsatellite markers in L. inflata supports this assumption (Hughes 

& Simons, 2015), with no observations of outcrossing or heterozy-
gosity in the populations studied.

Our principal focus is on the comparison of patterns of fitness ex-
pression within individuals in contrasting environments rather than 
on genotypic or among-individual fitness expression. Thus, mature 
fruits of L. inflata were collected from ten field-collected individuals 
separated by an average distance of 6.6m and minimum distance of 
2m in Gatineau Park, Quebec (Lat. 45°29′N, Long. 75°50′W). These 
ten seed ‘lineages’ were used to found the experimental plants.

2.2 | Season length manipulation

To produce parental plants for the study, 100 seeds from each field-
collected lineage were placed in 10 replicate 60 × 15 mm Petri dishes 
lined with moistened 5.5-cm doubled filter paper and were cold-
stratified for 14 days in darkness at 5°C. Seeds were then placed in 
Biochambers SG-30 seed germinators set to a 12-hr/12-hr day/night 
light regimen at 20°C with 80% humidity until germination.

Seedlings of each lineage germinating over a narrow time win-
dow were planted at randomized positions in cells (4 cm × 4 cm) of 
32-celled trays with autoclaved Promix BX soilless growth medium. 
Trays were placed in a Biochambers/AC40 growth chamber set to a 
16-hr/8-hr day/night photoperiod at 24°C to induce rosette growth. 
Trays were watered every 3–4 days as needed, and a 15-5-15 liquid 
fertilizer mixture was added every two weeks. Following 60 days of 
vegetative growth, rosettes were subjected to a 31-day vernalization 
treatment at 5°C in the dark to induce flowering. Only plants that 
bolted following vernalization were included in the study.

Effective season length variation among individuals in natural 
populations results from the initiation of bolting over an extended pe-
riod beginning as early as late May through July, and flower and fruit 
production typically ends by October (Simons & Johnston,  2003). 
Manipulation of phenology (and thus season length) was accom-
plished by inducing bolting in experimental plants, and splitting 
these plants between a growth chamber environment that then pro-
vided cues of a constrained-season length (short photoperiod, low 
temperature), and one that simulated a long season (long photope-
riod, high temperature). Previous work with this species—in which 
newly bolted rosettes transplanted from growth chambers into field 
plots in 4 different batches throughout the growing season—demon-
strated that this method of season length manipulation is effective: 
individuals showed strong plasticity to time remaining in the sea-
son (Hughes & Simons, 2014). Thus, two contrasting experimental 
environments were set up, with a ‘long’ season growth chamber 
representing average early summer photoperiod and temperature 
conditions (16.5-hr/7.5-hr day/night photoperiod at 24°C) and a 
‘constrained’ season chamber representing late-season photoperiod 
and temperature conditions (12-hr/12-hr day/night photoperiod at 
20°C).

Thirty-six newly bolted rosettes were split equally into two 
groups for designation to the long and constrained experimen-
tal environments. Given that the goal was to study the effect of 
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season length on within-individual allocation patterns, the primary 
criterion for designation into the two groups was to ensure no ini-
tial difference in rosette size (constrained µ = 11.6 ± 0.66 mm; long 
µ  =  12.3  ±  0.63  mm; df  =  1, F  =  0.58, p  =  .452) and, secondarily, 
to maximize replication of original genotypic lineages between the 
two environments (16 of 18). All bolted individuals were monitored 
until senescence or the browning of all fruits. Mature fruits were 
collected, including all fruits on both the main stem and branches, if 
branching occurred.

2.3 | Trait assays

To characterize trait expression in the two contrasting manipulated 
environments, traits at both the whole-plant (plant size, fruit number) 
and within-plant (fruit sizes, and fruit-specific seed size and number) 
levels were assessed for each individual. Plant size was measured 
as final plant stem height and as final stem diameter 2cm from the 
base of the stalk using digital vernier calipers (±0.01 mm). Fruits on 
the main stem and branches were counted, and the diameter of each 
fruit was measured using digital vernier calipers (± 0.01  mm). The 
chronological order of fruit production (starting from the earliest 
fruit) is noted by position along the main raceme. Since it is difficult 
to determine the temporal order of fruits on branches from position, 
only the fruits on the main stem (1,096 of 2,673) were used in any 
analyses that included fruit position effects. Total fruit number per 
plant ranged from 11 to 150.

Seed number was sampled from a subset of fruit positions for 
each individual. Because total fruit number varies among individu-
als, fruit position was scaled to relative position (5th, 50th and 95th 
percentile). Seed number at the 5th, 50th and 95th percentile po-
sitions was determined by manual count under a light microscope. 
Manual seed counts were taken for 108 fruits over the full fruit size 
range. Because there is a consistent relationship between fruit size 
and seed number in the two environments (fruit size*environment 
interaction, F = 0.027; p = .87), a general relationship was obtained 
by regressing seed number on fruit size for all plants: seed num-
ber = 944.9 × Fruit size(mm)–231.1 mm. This equation was then used 
to estimate the total number of seeds per plant, based on counts 
and measurements of every fruit for all individuals. Seed size was 
measured by (a) collecting thirty seeds from each fruit at the 5th, 
50th and 95th percentile position along the raceme; (b) imbibing 
seeds on moistened filter paper-lined Petri dish for 24  hr; and (c) 
measuring seed width on stored images captured under a dissecting 
microscope using Image J 1.51.

Under laboratory conditions, seed fitness (e.g. germina-
tion success, seedling viability) is artificially inflated (St Juliana & 
Janzen,  2007), and true underlying variance in fitness will not be 
observed. Salinity is known to be a major abiotic stress, affecting 
plant growth and productivity (Hannachi & Van Labeke, 2018; Vu, 
Chang, Moriuchi, & Friesen, 2015) through factors including osmotic 
and oxidative stress. This stressor results in delayed germination 
and seedling mortality (Ibrahim,  2016; Papastylianou, Baokogianii, 

Travlos, & Roussis, 2018) and is meant to represent a generalized 
stress rather than one that occurs in the field. Therefore, to unmask 
variation in seed fitness under laboratory conditions, salinity of 
0.01 M NaCl was used as an abiotic stress, a concentration found to 
maximize survival variance in preliminary studies (data not shown).

To assess germination success, thirty cold-stratified seeds col-
lected from each fruit position (5th, 50th and 95th percentile) of 
each of the 36 individuals were imbibed in water for 24h. Ten seeds 
were then placed in each of three replicate 60 × 15 mm Petri dishes 
on a double layer of filter paper, watered with a solution of 0.01 M 
NaCl and distilled water and allowed to germinate under a continu-
ous 12-hr/12-hr day/night photoperiod at 20°C and 80% humidity 
in seed germinators. Germination was assessed daily and was de-
fined as the protrusion of the radicle through the testa. Total ger-
mination percentage was recorded, and germination fraction was 
arcsine-square root transformed prior to analysis. Seedling success 
and survival were assessed as proportions (for each fruit and each 
individual); however, to determine the effect of seed size on fitness, 
seeds from all three positions of six of the 36 individual plants were 
individually tracked by placing seeds individually on labelled hole-
punched ‘islands’ of filter paper. To distinguish viability from dor-
mancy, nongerminating seeds were exposed to a no-salt germination 
trial after a second stratification.

To assess seedling survival, seeds that successfully germinated 
were transferred to 72-celled trays with autoclaved Promix and 
placed in a Biochambers/AC40 growth chamber set to a 16-hr/8-hr 
day/night photoperiod schedule at 24°C. Seedlings were initially 
treated with a solution of 0.01 M NaCl and distilled water and were 
then watered with only distilled water. Seedlings were observed 
daily for survival for 5 days and then every other day for an additional 
20 days. Survival fraction was arcsine-square root transformed prior 
to statistical analysis.

2.4 | Statistical analyses

Analyses were performed in three stages: first, comparisons of the 
expression of fitness components (plant size, fruit number and size, 
seed number and size) at the individual level between two environ-
ments; second, patterns of allocation across fruits within and across 
environments; and finally, comparisons of realized fitness across 
the two environments that incorporate germination success and 
seedling survival. First, to assess differences in expression across 
environments, means for each trait were compared using the indi-
vidual as the unit of replication. False discovery rate (FDR) was used 
to correct for multiple comparisons. To test for allocation patterns 
across the three main fruit positions in the two environments, a two-
level factorial ANOVA included the effect of fruit position, environ-
ment and their interaction on each trait. Tukey's HSD tests were 
used to assess where differences among levels occur. Because we 
have individual fruit size data for all main-stem fruits, the propor-
tion of reproductive allocation across fruits in the two environments 
was investigated further. A measure of an individual's proportional 



     |  1043WEN and SIMONS

reproductive allocation across fruits was obtained by standardizing 
to a mean fruit size of 1 for all main-stem fruits within each indi-
vidual. An ANCOVA was then used to model the effect of relative 
fruit position, environment and their interaction on this standard-
ized fruit size. Patterns of allocation in the two environments were 
further explored with linear and quadratic regression. Patterns of 
seed number and seed size across fruits were modelled in the same 
way as performed above for fruit size across the three main relative 
fruit positions.

To assess realized fitness, a two-factor ANOVA was used to 
model the effect of environment and fruit position (for the three 
positions) on germination fraction and seedling survival. Significant 
effects were followed by Tukey's HSD post hoc tests to establish 
where differences occurred among levels of both factors. To deter-
mine the extent to which the effect of fruit position on fitness can 
be accounted for by seed size within fruit, a mixed effects logistic 
regression was used, with seed size nested within fruit position, on 
germination and survival fractions. All statistical analyses were per-
formed in R 3.4.2.

The effective fitness value of a single seed produced in the con-
strained environment relative to one produced in the long environ-
ment was calculated based on observed germination and survival 

fractions across all of each individual's fruits weighted by number 
of observed seeds. Finally, the total expected fitness for individu-
als, without considering seedling success (i.e. purely counting seeds), 
was compared to realized fitness taking germination and survival 
into consideration. This was calculated using all fruits on the main 
raceme of all individuals in the two environments, as well as using 
all fruits of individuals under the assumption that the fruit size–seed 
survival relationship holds for fruits on branches.

3  | RESULTS

Overall, plants in the constrained and long growth chamber envi-
ronments did not differ in height (constrained µ = 27.5 ± 1.3 mm; 
long µ = 29.6 ± 1.7 mm; t1 = 0.99; p = .33) or stem diameter (con-
strained µ = 2.13 ± 0.12 mm; long µ = 2.41 ± 0.16 mm; t1 = 1.39; 
p = .175). Several reproductive traits differed in the two environ-
ments (Figure  1): individuals in the constrained-season length 
environment produced fewer (F1,35 = 14.23, p <  .001), but larger 
(F1,107  =  90.3, p  <  .001) fruit, that each contained more seeds 
(F1,107  =  91.0, p  <  .001). Total seed number per individual in all 
main-stem fruits—estimated using the observed relationship 

F I G U R E  1   General comparison of reproductive trait expression measured at the whole-plant level in Lobelia inflata observed under 
manipulated long-season and constrained-season conditions. Boxplot midlines are medians, exes are means, and boxes contain 25th to 75th 
quartiles. Datapoints plotted outside whiskers (1.5 times interquartile range) are considered outliers. (***p < .001; **p < .01; *p < .05; NS, 
p > .05)
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between fruit size and seed number (Figure  1)—differed signifi-
cantly between the constrained and long-season environments 
(F1,35  =  4.70, p  =  .037), but total seed number including branch 
fruits did not (F1,35  =  1.18, p  =  .286). No difference in seed size 
was found between the long-season and constrained-season en-
vironment at the whole-individual level (F1,35  =  0.005, p  =  .946; 
Figure 1). Fitness, however, is influenced by patterns of reproduc-
tive allocation through time (across fruits) and its effects on the 
relationship between seed quantity and quality.

3.1 | Patterns of allocation across fruit

A two-factor ANOVA using raw measurements confirms an overall 
fruit size difference between environments (F1,102 = 90.9, p < .001) 
reported in Figure  1, and also among the three relative positions 
(Figure 2; basal µ = 0.496 ± 0.013 mm, mid µ = 0.493 ± 0.017 mm, 
distal µ = 0.399 ± 0.013 mm; F2,102 = 27.33, p < .001), with no sig-
nificant position–environment interaction effect (F2,102  =  1.36, 
p = .262). A post hoc Tukey's HSD test reveals that fruits at the most 
basal position were larger than fruits at the most distal position. 
However, the ANCOVA using individually standardized reproductive 
allocation across all main-stem fruits indicates, besides a significant 
effect of position (F1,1092 = 31.1, p < .001), a significant interaction 
between environment and fruit position (F1,1092  =  6.57, p  =  .011). 
Further examination of trends in standardized fruit size across posi-
tions in the two environments separately using quadratic regression 
confirms a negative linear decline in both environments and reveals 
a highly significant nonlinear (concave) decline in fruit size only for 
individuals under a constrained season (quadratic parameter esti-
mate = –0.764 ± 0.109, t = 7.00, p < .001) and not under a long season 
(quadratic parameter estimate = 0.143 ± 0.093, t = 1.54, p = .125).

Seed number per fruit (Figure 2) differed between the two envi-
ronments (F1,102 = 127.0, p < .001) and across positions (F2,102 = 18.27, 
p  <  .001), with a significant interaction effect (F2,102  =  4.63, 
p  =  .012). According to a post hoc Tukey's test for the main ef-
fect of fruit position, seed number is lower at the distal position 
(mean = 141.2 ± 13.27) than both the mid (mean = 247.1 ± 24.91) and 
basal (mean = 228.9 ± 19.94) positions; the interaction effect is at-
tributable to a significant decrease in seed number in the distal com-
pared to the other two positions in the constrained environment, 
with no difference among positions observed in the long chamber.

Analyses of seed size (Figure 2) confirmed no difference between 
environments (F1,102  =  0.01, p  =  .920), but revealed differences 
across fruit positions (F2,102 = 56.7, p < .001) and a significant inter-
action term (F2,102 = 9.81, p < .001). A follow-up Tukey's test suggests 
that seed size differed significantly between environments only at 
the distal position. Specifically, seeds were smaller at the distal po-
sition in a constrained-season environment (mean = 0.273 ± 0.003), 
compared to a long-season environment (mean  =  0.290  ±  0.003), 
highlighted by a lower distal:basal position seed size ratio in the 
constrained (ratio = 0.851) compared to long (ratio = 0.932) season. 
Although these results are suggestive of differing patterns of alloca-
tion across fruits in the two environments, inferences about fitness 
through seed production require seed germination and seedling sur-
vival analyses.

3.2 | Fitness

Seed viability, measured as germination success under salt stress 
(Figure  3), differed significantly between the two environments 
(F1,102 = 11.42, p <  .001) and among fruit positions (F2,102 = 17.67, 
p  <  .001), with a significant interaction term (F2,102  =  5.07, 

F I G U R E  2   Effect of fruit position and environment on seed 
size, seed number and fruit size. Both fruit size and seed number—
often used as fitness proxies without accounting for realized seed 
fitness—are greater in the constrained (dashed line) than in the 
long (solid line) environment. A strong environment x fruit position 
interaction is observed for seed size. Error bars are ± 1SE
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p  <  .008). Lower germination success was observed for seeds 
from the constrained-season environment, and the effect size 
was large: seeds of fruit at the distal position from a constrained-
season environment showed substantially lower germinability 
(mean = 0.580 ± 0.058) than seeds from a long-season environment 
(mean = 0.835 ± 0.020). Germination trials in benign conditions fol-
lowing stratification of nongerminating seeds under salt stress indi-
cate mortality rather than dormancy; only 14% of remaining seeds 
germinated overall, with a higher seed viability in the long-season 
environment (24.6%) than in the constrained-season environment 
(9.3%).

The seedling survival fraction (Figure  3)—including only 
those seeds that germinated—differed between the long-season 
(mean = 0.76 ± 0.01) and constrained-season (mean = 0.61 ± 0.03) 
environments (F1,102 = 48.00, p < .001) and differed across positions 
(F2,102 = 47.76, p <  .001), and the environment-by-position interac-
tion was also highly significant (F2,102 = 13.34, p <  .001): seedlings 
from the distal fruit of constrained-season plants suffered a 30% re-
duction in survival. Post hoc Tukey's tests (Figure 3) find significantly 
lower seedling survival at this position than seedlings from the distal 

position in the long-season environment, and lower survival than 
any other position in either environment (Figure 3). Furthermore, al-
though seedling survival from the basal position in the long-season 
environment does not differ significantly from that position in the 
constrained environment, it is significantly higher than at any other 
position in either environment, as assayed under stressful salt condi-
tions. Mixed effects logistic regressions, to ask to what extent seed 
size differences account for fruit positional effects on germination 
and survival fraction, found that the effect of seed size nested within 
position fully accounts for the effect of fruit position (Table 1).

At the level of the individual plant, realized fitness associated 
with a seed in a constrained-season environment is only 0.532 ± 0.03 
of that given by seed count and is significantly less than (F1 = 10.6, 
p  =  .003) realized fitness of a seed in a long-season environment 
(0.69 ± 0.03), yielding a relative per-seed fitness of 0.774 ± 0.034 
under constrained conditions. This individual realized per-seed fit-
ness was further broken down across the three fruit positions in the 
two environments (Figure 4), revealing that the overall reduction in 
realized fitness is accounted for to an increasing extent later in the 
reproductive season.

Using seed numbers—estimated using the empirical relation-
ship between seed counts and main-stem fruit measurements—
that is, purely counting seeds, the total expected fitness for 
individuals in a constrained-season environment is significantly 
higher than individuals in a long-season environment (Figure  5). 
However, the apparent fitness advantage in the constrained en-
vironment based only on seed count disappears when seedling 
success is included in fitness (Figure 5). Fitness (surviving seeds) 
including all fruits of individuals in the two environments may be 
calculated under the assumption that the fruit size–seed survival 
relationship observed for the main stem also holds for fruits on 
branches. Again, the greater fitness under constrained conditions 
based on seed count alone is reversed when seedling success is 
included; relative fitness in a constrained-season environment is 
0.89 of that in a long-season environment.

F I G U R E  3   Effects of environment, fruit position and their 
interaction on germination success and survival. All effects are 
highly significant (p < .01) for both traits. Letters that are not shared 
among levels indicate significant differences in means according to 
post hoc Tukey's tests. Error bars are ± 1SE

TA B L E  1   Sources of variation in germination and survival 
fraction as an effect of seed size nested within fruit position in the 
two environments. Results of a mixed effects logistic regression 
using the subset of seeds individually tracked for survival, 
germination and size

Trait Source df
Wald 
chi-square p

Germination ENV 1 43.77 <.001

FP 2 0.245 .8846

FP*ENV 2 45.80 <.001

Seed size [FP] 3 198.46 <.001

Survival ENV 1 29.66 <.001

FP 2 3.50 .1737

FP*ENV 2 6.32 .0425

Seed Size [FP] 3 199.24 <.001
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4  | DISCUSSION

Seed number is often used as a fitness proxy in studies of plant evo-
lutionary ecology and, perhaps even under most circumstances, may 
accurately represent relative reproductive success. However, seed 
count may be a biased estimate of fitness under some scenarios in-
cluding when parents differ in phenology, which results in differ-
ences among individuals in effective season length. The use of seed 

count in previous work on L. inflata implied that there was no fitness 
cost of developing under severely time-constrained environments 
(Hughes & Simons,  2014a); however, variation in offspring quality 
resulting from variation in temporal constraints among parents was 
not considered. Here, in a manipulation study, we find support for 
the hypothesis that variable constraints imposed by flowering phe-
nology result in biased estimates of fitness based on seed count; 
specifically, seed count provides an inflated fitness estimate under 
constrained conditions. The counterintuitive finding that plants 
under constrained-season lengths produce fewer but larger fruit, 
and almost 1.3 times greater seed production, confirms earlier find-
ings (Hughes & Simons, 2014a). As predicted, we find that individu-
als developing under a constrained season suffer reduced realized 
reproductive success through a substantial reduction (of about 23%) 
in per-seed fitness, gauged as germination success and seedling sur-
vival measured under slightly stressful laboratory conditions.

Our results demonstrate that the overall reduction in per-seed 
fitness is directly related to intraindividual patterns of allocation. 
Although a semelparous organism, L. inflata packages its repro-
ductive effort over a distended period among many fruits. The 
role of within-individual variation across fruit positions in fruit size, 
seed number and seed size in the regulation of reproductive allo-
cation is consistent with work on other species (Lu, Tan, Baskin, & 
Baskin, 2017; Nakamura, 1986; Stocklin & Favre, 1994). We further 
demonstrate that these allocation patterns of fitness decline in lat-
er-produced fruit are expressed more strongly under a constrained 
environment. These effects on realized fitness are largely accounted 
for by seed size differences among fruits, which is in agreement with 
the general finding that intraspecific variation in seed size is asso-
ciated with germinability and survival (Metz et  al.,  2010; Moles & 
Westoby, 2004; Simons & Johnston, 2000a). The observed pattern 
of reproductive allocation also supports the semelparity–iteroparity 
continuum hypothesis (Hughes & Simons,  2014a); individuals that 
bolt later and experience a constrained growing season show a more 
extreme ‘big-bang’ semelparous reproductive strategy; they appear 
to ‘rush’ reproduction, resulting in high seed number. Under the ma-
nipulated conditions of this study, this does not result in high realized 
fitness because lower rates of germination and survival occurred.

Plants used in this study were reared from seeds that were 
field-collected, and, although seeds are small, maternal environ-
mental effects may be expressed in the parental plants generated 
from them. However, fitness itself was measured on seeds that were 
produced under growth chamber conditions. Regardless, maternal 
effects, if present, do not confound differences observed in traits 
(including fitness) that were generated between growth chamber 
environments because these differences were observed in individu-
als randomly allocated to experimental treatments.

Also, we note that we allocated individuals of each genotype 
across the two environments where possible, but some genotypes 
were represented in only one environment (three in constrained, two 
in long). Although this is an improvement over randomization of indi-
viduals across treatments, we confirm that no anomalous genotype 
drives results by reanalysing (all analyses of effect of environment 

F I G U R E  4   Realized per-seed fitness across fruit positions in 
the two experimental environments. Per-seed fitness in both the 
long (long-dashed line) and constrained (short-dashed line) season 
is measured as the product of realized seed and seedling survival 
assayed at each of the three fruit positions on a subsample of 30 
seeds from every individual. Error bars are 1 SD

F I G U R E  5   Total individual fitness based on pure seed count 
(dashed lines) and on realized fitness (solid lines), measured across 
the two environments. Realized fitness is total individual seed 
count weighted by germination success and seedling survival 
derived from fruit position-specific empirical relationships (see text; 
Figure 4). The upper pair of red lines are seeds from all fruits; the 
lower pair (black) are from the main-stem fruits only
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and fruit position on fruit size, seed size, seed number, germination 
success, seedling survival), eliminating the unreplicated genotypes. 
Results are qualitatively identical to those reported for significance 
of all effects, as well as for differences among levels in Tukey's tests.

Our estimate of seed viability is unlikely to confound dormancy 
with mortality. The populations of L. inflata studied exhibit high ger-
mination fractions under conducive conditions following stratifica-
tion, and the fraction of nongerminating seeds in the salt treatment 
were subjected to an additional no-salt germination test, a technique 
known to result in recurrent germination fractions in tests of viability 
(Simons & Johnston, 2006). Furthermore, viability of the nongermi-
nating fraction produced in the constrained environment was lower 
than for that from the long environment, and analyses accounting 
for dormancy strengthen, but do not qualitatively alter results.

Inference from our manipulation results to the effects of natural 
variation in phenology in the field is moderated by several factors. 
First, although the apparent individual fitness advantage under con-
strained-season length disappears with the use of a measure of re-
alized fitness, we cannot conclude that total fitness is significantly 
reduced under a constrained-season length. However, the magni-
tude of the difference between seed count and realized fitness de-
pends on the severity of constraints imposed by the environment. 
Considering that in a stationary population, on average only 1 seed 
per parent survives to reproduce, natural conditions would be ex-
pected to be more stressful. Nonetheless, our salt stress treatment 
revealed otherwise-hidden fitness variation, in that per-seed fitness 
is significantly reduced and the decline in fitness is significantly 
steeper across fruit positions in the constrained environment as it 
was imposed.

Second, the two environments used in this study were meant 
to mimic short and long seasons and, although they might be inter-
preted as high contrast environments, the manipulated differences 
were in just two environmental parameters (temperature and pho-
toperiod) of many that are likely to influence development. It is thus 
unknown how the variation generated relates to variation in phenol-
ogy and realized fitness under field conditions. An alternative ap-
proach using observational field studies would provide insight into 
the potential range of phenotypic variation, but interpretation of 
underlying causal effects would be limited compared to that from 
manipulation studies for a number of reasons. Critically, in observa-
tional studies fitness variation is likely to be a driver of, in addition to 
a product of, variation in phenology. Also, especially for monocarpic 
perennials like L. inflata, reproductive delay across seasons would 
have to be accounted for in calculations of realized fitness. For ex-
ample, an individual that delays bolting in year 1 will bolt early and 
at a large rosette size in year 2, thereby increasing its fitness through 
the production of high quality, plentiful seeds; however, the delay 
has also forfeited fitness through an increase in generation time.

Abundant individual variation in phenology exists in natural 
populations, resulting in the expression of plasticity in reproductive 
traits (Hughes & Simons,  2014a; Simons & Johnston,  2003; Weis 
et al., 2015); however, the effects of this phenological adjustment 
on fitness estimation have been incompletely studied. Our results 

demonstrate that the resulting variation in patterns of reproductive 
allocation can disrupt the relationship between seed count and real-
ized fitness. Therefore, when within-population variation in phenol-
ogy exists, we conclude that fitness assessment using simple seed 
count should be interpreted with caution, and attempts to evaluate 
offspring viability among parents should be made. As outlined in the 
Introduction and detailed in Wen (2019), there are several additional 
scenarios in which seed count is expected to produce a biased esti-
mate of relative fitness. Future research on phenological variation in 
the field, as well as on these additional scenarios, would increase our 
confidence in the estimation of fitness in natural populations.
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