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Summary 
 
 
Age at reproduction is involved in fundamental trade-offs among a wide range of organisms. 
In annual plants first flowering time (FFD) may represent a proxy for age at reproduction and 
the switch from vegetative growth and to investment in reproduction. Investment in 
reproductive activity can reduce vegetative growth but at the same time improve chances to 
survive until reproduction. I analyzed the correlation between first flowering time and some 
size traits: plant height, size, internodes number and flower biomass at intra- and 
inter-specific level in two sister pairs in genus Clarkia (C.runicunda-C. amoena and C. 
brewerii - C. concinna), which grow in Mediterranean habitats in California. I also examined 
the correlation between drought-tolerant investment (leaves and root) and FFD. Only height, 
size and internodes in C. rubicunda, C. concinna and C. brewerii were correlated to FFD and 
showed that big plants with more internodes flowered later at both the intra-specific level and 
within sister-species comparisons. Plant height, size and number of internodes below first 
flower were significantly correlated to each other. However, FFD was not correlated to final 
height and flower biomass in any of the species. The correlations found between size and age 
at reproduction suggests that there is a time-for-size trade-off. However, there were no 
correlations between any of the characters and FFD in the late-flowering C. amoena. The 
hypothesis that more leaf biomass per area may delay flowering was only found in the 
C.rubicunda-C. amoena pair and I could not draw the conclusion that there is a trade-off 
between leaf investment and reproduction. Root growth strategies differed between C. 
amoena and C. concinna. C. amoena increased the relative investment into root growth more 
than C. concinna during the juvenile period, which thus indicated that early increase in root 
investment could postpone reproduction.  
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Introduction  
 
 
Resource allocation to two or more functions competing for the same resource, will constrain 
the evolution of those traits when their components of fitness are negatively correlated, i.e., a 
trade-off. Trade-offs between age at reproduction, growth, and survival are quite common for 
both animals and plants. The trade-off between growth and reproduction is the 
best-confirmed phenotypic trade-off.and it was found in 10 of 11 species studied in the field 
(Stearns, 1992).  For example, the effect of size on reproductive effort, shown by maximum 
seed yield after a burst of vegetative growth cessation (King and Roughgarden, 1982); and 
the negative effect of size on age at reproduction, supported by a strong correlation between 
larger plants and later flowering time discovered by Dorn and Mitchell-Olds (1991). 
Growth-reproduction was also studied by the correlation between age at reproduction and 
offspring number, which was suggested by the increase of seed number with delay in 
flowering in Xanthium canadense (Shitaka and Hirose, 1998). Roff (2002) reviewed that 
trade-off can due to a physiological constrain, in which increased reproduction also increased 
mortality. Or a trade-off could result from requirement for more energy, which actuated the 
organism exposed more danger, for example, predation, and hence reduced its survival. From 
the perspective of life history, the premise is that the trait combinations are constrained by 
trade-offs among traits. 
 
Annual plants have to complete growth, reproduction, and germination within a single season 
to secure survival of their genes. Thus, they have to find the optimal division of energy 
during their limited lifespan to maximize fitness (Kozlowski, 1992). Part of this, is to find the 
best time to switch from vegetative growth to reproduction. An early switch cannot bring out 
large final reproductive output, because of small resource storage in vegetative body when 
reproducing. On the other hand, a late switch limits the period for transferring resource 
storage to fruits and seeds (Shitaka and Hirose, 1998) and increases the risk of mortality 
before reproduction is completed. Flowering is a critical event in the life cycle of plants 
(Rathcke and Lacey, 1985). A plant interprets internal and environmental cues to flower, such 
as changes in levels of plant hormones and seasonal changes in temperature and 
photoperiodic changes (Ausín et al., 2005). Generally, pollinators, fruit/seed predators or 
herbivores are considered as the biotic agents of selection for flowering time (Evans and 
Gendron, 1989). However, Ehrlén & Münzbergova (2009) discovered that mutualistic and 
antagonistic interactions may affect fitness and selection on flowering time in opposite ways. 
Abiotic factors also affect flowering time. For example, Franks and Weis (2008) found that 
less precipitation led to earlier flowering.  
 
A trade-off between age at reproduction and size suggests that a plant that flowers early has 
to cope with a smaller size at flowering, while later flowering would allow the plant to be 
beigger at the time of flowering and thus with more resources available for reproduction. It 
cannot be big and early at the same time. Early flowering plants invest more resources for 
reproduction when it is small, which indirectly increases the chance of survival until 
reproduction is completed. Also it has more time for seed development, germination and 
juvenile growth. However, fewer resources for growing may lead to higher mortality later in 
life, and early maturing parents may have fewer resources for seed production. In contrast, a 
longer time invested in growth and investment in the juvenile phase may enhance the size of 
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plants, leaves and the root system, and thus the ability to acquire more resources. 
Late-maturing plants would then have a larger supply of resources to put in a larger number 
of seeds or bigger seeds. It may also be better equipped to survive threats (drought, herbivore 
and so on) before and during reproduction. These examples illustrate some trade-offs between 
vegetative and reproductive resource allocation that may be linked to the optimal timing of 
reproduction in annual plants. In my study, I will explore relations between flowering time 
and some size traits. 
 
Because of recent changes in climate, the summer season will become longer and drier in 
many places, and plants may then adapt their phenology and/or tolerance to drought. Previous 
studies (Realé et al., 2003; Bradshaw and Holzapfel, 2001, 2008; Umina et al., 2005) have 
found that climate changes can result in the evolution of phenology. Franks and Weis (2008) 
demonstrated drought caused changes in flowering time, duration of flowering and some 
other phenological traits. In addition, there was also a correlation between shorter stem and 
early flowering time in their study indicating that phenology and size evolve in a correlated 
fashion. One way to evolve drought tolerance is to develop thick leaves that has a better 
ability to keep water. The thickness of leaves can be estimated by the ratio between the dry 
mass and the area of plant leaves (leaf mass per area, LMA). It has been used as index of leaf 
economics in previous studies (Field and Mooney, 1983; Reich et al. 1997; Cornelissen et al. 
1999; Lucas and Pereira 1990). LMA was also used to indicate whether the species were in a 
rich or poor resources environment (Reich et al. 1992; Cornelissen et al. 1996; Westoby 
1998). An increased allocation of resources to thick leaves, especially in dry environment, 
could change the whole resource allocation plan, including invetsment in the development of 
reproducitve structures and thus the time of reproduction. LMA was included in the present 
Clarkia study to represent the relationship between drought-related traits and first flowering 
time.  

Another effective way to tolerant drought is by producing a strong root system. Roots 
are not only important for water acquisition but also for nutrient uptake. Most water and 
nutrient, which are the basic resources for plants, are absorbed by the roots and then 
transferred to the whole body of plant. The root system determines the soil domains explored 
and exploited by the plant in search of below-ground resources (Fitter, 1991). How strong the 
root system is, will affect the amount of resources a plant can use, and will affect the growth 
of plant eventually, including the growth of the roots themselves. Therefore, the effort put on 
root growth may affect resource allocation combined by taking away resources from 
reproduction and providing more resources accumulated from more root biomass. The 
outcomes for root investment can provide or consume energy for reproduction, or if they 
outweigh each other and as a consequence have no effect on reproduction in the whole life of 
plants. But it is worth noting that plants develop large part on root at early juvenile period 
quite common, in order to guarantee a strong root system for accumulate resources later for 
growing. This early investment may delay the energy input for shoot growth, which can affect 
reproduction. 
 
In Mediterranean habitats drought plays a central role both during the growth season and by 
defining the end of the favorable growth season. Any trade-off between size at reproduction, 
drought tolerance through root and leaf investment, and reproductive timing will therefore  
be particularly relevant there. Here, I studied these trait correlations in four annual plants 
from the mainly Californian genus Clarkia. Climate in California varies from Mediterranean 
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to subarctic and where Clarkia grow it is Mediterranean conditions, with hot summers and 
typically no rain from May to November. More specifically, the focus of this study was to 
analyze correlations between age at reproduction (first flowering date), some size traits (plant 
size, internode numbers, flower mass) and some drought related traits (leaf mass per area, 
root biomass). In addition, I analyzed patterns of aboveground (shoot) vs. belowground (root) 
groth and its correlation with age at reproduction. 
 
Questions 
 
The Clarkia study was based on asking the following questions: 
1. Do correlations between plant size and drought tolerance traits, and reproductive 

phenology indicate trade-offs between reproductive timing and vegetative investment? 
2. Are these correlations consistent between the intra- and inter-specific levels in genus 

Clarkia? 
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Material and Methods 
 
 
Study system 
 
Clarkia is a genus within the family Onagraceae and Clarkias are typically annual plants. 
Almost all the species are located in western North America. They typically live in habitats 
characterized by Mediterranean cliamtic conditions, where drought increases during the 
season and becomes severe at the end. I picked two pairs of sister species, which are 
C.rubicunda – C. amoena and C. brewerii – C. concinna pair, to study both intra- and 
inter-specific levels of variation. Both C. rubicunda and C. amoena have decumbent to erect 
stem with pubes. C. amoena can grow less than 1 meter high, while C. rubicunda can reach 
1.5 meters high. They are higher than C. brewerii and C. concinna, which can be up to 2 and 
4 decimeters, respectively. The leaves are simple, lanceolate to elliptic and are 1-4 cm long in 
C. rubicunda, 1-6 cm in C. amoena, 2-5 cm in C. brewerii, and 1-4.5 cm in C. concinna. The 
flowers are 1-3 cm, 1.5-6 cm, 1.5-2.5 cm, and 1-3 cm in diameter in C. rubicunda, C. amoena, 
C. brewerii and C. concinna, repectively, and the colors are primarily pink with transition to 
lavender in C. rubicunda and C. amoena (Hickman, 1993). 
 
Experimental design 
 
The seeds I used were collected during the field season in 2008 in California. Seeds were 
stored in (+ 4 °C) cold room. We used 120 maternal replicates for each species. 5 seeds per 
replicate were sowed in each pot on October, 16th, 2008 (day 0). 480 pots were placed 
randomly and placed in a germination cupboard at the Botanic Garden, Uppsala, Sweden. 
Germination was checked daily from day 4 to day 28. Germination dates were recorded for 
those 5 seeds. 
 
On day 29, all the pots were moved into a regular greenhouse room for juvenile growth. 
Thinning was done on day 41, meaning that the biggest and most healthy seedling were kept 
in each pot. These plants, which stayed in the original pots after thinning, were used for 
non-destructive experiments, and after thinning pots were rearranged as in Fig.1. I measured 
the stem length of all the plants on day 60, day 94 and day 129. Final height measurement 
was carried out on a subset of plants on day 180, when most plants were dead or dying. First 
flowering day (FFD) was monitored every second day, and at FFD, main stem length (=plant 
height), the length of the three longest branches, and number of internodes under the first 
flower were measured. Main stem length, plant size (the sum of main stem length plus the 
length of three longest branches), and plant biomass (see below) were correlated (r 
(height~biomass) =0.05772***; r (size~biomass) =0.02113***). To measure dried flower 
biomass, I collected flowers on day 160 and dried them at 60 °C to dry for 48 hours before 
weighing. 
 
Leaves of 50% of the individuals were sampled on day 79 (March 4) for measurement of leaf 
mass per area (LMA=1/specific leaf area). I tried to sample the leaves which were fresh, 
healthy and at the middle of stem. Then I took a photo of each leaf with their plant id and a 
scale in the photo for leaf area analysis using image analysis software. Leaves were put into 
envelopes later and dried in 60°C oven for 48 hours before weighing. I used ImageJ to 
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Fig.1 Arrangement of pots in one tray 
• (red) = C. amoena, for harvesting;  
•(green) =C. concinna, for harvesting; 

 (grey) = non-destructive experiment 
Grey samples include C. amoena, C. rubicunda, C. 
concinna and C. brewerii all four species. The order of 4 
species was random.  

measure the area of each leaf and divided leaf dry mass by the area to get LMA.  

 
On the day of thinning (day 41), I moved some of the excess plants of C. amoena and C. 
concinna to new pots to use for harvesting experiments.The harvest experiment was carried 
out to study root growth strategies during the juvenile phase. Harvests were carried out on 
day 60, 80, and on the day of first flowering (FFD). About 25 individuals were sampled 
randomly per harvests. Roots were harvested by washing away the soil with water and then 
stored in the oven at 60 °C for 48 hours before weighing aboveground and belowground 
biomass. Then the ratios of aboveground/belowground biomass were calculated to estimate 
the relative resource allocation. The variation in ratios among the harvests was referred to as 
the root investment strategy in the life of both species.  
 

 
 
Pic. 1 Measurements of plant size, LMA and above- and belowground biomass. The first picture illustrate 
the stem-length measurements, the second picture how to take a photo for LMA, and the third shows an 
individual after carefully washing away the soil on the root. 
 
 
Greenhouse settings 
 

•  •    •    •  • 
             
•  •    •    •  • 
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Pots were filled with a mixture of perlite, sowing soil, vermiculite and sand (3:2:2:1). The air 
temperature in the germination cupboard was set to 20 °C in daytime and 13 °C at night. 
During germination time, day length was set to be 8 hours per day, from 8am to 4pm. Water 
was given by spraying from above and by sub-irrigation in both mornings and afternoons. 
After moving to greenhouse room (day 29), before thinning, temperature was raised over a 
12-day period to 24 °C (day) and 16 °C (night). Also the day time was extended to 13 hours 
per day, from 6am to 7pm. I skipped spaying water in the morning and in the afternoon.  
After thinning (day 41), temperature and daytime setting did not change. From then on, plants 
were watered in the morning once a day. From day 48, fertilizers were applied with the daily 
watering. The nutrient I used was called “Wallco växtnäring”, with main components of 
N-P-K (51-10-43 g/liter) and some other micro components such as S, Ca, Mg and Fe. 
 
There was an unexpected insect problem in the greenhouse room caused by aphids. It might 
be green peach aphid (Myzus perisicae) from family Aphididae. They can eat plants and 
contain most plant virus vectors, which are severe plant pests. They were found to be 
common when C. rubicunda started to flower and became a serious problem at the time of 
flowering for C. amoena.  
 
Analysis  
 
All correlation and ANOVA analyses were performed in Minitab (Minitab Inc. 2007) or R (R 
version 2.9.0, 2009). Owing to non-normally distributed data, log-transformed data were used 
to improve normality of residuals and homogeneity of variances. I tested the linearity and the 
direction of the relationship between two variables at the intra-specific level. Sample size 
varied among the analyses and species. For example, sample size of C. rubicunda is always 
larger because of higher survivals and for C. brewerii, the low sample size mostly due to the 
lower germination rate and lower survivals. Analysis involving height, size, internodes, and 
FFD had higher sample sizes than those involving final height, LMA, or flower, aboveground, 
and belowground biomass due to mortality along the experiment. To test for differences in 
traits between any two species, I also run posthoc tests using Turkey HSD to calculate 
comparisons in the ANOVA models. 
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Results 
 
 
Character variations among species 
 
First flowering date, height, size (the sum of the length of the main stem and the three longest 
branches), and number of internodes below first flower (all three measured at the date of first 
flowering), leaf mass per area (LMA), flower biomass, and plant height at the termination of 
the experiment (final height) were measured on four Clarkia species that represented two 
phylogenetic sister-pairs (C. amoena – C.rubicunda and C. concinna –C. brewerii).  
 
First flowering date (FFD) in the sample for all 4 species ranged from 6 January to 17 March, 
which was day 81 to 152 after sowing (Fig. 2A). The mean values of FFD were 134 days for 
C. amoena, 113 for C. rubicunda, 123 for C. concinna, and 113 days for C. brewerii. There 
were significant differences among species in FFD (ANOVA: F = 79.73, df (3, 18925), p < 
0.001 and Tukey HSD posthoc test), except between C. rubicunda and C. brewerii. Defined 
by FFD in my study, C. amoena and C. concinna were late flowering species within each 
sister pair, while C. rubicunda and C. brewerii were early flowering. 
 
The mean values of plant height with standard deviation in the four species were 41.5 ± 8.5, 
53.5 ± 11.5, 23.5 ± 5.0 and 25.0 ± 8.5 (centimeter) for C. rubicunda, C. amoena, C. brewerii 
and C. concinna, repectively. The ANOVA test found significant differences in plant height 
(log-transformed) among species (Fig. 2B, F=176.02, df (3, 8.8483), p<0.001). Within 
sister-species pair, C. amonea was higher than C. rubicunda (Tukey HSD posthoc test, 
p<0.001), while there was no difference in height between C. concinna and C. brewerii 
(Tukey HSD posthoc test, p=0.90). 
 
Size (log-transformed) was significantly different between species too (ANOVA, Fig. 2C; 
F=207.52, df (3, 7.0017), p<0.001). Mean values with standard deviation of size (in 
centimeters) were: C. rubicunda = 116.5 ± 30.5, C. amoena = 169.0 ± 30.5, C. brewerii = 
59.5 ± 18.0 and C. concinna = 79.5 ± 22.0. Size, which was equal to height plus the length of 
the three longest branches, differed between all species (Tukey HSD posthoc test; all p values 
<0.001). C. brewerii was much smaller than C. concinna within the sister pair, and C. 
rubicunda was smaller than C. amoena.  
 
Mean values of final height with standard deviation for C. rubicunda, C. amoena, C. brewerii 
and C. concinna, were 59.5 ± 9.5 (N=48), 55.0 ± 11.0 (N=48), 33.0 ± 9.0 (N=22) and 30.5 ± 
8.0 (N=38). Within the sister-pair comparison, there were no significant variations in both 
pairs (Tukey HSD posthoc test; C. rubicunda-C. amoena, p=0.27; C. brewerii-C. concinna, 
p=0.52). But all the variations between non-sister species showed clear variations (p<0.001). 
There was also a significant difference among species in final height (ANOVA, Fig. 2D; F= 
99.37, df (3, 2.6864), p<0.001).  
 
ANOVA analyses (Fig. 2E; F=2.73, df (3, 0.1810), p=0.046) showed a significant variation in 
LMA (log-transformed) among species. Mean values of LMA for C. rubicunda and C. 
brewerii were quite close to each other (C. rubicunda, 0.55, N=51; C. brewerii, 0.57, N=24). 
C. amoena (0.63, N=50) had considerable higher value of LMA than C. rubicunda (Tukey 
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HSD posthoc test; p=0.03). LMA in C. concinna (0.60, N=41) did not differ significantly 
from C. brewerii. (Tukey HSD posthoc test; p=0.77). 
 
The mean values with standard deviation of dry flower biomass for C. rubicunda, C. amoena, 
C. brewerii and C. concinna were 8.64 ± 2.46, 41.10 ± 9.40, 19.78 ± 4.67 and 10.26 ± 2.60  
(mg). They differed significantly among species (ANOVA, Fig. 2F; F=238.32, df (3, 9.9595), 
p<0.001). The flower biomass of C. amoena was far higher than all others species, especially 
than its sister-species, C. rubicunda, and C. concinna had heavier flower biomass than C. 
brewerii (Tukey HSD posthoc test: C. rubicunda-C. amoena, p<0.001; C. brewerii-C. 
concinna, p<0.001). To estimate the resource allocated to flowers comprehensively, I 
calculated the mean number of flowers per individual in all species (C. rubicunda =53, C. 
amoena = 40, C. brewerii = 39, C. concinna = 110). Thereafter, I estimated values of the 
resources allocated to flowers by calculating flower biomass × flower number, finding that C. 
rubicunda allocated 458 mg, C. amoena 1644 mg, C. brewerii 771 mg, and C. concinna 2176 
mg. 
 
The variation in number of internodes below the first flower (log-transformed) was 
significant among species (ANOVA, Fig. 2G; F=32.55, df (3, 2.5348), p<0.001). The mean 
values were: C. rubicunda =1.08 ± 0.16 (N=96), C. amoena=1.11 ± 0.11 (N=79), C. 
brewerii=0.86 ± 0.22 (N=62) and C. concinna=1.04 ± 0.15 (N=80). Between sister-species, C. 
rubicunda had slightly fewer than C. amoena, but the difference was not significant (Tukey 
HSD posthoc test; p=0.48>0.05). In contrast, C. brewerii had significantly fewer internodes 
than C. concinna (Tukey HSD posthoc test; p<0.001). 
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Fig. 2 Variation in traits for the different species. Box plots show the mean (⊕), median (horizontal line), 
interquartile range (box) and 95% interval (vertical line) for the 4 species.* represent outliers. Sample sizes 
are different among species in different traits because of different survival. 
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Intra-specific trait correlations  
 
Table 1 shows correlation coefficients between all characters at the intra-specific level. FFD 
was significantly correlated with height, size and internodes in C. rubicunda, C. concinna and 
C. brewerii, but not in C. amoena. FFD was not correlated to final height and flower biomass 
in any of the species. In C. rubicunda, FFD was significantly correlated to LMA, but not in 
the other three species. There were no correlations between any of the characters and FFD in 
C. amoena. 

Height, size, and number of internodes were significantly correlated to each other in 
all species. Flower biomass was not correlated with any trait in any of the species, except for 
LMA in C. concinna. The relationships between LMA and other traits varied a lot between 
different species. In C. amoena, LMA was not correlated to any traits, while in C. rubicunda, 
LMA was significantly correlated to FFD, size, flower biomass, and number of internodes. 
LMA was correlated with height in both C. concinna and C. brewerii, but only with final 
height in C. concinna. The number of internodes under first flower showed a significant 
correlation with FFD, height and final size in all species, but not with flower biomass. In 
addition, the number of internodes only correlated with final height in C. amoena and with 
LMA in C. rubicunda. Although final height was considerably correlated with height and 
number of internodes in all four species, it was only correlated with size in C. amoena and C. 
concinna.  

Beside all the trait correlations presented in Table 1, I also explored the relationships 
between FFD and the ratio of aboveground biomass/ belowground biomass in both C. 
amoena and C. concinna. There was no straight-forward correlation between this ratio and 
FFD in these two species (C. amoena, N=22, p=0.706; C. concinna, N=13, p=0.763). 
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 FFD Height Size Final Height LMA Flower Biomass Internodes 

FFD _ 

a=-0.036×10-3(79) 1.871×10-3(79) -1.798×10-3(48) -6.018×10-3(49) 2.216×10-3(32) 2.757×10-3.(79) 
r=7.026×10-3***(96) 7.026×10-3***(96) -2.240×10-3.(48) -3.068×10-3*(51) 2.999×10-3(45) 5.108×10-3***(96) 
c=3.671×10-3***(82) 5.7454×10-3***(82) -2.865×10-3.(38) -0.931×10-3(41) 2.888×10-3(33) 8.000×10-3***(80) 
b=3.321×10-3***(62) 9,206×10-3***(62) -0.219×10-3(22) -1.545×10-3(24) 3.726×10-3(22) 1.275×10-3***(62) 

        

Height 

 

_ 

a=0.707***(79) 0.839***(49) 0.0104(50) 0.142(30) 0.329***(80) 
 r=1.040***(96) 0.398**(48) -0.193.(51) -0.115(45) 0.375***(96) 
 c=0.731***(82) 0.681***(38) 0.403*(41) 0.134(32) 0.583***(80) 
 b=0.997***(62) 0.450**(22) 0.336*(24) 0.221(21) 0.217***(62) 

        

Size 

  

_ 

a=0.504***(48) -0.0054(49) 0.237(30) -0.315***(79) 
  r=0.052(48) -0.341*(51) -0.188(45) 0.396***(96) 
  c=0.425***(38) 0.241(41) 0.127(32) 0.602***(80) 
  b=0.440.(22) 0.312.(24) 0.074(21) 0.337***(62) 

        

Final Height 

   

_ 

a=-0.040(49) 0.049(26) -0.467**(49) 
   r=0.176(47) 0.295(25) 0.107(48) 
   c=0.506**(38) 0.355(22) 0.110(37) 
   b=-0.140(21) -0.083(10) -0.034(22) 

        

LMA 

    

_ 

a=0.438(26) -0.0129(50) 
    r=-0.287*(25) 0.311**(51) 
    c=-0.067(25) 0.067(25) 
    b=0.307(12) 0.116(24) 

        

Flower Biomass

     

_ 

a=-0.015(30) 
     r=0.064(45) 
     c=0.227(31) 
     b=-0.312(21) 

Table 1. Character correlation matrix for four Clarkia species (a=C. amoena, r=C. rubicunda, c=C. concinna, b=C. brewerii). Numbers in 
paranthses are ample size. Significance code for P:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1; ( )= sample size 
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Above- and belowground biomass 
 
I used the ratio between aboveground and belowground biomass to analyze the 
phenological resource allocation strategy, and whether it was correlated with 
reproductive phenology (FFD). From 1st (day 60) to 2nd harvest (day 80), there were 
decreases in this biomass ratio for both species (Fig. 4), while C. amoena decreased 
more than C. concinna (Table 2). 
 
 

 
 
Fig. 4. Ratio of aboveground and belowground biomass from 1st, 2nd and FFD harvests in C. 
amoena and C. concinna. 1st and 2nd harvests were on day 60 and day 80, respectively, for both 
species, while the FFD harvest was done on the day of flowering onset. Both lines are fitted 
polynomial models. 
 
 
Table 2. Means (±SD) of the ratio between aboveground and belowground biomass in the three 
harvests  

Harvest Biomass ratio (mean±SD) Number of samples 

1st 
a=4.36901±0.839 17 
c=3.94441±1.03 20 

2nd 
a=2.54466±0.608 24 
c=2.83257±1.15 20 

FFD harvest 
a=7.63625±2.28 21 
c=4.94487±2.02 17 

 
 
2nd degree of polynomial model was used to get moderate flexible lines. ANOVA tests 
found differences between harvest 1 vs. harvest 2 and harvest 2 vs. FFD harvest in 
both species (harvest 1 vs. 2: C. amoena, F=65.34, df (1, 33.12), p<0.001; C. 
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concinna, F=10.33, df (1, 12.36), p=0.003. harvest 2 vs. FFD harvest: F=102.35, df (1, 
290.35), p<0.001; C. concinna, F=15.84, df (1, 41.00), p<0.001). These results 
suggested that plants invested more to root than shoot growth during the late juvenile 
phase, which resulted in much faster growth rate in root than aboveground part. After 
the second harvest, the ratio increased more for C. amoena than for C. concinna. For 
C. concinna, the mean value of the ratios was three times larger at FFD harvest, while 
C. concinna was less than two times larger (Tab. 2). The FFD harvests for C. 
concinna were on average earlier than C. amoena, because it flowered earlier, so it is 
possible that the increase of the biomass ratio in C. concinna was smaller than for C. 
amoena just because of less time between two harvests. However, it seems that the 
two trendlines between 2nd and FFD harvest differ between the two species, sugesting 
that the aboveground shoot of C. amoena grew at higher relative rate than C. 
concinna.  
 
To summarize, these results suggest that the late-flowering C. amoena and and the 
early-flowering C. concinna had different root investment strategies. Uptil the first 
harvest both species had prioritized aboveground biomass. Then, after the first harvest, 
the late-flowering C. amoena increased the relative investment into root growth more 
than C. concinna, while after the second harvest shifting back to a larger investment 
in shoot growth as compared to C. concinna..  
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Discussion  
 
 
It is critical for annual plants to divide resources to reproduction at the optimal time 
and optimal amount. This is partly constrained by the trade-off between vegetative 
growth and reproduction. Plants invest resources in vegetative traits like size, root 
growth and leaf biomass. These resource allocations constrain the energy available to 
seed number and seed quality. My greenhouse study of four Clarkia annuals, that 
grow natively in the mediterranean climate of California, showed that plant height 
was correlated with plant size in all species and both of them were correlated to FFD 
in Clarkia rubicunda, C. concinna and C. brewerii. At the intra-specific level, there 
was a correlation between shorter and smaller individuals and later flowering time in 
those three species. Several other studies have tested the effect of plant size on 
flowering time. Mitchell-Olds (1996) found a positive genetic correlation between 
flowering date and plant height in Baptisia australis (Fabaceae). Bolmgren and 
Cowan (2008) confirmed that later flowering is associated with larger plant size in a 
cross-species comparison. In the C. rubicunda-C. amoena pair, C. amonea was bigger 
than C. rubicunda, and it also flowered much later than C. rubicunda. In the other 
sister pair, C. brewerii was a little smaller than C. concinna, and it was somewhat 
earlier to start flowering. This is consistent with most previous studies. One 
explanation to this correlation is that large plants spend more time accumulating 
resources before onset of flowering. Dorn and Mitchell-Olds (1991) tried to select all 
the combinations of large or small plant size and early or late first flowering time. 
They discovered that the combination large and late, small and early responded much 
more strongly to selection than the combinations of large and early, small and late. 
Plants benefit in light competition and pollinator attraction from being large (Aarssen 
1995). However, life history theory predicts a higher probability of survival before 
reproduction for smaller sized and earlier flowering plants, e.g. due to less disturbance 
and lower risk for insect attacks (Galen 1999). Larger plant size and later flowering 
time affect fitness in different directions and plants have to find the balance of costs 
and benefits of delayed reproduction. The correlation between size and time found in 
the present study supports a trade-off between time and size. 
 
In contrast, in the studies of Agalinis strictifolis (Scrophulariaceae) and Lotus 
corniculatus (Fabaceae) Dieringer (1991) and Ollerton and Lack (1998), respectively, 
found the opposite correlation between plant size and flowering time to what I found 
here. Also, I did not discover any correlation in C. amoena. In addition, the within 
sister-pair comparison did not show the variation of plant height in C. 
concinna-brewerii pair. Although there a time-size correlation has been found in many 
species, environmental influences can make it more complicated. Trade-offs can occur 
at different levels: phenotypic, genetic and environmental (Dorn and Mitchell-Olds, 
1991). In the case of C. amoena in my study, the lack of correlation may have been 
caused by insect damage. I had a problem with aphids in the greenhouse. Plants 
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exhibiting aphid damage can have a variety of symptoms, such as decreased growth 
rates, stunted growth, low yields and death, mottled and curled leaves, yellowing, and 
wilting. When C. amoena started to flower, the aphid damage was even worse. 
Therefore, the size of C. amoena might have been interrupted by this environmental 
disturbance and showed different pattern related to FFD. This environmental factor 
might result in no significant correlation, because it overrides the connection between 
plant size and flowering time. Another explanation is that there is strong genetic 
control to flowering time in C. amonea, and individuals are supposed to start in a 
short range of time no matter which size they are. However, which factor contribute 
more to the lack of correlation is not clear. 
 
No trade-off between plant height and FFD was found at the in the sister-pair 
comparison between C. concinna-C. brewerii, because of no difference in height 
between these species. However, there was a difference in plant size, which can be 
understood from the different ways in which C. concinna and C. brewerii grows. Size 
equaled the sum of plant height plus the length of the three biggest branches, so it 
could be a more comprehensive description of the vegetative resource allocation. As a 
result, the relation between plant size and flowering time may more correctly describe 
the trade-off between investment in vegetative growth and reproduction. 
 
Only height and size were correlated with FFD in this study. No other character, 
neither final height, LMA nor flower biomass, was correlated with FFD. Therefore, 
height and size dominantly contribute to the variation of FFD, both within species and 
among species. Size at reproduction is a fundamental aspect of life history (Stearns, 
1992). My case also suggests that if resources are limited, they prefer to vary in size 
to adjust resource allocation if flowering time is an important fitness component. 
 
Although final height was strongly correlated to height, it was not correlated to FFD 
in any species. In both pairs, later flowering species, C. amoena and C. concinna, had 
shorter mean final height than their early sister species, C. rubicunda and C. brewerii 
respectively. This result seemed not to obey the time–size trade-off in annual plants. 
Because no matter when plants started flowering, they reached similar heights in the 
end. Kozlowski (1992) thought the optimal pattern for resources allocation is that all 
energy should be invested first to vegetative growth and then switched over to 
reproduction suddenly and completely. In this optimal case, final height would be the 
same as plant height at FFD. In the Clarkia case, when plants started to flower, 
resources went to reproductive organs and reproductive output, but some resources  
were still devoted to vegetative growth. Thus the variation in final height depended on 
resources allocated to the vegetative body after FFD. Since later flowering plants had 
more time to store more energy, they possibly invest more back to vegetative growth 
after flowering. If so, final height should be higher for later flowering plants than 
early plants, which is associated to the correlation between height and FFD. However, 
later plants always have larger reproductive output than earlier plants (Wolfe, 1983; 
Ollerton and Lack, 1998; Lehtilä and Bränn, 2007; Ehrlén and Münzbergová, 2009). 
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So it was hard to judge whether more resources were allocated to final size or 
reproductive output. In my study, there was sufficient nutrient given to plants, which 
allowed plants to keep growing after FFD. Nooden (1988) found that early flowering 
induced earlier senescence. But perhaps because of enough nutrients in my study, 
early plants could keep growing for the whole experiment. So, becasue there was no 
big difference in life time, early plants got more time to grow later, which broke the 
correlation between final height and FFD. However, this result was based on the 
unlimited growing season in greenhouse condition, which allowed all Clarkias to 
keep growing as long as possible. In real wild environment, no plants may grow in 
such favorable conditions. Consequently, there are increasing risks of mortality in 
reality, which could then explain why plants have to flower when they are still small.  
 
No correlation was found between LMA and FFD at intra-specific level (in C. amoena, 
C. concinna and C. brewerii). Although a significant correlation was discovered in C. 
rubicunda, LMA was also only correlated with size in C. rubicunda. So, the 
correlation between LMA and height and size might govern the correlation between 
LMA and FFD in C. rubicunda. Nevertheless, Shitaka and Hirose (1998) assessed the 
effects of a shift in flowering time for Xanthium candense and found that an increase 
in plant dry mass produced during reproductive period was mainly introduced by 
increased leaf mass. They considered this increase in leaf biomass as one reason for 
reduces the allocation to reproductive organs and delayed flowering. So, why did I not 
find a correlation between FFD and leaf investment here? Trade-offs may be easier to 
observe in harsh environments (Tuomi et al., 1983). In harsh environments, tiny more 
energy allocated to one trait may reduce the energy used for another trait in a way that 
affects fitness. In good environments, where there are plenty of resources, both traits 
can display well even if there is an underlying trade-off between the two traits. The 
nutrient level in my study may thus have been high enough not to suggest a trade-off 
between LMA and FFD, but not high enough to ’hide’ the time-size association. In the 
wild, Clarkias may spend energy to develop thick leaves to tolerate summer drought. 
In the greenhouse condition, probably the drought environment was not so harsh, 
especially since the frequent watering counteracted the drought effect. Owing to this, 
it was not necessary for plants to put extra effort to leaf investment.  
 
I did, however, find an association between later flowering and higher LMA at the 
inter-specific level in the C. rubicunda-C.amoena pair. The mean value of LMA in C. 
amoena is significantly higher than in the earlier flowering C. rubicunda. Bonser 
(2006) included SLA (leaf area per unit mass), which is the reciprocal of LMA, to 
describe some plant adaptive strategies. He found a positive correlation between 
growth rate and SLA, hypothetically because higher SLA was more competitive for 
interception of light. Therefore, mathematically, higher LMA could delay plant 
growth. Biologically, more resource allocated to leaves would obstruct plants being 
higher and bigger and would decrease resources for reproduction. However, this was 
not consistent in another sister pair C.brewerii- C. concinna. There was no significant 
variation of LMA in C.brewerii and C. concinna. Thus, I could not draw the general 
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conclusion that there is a trade-off between vegetative investment in leaves and 
reproductive timing from the present study. 
 
Long vegetative growth time may lead to more resources allocated to the vegetative 
body, i.e., the plant may get the advantage of accumulating more resources to more 
leaf and root biomass. Tapia-López et al. (2008) found a box gene in Arabidopsis 
thaliana (Brassicaceae) that is expressed importantly both in root and in aerial tissues 
prior to the transition to flowering. This allele could explain slow root growth and late 
flowering genotype. The root growth strategy could affect time to reproduction not 
only as demonstrated by molecular evidence from Tapia-López et al. 2008, but also 
owing to resource allocation plan for plants. Generally, plants put a lot of effort on 
root development following germination to guarantee sufficient resource 
accumulation from soil when leaves are small and few. Subsequently, much energy is 
transferred to aboveground part and shoot biomass increase markedly. However, the 
relative investment between aboveground and belowground growth may differ among 
species. In the comparison between C. amoena and C. concinna in the present study, 
the relative biomass of aboveground and belowground differed not only between 
species but also between harvests. The ratio of aboveground/belowground biomass in 
C. amoena showed that the root growth strategy for C. amoena consist of an early 
acceleration and late slowing compared to growth rate in the aboveground part. 
Chapman et al. (2003) found a similar pattern in five species, including Clarkia 
unguiculata L. They reported a fundamental root growth pattern, which was usually 
an early accelerated phase followed by a steady rate and then by deceleration and 
finally keeping a determinate length. In contrast, the aboveground/belowground ratios 
in C. concinna were nearly the same throughout its life. It suggested the growth rates 
for both aboveground and belowground part were in a more or less constant ratio and 
the resources were allocated proportionally to both parts. Therefore, the acceleration 
of root growth in C. amoena represented increasing effort on root in the early stage. 
Related to the delayed flowering in C. amoena and the advanced flowering in C. 
concinna, I hypothesize that increasing the relative investment in root growth during 
the juvenile period was associated with later flowering.   
 
Flower biomass was not consistently correlated with FFD, neither at the intra-specific 
level nor in the sister-pair comparisons. In the C. rubicunda-C. amoena pair, the early 
species had heavier flowers whereas in the C. brewerii- C. concinna pair, the species 
with heavier flower biomass started flowering later. These results were opposite to 
many previous studies. Lehtilä and Bränn (2007) selected large flower size genotypes 
in Raphanus raphanisrum and resulted in later flowering time and early flowering 
time evolved with small flowers genetic line. Worley et al. (2000) also found a 
trade-off between flower size and time at flowering in Eichhornia paniculata 
(Pontederiaceae). Besides, they also found a trade-off between flower size and flower 
number. Flower biomass of one flower does not show all the resources invested to 
reproductive organs comprehensively, so it would be better to compare the resources 
allocated to all flowers to FFD. Here, I did this by estimating flower biomass×flower 
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number, and based on this number I found that the late-flowering species in each 
sister-pair (C. amoena and C. concinna) put more resources into flowers than their 
early-flowering sister-species (C. rubicunda and C. brewerii). Allocating more energy 
to reproductive organs thus seemed to lead to later flowering time. However, there 
was a much bigger difference in the C. brewerii-C. concinna pair than in the C. 
amoena-C. rubicunda pair. This might be due to that C. amoena suffered more aphids 
damage than the other three species. If I hadn’t had the aphid problem, C. amoena 
may have produced more flowers.  

There may be other reasons why flower size did not correlate with FFD. 
Flowers tend to be big to attract pollinators (Vaughton and Ramsey, 1998) and plastic 
changes of flower size may have considerable costs (Galen, 1999). Therefore, the 
flower size may not be as plastic as other traits, and thereby not simply determined by 
how many resources the plant had. If so, it would be much harder to find a correlation 
between delayed flowering related and more resources allocated to reproductive 
organs at the intra-specific level. 
 

It was obvious that number of internodes under first flower correlated with height, 
size, and FFD. Franks and Weis (2008) also found that the descendants of the annual 
plant Brassica rapa that flowered earlier had fewer nodes below the first flower 
following selection induced by drougth. Diggle (1999) summarized three ways to 
flower early: (i) plants start growing earlier, (ii) increased growth rate, or (iii) 
flowering occurs at an earlier ontogenetic time. In the first two pathways, plants that 
flower at different time still show similarity in both vegetative and reproductive traits, 
such as same height, same flower biomass or same nodes number. If plants started to 
flower at different ontogenetic stages, they would vary in many characters and 
reproductive growth would be contrasted to vegetative growth. According to Diggle 
(1999) flowering at an earlier developmental stage is associated with flowering after 
fewer internodes had developed. In the plants studied here, the number of internodes 
was correlated to height, size, and FFD and thus Clarkias seems to sacrifice height 
and size through ontogenetic changes when evolving earlier flowering.  
 

I did not measure how the traits affect the fitness of plants, so I cannot define that 
there was a true evolutionary trade-off between the traits found to be correlated in this 
study. However, testing the correlation between traits provide the basis for which 
combination of traits that might be relevant to focus on in future fitness studies. 
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