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Abstract 
 
Variability is a ubiquitous feature of natural environments. Organisms can adapt to this through 

several methods such as adaptive phenotypic plasticity, changes in phenotype in response to 

reliable cues predicting fitness outcomes across environments, and bet hedging, the 

maximization of geometric mean fitness. The greater duckweed Spirodela polyrhiza is an ideal 

system to study the evolution of these strategies. Phenology of production of overwintering 

structures called turions, a phenotypically plastic trait that can prevent reproductive failure, is 

thus vital to fitness. Despite clonal reproduction, offspring show phenotypic variability in both 

turion phenology and size, mediated through the order in which they are produced, suggesting 

the expression of diversification bet hedging. Here I use S. polyrhiza populations collected from 

a latitudinal gradient to study how life-history traits evolve in response to variable 

environments. I make two hypotheses; first, I hypothesized that reaction norms in turion 

formation differ across latitudes due to differences in season length and environmental 

predictability. Second, I hypothesised that populations from northern latitudes would trade off 

offspring size for number to allow for greater diversification potential at northern latitudes 

where environments are expected to be more variable. I found support for the first hypothesis, 

showing that reaction norms in turion phenology do differ such that turions are produced 

earlier at higher latitudes under warmer, but not colder experimental treatments. I was unable 

to evaluate my second hypothesis due to premature frond mortality but did show that, while 

size was only weakly correlated with latitude, significant differences between some populations 

were present, suggesting offspring size is affected more by local environmental conditions that 

those that are correlated with latitude.  
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Chapter 1: General Introduction 
 

1.1 Adaptation to Variable Environments 
 

Natural environmental variability is a constant (Aesawy & Hasanean, 1998;  Jones & 

Briffa, 1992; Liu et al., 2006; Yoshifuji et al., 2006) and has profound effects on fitness. These 

effects can be direct (Bozinovic et al., 2011; Siddiqui et al., 1973); for example, exposure to 

variable or constant temperature environments in Drosophila melanogaster causes differences 

in the ability to cope with stress (Bozinovic et al., 2011). Environmental variability can also have 

evolutionary effects, such as environmental mismatches caused by climate change (Edwards & 

Richardson, 2004; Jones & Cresswell, 2010; Post & Forchhammer, 2008) highlighting the 

difficulties in adapting to variable environments. Because of these effects, environmental 

variability should be considered when studying the evolution of life-history and phenological 

traits. In this thesis, I use greater duckweed Spirodela polyrhiza populations collected from a 

latitudinal gradient to empirically address how life-history and phenological traits evolve in 

variable environments. While many studies have shown genetic differentiation across latitudes, 

few have used multiple environments to determine how different populations have evolved in 

response to environmental gradients. 

Adaptation to variable environments can take multiple forms including adaptive 

phenotypic plasticity (DeWitt & Scheinert, 2004; Ghalambor et al., 2007; Pigliucci, 2001; Via et 

al., 1995) and bet hedging (Seger & Brockmann, 1987; Simons, 2011). Adaptive phenotypic 

plasticity, the production of multiple phenotypes by a single genotype in different 

environments, is expected to evolve when this environmental change is predictable (DeWitt et 

al., 1998; Reed et al., 2010) and occurs through phenotypic changes that are correlated with 
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fitness across environments (Riessen & Trevett-Smith, 2009; Schmitt et al., 1995; Stabell et al., 

2003). The evolution of phenotypic plasticity is constrained by many factors however, including 

when environmental cues do not predict fitness in future environmental states (Van Kleunen & 

Fischer, 2005).  

Bet hedging, on the other hand, evolves in situations when this environmental change is 

unpredictable (Childs et al., 2010; Graham et al., 2014; Seger & Brockmann, 1987; Simons, 

2011) and the evolution of adaptive plasticity is constrained. Bet hedging maximizes long term 

geometric-mean fitness at the expense of short-term fitness (Simons, 2011) and can occur in 

two ways. Conservative bet hedging is the production of a single risk averse phenotype (Childs 

et al., 2010; Rees et al., 2006; Simons, 2011); for example, early flowering phenology is thought 

to prevent reproductive failure when timing of season termination is unpredictable (Simons & 

Johnston, 2003). Diversification bet hedging involves spreading risk over phenotypically diverse 

offspring that ensures success of some (Childs et al., 2010; Einum & Fleming, 2004; Graham et 

al., 2014; Simons, 2011). For example, diversification in cyst hatching time in Anostraca shrimp 

prevents reproductive failure in pools with unpredictable filling and drying durations (Simovich 

& Hathaway, 1997). While there has been recent interest in bet hedging (García-Roger et al., 

2017; Graham et al., 2014; Gremer & Venable, 2014; Simons, 2011; Tarazona et al., 2017), more 

research is needed to explore differences in bet-hedging strategies between populations in 

areas where the degree of environmental variability differs.   

 

1.2 Use of Latitudinal Gradients 
 

Latitudinal gradients have long been used to study how traits evolve in different 

environments. Several environmental factors are correlated with latitude. These include 
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temperature, light intensity, season length and environmental variability (Caldwell et al., 1980; 

Rind, 1998; Xu et al., 2017). Latitudinal gradients have been used to study trait differentiation in 

a variety of organisms including plants (Debieu et al., 2013; Kollmann & Banuelos, 2004; B. Li et 

al., 1998; Olsson & Agren, 2002), insects (Land et al., 1999; Lankinen et al., 2013; Mousseau & 

Roff, 1989), fish (Fleming and Gross, 1990) and amphibians (Laugen et al., 2003).  

Evidence of genetic differentiation in life-history traits across latitudes is strong 

(Kollmann & Banuelos, 2004; Laugen et al., 2003; B. Li et al., 1998; Olsson & Agren, 2002; 

Parsons & Joern, 2014). Flowering time, for example, occurs earlier at higher latitude 

populations under common garden conditions (Kollmann & Banuelos, 2004; Olsson & Agren, 

2002). There has also been research into offspring size and number output strategies across 

latitudes (Fleming & Gross, 1990; Kokita, 2003; Parry, Goyer, & Lenard, 2001; Payne, 1976). 

Increased allocation to offspring number at northern latitudes and size at southern latitudes 

has been found in fish (Fleming and Gross, 1990; Kokita 2003) while the opposite was found in 

caterpillars (Parry, Goyer, & Lenhard, 2001). Others have found no strong trends (Ji & Wang, 

2005; Payne, 1976). Many have shown that in mammals (Ashton et al., 2000; Meiri & Dayan, 

2003) and birds (Ashton, 2002; Meiri & Dayan, 2003) there is a positive correlation between 

latitude and body/offspring size. Most reptile species, however are smaller at higher latitudes 

(Ashton & Feldman, 2003). In plants, there is strong evidence for a negative correlation 

between seed mass and latitude (Aizen & Woodcock, 1992; Moles et al., 2007; Moles & 

Westoby, 2003). This suggests that latitudinal trends in offspring size and number are highly 

variable between taxa and that many factors interact to determine evolutionary outcomes.  
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Less well understood than trends in mean trait values is how phenotypic plasticity and 

bet-hedging strategies vary across latitudes. Some studies show genetic differentiation in trait 

plasticity across latitudes in both animals (Klepsatel et al., 2013; Rohner et al., 2019) and plants 

(Simons, 2014; Toftegaard et al., 2016). There has been recent interest in plasticity of 

morphological traits in insects with studies showing that reaction norms in several traits show 

latitudinal differentiation (Gilchrist & Huey, 2004; Kingsolver et al., 2007; Morin et al., 1999). 

Plasticity in developmental time also shows divergence across latitudes (Kingsolver et al., 2007; 

Merilai et al., 2000; Stillwell & Fox, 2005). Very little research has analysed geographical 

variation in bet-hedging strategies. One study has shown greater offspring variability (Chen, 

Friesen, et al., 2018) – a trait often associated with diversification bet hedging – at higher 

altitudes where environmental unpredictability is higher. Since diversification bet-hedging 

strategies are characterized by the production of variable offspring, increased offspring 

production would be expected at higher latitudes under greater environmental unpredictability 

(Simons, 2007).  

 

1.3 Study System 
 

Here, I use the greater duckweed Spirodela polyrhiza to investigate the evolution of life-

history and phenological traits across latitudes with emphasis on phenotypic plasticity and bet 

hedging. S. polyrhiza is an aquatic plant that floats on the surface of stagnant bodies of water. It 

has been used extensively in physiological (Bieleski, 1968; Ley et al., 1997), environmental 

remediation (Ansari & Khan, 2009) and toxicological studies (Caicedo et al., 2000; Doǧanlar, 

2013; Qiao et al., 2012; Su et al., 2017). Recently, it and other duckweed species have emerged 
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as a useful system in evolutionary ecological research (Barks & Laird, 2016; Barks et al., 2018; 

Laird & Barks, 2018; Mejbel & Simons, 2018; Morris, 2018).  

 S. polyrhiza is among the fastest reproducing flowering plants with a generation time of 

approximately two days (Ziegler et al., 2015) and high offspring output making it useful in 

studying life-history evolution (Laird & Barks, 2018). It also has a wide distribution (Hillman, 

1961) and can be used to test for geographic variation in a variety of traits. S. polyrhiza 

produces almost entirely clonally through vegetative propagation (Wang et al., 2014a) so 

genetically identical plants can be replicated across treatments to allow assessment of 

phenotypically plastic traits.  

 S. polyrhiza produces structures called turions prior to winter that allow the organism to 

survive water body freezing. Turions reactivate in the spring and give rise to normal frond 

production (Hillman, 1961). The timing of turion production is thus crucial to fitness since late 

turion production may result in reproductive failure if turions are not produced before water 

body freeze over. Early turion production, alternatively, is detrimental if turions are produced 

at the expense of fronds when growing conditions are favorable. Thus, a trade-off between 

early turion formation sacrificing offspring production and late turion production potentially 

risking reproductive failure exists. Turion production is phenotypically plastic, with its initiation 

induced by factors including cool temperatures associated with the onset of winter (Mejbel & 

Simons, 2018). Despite being clonally produced, both turion phenology and offspring size are 

variable among offspring (Barks & Laird, 2016; Mejbel & Simons, 2018). This is mediated 

through the order in which offspring are produced such that late birth order offspring are 

smaller (Barks and Laird, 2016) and produce turions earlier in their lifetime than early birth 
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order offspring (Mejbel and Simons, 2018). This has led to the hypothesis that variation in 

turion phenology across clonally produced offspring is a bet-hedging strategy to prevent 

reproductive failure under unpredictable growing season termination (Mejbel & Simons, 2018).  

Here my goal is to study geographic variation in life-history traits in S. polyrhiza. Specifically, 

I predict that thermal reaction norms in turion formation will differ across a latitudinal gradient, 

since both season length and environmental predictability differ across this gradient (Liu et al., 

2006; Yoshifuji et al., 2006). I was also interested in differences in offspring number and size 

across latitudes as well as a starting point to determine if bet-hedging strategies vary 

geographically. I predicted that at higher latitudes, higher offspring output would be favoured, 

which may be traded off with offspring size. This is because of a negative correlation between 

latitude and environmental predictability, potentially favoring a bet-hedging strategy. Due to 

unexpected frond mortality however, I was unable to answer this question. Though I did gather 

some data on offspring size, rather than include this work as a separate chapter, I report data 

and findings in appendix A.  

 This thesis will provide insight into how phenotypically plastic and potential bet-hedging 

traits evolve in variable environments. While it is well established that adaptive phenotypic 

plasticity is vital in adaptation to variable environments (Charmantier et al., 2008; Reed et al., 

2010; Simons, 2011; Van Kleunen & Fischer, 2005) evidence of geographical variation in norms 

of reaction is lacking.  
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Chapter 2. Latitudinal variation in norms of reaction of phenology in the greater duckweed 
Spirodela polyrhiza  
 

2.1 Introduction  
 

Natural environments vary temporally in factors that may affect fitness such as in 

season length (Yoshifuji et al., 2006), precipitation (Liu & Yin, 2000) and temperature (Aesawy & 

Hasanean, 1998; Jones & Briffa, 1992).  Response to such environmental variation may take 

several forms, including adaptive tracking, adaptive plasticity, and the evolution of bet-hedging 

traits.  Phenotypic plasticity, the production of multiple phenotypes by a single genotype in 

different environments, can be adaptive or non-adaptive. Non-adaptive plasticity is generally 

interpreted as a passive response to environmental differences or stresses (Ghalambor et al., 

2007; Van Kleunen & Fischer, 2005). For example, plasticity in several life-history traits in 

Arabidopsis thalinana in response to plant density provides no fitness benefit (Dorn et al., 

2000). Adaptive plasticity, when phenotypic change occurs in the same direction as the fitness 

optimum (Ghalambor et al., 2007), requires environmental cues that reliably indicate how a 

phenotype will affect fitness under a change in the environment (DeWitt et al., 1998; Reed et 

al., 2010; Simons, 2011). For example, the development of neck spines in response to predator 

alarm cues in Daphnia spp., reduces risk of predation (Riessen & Trevett-Smith, 2009; Stabell et 

al., 2003), and stem elongation in Brassica in response to shading provides a fitness advantage 

over plants with blocked elongation pathways (lacking a plastic response) (Schmitt et al., 1995).  

Although plasticity may be expressed in any kind of trait (morphological, physiological, 

behavioural etc.), phenological traits are especially subject to plastic expression in both plants 

and animals (Anderson et al., 2012; Charmantier et al., 2008; Merilai et al., 2000; Quinn & 

Wetherington, 2002; Vitasse et al., 2010). For example, shifts in seed dormancy are initiated by 
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a variety of cues that indicate quality of growing conditions (Baskin et al., 1999; Footitt et al., 

2013; Platenkamp, 1991; Schütz et al., 2002; Sultan, 1996), and flowering time is plastic to 

temperature and timing of snowmelt (Anderson et al., 2012, 2011). 

Environmental variation, most notably when it is unpredictable, also selects for bet-

hedging strategies (Childs et al., 2010; Graham et al., 2014; Seger & Brockmann, 1987; Simons, 

2011). Bet hedging may be conservative, in which a single ‘safe’ phenotype is produced (Rees et 

al., 2006; Simons & Johnston, 2003; Simons, 2011) or bet hedging may be effected through 

diversification in which the production of multiple phenotypes suited to different environments 

are produced, ensuring success of at least a subset (Childs et al., 2010; Einum & Fleming, 2004; 

Graham et al., 2014; Simons, 2009; Simons, 2011). Because environmental variation is 

composed of both predictable and unpredictable components, the expression of both plasticity 

and bet-hedging can be expected (Donaldson-Matasci et al., 2013; Simons, 2014). 

The greater duckweed Spirodela polyrhiza (L.) Schleiden is especially well suited to study 

the role of phenotypic plasticity and diversification in evolution of life-history traits: S. polyrhiza 

reproduces asexually almost exclusively, through budding of offspring fronds from meristematic 

“pockets”(Lemon & Posluszny, 2000).  Overwintering buds called turions (Hillman, 1961; 

Krajnčič & Devidé, 1979; Krajnčič & Slekovec-Golob, 1991; Wang et al., 2014a), are produced 

through vegetative propagation (Wang et al., 2014a) from the same meristematic tissue as 

normal fronds. These starch-rich structures sink to the bottom of water bodies and remain in a 

dormant state until favourable conditions resume (Appenroth et al., 1996; Jacobs, 1947). 

Production of turions is critical to overwinter survival in locations that regularly experience 

freezing conditions (Jacobs 1947). 
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Turion formation in S. polyrhiza is a plastic trait that may be influenced by several 

factors, and is known to be initiated by exposure to cold temperature (Mejbel & Simons, 2018). 

While it is clear that phenotypic plasticity, at least in part, controls the timing of turion 

production, the expression of diversification bet hedging is expected to as well. Diversification 

in this clonal organism is potentially mediated through maternal effects. The birth order of 

mother fronds, here meaning the order in the sequence of fronds at which the particular 

mother frond was originally produced, has been shown to consistently affect the timing of 

turion production, with later birth order fronds producing turions sooner (Mejbel & Simons, 

2018). This difference in timing may thus reflect a diversification bet-hedging strategy, as 

offspring of a single genotype exhibit a range of phenotypes that depend on their birth order. 

The use of a latitudinal gradient can be used to study the evolutionary divergence of phenology 

in this trait, in that we expect differences in timing of turion production, potentially due to both 

plasticity and bet hedging. 

Latitudinal gradients have often been used to infer and test for differentiation in optimal 

life-history traits (Debieu et al., 2013; Fleming & Gross, 1990; Kollmann & Banuelos, 2004; Land 

et al., 1999; Laugen et al., 2003; Li et al., 1998; Mousseau & Roff, 1989; Olsson & Agren, 2002; 

Santamaria et al., 2003). Studies have shown genetic differentiation in flowering time such that 

flowering occurs earlier at higher latitudes/altitudes suggesting different optimal flowering time 

in different locations (Olsson and Agren 2002; Kollmann and Banuelos 2004; Wagner and 

Simons, 2009). Similar trends have been observed for timing of diapause in Drosophila montana 

(Tyukmaeva et al., 2011) and time to bud set and leaf abscission in Populus tremula (Hall et al., 

2007). Environmental gradients exist along latitudes, differing in a number of factors including 
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temperature, light intensity, season length and environmental variability (Caldwell et al., 1980; 

Rind, 1998; Xu et al., 2017). Since optimal life-history strategies may vary across environments, 

it is expected that strategies will differ along latitudinal clines. This makes the use of latitudinal 

clines a convenient method to study how life-history traits evolve in different environments. 

Latitudinal differences in trait values is well established, and there has been significant 

recent interest also in the evolution of plasticity across latitudinal and altitudinal gradients 

(Ayrinhac et al., 2004; Li et al., 2016; Molina-Montenegro et al., 2012; Overgaard et al., 2011; 

Záhorská et al., 2017). Despite this, little is known about how norms of reaction differ 

geographically, particiularly in phenological traits. Some studies have reported genetic 

differentiation in plastic morphological traits across latitudes or altitudes (Klepsatel et al., 2013; 

Rohner et al., 2019b), where nonsignificant latitude/altitude-by-environment interactions 

suggest that, while there is genetic differentation, reaction norms do not differ.  However, 

geographical differences in reaction norms are well established in morphological traits in 

insects (Gilchrist & Huey, 2004; Kingsolver et al., 2007; Morin et al., 1999). Studies in plants 

have shown a positive correlation between degree of plasticity and distance away from the 

equator (Li et al., 2016; Molina-Montenegro et al., 2012) while others have shown this 

correlation is weak or absent (Kellermann et al., 2018; Overgaard et al., 2011).  

Few studies have shown differing reaction norms in phenological traits. Toftegaard et al. 

(2016) investigated flowering phenology along a latitudinal gradient, showing a significant 

interaction between latitude and temperature in just one of five species. Notably, Kingsolver et 

al. (2007) and Stillwell & Fox (2005) showed reaction norm differentiation in development time 

between low and high latitude/altitude populations in insects; also northern and southern 
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populations of frogs react differently to differing food and temperature environments 

suggesting reaction norm differentiation (Merilai et al., 2000). In these three studies, only 2 

latitudes/altitudes are examined, making it difficult to draw strong conclusions about the 

relationship between latitudes and reaction norms. There is evidence, however, of reaction 

norm differentiation in development time in butterflies (Posledovich et al., 2014) and 

damselflies (Śniegula et al., 2012) across three latitudes. Nevertheless, more research is needed 

to understand how reaction norms of phenological traits evolve in different environments. This 

will be addressed by examining differentiation across latitudes in phenological reaction norms 

of turion production in S. polyrhiza.  

Here, S. polyrhiza collected from thirteen populations from across seven latitudes 

ranging from northern Ontario to southern Florida were used to test for geographical 

differences in reaction norms of turion production. We hypothesized that that reaction norms 

would differ, with turion production at northern latitudes occurring earlier (e.g. at a lower birth 

order) because season length is both shorter and less predictable (Naya et al., 2008; Xu et al., 

2017). A gradient using temperatures known to initiate turion production was used to assess 

reaction norms. Descendants of plants from each population were positioned at each 

temperature along the gradient, and the propensity of each population to produce turions 

along this gradient was measured.  Thus, the effects of phenotypic plasticity and genetic 

differentiation were simultaneously tested, and this design allowed us to determine whether 

reaction norms differ across latitudes.  A finding of population differentiation would motivate 

future evaluation of the adaptive significance of these differences, as well as investigation of 

underlying genetic mechanisms of reaction norm differentiation. 
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2.2 Methods 
 
 
 Fronds were collected along a latitudinal gradient of approximately 2300 km in the 

eastern United States and Canada from 7 main locations or latitudes (Figure 2.1) in June/July of 

2018. I collected directly from every latitude with the exception of Florida. These two 

populations were collected by researchers from the area. For American populations, 

phytosanitary certificates were obtained prior to export into Canada. Two replicate populations 

were collected from each geographical location, with the exception of Georgia in which only a 

single population could be located. Replicates were collected from different 

waterbodies/systems to allow inferences about differences among latitudes, and to maximize 

the probability of sampling different genotypes. Because it is possible that traits of interest 

respond to pond size, fronds were collected from at least one pond 4 hectares in size or 

greater. Latitudes at which one replicate population came from a smaller pond were northern 

Ontario, southern Ontario, Virginia, North Carolina and Florida; in no case were both replicates 

collected from a smaller pond.  
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Figure 2.1. S. polyrhiza collection locations. Fronds were collected from 7 latitudes with 2 
populations per latitude with the exception of Georgia (1 population) for 13 total populations.  

 

Fronds used in the laboratory study were produced in 12-well plates. Because a 

mother’s own birth order influences timing of daughter turion production (Mejbel & Simons, 

2018) and birth order is unknown in the stock culture, birth order was standardized prior to the 

study by selecting first birth-order daughters of first birth-order daughters for at least four 

generations (Barks & Laird, 2016b). This eliminates both maternal effects and any other 

environmental effects that may have an influence on timing of turion production. Daughters 

were separated from their mother upon production of their own first daughter frond.  These 

standardized first birth order daughters were then used to generate third birth order fronds to 
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act as the focal mothers in the experiment. However, because these third birth-order daughter 

fronds begin producing their own daughters prior to detaching from their maternal frond, the 

introduction of focal mothers to the thermogradient at this stage would mean that their first 

daughters would not experience thermogradient conditions during a critical phase of 

development, precluding the possibility of first birth order turion production. Therefore, the 

standardized first birth order daughters were introduced into the thermogradient (described 

below) immediately upon initiation of the focal third birth order daughters.  The original first 

birth-order mother fronds were discarded once third birth order focal fronds produced their 

own first daughters. Standardization was performed at 25°C with a 14h photoperiod in a 

Biochambers SG-30 seed germinator. Fronds were maintained on Appenroth’s nutrient medium 

(Appenroth et al., 1996). Twelve-well plate position was randomized within the seed 

germinator and rotated regularly.  

Geographical differences in reaction norms were assessed on a thermogradient 

incubator (Figure 2.2). Two thermogradient runs were performed. A first run provided useful 

preliminary information useful for the design of the second run, although problems precluded 

the use of data for the main results.  A discussion of the results for this run are in appendix B. 

The thermogradient consists of an aquatic chamber, separated into two replicate lanes, 

mounted on an aluminum block. A water heater and cooler circulate water in a counter current 

at opposite ends through the aluminum block to produce a temperature gradient, resulting in a 

corresponding gradient of water temperatures in the aquatic chamber. The aquatic chamber 

was separated into 6 discrete temperature sections using plexiglass barriers. Four-watt 

aquarium pumps were used to circulate water within each section to maintain a constant 
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temperature. A water temperature range of 10-16°C was used (Figure 2.2), based on a test run 

that showed no turion production in any population above 16°C. This run also showed that one 

Florida population expressed no plasticity to temperature at least as low as 12°C, producing 

only normal fronds; thus, a colder temperature (10°C) was included to further accommodate 

the possibility of turion production by this population.  

 
Figure 2.2. Schematic of thermogradient incubator. A heater and chiller circulate warm and cold 
water through the underlying aluminum block at opposite ends to produce a temperature 
gradient in the aquatic chamber above. Pumps circulate water to maintain constant 
temperature within each section of the aquatic chamber. Fronds were placed in tubes in each 
temperature section. 
 

Eight mother fronds from each latitude (4 for Georgia) were represented at each 

temperature increment giving a total of 312 fronds (2 fronds/population/temperature*2 

populations/latitude*7 latitudes*6 temperatures*2 replicates - 1 Georgia population [24 

fronds]) for observation of offspring turion production. Mother fronds were housed individually 

in glass culture tubes held in place by floating rafts made from styrofoam insulation board, 

which also served to homogenize temperatures within sections and reduce evaporative water 

Heater Chiller

16°C

16°C

15°C

15°C

14°C

14°C

13°C

13°C

12°C

12°C

10°C

10°C
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loss. Frond position within each section was randomized and changed weekly. An overhead 

fluorescent grow light on a 14h photoperiod was used for the duration of the experiment. 

Duckweed grows well under low light levels (e.g. Vidakovič-Cifrek et al., 2013), and we used a 

light intensity of approximately 25 µmol m-2s-1. 

Phenology of turion production was monitored daily upon introduction of mother 

fronds to the thermogradient incubator and assessed in two ways: as first turion birth order, 

and as days to first turion. First turion birth order is the birth order at which a turion is first 

produced by a mother frond. For example, if three normal fronds are produced followed by a 

turion, the turion is scored as birth order four. Daughter fronds were detached from mother 

fronds once they produced their own first daughter. Turions were removed once they naturally 

separated from the mother frond. 

 

2.2.1 Statistical Analysis 
 

First turion birth order, our primary measure of turion phenology, was analyzed using a 

type I mixed effects model. The model included main effects of latitude (categorical, fixed) and 

temperature (continuous) with their interaction; thermogradient lane and population (within 

latitude) were treated as random effects with lane nested within population and population 

nested with latitude for a full model of: First turion birth order = latitude + temperature + 

(latitude*temperature) + population(latitude) + lane(population(latitude)). Significance was 

assessed using Satterthwaite approximation for main effects because this method is more 

conservative than typical assessments of significance for mixed models such as likelihood ratio 

tests (Luke 2017). Likelihood ratio tests (LRT) were used to test for significance in random effects. 
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First turion birth order response data were log transformed to improve normality, and linearity 

of reaction norms. Some fronds exhibited no turion production; however, omitting first turion 

birth order for these individuals that show the greatest delay in turion production would seriously 

bias results. Therefore, to include these data points in the analysis, we adopt a conservative 

approach and scored first turion birth order as one greater than the birth order of the final 

daughter produced (Mejbel & Simons, 2018).  

Days to first turion was analyzed separately using a second-degree polynomial mixed 

model. This quadratic fit was used because temperature has a direct effect on physiological 

processes, resulting in inflated times to first turion production at colder temperatures (see Figure 

4). The same variables used in the analysis of first turion birth order (above) were used. For fronds 

producing no turions, hypothetical days to first turion was considered to be the end of the 

experiment after all offspring production ceased. All analyses were performed in R.  

 

2.3 Results 
 

Temperature and latitude both significantly affected first turion birth order (Table 2.1). 

First turion birth order was lower at colder temperatures for all latitudes (Figure 3). The effect 

of temperature on turion formation is highly dependent on latitude and the significant 

temperature*latitude interaction term (Table 2.1) indicates that norms of reaction differ across 

latitudes. At cold temperatures (e.g. 10°,12° and 13°C), most latitudes produce turions at early 

birth orders. At warmer temperatures, northern latitude populations continue to produce 

turions at birth order 5 or earlier while southern populations either produce turions very late 

(birth-orders 6 and above) or produce no turions. This effect, for example, is obvious in Georgia 
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and Florida populations at 15° and 16°C while Ontario and Pennsylvania populations continue 

to produce turions early at the same temperatures (Figure 2.3).  

 

Table 2.1. Effects of variables on log first turion birth order. Main effects use Satterthwaite’s 
method of significance testing and random effects use likelihood ratio tests (LRT).  

Main Effects    

Variable Df F p 

Latitude 6 23.63 <0.01 

Temperature 1 348.76 <0.001 

Interaction 6 22.38 <0.001 

Random Effects    

Variable Df LRT statistic p 

Latitude(Population) 1 12.84 <0.001 

Population(Lane) 1 0 1 
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Figure 2.3. Effect of temperature and latitude on log transformed first turion birth order for 13 
populations across seven latitudes. R2 value is from 2 factor ANCOVA of main effects with 
interaction for illustration purposes. 

 

 Results for days to first turion production, the alternative approach to characterize 

phenology of turion formation, are similar to those using first turion birth order. Both latitude 

(F1=27.33, p<0.001) and the quadratic temperature term (F2=14.21, p<0.001) were highly 

significant. Importantly, the interaction term here is also highly significant (F2=8.43, p<0.001) 

suggesting reaction norm differentiation. Also, there is clear differentiation in turion timing 

using this measure such that turions are produced later at southern latitudes (Figure 2.4). 
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Figure 2.4. Effect of temperature and latitude on time to first turion (days). R2 value is from two 
factor second degree polynomial ANCOVA with interactions for illustration purposes.  
 

The effect of population on time to first turion was small but significant (Table 2.1). 

Post-hoc analyses showed a significant difference between the two Florida populations 

(p<0.001) but no differences between populations from other latitudes. One Florida population 

exhibits little plasticity to temperature (Figure 2.5), producing few turions regardless of 

temperature. The slope of the reaction norm for days to first turion in this population does not 

differ significantly from 0 (Figure 5, p>0.05). The second Florida population behaves similarly to 

other southern latitude populations, producing turions early under cold temperatures. Finally, 

thermogradient lane had no effect on turion timing in either proxy, with its removal improving 

the model (Table 2.1).  
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Figure 2.5. Log first turion birth order (a) and days to first turion (b) for both Florida 
populations, showing reaction norm differentiation between these populations.  
 
 

2.4 Discussion 
 
 The occurrence of population differentiation in traits across latitudinal gradients is well 

established; however, less is known about gradients in plasticity (Gilchrist & Huey, 2004; Li et 

al., 2016; Molina-Montenegro et al., 2012; Morin et al., 1999), and even less about latitudinal 

population differentiation in reaction norms in phenological traits (Kingsolver et al., 2007; 

Merilai et al., 2000; Stillwell & Fox, 2005). Here, we investigated geographic reaction norm 

differentiation in Greater Duckweed, S. polyrhiza. We predicted reaction norms in turion 

production would differ across latitudes; specifically, that populations from higher latitudes 

would produce turions earlier across a common-garden temperature gradient, hypothesizing 

that more northern populations experience shorter season length and less predictable season 

termination (Naya et al., 2008; Xu et al., 2017). The finding of a significant effect of latitude of 

origin on the norm of reaction for phenology of turion production supports this hypothesis. The 

slopes differ as predicted: populations from Ontario and Pennsylvania produced turions both at 

an earlier birth order and in a shorter time span than those from southern latitudes such as 
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Florida, Georgia and Virginia at warm temperatures, and norms of reaction converge toward 

colder experimental temperatures (Figure 2.3). This significant interaction between 

temperature and latitude provides evidence for population differentiation in norms of reaction 

for a phenological trait—timing of turion production—in response to temperature across 

latitudes. 

Twelve of the thirteen populations studied responded to a temperature cue to initiate 

turion production. If the temperatures used in the experiment are reliably associated with 

particular fitness consequences, then plasticity in turion phenology may be adaptive (DeWitt et 

al., 1998; Reed et al., 2010). Significant differentiation in plasticity of turion phenology was 

observed at 14° to 16°C; northern populations initiated turion production immediately while 

southern populations delayed production, or produced no turions. This temperature range may 

reliably indicate imminent growing season termination at northern but not southern latitudes. 

If this is the case, initiation of turion production in northern populations would increase fitness 

relative to normal frond growth because it ensures survival over winter, whereas turion 

production in southern populations would reduce fitness relative to the continuation of normal 

growth because turions are initially dormant. 

The observed differentiation in phenological norms of reaction is consistent with 

adaptive hypotheses; however, more definitive conclusions about adaptive significance would 

require further testing. For example, the hypothesis of adaptive divergence in reaction norms 

across latitudes could be tested using a reciprocal transplant experiment in which the number 

of surviving fronds in transplanted populations relative to local populations is assessed across 

seasons at different latitudes. If reaction norms are adaptive, northern populations 
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transplanted to a southern latitude should initiate turion production unnecessarily at seasonal 

low temperatures leaving fewer offspring than native populations, while southern populations 

transplanted to a northern latitude should initiate turion production late in the season either 

leaving fewer offspring or risking reproductive failure.  Such a reciprocal transplant approach to 

test local adaptation has been taken in other systems (Ågren & Schemske, 2012; Bennington et 

al., 2012; Waser & Price, 1985).  

Populations from all latitudes with the exception of one of two from Florida exhibited 

plasticity to temperature. For first turion birth order, the reaction norm for this population 

appears to have a positive slope, producing turions later at higher temperatures. This trend is 

an artifact of greater normal frond output at higher experimental temperatures (since 

hypothetical first turions were added at lower daughter birth orders under cold temperatures). 

Measuring this as days to first turion corrects this and reveals a flat reaction norm, suggesting 

this population has lost its plastic response to temperature, at least for the temperature range 

tested. 

Interestingly, most populations originating from latitudes that rarely experience pond 

freeze-over produce turions. It is possible these temperatures fall outside those normally 

experienced at these latitudes, and there is thus no cost associated with this reaction. Thus, 

selection would not act directly against this response. Alternatively, turion production at these 

latitudes may have evolved as a bet-hedging strategy (Seger & Brockmann, 1987; Simons, 2011) 

that prevents complete reproductive failure in the event of a rare and unpredictable freeze-

over. This could occur through a constraint on evolution preventing loss of turion production 

despite it being maladaptive when low temperatures unnecessarily initiate turion production. 



 24  
 

Though constraints on evolution are well documented, they are generally thought to impede 

adaptive evolution (Etterson & Shaw, 2001; Hansen et al., 2003). In the face of unpredictable 

environmental change, however, a constraint that prevents evolution of a trait that provides 

short term success but eventual extinction, may itself be adaptive over long timescales (Simons, 

2002). In this case, the joint expression of plasticity and bet hedging (e.g. Furness et al., 2015; 

Simons, 2014) may result in selection for turion production in southern populations.  

Bet-hedging may also, in part, explain timing of turion formation at northern latitudes. 

Environmental variation generally increases with latitude (Molina-Montenegro et al., 2012; 

Naya et al., 2008; Xu et al., 2017) and consists of predictable and unpredictable components of 

change (Burgess & Marshall, 2014; Colwell, 1974). Northern populations may produce turions 

earlier as a conservative bet-hedging strategy because of higher uncertainty over when the 

growing season ends. This hypothesis is difficult to test, since earlier turion formation would 

have to be shown to be adaptive across long time scales (several seasons), despite being 

suboptimal when an early end to the season does not occur (Simons, 2011). This would require 

a long-term test of geometric mean fitness with unpredictably timed freezing events that occur 

at a frequency that is representative of natural conditions across latitudes.  

  The underlying genetic mechanisms causing differences in sensitivity to temperature 

across latitudes has yet to be investigated. Because turion production is a plastic trait, it is likely 

that transcription levels of genes involved in turion production differ across environments, as 

has been documented in other plastic traits (Gibbons et al., 2017; Lasky et al., 2014; Levine et 

al., 2010; Schoville et al., 2012; Zhao et al., 2015). In S. polyrhiza, Wang et al (2014b) et al 

identified 362 genes that are differentially expressed in turion formation induced by abscisic 
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acid relative to regular frond formation. These included an increase in expression of ADP-

glucose phosphorylase genes involved in starch biosynthesis also observed by Wang & Messing 

(2012), which are of particular interest since turions function is dependent on high starch 

storage (Dölger et al., 1997). Evolved changes in expression in these genes may allow 

populations across latitudes to express different propensities of turion production under the 

same conditions.  

 Because of the need to isolate latitude as a source of variation in turion production, we 

used a standardized maternal birth order.  Thus, a limitation of our study is the inability to 

investigate the combined effects of maternal birth order and latitude.  As mentioned, later birth 

order daughters produce turions earlier in a northern latitude (Ontario) population (Mejbel & 

Simons, 2018). Selection may favour greater offspring diversification in northern latitudes 

where environmental variation is greater. This may result in a positive correlation between 

latitude and variability of turion phenology across birth orders. There is some evidence of this in 

frogs in which egg size variability is greater at higher altitudes where environments are less 

predictable (Chen, Peng, et al., 2018). To test this hypothesis, a design could include early and 

late (e.g. 3rd and 7th) birth order daughters, although this would be logistically difficult, requiring 

multiple thermogradient runs, and staggering of frond introduction times because late birth 

order daughters are produced after early ones.  

Here we provide evidence of geographical reaction norm differentiation in a 

phenological trait in S. polyrhiza. Populations across different latitudes exhibited different 

norms of reaction, with more southern populations producing turions later in warmer 

experimental conditions than northern populations regardless of turion phenology metric. This 
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suggests that populations may adapt to different environments through changes in phenotypic 

plasticity of phenological traits, although the adaptive significance of this finding remains to be 

tested. These reaction norms may also be explained by the joint expression of plasticity and a 

conservative bet-hedging strategy, in that turion production occurs earlier in more variable 

northern latitudes.  
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Appendices 

 

Appendix A. Offspring size and number experiment 
 

This experiment was conceived as an analysis of offspring size and number across 

latitudes to test the prediction that high latitude populations would produce more offspring, 

potentially as a bet-hedging strategy. This material is included here because it provides some 

insight into how offspring size differed across latitudes but is not included in the main body of 

the thesis because premature frond mortality prevented evaluation of the hypothesis. Offspring 

traits were analyzed at two temperatures in separate growth chambers set to 20 and 25°C and 

a 14h photoperiod. Offspring size was assessed for odd birth order daughters (1,3,5). 

Photographs were taken upon the maturation of the daughters of these fronds 

(granddaughters of focal frond) for at least three birth orders. This was to ensure maximum 

offspring size was recorded as daughter fronds may not have reached full size upon production 

of their first daughter. Photographs were taken using an Olympus SZX12 microscope with an 

Infinity 3 Lumenera camera attachment. Measurements were taken using a 0.5x lens at 10x 

magnification. Offspring size was measured using ImageJ following calibration. Both width and 

length of fronds were recorded at the longest and widest points of the frond. Length and width 

were highly correlated (R2=0.85) so length was used as the main proxy for frond size. 

Differences in total offspring number between populations could not be determined because 

excessive algae growth caused premature mortality in the focal fronds.  

Preliminary regression analysis showed a weak but significant effect of latitude on 

offspring size in first (F=5.67, p<0.05, R2=0.07) and fifth (F=4.47, p<0.05, R2=0.10) birth order 

daughters at 25°C (Fig. A1). This suggests that frond size may be correlated with latitude at 
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some temperatures, but greater power would be needed to determine how strong the 

relationship is. To determine if size differences were present between populations from 

different latitudes, offspring size data were analyzed using a three-way ANOVA that included 

treatment temperature, population and daughter birth order as factors and an interaction 

between population and temperature. Since correlations between latitudes and offspring size 

were weak or absent and because size differences may exist within latitudes, population, 

instead of latitude was used as a factor and was treated as a discrete variable.  

(a)                      (b) 

Figure A1. Correlation between latitude and offspring size in mother birth order 1 (a) and 
mother birth order 5 (b) both at 25°C. No significant relationships were observed for any other 
birth orders at either temperature. 

 

 Frond size was found to differ significantly across populations (F=4.2, p<0.001). Post hoc 

analyses revealed significant differences among a subset of populations (Fig. A2), although no 

consistent differences are apparent across latitudes.  These preliminary results suggest that 

local environmental conditions may be more important than environmental variables 

correlated with latitude. Temperature had no effect on offspring size (F=0.7, p>0.05), but a 
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significant effect of mother birth order was observed (F=13.94, p<0.05). Post-hoc analysis 

showed a significant difference between birth orders 3 and 5 (p<0.001) and 1 and 5 (p<0.001) 

but not 1 and 3 (p>0.05). This is unsurprising given that other studies have shown offspring size 

in duckweed decreases with birth order (P. M. Barks & Laird, 2016a; Mejbel & Simons, 2018).  

 

  

Figure A2. Average frond length for each population.  

 

Appendix B. Initial thermogradient run 
 

An initial thermogradient run was performed that yielded incomplete results, but that 

were informative, especially in designing and implementing the run for the main study. In this 

initial run, two birth order mothers (3 and 7) were used. Because third and seventh birth order 

fronds are produced at different times, frond introduction was staggered into two ‘batches’ of 

fronds; an early and a late batch. The thermogradient temperatures were not properly 

balanced at the time of introduction of fronds (Fig. A3). Only one of these temperatures (16°C) 
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was appropriate to assess genetic differentiation in turion production as the others were either 

too warm, in which case no turions were produced, or too cold in which case only turions were 

produced, with the exception of a single Florida population (Fig. A4). Data was analyzed as the 

average turion proportion (the proportion of offspring produced that were turions) at each 

latitude. This ensures that variation in number of offspring produced in fronds that produced 

no turions does not influence the results (e.g. a frond that produced 8 daughters but no turions 

has same turion proportion as one that produced 11 daughters). A mixed model with latitude 

and temperature as effects and population as a random effect was used. 

 

Birth order 7 3 7 3 7 3 

Lane 1 20 18.5 17.5 16 14.5 12 

Lane 2 20 18.5 17.5 16 14.5 12 

Figure A3. Schematic of thermogradient set up for first run of experiment. Yellow highlighting 
shows only temperature at which differentiation in turions production was observed. 

 

Seventh birth order daughters showed no differentiation in timing of turion production 

between latitudes with the exception of one Florida population, producing no turions at any 

temperature. This is consistent with the behaviour of this population in the main study. At 16°C 

with third birth order mothers, Ontario populations produced turions earlier than populations 

from southern latitudes (Fig. A4) but this difference was not significant (df=12, 2=16.55, 

p>0.05). The temperature*latitude interaction was also not significant (df=6, 2=6.89, p>0.05). 

Temperature, however, did significantly affect turion proportion (df=7, 2=74.35, p<0.05). 
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 These results are less reliable than those of the main study for two reasons. First, 

because temperature was measured differently in the two runs, the “16°C” temperature 

section used here likely differed from the “16°C” temperature section used in the main study 

due to differences in temperature calibration. Variation in the temperature probes used to 

measure thermogradient temperature was observed. To mitigate this effect, one ‘master’ 

probe was arbitrarily selected, and the others calibrated to it. As a result, absolute 

temperatures measured by the probes were likely different between runs though relative 

temperatures within runs were accurate. The disparity in results likely reflects a warmer 

temperature used in the first run than in the main study, which would explain why no 

significant differentiation in turion production was observed, since very little turion production 

occurred above 16°C. Second, since differentiation was only observed at one temperature point 

in the first run, reaction norms could not be reliably assessed. Clear genetic differentiation in 

turion formation was observed in the main study at several temperature points (chapter 2, Fig. 

3) showing clear reaction norm differentiation.  

 

Figure A4. Proportion of offspring produced that were turions for each latitude at three 
temperatures.  
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A logistic regression showed that northern populations are more likely to produce 

turions than southern populations at 16°C (p<0.05, Fig A5). There is thus evidence of genetic 

differentiation in turion production at this temperature, although differentiation in phenology 

is not detected in this initial run. 

 

Figure A5. Logistic regression of turion production probability vs. latitude at 16°C. Y-axis 
indicates whether each frond produced a turion or not.  
 


