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Abstract

Aims

We investigate the effect of position within a size-structured popu-

lation on the reproductive allocation (RA) and flowering probability

of individual plants of Sinapis arvensis. We also assess the effects of

plant size and changing level of CO2 on both responses.

Methods

Sinapis arvensis L., (field mustard), an annual agricultural weed, was

grown in monoculture at six densities under ambient and elevated

CO2 in a study with 84 stands. Individual aboveground biomass

and reproductive biomass were measured. Varying density produced

a wide range of mean plant sizes across stands and size hierarchies

within stands. Many (;40%) individuals had zero reproductive bio-

mass. Employing a novel modelling approach, we analysed the joint

effects of position in stand size hierarchy, plant size and CO2 on RA

and flowering probability of individuals.

Important Findings

We found a strong effect of position within the size hierarchy of indi-

viduals in a population: for an individual of a given size, greater size

relative to neighbours substantially increased RA and flowering prob-

ability at a single harvest time. There was no other effect of plant size

on RA. We found a positive effect of elevated CO2 on RA regardless

of position within the size hierarchy. These observed patterns could

impact doubly on the reproductive biomass (R) of small individuals.

First, because RA is not affected by size, smaller plants will have

smaller R than larger plants; and second, for smaller plants lower

down in a population size hierarchy, their RA and hence R will

be further reduced. These results suggest that size relative to neigh-

bours may be independent of and more important than direct abiotic

effects in determining RA. Further studies are required to evaluate

how these observed patterns generalize to other populations in

non-experimental conditions.

Keywords: asymmetric competition d neighbour effects d non-

reproducing plants d stand effects d Sinapis arvensis
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INTRODUCTION

Understanding the factors governing reproductive allocation

(RA) in plants is a key element in understanding species dy-

namics in populations and communities (Reekie and Bazzaz

2005). The role of plant size as a determinant of reproductive

output in isolated plants is well documented (Mc Connaughay

and Coleman 1999; Weiner 2004). The relationship between

the RA and size of an individual plant over time (its RA trajec-

tory) may change with density (Weiner 2004) or with varying

environmental conditions (He and Bazzaz 2003) and may

not be linear (Cheplick 2005). There have been many
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investigations of the effects of single factors on the relationship

between RA and size for plant species, at the individual (e.g.

Damgaard et al. 2002) and stand level (e.g. Wayne et al. 1999).

In the experiment described inWayne et al. (1999), plants of

Sinapis arvensis (field mustard), an agricultural weed, were

grown in competition and in isolation. Measurements were

recorded at the individual plant level although only data at

the stand level have previously been published. In this paper,

we use the results from this experiment to determine how the

RA of S. arvensis is affected by its position within the stand size

hierarchy. In addition, we investigate how plant size and CO2

also affect the RA of S. arvensis. Few studies have previously

examined the combined effect of several factors on the RA

of individual plants. We also investigate how these multiple

factors affect the flowering probability of individuals of S.

arvensis.

Density is well known to affect reproduction either at the

stand level (He and Bazzaz 2003; van Kleunen et al. 2006;

Wayne et al. 1999) or at the individual plant level (He and

Bazzaz 2003). Variation in density will produce stands varying

in their mean plant size and will also produce within stand size

hierarchies of individuals, perhaps allowing the estimation of

an allometric relationship betweenRA and size (Weiner 2004).

However, density may also affect the characteristics of RA tra-

jectories (Weiner 2004): the relationships between RA and

mean plant size may not be the same if the plant sizes observed

are produced by competition rather than by age. Competition

between individuals is frequently asymmetric and produces

asymmetrically sized distributions (Weiner and Thomas

1986). In addition to this effect on size, does position in the

within-stand size hierarchy affect RA? If allelic frequencies

are related to the size of plants in the hierarchy, such an asym-

metric response could have a double effect on the future ge-

netic makeup of populations. If RA were unaffected by plant

size (i.e. same proportion of biomass allocated to reproduction

regardless of size), smaller plants would contribute less repro-

ductivematerial to subsequent generations (i.e. have lower fit-

ness); but if in addition to this, smaller individuals in a stand

are disadvantaged by having a lower RA, this second, asym-

metric, effect will further reduce their fitness.

The effect of CO2 on reproductive output has been broadly

documented at the stand level (Ackerly and Bazzaz 1995; He

and Bazzaz 2003; He et al. 2005; Jablonski et al. 2002; Stinson

and Bazzaz 2006; Wayne et al. 1999) and in recent years has

been reported at the individual plant level (He and Bazzaz

2003; He et al. 2005) but the results are varied. In a study of

48 wild species, on average, elevated CO2 reduced RA by

15% (Jablonski et al. 2002). Changing level of CO2 may also

affect the relationship between RA and position within

a size-structured population.

There are many differences in how reproductive output is

measured and in how RA is calculated (Gibson 2002; He

et al. 2005; Jablonski et al. 2002; Reekie and Bazzaz 2005;

Stinson and Bazzaz 2006). In this paper, we define RA as

the proportion of aboveground plant biomass attributed to

reproductive biomass. Analytic methods available to date for

characterizing RA have limited the types of issues that can

be usefully addressed. Allometric regression (Harper 1977;

Sletvold 2002; Sugiyama and Bazzaz 1998) allows the estima-

tion of RA trajectories under different biotic and abiotic envi-

ronments. In a linear allometric model relating RA to plant

size, significant effects of additional factors in the model imply

changes in the RA trajectories (Weiner 2004). Inmany studies,

the data on reproduction are collected at a single destructive

harvest (Gibson et al. 1999). Allometric regression models de-

rived from such data provide a description of how RA is af-

fected by plant size and other factors at that time. While

such allometric approaches can provide insight into develop-

mental effects on RA, static allometric data are not equivalent

to sequential measures of individual plants’ RA within devel-

oping stands. As such, caution must be used when using allo-

metric relationships derived from data at a single time point to

interpret the dynamic nature of reproduction–size relation-

ships. The use of allometric regression for analysing RA

becomes problematic when some individuals in a population

do not produce reproductive structures. Methods proposed for

dealing with plants with zero reproductive output (Méndez

and Karlsson 2004; Schmid et al. 1994; Sletvold 2002;

Sugiyama and Bazzaz 1998; Thompson et al. 1991) are dis-

cussed in Brophy et al. (2007). They describe a framework

for analysing RA which allows multiple questions to be

addressed and includesmethods for eliciting biologically useful

information from the patterns of non-reproduction. This

framework consists of a two-component mixture model; the

first component is a truncated regressionmodel and the second

component is a logistic regression model. This framework

allows all RA values (non-zero and zero) to bemodelled simul-

taneously but incorporates zero values in an appropriate way

and allows for multiple reasons for zero RA in plants. RA and

flowering probability can be predicted from the model.

We implement this framework in analysing the individual

plant level data produced at a single point in time from a study

on S. arvensis carried out under two CO2 regimes and at a range

of plant densities (Wayne et al. 1999). We separate the effect of

position within the size hierarchy on RA from the effects of

CO2 and size of the individual. We address the following

hypotheses in respect of the RA of individual plants:

(i) the position of a plant in the within-stand size hierarchy

is the main determinant of RA,

(ii) apart from the effect in (i), plant size is not an important

determinant of RA and

(iii) RA is negatively affected by CO2.

MATERIALS AND METHODS
Species, growth conditions and measurements

Sinapis arvensis L. (formerly Brassica kaber var. pinnafitida

(Stokes) L. C. Wheeler) (field mustard, charlock, Brassicaceae)

is native to Eurasia (Fogg 1950) and is an important
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agricultural weed in the mid-western regions of North

America (Gleason and Cronquist 1991; Warwick et al.

2000). Sinapis arvensis flowers in April to July in IL (Mohlen-

brock 1980). Plants germinate from seed in early spring, and

because of a well-developed and persistent soil seed bank, pop-

ulations can represent recruitment of seed from several past

years (Mulligan and Bailey 1975). At densities of 10–80 plants

m�2, S. arvensis can produce 5 700–30 100 seeds m�2 and sig-

nificantly reduce yield of spring sown crops by 19–77% (Black-

shaw et al. 1987). Seed of S. arvensis collected from a population

in Woodstock, IL (F & J Seed Service, Woodstock, IL, USA),

were used in this greenhouse experiment. The experiment in-

cluded two experimental factors: density and CO2. On 23 De-

cember 1996, seed were directly sown into 84 round 5.5 l, 25

cm diameter pots (stands) filled with a 2:1 mixture of Promix

BX (Premier Horticultural Inc., Redhill, PA, USA) and horticul-

tural washed sand. Each pot used a combination of one of six

densities and one of two CO2 regimes. The six densities were 1,

2, 4, 8, 16 and 32 plants per pot corresponding to densities of

;20, 41, 81, 163, 326 and 652 plants m�2. The two CO2

regimes were concentrations of 350 and 700 ll l�1. Seeds

within all pots were equally spaced and at the two highest den-

sities were sown in a regular hexagonal design. To eliminate

the need for transplanting and to minimize initial variation

in seedling emergence time (and thus seedling size), numerous

seeds were sown at each desired seedling location. Five days

after cotyledons began to emerge, seedlings were thinned to

one seedling per location, choosing seedlings of similar size

within and between pots within each CO2 treatment. To min-

imize edge effects that might have affected all but the lowest

density stands, a collar of neutral density shade cloth was

placed around all pots. The height of the shade cloth was reg-

ularly adjusted to match average canopy height within a pot.

Locationwithin the pot was not recorded for each individual as

it was believed that any advantage to plants located at the edge

of a group during the experiment was considerably reduced

through the shading device. In addition to light, there may

be other resources that can contribute to size hierarchies, such

as nutrient and water availability; however, data were not

recorded here to address such questions. Conditions in the

greenhouse were 70% full sunlight supplemented with metal

halide lamps and 26 6 2�C day/21 6 2�C night temperatures.

These conditions were similar to those used in previous studies

of IL annual plants (Garbutt et al. 1990; Gedroc et al. 1996;

Mabry and Wayne 1997; Mc Connaughay and Coleman

1999; Wayne et al. 2002).

The experiment was laid out as a split plot design with three

blocks (greenhouses), each containing two main plots, one for

each of the two CO2 concentrations. Each main plot contained

14 stands (subplots), with the lowest density (1 plant per pot)

replicated four times and the other five densities each repli-

cated twice. Within main plots, pot locations were randomized

approximately every 10 days. The purpose of having a wide

range of densities was to create differences in mean plant sizes

across stands and to produce within-stand-size hierarchies to

assess the effects of CO2 on RA over a wide range of compet-

itive conditions. Intra-specific competitive effects have been

observed in field populations of S. arvensis at densities >20

plants m�2 (Edwards 1980). In common with other crucifers,

S. arvensis is insect pollinated (Fogg 1950; Warwick et al. 2000)

and has a single locus, multiallelic sporophytic incompatability

system (Ford and Kay 1985).

The 84 stands were harvested on 17 February 1997, when

a large number of flowers had matured into fruits but before

many leaves had senesced (leaf area index = 2.9 and 2.1 for

ambient and elevated CO2, respectively). After separating

leaves and support structures (stems and petioles), above-

ground biomass for all available individual plants was oven

dried at 70�C for 1 week and weighed giving a total of 704

responses. The biomass of all reproductive structures (flowers

and fruits) of each of these individuals was also measured. Fur-

ther experimental details are in Wayne et al. (1999).

Statistical analysis and modelling

To analyse these data, we followed themodelling approach de-

tailed in Brophy et al. (2007). We use the following notation,

where the prefix L indicates the natural logarithm (log) of the

variable. For the ith plant in the jth stand Mij (LMij for loga-

rithm) is aboveground biomass, Rij is biomass of all reproduc-

tive structures and RA, RAij = Rij/Mij, is the ratio of the biomass

of all reproductive structures to the biomass of all aboveground

structures. LRAij is the log of RAij except when RAij = 0, where

we define LRAij to be the log of the minimum non-zero R mi-

nus LMij. The value LR takes when R = 0 can be included in the

model (described in detail later in this section) as a parameter

and tested using maximum likelihood (lamda in Brophy et al.

2007). The log of the smallest non-zero R (=0.005g) is themax-

imum-likelihood estimate of this parameter agreeing with our

definition of LRA when LR = 0. The average aboveground bio-

mass of individual plants in a stand is �M:j. The size of an indi-

vidual relative to the average size of its neighbours within its

stand is LRatioij = log(Mij/ �M:j) on the logarithmic scale. Ratio =

0.5, 1 and 2 indicates an individual plant is half, equal to and

double the stand average plant size, respectively. Stands 1–42

(43–84) were grown at ambient (elevated) CO2. The index var-

iable CO2 takes values 0 and 1 for ambient and elevated levels

of CO2, respectively.

Initial exploratory analyses showed no evidence of block or

main plot variation, so the split plot nature of the design was

ignored in subsequent analysis. Similar findings were reported

on the same experimental data in Wayne et al. (1999). A pre-

liminary view of the data (Fig. 1) suggests a strong relationship

between LR and LM among reproducing plants at both ambi-

ent and elevated CO2. However, there were many plants that

did not reproduce (;40% of all individuals) and some of these

(circled in each panel of Fig. 1) were large plants that could not

be part of the LR/LM relationship. These data suggest two

groups of plants in the population. The first group follows

the LR/LM relationship; this group includes all reproducing

individuals and some small individuals that did not reproduce.
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The second group does not follow this relationship and this

group consists solely of the remaining non-reproducing indi-

viduals.Wemodelled LRA assuming these two groups (Brophy

et al. 2007). (Note that since LRA = LR – LM, a linear regression

of LR on LM is directly related to a linear regression of LRA on

LM, the intercept is the same and the slope is changed by –1.)

Within the first group (Group 1), we assumed a truncated lin-

ear allometric relationship between LRA and LM (Amemiya

1985; Gelfand et al. 1997; Schmid et al. 1994) and tested the

effect of additional variables on this relationship. Non-

reproducing individuals can arise in either group but cannot

be unambiguously assigned to one or other group. We say that

a non-reproducing individual is in Group 2 with probability P,

and in Group 1with probability 1 – P. This probability has to be

estimated from the data and may depend on a number of fac-

tors, including size and CO2 level. Including a range of densi-

ties in the experiment was primarily to produce a range of

plant sizes but its effect as an explanatory variable instead

of and in addition to plant size in both components of the

model was also tested. We jointly modelled the allometric re-

lationship and P using the two-component mixture model

framework of Brophy et al. (2007). The algebraic forms of

the two components are given in equations (1) and (2) below.

Note that the explanatory variables included in these equa-

tions were those that appeared in the final models after testing

the inclusion of explanatory variables and their interactions

using likelihood ratio tests (Pawitan 2001). The allometric

model is of the form

LRAij = b0 + b1LMij + b2CO2 + uj + eij; ð1Þ

where b0 is the intercept, b1 and b2 are regression coefficients

of the terms LM and CO2, respectively, uj is a random effect for

the jth stand that induces correlation between all responses

within the stand (Verbeke and Molenberghs 2000) and eij is
the residual term. The random terms eij and uj are assumed

to be independently normally distributed with mean zero

and variances r2
1 andr

2
2, respectively. The model for P is

log

�
Pij

1 � Pij

�
= a0 + a1LMij + a2CO2 + a3LRatioij

+ a4LMij 3 LRatioij + wj ð2Þ

where a0 is the intercept, a1, a2, a3 and a4 are regression coef-

ficients of the terms LM, CO2, LRatio and the interaction be-

tween LM and LRatio, respectively, and wj is a normally

distributed random effect for the jth stand assumed to have

mean zero and variance r2
3 and its covariance with uj is c.

The logit transformation is used to ensure that estimates of

P lie between 0 and 1 (Collett 1993). Inclusion of the random

terms for stand (r2
2 ; r

2
3 and c) was tested using likelihood ratio

tests (Pawitan 2001). The Bayesian Information Criterion

(BIC) statistic (Schwartz 1978) was used to test for the pres-

ence of the second group of non-reproducing plants (Mc

Lachlann and Peel 2000). The model was fitted using the

NLMIXED procedure in the SAS/STAT software, Version 9.1

(SAS Institute Inc., Cary, NC, USA).

The fitted mixture model can be interpreted in several dif-

ferent ways which we discuss here to avoid confusion in the

Results section. RA can be predicted from the model in two

ways; from equation (1) and therefore predicted RA is condi-

tional on being in Group 1 or from the combination of equa-

tions (1) and (2) when predicted RA is for the experimental

population for specific values of covariates (i.e. for the two

groups combined).Wewill differentiate between the two types

by referring to RA predicted from equation (1) as ‘RA condi-

tional on being in Group 1’ and referring to RA predicted from

the two components of themixturemodel as ‘RA’. Using equa-

tion (2), we can predict P, the probability of being in Group 2.

However, biologically it is of more interest to predict what the

probability of flowering is for S. arvensis. This can be done in

two ways: using equation (1) (note that Group 1 also contains

zero RA values) and hence the probability is conditional on

being in Group 1 or by combining equations (1) and (2)
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Figure 1: log(reproductive biomass) versus log(aboveground bio-

mass) for plants of Sinapis arvensis grown at different densities (# plants

per stand) under ambient and elevated CO2. Note: The log of non-

reproducing plants is defined as –5.299, the log of the smallest non-

zero reproductive biomass. Circled values highlight the number of

large individuals that did not reproduce. Panel (a) is a more detailed

version of Fig. 1 in Brophy et al. (2007).
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and predicting flowering probability for the experimental pop-

ulation for specific values of covariates. Here when we refer to

flowering probability, we mean the latter. Thus, our overall

interpretations and conclusions from this paper are based on

the assessment of both RA and flowering probability from

the combination of the two components of the model.

We predicted the probability of flowering (producing repro-

ductive biomass) and RA from the model for a range of values

of the explanatory variables in equations (1) and (2) and used

bootstrapping (Efron and Tibshirani 1993) to calculate stan-

dard errors for the predictions and to test for specified differ-

ences between these predictions. A thousand bootstrap data

sets were constructed by re-sampling with replacement at

the stand level within each density by CO2 combination

and again at the plant level within stand. The model was fitted

to each of these data sets. The standard error for any prediction

from the original model was calculated as the standard devi-

ation of the predictions obtained from these 1000 models. A

bootstrap interval using the BCa method (Efron and Tibshirani

1993) was calculated for the difference between particular pre-

dictions of interest and the significance of any difference was

determined by whether or not this interval contained zero.

RESULTS

Manipulating density successfully generated a large range of

average stand plant sizes ( �M:j = average of individuals within

a stand) across the 84 stands. The smallest (0.76 g) and largest

(30.69 g) average plant sizes were found in stands at the high-

est density (32 individual plants per pot) and the lowest den-

sity (1 individual plant per pot), respectively. The variable

Ratio (=Mij/ �M:j)measured an individual plant’s positionwithin

its size hierarchy and this variable ranged from 0.07 to 5.03

(i.e. there was an individual plant with size 7% of its stand av-

erage plant size and another individual plant with size five

times larger than its stand average plant size).

The large individuals with no reproductive biomass (circled

values in Fig. 1) suggested two groups within the population.

Using the BIC statistic, we found strong evidence for a second

group of non-reproducing plants that did not follow the allo-

metric relationship between RA andM (smaller BIC value indi-

cates better model). We observed BIC = 678 and 1143 for the

models with and without the second group, respectively, i.e.

a much smaller BIC for the model including the second group.

For the allometric regression model for Group 1, LRA condi-

tional on being in Group 1 decreased as biomass (LM) in-

creased and it increased under elevated CO2 (P = 0.069)

(Table 1). The probability, P, of being in Group 2 was related

to LM, CO2, LRatio and the interaction between LM and LRatio

(Table 1); P decreased as biomass, CO2 and Ratio increased but

the effect of Ratio was more pronounced in smaller plants. Us-

ing density instead of size in themodels did not provide a better

fit. Density also did not have an effect in addition to that of size

in the model of Group 1 but there was some evidence (P =

0.046) for including it in addition to size in the model for P.

However, the effect of density was very small relative to the

effect of plant size and so it was excluded from both compo-

nents of the model.

RA and flowering probability were predicted by combining

predictions from the models of Groups 1 and 2 and are shown

for various combinations of Ratio, CO2 and size in Fig. 2a and

b, respectively. The model was not used to predict RA or flow-

ering probability at Ratio = 0.5 >4 g or at Ratio = 2 <2 g as these

values were outside the range of the data. Standard error bars

for predicted RA and predicted flowering probabilities for

plants of size 2 g are in Fig. 2 (calculated as the standard error

over the 1000 predictions from the bootstrap samples).

The P values in this paragraph and the next two are based on

the 95% bootstrap BCa interval for each effect on RA and prob-

ability of flowering as predicted by combining the two compo-

nents of the mixture model. (Note: If zero is not in the BCa

interval, the effect is significant at a = 0.05 and otherwise

the effect is non-significant.) The higher a plant’s position

in the size hierarchy (measured by Ratio), the higher its pre-

dicted RA (Fig. 2a). A plant of size 2 g grown at ambient CO2

allocated on average 2.3% of aboveground biomass (size) to

Table 1: parameter estimates, standard errors and significance

levels for the allometric regression model for LRA conditional on

being inGroup 1 (equation (1)) and themodel for P, the proportion

in Group 2 (equation (2)).

Parameter* Estimate

Standard

error P value**

Equation (1) Constant –3.14 0.074 -

LM –0.11 0.041 0.011

CO2 0.15 0.080 0.069

Equation (2) Constant –0.20 0.267 -

LM –1.00 0.230 -

CO2 –0.68 0.309 0.034

LRatio –1.28 0.292 -

LM*LRatio –0.39 0.170 0.030

Variance components r2
1 0.468

r2
2 0.021

r2
3 0.410

c –0.059

*LM = log(aboveground biomass), CO2 is coded 0 and 1 for ambient

and elevated CO2 respectively, LRatio = log(individual size relative

to the average size of plants in its stand), r2
1 is the variance within

stand, r2
2 is the variance of uj, the random stand term in equation

1, r2
3 is the variance of wj, the random stand term in equation 2, c

is the covariance between uj and wj.

**Calculated using likelihood ratio tests. In equation (2), likelihood

ratio tests were not carried out for the terms LM and LRatio since

they are involved in a higher order interaction and therefore cannot

be excluded from the model. Likelihood ratio tests were also not

carried out for the constant in either equation as there is no biological

justification for excluding these terms from the model.
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reproduction if it was half the average plant size in the stand

(Ratio = 0.5) but this increased to 3.5 and 4.4% if the plant was

equal to (Ratio = 1) or double (Ratio = 2) the average stand

plant size, respectively. This is close to a 2-fold increase in

RA. The effect of Ratio was significant at 2 g as each of the pair-

wise comparisons between these three predictions were signif-

icant (P < 0.05 for each comparison). By comparison, a plant of

size 8 g grown at ambient CO2 allocated 3.9 and 4.2% to re-

production if it was equal to or double the stand average plant

size, respectively, and these predictions differed (P < 0.05).

There was no evidence of a difference between the comparison

of Ratio = 1 and 2 at 8 g to the same comparison for a plant of

size 2 g.

Despite this strong relative size effect, there was no evidence

for an effect of plant size on RA (Fig. 2a). We found no evi-

dence of any interaction between CO2 and either Ratio or

M. The effect of CO2 was always positive and almost always

significant, e.g., at Ratio = 1 the effect of CO2 was significant

at M = 2 g (P < 0.05) and at M = 8g (P < 0.05).

The higher a plant’s position in the size hierarchy (measured

by Ratio), the higher its probability of flowering (Fig. 2b); at

ambient CO2, a plant of size 2 g has a probability of flowering

of 0.86 if it is double the average stand size of plants within its

stand compared to 0.69 if it is equal to or 0.46 if it is half the

average stand size. Flowering probability increased with in-

creasing size; this effect was measured by comparing the pre-

dictions forM values at the beginning and end of each of the six

lines in Fig. 2b, representing each Ratio by CO2 combination

(P < 0.05 for four of the six tests). The effect of CO2 on flower-

ing probability was always positive but this effect was not

usually significant.

Inclusion of the random terms for stand (r2
2 ; r

2
3 and c)

was a necessary feature of the model (P = 0.003, 3 degrees

of freedom (df)). The covariance between the two random

stand effects was not strong (P = 0.237, 1 df); there was

strong evidence for a random stand effect in the model for P

(P = 0.002, 1 df) but not in the allometric regression model

(P = 0.129, 1 df).

DISCUSSION

The primary result from this experiment is the importance of

position within stand size hierarchy on the RA of plants, with

substantially reduced RA of plants of a given size when with

larger as opposed to smaller neighbours (supporting Hypoth-

esis 1). There was no evidence of an additional effect of plant

size on RA (supporting Hypothesis 2). This was a trade-off be-

tween a negative effect of size on RA conditional on being in

Group 1 (equation (1) Table 1) and a positive effect of size on

flowering probability (Fig. 2b). There was a positive effect of

CO2 on RA (contradicting Hypothesis 3). The new analytical

framework described in Brophy et al. (2007) proved useful

in testing the relative importance of a variety of mechanisms

influencing RA, while simultaneously accounting for others.

Such a joint assessment ofmultiple factors allows a comparison

of their relative importance within a single study and a single

analysis.

Our results show that growing plants in a competitive en-

vironment can dramaticallymodify their RA. A plant of a given

size (e.g. 2 g) low down in the stand size hierarchywith Ratio =

0.5 would allocate much less to reproduction than another

plant of the same size but from a stand where it was high

in the hierarchywith Ratio = 2 (Fig. 2a). This asymmetric effect

was largely driven by a strong positive effect of Ratio on flow-

ering probability (Fig. 2b), which could be due to below aver-

age sized plants in a stand being shaded by their larger

neighbours and so not receiving as much light, perhaps delay-

ing their flowering (Schwinning and Weiner 1998; Steinger

et al. 2003). Smaller plants can suffer a double penalty in con-

tributing to stand total R (biomass of reproductive structures).

On average, RA was almost constant at the stand level across
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Figure 2: (a) Predicted RA (%) and (b) predicted probability of flow-

ering versus aboveground biomass, M (g), on the log scale for various

combinations of Ratio and CO2. Predictions in (a) and (b) are combined

predictions from the estimated equations (1) and (2) presented in Table

1. Predictions for each CO2 x Ratio combination are restricted to the

range of M values observed in the experiment. Standard error bars

are presented for predictions at 2 g and are staggered for illustration;

error bars from the lines representing ambient (elevated) CO2 are to

the left (right) and are dashed (solid) with the symbol3 (-) at the end.
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all plant sizes and so their contribution to R is automatically

lower than that of larger plants. In addition, when they are

the smaller plants in a stand size hierarchy (Ratio < 1), their

RA is reduced and hence their R is further reduced. This obser-

vationmay have implications for the fitness of slow developing

plants in a competitive setting, if this reduction in RA reflects

a consistent downward shift in the allocation trajectories of

such individuals. Asymmetric responses in plant biomass to

competition have been observed in individuals in monoculture

populations (Damgaard andWeiner 2008;Weiner and Thomas

1986) and between species in mixed communities (Connolly

and Wayne 1996). Our study extends this result to RA.

We found very little effect of average plant size on RA,

agreeing with Cheplick (2005) for annual plants. The negligi-

ble effect of size on RA (Fig. 2a) is caused by a trade-off (Weiner

2004) of opposite effects: the negative effect of size on RA in

equation (1) (Table 1) and the positive effect of plant size on

flowering probability (Fig. 2b). Our results show that size

tightly controls the probability of/ability to flower, agreeing

with the findings of Méndez and Karlsson (2004). Our study

supports the finding that density is one of the main compo-

nents in determining plant size but has little direct effect on

RA (Samson and Werk 1986; Sugiyama and Bazzaz 1998).

Equivocal results of previous studies investigating the relation-

ship between RA and density (Karlsson and Méndez 2005)

may be partly caused by ignoring the effect of size relative

to neighbours and the random stand effect.

The positive (but not significant) effect of CO2 on RA con-

ditional on being in Group 1 (Table 1) and on flowering prob-

ability (Fig. 2b) combined to give a positive effect of elevated

CO2 on RA (Fig. 2a) (e.g. average percentage increase in RA of

39% at 2 g). This is in contrast with the average negative effect

reported for wild species in the meta-analysis of Jablonski et al.

(2002). However, of the 48 species used in that analysis, the

maximum response of RA to elevated CO2 was 64% and six

species showed an increase greater than 39% (P. Curtis, per-

sonal communication). Our results for S. arvensis emphasize

that the effect of CO2 on RA is species specific and varies

greatly among species.

The benefits of temporal sampling of populations and indi-

viduals within competitive stands over the static approach in-

herent in studies based on a single harvest have long been

argued (Connolly et al. 1990; Damgaard et al. 2002; Mc Con-

naughay and Coleman 1999). Nevertheless, most experiments

on plant competition use only a single harvest (Gibson et al.

1999). In a population that is only harvested at a particular

time, plants may be at different ontogenetic stages and much

of the observed variation in RAmay be due to ontogenetic drift

(Mc Connaughay and Coleman 1999), abiotic environment,

density or neighbour relationships, or position on non-linear

allocation trajectories. Nevertheless, it is quite appropriate to

model RA across various populations at a given time to de-

scribe how it is affected by plant size and other factors at that

time. These relationships should be interpreted with caution as

a description of the dynamic nature of reproduction–size rela-

tionships and of the ultimate implications for the fitness of

individuals. Alternative models that allow the trajectories of

individuals to be non-linear or to approach some boundary

trajectory at a certain stage in their development (e.g. Aigner

et al. 1977) may be more appropriate to an overall study of de-

velopmental trajectories but they require multiple time point

data which are rarely available. Were additional temporal data

available our modelling framework could be adapted to deal

with these issues.

Regression of RA on M has been criticized because M is the

denominator of RA (Samson and Werk 1986). However, our

model regressing the log of the ratio of reproductive to total

mass as a function of log of total mass is a standard example

of compositional data analysis (Aitchison 1986).

In this paper, we provide the first application of the general

framework of Brophy et al. (2007) which can handle zero val-

ues and allows for more than one cause for zero reproductive

output. Instead of viewing a lack of reproductive output as

a nuisance or irrelevant, our search to explain it shows that

the patterns of the zero reproductive output values contain

valuable biological information. It has identified the large ef-

fect of position within the stand size hierarchy on flowering

probability and on RA (Fig. 2). In this experiment,;40% zero

RA values were observed. Such high numbers of zero values

have been reported in the literature previously (e.g. Gibson

et al. 2002); however, it is difficult to estimate exactly how

common zero RA values are due to the equivocal ways in

which they have been dealt with (Brophy et al. 2007). It is pos-

sible that zero reproduction is underreported in the literature;

this would be particularly likely in studies with high numbers

of zero reproductive values.

Failure to reproduce can be due to a number of causes such

as small plant size (Schmid et al. 1994; Sugiyama and Bazzaz

1998), day length, temperature, red/far red ratio or genetic

make-up (Franklin and Whitelam 2004; He et al. 2005). While

we may expect many small plants not to reproduce (Schmid

et al. 1994; Weiner 2004), the larger plants with zero RA (cir-

cled in Fig. 1a and b) are more unusual. One explanation is the

possible occurrence within our original field collection of S.

arvensis seed of genetically distinct populations that differ in

their ability to reproduce under our range of experimental

conditions. Populations of S. arvensis show high within-

population genetic variability (Warwick et al. 2000) including

light- and dark-coloured seed morphs with different germina-

tion capacities (Fogg 1950; Luzuriaga et al. 2006) that may be

adapted to different flowering thresholds. If the only reason for

these larger plants not reproducing was genetic make-up or

size-independent physiological mechanisms, the only term

in equation (2) would be the intercept but clearly this is not

the case here.

Overall, the analysis from our experiment confirms the ex-

istence of two distinct groups in the data, themajor importance

of position in the competitive within stand size hierarchy in

determining flowering probability and RA and positive effects

of CO2 on both of these responses.
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