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ABSTRACT 

 A novel interpretation of leaf mass variation in plants has been recently proposed 

based on its relationship with variation in leafing intensity – number of leaves produced 

per unit remaining above-ground dry mass.  It is now widely established that between-

species variation in these two traits is strongly, negatively (and isometrically) correlated 

for woody and herbaceous species.  Possible fitness advantages of higher leafing intensity 

(requiring smaller leaf size) can be interpreted in terms of the greater concentration of 

axillary meristems (larger ‘bud bank’), which may provide greater potential deployment 

flexibility for growth or reproduction.  However, no research to date has addressed how 

these two traits are related at different scales, specifically at the between-individual 

(within-species) level, or between sexes in dioecious species.  For the majority of 24 

herbaceous angiosperms studied here, between-individual (within species) co-variation in 

leaf size and leafing intensity displayed as an isometric trade-off.  For the few species 

with allometric trade-offs, plants with smaller body size produced disproportionately 

more leaves, indicating a possible mechanism for promoting reproductive economy when 

plant size is suppressed (e.g. by competition).  For two out of three woody dioecious 

species, and two out of three herbaceous dioecious species, males tended to produce 

more, smaller leaves than females, possibly promoting pollen dispersal through a more 

broadly-spaced floral display (developing from more numerous axillary meristems).  In 

contrast, the larger (but fewer) leaves in females may serve to maximize local 

photosynthetic resources available for axillary fruit and seed maturation.  Males and 

females did not differ in branching rates associated with differences in leafing intensities, 

but in one herbaceous species, higher leafing intensity in males was associated with 



 iii  

higher flower production than in females.  In the larger 24-species data set, there was no 

evidence that species with higher leafing intensity (providing more axillary meristems) 

was associated with either a greater magnitude or a greater flexibility in branching or 

flowering intensity.  Additional studies are required to explore the possibility that large 

‘bud banks’ of axillary meristems (conferred by high leafing intensity) may promote 

effective mechanisms for tolerating environmental variability, responding to damage (e.g. 

from herbivory), and/or maximizing reproductive economy.   
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Chapter 1 

General Introduction 

 

Most previous research on the interpretation of leaf size variation has explained selection 

for leaf size based on physiological optimization under different environmental 

conditions (Reich et al., 1997, Wright et al., 2001, Li et al., 2008), effects of herbivory 

(Brown and Lawton, 1991), or structural support requirements for effective leaf display 

(Pickup et al., 2005, Poorter and Rozendaal, 2008).  These explanations generally focus 

on limits to how large leaves can become.  For example, according to Corner’s rules 

(summarized in Olson et al., 2009), plants with larger leaves must have larger twigs to 

support them, and thick-twigged species will branch less frequently than slender-twigged 

ones.  Increases in leaf size can therefore be limited by the size of the twigs supporting 

them. 

Yet the majority of leaves growing in a common habitat, in fact the majority of 

leaves everywhere, are relatively small (Kleiman and Aarssen, 2007).  Kleiman and 

Aarssen (2007) suggested that an interpretation of leaf size variation requires an 

explanation for why variation in leaf size has a strong, isometrically negative relationship 

with variation in leafing intensity, i.e. the number of leaves produced per unit plant body 

size.  Evidence for this relationship has been reported in several subsequent studies (Yang 

et al., 2008, Milla, 2009, Whitman and Aarssen, in press).  According to the ‘leafing 

intensity premium’ hypothesis (Kleiman and Aarssen 2007) selection for increased 

leafing intensity necessarily results in indirect selection for smaller leaf size.  Plants that 

produce more (and hence smaller) leaves will also have a higher density of axillary 
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meristems per unit body size, since each leaf is normally associated with an axillary 

meristem (Bell, 1993).   Axillary meristems can be deployed by the plant as vegetative 

structures or reproductive structures, or they may remain inactive, thus affecting the size, 

architecture, and reproductive output of the plant (Bonser and Aarssen, 1996).  

A larger ‘bud bank’ (conferred by higher leafing intensity), it is proposed, 

provides the plant with more flexibility for meristem deployment as branches or flowers 

compared with species that produce larger (and therefore fewer) leaves (Kleiman and 

Aarssen, 2007).  Plants with higher leafing intensity may have greater potential for 

flexibility in the spatial arrangement of the shoots and flowers, and/or greater potential 

for plasticity in biomass allocation to growth versus reproduction.  A larger ‘bud bank’ 

may promote more efficient leaf display for light capture (Poorter and Rozendaal, 2008), 

allow greater avoidance of, or compensatory response to, herbivores (Brown and Lawton, 

1991), promote higher reproductive economy (Aarssen, 2008), or present a broader 

spatial display of flowers that are more visible to pollinators or that facilitate wind 

pollinations.  These all represent untested hypotheses for future research. 

  The ‘leafing intensity premium hypothesis’ is the unifying theme behind the 

studies reported in this thesis.  All previous studies however, have limited their 

examination of the leaf size / number trade-off to comparisons between species (Kleiman 

and Aarssen, 2007, Yang et al., 2008, Milla, 2009, Whitman and Aarssen, in press).  The 

research presented in this thesis examines the nature of this trade-off at different scales – 

between sexes in both woody and herbaceous dioecious species, and between individuals 

of the same species for 24 herbaceous angiosperms.  I also investigated whether a link 

exists between high leafing intensity and patterns of axillary meristem deployment.  
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INTRODUCTION 

 

The evolution of dioecy in plant species, and the resulting disparity in reproductive 

investment required from male and female plants, can produce secondary sex differences 

in other life history traits.  Female plants have an increased cost of reproduction, in order 

to produce fruits and seeds, over a much longer timeline compared with male plants 

producing only pollen.  This reproductive imbalance can create sex differential selection, 

resulting in secondary sex characteristics in plants (Delph, 1999).  For example, males 

generally produce more flowers than females, and begin flowering at a younger age 

(Lloyd and Webb, 1977).  Female Siparuna grandiflora plants have been found to 

allocate less biomass to leaves per unit stem length than males (Nicotra, 1999).  These 

secondary sex characters can either be a by-product of different reproductive costs, or 

they can be directly adaptive and under different selection pressures in each sex (Lloyd 

and Webb, 1977).  Understanding the consequences of dioecy in plants can help us gain 

insight into the evolution and maintenance of separate sexes in plant species. 

 While leaf trait differences between sexes are often thought to be a by-product of 

the increased reproductive effort for fruiting required by females, it is possible that some 

leaf traits are directly beneficial to male and female fitness.  Bond and Midgley (1988) 

proposed a connection between leaf size and branching frequency in dioecious plants; 

male plants with more flowers should have a greater number of branches, therefore 

producing thinner branches that are unable to hold up large leaves, supported by their 

observation of Leucadendron species.  This is an extension of Corner’s Rules, which 

propose a link between leaf size and the branch thickness necessary to hold up those 
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leaves.  A plant with large thick leaves requires larger branches to hold them up, which 

will necessarily branch with less frequency (summarized in Olson et al., 2009).  Corner’s 

rules, however, represent mechanical constraints that connect leaf size to flower 

production.  In this study a simpler explanation is explored based on the leaf size / 

number trade-off. 

 There is increasing evidence for a general trade-off among species between leaf 

size and leafing intensity (number of leaves / unit residual supporting mass (g)) in both 

woody plants (Kleiman and Aarssen, 2008, Yang et al., 2008, Milla, 2009) and 

herbaceous species (Whitman and Aarssen, in press).  Thus selection for one of these 

traits is likely to influence the other.  Selection pressures on leaf size may be associated 

with mechanical support requirements (Pickup et al., 2005, Poorter and Rozendaal, 

2008), optimal physiological responses to environmental constraints (Li et al., 2008), or 

herbivory (Brown and Lawton, 1991).  Selection for increased leafing intensity, however, 

may be linked to the functional significance of axillary meristems associated with each 

leaf.  Increasing leaf number will increase the ‘bud bank’ (number of available 

meristems), which would indirectly result in selection for relatively small leaf size as a 

necessary trade-off (Kleiman and Aarssen, 2008).  Plants with a larger ‘bud bank’ may be 

able to branch more frequently or produce more flowers, and may be capable of greater 

plasticity in spatial patterns of branching or flowering.    

Males and females of dioecious species might be expected to allocate leaf tissue 

differently along this leaf size/number spectrum.  Male plants often produce more flowers 

than females (Lloyd and Webb, 1977, Bond and Midgely, 1988) and therefore may also 

produce smaller leaves.  Having smaller, but more plentiful leaves increases the number 



 9 

of meristems a male plant has, potentially allowing them to produce more flowers.  

Female plants are more constrained by the energy required for reproduction.  In females, 

increasing individual leaf size could potentially increase the amount of photosynthetic 

products available for local fruit maturation.  This phenomenon has been reported in Salix 

integra, where females have larger photosynthetically active bracts adjacent to catkins, 

potentially increasing the local energy supply for fruit development (Tozawa et al., 

2009).  Females therefore, might be expected to fall at the opposite end of the leaf size / 

number trade-off, having fewer but larger leaves, allowing maintenance of the higher 

reproductive costs of fruit and seed production. 

 I tested these predictions in three herbaceous and three woody dioecious plant 

species.  To test whether there was a link between leaf traits and meristem deployment, I 

also determined whether increased leafing intensity was associated with increased 

branching (in all species) or flower production (in herbaceous species only).  This 

allowed me to gain insight into the link between leaf traits and male or female fitness, 

and how selection pressures for different leaf size and leafing intensity could be 

maintained between sexes in plants from the same population. 

 

METHODS 

 

Sample Collection 

I collected three herbaceous and three woody dioecious species from one site each, 

located in regions of  Kingston, Ontario (44° 17' N, 76° 34' 0 W) (Acer negundo L.), 

Queen’s University Biological Station (44º33’N, 76º21’W) (Rumex acetosella L., 
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Thalictrum dioicum L., Ilex verticillata (L.) A. Gray, Rhus typhina L.), and Whitney, 

Ontario (29º11’W, 10º27’N) (Anaphalis margaritacea (L.) Benth. and Hook.), during the 

spring and summer, 2008.  Transects were run through the populations, and I collected 

the nearest individual at random intervals (see Table 1 for sample sizes).  Individuals for 

herbaceous species were sampled whole by clipping them at ground level, and only plants 

with some open flowers were collected. Woody species were tagged when flowering, and 

one shoot from each individual was collected after all leaves were fully expanded in July 

2008. I collected shoots from the highest reachable point on the plant using tree clippers 

that extended to 16 feet.  Only the terminal shoot and subtending axillary branches were 

sampled from each shoot, representing the current year’s growth.  Herbaceous samples 

were frozen and woody samples stored at 4°C until processing. 

 

Processing 

From each herbaceous plant, I removed and counted all leaves.  Counts of leaf scars 

(indicating leaves that had been previously shed or consumed) were added to the existing 

leaf counts.  Leaf tissue and residual tissue (all remaining above-ground biomass) were 

dried separately at 60°C for three days.  Leaf size was measured as average individual 

leaf dry mass (g), and leafing intensity was measured as the total number leaves produced 

per unit residual dry mass (g), comprised of remaining non-leaf tissue. I also counted 

number of branch endings and the total number of flowers or inflorescences produced by 

each plant.  These counts give an estimate of the number of axillary meristems used by 

the plant, testing the hypothesized relationship between predicted leaf traits and branch or 

flower production.  
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From the woody plant samples, I counted the number of leaves on terminal and 

subtending axillary shoots, representing the current year’s leaf production.  I added 

counts of leaf scars to this, to get total leaf production in that year.  Leaf tissue and 

woody shoot tissue were dried separately for three days at 60°C.  Leaf size was again 

measured by average individual leaf dry mass, and leafing intensity measured as leaf 

number/unit shoot dry mass as in Kleiman and Aarssen (2007).  To compare branching 

frequency between woody males and females, I counted the number of subtending 

axillary shoots (branches produced from buds set in leaf axils from the previous season). 

 

Analysis 

All analyses were done using R (ver. 9.2.0).  I compared individual leaf mass and leafing 

intensity between females and males of all 6 species, to directly test the prediction that 

females produce larger leaves while males produce more leaves. F-tests for homogeneity 

were used to compare the variance for all measures; non-homogeneous variables were 

compared using non-parametric tests (Mass-Whitney U tests) while homogeneous 

variables were compared using t-tests.  To test whether differences in leaf traits are 

related to differences in above-ground plant size, I used the same analyses to compare 

residual (non-leaf) plant mass (g) and the proportion of the above-ground mass comprised 

of leaf tissue.  These measures allowed a direct comparison of plant size and leaf tissue 

biomass allocation. 

 As an additional measure of leaf traits, controlling for plant body size (remaining 

non-leaf above-ground tissue), I compared male and female individual leaf mass and 

leafing intensity using ANCOVAs.  LOG10 transformed leaf traits were the response 
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variable, with sex as the categorical explanatory variable, and LOG10 (residual plant 

mass (g)) as the continuous explanatory variable (co-variate), which did not vary between 

sexes (see Fig 2.3).  All variables were tested for homogeneity of variances between 

sexes using F-tests for homogeneity, and linear relationships between the response 

variable and co-variate were ensured.  For all traits and species, interaction models were 

fitted first.  As no interaction terms were statistically significant, I removed them from 

the models and used additive models for all traits and all species. 

 Lastly, to determine whether there was a connection between the predicted leaf 

trait trade-offs and the hypothesized mechanism for their evolution (branch and flower 

production), I compared branch number and total flower production (herbaceous species).  

As above, ANCOVAs were used to compare males and females controlling for residual 

plant mass.  All response variables (branch number and flower number) were square root 

transformed to normalize the count data.  Sex and LOG10 (residual plant mass (g)) were 

both used as explanatory variables. These variables were tested for homogeneity of 

variances between sexes as well, using F-tests for homogeneity, and linear relationships 

between the response variable and co-variate were ensured. 

 

RESULTS 

 

Two of the three herbaceous, and two of the three woody dioecious species showed 

trends supporting the hypotheses that female plants have fewer, larger leaves, while male 

plants have more, smaller leaves (Figs. 2.1 and 2.2).  Female Rumex acetosella had 

significantly larger leaves (Fig. 2.1), while males showed a trend towards having more 
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leaves (Fig. 2.2).  Female Thalictrum dioicum also showed a trend towards having larger 

leaves (Fig. 2.1), while males had significantly more leaves than females (Fig. 2.2).  In 

both Ilex verticillata and Rhus typhina females had significantly larger leaves (Fig. 2.1) 

and males produced significantly more leaves (Fig. 2.2).  There were no leaf trait 

differences between male and female Anaphalis margaritacea or Acer negundo.   

 There were no significant differences between the residual mass (g) of males 

versus females for any of the sampled species (Fig. 2.3).  There was also no significant 

difference between males and females in the proportion of total plant mass that was 

comprised of leaf tissue (Fig. 2.4).  In other words, species where males produced smaller 

leaves did not have significantly smaller male overall plant sizes.  These leaf size / 

number tradeoffs therefore are the result of different size / number allocation strategies 

between the sexes, not different plant body / shoot sizes, or different amounts of biomass 

allocation to leaves. 

 Similar results were obtained comparing both leaf mass and leafing intensity for 

males and females using ANCOVAs.  Of the herbaceous species, Rumex acetosella had 

significantly larger leaves on female plants, and significantly more leaves on male plants 

(Table 2.2 (a, b)), while Thalictrum dioicum females had larger leaves (not statistically 

significant) and males had significantly more leaves than females (Table 2.2 (a, b)).  Two 

woody species, Ilex verticillata and Rhus typhina, showed the predicted trends of larger 

leaves on females and more leaves produced by males (Table 2.2 (a, b)).  Again, support 

for the predicted trends was not found using ANCOVA analyses for Anaphalis 

margaritacea and Acer negundo. 
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 Species that showed the expected leaf trait tradeoffs between males and females 

did not have corresponding differences in branching intensity (branch number controlling 

for plant size).  There was no evidence that males and females of any species, herbaceous 

or woody, produced significantly different numbers of branches (Table 2.2 (c)), although 

the mean number of branches produced by males of all three woody species was 

numerically higher than mean female branch production (Acer negundo M = 6.00, F = 

5.18; Ilex verticillata M = 4.25, F = 3.30; Rhus typhina M = 1.6, F = 1.0).  For two 

herbaceous species, females produced on average more branches than males (Anaphalis 

margaritacea M = 23.23, F = 26.16; Rumex acetosella M = 2.45, F = 2.86) while for 

Thalictrum dioicum, males had numerically, but not significantly, more branches than 

females (M = 17.09, F = 13.73). 

In Thalictrum dioicum, one of the three herbaceous species sampled, males 

produced significantly more flowers (mean = 9.82) than females (mean = 6.77) (Table 

2.2 (d)), providing support for the hypothesis that higher branching intensity in males 

may be associated with fitness benefits through greater flower production.  The other two 

herbaceous species showed the opposite pattern (females producing more flowers), but 

this was not significantly different (p > 0.05) when controlling for residual plant size 

(Table 2.2 (d)). 

 

DISCUSSION 

 

 This study provides evidence that males and females of the same plant species can 

invest leaf biomass differently according to the leaf size / number trade-off.  Sexually 
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dimorphic vegetative traits were found in two out of three herbaceous species and two out 

of three woody dioecious species examined.  While there was little evidence that these 

sex differential leaf traits were linked to branch production when controlling for residual 

plant size, the trends toward male woody species producing more branches may indicate 

a strategy to spatially expand the canopy space over which pollen is released.  Increased 

leafing intensity was also associated with a higher flower production in males of 

Thalictrum dioicum.  Female fitness on the other hand may benefit from producing fewer 

leaves, and therefore fewer meristems that can become flowers, allowing for larger 

individual leaves to meet the local energy demands of fruiting.  This may be evidence of 

sexually dimorphic selection on leaf traits in T. dioicum.  

 Large leaves associated with subtending female flowers may provide a greater 

local source of photosynthates for seed and fruit maturation.  Tozawa et al. (2009) found 

a similar pattern in Salix integra, where females have larger bracts beneath fruiting 

peduncles.  By comparison, the much smaller, shorter-term energetic demands of 

producing pollen is likely to benefit less from high local photosynthate production in 

male plants.  Male fitness presumably benefits more from producing more (and hence 

smaller) leaves, and thus more male flowers that can be deployed from the axillary 

meristems of these leaves.  This may promote male function (as a pollen donor) by 

spreading out pollen display over a larger space where it may therefore have a greater 

chance of being collected by wind or pollinators. More research involving larger numbers 

of dioecious species is required in order to adequately test this hypothesis.  

 Higher leafing intensity in male plants, in addition to increasing the ‘bud bank’ 

available for flower production or branching, may also reduce herbivore damage to leaf 
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tissue.  Male plants often receive more herbivore damage than females (Jing and Coley, 

1990, Delph, 1999, Cornelissen and Stiling, 2005), possibly because their higher 

vegetative growth does not allow the production of as many defence chemicals as female 

plants.  Increasing the number of leaves and decreasing their size spreads photosynthetic 

tissue out over a larger area, as does having a higher branching rate, making foraging 

more difficult for herbivores (Brown and Lawton, 1991).  Herbivore pressure, therefore, 

may select for smaller leaves in males.  Female plants, which generally have slower 

growth rates and may have more defence chemicals in their leaves, are not as preferred 

by herbivores (Jing and Coley, 1990), thus selection for larger leaves to aid fruit 

production may be stronger than selection for smaller leaves to avoid herbivory.  This 

theory may explain why I found the same pattern of smaller leaves and higher leafing 

intensity in male Rhus typhina, a species which has only terminal inflorescences.  Males 

would not benefit from increasing leaf number by producing more inflorescences, 

because each shoot only has a single terminal one.   Male-biased herbivory avoidance 

could present an alternate scenario by which this pattern could evolve.  

 The different sampling methods used for herbaceous and woody plants may 

explain why there was less evidence of sex differential leaf traits in herbaceous species.  

The magnitude of the difference in reproductive investment of males and females has 

been found to differ at branch and whole tree levels (Suzuki, 2005).  Comparisons at the 

whole plant level showed much more similar levels of investment between the sexes than 

when comparing the branch level.  If these results extend to herbaceous plants, this may 

explain why leaf trait differences between sexes were not as strong when comparing 

whole herbaceous plants as when comparing woody plant shoots.  Comparing only 
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branches involved in reproduction may yield more striking differences in leaf traits 

between plant sexes. 

 This study provides a novel approach to understanding leafing traits in dioecious 

plant species.  There has not been, to my knowledge, any previous study of the trade-off 

between leaf size and leafing intensity in dioecious species.  Further study of the link 

between leafing intensity, and branch/flower production, as well as more direct tests of 

the benefit to fruit production by having large leaves are required to understand the 

consequences of separate sexes on leaf traits in dioecious plant species.  
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Table 2.1 List of three herbaceous and three woody species collected and sample sizes of 

each sex.  Nomenclature follows Gleason and Cronquist (1991). 

 

 

 
Family Scientific Name Sample Size 
Aceraceae Acer negundo   F=17      M=16 
Anacardiaceae Rhus typhina   F=20      M=20 
Aquifoliaceae Ilex verticillata   F=20      M=20 
Asteraceae Anaphalis magaritacea   F=19      M=22 
Polygonaceae Rumex acetosella   F=21      M=21 
Ranunculaceae Thalictrum dioicum   F=11      M=11 
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Table 2.2  ANCOVA results comparing four traits for male versus female plants of three 

herbaceous and three woody dioecious plant species, with log-transformed residual 

(above-ground, non-leaf) plant mass as covariate.  (a) LOG10 [mean individual dry leaf 

mass]; (b) LOG10 [mean leafing intensity (number leaves per unit residual (non-leaf) dry 

mass)]; (c) √ [mean number of branches]; (d) √ [mean number of flowers (herbacous 

species only)]. 



 23 

 

 

 

 

 

 

Sex LOG (residual mass) Trait Species 

F value p value F value p value 

Anaphalis margaritacea 0.035 0.85 0.752 0.39 

Rumex acetosella 4.09 0.05 2.19 0.147 

Thalictrum dioicum 3.57 0.074 0.69 0.417 

Acer negundo 0.07 0.79 1.396 0.25 

Ilex verticillata 53.26 < 0.0001 0.679 0.42 

a)  

Rhus typhina 31.5 < 0.0001 38.661 < 0.0001 

Anaphalis margaritacea 0.001 0.98 7.64 0.009 

Rumex acetosella 6.07 0.018 9.54 < 0.01 

Thalictrum dioicum 10.84 < 0.01 14.22 < 0.01 

Acer negundo 1.60 0.22 38.80 <0.0001 

Ilex verticillata 6.23 < 0.01 6.23 0.017 

b)  

Rhus typhina 14.44 < 0.001 42.17 < 0.0001 

Anaphalis margaritacea 0.22 0.64 209.19 < 0.0001 

Rumex acetosella 0.14 0.71 25.32 < 0.0001 

Thalictrum dioicum 3.05 0.097 12.76 0.002 

Acer negundo 0.74 0.40 53.70 < 0.0001 

Ilex verticillata 3.81 0.058 40.06 < 0.0001 

c) 

Rhus typhina 2.02 0.16 22.60 < 0.0001 

Anaphalis margaritacea 0.19 0.67 221.63 < 0.0001 

Rumex acetosella 0.32 0.57 46.76 < 0.0001 

d)  

Thalictrum dioicum 7.99 0.01 22.46 0.0001 
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FIGURE CAPTIONS 

 

Figure 2.1  Comparisons of individual leaf dry mass (g) in male versus female plants for 

three herbaceous: (a) Anaphalis margaritacea (t = 0.1837, p = 0.8554), (b) Rumex 

acetosella (W = 311, p = 0.0077), (c) Thalictrum dioicum (t = 1.9032, p = 0.0717); and 

three woody dioecious plant species: (d) Acer negundo (t = 0.2679, p = 0.7906), (e) Ilex 

verticillata (W = 386, p < 0.0001), and (f) Rhus typhina (t = 3.8956, p = 0.0004).  Boxes 

are drawn at the 75th percentile and 25th percentile, and the line in the middle represents 

the mean, with whiskers extending to the 10% and 90% percentiles.   Asterisks indicate 

significant differences between sexes. 

 

Figure 2.2  Comparisons of  leafing intensity (number of leaves per unit residual mass 

(g)) in male versus female plants for three herbaceous species:  (a) Anaphalis 

margaritacea (t = 0.3898, p = 0.6994), (b) Rumex acetosella (W = 135, p = 0.0546), (c) 

Thalictrum dioicum (W = 22.5, p = 0.0136); and three woody dioecious plant species:  

(d) Acer negundo (W = 168, p = 0.2604), (e) Ilex verticillata (W = 109, p = 0.0145), and 

(f) Rhus typhina (W = 114, p = 0.0195).  ).  Boxes are drawn at the 75th percentile and 

25th percentile, and the line in the middle represents the mean, with whiskers extending to 

the 10% and 90% percentiles.   Asterisks indicate significant differences between sexes. 

 

Figure 2.3  Comparisons of residual (non-leaf above ground) dry mass (g) in male versus 

female plants for three herbaceous species: (a) Anaphalis margaritacea (t = 0.3772, p = 

0.7086), (b) Rumex acetosella (t = 1.3127, p = 0.1973), (c) Thalictrum dioicum (t = 
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1.6132, p = 0.1973); and three woody dioecious plant species: (d) Acer negundo (W = 

121, p = 0.606), (e) Ilex verticillata (t = 1.6322, p = 0.1118), and (f) Rhus typhina (t = 

1.8599, p = 0.0707).  ).  Boxes are drawn at the 75th percentile and 25th percentile, and the 

line in the middle represents the mean, with whiskers extending to the 10% and 90% 

percentiles.   Asterisks indicate significant differences between sexes. 

 

Figure 2.4  Comparisons of [leaf dry mass(g)] / [total dry mass (g)] in male versus female 

plants for three herbaceous species: (a) Anaphalis margaritacea (t = 0.9026, p = 0.3736), 

(b) Rumex acetosella (t = 0.3426, p = 0.7337), (c) Thalictrum dioicum (t = 0.7931, p = 

0.4293); and three woody dioecious plant species: (d) Acer negundo (t = 0.8068, p = 

0.426), (e) Ilex verticillata (t = 1.2067, p = 0.2363), and (f) Rhus typhina (t = 1.5014, p = 

0.1417).  ).  Boxes are drawn at the 75th percentile and 25th percentile, and the line in the 

middle represents the mean, with whiskers extending to the 10% and 90% percentiles.   

Asterisks indicate significant differences between sexes.
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INTRODUCTION 

 

The study of allometry in plants provides a conceptual framework for understanding 

relationships between different functional traits.  Size-dependent patterns of biomass 

allocation and trait variation may provide important insight into the selection processes 

that influenced trait evolution.  As the principle site of energy production for plants, 

leaves have received considerable attention in the study of plant adaptation, particularly 

focusing on constraints and tradeoffs associated with selection affecting variation in leaf 

shapes and sizes (Poorter and Bongers, 2006).  Physiological, chemical, structural traits 

and the correlations between them are often used to compare leaves of plant species both 

within environments and around the world (Wright et al., 2004).  Niklas et al. (2007) 

showed that scaling relationships can be generalized across many types of plants, and a 

number of traits (including foliar water content, surface area and nutrient levels) 

negatively affect leaf size increases.  The use of allometry to study relationships between 

various leaf traits can be a useful way of understanding, and comparing, how plants 

evolve. 

The majority of traits in the ‘worldwide leaf economics spectrum’ related to 

global patterns in leaf investment traits, are allometrically related (slope > or < 1.0 after 

Log-transformation), rather than isometrically related (slope = 1.0) (Wright et al., 2004).  

Strong and consistent patterns are commonly seen in plants from around the world, but 

they are rarely one-to-one trade-offs, with changes in one trait resulting in proportional 

changes in the other.  In contrast, recent studies have identified an isometric negative 

relationship between leaf size and leafing intensity when comparing across species, for 
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both woody (Keliman and Aarssen, 2007, Yang et al., 2008, Milla, 2009), and 

herbaceous angiosperms (Whitman and Aarssen, in press), and also when comparing 

across individual plants of the angiosperm tree, Acer saccharum (Dombroskie, 2009).  

Ogawa (2008) extended this isometric relationship to predict that carbon uptake, leaf 

biomass and leaf density of forest stands will remain at constant levels when the forest is 

mature, based on scaling up this isometric relationship between leaf size and leafing 

intensity from shoot level to the whole forest stand.  However, an allometric leaf 

size/number tradeoff has been reported at the within-individual plant level for 

angiosperm tree species (Dombroskie, 2009).  Allometric trade-off relationships (slope 

not equal to -1.0) between leaf size and leafing intensity mean that variation in one trait is 

accompanied by disproportionate variation in the other trait.  Thus, there may be unequal 

benefit gained from changes across this leaf trait spectrum, which may result in 

constraints on leaf trait evolution.  

 The leaf size/number trade-off has not yet been examined at the within-species 

level for herbaceous plants, and this was the objective of the present study.  To date, 

species-level comparisons have been examined based on averages for leaf size and 

leafing intensity from replicate individuals.   Leaf size however, can vary greatly between 

individuals of the same species.  I investigated the relationship between these two leaf 

traits, and also their relationships with plant body size, in 24 herbaceous plant species.  

 

METHODS 

 

Sample Collection 
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During spring/summer 2008, 24 herbaceous plant species were collected in the vicinities 

of Kingston, Ontario (44° 17' N, 76° 34' 0 W), Queen’s University Biological Station 

(44º33’N, 76º21’W), and Whitney, Ontario (29º11’W, 10º27’N).  Common species with 

large populations were selected so that 50 individuals could be collected easily.  

Individuals were collected only if they appeared to be growing in similar conditions (i.e. 

not shaded by a tree), all from the same site.  I ran transects across the populations, and 

clipped whole individuals at ground level at random intervals (See Table 1 for sample 

sizes).  Only plants with open flowers were collected in order to ensure that typical adult 

plant sizes were represented.  All the samples were frozen until processing. 

 

Processing 

For each sample, we removed and counted all leaves and leaf scars (indicating leaves that 

had been shed or consumed) to obtain the total number of leaves produced that year.   

Leaf tissue and residual tissue (all remaining, non-leaf, above-ground biomass) were 

separated, and dried at 60°C for 3 days.  Average individual leaf dry mass (g) was used as 

a measure of leaf size, and leafing intensity was measured as the total number leaves 

produced per unit residual dry mass (g).  Total per-plant leaf dry mass was adjusted to 

take account of lost leaves (indicated by leaf scars).     

 

Analyses 

Type II (reduced major axis) regressions were used to determine the relationship for 

average individual leaf dry mass versus leafing intensity, number of leaves versus 

residual dry mass, and total leaf dry mass versus residual dry biomass.  (Average 
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individual leaf dry mass versus residual dry mass regressions are summarized in 

Appendix 3).   All variables were Log10- transformed prior to analysis to normalize their 

distributions.  I used two-tailed t-tests to determine whether the slopes for each species, 

were significantly different from isometry (-1.0 or 1.0).  If the slopes were not 

significantly different from -1.0 or 1.0, the relationship was considered isometric.  Slopes 

significantly different from -1.0 or 1.0 were considered allometric.   All analyses were 

done using R version 2.9.0, type II regressions were done using the ‘lmodel2’ package. 

 

RESULTS 

 

The majority (18) of the 24 sampled species had isometric trade-off relationships between 

leaf size and leafing intensity (t-tests, p values > 0.05, see Fig. 3.1); i.e. individual plants 

within the population that had smaller leaves also produced proportionally more leaves 

per unit plant body size.  Within-species regressions varied widely in their explanatory 

power, with R2 values ranging from 0.003 (Rumex crispus) to 0.878 (Dipsacus sylvestris), 

but only one of the regressions between leaf size and leafing intensity was not statistically 

significant (Rumex crispus, p = 0.706).   

There were allometric relationships (slope significantly different from -1.0) 

between leaf size and leafing intensity in only five of the species sampled; Acalypha 

rhomboidea, Anaphalis margaritacea, Chrysanthemum leucanthemum, Dipsacus 

sylvestris, and Pilea pumila (t-tests, all p < 0.05, see Fig 3.1 (a), (b), (g), (i), and (r)).   

For these five species, all the slopes were less negative than -1.0; i.e. individuals with 

smaller leaves had a greater than proportional increase in leafing intensity.   
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The proportion of total above-ground biomass allocated to leaves is constant 

across variation in body size for 20 of the 24 species sampled; i.e. total leaf biomass 

decreases proportionally with decreasing remaining (non-leaf) above-ground biomass 

(slope = 1.0, Table 3.2).    Of the three species with allometric relationships for the 

proportion of total above-ground biomass allocated to leaves, two (Dipsacus sylvestris 

and Pilea pumila) had slopes significantly less than 1.0 (Table 3.2), meaning that smaller 

individuals had a higher proportion of above-ground biomass allocated to leaves than 

larger individuals.    In contrast, Hesperis matronalis had a slope significantly greater 

than 1.0 indicating that larger individuals had a higher proportion of above-ground 

biomass allocated to leaves than smaller individuals (Table 3.2). 

Fourteen of the 24 species had isometric relationships between leaf number (an 

estimate of the number of meristems produced) and plant body size, i.e. larger individuals 

had proportionally more leaves (Fig. 3.2).  Importantly however, all species except one 

(Arctium minus, which had a small sample size; Table 3.1) had slopes that were 

numerically less than 1.0 for this relationship, and seven of them  (Asclepias syriaca, 

Barbarea vulgaris, Dypsacus sylvestris, Pilea pumila, Rumex crispus, Tragopogon 

pratensis, and Verbascum thapsus) had significant departures from isometry at the p < 

0.05 level (i.e. Type II regression slopes were significantly less than 1.0; Fig. 3.2  d, e, i, 

r, u, w, and x).  An additional three species had slopes less than 1.0 at the p < 0.09 level 

(Acaphalya rhomboidea, Eupatorium maculatum, and Ranunculus acris; Fig. 3.2 a, l, and 

s).  For these 10 species, smaller plants produced proportionally more leaves than larger 

plants.  
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DISCUSSION 

 

The high incidence of isometry in the leaf size / leafing intensity relationships for the  

herbaceous species examined here (in 19 out of the 24 species) indicates that, as for 

previous between-species comparisons, this trade-off is also highly consistent at the 

between-plant (within-species) level for herbaceous angiosperms.  Only one previous 

study (Dombroskie, 2009) has investigated the leaf size / number trade-off at the 

between-individual (within-species) level in Acer saccharum, and also found a negative 

isometric relationship.  In contrast, the majority of leaf traits in the GLOPNET database 

of leaf traits are allometrically related (Wright et al., 2004).   

  For most species, the proportion of total above-ground biomass allocated to 

leaves was constant across variation in body size (Table 3.2). However, seven species 

(Asclepias syriaca, Barbarea vulgaris, Dipsacus sylvestris, Pilea pumila, Rumex crispus, 

Tragopogon pratensis, and Verbascum thapsus) produced disproportionately more leaves 

on plants with smaller body size, suggesting that small plants within a species might 

benefit from high leafing intensity more than larger plants of the same species.  These 

results are similar to the findings of Whitman and Aarssen (in press), where smaller 

species (as opposed to smaller individuals within a species) also tended to have higher 

leafing intensity.  This may be linked to benefits associated with the larger bud bank 

resulting from higher leafing intensity – i.e. the greater number of available meristems 

per unit body size in smaller plants (this study) or in smaller species (Whitman and 

Aarssen, in press).  Axillary meristems can affect plant growth and architecture by 

becoming vegetative shoots, or reproductive shoots, or by remaining inactive (Bonser and 
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Aarssen, 1996).  Having more meristems available per unit plant size may be a result of 

selection for reproductive economy in smaller individuals (Aarssen, 2008), increasing the 

likelihood of reproductive success when plants are small because they are suppressed 

(e.g. by competition).  Future research is required to test the relationship between 

variation in leafing intensity, plant size variation (both within and between species), and 

variation in reproductive success. 

The above interpretation may also be applied to data for the five species that 

displayed allometric relationships between leaf size and leafing intensity (Acaphalya 

rhomboidea, Anaphalis margaritacea, Chrysanthemum leucanthemum, Dipsacus 

sylvestris, and Pilea pumila), i.e. all with slopes less negative than -1.0, indicating that 

these species all had greater than proportional increases in leafing intensity in individuals 

with smaller leaves.  Allometric relationships less negative than -1.0 between leaf size 

and leafing intensity have been found at the within-plant level when comparing shaded 

versus sun-exposed branches of deciduous angiosperm trees (with increasing shade 

associated with decreasing mean individual leaf mass but a greater than proportional 

increase in leafing intensity) (Dombroskie, 2009).  This relationship may be associated 

with several possible fitness benefits, all of which require further investigation.  When 

leafing intensity increases disproportionately with decreases in leaf mass, the leaf canopy 

display may be spread out for more effective light capture, which may be beneficial when 

plants are light-deprived and suppressed (e.g. by competition).  It may also serve to 

minimize the number of leaves that get damaged by herbivores (Brown and Lawtom, 

1991), or it may promote greater potential flexibility for meristem deployment conferred 

by a larger ‘bud bank’ of axillary meristems (Kleiman and Aarssen, 2007).  Alternatively, 
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with decreases in leafing intensity, having a less than proportional increase in leaf mass, 

may provide benefits in terms of minimizing self-shading, minimizing leaf-overheating, 

minimizing mechanical support requirements, or allocating more biomass to shoots (e.g. 

for height extension) relative to leaves (Dombroskie, 2009).   

I measured leaf size using average dry leaf mass (g), which does not include any 

measure of leaf area.  However, interpretations of this measure can be complicated by the 

fact that leaves with more mass could be very thin with a larger area, or have a small area 

and be thicker.  Trait relationships between leaf mass are often simpler than those relating 

to specific leaf area (SLA, leaf area per unit leaf dry mass), another commonly used 

measure of leaf size, as leaf dry mass allows for direct comparisons of biomass allocation 

to different structures (Wright et al., 2004).  It is more difficult to understand selection 

pressures on SLA because there are many components influencing this traits, such as 

lamina thickness, leaf dry matter content and leaf density (Vernescu and Ryser, 2009). 

Biomass allocation to leaves is often compared with leaf lifespan, to understand where 

species fit along a small-investment/quick-return versus large-investment/long-return 

spectrum (Wright et al., 2004, Selaya et al., 2008).  Measuring leaf size using dry mass 

provides a more meaningful comparison of leafing strategies within species, accounting 

for differences in overall size of leaves and leaf thickness, both of which may vary 

between individuals.  

In conclusion, the results of this study indicate that the isometric trade-off 

between leaf size and leafing intensity reported previously at the between-species level 

also occurs at the between-individual (within-species) level, and may have especially 

important fitness implications for small plants within a species.  The trade-off between 
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leaf size and leafing intensity may impose constraints on selection for leaf size.  Although 

large leaf size can be important for light interception (Poorter and Rozendaal, 2008), the 

majority of plant species have relatively small leaves (Kleiman and Aarssen, 2007).  

Niklas et al., (2007) found that traits such as leaf area and nutrient contents do not 

increase proportionally with leaf dry mass, leading to ‘diminishing returns’ that could 

limit the evolution of increased leaf size.  Selection that affects leafing intensity may 

represent an additional constraint on the evolution of leaf size.   
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 Table 3.1  List of species sampled, including Family, species name (nomenclature 

following Gleason and Cronquist, 1991) and sample size. 

 

 

Family Species name Sample size 
Apiaceae Daucus carota L. 50 
Asclepiadaceae Asclepias syriaca L. 50 
Asteraceae Tragopogon pratensis L. 50 
Asteraceae Chrysanthemum leucanthemum L. 50 
Asteraceae Cichorium intybus L. 48 
Asteraceae Eupatorium maculatum L. 50 
Asteraceae Inula helenium L. 50 
Asteraceae Arctium minus Schk. 8 
Asteraceae Erigeron philadelphicus L. 50 
Asteraceae Anaphalis margaritacea (L.) Benth. & Hook. 41 
Boraginaceae Echium vulgare L. 48 
Brassicacea Barbarea vulgaris R. Br. 50 
Brassicacea Hesperis matronalis L. 50 
Clusiaceae Hypericum perforatum L. 49 
Dipsacaceae Dipsacus sylvestris Hudson 50 
Euphorbiaceae Euphorbia cyparissias L. 22 
Euphorbiaceae Acalypha rhomboidea Rof. 50 
Fabaceae Lotus corniculatus L. 50 
Polygonaceae Rumex crispus L. 49 
Polygonaceae Rumex acetosella L. 41 
Ranunculaceae Thalictrum dioicum L. 22 
Ranunculaceae Ranunculus acris L. 50 
Scrophulariaceae Verbascum Thapsus L. 49 
Urticaceae Pilea pumila (L.) A. Gray. 42 
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 Table 3.2  Results from linear regression analyses for LOG10 [total per-plant leaf dry 

mass (g)] versus LOG10 [residual (above ground, non-leaf) dry mass (g)].  R2 and p-

values values for type I regressions are shown, as well as the slope of the type II (reduced 

major axis) regression (m).  Two-tailed t-tests and associated p-values are for departure 

of slopes (m) from 1.0 (isometry); p > 0.05 indicates a slope not significantly different 

from 1.0.   

 

 
Species R2 p-value m t p-value 
Acalypha rhomboidea 0.524 < 0.0001 0.863 0.642 0.524 
Anaphalis margaritacea 0.934 < 0.0001 0.900 1.106 0.278 
Arctium minus 0.812 < 0.01 0.756 0.686 0.518 
Asclepias syriaca 0.713 < 0.0001 0.847 0.935 0.356 
Barbarea vulgaris 0.692 < 0.0001 0.944 0.312 0.758 
Cichorium intybus 0.540 < 0.0001 0.904 0.440 0.662 
Chrysanthemum leucanthemum 0.960 < 0.0001 0.998 0.023 0.982 
Daucus carota 0.837 < 0.0001 0.963 0.278 0.783 
Dipsacus sylvestris 0.965 < 0.0001 0.853 2.569 0.015 
Echium vulgare 0.866 < 0.0001 0.980 0.159 0.874 
Erigeron philadelphicus 0.683 < 0.0001 1.023 0.121 0.904 
Eupatorium maculatum 0.817 < 0.0001 0.759 1.938 0.060 
Euphorbia cyparassias 0.012 0.621 5.016 --  --  
Hesperis matronalis 0.935 < 0.0001 1.196 2.110 0.042 
Hypericum perforatum 0.867 < 0.0001 0.905 0.822 0.417 
Inula helenium 0.466 < 0.0001 0.976 0.102 0.920 
Lotus corniculatus 0.894 < 0.0001 1.104 0.915 0.367 
Pilea pumila 0.878 < 0.0001 0.780 2.061 0.048 
Ranunculis acris 0.654 < 0.0001 1.010 0.049 0.961 
Rumex acetosella 0.630 < 0.0001 1.109 0.461 0.648 
Rumex crispus 0.394 < 0.0001 0.883 0.474 0.628 
Thalictrum dioicum 0.351 0.004 0.854 0.381 0.707 
Tragopogon pretensis 0.889 < 0.0001 0.984 0.146 0.885 
Verbascum thapsus 0.906 < 0.0001 0.993 0.072 0.943 
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FIGURE CAPTIONS 

 

Fig. 3.1  Type II linear regressions (associated R2 and p-values shown) of LOG10 

[average individual leaf dry mass (g)] versus LOG10 [leafing intensity] (number of 

leaves/unit residual plant dry mass (g)) for replicate plants of 24 species of herbaceous 

angiosperms.  Two-tailed t-tests and associated p-values are for departure of slopes (m) 

from -1.0 (isometry); p > 0.05 indicates a slope not significantly different from -1.0.  (a) 

Acaphalya rhomboidea, (b) Anaphalis margaritacea, (c) Arctium minus (d) Asclepias 

syriaca, (e) Barbarea vulgaris, (f) Cichorium intybus, (g) Chrysanthemum 

leucanthemum, (h) Daucus carota, (i) Dypsacus sylvestris, (j) Echium vulgare, (k) 

Erigeron philadelphicus, (l) Eupatorium maculatum, (m) Euphorbia cyparissias, (n) 

Hesperis matronalis, (o) Hypericum perforatum, (p) Inula helenium, (q) Lotus 

corniculatus, (r) Pilea pumila, (s) Ranunculus acris, (t) Rumex acetosella, (u) Rumex 

crispus, (v) Thalictrum dioicum, (w) Tragopogon pratensis, (x) Verbascum thapsus. 

 

Fig. 3.2  Type II linear regressions (associated R2 and p-values shown) LOG10 [number 

of leaves] versus LOG10 [remaining (non-leaf) above-ground dry mass (g)] for replicate 

plants of 24 species of herbaceous angiosperms.  Two-tailed t-tests and associated p-

values are for departure of slopes (m) from -1.0 (isometry); p > 0.05 indicates a slope not 

significantly different from -1.0.  (a) Acaphalya rhomboidea, (b) Anaphalis 

margaritacea, (c) Arctium minus (d) Asclepias syriaca, (e) Barbarea vulgaris, (f) 

Cichorium intybus, (g) Chrysanthemum leucanthemum, (h) Daucus carota, (i) Dypsacus 

sylvestris, (j) Echium vulgare, (k) Erigeron philadelphicus, (l) Eupatorium maculatum, 
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(m) Euphorbia cyparissias, (n) Hesperis matronalis, (o) Hypericum perforatum, (p) Inula 

helenium, (q) Lotus corniculatus, (r) Pilea pumila, (s) Ranunculus acris, (t) Rumex 

acetosella, (u) Rumex crispus, (v) Thalictrum dioicum, (w) Tragopogon pratensis, (x) 

Verbascum thapsus. 
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Figure 3.2 
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Chapter 4 

 

Does between-species variation in leaf size and leafing intensity correlate with between-

species variation in plasticity of meristem deployment to shoot or flower production in 

herbaceous angiosperms? 

 

 

 

Stephanie L. Scott 
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INTRODUCTION 

 

As the principal site of energy production in plants, leaves and leaf traits are of special 

interest in the study of adaptive strategies in plants.  Traits such as leaf size are often 

assumed to be under direct selection; larger leaves may be beneficial in shady 

environments to increase light interception (Poorter and Rozendaal, 2008), whereas small 

leaves are often associated with harsher environments, such as those with low nutrients 

(Wright et al., 2001), high light (Poorter and Rozendaal, 2008) and high altitude (Li et 

al., 2008).  However these large scale comparisons often generalize all species within a 

habitat.  Plant species commonly have a wide range of leaf shapes and sizes, even within 

the same habitat (Wright et al., 2004, Kleiman and Aarssen, 2007, Milla, 2009).  

Focusing on different species growing in the same habitat may provide added insight into 

factors affecting selection on leaf traits, which may be missed by larger scale studies 

across different climates. 

 One approach to understanding leaf size adaptations across many species in the 

same environment is to examine the relationship between leaf size and leafing intensity.  

The strong trade-off between these two variables (Kleiman and Aarssen, 2007, Yang et 

al., 2008, Milla, 2009) could have important consequences for leaf trait evolution.  

Species with smaller leaves, and therefore those that produce more leaves, may benefit 

from the greater number of axillary meristems i.e. a larger ‘bud bank.’  These axillary 

meristems – with potential for deployment as vegetative shoots, or reproductive 

structures (Bell, 1993) – define the architecture of plants (Bonser and Aarssen, 1996).  

Plants with higher concentrations of meristems have higher branching and/or flowering 
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potential, and may thus have generally greater potential for plasticity in plant size and/or 

growth form.  A larger ‘bud bank’ may also allow a heightened ability to rejuvenate from 

herbivore damage, due to a greater number of sites from which re-growth may occur.  For 

example, after the removal of a significant portion of leaves Trifolium repens retains the 

ability to activate vegetative buds from axillary meristems (Hay and Newton, 1996).   

Plant growth form is highly variable, ranging from plants with basal leaves and a 

single stem with inflorescence, to highly branched plants with a high density of flowers.  

Growth form also varies within individuals of the same species.  The proportion of 

meristems allocated to vegetative growth (versus reproduction or inactivity) under 

different density conditions has been shown to be more plastic than the proportion 

allocated to reproduction in a comparison of three herbaceous plant species (Zhang et al., 

2008).  Plasticity in shoot production may also benefit plants by helping them avoid 

competition; plants grown in crowded conditions have been shown to branch less than 

those with more space around them (Lepik et al., 2005).  Individuals of the same species 

may also grow in very different environments; for instance, Biscutella didyma grows in 

two different moisture environments and exhibits very different branching and growth 

morphologies in each (Petru et al., 2006).  Species with inherently more buds available 

(because of higher leafing intensity) may provide individual plants with increased growth 

options to adapt to the specific conditions they grow in.   

These numerous potential benefits for plants with a larger bud bank could be 

associated with selection for increased leafing intensity.  Fitness benefits due to 

variability in potential growth form may influence the evolution of leaf traits through 

selection for increased numbers of axillary meristems.  Plants that benefit from a highly 
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branched growth form may then result in selection for small leaves, but only indirectly – 

as a trade-off from selection for high leafing intensity (Kleiman and Aarssen, 2007).    

 The purpose of this study was to examine whether between-species variation in 

leaf size / leafing intensity displays any general relationships with between-species 

variation in patterns of meristem deployment for shoot and flower production in 

herbaceous angiosperms.  Since higher leafing intensity provides a larger bud bank, I 

hypothesized that species with higher leafing intensity (and therefore smaller leaves) will 

have greater potential for branch and/or flower production – i.e. they will have greater 

potential for plasticity in deployment of meristems for shoot and/or flower production 

compared with species that have larger leaves (and therefore lower leafing intensity).  

Specifically, we predicted that species with higher leafing intensity would display greater 

architectural variation, reflected by a higher and more variable branch accumulation rate 

and/or a higher and more variable flower accumulation rate with increasing plant size.  

 

METHODS 

 

Sample Collection 

I collected 24 herbaceous plant species in the regions of Kingston, Ontario (44° 17' N, 

76° 34' 0 W), Queen’s University Biology Station (44º33’N, 76º21’W), and Whitney, 

Ontario (29º11’W, 10º27’N) during the spring and summer of 2008.  Common, 

herbaceous species were selected to ensure large populations with more than 50 

individuals, and all individuals within a species were collected from the same site.  

Species with a wide range of leaf sizes were deliberately chosen to ensure a wide range of 
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between-species comparisons of bud bank sizes.  I collected individuals at random 

intervals along transects run across the populations. Sample sizes for each species are 

shown in Table 1.  Whole individuals were clipped at ground level, and only flowering 

plants were collected.  All the samples were frozen until processing.   

 

Processing 

I removed and counted all leaves, and added to these counts the number of leaf scars 

(indicating leaves that had been shed or consumed).   Intact leaf and residual (all 

remaining above-ground biomass) tissues were dried separately at 60°C for 3 days.  I 

measured leaf size using average individual leaf dry mass (g), and leafing intensity as the 

total number leaves produced per unit residual dry mass (g). To determine the number of 

axillary meristems deployed by the plants, I counted the number of branch endings and 

the total number of flowers or inflorescences produced by each plant.  These counts 

allowed me to test the hypothesized relationships between leaf size, meristem availability 

(bud bank size), and branching and flower production.  

 

Analysis 

All analyses were done using R version 2.9.0.  I tested for a link between leaf size / 

leafing intensity and branch or flower production by calculating a number of branching 

and flowering measures for each species.  Average leaf dry mass (g) and average leafing 

intensity were both LOG10 transformed to normalise the distribution, and because 

LOG10 transformations are commonly used in studies of scaling relationships (Reich et 

al., 1997).  To evaluate the rate of branching, or branch accumulation rate for each 
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species, Type II regressions were used to compare the number of branches versus total 

plant mass (Branching Intensity or BI) and number of branches versus number of 

meristems (Branches per Meristem or BPM).  Number of meristems was equivalent to the 

number of leaves – in other words, the total number of axillary meristems, including 

axillary meristems that had developed into a branch or flower/inflorescence.   (Meristem 

accumulation rate or meristem production intensity (MPI) was assessed using the 

regression of number of meristems versus total plant mass.  These are included in 

Appendix 1 only.)  Rate of flowering, or flower accumulation rate, was assessed using 

the regression of number of flowers versus total plant mass (Flowering Intensity or FI) 

and the number of flowers versus number of meristems (Flowers per Meristem or FPM).  

All variables were normalized using LOG10 transformations (see graphs in Appendix 1 

for branching measures and Appendix 2 for flowering measures).  

From each of the regressions I extracted the slopes and the variance of the 

residuals from the type II regressions.   The slope represents the accumulation rate – of 

branching or flowering – for each species.  I predicted that species with smaller leaves 

(and hence higher leafing intensity) will have higher slopes, i.e. higher branching and/or 

flower accumulation rates.  I used the variance of the residuals (error of variance) to 

compare the amount of (architectural) plasticity/flexibility in branching or flower 

accumulation rate. This is an absolute measure of the scatter around the regressions, 

allowing them to be compared across species (Zar, 1999).  We predicted that species with 

smaller leaves (and hence higher leafing intensity) will have a larger error of variance 

component reflecting greater plasticity/flexibility for meristem deployment in branching 

or flower accumulation.    
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To compare the relationship between branching, flower production, and leafing 

traits across the 24 species studied, I plotted each slope and error of variance measure 

against the leaf dry mass (g) and leafing intensity (number of leaves/residual plant mass 

(g)) averaged from all samples for each species.  I then fit Type II regression models to 

each of these relationships.  

 

RESULTS AND DISCUSSION 

 

Species with smaller leaves (and higher leafing intensity) did not have greater branching 

or flowering accumulation rates (Figs. 4.1 and 4.2), nor did they have greater 

plasticity/flexibility of meristem deployment for branching or flowering, measured by the 

error variance around these regressions (Figs. 4.3 and 4.4).  This lack of any trends is 

surprising, especially considering the wide range of species examined.  Species’ average 

leaf dry masses ranged from 0.0005 to 0.99 g, and average leafing intensity ranged from 

0.75 to 1735.20 leaves/unit residual dry mass.   

One potential reason my hypotheses were not supported by this study could be the 

similar environment all plants within a species were collected from – the same population 

in fact.   Architectural plasticity within a species should be higher if replicate plants are 

collected from a wider range of habitat types (e.g. linked to variable densities, or soil 

conditions etc.).  When comparing across a wider range of environments, species 

differences in architectural plasticity potential (linked to species differences in leaf and 

bud bank sizes) might be manifested.   Both moisture (Petru et al., 2006) and density 

(Zhang et al., 2008) have been shown to affect meristem deployment in herbaceous 
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plants.  There may have been less variation between individuals collected for this study 

(therefore smaller error variance) than some species have the potential to show, because 

the environments that plants were collected in were too similar.  Comparisons of species 

with each collected at multiple sites might show more clearly the potential meristem 

deployment variability for each.   

An additional advantage of a large bud bank may be evident only after some sort 

of damage is suffered by the plant.  Some plant species may have strongly ‘pre-

programmed’ growth forms, which individuals may not deviate from (Barthelemy and 

Caraglio, 2007).  This could over-ride any benefit gained from high leafing intensity, 

unless some sort of damage was suffered by these plants.  After tissue damage, latent 

axillary meristems could be activated to re-grow vegetative or reproductive structures 

(Hay and Newton, 1996).  Comparing the response to damage in small- versus large-

leafed species could be used to test whether larger bud-banks (from smaller leaves) 

confers an advantage under these circumstances. 

An alternative possibility is that greater branching and flowering potential allows 

a species to grow in a wider variety of habitats than plants with more constrained growth 

forms.  Leaf traits, such as size, are good predictors of plant performance and light 

tolerance which determines, for instance, where rainforest trees can grow within a 

community (Poorter and Bongers, 2006).  The potentially wider range of growth forms 

provided by a larger bud bank could increase the range of light conditions or neighbour 

densities that a plant can withstand.  Small-leafed species, therefore, may grow in a wider 

range of habitats, with broader niches.   If leaf size and leafing intensity variation do have 
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fitness consequences for plants, then these traits may be ideal candidates for recent 

initiatives to define niches based on physiological traits (Violle and Jiang, 2009). 

Variability in branching and flowering plasticity was one suggested mechanism 

supporting the ‘leafing intensity premium hypothesis’ (Kleiman and Aarssen 2007), 

where the preponderance of small-leaved species is interpreted as a result of selection for 

high leafing intensity.  While there is undoubtedly strong evidence for a trade-off 

between leaf size and leafing intensity in all plants tested to date, the present study found 

little support for my hypotheses that leaf traits are related to flexibility of branch or 

flower production in herbaceous angiosperms.  Additional methods of exploring this 

connection (in multiple habitats, after sustaining damage, comparisons of niches, as well 

as studying this relationship in woody plants) may be usefully employed in future studies.  
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Table 4.1  List of the 24 herbaceous angiosperm species collected, including sample 

sizes.  Nomenclature follows Gleason and Cronquist (1991). 

 

 

 
Family Species name Sample size 
Apiaceae Daucus carota L. 50 
Asclepiadaceae Asclepias syriaca L. 50 
Asteraceae Tragopogon pratensis L. 50 
Asteraceae Chrysanthemum leucanthemum L. 50 
Asteraceae Cichorium intybus L. 48 
Asteraceae Eupatorium maculatum L. 50 
Asteraceae Inula helenium L. 50 
Asteraceae Arctium minus Schk. 8 
Asteraceae Erigeron philadelphicus L. 50 
Asteraceae Anaphalis margaritacea (L.) Benth. & Hook. 41 
Boraginaceae Echium vulgare L. 48 
Brassicacea Barbarea vulgaris R. Br. 50 
Brassicacea Hesperis matronalis L. 50 
Clusiaceae Hypericum perforatum L. 49 
Dipsacaceae Dipsacus sylvestris Hudson 50 
Euphorbiaceae Euphorbia cyparissias L. 22 
Euphorbiaceae Acalypha rhomboidea Rof. 50 
Fabaceae Lotus corniculatus L. 50 
Polygonaceae Rumex crispus L. 49 
Polygonaceae Rumex acetosella L. 41 
Ranunculaceae Thalictrum dioicum L. 22 
Ranunculaceae Ranunculus acris L. 50 
Scrophulariaceae Verbascum thapsus L. 49 
Urticaceae Pilea pumila (L.) A. Gray. 42 
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FIGURE CAPTIONS 

 

Figure 4.1  Relationships for species leaf traits – average individual leaf dry mass (a, c) 

and mean leafing intensity (b, d) – versus branching accumulation rate, expressed as the 

regression slope for number of branches per unit total plant mass (a, b) and as the 

regression slope for number of branches per unit number of meristems (c, d) for replicate 

plants of 24 herbaceous plant species (See Appendix 1 for regression plots). R2 and p-

values are from Type I regressions. 

 

Figure 4.2   Relationships for species leaf traits – average leaf dry mass (a, c) and mean 

leafing intensity (b, d) – versus flower accumulation rate, expressed as the regression 

slope for number of flowers per unit total plant mass (a, b) and as the regression slope for 

number of flowers per unit number of meristems (c, d) for replicate plants of 24 

herbaceous plant species.  (See Appendix 2 for regression plots).  R2 and p-values are 

from Type I regressions. Removal of the obvious outliers results in a slightly positive, 

statistically significant relationship in figure (c) (R2 = 0.235, p = 0.019) and no statistical 

change in figure (d), however there was no reason to eliminate this species (Euphorbia 

cyparassias) based on observations from the field or processing. 

 

Fig. 4.3  Relationships for species leaf traits – average leaf dry mass (a, c) and mean 

leafing intensity (b, d) – versus plasticity of branching accumulation rate, expressed as 

the variance of the residuals (error of variance) for the regression of number of branches 

per unit total plant mass (a, b) and as the variance of the residuals for the regression of 
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number of branches per unit number of meristems (c, d) for replicate plants of 24 

herbaceous plant species.  (See Appendix 1 for regression plots).  R2 and p-values are 

from Type I regressions.  (Removal of the obvious outliers does not result in significant 

change to the regression statistics.) 

 

Fig. 4.4   Relationships for species leaf traits – average leaf dry mass (a, c) and mean 

leafing intensity (b, d) – versus plasticity of flower accumulation rate, expressed as the 

variance of the residuals (error of variance) for the regression of number of flowers per 

unit total plant mass (a, b) and as the variance of the residuals for the regression of 

number of flowers per unit number of meristems (c, d) for replicate plants of 24 

herbaceous plant species.  (See Appendix 2 for regression plots).  R2 and p-values are 

from Type I regressions. (Removal of the obvious outliers does not result in significant 

change to the regression statistics.) 
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Figure 4.4 
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Chapter 5 

General Discussion 

 

The results of this thesis provide further support for the strength and generality of the leaf 

size/number trade-off in angiosperms.  Different investments in leaf size versus number 

between sexes in dioecious species represent a particularly interesting avenue for future 

research.  I found that males and females of two out of three woody and two out of three 

herbaceous species allocate biomass differently to leaf size versus leaf number.  While 

there was little evidence that these leaf trait differences were associated with different 

branch deployment in males and females, I found some indication in one herbaceous 

species (Thalictrum dioicum) that high leafing intensity in males may be related to 

increased flower production.  The hypothesis that female function in dioecious species 

benefits more from relatively large (and hence fewer) leaves, while not directly tested in 

these studies, deserves more attention in future research. 

Investigation of the leaf size/number trade-off between individuals within the 

same species showed (similar to previous between-species studies) that most had 

isometric negative relationships – indicating that a change in one trait is accompanied by 

a proportionate and opposite change in the other.  The few species with non-isometric 

trade-offs all had slopes less negative than -1.0; smaller individual plants had 

proportionally more leaves than larger individuals.  This is further evidence suggesting a 

premium for small individuals having higher leafing intensity (and hence larger ‘bud 

banks’ per unit body size), as suggested recently for smaller species (Whitman and 

Aarssen, in press). 
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 Although I found no evidence for a correlation between leafing intensity and 

branch or flower production when surveying species growing in similar habitats, this 

remains an interesting potential explanation for the wide variation in leaf sizes – both 

within and between species.  Selection for large leaves or small leaves is commonly 

interpreted in terms of optimizing physiological functions; however, small leaf size may 

also be interpreted as a trade-off resulting from selection for high leafing intensity 

(associated with the potential fitness benefits of a larger ‘bud bank’).  These hypotheses 

would benefit from manipulative studies in the future, comparing species with small and 

large leaves (and therefore species with large and small ‘bud banks’ respectively) in 

terms of their responses to mortality risks and environmental variation. 

 The data reported here show that even within a single species, between-individual 

variation in leaf size can be as high as a whole order of magnitude, and this is 

accompanied by a (usually isometric) trade-off variation in leafing intensity.  The source 

of this trait variation requires further study; possibilities include effects associated with 

variation in genotype, age, and/or environment. Plants that sprout earlier in the growing 

season potentially have more time to grow larger leaves.  The extent to which final leaf 

size is influenced by length of time for those leaves to develop versus the influence of 

genotype would be an interesting direction for future work.  Local growing conditions 

(including soil conditions, crowding, and response to damage or stress) could also 

influence individual leaf size.  Whether small, suppressed plants make smaller leaves, in 

order to minimize having to sacrifice the number of leaves produced (and therefore 

maximizing reproductive economy) is an important question for future research. 
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 In conclusion, this study provides evidence that the generality of the leaf 

size/number trade-off reported previously at the between-species level can be extended 

also to the between-individual level (within species), as well as between sexes in both 

herbaceous and woody dioecious angiosperms.  Future studies could be usefully 

employed to investigate this trade-off relationship across different habitats and across 

different biomes (Reich et al., 1997). While I found little evidence in this study 

supporting the proposed mechanism selecting for increased leafing intensity, the strength 

and generality of the leaf size/number trade-off that has now been reported from a wide 

variety of studies indicates that this trade-off is likely to be a fundamental driver of leaf 

trait variation, and should be included in future studies of leaf economics (Wright et al., 

2004), when comparing both between species and between individuals of the same 

species.  
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APPENDIX 1 
 
Model II (reduced major axis) regressions of 24 herbaceous angiosperms for three 
branching accumulation measures: (a) LOG [number of branches] versus LOG [total 
plant dry mass (g)], (b) LOG [number of branches] versus LOG [number of meristems], 
and (c) LOG [number of meristems] versus LOG [total plant dry mass (g)].  R2 and p-
values are from Type I (Ordinary Least Squares) regressions.  Error of variance measures 
(var) are from type II regressions. 

 
 
(a)  Acaphalya rhomboidea 
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(b)  Anaphalis margaritacea 
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(c)  Arctium minus 
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(d)  Asclepias syriaca 
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(e)  Barbarea vulgaris 
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(f)  Cichorium intybus 
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(g)  Chrysanthemum leucanthemum 
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(h)  Daucus carota 
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(i)  Dipsacus sylvestris 
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(j)  Echium vulgare 
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(k)  Erigeron philadelphicus 
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(l)  Eupatorium maculatum 
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(m)  Euphorbia cyparassias 
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(n)  Hesperis matronalis 
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(o)  Hypericum perforatum 
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(p)  Inula helenium 



 93 

 
 
 
(q)  Lotus corniculatus 
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(r)  Pilea pumila 
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(s)  Ranunculis acris 
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(t)  Rumex acetosella 
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(u)  Rumex crispus 
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(v)  Thalictrum dioicum 
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(w)  Tragopogon pretensis 
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(x)  Verbascum thapsus 
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APPENDIX 2 
 

Model II (reduced major axis) regressions of 24 herbaceous angiosperms for two flower 
accumulation measures: (a) LOG [number of flowers/inflorescences] versus LOG 
[number of meristems] and (b) LOG [number of flowers] versus LOG [total plant dry 
mass (g)].  R2 and p-values are from Type I (Ordinary Least Squares) regressions.  Error 
of variance measures (var) are from type II regressions. 

 
 
(a) Acaphalya rhomboidea 

 
 
(b) Anaphalis margaritacea 
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(c)  Arctium minus 
 

 
 
 
(d)  Asclepias syriaca 
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(e)  Barbarea vulgaris 
 

 
 
 
(f)  Chicorium intybus 
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(g)  Chrysanthemum leucanthemum 
 

 
 
 
(h) Daucus carota 
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(i)  Dipsacus sylvestris 
 

 
 
 
(j)  Echium vulgare 
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(k)  Erigeron philadelphicus 
 

 
 
 
(l) Eupatorium maculatum 
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(m)  Euphorbia cyparassias 
 

 
 
 
(n)  Hesperis matronalis 
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(o)  Hypericum perforatum 
 

 
 
 
(p)  Inula helenium 
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(q)  Lotus corniculatus 
 

 
 
 
(r)  Pilea pumila 
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(s)  Ranunculis acris 
 

 
 
 
(t)  Rumex acetosella 
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(u)  Rumex crispus 
 

 
 
 
(v)  Thalictrum dioicum 
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(w) Tragopogon pretensis 
 

 
 
 
(x)  Verbascum thapsus 
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Appendix 3 
 

Table summarizing model II (reduced major axis) regressions of 24 herbaceous 
angiosperms, comparing LOG10 [average individual leaf dry mass] versus LOG10 
[residual (above-ground, non-leaf) dry mass].  Type II slopes, and R2 and p values from 
type I regressions are included. 
 
Species slope R2 p-value 
Acalypha rhomboidea 0.383 0.342 < 0.0001 
Anaphalis margaritacea 0.281 0.050 0.161 
Arctium minus -0.730 0.276 0.106 
Asclepias syriaca 0.580 0.466 < 0.0001 
Barbarea vulgaris 0.714 0.609 < 0.0001 
Cichorium intybus -0.687 0.061 0.091 
Chrysanthemum leucanthemum 0.249 0.103 0.023 
Daucus carota 0.592 0.221 < 0.0001 
Dipsacus sylvestris 0.454 0.723 < 0.0001 
Echium vulgare 0.503 0.309 < 0.0001 
Erigeron philadelphicus 0.605 0.082 0.043 
Eupatorium maculatum 0.476 0.119 0.014 
Euphorbia cyparassias 5.071 0.000 0.913 
Hesperis matronalis 0.574 0.524 < 0.0001 
Hypericum perforatum 0.326 0.152 0.005 
Inula helenium 0.791 0.032 0.216 
Lotus corniculatus 0.399 0.189 0.001 
Pilea pumila 0.545 0.809 < 0.0001 
Ranunculis acris 0.644 0.252 < 0.0001 
Rumex acetosella 0.629 0.168 0.008 
Rumex crispus 0.626 0.007 0.554 
Thalictrum dioicum 0.847 0.080 0.201 
Tragopogon pretensis 0.535 0.656 < 0.0001 
Verbascum thapsus 0.690 0.892 < 0.0001 
 


