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Abstract  

 Evolutionary response to environmental variation is required for survival and may 

occur through adaptive tracking, phenotypic plasticity or bet hedging. Variable dormancy 

is a classical bet-hedging trait in literature, and enables survival through harsh conditions. 

Greater Duckweed, Spirodela polyrhiza, forms overwintering propagules called 

“turions”.  However, S. polyrhiza propagates clonally, and it is unknown how diversified 

dormancy behaviour is generated among genetically identical offspring. Here, I 

investigate sources of variation in turion formation in Spirodela polyrhiza. I tested 

whether turion production is stimulated by birth order, size and temperature under 

controlled conditions of a growth chamber and a thermogradient incubator. Parental birth 

order was found to have a significant effect on turion formation; furthermore, this effect 

is temperature-dependent.  This study addresses fundamental questions on mechanisms 

generating diversity in dormancy behavior, and provides insight into the natural history 

of Spirodela polyrhiza, an emerging model organism for ecological studies.   
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Glossary 

Adaptive phenotypic plasticity: the modification of trait expression in response to 

changes in environmental conditions such that reproductive success is increased. If an 

organism normally faces certain environmental conditions (ex. seasonality) or a range of 

environments and the phenotype expressed is appropriate and reproductive success is 

maintained or enhanced, adaptive plasticity has evolved. In response to environmental 

variability, adaptive phenotypic plasticity is ideal, however its effectiveness is limited. 

This is due to the dependence on reliable cues as well as the constraints of limited 

heritable genetic variance.  

 

Adaptive tracking: The most general form of microevolution where the selection of 

different phenotypes is favoured and results in genetic changes in populations over time. 

In response to environmental change, suboptimal traits are continuously removed while 

changes in optimal trait values lead to the expression of phenotypes that have increased 

allele frequency of those optimal traits. The effectiveness of tracking thus depends on the 

genetic variance availability and rate of environmental change.  

 

Bet hedging: an alternate form of adaptation as a response to unpredictable 

environmental conditions not normally encountered by an organism. It is the “sacrifice” 

of arithmetic mean fitness that decreases the variation in fitness and leads to the 

maximization of long-term geometric fitness over generations. Bet hedging may seem 

maladaptive under average conditions, as the immediate fitness within generations is not 

maximized. There are two forms of bet hedging. Conservative bet hedging, or playing it 

safe, avoids risk by expressing a single safe phenotype rather than the optimal phenotype 

for current conditions, and reduces the among-generation variance in fitness. Diversified 

bet hedging is an alternative form that expresses several phenotypes to spread the risk 

instead of a single “optimal” phenotype and thus avoids complete failure. This reduces 

between-individual correlations in fitness. Thus far, very little research has been 

conducted on this mode of response.  

 

Environmental cue: information that reliably predicts future conditions. This could 

potentially lead to the evolution of a response. Environmental cues can be seasonally 

characteristic such as temperature and length of photoperiod, and can trigger the onset or 

termination of a particular behaviour (e.g. dormancy) at the most appropriate time. This 

could impact organismal growth and development. An environmental cue has to be 

reliable for the evolution of phenotypic plasticity but if the cue is unreliable, bet hedging 

may evolve.  

 

Environmental unpredictability: spatiotemporal variation in the conditions faced by an 

organism including physical, chemical and/or biological factors, such as temperature, 

light, and resource availability for which no reliable cues exist. Organisms are unable to 

predict the future state accurately in these conditions. If faced with unpredictable 

environmental change, bet-hedging traits (see Bet hedging above) are expected to 

evolve.  

 



 

 ix 

Evolution: while different definitions of evolution exist, it could be described as a 

heritable changes in a population over successive generations. Different sources can 

cause evolutionary change in a population. The four main forces of evolution are 

mutation, gene flow, genetic drift, and natural selection. A mutation is a random change 

to an organisms DNA sequence resulting from errors during replication. Gene flow (e.g. 

migration) occurs when genetic material is exchanged between separate populations and 

works to reduce the variation between the populations.  Genetic drift is the random 

change in allele frequency in a population caused by random sampling of gametes or a 

bottleneck event. Genetic drift has the strongest effects on small populations and effects 

genes already existing in the population. Selection is the variation in reproductive 

success that is associated with variation in that particular trait. Variation in the trait has to 

have a genetic basis for the trait to evolve through natural selection. The rate at which the 

trait evolves depends on how much variation exists and its interaction with the 

environment. Negative selection removes suboptimal alleles while positive selection 

favours optimal alleles associated with phenotypes that are more likely to increase the 

number of offspring. These causes may influence populations over many generations and 

can have beneficial, harmful or neutral effects.  

 

Fitness: A measure of the ability to survive to reproductive age and produce offspring. 

Fitness can depend on several factors, such as mutation and the environmental conditions 

faced by the organism. Relative fitness is measured by an organism’s reproductive 

success compared to that of the fittest individual in the population, whereas absolute 

fitness is measured as the organism’s total reproductive success.  

 

Genetic variance: variation in genetic composition of individuals within populations, 

often measured as “heritability.” Variation could have a negative or neutral impact on a 

population’s ability to survive or could enhance a population’s ability to adapt to 

changing environmental conditions and persist.  

 

Life-history trait: Traits that affect an organism’s life table, including lifespan, number 

and size of offspring, and age at reproduction. Life history traits vary depending on the 

environmental conditions encountered and evolve through natural selection. Variation in 

one trait may be correlated with the variation of another (characterized as tradeoffs 

between fecundity, growth, and survival).  

 

Norm of reaction: The pattern of phenotypes expressed of a given genotype for a single 

trait at specified levels of particular environmental factors. Norms of reaction can thus 

depict phenotypic plasticity graphically, as a function of the phenotypic distribution for a 

given genotype and its interaction with changing environmental factors. Variance in 

norms of reactions can be used to assess genetic differences among individuals or 

populations to respond to change, as well as the evolution of phenotypic plasticity. 

Norms of reaction are not expected to be adaptive to novel environmental variation. If 

cues are available and allow the prediction of future environments, norms of reaction may 

evolve such that appropriate phenotypic modifications can be made to adjust the 

phenotype to the environment.  



 

 x 

Phenotypic plasticity: The variable expression of phenotypes across different 

environmental conditions. Organisms may respond either directly to environmental 

changes, or to environmental cues, such as temperature and light. Plasticity can be 

expressed at the morphological (changes in leaf size, for example), behavioural (timing of 

germination), or physiological level (temperature acclimation) and can evolve if there is 

adequate genetic variation in norms of reaction. The response may be adaptive (see 

Adaptive phenotypic plasticity) or non-adaptive.  
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CHAPTER 1  

GENERAL INTRODUCTION 

1.1 Implications of environmental variation  

 Assessing the effects environmental variability has on fitness is necessary for 

predicting organismal survival in changing environments. Every organism experiences 

environmental variation to some degree and because this variation may affect 

reproductive success, appropriate response to these changes is required. Organisms may 

respond directly to environmental change through physiological or behavior alterations 

(Chown et al., 2010, Cleland et al., 2007), indirectly through evolutionary change (Bell et 

al., 2009, Charmantier and Garant 2005), or possibly a combination of direct and indirect 

responses (Simons 2011, Travis et al., 2013). For instance, direct physiological or 

behavioral responses are often temporary and ultimately molded by evolution (Chown et 

al., 2010). Due to the potential detrimental effects of climate and other environmental 

changes on biodiversity and ecosystem services, an increasing amount of research is 

committed to elucidating evolutionary response to environmental variation (Bell et al., 

2009, Bellard et al., 2012, Chown et al., 2010).  

 Changing environments may cause variable selection, where traits that are 

favorable at one time (generation or season, for example) may be unfavourable later on 

(Ellner et al., 1999, Simons 2009). Adaptive tracking and phenotypic plasticity are two 

potential evolutionary responses to environmental change that have been extensively 

studied (Botero et al., 2014, Cleland et al., 2007, Simons 2011, Tufto 2015). With 

adaptive tracking, natural selection favors different phenotypes, resulting in genetic 
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change in populations over time (Cleland et al., 2007, Bell and Gonzalez 2009, Gonzalez 

et al., 2012). The effectiveness of tracking is limited by the availability of genetic 

variance, and by the rate of environmental change (Auld et al., 2009, Charmantier and 

Garant 2005, Wilson et al., 2006). Alternatively (or concurrently), organisms may 

survive predictable environmental change (such as seasonality) through expression of 

adaptive phenotypic plasticity, where organisms adapt to change through an adjustment 

of phenotypic expression during their lifetime either through development, morphology 

or physiology (Levins 1968, Thomas 1991). Phenotypic plasticity may be a non-adaptive 

result of a changing environment, or an adaptive response (Ghalambor et al., 2007, 

Nussey et al., 2005). The alteration of trait expression such that reproductive success is 

increased—adaptive phenotypic plasticity—may only occur when the organism faces 

predictable change in environmental conditions (Levins 1968). For example, due to drier 

spring weather in Yukon, white spruce (Picea glauca) cone production has increased, 

allowing female North American red squirrels (Tamiasciurus hudsonicus) to advance 

their parturition by 18 days over a ten year period (Réale et al., 2003). This adjustment in 

breeding dates could have resulted from phenotypic plasticity as a direct response to 

environmental conditions (warmer temperatures, increased food abundance) or from the 

microevolution towards earlier breeding times. The reproductive success of the squirrels 

was maintained following the climate change, suggesting that earlier breeding dates is 

appropriate and that the squirrels have adapted to those environmental conditions 

(Charmantier et al., 2008). However, as the evolution of adaptive plasticity requires a 

predictable relationship between environments and fitness associated with a certain trait, 

norms of reaction are not expected to be adaptive to novel environmental variation. 
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Studies that assessed the effectiveness of plasticity in changing environments found 

certain norms of reaction to be maladaptive and that the efficiency of phenotypic 

plasticity depended on the temporal stability of the processes essential to reproductive 

trade-offs (Charmantier et al., 2008, Nussey et al., 2005, Simons 2011). 

By expressing the appropriate phenotype, adaptive phenotypic plasticity in 

response to changing environments is ideal; however, the evolution of plasticity is 

seriously limited (van Kleunen and Fischer 2005). The effectiveness of adaptive 

phenotypic plasticity is limited due to the dependability of environmental conditions as 

well as the constraints of limited genetic variance (Auld et al., 2009, Murren et al., 2015, 

van Kleunen and Fischer 2005). In addition, time delays occur between receiving relevant 

environmental cues and processing novel phenotypes, further limiting adaptive plasticity 

effectiveness (Moran 1992, Snell-Rood 2012). Although research interprets adaptive 

phenotypic plasticity as an evolutionary response independent of adaptive tracking, it 

itself evolves through tracking over longer time scales (Simons 2011). Thus, in 

conditions under which adaptive tracking and phenotypic plasticity are constrained, 

survival must depend on a different form of response.  

 Although adaptive tracking and phenotypic plasticity are both evolutionary 

responses to environmental change, they are not effective responses to unpredictability. 

Organisms may respond to unpredictable environmental change through an alternate form 

of adaptation, bet hedging (Slatkin 1974). A bet-hedging strategy is a trait that maximizes 

long-term fitness in varying and unpredictable environments by sacrificing mean fitness 

to decrease variation in fitness (Philippi and Seger 1989, Seger and Brockmann 1987).  

Technically, bet-hedging traits maximize geometric mean fitness over generations 
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(Philippi and Seger 1989). Because maximization of geometric mean fitness occurs 

across generations and thus does not maximize immediate or “expected” fitness within 

generations, bet-hedging adaptations appear to be maladaptive under average conditions 

(Gillespie 1974, Seger and Brockmann 1987, Simons 2009).  

Bet-hedging traits are expressed as either being conservative or diversified. 

Conservative bet hedging, or “playing it safe”, is risk avoidance through the expression 

of a phenotype that reduces fitness variation (Philippi and Seger 1989, Seger and 

Brockmann 1987). For example, conservative bet hedging is expressed when 

reproduction of semelparous plants is assured by being restricted to a safe period earlier 

in the season, even though later dates would be optimal during “normal” seasons (Hughes 

and Simons 2014, Simons and Johnston 2003). This is because initiating reproduction 

late in the season may lead to complete reproductive failure if the season is unexpectedly 

truncated.  Alternatively, diversified bet hedging occurs when an organism expresses 

several phenotypes to “spread the risk”, rather than a single phenotype that is expected to 

be optimal, thus reducing fitness variation and preventing complete failure (Philippi and 

Seger 1989). For example, although seeds produced by a parental Lobelia inflata plant 

are genetically identical, they show a high degree of variation in the timing of 

germination within seasons that appears to be optimal for the extent of environmental 

unpredictability affecting seedling success (Simons 2009). 

Environmental variation is both predictable and unpredictable, and a combination 

of evolutionary responses to variation may be expressed (Simons 2014). Under 

fluctuating environmental conditions, phenotypic plasticity and bet hedging may jointly 

evolve to impact fitness. For example, both plasticity and bet hedging can be co-
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expressed in seed germination (Cohen 1967, Simons 2009). While plasticity evolves 

under reliable environmental cues, the cues received by an organism may be imperfect, 

and may not allow optimal expression in this new environment. As the elucidation of the 

interaction between plasticity and bet hedging is lacking in the literature, more research is 

needed to better analyze behaviours that jointly express these two modes of responses.  

1.2 Dormancy as phenotypic plasticity and bet hedging response  

Dormancy is commonly cited as an adaptation to environmental change as both a 

bet-hedging strategy and as adaptive phenotypic plasticity (Gremer et al., 2016, Gremer 

and Venable 2014, Fernandez-Pascual and Jimenez-Alfaro 2014, Nilsson et al., 1996, 

Simons 2014). Many animal and plant species exhibit dormancy and evolve life-history 

stages to mitigate survival through harsh environments (e.g., winter) by depressing 

metabolic functions and stopping development (Silsbury 1961). Furthermore, norms of 

reaction, or the pattern of phenotypic expression across environments, frequently evolve 

as a response to local heterogeneous environments (Reed et al., 2011, Via and Lande 

1985). Dormancy periods differ in time and in level of metabolic reduction, ranging from 

slightly slowing metabolism to more intense reductions and of prolonged length. Certain 

cues that may trigger the onset of dormancy include temperature (Baskin and Baskin 

1998, Martin 1946), photoperiod (Vleeshouwers et al., 1995), nutrient availability 

(Baskin and Baskin 1998, Martin 1946) and moisture (Probert 2000, Steadman et al., 

2003). If the environmental cues are reliable, dormancy may be regulated through 

phenotypic plasticity. When environmental conditions are unpredictable and cues are not 

100% reliable, bet hedging may evolve.   
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Dormancy stages in some organisms range from short quiescence periods induced 

by sudden adverse environmental fluctuations, to longer diapause periods of metabolic 

suppression (Belozerov 2008). Diapause is usually cited as a plastic response to seasonal 

changes, combined with a bet-hedging response where diapausing eggs are produced 

early in development as a response to unreliable environmental cues that would otherwise 

be devastating to non-dormant eggs (Andrewartha 2008, Furness et al., 2015). A recent 

study that analyzed the egg hatching of an annual killifish in relation to predictable and 

unpredictable environmental cues indicated that diapause period lengths respond to 

predation, early drying and temperature, suggesting adaptive phenotypic plasticity 

(Furness et al., 2015).  However, killifish eggs exhibited diversified bet hedging by 

ensuring variation at multiple levels, including length of diapause periods and timing of 

hatching, even after controlling both genetic and environmental sources of variation. 

Plasticity was also present as the eggs that entered diapause were influenced by 

environmental factors such as temperature and light (Furness et al., 2015).  

Different plants demonstrate different dormancy responses. Some plants exhibit 

vegetative dormancy where the plant lives through more than one season but delays the 

transition to a reproductive state when conditions are deteriorating (Bentsink and 

Koornneef 2008, Shefferson 2009). Seed dormancy is believed to be both a 

phenotypically plastic and a bet-hedging strategy where seeds will not germinate if 

conditions are unfavourable, or will show partial germination under environmental 

uncertainty (Shefferson 2009, Simons 2014). Once conditions are favorable, viable seeds 

germinate and plant development commences (Shefferson 2009). The timing of seed 

germination is an example of a life-history trait that expresses both phenotypic plasticity 
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and bet hedging. In a study that assessed desert annual plants along a precipitation 

gradient, germination fractions displayed phenotypic plasticity to water availability 

within the season and bet hedging was observed as a response to environmental 

unpredictability by producing multiple dormant seeds for varying periods of time to 

reduce fitness variance (Clauss and Venable 2000). Cohen’s classic bet-hedging model 

(Cohen 1966, 1967), in which the evolution of dormancy fraction depends on the 

encountering of ‘bad years’, allowed for the direct assessment of the relationship between 

adaptive phenotypic plasticity and bet hedging (Simons 2014). The germination 

behaviour of seeds from Lobelia inflata (L.) was found to show a negative correlation 

between plasticity and potential diversification bet-hedging and a positive correlation 

between plasticity and germination fraction, both indicative of a trade off between 

plasticity and bet hedging (Simons 2014).  

Assessing the joint expression in phenotypic plasticity and bet hedging continues 

to be a challenging task due to the difficulty of perceiving reliable and unreliable 

environmental cues from an organism’s standpoint and because the adaptive significance 

of bet hedging traits must be assessed over multiple generations of fluctuating selection. 

The current understanding of the joint expression between these two modes of responses 

is underdeveloped and more research is necessary. While vegetative rosette and seed 

stages continue to be used as models for plasticity and bet hedging, several aquatic plant 

species are characterized by an alternate dormant stage that may help further elucidate 

dormancy as a joint plasticity and bet hedging response.  
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1.3 Spirodela polyrhiza and turion formation  

Some species of the subfamily Lemnoideae (Araceae) produce turions— seed-like 

overwintering dormant propagules (Appenroth 1989, Jacobs 1947, Wang et al., 2014). 

These specialized vegetative organs survive harsh environmental conditions by sinking to 

the sediment surface and lying dormant in the mud until conditions are favourable again 

(Perry 1968). Spirodela polyrhiza, or Greater Duckweed, is an aquatic perennial plant 

that can be found nearly worldwide in many types of freshwater habitats (Jacobs 1947). 

When water temperature drops below 10°C, cell growth, synthesis and absorption 

abilities decrease enough to severely damage duckweed fronds (Kuehdorf et al., 2014, 

Song et al., 2006). As the environmental conditions deteriorate during the fall and winter, 

and as nutrient availability decreases, S. polyrhiza develops turions in the place of normal 

fronds. Turions lack aerenchyma (Appenroth 2002), and contain high levels of starch, 

making them denser than the pond water  (Newton et al., 1978).  Turions thus sink to the 

sediment and remain there during winter (Appenroth 2002). The “decision” to form 

turions is not completely understood; however, external stress signals are essential in 

switching to the pathway that leads to turion formation (Appenroth 2002). The signals 

that induce turion formation include low temperatures (Appenroth and Nickel 2010), 

nutrient deficiency (Appenroth et al., 1989; Gerard and Triest 2014) such as phosphate 

(Appenroth and Adamec 2014), nitrate (Malek and Cossins 1982), and sulphate (Malek 

and Cossins 1982), increasing amounts of abscisic acid (Smart and Trewavas 2006) and 

metal stressors (Olah et al., 2014; Olah et al., 2015). The formation of turions may also 

depend on the length of the growth season (Kuehdorf et al., 2013), where longer growth 

periods and warmer temperatures result in enhanced fitness (Appenroth 2002, Kuehdorf 
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et al., 2014). During the winter, or while conditions are unfavourable, the starch stored in 

the turions at the sediment surface is slowly degraded to sucrose until conditions are 

favorable again (Ley et al., 1997). Turion germination is induced by warmer spring 

weather and longer photoperiods (Perry 1968). After the starch conversion, carbon 

dioxide bubbles are released and trapped under the turion, causing the turion to float to 

the surface (Perry 1968, Beer 1985). This allows duckweed to quickly reproduce and 

grow rapidly while other plant species slowly begin development.  

 If turion formation has evolved jointly as adaptive plasticity and a bet-hedging 

strategy, response to reliable external cues as well as diversification in phenology of 

turion production are both expected. The mechanisms underlying the switch to turion 

production however, have not been completely elucidated. Timing of turion formation 

varies between individual fronds of duckweed (Appenroth and Nickel 2010). Spirodela 

polyrhiza reproduces asexually by budding and produces a frond from one of two 

meristematic pockets (turions have one pouch) that eventually matures within a few days 

(Jacobs 1947).  Fronds made by S. polyrhiza are commonly referred to as mother fronds, 

daughter fronds, or granddaughter fronds, which follows the norm for naming connected 

duckweed fronds (Figure 1.1) (Landolt 1986). A daughter that buds off a mother frond is 

genetically identical to the mother (Hillman 1961). Therefore, if diversification in turion 

production is favoured, the “problem” for S. polyrhiza is that variation must be generated 

among genetically identical offspring.  

 The release of the daughter frond from the mother may have impacted the 

offspring’s growth, as each subsequent offspring will be smaller than the preceding 

daughter (Hillman 1961). This reduction in daughter frond size is not due to smaller cell 
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size but due to the presence of fewer cells found in late daughters (Hillman 1961). This 

may be a result of stipe tissue buildup at the meristematic pouch of the mature parent 

frond (Barks and Laird 2015).  There appears to be a rejuvenescence cycle where fronds 

that are small and produced later in the birth order produce first offspring that are larger 

than themselves due to higher number of cells (Ashby and Wangermann 1949). It might 

be concluded from this that variation of turion timing may be due to the size of the frond. 

However, variation in size is generated through birth order. It is not known whether size, 

birth order, or both play a role in the variation of turion production.  

 Temperature is an important cue to form turions in duckweed. S. polyrhiza will 

make only vegetative fronds at temperatures higher than 18°C and anything colder than 

10°C will likely induce only turions (Appenroth 2002; Kuehdorf et al., 2014) Between 

these extreme temperatures, however, variation in turion production may result from 

variation in temperature, size and/or birth order. 

 Environmental cues may be reliable, allowing for the expression of adaptive 

plasticity; however, due to temporal and spatial variance in temperature and nutrient 

levels, the onset of winter conditions may be unpredictable between years and among 

bodies of water and bet hedging may have evolved. Turions remain dormant under 

favorable conditions in temperate climates to inhibit winter germination (Appenroth 

2002). This is believed to have evolved as a risk avoidance strategy that ensures survival 

and allows for future successful vegetative propagation.  
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Figure 1.1 Birth order and naming system of Spirodela polyrhiza fronds. The first letter 

A, indicates the progenitor mother, AX as the daughter and AX.Y as the 

granddaughter.  
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The purpose of this study is to identify the mechanisms that generate 

diversification in turion formation of Spirodela polyrhiza. Duckweed provides an ideal 

model system for this study due to its small size, its rate of reproduction and the use of 

turions as a dormancy strategy. Because S. polyrhiza daughter fronds are genetically 

identical to the mothers, the analysis of variation in turion formation allows for further 

understanding of the evolutionary responses expressed in dormancy. In chapter 2, I 

hypothesized that turion production is stimulated by birth order and size and that they are 

potential sources of dormancy variation as a candidate diversification bet-hedging 

strategy. I tested this by looking at a set of parents and allowing them to grow for three 

generations under constant environmental conditions, all the while noting birth order, size 

and daughter type. In chapter 3, I hypothesized that the effect of birth order on turion 

formation depends on temperature and that these effects are potential sources of 

diversification bet hedging and plasticity in S. polyrhiza. With the use of a 

thermogradient incubator, each birth order is replicated across a range of water 

temperatures, and first turion birth order, days to first turion and turion frequency are 

recorded. The results will provide insight into how potential diversification in 

phenology—known to be an important strategy expressed in propagules of other 

organisms—is generated among genetically identical individuals. 
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CHAPTER 2 

SOURCES OF DIVERSIFICATION IN SPIRODELA POLYRHIZA TURION 

FORMATION: AN EMPIRICAL TEST OF BIRTH ORDER AS A PUTATIVE 

BET HEDGING MECHANISM 
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2.1 Introduction 

 2.1.1 Environmental effects on life-history traits 

 In a variable environment, the evolutionary success of an organism depends on its 

capability to respond to environmental change, whether directly (Chown et al., 2010, 

Cleland et al., 2007), or indirectly (Bell et al., 2009, Charmantier and Garant 2005). The 

evolution and expression of life history traits, such as age at first reproduction, 

reproductive lifespan, and germination, can depend on the extent of environmental 

variation perceived by the organism (Levins 1968). Environmental variation is a 

characteristic of all environments, and may be increasing with the rapid and extensive 

nature of anthropogenic changes (Chevin et al., 2010, Wong 2015). Evolutionary 

responses that may be expressed in response to environmental change include adaptive 

tracking (Cleland et al., 2007, Bell and Gonzalez 2009, Gonzalez et al., 2012), 

phenotypic plasticity if cues are predictable (Bradshaw 1965, Levins 1968, Stearns 1989, 

Via and Lande 1985), and bet hedging if cues are unpredictable (Gillespie 1974, Seger 

and Brockmann 1987, Slatkin 1974).  

 While there has a been a recent surge of interest in bet hedging (Beaumont et al., 

2009, Furness et al., 2015, Graham et al., 2014, Gremer and Venable 2014, Gremer and 

Venable 2016, Simons 2014), very little research has been conducted thus far on this 

mode of response (Simons 2011). Bet hedging is characterized by low fitness variance, as 

immediate arithmetic fitness is traded off for long-term geometric fitness across 

generations (Philippi and Seger 1989, Seger and Brockmann 1987). If fitness variance is 

reduced by the expression of a single phenotype and avoids risk, conservative bet 

hedging has evolved (Philippi and Seger 1989). Diversification bet hedging is expressed 
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when several phenotypes are exhibited in response to unpredictable cues and the risk is 

spread (Philippi and Seger 1989). Sometimes, combinations of evolutionary responses are 

co-expressed in a life-history trait (Simons 2014). For example, timing of flowering can 

mediate both conservative and diversified bet hedging (Rees et al., 2004).  However, 

most research in the context of bet hedging has been conducted on diversification bet 

hedging and seed dormancy (Clauss and Venable 2000, Simons 2009).    

 2.1.2 Sources of dormancy variation in plants 

 Dormancy is a state in which an organism ceases growth and metabolic activity in 

response to adverse environmental conditions (Silsbury 1961). Different dormancy 

behaviours are observed across kingdoms (Belozerov 2008, Shefferson 2009, Sussman 

and Douthit 1973). In plants, dormancy is often expressed as either vegetative in which 

transition to the reproduction stage is delayed (Bentsink and Koornneef 2008, Shefferson 

2009) or as seed dormancy where germination is delayed until conditions are favourable 

(Shefferson 2009, Simons 2014).  While cues that trigger the onset or termination of 

dormancy are well studied (Baskin and Baskin 1998, Martin 1946, Vleeshouwers et al., 

1995), sources that cause dormancy variation within seasons have not been completely 

elucidated. If several phenotypes are exhibited and variation in dormancy behaviour is 

observed, response to environmental unpredictability may occur through diversification 

bet hedging. Assessing sources of dormancy behaviours may further elucidate putative 

bet hedging strategies.   

 Several different sources of variation in dormancy behaviour exist within species. 

In plants, sources of variation in vegetative dormancy or seed germination may include 

size (Halpern 2004), genetics, environmental cues (Simons and Johnston 2006) or a 



 

 

16 

combination of sources. With size, organisms are theoretically expected to produce 

offspring of a consistent size that depends on the tradeoff between offspring size and 

number (Smith and Fratwell 1974). However, within-species and within-individual 

variation in offspring size is well studied. For example, seed sizes vary fivefold among 

individual Lupinus perennis plants (Halpern 2004). Natural selection may favor parents 

that produce diverse seed sizes. For example, differences in size can affect fitness 

through timing of germination (Simons and Johnston 2000) or dispersal (Westoby et al., 

1996). If the environment the offspring faces is unpredictable, diversification may 

enhance long-term fitness as a bet-hedging strategy. However, size variation may be the 

result of non-adaptive evolution if selection for same-sized offspring size is weak or if the 

underlying genetic basis prevents it (Byers et al., 1997, Mojoinnier 1998). Spirodela 

polyrhiza produces genetically identical offspring through clonal reproduction, yet 

diversity is observed in dormancy behaviour (Appenroth and Nickel 2010, Sultan 2000). 

The generation of variation among genetically identical individuals in a trait potentially 

associated with unpredictable survival makes S. polyrhiza a suitable species for study of 

diversification bet hedging. 

 2.1.3 Spirodela polyrhiza as the model system  

 Spirodela polyrhiza is a small free-floating aquatic plant that can be found in a 

range of different fresh-water habitats (Jacobs 1947). When environmental conditions 

begin to deteriorate and water temperature drops, metabolic activity begins to slow down 

(Kuehdorf et al., 2014, Song et al., 2006). To survive the harsh conditions during the fall 

and winter, S. polyrhiza, develops turions in place of vegetative fronds (Appenroth and 

Nickel 2010, Wang et al., 2014). Turions are overwintering dormant propagules that sink 
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to the sediment surface and lay dormant during the winter until conditions are favourable 

again (Perry 1968). The formation of turions may enhance long-term fitness depending 

on the growth period and temperature (Appenroth 2002, Kuehdorf et al., 2014). If a 

duckweed frond produces turions prior to encountering unfavourable winter conditions, 

immediate fitness is reduced relative to other individuals, and interspecific competitive 

ability is also reduced because other aquatic plant species continue to proliferate (Leng 

1999). However, when conditions are favourable again, turions float to the surface and 

vegetative proliferation occurs rapidly (Perry 1968, Beer 1985).   

 Research shows that external stress signals are essential in the formation of 

turions (Appenroth 2002), yet the phenology of turion formation, or the switch from 

frond to turion production, is not understood. Based on observations, timing of turion 

formation varies between individual duckweed fronds within a season (Appenroth and 

Nickel 2010). Ponds that contain S. polyrhiza exhibit variation in turion timing, in that 

some fronds produce turions earlier in the season than other individual fronds (Appenroth 

and Nickel 2010). By forming turions at various times throughout the season, complete 

failure may be prevented, in that some fronds will not form a turion and continue to 

reproduce while other fronds form turions early to survive the winter.  

 Duckweed fronds of the subfamily Lemnoideae asexually produce daughters 

through budding from two meristematic pouches (Jacobs 1947). Under optimal 

conditions, Spirodela polyrhiza fronds live for about 30 days, have a reproductive rate of 

0.08 fronds per day and produce up to 15 daughters (Barks and Laird 2015, Lemon et al., 

2001). These daughter fronds later become mothers as they produce daughters 

themselves. Daughter fronds remain attached to their mother through stipe tissue, which 
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then severs after daughter maturation (Landolt 1986). Daughter fronds are genetically 

identical to the mother (Hillman 1961).  However, diversification has been shown to be 

adaptive in other organisms, seed germination for example (Cohen 1966, Gremer and 

Venable 2014, Simons 2009) and generating variation in turion formation is thus a 

problem for a plant that makes genetically identical offspring. The formation of a 

daughter may have an effect on succeeding daughter formation, as each subsequent 

daughter is smaller than preceding daughters (Hillman 1961). This is due to fewer cells 

within the daughter frond (Hillman 1961) but may also be a result of a small amount of 

stipe tissue buildup left behind in the mother’s meristematic pouch (Lemon and 

Posluszny 2000). If daughter size depends on when the mother released it, size variation 

is generated through birth order. Variation in dormancy through turion formation may 

then result from size and/or birth order.  

 While other studies have shown the maternal effects on seed size and seed 

germination (Barks and Laird 2016, Galloway 2001, Halpern 2004, Lu et al., 2016, 

Mercer et al., 2011), no previous work has been conducted on maternal birth order effects 

on dormancy behavior. The goals of my study are threefold; first, I aim to identify 

possible sources of variation in turion formation in genetically identical fronds of 

Spirodela polyrhiza by assessing birth order and size through three generations (mother, 

daughter, and granddaughter). It is hypothesized that the type of daughter produced is 

dependent on the birth order and size of the mother; specifically, that daughters produced 

later in the mother’s lifespan are more likely to produce fewer vegetative fronds with an 

earlier switch to turion formation. Second, I assess if a single genotype exhibits a 

potential diversification bet-hedging strategy. This will be the first study to assess 



 

 

19 

maternal effects as a potential source of turion variation and the expression of putative 

bet hedging in turion formation. If birth order and size do generate diversification in 

dormancy phenology, then further work would be merited to assess the joint effects of 

diversification and plasticity. Third, I aim at acquiring additional knowledge of Spirodela 

polyrhiza fronds and their development of turion formation as a model system for future 

evolutionary ecology studies.  

2.2 Materials and Methods 

 2.2.1 Pre-experiment set up  

Duckweed fronds were obtained from various locations in Barb’s Marsh at 

Queen’s University Biological Station. Turions made by these fronds were preserved in a 

refrigerator set at 4°C before being used. To begin this study, I placed a single turion in 

the seed germinator (Biochambers model SG-30), set to 15 hour days and 9 hour nights at 

21°C. Vegetative growth continued until the surface of a 1200mL Pyrex crystallizing dish 

was almost completely covered. The dish was filled with 1L of Appenroth’s growth 

medium (Appenroth et al., 1996) and changed every four days to replenish nutrients and 

prevent algae growth. 

Twenty six fronds were taken out of the duckweed pool from the crystallizing 

dish, separated carefully with tweezers, put in separate 15mL tubular glass vials and 

labeled A to Z. These were the “mothers”. Vials were filled with 10mL of Appenroth’s 

growth medium. In order to remove any environmental effects, and to standardize effects 

of birth order, each parent frond used in the study was a first daughter of a first daughter 

(etc.) going back at least three generations. 
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 2.2.2 Experimental design  

The purpose of this part of the study was to test whether turion production is 

correlated with birth order and size. All 26 vials, labeled A to Z were kept in a SG-30 

seed germinator.  Temperature was set at 18°C with 15 hour days and 9 hour nights. 

Light intensity was kept at 40 μmol/m2/s.  Each daughter produced was gently separated 

from the mother and placed in a 12-well plate and moved to another SG-30 at 17°C with 

14 hour days and 10 hour nights to record frond and turion formation (Figure 2.1). A 

daughter was only separated from the mother when it became a mature adult frond. A 

frond is considered to be mature when it begins making a frond of its own (Lemon et al., 

2001).  17°C was chosen as vegetative fronds and turions are expected to be produced in 

equal proportions at this temperature and 18°C was too warm for turion formation. The 

daughters became the focal generation to determine whether their birth order affects the 

type of daughter (here, “granddaughter”) produced. The daughters inside the 12-well 

plates were labeled with the letter of the mother they originated from and the birth order 

in which they were produced. Once the daughters produced granddaughters (whether a 

vegetative frond or a turion), they were separated carefully with tweezers and 

photographed. The granddaughters were then placed in a new set of 12-well plates within 

the SG-30 carrying the daughters and labeled with the mother letter, daughter birth order, 

and granddaughter birth order (Ex. A1.1). This was done to keep track of the total 

number of offspring made by the daughters. The positions of the 12-well plates were 

randomized regularly within the SG-30. Nutrient medium in all plates was replaced every 

four days to replenish nutrient levels, ensuring all fronds experienced similar conditions, 

and to limit algae growth.  Two mother fronds died after making only three daughters and 
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were removed from the study. The rest of the mothers made at least eight daughters in 

their cycle, while a few mothers made more than eight daughters. To analyze the effect of 

daughter birth order on granddaughter turion formation, only the first eight daughters 

made by each mother were assessed. To limit the number of 12-well plates used in the 

seed germinator, after a granddaughter had been photographed with the microscope, the 

next granddaughter from the same daughter replaced it in the plate (i.e. A1.2 would 

replace A1.1).    

 2.2.3 Frond and turion measurements  

After separating a frond, the frond or turion produced was removed from the 

medium and photographed using an Olympus SZX12 microscope with a Pixelink Camera 

attachment using a 0.5X lens at 10X magnification. The digital photographs were 

calibrated, and frond length (apex to opposite edge) measurements were taken using NIH 

ImageJ version 1.49v. A micrometer scale was measured (in pixels) to obtain a known 

distance of 10 mm. Each frond measurement was repeated at least five times to assess 

precision and the final result was taken as the average value. Calibration was performed 

each time ImageJ was opened.  
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Figure 2.1 Set up of 12-well plates containing S.polyrhiza fronds in SG-30 seed 

germinator. Fronds were labeled according to the frond they originated from (Ex. 

A) and the birth order they were produced in (Ex.  A.1, A.2…).  
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 2.2.4 Statistical analysis  

 All statistical analyses were conducted using SAS JMP version 13.0. Analyses of 

the effect of birth order on first turion birth order would be biased if the daughters that 

never produced turions were eliminated from statistical models. The exclusion of this 

large amount of data (especially at warmer temperatures where turion formation is 

reduced) could potentially skew the results of the effects of birth order on turion 

formation. Because I am mainly identifying sources of turion formation, rather than 

testing if bet hedging is expressed, a hypothetical, additional late turion—as a 

granddaughter following the final true granddaughter—was added to the dataset for 

daughter fronds that did not produce any turions. In this case, if a daughter frond 

produced ten granddaughter fronds during its life cycle and died without producing any 

turions, a hypothetical eleventh granddaughter was added as a potential turion. This 

follows the norm of slight data alterations in other studies that assess seed formation and 

germination. A single granddaughter turion was added the dataset only to daughter fronds 

that never made a turion and only for the measured response of first turion birth order 

(not turion frequency).  

 In order to first assess the effect of size on turion formation, a multiple regression 

analysis was conducted on mother size and daughter size on first turion birth order (i.e. 

first turion granddaughter), which infers to the number of vegetative fronds produced 

before a turion formed. Another multiple regression was conducted on the effects of 

daughter birth order and daughter size on first turion birth order. A post-hoc simple 

regression of daughter birth order on first turion birth order was conducted. Mean first 

turion birth order for each daughter birth order was calculated.  
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 To assess the impact of birth order and size on turion formation, turion frequency 

was also analyzed as an alternate measure of phenology. Turion frequency was calculated 

as the total number of turions made by a daughter divided by the total number of 

granddaughters made (fronds and turions). A multiple regression analysis was conducted 

on the effect of daughter birth order and size on turion frequency. A post-hoc simple 

regression of daughter birth order on turion frequency was also conducted.  

2.3 Results  

 2.3.1 First turion birth order  

 Mother duckweed fronds produce sequentially smaller daughters, and size may 

thus be a source of variation in turion behaviour. To study the expression of putative 

diversification bet hedging in genetically identical fronds, the effect of mother and 

daughter size on first turion birth order was analyzed. A multiple regression analysis that 

included the effect of mother size, daughter size and their interaction finds that only 

daughter size has a strong effect on first turion birth order (Table 2.1).  Larger daughter 

fronds make a first turion on average later than do smaller daughter fronds. The slope of 

the regression line confirms a weak positive relationship (Figure 2.2).  
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Table 2.1 Multiple regression of the effect of mother and daughter size on first 

granddaughter turion birth order.  

 

Effect df Sum of squares F-ratio Probability 

Mother size 

 

1 6.50 0.98 0.3245 

Daughter size 

 

1 97.25 14.60 0.0002* 

Mother size*daughter size 1 3.96 0.59 0.4418 
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Figure 2.2 Effect of daughter size on first turion formation. Daughters make a first turion 

sooner than larger daughter fronds. A simple regression confirms the significant 

effect.  
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 2.3.2 The effect of size and birth order on first turion birth order  

 The decrease in frond size is generated through birth order; therefore, the effect of 

daughter birth order on turion formation was also assessed as a potential source of 

variation in turion phenology among genetically identical fronds. Because the effect of 

mother size was nonsignificant (Table 2.1), only daughter size was assessed for 

subsequent analyses. All mother fronds were first daughters of first daughters, thus only 

daughter birth order and daughter size were included in the multiple regression on the 

effects of first turion birth order (as a granddaughter). The multiple regression model 

shows that after correcting for size, daughter birth order and the interaction between 

daughter birth order and size, have strong effects on first turion birth order (Table 2.2). A 

post-hoc simple regression confirms the significant effect (F=19.75, P=<0.0001, 

R2=0.09). The negative slope indicates that the later the daughter birth order, the earlier 

the first turion is produced (Figure 2.3). On average, birth order 2 daughters produce the 

turions latest while birth order 7 mothers make the turions earliest.  
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Table 2.2 Multiple regression of the effect of daughter size and birth order on first 

granddaughter turion birth order.  

 

Effect df Sum of 

squares 

F-ratio Probability 

Daughter size 

 

1 2.51 0.40 0.5293 

Daughter birth order 

 

1 42.06 6.67 0.0106* 

Daughter size*daughter birth order 1 42.61 6.75 0.0101* 
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Figure 2.3 Effect of daughter birth order on first turion birth order. The dots reflect the    

      first turion birth order for each of the 24 daughter fronds (A to X) per daughter 

      birth order.  
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 2.3.3 Turion frequency  

 The second measure of turion phenology assessed was turion frequency. Mother 

birth order and size were not found to be significant (Table 2.1), and were thus not 

included in the regression. A multiple regression analysis including the effects of 

daughter birth order, daughter size and their interaction on the total number of 

granddaughter turions formed shows a significant effect of daughter birth order and the 

interaction, but not daughter size (Table 2.3). A post-hoc simple regression of daughter 

birth order confirms the significant effect (F=11.93, P=0.0007, R2=0.06). 
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Table 2.3 Multiple regression of the effect of daughter size and birth order on turion 

frequency.   

 

Effect df Sum of squares F-ratio Probability 

Daughter size 

 

1 0.02 0.95 0.3317 

Daughter birth order 

 

1 0.26 9.11 0.0029* 

Daughter size*daughter birth order 1 0.27 9.62 0.0022* 
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2.4 Discussion  

 Response to change is necessary depending on the temporal and spatial scale of 

the variation. Under unpredictable environmental conditions, “bet hedging” (Slatkin 

1974) is expected to evolve. In average conditions, variability in life history traits may 

seem maladaptive and immediate arithmetic mean fitness is sacrificed (Gillespie 1974, 

Seger and Brockmann 1987, Simons 2009). However, this may be beneficial because 

variance in fitness is reduced and geometric mean, or long-term fitness is maximized 

(Philippi and Seger 1989). Empirical evidence that bet hedging occurs naturally in 

stochastic environments is rare (Simons 2011) and more work is needed to analyze bet-

hedging strategies in the wild. Here, I asked if diversification bet hedging is expressed by 

assessing variation in dormancy behaviour among genetically identical offspring. 

Specifically, this study aimed at identifying the maternal effects of both birth order and 

size as potential sources of variation in turion production. Daughter fronds were exposed 

to a homogeneous temperature environment, and turion formation was assessed, all the 

while measuring first turion birth order and turion frequency. 

 Results showed that birth order but not size affects first turion birth order and 

turion frequency (Table 2.2, 2.3).  My results are therefore consistent with my hypothesis, 

in that birth order has a direct effect on turion formation and a daughter with a later birth 

order produces a turion sooner than a daughter with an early birth order (Figure 2.3). The 

consistent differences in turion formation between birth orders found here cannot be a 

result of environmental factors because fronds were exposed to constant environmental 

conditions in the seed germinator.  
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 Diversification bet hedging is favoured in other species that also exhibit variation 

in dormancy behavior (Clauss and Venable 2000, Furness et al., 2015, Simons 2009, 

2014). For example, Cohen (1996) suggested that in order to survive unreliable cues in 

variable environments, seed germination in annual plants is spread among different years 

as a diversification strategy. In semelparous perennial plants, diversification could be 

expressed through the development of a “rosette bank”, where offspring of a single 

genotype flower at different ages so that seed dispersal is spread through time (Rees et 

al., 2006). Diversification is often favoured for this type of trait (i.e. dormancy). If 

diversification in turion formation is favoured in the long term, then birth order is a 

mechanism whereby it may be generated among genetically identical individuals. 

Specifically, timing variation “spreads the risk” and that late birth order mothers produce 

turions earlier than other duckweed fronds thereby preventing complete failure in the 

season and that at least some fronds will survive.  

 Previous studies have reported the effects of mother age and environment on 

offspring quality (Barks and Laird 2015, Fox 1993, Mousseau and Fox 1998), however 

very few studies have assessed the effect of maternal birth order on offspring. Barks and 

Laird (2016) demonstrated that Lemna minor (common duckweed) exhibit deterioration 

in offspring fitness with increasing mother birth order. This decline could be a result of 

stipe tissue buildup near the meristematic pouches of the mother (Lemon and Posluszny 

2000), or a result of the decline in environmental quality in which offspring develop (Fox 

1993). Furthermore, birth order 1 daughters are produced while the mother is still 

developing whereas subsequent daughters are produced from a mature mother. Thus, in 

the context of my study, late birth order daughters could also exhibit a decline in fitness, 
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resulting in the production of fewer vegetative fronds and ensuring survival in subsequent 

seasons by forming a turion early.  

 This was the first study to assess and identify sources of variation in dormancy 

behaviour of clonal offspring. If a diversification bet hedging strategy is favoured in 

turion formation of genetically identical offspring, a long-term study should be conducted 

to evaluate if the variation in turion phenology demonstrates the maximization of 

geometric mean fitness (Simons 2011). In this study, all the mother fronds were birth 

order one, because they were all first daughters of first daughters, and only daughter 

fronds exhibited different birth orders. To measure the continuing consequences of 

variation in dormancy behaviour, a multigenerational study including ancestral birth 

orders (i.e. mother birth order, daughter birth order, and granddaughter birth order) is 

needed to assess variation in timing of turion formation and their effects on future 

progeny. In addition, molecular genetic analysis could ask whether more than one 

genotype exists at a location and whether there is genetic variation with respect to timing 

of turion formation.  

 This study provides further support of maternal influences on the phenology and 

frequency of turion formation in Spirodela polyrhiza fronds. However, all fronds were 

exposed to constant environmental conditions. Natural environments are variable and the 

effects environmental cues have on dormancy behaviour must also be analyzed. After 

assessing the effects of mother birth order and size on timing of turion formation, work is 

now needed to assess both maternal and environmental effects on turion phenology. If 

faced with predictable environmental conditions, dormancy behaviour is expected to 

adapt through phenotypic plasticity (Levins 1968, Thomas 1991). Thus, if maternal and 



 

 

35 

environmental effects are potential sources of variation in turion formation, integrated 

strategies combining diversification bet hedging and adaptive phenotypic plasticity can 

occur. Studies often assess these two modes of evolutionary response in isolation and 

only rarely on the integration of phenotypic plasticity and bet hedging (Gremer et al., 

2016, Gremer and Venable 2014, Simons 2014).  

  Evidence of observed phenological variability in dormancy behaviour renders 

Spirodela polyrhiza an appropriate model organism for future ecological studies. 

Additionally, S. polyrhiza is easy to maintain, reproduces quickly, and offspring are 

genetically identical, allowing for further elucidation of evolutionary responses expressed 

in dormancy. Here, I demonstrated the potential for maternal effects to generate variation 

in life history traits as diversification; that birth order leads to turion formation diversity 

in clonal offspring. The next step is to assess the integrated effects of potential bet 

hedging and plasticity through birth order and environmental effects on the phenology of 

turion formation.  
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CHAPTER 3 

MATERNAL AND ENVIRONMENTAL EFFECTS AS SOURCES OF 

DIVERSIFICATION BET HEDGING AND PHENOTYPIC PLASTICITY IN 

SPIRODELA POLYRHIZA  
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3.1 Introduction 

 3.1.1 Adaptation to environmental change 

 Understanding how organisms cope with and adapt to environmental change is 

required to elucidate species persistence and survival in variable environments. In 

changing environmental conditions, different modes of evolutionary responses are likely 

to be favoured (Bell et al., 2009, Charmantier and Garant 2005, Simons 2011, Travis et 

al., 2013).  Two evolutionary modes of response in which organisms respond to variance 

include phenotypic plasticity and bet hedging (Levins 1968, Philippi and Seger 1989, 

Seger and Brockmann 1987, Slatkin 1974, Thomas 1991, Via and Lande 1985).  Under 

predictable environmental change, organisms may express adaptive phenotypic plasticity, 

where adaptation to change occurs through the adjustment of phenotypic expression 

(Bradshaw 1965, Levins 1968, Stearns 1989, Via and Lande 1985). Plasticity is adaptive 

when observed cues are reliable indicators of future conditions, and the phenotype is 

appropriate such that reproductive success is increased (Lloyd 1984, Stearns 1989). 

However, the effectiveness of plasticity is limited due to the dependability of 

environmental cues (van Kleunen and Fischer 2005). Additionally, limitations of genetic 

variance and the cost of processing cues perceived by the environment also limit 

plasticity efficiency (Auld et al., 2009, Murren et al., 2015, van Kleunen and Fischer 

2005). In conditions where cues are not reliable indicators of future conditions—the 

remainder of a growing season for an annual plant, for example—or phenotypic plasticity 

is constrained, an alternate mode of evolutionary response is necessary.  

 When environmental conditions are unpredictable or plasticity is constrained, bet 

hedging is expected to evolve (Gillespie 1974, Seger and Brockmann 1987). In 
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unpredictable variable environments, organisms may produce several offspring 

phenotypes, increasing the probability that at least some will survive future conditions 

(Cohen 1966). This bet-hedging or risk-spreading strategy leads to a decrease in 

arithmetic mean fitness and increased geometric-mean fitness of populations over time 

and across environments (Dempster 1955, Philippi and Seger 1989, Seger and 

Brockmann 1987). Bet-hedging traits are either conservative or diversified. Conservative 

bet hedging minimizes fitness variance across environmental conditions by “playing it 

safe” and avoiding risk (Philippi and Seger 1989, Seger and Brockmann 1987). 

Diversified bet hedging is defined as spreading the risk by expressing several phenotypes 

and maximizing geometric-mean fitness through the reduction of among-generation 

fitness variance (Philippi and Seger 1989).    

 Because natural environmental variation has both predictable and unpredictable 

components, the joint evolution of phenotypic plasticity and bet hedging is expected. 

Although adaptive phenotypic plasticity continues to be extensively researched and 

interest in bet-hedging strategies is rising (Beaumont et al., 2009, Graham et al., 2014, 

Gremer and Venable 2014, Simons 2009), the interaction and joint expression between 

these two modes of responses is underdeveloped in literature.  

 3.1.2 Dormancy as plasticity and diversification  

 Adaptive plasticity and bet hedging may be jointly expressed in dormancy 

(Gremer et al., 2016, Gremer and Venable 2014, Fernandez-Pascual and Jimenez-Alfaro 

2014, Nilsson et al., 1996, Simons 2014).  Dormancy is a mechanism allowing escape 

from detrimental conditions used by a wide range of taxa, including microorganisms, 

plants, and animals (Belozerov 2008, Shefferson 2009, Sussman and Douthit 1973). 
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When faced with unfavourable environmental conditions, organisms that enter dormancy 

reduce metabolic activity and conserve energy, thus increasing the likelihood of survival 

through those harsh environments (Silsbury 1961). Organisms demonstrate different 

dormancy behaviours in response to environmental change. For instance, some animals 

delay egg development until conditions are optimal again (Furness et al., 2015), while 

certain plants use the time for the dispersal of seeds (Lu et al., 2013). However, some 

organisms rely on environmental cues to trigger the onset or termination of dormancy. 

Cues that can influence dormancy behaviour include photoperiod (Vleeshouwers et al., 

1995), nutrient and moisture availability (Baskin and Baskin 1998, Martin 1946, Probert 

2000), and temperature (Baskin and Baskin 1998, Martin 1946). Species respond 

differently to environmental cues. For instance, shorter photoperiods may trigger the 

onset of dormancy in some species while other species are unaffected by the photoperiod 

(Hilton and Bitterli 1983, Simpson 1990). Organisms that rely on light availability for 

survival may enter the dormancy stage early if the photoperiod is short (Masuda et al., 

2006), while other species that although still suggest an operative phyotchrome system, 

lack photoperiod sensitivity for dormancy regulation (Heide 2011). 

 If cues are reliable indicators of future environments, dormancy may be adjusted 

through phenotypic plasticity. If, however, cues are not completely reliable, dormancy 

may be regulated through bet hedging.  Joint expression may evolve between these two 

modes of response as the two strategies are mot mutually exclusive and cues to predict 

future environments are weak and unreliable (Simons 2014). A classic example of the 

possible joint evolution of these two modes of responses is found in seed germination 

(Clauss and Venable 2000, Simons 2014). If cues are available and allow the prediction 



 

 

40 

of future environments, norms of reaction may evolve such that appropriate phenotypic 

modifications can be made to adjust the phenotype to the environment (Lloyd 1984). This 

adjustment may occur through early development or parents transmit it to offspring, 

ensuring their survival in those forecasted environments (Stearns 1989). However, bet 

hedging may concurrently evolve where seed germination of an annual plant is spread 

over several years, in case some years are unfavorable for reproduction and survival 

(Philippi 1993).   

 Dormancy can occur at different stages in different plant species. For example, 

vegetative dormancy occurs over a prolonged period where herbaceous perennial plants 

persist below ground, but delay sprouting above ground for one or more seasons 

(Bentsink and Koornneef 2008, Shefferson 2009). Seed dormancy is a mechanism in 

which viable seeds do not germinate—even under suitable environments—until 

dormancy requirements are satisfied (Shefferson 2009, Simons 2014). This allows seeds 

to survive unsuitable environmental conditions by temporarily arresting or slowing 

metabolism and development. Vegetative rosette and seed dormancy have been used as 

models to assess the joint expression of adaptive plasticity and bet hedging in plant 

species (Clauss and Venable 2000, Simons 2014). However, tests of bet hedging are 

difficult, as fitness must be evaluated over multiple generations of fluctuating selection. 

A dormant vegetative stage found in some short-lived aquatic species provides an 

alternative for study of the joint evolution of these two modes of response.  

 Spirodela polyrhiza, or Greater duckweed, is an aquatic perennial plant of the 

subfamily Lemnoideae (Araceae) found in a highly diverse range of environments 

(Appenroth 2002, Appenroth and Nickel 2009, Jacobs 1947, Wang et al., 2014). It 
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provides an ideal model system for study of plasticity and potential diversification 

because of its small size, rapid rate of reproduction, and especially because of the 

formation of turions: seed like over-wintering dormant vegetative propagules (Appenroth 

2002). Turions are produced in place of normal fronds when environmental conditions 

deteriorate (Appenroth 2002).  

 3.1.3 Clonal variation in Spirodela polyrhiza turions  

 As Spirodela polyrhiza fronds inhabit variable environments, the phenology of 

turion dormancy is expected to evolve as phenotypic plasticity and bet hedging. Cues that 

are known to trigger the formation of turions in S.polyrhiza include low temperatures 

(Appenroth and Nickel 2010), nutrient deficiency (Appenroth et al., 1989; Gerard and 

Triest 2014) and plant hormone levels (Smart and Trewavas 2006). As temperatures drop 

in autumn and winter, cell growth slows down, initiating turion formation. When water 

temperature drops below 10°C, duckweed fronds produce mainly turions (Kuehdorf et 

al., 2014, Song et al., 2006). Limited levels of phosphate, nitrate and sulfate 

concentrations in water can also induce turion formation (Appenroth and Adamec 2014, 

Malek and Cossins 1982). Additionally, studies have found that higher levels of abscisic 

acid inhibit S.polyrhiza growth and induce the production of turions (Smart and Trewavas 

2006). When these environmental conditions occur in a pond containing S. polyrhiza, 

variation in the timing of turion production is observed (Appenroth and Nickel 2010).   

 3.1.4 Questions and hypotheses 

 Under variable conditions in the field, the timing of turion formation that 

maximizes fitness is unpredictable.  Early turion formation is maladaptive under expected 
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conditions because immediate fitness is reduced by lost reproductive potential. However, 

late turion formation risks lineage extinction under early onset of lethal conditions; 

therefore, the evolution of diversification bet hedging is expected. However, daughter 

fronds are asexually produced, and are genetically identical to the mother (Hillman 1961, 

Jacobs 1947). Therefore, if diversification in turion production is favoured, S.polyrhiza 

faces the problem of how to generate variation among genetically identical offspring. 

This problem is the focus of this chapter.  Mother fronds release up to fifteen daughters 

sequentially through budding from two meristematic pouches, and offspring development 

may be affected. Each subsequent daughter will be smaller than preceding daughters, a 

result of fewer cells in each offspring (Hillman 1961). Variation among genetically 

identical offspring is thus generated through birth order, but it is unknown whether size, 

birth order, and/or environmental cues result in variation in turion phenology.  

 Results from chapter 2 indicate that birth order influences the phenology of turion 

formation. To understand how variation in turion phenology might be generated by single 

genotypes under variable environments, here I study the effect of birth order on turion 

phenology across a range of thermal environments.   

 My goal is to assess the joint effect of plasticity to temperature and potential 

diversification generated by birth order on inducing turion formation. Specifically, I 

hypothesize that temperature and mother birth order play important roles in inducing 

turion formation, and that the effect of birth order differs across temperature 

environments. Thus, this study aims to provide insight into sources of dormancy variation 

among genetically homogeneous individuals, and if plasticity and potential 

diversification bet hedging can be co-expressed under variable environments.  In 
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addition, it will provide needed information on the natural history of Spirodela polyrhiza, 

an emerging model organism, and suggest what may influence phenology in the field.  

3.2 Materials and Methods 

 3.2.1 Experimental design and thermogradient setup  

In chapter 2, all birth orders were exposed to the same environmental conditions 

(temperature, lighting schedule and media changes). There, I was focused on the direct 

relationship between birth order and phenology of turion formation. Here, I ask about the 

relationship between this potential diversification and phenotypic plasticity to 

temperature through the use of a thermogradient incubator.  

Fronds of Spirodela polyrhiza are found in a diversity of environments, and a 

thermogradient incubator may be used to ask about norms of reaction in turion formation 

over a range of temperatures simultaneously. Thermogradient incubators have been used 

to investigate seed germination in response to temperature in several species (Medany 

and Hegazy 2007, Orozco-Segovia et al., 2010, Simons 2014, Thomson and Whatley 

1984), and are used here to assess plasticity to temperature in turion formation for 

different birth orders. The thermogradient incubator is constructed from an aluminum 

block measuring 126 × 46 × 11 cm. Through the use of a water chiller, cold water flows 

in counter-current through two closely spaced holes drilled through one end, while heated 

water flows in counter-current from a water heater through two holes through the 

opposite end (Figure 3.1). An aquatic chamber is installed on the surface of the aluminum 

block, and is split by a waterproof barrier into two replicate lanes, allowing for 

simultaneous runs of a study. The aquatic chamber was filled with Appenroth’s growth 

nutrient medium (Appenroth et al., 1996), and topped up as necessary. Two Symban 



 

 

44 

fluorescent lamps (model F32T8/841/ECO) above the thermogradient provided a 14-hour 

day and ten-hour night photoperiod. White perforated barriers were placed in the aquatic 

chamber to reduce eddy flow and stabilize the temperature gradient, effectively dividing 

the aquatic chamber into seven sections. The continuous range of temperatures from 12 to 

18°C was monitored daily using temperature probes. This range was chosen because, 

under homogenous nutrient conditions, S. polyrhiza produces only vegetative fronds at 

water temperatures above 18°C and anything colder than 10°C will likely induce only 

turions (Kuehdorf et al., 2014, Song et al., 2006). The goal was thus to determine 

plasticity to a temperature range that induces the production of both fronds and turions.   

Prior to beginning the study, the thermogradient was left on for one week with 

eight liters of Appenroth’s nutrient medium in each replicate lane to stabilize 

temperatures. The thermogradient was covered to control evaporation of the nutrient 

medium. Fronds were contained within 1-inch diameter strainer “traps”; these traps were 

supported at the water surface by cutout Styrofoam floats (Figure 3.2). Five frond traps 

were positioned at each temperature per replicate lane, resulting in a total of 70 traps per 

thermogradient run (35 per replicate). The birth order traps were randomly positioned in 

each Styrofoam float to ensure that there were no spatial effects within the 

thermogradient impacting turion formation. Because results in chapter 2 demonstrate that 

turion timing variation is induced by birth order, here, sample size was increased by 

including only birth orders 1, 3, 5, 7, and 9 replicated and placed at positions differing by 

1°C along the thermogradient. Furthermore, mother fronds produce daughters from two 

pouches almost simultaneously (Jacobs 1947), and these paired daughters behave 

similarly.  Each trap was colour coded with sticker labels to identify the birth order.  
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Figure 3.1 Thermogradient incubator setup with water chiller on left and heater on right. 

50 mL of plumbing antifreeze was added to cooler to prevent freezing. Duckweed 

fronds were placed in strainers to separate birth orders. Two replicates of five 

birth orders were represented at each temperature position.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Set up of frond traps showing two replicates of all birth orders at one example 

temperature location along the thermogradient. White perforated barriers 

separated neighbouring temperatures. Each trap was colour coded to indicate the 

mother birth order.  



 

 

46 

 3.2.2 Frond preparation 

Preparation of fronds for the thermogradient study required elimination of 

environmental effects and standardizing effects of birth order by producing first 

daughters of first daughters (etc.) going back at least five generations. Preserved turions 

that were stored in a refrigerator were placed in a 1200mL crystallization dish with 1 liter 

of Appenroth’s growth medium (Appenroth et al., 1996). The dish was then placed in a 

seed germinator (Biochamber SG-30), where turions germinated to produce a source pool 

of S. polyrhiza fronds. After germination, 84 individual fronds were carefully separated 

with tweezers and placed in 12-well plates (7 plates in total). Sample size was 4 fronds 

per each birth-order trap at each replicated temperature (56 fronds of each birth order= 

280 fronds); however, extra fronds were maintained in the 12-well plates in case of death. 

These plates were maintained at room temperature on a light shelf with 14-hour days and 

10-hour nights.  

The thermogradient study was performed twice; as a “forward run” and 

“backward run” of sequential birth orders. For the forward run, as the fronds in the plates 

made a first daughter (birth order 1), they were placed into the appropriate trap. Four 

fronds of birth order 1 were placed in replicate at each temperature. Even numbered birth 

orders were teased apart from the mother at a standard stage and discarded. Because not 

all fronds in the plates reproduced simultaneously, the lids of each 12- well plate was 

labeled with a number indicating how many daughters each frond produced. Once the 

fronds in the plates produced subsequent daughters, they were separated from the mother 

and placed in the corresponding birth order traps in the thermogradient. Growth medium 

was replaced each time a new birth order was placed in the thermogradient to ensure all 
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birth orders were exposed to the same environment, and was replaced weekly for the 

remainder of the run.  

To verify that there were no temporal effects driving observed results of birth 

order, an “extension” run was performed immediately following the forward run (prior to 

the backward run) and without altering the conditions. In this extension run, only birth 

order 1 mothers were placed in the thermogradient so that their behaviour could be 

compared to the original birth-order one mothers.  

For the backward run, birth order 9 was placed in the thermogradient first, with 

birth order 1 placed in last. To prepare birth order 9 mothers with the 12-well plates, the 

first fronds made (birth order 1) were discarded. This continued until birth order 8. Birth 

order 9 was then separated from the mother and placed in the birth order 9-designated 

traps inside the thermogradient. All birth orders were similarly prepared, and were 

transferred to the thermogradient with the same temporal separation as the forward run, 

but in reverse order (7, 5, 3, 1). To ensure that birth orders experienced the same medium 

changes, the medium was replenished once a week and the placement of a new birth 

order inside the incubator was scheduled so that it would fall on the same day as the 

medium change. In chapter 2, measured phenological responses only included first turion 

birth order and turion frequency. Here, measured phenological responses include birth 

order of first turion, days to first turion and turion frequency. Length and width of all the 

mother and daughter fronds were measured to assess the effect of size on turion 

phenology.  
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3.2.3 Frond and turion measurements 

Once a mother frond produced a daughter, whether a frond or turion, it was 

separated carefully from its mother using tweezers. A daughter was only separated from 

the mother when it became a mature adult frond. A frond is considered to be mature 

when it begins making a frond of its own (Lemon et al., 2001). Each mother and daughter 

produced was photographed using an Olympus SZX12 microscope with an Infinity 3 

Lumenera camera using a 0.5X lens at 10X magnification. The digital photographs were 

calibrated, and frond length (apex to opposite edge) and width (perpendicular to length at 

widest point) measurements were taken using NIH ImageJ version 1.49v. A known 

distance of 10 mm from a glass micrometer scale was used to calibrate the photos. Each 

frond measurement was repeated at least five times to assess precision and the final result 

was taken as the average value. Calibration was performed each time ImageJ was opened 

for measurements.   

 3.2.4 Statistical analysis  

The effects of mother birth order, mother size, and temperature on first turion 

birth order were analyzed using SAS JPM 13 software. Data for forward and backward 

thermogradient runs were combined into one dataset to include the effect of 

thermogradient run. Analyses of turion phenology would be biased if mothers producing 

zero turions were simply eliminated from statistical analyses. Because I am assessing the 

effects of birth order and temperature as sources of turion diversification and analyzing 

potential overall trends, a hypothetical turion is added to mothers that did not produce 

any turions. Studies that assess seed germination and formation also follow this norm. 

Therefore, for these analyses, a, late turion—as a daughter following the final true 
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daughter—was added to the dataset for mother fronds that did not produce a turion during 

their lifecycle. For example, if a mother frond produced ten daughter fronds during its life 

cycle and died without producing any turions, a hypothetical eleventh daughter was 

added as a potential turion. A single daughter turion was added the dataset only to mother 

fronds that never made a turion and only for the measured response of first turion birth 

order and days to first turion (not turion frequency). 

A multiple regression analysis that combined both the forward and backward 

thermogradient run was performed to determine the effect of mother birth order, 

temperature, thermogradient run and their interactions on first turion birth order. Separate 

post-hoc multiple regression analyses were conducted for the forward and backward runs 

to further examine the significance of the effect of temperature and mother birth order in 

each independent run in the event of interactions with thermogradient run.  The effects of 

mother birth order and temperature on first turion birth order were further assessed 

independently through post-hoc simple regressions combining both runs. A regression 

analysis was also conducted to compare birth order 1 mothers in the forward run and 

extension run where only birth order 1 mothers were placed in the thermogradient. This 

was performed to confirm no temporal effects were driving the birth order results. The 

effect of temperature on first turion birth order was compared between the two runs.  

Turion phenology may be a result of mother size rather than, or in addition to 

mother birth order.  Thus, after determining whether mother length or width is a more 

appropriate size measure, separate multiple regression analyses tested for effects of 

mother size, mother birth order, and temperature on first turion birth order in each run. 
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Days to first turion and turion frequency are alternate measures of turion 

phenology. These were similarly assessed by conducting multiple regression analyses of 

the effect of temperature, mother birth order, thermogradient run, and their paired 

interactions. Turion frequency was calculated as the total number of turions divided by 

the total number of daughters produced by the mother. The thermogradient run (forward 

and backward) was included to account for differences between runs. Separate post-hoc 

multiple regression analyses were conducted for the forward and backward runs to further 

analyze the data. A logistic regression was conducted to predict the effect of temperature, 

mother birth order and daughter birth order on daughter state being a frond or turion.  
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3.3 Results 

 3.3.1 First turion birth order 

 When all mothers were exposed to the same temperature (chapter 2), mother birth 

order was found to have a significant effect on first turion birth order. Here, to study the 

joint expression of phenotypic plasticity and putative bet hedging, mothers of birth orders 

1, 3, 5, 7, and 9 were exposed to a range of temperatures, aiming to test the effect of birth 

order, temperature and their interaction on turion formation. 

 A multiple regression analysis that combined forward and backward 

thermogradient runs to assess the main effects of temperature, mother birth order and 

thermogradient run (TGR) on first turion birth order found that all three factors were 

significant, along with several interaction effects involving TGR (Table 3.1).  

 Given the finding of interactions with TGR, including a three-way interaction 

between TGR, temperature and mother birth order, post-hoc analyses were performed to 

examine the two individual runs in more detail. In separate multiple regression analyses 

(Table 3.2), the effects of mother birth order and temperature were confirmed to have a 

significant effect on first turion birth order.  However, the interaction between mother 

birth order and temperature —found to be nonsignificant in the whole model— is 

significant in both the forward and backward run.  
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Table 3.1 Multiple regression of the effects of temperature and mother birth order on first 

turion birth order in a single model including forward and backward thermogradient runs 

(Thermogradient run = TGR).  

 

Effect df Sum of 

squares 

F-Ratio Probability 

TGR 1 86.43 57.91 <0.0001* 

Temperature 1 432.26 289.61 <0.0001* 

Mother birth order 1 163.56 109.58 <0.0001* 

TGR*Temperature 1 70.01 46.90 <0.0001* 

TGR*Mother birth order 1 4.63 3.10 0.0806 

Temperature*Mother birth order 1 0.43 0.29 0.5914 

TGR*Temperature* Mother birth order 1 19.56 13.10 0.0004* 

 

 

 

 

 

Table 3.2 Multiple regression of the effects of temperature and mother birth order on first 

turion birth order shown separately for the forward thermogradient run and backward 

thermogradient run.   

 

Thermogradient 

run 

Effect df Sum of 

squares 

F-Ratio Probability 

Forward Temperature 1 425.09 197.55 <0.0001* 

 Mother birth order 1 56.58 26.29 <0.0001* 

 Temperature*Mother birth 

order 

1 12.90 5.99 0.0170* 

Backward Temperature 1 77.18 92.61 <0.0001* 

 Mother birth order 1 111.61 133.92 <0.0001* 

 Temperature* Mother birth 

order 

1 7.09 8.50 <0.0048* 
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 Because the interpretation of main effects is controversial in the presence of an 

interaction effect (Gotelli and Ellison 2013), the effects of mother birth order and 

temperature on first turion birth order were further assessed independently through post-

hoc simple regressions combining thermogradient runs (mother birth order: F=27.85, 

P=0.0001, R2 =0.17; temperature: F=110.13, P=0.0001, R2=0.44). Thus, as indicated by 

the trends in figure 3.3, daughters made later in the mothers’ life cycle, i.e. higher birth 

orders 5 to 9, produce turions on average sooner than daughters made earlier in the 

mothers’ life cycle. For example, in both runs, birth order 9 consistently produced a first 

turion early across all temperatures, followed by birth order 7, 5 and 3, while birth order 

1 mothers made a first turion the latest on average (Figure 3.3).  
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Figure 3.3 The effects of mother birth order and temperature on first turion birth order 

from the forward (a) and backward (b) thermogradient runs. The thermogradient 

incubator is split into two replicates, reflected by the two points for each birth 

order at each temperature.  
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 Immediately following the forward thermogradient run, and without alteration to 

the thermogradient setup, an additional “extension” run was conducted using only birth 

order 1 mothers to confirm that no unintended temporal effects were driving birth order 

results.  This allowed a comparison of turion production of birth order 1 mothers during 

the extension phase to their behaviour at the beginning of the forward run. Separate 

analyses were conducted on the effect of temperature on first turion birth order in the 

forward run and extension run. Birth order 1 mothers have similar results across 

thermogradient runs (Forward: F=19.05, P=0.0009, R2=0.61; Extension: F=23.90, 

P=0.0004; R2=0.67). A comparison of the results of birth order 1 mothers in the extension 

run to birth order 1 mothers in the forward run, confirms that temperature had a 

significant effect on first turion birth order, with a similar increase in first turion birth 

order in both (Figure 3.4).  
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Figure 3.4 The effects of temperature and birth order 1 mothers on first turion birth order 

in the forward (a) and extension (b) run where only birth order 1 mothers were 

placed in the thermogradient.  
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 Results from chapter 2 showed that frond size plays an important role in turion 

formation. Here, I ask whether mother size explains variation in turion phenology beyond 

that explained by birth order across thermal environments. First, to determine whether 

length or width is a better indicator of mother size the variance explained by length and 

width was compared in a multiple regression that also included temperature and 

interaction effects on first turion birth order. Mother width has a significant effect on first 

turion birth order, whereas mother length does not, regardless of whether only main 

effects (width: F=45.8, P<0.0001; length: F=0.98, P=0.32) or interaction effects (width: 

F=23.9, P<0.0001; length: F=0.24, P=0.62) are included in the model. Therefore, further 

analyses use mother width to represent size.  

  To ask whether turion phenology is a result of mother birth order beyond the 

effect of size, separate multiple regression analyses were conducted for each 

thermogradient run that included the effects of temperature, mother birth order, mother 

size (width), and their interactions. Both runs show strong effects of mother birth order 

and temperature, but only the backward run shows a strong effect of width (Table 3.3). 

There is clearly an independent effect of mother birth order beyond the effect of mother 

size. For this reason, and because models including all variables and their interaction 

effects are large and difficult to interpret, mother birth order but not size are used for 

further analyses of turion phenology.  
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Table 3.3 Multiple regression of the effects of temperature, mother birth order and 

mother width on first turion birth order shown separately for the forward thermogradient 

run and backward thermogradient run.   

 

Thermogradient 

run 

Effect df Sum of 

squares 

F-ratio Probability 

Forward Temperature 1 1478.58 725.79 <0.0001* 

Mother birth order 1 129.47 63.55 <0.0001* 

Mother width 1 4.14 2.03 0.155 

Temperature*mother birth order 1 41.26 20.25 <0.0001* 

Temperature*mother width 1 20.65 10.14 0.0016* 

Mother birth order*mother width 1 0.98 0.48 0.4883 

Temperature*mother birth 

order*mother width 

1 3.95 1.94 0.1649 

Backward  Temperature 1 47.96 81.25 <0.0001* 

Mother birth order 1 44.78 75.87 <0.0001* 

Mother width 1 12.50 21.19 <0.0001* 

Temperature*mother birth order 1 11.07 18.76 <0.0001* 

Temperature*mother width 1 0.89 1.51 0.2198 

Mother birth order*mother width 1 8.41 14.26 0.0002* 

Temperature*mother birth 

order*mother width 

1 29.55 50.07 <0.0001* 
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 3.3.2 Time to first turion  

 A second measure of turion phenology is the amount of time taken to produce a 

first turion. A multiple regression analysis to assess the effects of temperature, mother 

birth order, TGR, and their interactions finds that the independent effect of mother birth 

order and temperature are significant (Table 3.4).  

 Like in the analysis of first turion birth order, a three-way interaction was found 

here; therefore, post-hoc multiple regression analyses were conducted to assess 

thermogradient runs separately. Results differ between the forward and backward run 

(Table 3.5), with the forward run showing stronger effects of temperature and the 

backward run showing stronger effects of mother birth order (Figure 3.5)  
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Table 3.4 Multiple regression of the effects of mother birth order and temperature on 

days to first turion for both forward and backward thermogradient runs (Thermogradient 

run = TGR).  

 

Effect df Sum of 

squares 

F-Ratio Probability 

TGR 1 249.78 3.56 0.0615 

Temperature 1 3182.54 45.32 <0.0001* 

Mother birth order 1 3708.43 52.80 <0.0001* 

TGR*Temperature 1 2102.19 29.93 <0.0001* 

TGR*Mother birth order 1 1180.80 16.81 <0.0001* 

Temperature*Mother birth order 1 83.06 1.18 0.2788 

TGR*Temperature* Mother birth order 1 503.57 7.17 0.0084* 

 

 

 

 

 

Table 3.5 Multiple regression of the effects of temperature and mother birth order on 

days to first turion shown separately for the forward thermogradient run and backward 

thermogradient run.   

 

Thermogradient 

run 

Effect df Sum of 

squares 

F-Ratio Probability 

Forward Temperature 1 5228.93 62.05 <0.0001* 

 Mother birth order 1 352.03 4.18 0.0450* 

 Temperature*Mother birth 

order 

1 497.83 5.91 0.0178* 

Backward Temperature 1 55.80 0.99 0.3226 

 Mother birth order 1 4537.21 80.74 <0.0001* 

 Temperature*Mother birth 

order 

1 88.80 1.58 0.2132 
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Figure 3.5 The effects of mother birth order and temperature on days to first turion from 

the forward (a) and backward (b) thermogradient run. The thermogradient 

incubator is split into two replicates, reflected by the two points for each birth 

order at each temperature. 
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 3.3.3 Turion frequency  

 The phenology of turion formation may also be measured as the frequency of 

turion production, or the proportion of daughters that are turions. A multiple regression to 

analyze the effect of temperature, mother birth order and thermogradient run on turion 

frequency found all three main effects to be significant (Table 3.6).  Again, the three-way 

interaction is significant, and separate post-hoc multiple regression analyses were 

performed for both thermogradient runs independently (Table 3.7).  All birth orders 

showed a decrease in turion frequency at increasing temperatures, and an increasing 

frequency of turion formation with increasing birth order (Figure 3.6).  
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Table 3.6 Multiple regression of the effects of temperature and mother birth order on 

turion frequency for both forward and backward thermogradient runs (Thermogradient 

run = TGR).  

 

Effect df Sum of squares F-Ratio Probability 

TGR 1 0.31 19.70 <0.0001* 

Temperature 1 2.96 186.15 <0.0001* 

Mother birth order 1 2.10 131.84 <0.0001* 

TGR*Temperature 1 0.19 11.97 0.0007* 

TGR*Mother birth order 1 0.10 6.51 0.0119* 

Temperature*Mother birth order 1 0.56 35.03 <0.0001* 

TGR*Temperature* Mother birth order 1 0.13 8.32 0.0046* 

 

 

 

 

 

 

 

Table 3.7 Multiple regression of the effects of mother temperature and mother birth order 

on turion frequency shown separately for the forward thermogradient run and backward 

thermogradient run.   

 

Thermogradient 

run 

Effect df Sum of 

squares 

F-Ratio Probability 

Forward Temperature 1 2.32 133.43 <0.0001* 

 Mother birth order 1 0.63 36.39 <0.0001* 

 Temperature*Mother birth 

order 

1 0.62 35.35 <0.0001* 

Backward Temperature 1 0.82 57.38 <0.0001* 

 Mother birth order 1 1.56 108.94 <0.0001* 

 Temperature*Mother birth 

order 

1 0.07 5.09 0.0273* 
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Figure 3.6 The effects of mother birth order and temperature effects on turion frequency 

from the forward (a) and backward (b) thermogradient run. The thermogradient 

incubator is split into two replicates, reflected by the two points for each birth 

order at each temperature. 
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 As a final analysis of turion phenology, a logistic regression was used to model 

the equation predicting the type of daughter (vegetative frond or turion) produced by a 

mother. The effects of temperature, mother birth order and daughter birth order are strong 

predictors in the formation of turions (R2=0.48) (Table 3.8).  
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Table 3.8 Logistic regression of the effects of temperature, mother birth order and 

daughter birth order on predicting turion formation.  

 

Effect Parameter 

estimate 

Wald 

chi-square 

df Probability 

Intercept 

 

16.31 68.33 - <0.0001* 

Temperature 

 

-1.64 84.69 1 <0.0001* 

Mother birth order 

 

0.41 35.77 1 <0.0001* 

Daughter birth order 1.12 84.90 1 <0.0001* 
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3.4 Discussion 

 Phenotypic plasticity and bet hedging are two evolutionary modes of response to 

varying environmental conditions (Philippi and Seger 1989, Seger and Brockmann 1987, 

Slatkin 1974, Via and Lande 1985). However, very little is understood about the 

relationship between these two strategies. Spirodela polyrhiza inhabits variable 

environments in which the timing of turion formation has direct fitness consequences: 

early turion formation reduces potential fitness through reduced reproduction, but if 

turion formation is delayed, overwinter survival may be zero. Turions exhibit putative bet 

hedging through diversification of turion phenology among offspring, and plasticity to 

environmental conditions such as temperature (Hillman 1961, Jacobs 1947). Furthermore, 

S. polyrhiza provides a convenient model for this study because all offspring fronds of a 

single mother are genetically identical yet show diversity in phenology of turion 

formation— a trait critical for overwinter survival (Hillman 1961, Jacobs 1947). It is 

known that variation in propagule dormancy behaviour is adaptive in a wide range of 

organisms (Philippi 1993, Venable 2007). For example, Clauss and Venebale (2000) 

showed that variation in seed germination occur in varying environmental conditions and 

that germination fractions exhibit adaptive phenotypic plasticity in response to water 

availability. Delayed germination expressed a bet hedging strategy in response to the 

distribution of environmental conditions. Here, I asked how genetically identical 

individual duckweed fronds produce turions at varying times and whether plasticity and 

diversification bet hedging can be co-expressed.   

 Maternal effects on offspring traits may be a direct consequence of intrinsic 

variation in maternal condition in space (architecture) or time (development), or may be 
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driven by trade-offs (Braun et al., 2013, Smith and Fretwell 1974); offspring phenotype 

may also be molded directly by the environmental variability mothers face. This study 

aimed at identifying possible sources of turion variation by analyzing the effects of 

mother birth order and size across a range of temperatures through the use of a 

thermogradient incubator. Behavioural diversity in genetically identical individuals may 

be adaptive or non-adaptive (Ghalambor et al., 2007, Nussey et al., 2005). I found that 

the mother’s birth order, both through its direct effect and its interaction with 

temperature, can be an important source of potential bet-hedging diversification. The 

main effect of temperature suggests that if environmental temperature is a reliable cue 

predicting future conditions, mothers can express phenotypic plasticity to adjust turion 

timing. Thus, my results suggest that diversification bet hedging and plasticity in the 

timing of turion formation can be co-expressed under variable environmental change.   

 Mother size was also assessed as a potential source of variation in turion 

formation in addition to birth order. Unlike in chapter 2, where size was nonsignificant 

after controlling for birth order, size had a significant effect on turion phenology, along 

with the effects of birth order and temperature (Table 3.3). This suggests that when 

mothers face environmental unpredictability in the wild, variation in mother size and 

birth order increase daughter turion timing variation, possibly as a bet-hedging strategy. 

However, the effect of mother birth order was consistently significant and stronger than 

the effect of size; therefore, mother birth order, temperature and daughter birth order (as 

this indicates to the type of daughter produced), were used in a logistic regression model 

(Table 3.8).  Each variable contributes significantly to predicting the type of daughter 

produced by a mother; whether a frond or turion. This furthers our understanding of the 
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possible causal relationship between these predictor variables and turion phenology. 

Future studies could be conducted to test this model in mesocosms or in the field.  

 These findings on turion phenology further our understanding of how the 

interplay between maternal traits and environmental conditions may affect the expression 

of phenotypic variance.  Effects of maternal environment on timing of turion formation 

were clearly apparent as turions formed more rapidly at cooler temperatures, regardless 

of birth order (Figure 3.3, 3.4, 3.5a, 3.6). Water temperature and nutrient availability may 

vary in time and on a fine spatial scale in natural populations (Schlosser 1990). This 

suggests that patterns of plasticity and norms of reaction in daughters could be selected in 

response to environmental variability faced by the mother. Relationships between 

maternal effects and offspring life-history behaviours have been found in prior research 

(Dudley 1991, Mousseau and Fox 1998, Roach 1984). Maternal effects, including age, 

environment and their interaction, have been shown to generate variation in seed 

emergence timing (Galloway 2001, Lu et al., 2016, Mercer et al., 2011). This 

thermogradient study provides further support of maternal influences on life-history 

traits; variation in turion formation is impacted by the birth order of the mother and the 

temperature they were exposed to in the thermogradient incubator.  

 The interpretation of results here is intended to identify potential sources of 

dormancy variation and to assess the relationship between the expression of plasticity and 

diversification. The phenotypic variation an organism expresses is diversified bet hedging 

only if the variation is adaptive (Philippi and Seger 1989). For example, seeds of Lobelia 

inflata are genetically identical, yet a high degree of variation in germination timing is 

found within seasons (Simons and Johnston 2006), and is found to be optimal for the 
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environmental unpredictability affecting seedling success (Simons 2009). However, 

environmental variation is both predictable and unpredictable, and the joint expression of 

plasticity and bet hedging is expected (Simons 2014).  In a recent study, divergent 

germination strategies of several winter annual plant species were found to be influenced 

by both environmental variation and competition. Strong fitness benefits were observed 

to varying germination timing, but predicting time of germination was not perfect, 

suggesting that the evolution of germination timing requires integrating plasticity and 

bet-hedging strategies (Gremer et al., 2016).   

 Although I now know that maternal effects (birth order and size) and 

environmental effects play important roles in determining turion phenology, a fuller 

understanding of turion variation in genetically identical individuals will require 

inferences about adaptation to environmental variance. This is difficult because 

predictable and unpredictable components would need to be assessed, which depends on 

the way an organism perceives them.  To identify a diversification strategy, a long-term 

study of its fitness effects would have to be conducted. In addition, plasticity is assumed 

to be adaptive if the perceived cues are reliable indicators of future conditions (Levins 

1968, Thomas 1991), which would require determining whether the appropriate 

phenotypic adjustments are made across environments.  

 This norms-of-reaction study in turion formation isolates effects of temperature, 

but is not meant to imply that no other cues exist. Studies of cues, including nutrient 

levels in water and duration of growth season, can further add to our understanding of the 

relationship between plasticity and diversification. Although the balance between 

plasticity and bet hedging cannot be measured, I can conclude that the effects of birth 
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order and temperature play substantive roles in turion formation, indicating the 

importance of the joint expression of these two modes of response in the field.  

 This study was motivated by the lack of understanding of sources that generate 

diverse dormancy behaviour in clonal offspring and to improve the understanding of the 

joint expression of phenotypic plasticity and bet hedging. Previous research studies have 

analyzed the effect of metal stressors on S. polyrhiza growth (Olah et al., 2014; Olah et 

al., 2015), uptake capabilities (Zhang et al., 2009), and cues that induce turion formation 

including nutrient levels and temperature (Appenroth et al., 1989, Appenroth and Nickel 

2010, Gerard and Triest 2014), but not what causes behavioral variation within 

genetically identical fronds. Although this study’s focus was on turion production, and 

thus environmental variation in the current season, the full consequences of variation in 

turion production include also turion germination variance the following season.  Future 

work to build on evidence provided here should include a test of bet hedging; a test of the 

quantitative fit of a candidate bet-hedging trait—both the timing of turion formation and 

germination—to the degree of fluctuating selection (Simons 2011). This study is the first 

to assess sources of variation in turion formation of Spirodela polyrhiza fronds and 

provides insight on the natural history of Spirodela, an emerging model organism, 

suggesting what mechanisms may influence phenology and generate diversity in 

dormancy behaviour in the field. In addition, it demonstrates that S. polyrhiza is an 

appropriate model for future ecological studies because, among other reasons, potential 

diversification and plasticity are generated among genetically identical individuals. 
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