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1. Introduction
Plants have different strategies to cope with variable 
environments, which range from adaptation and 
specialization, to bet-hedging, generalization, and 
phenotypic plasticity. These strategies are not discrete, but 
appear combined in nature, forming a general strategy 
that is variable from one species to another (DeWitt and 
Langerhans, 2004). Phenotypic plasticity occurs when a 
genotype produces different phenotypes in response to 
different environmental conditions (Ghalambor et al., 
2007). Phenotypic responses to environmental conditions 
are fairly common in organisms, and are recognized as 
major sources of variation in nature (Schlichting, 1986; 
Thompson, 1991; Kutbay and Uçkan, 1998; Sultan, 2003, 
2004). Variation in phenotypic expression can have 
profound ecological consequences, which have been 
particularly well studied in plants (Sultan, 2003).

Phenotypic plasticity can be simply a passive 
consequence of environmental stress (Dorn et al., 2000; 
Bell and Galloway, 2007) or a result of highly specific 
developmental, physiological, or reproductive adjustments 
that enhance survival in response to environmental 
variation (Bell and Galloway, 2008; Hameed et al., 2013; 
Molina-Montenegro et al., 2013). In the latter case, 
the variation can represent adaptive plasticity and is of 

particular interest because it may promote establishment 
and persistence in new environments and thus play a 
major role in both the ecological distribution of organisms 
and the process of evolutionary diversification (Sultan, 
2003; Ghalambor et al., 2007).

Like any trait, phenotypic plasticity is shaped by 
selective pressures, phylogenetic history, and genetic 
constraints (Scheiner, 1993; Schlichting and Pigliucci, 
1995); thus, species and even populations within a single 
species may show different patterns of plasticity and 
different capacities for adaptive environmental response 
(Sultan, 2003;  Ghalambor et al., 2007). Plasticity enhances 
ecological niche breadth and widespread generalist 
species usually show adaptive plasticity (Baker, 1974; 
Oliva et al., 1993). Moreover, adaptive plasticity confers a 
fitness advantage to invasive plants (Richards et al., 2006). 
Species with a greater adaptive plasticity are more likely 
to survive in novel environmental conditions created by 
human activity, since such changes often occur so rapidly 
that adaptive variation in particular morphological 
or physiological traits may be too slow to track the 
environmental changes (Sultan, 2004). On the other 
hand, plasticity may alter some traits that directly affect 
the reproductive success, as reproductive timing, biomass 
allocation to reproduction, total reproductive output, and 

Abstract: Understanding how phenotype trait expression varies at different levels of biological organization is crucial to understanding 
the fundamental ecological, evolutionary, and developmental issues that contribute to adaptive plasticity. This is particularly important 
in plants because of their modular organization. Here, we study plasticity in flower production in response to light intensity at 3 levels of 
biological organization (between populations, among individuals, and within individuals) in Emex spinosa (L.) Compd., a Mediterranean 
amphicarpic annual. Plants exposed to high light intensity grew faster and produced more flowers than plants at low light intensity. 
Female flower production was the most labile trait. Within individuals, the production of female and male flowers, and the floral sex 
ratio strongly varied along the stems. Light intensity only significantly affected flower production at central and terminal positions in 
the inflorescence, while sex ratio was invariable to light intensity in each position, reflecting a sexual specialization independently of 
light, from initial femaleness towards maleness at the end of flowering. In Emex spinosa, the production of selfing fruits seems not only 
to concern ground fruits, but also early aerial fruits.

Key words: Amphicarpy, flower production, modularity, phenotypic plasticity, sex ratio

Received: 11.01.2013              Accepted: 20.11.2013             Published Online: 17.01.2014              Printed: 14.02.2014

Research Article



BERJANO et al. / Turk J Bot

259

the size and quality of offspring (Sultan, 2001). In both 
passive and adaptive plasticity, the type and intensity of 
the response of these traits to a particular environmental 
stress may determine the ability of a species to maintain 
populations in stressful habitats (Sultan, 2001, 2003). The 
availability to produce different phenotypes in response 
to environmental changes is a basic strategy in weeds and 
aggressive invasive species in terms of their adaptation 
to novel environments (Funk, 2008; Droste et al., 2010; 
Gupta and Narayan, 2012).

Often, the responses of organisms to environmental 
changes are complex and consist of several combined 
responses. As integrated systems, the different responses 
of organisms to environmental changes are expressed in 
conjunction, as occurs, for example, in shade-avoidance 
syndrome (Smith and Whitelam, 1997; Schmitt et al., 
2003; Franklin and Whitelam, 2005). However, although 
studies on shade avoidance are abundant in the literature 
(Stuefer and Huber, 1998; Weijschede et al., 2006; Bell 
and Galloway, 2008), little is known about responses to 
light for taxa inhabiting in heterogeneous environments, 
such as forest edges (but see Petit and Thompson, 1998; 
Galloway and Etterson, 2009), or anthropic areas, where 
individuals can indistinctly experience both full sun or 
shade situations.

Bet-hedging is defined as the expression of several 
phenotypes by a single individual in a way that may 
enhance individual fitness across generations (Cohen, 
1966; Guillespie, 1977). Amphicarpic plants follow this 
strategy, since they produce 2 different types of propagules 
with contrasting ecological roles: a) ground flowers appear 
early in the flowering season, are usually self-pollinated, 
and produce seeds that germinate in situ, ensuring local 
persistence; and b) aerial flowers develop later in the season, 
are usually cross-pollinated and produce achenes with 
enhanced dispersal characteristics (Weiss, 1980; Cheplick, 
1987). This strategy is common in short-lived fugitive 
species whose habitat varies in time and space (Harper, 
1977). Moreover, the bet-hedging strategy in amphicarpic 
plants can be “fine-tuned” by phenotypic plasticity (Sadeh 
et al., 2009). Organisms are also developmental systems 
that continually integrate internal and external signals to 
modulate gene expression (Sultan, 2004). The expression of 
a plastic response over time is known as dynamic plasticity 
(Sultan, 2004) and includes variation in rates of phenotypic 
response, patterns of developmental iteration, and 
ontogenetic trajectories, such as ontogenetic contingency 
(Diggle, 1994). Thus, phenotypic plasticity in plants can 
be expressed at sub-individual level. Local environmental 
conditions can trigger each meristem, leave, branch, or 
root (Sultan and Stearns, 2005), and the response of a plant 
to its environment is the sum of all modular responses to 
their local conditions plus all interaction effects due to 
module integration (de Kroon et al., 2005). 

In this study we analyze flower production and sex 
ratio in response to light intensity of 2 populations of Emex 
spinosa (L.) Campd., a Mediterranean amphicarpic annual 
that occurs in habitats with different levels of environmental 
variation (Weiss, 1980; Ortiz et al., 2009; Sadeh et al., 2009). 
Architectural effects have been previously found to affect 
reproductive traits of Emex spinosa (Ortiz et al., 2009), 
and we postulate that architecture may also be affected by 
environmental conditions; in particular, we could expect 
a different degree of phenotypic plasticity at different 
architectural levels. The responses to light in this species 
were studied at 3 levels of biological organization: among 
populations, among individuals, and within individuals. 
Specifically we address the following questions: 1) How 
does light intensity affect reproductive traits in Emex 
spinosa? 2) Do plastic responses to light differ between 
individuals or populations? and 3) How does the response 
to different environmental conditions vary within a plant, 
i.e. at different architectural levels? We thus address how 
a plastic response to environmental variation may vary 
across levels of biological organization.

 
2. Materials and methods
2.1. Study species
Emex spinosa (Polygonaceae) is an amphicarpic wind-
pollinated annual frequent in the Mediterranean basin. 
It is a colonizer species, mainly monoecious, with sessile 
female flowers at the base of a stem and male flowers 
appearing in pedunculate clusters towards the tip of the 
stem. In Emex spinosa, architecture and development 
are highly correlated. In the rosette stage, both male and 
female flowers are produced; these flowers are at ground 
level but not completely buried with stigmas and stamens 
standing out a few millimeters from the ground (hereafter, 
we will refer to these as ground flowers; Ortiz et al, 2009). 
After fecundation, fruits from these flowers are buried by 
the action of contractile roots. Afterwards, one or several 
stems develop from the rosette and both female and male 
flowers are produced at successive nodes of the stem and 
in lateral branches as these stems develop (aerial flowers 
hereafter). The first developing stem is usually the largest, 
and therefore it will be called main stem hereafter. Emex 
spinosa is an auto-compatible species, and in nature, as 
well as under cultivation, almost all its female flowers are 
transformed into fruits (Ortiz et al., 2009).
2.2. Experimental design
We selected 2 wild populations: El Gandul (Seville 
province, SW Spain 37°19′N; 5°47′W) and El Rocío 
(Huelva Province, SW Spain 37°8′N; 6°29′W). Plants from 
El Gandul were growing in a field crop abandoned 12 years 
before, without tree canopy, while plants from El Rocío 
were growing in waste grounds and road sides within a 
village.
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Newly emerged seedlings at the cotyledon stage were 
collected from both populations in December 2006 and 
cultivated outside the greenhouses of Seville University. 
Each plant was placed in a pot (15 cm in diameter) in a 
peat–perlite mixture and was left to complete its life cycle; 
water was added as needed. Plants from each population 
were separated into 2 sets of 26–29 plants that were 
assigned to each of 2 light intensity (LI) treatments: high 
light intensity (HLI hereafter; plants exposed directly to 
sun; mean photosynthetically active radiation (PAR): 1236 
± 51 µE m–2 s–1), and low light intensity (LLI hereafter; 
plants in the shade; mean PAR: 114 ± 11 µE m–2 s–1).

The phenology of each plant was monitored by 
observations every 10–15 days. The numbers of female 
and male ground flowers as well as the numbers of 
female and male flowers produced in each node of the 
main stem and its lateral branches were recorded. Total 
number of stems per plant was also recorded. At the end 
of the flowering of each plant, nodes from aerial stem were 
assigned to 1 of the 3 following positions: proximal (when 
produced in the lower third of the stem), central (in the 
middle third), or terminal (in the upper third). Aerial 
flowers were assigned to one of these positions. With these 
data, we constructed the following variables: ‘total female 
flower production’ and ‘total male flower production’ as 
the total sum of female and male flowers, respectively, 
produced in the main stem; ‘plant sex ratio’ as total male 
to female flower production; ‘amphicarpic ratio’ as ground 
to total aerial female flowers; ‘female flowers per position’ 
and ‘male flowers per position’ as the sum of female and 
male flowers, respectively, of the nodes assigned to each 
position; and ‘sex ratio per position’ as the number of male 
flowers to the number of female flowers of each position.
2.3. Data analyses
At the plant level, the number of stems per plant, the 
number of nodes per stem, the total female and male 

flower production, the plant sex ratio and the amphicarpic 
ratio were compared by means of generalized linear 
models (GLM), with a gamma distribution and a log link 
function. Population and light intensity treatment were 
treated as fixed factors. When necessary, raw data were log-
transformed in order to better fit the model. Otherwise, 
Pearson correlations were performed between the number 
of nodes and total female, total male, total aerial, and 
ground flower production.

The production of male and female flowers and the 
sex ratio in each of the 4 positions of the plant (ground, 
proximal, central, and terminal) were compared using 
generalized estimated equations (Liang and Zeger, 1986). In 
this analysis, ‘plant’ was the subject effect and the position 
was the within-subject effect. Response variables (female 
flowers per position, male flowers per position, and sex 
ratio per position) were square root-transformed in order 
to better fit the model. When significant differences were 
found, pairwise comparison analyses were performed in 
order to examine differences among positions in light 
intensity treatments and between light intensity treatments 
in each position of the stem. All analyses were performed 
with SPSS version 17.0.

3. Results
3.1. Phenotypic responses to light at population and 
individual level
Plants of both populations were statistically similar in size 
and total male flower production (Table 1), but total female 
flower production was higher in plants from El Rocío than 
in those from El Gandul (mean ± se: 52 ± 6 flowers vs. 35 ± 
3 flowers). This difference was only marginally significant 
(P = 0.056, Table 1) due to the high dispersion of the El 
Rocío dataset (female flower production variance = 2350) 
while the dataset from El Gandul was not so dispersed 
(female flower production variance = 493). Fruit set was 

Table 1. Wald chi square statistics from GLM performed for the variables that describe plant size (number of nodes, number of stems) 
and those that describe reproductive traits (total female and male flower production per stem, plant sex ratio [male to female flower 
production], and amphicarpic ratio [ground to aerial female flower production]). 

Source of variation
Plant size Plant flower production Plant

sex ratioNo. stems No. nodes Female Male

Intercept 303.39*** 3492.24*** 434.24 166.28*** 142.39***

Population (POP) 2.98 2.13 3.80’ 0.56 50.19***

Light intensity (LI) 5.89* 6.66* 13.52*** 7.51** 6.80**

POP × LI 0.19 1.15 0.88 0.25 1.82

Asterisks after statistics indicate significant differences ‘P = 0.056* P < 0.05 ** P < 0.01 *** P < 0.001.
n = 110; df = 1 for each independent factor.
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always very high, and in all plants more than 95% of female 
flowers transformed into fruits. Significant correlations 
were found between plant size (measured as the number of 
nodes in the main stem) and total female and male flower 
production (r = 0.71; n = 110; P < 0.001, and r = 0.67, n = 
110; P < 0.001, respectively). When considering aerial and 
ground flower production separately, we found that both 
female and male aerial flower production was correlated 
with plant size (r = 0.72, n = 110; P < 0.001 and r = 0.87, 
n = 110; P < 0.001, respectively), while a weaker and 
nonsignificant effect of size was observed in the number of 
ground flowers (r = 0.46, n = 110, P = 0.634, and r = 0.19, 

n = 110, P = 0.068 for female and male ground flowers, 
respectively).

Plants exposed to HLI produced significantly more 
stems, more nodes per stem, and more female and male 
flowers per stem than those exposed to LLI (Figures 
1A–D; Table 1). The response of these traits to the 2 light 
treatments followed the same trend in both populations 
(interaction population by LI nonsignificant; Table 1). 
Amphicarpic ratio was also similar in both populations 
(Table 1). Plants exposed to LLI showed a significantly 
higher amphicarpic ratio compared to those exposed to 
a HLI (Table 1; Figure 1E). The variation of amphicarpic 

Figure 1. Plastic responses to light intensity in Emex spinosa.
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ratio depending on light intensity treatment was due to the 
striking increase in aerial female flower production under 
HLI (47.7 ± 5.7 flowers) compared to that under LLI (28.5 
± 4.2 flowers; Wald chi square = 13.83; P < 0.001; figure 
not shown). By contrast, the number of ground female 
flowers was statistically similar in both treatments (Wald 
chi square = 0.425; P = 0.114), with a mean of 5.0 ± 0.4 
in LLI and 5.8 ± 0.2 in HLI. No significant differences 
between populations were found when analyzing aerial 
and ground female flower production separately (Wald chi 
square = 2.22 and 3.20; P = 0.136 and 0.74, respectively; 
figure not shown).

Plant sex ratio was in general female-biased, especially 
in the El Rocío population (0.59 ± 0.02), where 96.5% of 
the plants produced many more female than male flowers. 
In the El Gandul population, sex ratio was more variable, 
with 70% of the plants being female-biased, and a mean sex 
ratio of 0.92 ± 0.05. This difference in plant sex ratio between 
populations was statistically significant (Table 1). Light 
intensity also significantly affected plant sex ratio (Table 
1), so that plants exposed to HLI were more female-biased 
that those exposed to LLI (Figure 1D). Sex ratio responded 
similarly to the 2 light treatments in both populations 
(interaction population by LI nonsignificant; Table 1).
3.2. Phenotypic responses at sub-individual level
The production of female and male flowers, and the sex 
ratio strongly varied along the stems. In fact, the effect 
of the position was the largest source of variation for all 
the measured traits (Table 2). With weaker effect size and 
a lower significance level, the population and the light 
intensity also affected flower production along the stems 
(Table 2). In both populations, female and male flower 
production per position tended to increase along the plant 
axes, showing a slight fall at terminal positions. However, 

ground positions showed intermediate values of flower 
production. The differences among positions were higher 
in the El Gandul population (interaction population by 
position significant; Table 2). Plants of both populations 
responded to light intensity in each position in a similar 
manner (interaction population by LI by position 
nonsignificant; Table 2).

Sex ratio per position was strongly female-biased at 
proximal positions and tended to increase significantly 
along the stems, being less female-biased at terminal 
positions (Table 2, pairwise comparisons, P < 0.05). The 
trend was similar in both populations but the interaction 
population by position was significant (Table 2) due to 
the much higher increase in sex ratio towards maleness in 
the El Gandul population at terminal positions (Figure 2). 
Each population showed intermediate values of sex ratio at 
ground positions, being in El Rocío female-biased and in 
El Gandul slightly male-biased (Figure 2). 

LI differentially affected female and male flower 
production, but did not affect sex ratio in each position 
(Table 2). Both populations produced more female 
and male flowers at HLI, but each position responded 
differentially to light intensity treatments (interaction 
position by LI significant; Table 2). While light intensity 
had no significant effect in female flower production 
at ground and proximal positions, a strong increase in 
female flower production was detected at central and 
terminal positions (Figure 3A). In relation to male flower 
production, no significant effect of light intensity was 
detected either at ground or at central positions, while at 
proximal and terminal positions plants under HLI showed 
higher male flower production (Figure 3B). These trends 
were similar in both populations (interaction population 
by LI by position nonsignificant; Table 2). 

Table 2. Generalized estimated equations model effects for the variables female flowers, male flowers, and 
sex ratio. In this analysis, plant was the subject effect and the position was the within-subject effect. Response 
variables were square root-transformed in order to better fit the model. Wald chi square statistics are presented. 
n = 110. Asterisks after statistics indicate significant differences * P < 0.05 ** P < 0.01 *** P < 0.001.

df Female flowers Male flowers Sex ratio

Intercept 1 985.25*** 628.60*** 1709.38***

Population (POP) 1 9.27** 4.24* 3.20

Light intensity (LI) 1 9.38** 4.80* 1.33

Position (POS) 3 302.35*** 368.29*** 253.08***

POP × LI 1 0.69 0.30 0.99

POP × POS 3 9.13* 51.43*** 55.65***

LI × POS 3 11.60** 9.04* 6.97

POP × LI × POS 3 5.67 5.48 1.88
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4. Discussion
Emex spinosa showed contrasting patterns of expression 
of vegetative and reproductive traits influenced by light 
treatments that were variable among individuals, but, in 
general, plants exposed to HLI increased their size and their 
flower production, with female flower production being 
the most plastic trait in both populations. Light effects 
were similar in both populations although significant 
differences between populations were detected in some 
traits. Plants from the El Rocío population were female-
biased at all positions, while plants from El Gandul were 
male-biased at ground and terminal positions. Individual 
genetic components (Friedman and Barrett, 2011) and/
or cross generational effects (Talavera et al., 2010) could 
be affecting the observed patterns in both populations of 
Emex spinosa; however, to test these effects, a further study 
with controlled linkages will be necessary.

Plant responses to environmental variation include 
passive limitation of growth under low resource conditions, 
as well as active developmental plasticity that enhances 
performance and resource acquisition in each resource 
environment (Sultan and Bazzaz 1993; Coleman et al., 
1994). In our study, the significant effect of light intensity 
on plant size could be seen as a mere passive plastic effect 
of resource availability, so that plants exposed to high 
light intensity have a greater size. However, plasticity is 
adaptive if the phenotypes produced in response to a 
change in the environment result in higher average fitness 
(van Kleunen and Fischer, 2005). A usual estimator of net 
fitness is plant fruit production (Dorn et al., 2000, Bell 
and Galloway, 2007, 2008). In our study, fruit set of Emex 
spinosa was always very high, reaching nearly 100%, so 
that the higher female flower production in plants exposed 
to light would lead to higher fruit production. This result 
suggests that this species is able to respond with increased 
fitness in favorable light conditions showing one possible 
strategy of an invader that benefits from plasticity as a 
‘Master-of-some’, that is, by increasing fitness in favorable 
environments (Richards et al., 2006; Davidson et al., 2011). 
However, a more complex analysis on the cost and benefits 
of plasticity and also on the average fitness benefits of 
plasticity itself under different environmental conditions 
would be necessary to test whether plasticity is adaptive in 
Emex spinosa.
4.1. Plasticity and plant sex-ratio variation
Monoecious plants have the capacity to allocate resources 
separately to male and female functions more easily than 
hermaphrodites, and this flexibility can be advantageous 
when a shift in an environmental stress occurs during 
development (Charnov and Bull, 1977; Freeman et al., 
1981; Lloyd and Bawa, 1984; Dorken and Barrett, 2004; 
Narbona and Dirzo, 2010). As reported previously (Ortiz 

Figure 2. Mean sex ratio variation along plant axes in 2 populations 
of Emex spinosa: El Rocío (closed circles) and El Gandul (open 
circles). Four positions along plants axes are considered: ground, 
proximal, central, and terminal. Bars represent standard errors 
of means. 

Figure 3. Plastic responses to light intensity at sub-individual level in Emex spinosa. In each plant, 4 positions 
were considered: ground, proximal, central and terminal. Means for each variable in each position are shown. ns, 
nonsignificant; * P < 0.05 ** P < 0.01.

A B
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et al., 2009), plants of Emex spinosa were female-biased, 
a common strategy of inbreeders (Lloyd, 1979; Lemen, 
1980). Inbreeding can be favored in colonizing species as 
Emex spinosa where the importance of high fecundity and 
the lack of competitors in disturbed habitats partially offset 
the benefits of outcrossing (Lemen, 1980; Price and Jain, 
1981). As predicted by sex allocation theory (Charnov, 
1982), female-biased sex allocation could be selected to 
assure high fecundity in an annual plant living in a highly 
disturbed place, where mates can be scarce some years.

The cost of reproduction is frequently greater for 
female than for male reproductive function (Lloyd, 
1979; Freeman et al., 1981; Goldman and Willson, 1986; 
Charlesworth and Morgan, 1991), and thus allocation 
to female function is more susceptible to vary with 
environment conditions. Indeed, we observed that female 
flower production was the most plastic trait of all those 
we studied. Moreover, sex ratio significantly varied among 
light treatments, being significantly more female-biased 
at HLI. This finding is opposite to that stated in Ambrosia 
artemisiifolia L., an annual, wind-pollinated species, in 
which higher male flower production was found in sun 
vs. shade treatments (Friedman and Barrett, 2011). Unlike 
Emex spinosa, Ambrosia artemisiifolia is a self-incompatible 
and obligate xenogamous species, and thus the possible 
fitness benefits of selfing under certain circumstances are 
not pertinent. Our results, however, fit with the general 
theory of resource allocation (Charnov, 1982; Lloyd and 
Bawa, 1984), so that plants produce more female flowers 
under sunny conditions. Thus, high light environments 
are commonly associated with femaleness in monoecious 
(Gregg, 1978; Cid-Benevento, 1987; Menges, 1990; Bertin, 
2007) and andromonoecious plants (Solomon, 1985; 
Bertin and Kerwin, 1998; see Korpelainen, 1998 for a 
revision). In Emex spinosa, this result suggests that when 
plants are exposed to full sun they have a strong invader 
strategy, producing a high amount of propagules.

Model predictions and empirical studies reveal that 
heterocarpic plants tend to allocate more resources into 
seeds with low dispersal availability under unfavorable 
conditions (Cheplick, 1989; Venable et al., 1995). If 
amphicarpic plants, such as Emex spinosa, can respond 
to environmental variation, they could allocate more 
resources into aerial fruits relative to ground fruits under 
favorable conditions holding an opportunity to colonize 
new patches (Sadeh et al., 2009). Our study supports 
this and although ground achene number was invariable 
between light treatments, aerial flower production was 
markedly affected by light, and this plasticity determined 
the higher allocation of resources to ground flowers at 
lower light intensities. Similar results have been found in 
other populations of Emex spinosa (Weiss, 1980; Sadeh et 
al., 2009). 

4.2. Phenotypic responses at sub-individual level
The effect of position in every measured trait was the 
highest source of variation in the performed analyses. This 
indicates the importance of analyzing plastic responses 
in plants not only as integrated systems but also as 
developmental systems constituted by numerous modules. 
It is well known that sex expression can be related to plant 
size, age, or position (Armbruster, 1991; Bissell and Diggle, 
2008; Mancuso and Peruzzi, 2010; Zhao, 2010). In fact, the 
variability of reproductive traits along plants axis had been 
previously studied in Emex spinosa (Ortiz et al., 2009), and 
we will discuss whether this variability is also affected by 
light intensity.

In Emex spinosa aerial flowering is coupled to vegetative 
growth (Weiss, 1980; Sadeh et al., 2009), as demonstrated 
by the correlation between plant size and aerial flower 
production. In relation to flower production, terminal 
positions were more labile to respond to changes in light 
intensity whereas ground positions were less variable. A 
similar situation was found in Solanum hirtum Vahl., where 
distal portions of the inflorescence were the most labile 
to changes in resource availability (Diggle, 1994). Rather 
than unitary reactions of whole plants, sex allocation 
strategies should be considered as the cumulative outcome 
of numerous consecutive decisions (Lloyd, 1979). Since 
plant ontogeny is the result of the development of separate 
meristems, the fate of a flower primordium depends upon 
where and when it is produced within the architecture 
of an organism and what events have preceded it during 
ontogeny. Thus, in Emex spinosa, environmental cues 
determine plant growth and ultimately shape flower and 
fruit production, affecting plant fitness.

Sex ratio showed significant differences in each position 
along plant axes independently of light intensity. This 
contrasts with results of other wind-pollinated species, 
in which sex allocation is dependent on environmental 
conditions and can be adjusted plastically (Friedman 
and Barrett, 2011). We have found in Emex spinosa an 
increase in maleness at terminal positions of the aerial 
stems independently of environmental conditions. This 
could reflect a programmed function at each step of the 
development, which implies higher pollen exportation at 
terminal positions, where flowers are more exposed to 
the wind and pollen is more susceptible to be dispersed, 
since the ability to disperse pollen should increase with 
plant height in wind-pollinated species (Niklas, 1985; 
Burd and Allen, 1988; Bickel and Freeman, 1993; but see 
Shakarishvili and Osishvili, 2013 for a nonwind-pollinated 
species). In fact, male flowers at terminal positions 
produce more stamens and pollen than earlier flowers 
(Ortiz et al., 2009), supporting a male sexual specialization 
at the end of flowering in Emex spinosa. Male flowers at 
terminal positions are placed optimally for long-distance 
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pollen dispersal, which is expected to be more effective 
with increased height because pollen travels further, 
increasing mating opportunities (Friedman and Barrett, 
2011). This sexual specialization could suggest an increase 
in xenogamy from basal to terminal positions, and so 
the mating strategy in Emex spinosa changes throughout 
development.

In conclusion, the direction of the plastic responses we 
observed was towards increasing size and flower production 
at higher light intensity. Both populations increased flower 
production and consequently plant fitness at higher light 
intensity; this could suggest that plasticity is adaptive. At 
the sub-individual level, terminal positions were the most 
labile, which highlight that the different modules of a 
plant are able to respond differentially to light, in order 
to better fit to the environment. Most plants were female-

biased but a decrease in femaleness was observed along 
plant axis, reflecting a sexual specialization at the end of 
flowering independently of light. This study suggests that 
in amphicarpic plants the strategy of producing selfing 
fruits to assure local persistence (Zeide, 1978) may not 
only concern ground fruits, but also early aerial fruits.

Acknowledgments
This work was supported with European FEDER funds and 
grants from the Spanish Ministerio de Ciencia y Tecnología 
(CGL 2008-02533E; CGL2009-08257; CGL2012-33270). 
The authors thank J.D Thompson and an anonymous 
referee for helpful comments that improved the manuscript 
and English advice. We also thank the personnel of the 
greenhouses belonging to the Servicios Generales de la 
Universidad de Sevilla for providing facilities and support. 

References

Armbruster WS (1991). Multilevel analysis of morphometric data 
from natural plant populations: insights into ontogenetic, 
genetic, and selective correlations in Dalechampia scandens. 
Evolution, 45: 1229–1244.

Baker HG (1974). The evolution of weeds. Annu Rev Ecol Syst 5: 
1–24.

Bell DL, Galloway LF (2007). Plasticity to neighbour shade: fitness 
consequences and allometry. Funct Ecol 21: 1146–1153.

Bell DL, Galloway LF (2008). Population differentiation for plasticity 
to light in an annual herb: adaptation and cost. Am J Bot 95: 
59–65.

Bertin RI (2007). Sex allocation in Carex (Cyperaceae): effects of 
light, water, and nutrients. Can J Bot 85: 377–384.

Bertin RI, Kerwin MA (1998). Floral sex ratios and gynomonoecy in 
Aster (Asteraceae). Am J Bot 85: 235–244.

Bickel AM, Freeman DC (1993). Effects of pollen vector and plant 
geometry on floral sex ratio in monoecious plants. Am Midl 
Nat 130: 239–247.

Bissell EK, Diggle PK (2008). Floral morphology in Nicotiana: 
architectural and temporal effects on phenotypic integration. 
Int J Plant Sci, 169: 225–240.

Burd M, Allen TFH (1988). Sexual allocation strategy in wind 
pollinated plants. Evolution 42: 403–407.

Charlesworth D, Morgan MT (1991). Allocation of resources to sex 
functions in flowering plants. Philos T Roy Soc B 332: 91–102.

Charnov EL (1982). The theory of sex allocation. Princeton, NJ, USA: 
Princeton University Press.

Charnov EL, Bull J (1977). When is sex environmentally determined? 
Nature 266: 829–830.

Cheplick GP (1987). The ecology of amphicarpic plants. Trends Ecol 
Evol 2: 97–101.

Cheplick GP (1989). Nutrient availability, dimorphic seed 
production, and reproductive allocation in the annual grass 
Amphicarpum purshii. Can J Bot 67: 2514–2521.

Cid-Benevento CR (1987). Relative effects of light, soil moisture 
availability and vegetative size on sex ratio of two monoecious 
woodland annual herbs: Acalypha rhomboidea (Euphorbiaceae) 
and Pilea pumila (Urticaceae). B Torrey Bot Club 114: 293–306.

Cohen D (1966). Optimizing reproduction in a randomly varying 
environment. J Theor Biol 12: 119–129.

Coleman JS, McConnaughay KDM, Ackerly DD (1994). Interpreting 
phenotypic variation in plants. Trends Ecol Evol 9: 187–191.

Davidson AM, Jennions M, Nicotra AB (2011). Do invasive species 
show higher phenotypic plasticity than native species and, if so, 
is it adaptive? A meta-analysis. Ecol Lett 14: 419–431.

de Kroon H, Huber H, Stuefer JF, Groenendael JM (2005). A modular 
concept of phenotypic plasticity in plants. New Phytol 166: 
73–82.

DeWitt TJ, Langerhans RB (2004). Integrated solutions to 
environmental heterogeneity. In: DeWitt TJ, Scheiner SM, 
editors Phenotipic plasticity: functional and conceptual 
approaches. New York, USA: Oxford University Press, pp. 
98–111.

Diggle PK (1994). The expression of andromonoecy in Solanum 
hirtum (Solanaceae): phenotypic plasticity and ontogenic 
contingency. Am J Bot 81: 1354–1365.

Dorken ME, Barrett SCH (2004). Phenotypic plasticity of vegetative 
and reproductive traits in monoecious and dioecious 
populations of Sagittaria latifolia (Alismataceae): a clonal 
aquatic plant. J Ecol 92: 32–44.

Dorn LA, Pyle EH, Schmitt J (2000). Plasticity to light cues and 
resources in Arabidopsis thaliana: testing for adaptive value 
and costs. Evolution 54: 1982–1994.

http://dx.doi.org/10.2307/2409730
http://dx.doi.org/10.2307/2409730
http://dx.doi.org/10.2307/2409730
http://dx.doi.org/10.2307/2409730
http://dx.doi.org/10.1146/annurev.es.05.110174.000245
http://dx.doi.org/10.1146/annurev.es.05.110174.000245
http://dx.doi.org/10.1111/j.1365-2435.2007.01327.x
http://dx.doi.org/10.1111/j.1365-2435.2007.01327.x
http://dx.doi.org/10.3732/ajb.95.1.59
http://dx.doi.org/10.3732/ajb.95.1.59
http://dx.doi.org/10.3732/ajb.95.1.59
http://dx.doi.org/10.2307/2446311
http://dx.doi.org/10.2307/2446311
http://dx.doi.org/10.2307/2426124
http://dx.doi.org/10.2307/2426124
http://dx.doi.org/10.2307/2426124
http://dx.doi.org/10.1086/523875
http://dx.doi.org/10.1086/523875
http://dx.doi.org/10.1086/523875
http://dx.doi.org/10.2307/2409245
http://dx.doi.org/10.2307/2409245
http://dx.doi.org/10.1098/rstb.1991.0036
http://dx.doi.org/10.1098/rstb.1991.0036
http://dx.doi.org/10.1038/266828a0
http://dx.doi.org/10.1038/266828a0
http://dx.doi.org/10.1016/0169-5347(87)90166-2
http://dx.doi.org/10.1016/0169-5347(87)90166-2
http://dx.doi.org/10.1139/b89-321
http://dx.doi.org/10.1139/b89-321
http://dx.doi.org/10.1139/b89-321
http://dx.doi.org/10.2307/2996467
http://dx.doi.org/10.2307/2996467
http://dx.doi.org/10.2307/2996467
http://dx.doi.org/10.2307/2996467
http://dx.doi.org/10.1016/0022-5193(66)90188-3
http://dx.doi.org/10.1016/0022-5193(66)90188-3
http://dx.doi.org/10.1016/0169-5347(94)90087-6
http://dx.doi.org/10.1016/0169-5347(94)90087-6
http://dx.doi.org/10.1111/j.1461-0248.2011.01596.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01596.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01596.x
http://dx.doi.org/10.2307/2445411
http://dx.doi.org/10.2307/2445411
http://dx.doi.org/10.2307/2445411
http://dx.doi.org/10.1111/j.1365-2745.2004.00857.x
http://dx.doi.org/10.1111/j.1365-2745.2004.00857.x
http://dx.doi.org/10.1111/j.1365-2745.2004.00857.x
http://dx.doi.org/10.1111/j.1365-2745.2004.00857.x
http://dx.doi.org/10.1554/0014-3820(2000)054[1982:PTLCAR]2.0.CO;2
http://dx.doi.org/10.1554/0014-3820(2000)054[1982:PTLCAR]2.0.CO;2
http://dx.doi.org/10.1554/0014-3820(2000)054[1982:PTLCAR]2.0.CO;2


BERJANO et al. / Turk J Bot

266

Droste T, Flory SL, Clay K (2010). Variation for phenotypic plasticity 
among populations of an invasive exotic grass. Plant Ecol 207: 
297–306.

Franklin KA, Whitelam GC (2005). Phytochromes and shade-
avoidance responses in plants. Ann Bot-London 96: 169–175.

Freeman DC, McArthur ED, Harper KT, Blauer AC (1981). Influence 
of environment on the floral sex-ratio of monoecious plants. 
Evolution 35: 194–197.

Friedman J, Barrett SCH (2011). Genetic and environmental control 
of temporal and size-dependent sex allocation in a wind-
pollinated plant. Evolution 65: 2061–2074.

Funk JL (2008). Differences in plasticity between invasive and native 
plants from a low resource environment. J Ecol 96: 1162–1173.

Galloway LF, Etterson JR (2009). Plasticity to canopy shade in a 
monocarpic herb: within- and between-generation effects. 
New Phytol 182: 1003–1012.

Ghalambor CK, McKay JK, Carroll SP, Reznick DN (2007). Adaptive 
versus non-adaptive phenotypic plasticity and the potential for 
contemporary adaptation in new environments. Funct Ecol 21: 
394–407.

Goldman DA, Willson MF (1986). Sex allocation in functionally 
hermaphroditic plants: a review and critique. Bot Rev 52: 
157–194.

Gregg KB (1978). The interaction of light intensity, plant size, and 
nutrition in sex expression in Cycnoches (Orchidaceae). 
Selbyana: 212–223.

Guillespie JH (1977). Natural selection for variance in offspring 
numbers: a new evolutionary principal. Am Nat 111: 1010–
1014.

Gupta S, Narayan R (2012). Phenotypic plasticity of Chenopodium 
murale across contrasting habitat conditions in peri-urban 
areas in Indian dry tropics: is it indicative of its invasiveness? 
Plant Ecol 213: 493–503.

Hameed M, Nawaz T, Ashraf M, Naz N, Batool R, Ahmad MSA, Riaz 
A (2013). Physioanatomical adaptations in response to salt 
stress in Sporobolus arabicus (Poaceae) from the Salt Range, 
Pakistan. Turk J Bot 37: 715–724.

Harper JL (1977). Population biology of plants. London, UK: 
Academic Press.

Korpelainen H (1998). Labile sex expression in plants. Biol Rev 73: 
157–180.

Kutbay HG, Uçkan F (1998). Phenotypic plasticity in Turkish 
Commelina communis L. (Commelinaceae) populations. Turk 
J Bot 22: 199–204.

Lemen C (1980). Allocation of reproductive effort to the male and 
female strategies in wind-pollinated plants. Oecologia 45: 
156–159.

Liang KY, Zeger SL (1986). Longitudinal data analysis using 
generalized linear models. Biometrika 73: 13–22.

Lloyd DG (1979). Parental strategies of angiosperms. New Zeal J Bot 
17: 595–606.

Lloyd DG, Bawa KS (1984). Modification of the gender of seed plants 
in varying conditions. Evol Biol 17: 255–338.

Mancuso E, Peruzzi L (2010). Male individuals in cultivated 
Fritillaria persica L. (Liliaceae): real androdioecy or gender 
disphasy. Turk J Bot 34: 435–440.

Menges ES (1990). Environmental correlations with male, female 
and clonal biomass allocation in the forest herb, Laportea 
canadensis. Am Midl Nat 124: 171–180.

Molina-Montenegro MA, Palma-Rojas C, Alcayaga-Olivares Y, Oses 
R, Corcuera LJ, Cavieres LA, Gianoli E (2013). Ecophysiological 
plasticity and local differentiation help explain the invasion 
success of Taraxacum officinale (dandelion) in South America. 
Ecography 36: 718–730.

Narbona E, Dirzo R (2010). Experimental defoliation affects male 
but not female reproductive performance of the tropical 
monoecious plant Croton suberosus (Euphorbiaceae). Ann 
Bot-London 106: 359–369.

Niklas KJ (1985). The aerodynamics of wind pollination. Bot Rev 51: 
328–386.

Oliva G, Martinez A, Collantes M, Dubcovsky J (1993). Phenotypic 
plasticity and contrasting habitat colonization in Festuca 
pallescens. Can J Bot 71: 970–977.

Ortiz PL, Berjano R, Talavera M, Arista M (2009). The role of 
resources and architecture in modeling floral variability for the 
monoecious amphicarpic Emex spinosa (Polygonaceae). Am J 
Bot 96: 2062–2073.

Petit C, Thompson JD (1998). Phenotypic selection and population 
differentiation in relation to habitat heterogeneity in 
Arrhenatherum elatius. J Ecol 86: 829–840.

Price SC, Jain SK (1981). Are inbreeders better colonizers? Oecologia 
49: 283–286.

Richards CL, Bossdorf O, Muth NZ, Gurevitch J, Pigliucci M (2006). 
Jack of all trades, master of some? On the role of phenotypic 
plasticity in plant invasions. Ecol Lett 9: 981–993.

Sadeh A, Guterman H, Gersani M, Ovadia O (2009). Plastic bet-
hedging in an amphicarpic annual: an integrated strategy 
under variable conditions. Evol Ecol 23: 373–388.

Scheiner SM (1993). Genetics and evolution of phenotypic plasticity. 
Annu Rev Ecol Syst 24: 35–68.

Schlichting CD (1986). The evolution of phenotypic plasticity in 
plants. Annu Rev Ecol Syst 17: 667–693.

Schlichting CD, Pigliucci M (1995). Gene-regulation, quantitative 
genetics and the evolution of reaction norms. Evol Ecol 9: 
154–168.

Schmitt J, Stinchcombe JR, Heschel MS, Huber H (2003). The 
adaptive evolution of plasticity: phytochrome-mediated shade 
avoidance responses. Integr Comp Biol 43: 459–469.

Shakarishvili N, Oshishvili L (2013). Sexual phenotype of Capparis 
herbacea (Capparaceae). Turk J Bot 37: 682–689.

Smith H, Whitelam GC (1997). The shade avoidance syndrome: 
Multiple responses mediated by multiple phytochromes. Plant 
Cell Environ 20: 840–844.

http://dx.doi.org/10.1007/s11258-009-9673-5
http://dx.doi.org/10.1007/s11258-009-9673-5
http://dx.doi.org/10.1007/s11258-009-9673-5
http://dx.doi.org/10.1093/aob/mci165
http://dx.doi.org/10.1093/aob/mci165
http://dx.doi.org/10.2307/2407956
http://dx.doi.org/10.2307/2407956
http://dx.doi.org/10.2307/2407956
http://dx.doi.org/10.1111/j.1558-5646.2011.01284.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01284.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01284.x
http://dx.doi.org/10.1111/j.1365-2745.2008.01435.x
http://dx.doi.org/10.1111/j.1365-2745.2008.01435.x
http://dx.doi.org/10.1111/j.1469-8137.2009.02803.x
http://dx.doi.org/10.1111/j.1469-8137.2009.02803.x
http://dx.doi.org/10.1111/j.1469-8137.2009.02803.x
http://dx.doi.org/10.1111/j.1365-2435.2007.01283.x
http://dx.doi.org/10.1111/j.1365-2435.2007.01283.x
http://dx.doi.org/10.1111/j.1365-2435.2007.01283.x
http://dx.doi.org/10.1111/j.1365-2435.2007.01283.x
http://dx.doi.org/10.1007/BF02861000
http://dx.doi.org/10.1007/BF02861000
http://dx.doi.org/10.1007/BF02861000
http://dx.doi.org/10.1086/283230
http://dx.doi.org/10.1086/283230
http://dx.doi.org/10.1086/283230
http://dx.doi.org/10.1007/s11258-011-9997-9
http://dx.doi.org/10.1007/s11258-011-9997-9
http://dx.doi.org/10.1007/s11258-011-9997-9
http://dx.doi.org/10.1007/s11258-011-9997-9
journals.tubitak.gov.tr/botany/issues/bot-13-37-4/bot-37-4-13-1208-1.pdf
journals.tubitak.gov.tr/botany/issues/bot-13-37-4/bot-37-4-13-1208-1.pdf
journals.tubitak.gov.tr/botany/issues/bot-13-37-4/bot-37-4-13-1208-1.pdf
journals.tubitak.gov.tr/botany/issues/bot-13-37-4/bot-37-4-13-1208-1.pdf
http://dx.doi.org/10.1017/S0006323197005148
http://dx.doi.org/10.1017/S0006323197005148
http://dx.doi.org/10.1007/BF00346454
http://dx.doi.org/10.1007/BF00346454
http://dx.doi.org/10.1007/BF00346454
http://dx.doi.org/10.1093/biomet/73.1.13
http://dx.doi.org/10.1093/biomet/73.1.13
http://dx.doi.org/10.1080/0028825X.1979.10432573
http://dx.doi.org/10.1080/0028825X.1979.10432573
http://journals.tubitak.gov.tr/botany/issues/bot-10-34-5/bot-34-5-7-1001-2.pdf
http://journals.tubitak.gov.tr/botany/issues/bot-10-34-5/bot-34-5-7-1001-2.pdf
http://journals.tubitak.gov.tr/botany/issues/bot-10-34-5/bot-34-5-7-1001-2.pdf
http://dx.doi.org/10.2307/2426090
http://dx.doi.org/10.2307/2426090
http://dx.doi.org/10.2307/2426090
http://dx.doi.org/10.1111/j.1600-0587.2012.07758.x
http://dx.doi.org/10.1111/j.1600-0587.2012.07758.x
http://dx.doi.org/10.1111/j.1600-0587.2012.07758.x
http://dx.doi.org/10.1111/j.1600-0587.2012.07758.x
http://dx.doi.org/10.1111/j.1600-0587.2012.07758.x
http://dx.doi.org/10.1093/aob/mcq117
http://dx.doi.org/10.1093/aob/mcq117
http://dx.doi.org/10.1093/aob/mcq117
http://dx.doi.org/10.1093/aob/mcq117
http://dx.doi.org/10.1007/BF02861079
http://dx.doi.org/10.1007/BF02861079
http://dx.doi.org/10.3732/ajb.0800417
http://dx.doi.org/10.3732/ajb.0800417
http://dx.doi.org/10.3732/ajb.0800417
http://dx.doi.org/10.3732/ajb.0800417
http://dx.doi.org/10.1046/j.1365-2745.1998.8650829.x
http://dx.doi.org/10.1046/j.1365-2745.1998.8650829.x
http://dx.doi.org/10.1046/j.1365-2745.1998.8650829.x
http://dx.doi.org/10.1007/BF00349202
http://dx.doi.org/10.1007/BF00349202
http://dx.doi.org/10.1111/j.1461-0248.2006.00950.x
http://dx.doi.org/10.1111/j.1461-0248.2006.00950.x
http://dx.doi.org/10.1111/j.1461-0248.2006.00950.x
http://dx.doi.org/10.1007/s10682-007-9232-2
http://dx.doi.org/10.1007/s10682-007-9232-2
http://dx.doi.org/10.1007/s10682-007-9232-2
http://dx.doi.org/10.1146/annurev.es.24.110193.000343
http://dx.doi.org/10.1146/annurev.es.24.110193.000343
http://dx.doi.org/10.1146/annurev.es.17.110186.003315
http://dx.doi.org/10.1146/annurev.es.17.110186.003315
http://dx.doi.org/10.1007/BF01237754
http://dx.doi.org/10.1007/BF01237754
http://dx.doi.org/10.1007/BF01237754
http://dx.doi.org/10.1093/icb/43.3.459
http://dx.doi.org/10.1093/icb/43.3.459
http://dx.doi.org/10.1093/icb/43.3.459
journals.tubitak.gov.tr/botany/issues/bot-13-37-4/bot-37-4-9-1209-10.pdf
journals.tubitak.gov.tr/botany/issues/bot-13-37-4/bot-37-4-9-1209-10.pdf
http://dx.doi.org/10.1046/j.1365-3040.1997.d01-104.x
http://dx.doi.org/10.1046/j.1365-3040.1997.d01-104.x
http://dx.doi.org/10.1046/j.1365-3040.1997.d01-104.x


BERJANO et al. / Turk J Bot

267

Solomon BP (1985). Environmentally influenced changes in sex 
expression in an andromonoecious plant. Ecology 66: 1321–
1332.

Stuefer JF, Huber H (1998). Differential effects of light quantity and 
spectral light quality on growth, morphology and development 
of two stoloniferous Potentilla species. Oecologia 117: 1–8.

Sultan SE (2001). Phenotypic plasticity for fitness components in 
Polygonum species of contrasting ecological breadth. Ecology 
82: 328–343.

Sultan SE (2003). Phenotypic plasticity in plants: a case study in 
ecological development. Evol Dev 5: 25–33.

Sultan SE (2004). Promising directions in plant phenotypic plasticity. 
Perspect Plant Ecol 6: 227–233.

Sultan SE, Bazzaz FA (1993). Phenotypic plasticity in Polygonum 
persicaria. 1. Diversity and uniformity in genotypic norms of 
reaction to light. Evolution 47: 1009–1031.

Sultan SE, Stearns SC (2005). Environmentally contingent variation: 
phenotypic plasticity and norms of reaction. In: Hallgrimsson 
B, Hall B, editors. Variation: a hierarchical examination of a 
central concept in biology. Boston, USA: Elsevier Academic 
Press, pp. 303–327.

Talavera M, Ortiz PL, Arista M, Berjano R, Imbert E (2010). 
Disentangling sources of maternal effects in the heterocarpic 
species Rumex bucephalophorus. Perspect Plant Ecol 12: 295–
304.

Thompson JD (1991). Phenotypic plasticity as a component of 
evolutionary change. Trends Ecol Evol: 246–249.

van Kleunen M, Fischer M (2005). Constraints on the evolution of 
adaptive phenotypic plasticity in plants. New Phytol 166: 49–
60.

Venable DL, Dyreson E, Morales E (1995). Population-dynamic 
consequences and evolution of seed traits of Heterosperma 
pinnatum (Asteraceae). Am J Bot 82: 410–420.

Weijschede J, Martinkova J, de Kroon H, Huber H (2006). Shade 
avoidance in Trifolium repens: costs and benefits of plasticity in 
petiole length and leaf size. New Phytol 172: 655–666.

Weiss PW (1980). Germination, reproduction and interference in 
the amphicarpic annual Emex spinosa (L) Campd. Oecologia 
45: 244–251.

Zeide B (1978). Reproductive behavior of plants in time. Am Nat 
112: 636–639.

Zhao, ZG, Du, GZ, and Huang, SQ (2010). The effect of flower 
position on variation and covariation in floral traits in a wild 
hermaphrodite plant. BMC Plant Biology 10: 91.

http://dx.doi.org/10.2307/1939185
http://dx.doi.org/10.2307/1939185
http://dx.doi.org/10.2307/1939185
http://dx.doi.org/10.1007/s004420050624
http://dx.doi.org/10.1007/s004420050624
http://dx.doi.org/10.1007/s004420050624
http://dx.doi.org/10.1890/0012-9658(2001)082[0328:PPFFCI]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2001)082[0328:PPFFCI]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2001)082[0328:PPFFCI]2.0.CO;2
http://dx.doi.org/10.1046/j.1525-142X.2003.03005.x
http://dx.doi.org/10.1046/j.1525-142X.2003.03005.x
http://dx.doi.org/10.1078/1433-8319-00082
http://dx.doi.org/10.1078/1433-8319-00082
http://dx.doi.org/10.2307/2409972
http://dx.doi.org/10.2307/2409972
http://dx.doi.org/10.2307/2409972
http://dx.doi.org/10.1016/j.ppees.2010.07.002
http://dx.doi.org/10.1016/j.ppees.2010.07.002
http://dx.doi.org/10.1016/j.ppees.2010.07.002
http://dx.doi.org/10.1016/j.ppees.2010.07.002
http://dx.doi.org/10.2307/2445587
http://dx.doi.org/10.2307/2445587
http://dx.doi.org/10.2307/2445587
http://dx.doi.org/10.1111/j.1469-8137.2006.01885.x
http://dx.doi.org/10.1111/j.1469-8137.2006.01885.x
http://dx.doi.org/10.1111/j.1469-8137.2006.01885.x
http://dx.doi.org/10.1007/BF00346465
http://dx.doi.org/10.1007/BF00346465
http://dx.doi.org/10.1007/BF00346465
http://dx.doi.org/10.1086/283305
http://dx.doi.org/10.1086/283305
http://dx.doi.org/10.1186/1471-2229-10-91
http://dx.doi.org/10.1186/1471-2229-10-91
http://dx.doi.org/10.1186/1471-2229-10-91

