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ABSTRACT 

 

Phenotypic Selection and Maladaptation in Restored and Natural Tall Grass 
Prairie Populations of Monarda fistulosa 

 

 

 

 

Restored plant populations frequently fail to establish or don’t persist over short to 

intermediate periods of time. These unsuccessful restoration attempts may be the result of strong 

selection and a high degree of maladaptation within restored populations. There are various 

potential evolutionary causes of maladaptation within restored systems, which may ultimately 

lead to extirpation. Here, I investigated whether current restoration practises systematically lead 

to stronger selection and a greater magnitude of maladaptation, by comparing restored prairie 

populations of Monarda fistulosa to naturally occurring populations. Phenotypic selection and 

maladaptation analyses were conducted on nine ecologically important traits in three restored 

and three natural tall grass prairie populations. Significant differences in selection and 

maladaptation were detected among the six study populations; however there was no significant 

difference between restored and natural populations. The lack of difference may indicate that the 

restored populations are well adapted to their environment or that natural populations are less 

well adapted than assumed.
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INTRODUCTION 

Through population expansion and altered land use, humans have converted significant 

amounts of natural wild lands into ecologically altered forms. This trend continues today through 

resource extraction, agriculture expansion, and development. Currently, over 20 % of the global 

land area has been converted to human-dominated use (Hoekstra et al. 2005). These ecosystem 

transformations have resulted in a significant global loss of biodiversity and ecological function 

(Naeem et al. 1994). Land use changes have been implicated in numerous extirpations events and 

are a leading cause of extinction globally (Thompson and Jones 1999; Pimm and Raven 2000). 

Many researchers have predicted large scale collapses in ecosystem functions or biodiversity if 

current trends continue (Julie et al. 1999; Cumming et al. 2005). Even if these worst case 

scenarios do not materialize, it is clear that wide spread environmental degradation will continue 

to negatively impact biodiversity and ecosystem function. 

The loss and fragmentation of ecosystems has not been consistent across biomes; some 

biomes such as tall grass prairies, the focus of my research, have been lost in greater proportions 

than the global average (Farrell et al. 2002; Hoekstra et al. 2005). Tall grass prairies are systems 

dominated by forbs and grass species and have limited to no tree cover. Prairies are important 

habitat for a number of at risk species plant and animal species. The loss of prairie habitat has 

been especially severe in North America; including Ontario’s tall grass prairies. Before European 

settlement, Ontario is estimated to have had over 70 000 ha of tall grass prairie habitat. However, 

this has since been reduced to approximately 2100 ha, or 3 % of the original area (Farrell et al. 

2002). To mitigate or even reverse the trend of global ecosystem loss, conservation and 

restoration programs have been widely implemented. Ecological restoration is the active 

alteration of biotic or abiotic factors with the objective of increasing or re-establishing 
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populations (modified from SER 2004). Restoration strategies can take many forms, including 

alterations of hydrology, removal of invasive species, controlled burns, soil modification and 

reintroduction of native species. For the purpose of this thesis, I will focus only on restoration 

that involves the reintroduction of species to regions where they were historically present, but 

have since been extirpated. These transplanted individuals will be referred to as restored 

populations. Restoration, through the selective planting of species, has the potential to restore 

habitat, increase biodiversity and improve ecological function to many degraded areas (Rey 

Benayas 2009). The technique of transplanting populations has been used extensively in the 

restoration of prairies, grasslands, riparian zones, wetlands, forests and a number of other 

ecological systems (Ruiz-Jaen and Aide 2005).  

Restoration initiatives and the study of restoration ecology have become increasingly 

common since the 1980s (Ormerod 2003), as the emerging field offers many hopes to reduce 

environmental degradation (Ormerod 2003). The growing interest in restoration ecology is 

reflected in the popularity of periodicals such as the Journal of Restoration Ecology and the 

Journal of Applied Ecology, which focus on identifying and solving ecological issues within the 

context of restoration. The precise goal of restoration has been debated, but one common element 

is the desire to generate resilient, self-sustaining populations that can adapt to natural changes 

and future environmental variation (Montalvo et al. 1997; Hobbs and Harris 2001; Ormerod 

2003). To achieve this goal, restoration efforts rely on a firm understanding of population 

dynamics, ecological processes and evolutionary pressures acting within the system; however, 

there are still many fundamental knowledge gaps in these areas (see: Clewell and Rieger 1997; 

Montalvo et al. 1997). Although the field of restoration ecology has made advances in 

understanding how to restore ecosystems, many questions remain about the importance of seed 
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source, genetic diversity, local adaptation, and the effects of maladaptation and selection 

pressures on restoration success (van Andel 1998 ; Rice and Emery 2003; Hufford and Mazer 

2003; Mckay et al. 2005).  

1.1 Evolutionary Biology of Restoration 

The success or failure of a restoration project can be understood in terms of the 

evolutionary processes operating in re-introduced populations. Re-introductions typically involve 

transplanting a limited number of propagules from a restricted number of geographic sources 

(Menges 2008). To be self-sustaining and to avoid the impact of demographic and genetic 

stochasticity, restored populations must rapidly attain positive population growth, through strong 

survivorship and recruitment (Gomulkiewicz and Holt 1995). From an evolutionary perspective, 

population growth (or mean population fitness) is thought to be maximized when initial source 

material is well adapted to local conditions (i.e. at selective equilibrium). Conversely, restoration 

initiatives can be at risk of failure due to the introduction of maladapted source material. 

 This risk of failure has been observed in several studies that showed reintroduced 

populations often suffer from lower fitness, have reduced population growth rates compared to 

natural populations, and frequently do not persist over time (Sluis 2002; Kindscher and Tieszen 

2004; Husband and Campbell 2004; Lofflin and Kephart 2005; Godefroida et al. 2011; Noël et 

2001; Hillhouse and Zedler 2011). Hillhouse and Zedler’s (2011) study of establishment in 

prairie restoration found that a full 61.4 % of planted forb populations failed to establish over 4-6 

years, across 30 restoration sites. The reduced fitness and low persistence of restored populations 

could be the result of maladaptation, possibly caused by factors such as inbreeding depression, 

outbreeding depression, genetic drift, or ecological incompatibility (Montalvo and Ellstrand 

2001; Williams 2001; Lofflin and Kephart 2005).  
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1.2 Maladaptation  

For the purpose of this thesis, maladaptation is defined as the reduction in fitness that 

occurs as a result of a mismatch between a population’s distribution of phenotypes and the 

optimal phenotype for that environment (modified from; Gomulkiewicz and Holt 1995; Dias 

1996; Crespi 2000). Gomulkiewicz and Holt’s (1995) theoretical model shows that severely 

maladapted populations are likely to experience reductions in population size and thus become 

susceptible to extinction from demographic stochasticity. Even if a population has sufficient 

genetic and phenotypic variability to adapt, it may not persist long enough to be rescued by 

evolution if the initial degree of maladaptation is too severe (Gomulkiewicz and Holt 1995). 

Because of the implications of maladaptation for population persistence, it is important to be able 

to quantify its magnitude within populations of conservation or restoration interest.  

There are numerous potential causes of maladaptation within restored systems that can be 

categorized as either intrinsic or extrinsic factors. Intrinsic factors are processes such as loss of 

genetic diversity, fixation of deleterious mutations, inbreeding depression and outbreeding 

depression (Montalvo and Ellstrand 2001; McKay et al. 2005). These factors can have negative 

fitness effects as a result of the inherent genetic attributes of individuals, regardless of the 

environment, and can have immediate and long term consequences for population fitness and 

persistence (Williams 2001). Loss of genetic diversity and the fixation of deleterious mutations 

can happen through a genetic bottleneck or genetic drift in restored populations. A bottleneck 

refers to when a subset of a population’s total genetic pool becomes the basis of a population 

(Leberg 1992; Knapp 1999). This process readily occurs during restoration due to the use of a 

finite amount of seed from a limited number of sources. As a result, restoration stock rarely 

contains the total genetic diversity available for a given population. Genetic drift is a change in 
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allele frequency as a result of random sampling error rather than as a result of selection and can 

cause the loss of advantageous alleles and fixation of deleterious alleles. Genetic drift is severe in 

small or isolated populations; which is often the case in restored systems. Both the bottleneck 

effect and genetic drift can leave restored populations deficient in genetic variation and fixed for 

deleterious alleles (Williams 2001; Reed and Frankham 2003), potentially prolonging the period 

of maladaptation since they are less able to adequately adapt to their current environment. 

The problems associated with the effects of bottlenecks and drift can be exacerbated 

through increased inbreeding and the expression of inbreeding depression. Inbreeding depression 

is the reduction in a population’s mean fitness as a result of mating between relatives, or through 

self-fertilization (Charlesworth & Charlesworth 1987). It is most often caused by the expression 

of deleterious recessive mutations due to an increase in homozygosity (Charlesworth and 

Charlesworth 1987). This process can occur in restoration if individuals from a large outbred 

population, which have accumulated deleterious mutations, are inbreeding more frequently due 

to smaller population size. Conversely, distant outbreeding of individuals can also result in 

maladaptive effects through the expression of outbreeding depression. Outbreeding depression 

refers to the reduced fitness of progeny from parents that are adapted to different environmental 

conditions. Outbreeding depression is the product of allelic incompatibilities resulting in the 

breakdown of co-adapted genes and the disruption of beneficial epistasis effects (Lynch 1991). 

This effect is likely when the parental plants are from distinct genetic populations (Montalvo and 

Ellstrand 2001) and can occur within a restoration context if multiple seed sources are used in a 

single restoration effort, or in the crossing of restored populations with dissimilar local 

populations.  



! 6!

Populations may also experience a high degree of maladaptation as a result of extrinsic 

factors such as a mismatch between genotypes in a population and their suitability for the local 

environmental conditions (Hufford and Mazer 2003). This situation can arise during restoration 

projects through the transplantation of plants into an environment with different biotic and 

abiotic conditions than the population’s original environment. It has been well documented that 

populations can be highly adapted to their local environmental conditions. In some cases local 

adaptation can be at a very fine scale of only a few hectares (Sork et al. 1993). Population 

adaptation has been documented to such specific habitat or environmental factors as soil type, 

soil moisture, elevation, photoperiod, rainfall and predator prey interactions (Björkman et al. 

1963; Singh 1972; Hufford and Mazer 2003; McKay et al 2005; Hereford 2009). It is important 

to note that there is some overlap between intrinsic and extrinsic causes of maladaptation, as 

some factors such as inbreeding and outbreeding depression may be manifested through negative 

genotype by environment interactions and may be expressed to a greater degree in some 

environments over others (Allendorf, et al. 2001; Armbruster and Reed 2005). Given that 

restoration procedures typically involve translocating limited quantities of propagules, it is likely 

that many cases of maladaptation within restored systems are combination of both intrinsic and 

extrinsic factors. 

There are only a few empirical studies of maladaptation in restored populations (Leaniz 

et al 2004; Husband and Campbell 2004; Lofflin and Kephart 2005). By comparing phenotypes 

of restored populations to that in natural populations, assumed to be adapted, Lofflin and Kephart 

(2005) found a high degree of maladaptation (49 % - 179 %) within restored populations of 

Siliene douglasii and attributed significant fitness differences between restored populations and 

natural populations to high maladaptation.  
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Maladaptation has been rarely measured directly in restored populations, because it has 

not yet been well defined operationally. The exact definition of maladaptation varies among 

researchers and most existing models of maladaptation are not practical for empirical studies. For 

example, Gomulkiewicz and Holt (1995) define maladaptation as the distance between the 

population mean phenotype and the phenotype with maximum fitness scaled to the width of 

Gaussian stabilizing selection and phenotypic variance. This definition forms the basis of a 

number of theoretical papers (e.g. Tufto 2001; Chevin and Lande 2009); however, the 

measurement is difficult to use empirically because it requires the detection of stabilizing non-

linear selection on the traits of interest. Husband Campbell (2005) also define maladaptation as 

the distance between the mean observed phenotype and the optimum phenotype but do not 

account for the phenotypic variance. They applied this measure to estimate maladaptation in 

recently transplanted populations by comparing the phenotype of the target population to an 

established population, which was assumed to be locally adapted. Their approach can be 

problematic because it requires a known ‘optimally adapted’ population and does not allow for 

different phenotypic optima among populations. 

1.3 Phenotypic Selection 

 Another factor, related to maladaptation, which may influence restoration success, is the 

strength and targets of selection. Phenotypic selection is manifested by a non-zero relationship 

between trait values and relative fitness, and is thus influenced by differential fitness among 

phenotypes within a population (Conner and Hartl 2004). Phenotypic selection analyses are 

typically used to infer the direction and causes of adaptive evolution, and are important for 

understanding selection pressures in restored environments. Selection differs from maladaptation 

in that selection describes the relationship between phenotype and fitness, whereas maladaptation 
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measures the fitness cost associated with phenotypic deviations from the optimum. The strength 

of selection can be related to the degree of maladaptation within a population; stronger selection 

means small changes in phenotype cause large shifts in fitness. However, strong selection does 

not necessarily equal high maladaptation. If the observed (median) phenotype is close to the 

optimum phenotype, maladaptation can still be low, even if selection is strong.  

Selection estimates cannot be directly equated to population decline or demographic cost 

because selection in measured using relative fitness as opposed to absolute fitness. However, 

several studies have suggested that the strength of selection may be greater in restored and novel 

environments, and could contribute to poor performance and low persistence of restored 

populations (Hendry et al. 2003; Rice and Emery 2003; Stockwell et al. 2003). It has also been 

shown that selection is more likely to be strong when population size is declining, versus 

increasing or stable (Reiss 2012). If selection on a trait is strong, it may impose a demographic 

cost on the populations through lower population fitness and high mortality (Haldane 1957; 

Stockwell et al. 2003). Selection would be expected to be stronger in restored populations if 

there is greater variance in relative fitness, which has been observed in populations transplanted 

to sub-optimal environments (Stanton et al. 2000), or if there is a mismatch between extant 

phenotypes and environments (Stockwell et al. 2003). Higher variability in fitness increases the 

opportunity for selection (i), measured as the variance in relative fitness. The opportunity for 

selection puts an upper limit on selection, so higher opportunities for selection allow for stronger 

selection (Arnold and Wade 1984). If the restored environments are different from the natural 

environments in a consistent manner, then we would expect to observe the same traits to be 

under strong selection across restored populations. Knowing the strength and targets of selection 

within restored environments may be important for choosing source material with appropriate 



! 9!

phenotypes, thereby limiting the cost of selection and increasing population growth rates 

(Hendry et al. 2003).  

 Based on current restoration techniques and evolutionary theory, stronger selection and 

higher maladaptation are expected within restored populations. Both increased selection and 

maladaptation have been given as explanations for poor performance of restored populations; 

however, neither has been thoroughly evaluated within a restoration context. If populations are 

not more maladapted and not under stronger selection than natural populations, then a new 

hypothesis is needed to explain why restored populations often have poor long term performance 

compared to natural populations.   

1.4 Research Goal and Hypothesis  

The goal of my research is to better understand whether current restoration practices 

affect the evolutionary processes crucial to the long term sustainability of restored populations. 

Specifically, I will test the hypothesis that current strategies of restoring populations through the 

introduction of limited quantities of ‘foreign’ source material causes populations to be 

maladapted to their restored environment compared to natural populations.  

Two predictions that flow from this hypothesis are that: 1) the strength of selection on 

ecologically important phenotypes will be greater within restored populations than natural 

populations; and 2) maladaptation, measured as the reduction in fitness resulting from a 

deviation of the observed median phenotype from the optimum phenotype, will be higher in 

restored populations compared to natural populations.  

I tested these predictions through an empirical field study of three natural prairie 

remnants and three recently restored prairie populations of the perennial forb Monarda fistulosa. 
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For each population, I quantified the relationship between phenotype and fitness using a 

phenotypic selection analysis. I then used this to measure and compare the strength of selection 

on nine traits and the degree of maladaptation within restored and natural populations of the 

prairie plant, M. fistulosa 

METHODS 

2.1 Experimental Design 

2.1.1 Study System: Ontario tall grass prairies and Monarda fistulosa  

Tall grass prairies are ecosystems with little to no tree cover and a distinct assemblage of 

forbs and grass species; they also tend to contain dry sandy mineral soils (Ontario Ministry of 

Natural Resources 2008). Prairies have a large geographic extent, spanning from Texas to 

Alberta and east to Ontario. Within Ontario, tall grass prairies are found mostly in the south but 

stretch into parts of the north-east (Delaney 2000). Before European settlement prairies were a 

dominant ecosystem occupying over 70 000 ha in Ontario (Farrell et al. 2002). However, they 

are now mostly found spotted throughout their historic range in small relic populations (Faber et 

al. 1992). The small amount of prairie left within Ontario are mostly fragmented with a few 

larger prairies and many smaller one, but they support over 200 species of plants and animals, 

including a number of rare and at-risk species such as the barn owl, American badger, eastern 

fox snake, and eastern prairie fringe-orchid (Platanthera leucophaea) (Ontario Ministry of 

Natural Resources, 2010). In an attempt to reverse this habitat loss and fragmentation, 

organizations such as The Nature Conservancy of Canada, Tall Grass Prairies Ontario, and other 

government and non-government organizations have implemented numerous prairie conservation 

and restoration strategies across southern Ontario. Conservation and restoration action is 
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important to ensure the continued existence of tall grass prairies within southern Ontario and to 

protect the species within them. 

Monarda fistulosa is a perennial, herbaceous, clonal species in the Lamiaceae (mint) 

family (Fig. 1). It has a wide geographic distribution, with populations from Labrador to British 

Columbia and from Texas to Northwest Territories (USDA 2012). The species has numerous 

recognized sub-species and varieties, with several found in Ontario (Scora 1967; USDA 2012). 

M. fistulosa grows naturally in prairies, meadows and along forest edges and is one of the more 

common forb species used in Ontario tall grass prairie restoration. The plants reproduce sexually 

through primarily outcrossing lavender-coloured flowers. Each genet (genetic individual) 

consists of one to many branching ramets (stems) with determinate seed heads (capitula). Each 

seed head can produce 5 to 200 individual hermaphroditic florets (personal observation) (Fig. 2). 

The flowers are insect pollinated with the primary pollinators being species of Bombus (Cruden 

et al. 1984), but butterflies and other insects are also known to be pollinators. Individual florets 

are protandrous, but individual flowering heads can have florets in the staminate and pistillate 

phase at the same time, making geitonogamy possible (Cruden et al. 1984). The stigmas of the 

florets have a unique property of become more receptive to self-pollen as they age and therefore 

self-fertilization is possible (Cruden et al. 1984). Seed production through sexual reproduction 

gives a measure of female reproductive success and can be used as a proxy for plant fitness. 

Genets can also reproduce vegetatively through creeping rhizomes creating a clumping pattern of 

ramets.  
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2.1.2 Site selection 

I selected six study sites from pre-existing lists of Ontario prairie remnant locations, 

provided by Tallgrass Ontario and The Ontario Ministry of Natural Resources. These lists 

included both restored and natural prairies. Potential sites were identified based on their size 

(minimum 1 ha), species composition (prairie indicator species present, minimal tree coverage), 

and geographic location (close to a suitable site of the opposite restoration status). I visited the 

potential sites and ranked them based on the above criteria as well as abundance of M. fistulosa. I 

chose sites in a paired approach with one restored and one natural site in close proximity to each 

other (between 17km and 30km) within each of three regions. The final selection of sites is 

presented in Table 1 and Fig. 3.  

2.1.3 Site Characteristics: 

To characterize the six sites and test whether natural and restored prairies differed in soil 

chemistry I collected one soil sample from for each of six randomly selected locations at each 

site for a total of 36 samples. Each soil sample was approximately 600 – 800 mL in volume and 

was collected from pits dug with a garden trowel to an approximate depth of 15 cm. I packed 

samples in separate Zip Lock bags, transferred them to the University of Guelph in a chilled 

cooler, and stored them at 4oC until analysis. All samples were sent to the University of Guelph’s 

Lab Services and analysed for total nitrogen, organic matter and fertility. The fertility analysis 

included pH, Phosphorus, Potassium and Magnesium content. These parameters were tested 

because they are important soil properties for plant growth and some have been shown to be 

limiting nutrients within prairies (Tilman 1987; Janssens et al. 1998). I also measured soil 

moisture regimes of each site the following summer (2012) using a hand held Spectrum 
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Technology WaterScout SM 100 soil moisture sensor. Nine moisture measurements were taken 

at a depth of 15 cm in each site for each sampling period. Each site was sampled once or twice 

through the month of July.  !

To compare sites with respect to primary productivity and potential for competition, I 

collected 13 to 15 vegetation biomass samples from randomly selected locations at each of the 

six sites. For each sample, I harvested all above ground biomass from 28 cm x 28 cm plots; all 

plant material that overhung from outside the plot or was rooted in the plot was cut, collected and 

stored in paper bags. The plant material was collected down to bare soil and may have included 

some dead material from previous years. I then dried all plant material in an oven at 80 OC for 48 

hours and weighed it.  

2.1.4 Specimen Selection: 

Between 133 and 150 (mean=144) M. fistulosa genets were randomly selected and tagged 

at each of the six study locations (Table 1). Each genet comprises one to many ramets (stems). I 

was able to distinguish between most genets because their stems are clustered and spatially 

discrete, and often distinct from other genets based on leaf and flower colouration, leaf 

morphology or other visual characteristics. For ramets that could not be unambiguously assigned 

to a genet, I probed the root stock to determine the direction of growth. The genets were 

randomly selected using the “Ignorant Man” sampling method (Ward 1974), in which plants 

were arbitrarily assigned a number as they were encountered in the field; those corresponding to 

a list of random numbers were tagged for use in the study. I conducted the sampling along 

parallel transects, approximately 2 m wide, that traversed the distance of the study areas. 
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Accounting for lost plants and human disturbance, the final number of tagged genets used in the 

study averaged 140.3 per population, with a minimum of 130 (Table 1). 

2.1.5 Fitness Measurements: 

I estimated plant fitness for all genets as total number of seeds produced per genet. Total 

seed production was calculated as the product of the number of seed heads (capitula) produced 

by a genet and the mean number of seeds produced per head. To estimate seed number per head, 

I sub-sampled five individual seed heads from each plant, the tallest head on the main (tallest) 

ramet and four heads from the perimeter of the plant (one from each direction aligned to the 

sampling axes). In situations where more than one seed head was on the perimeter, the highest 

seed head in that direction was collected. In cases where five or fewer seed heads were present, 

all were collected. I placed individually collected seed heads in separate envelopes and dried and 

stored in Zip Lock bags with silica pellets. Collection of seed heads was competed between 

August 24th and September 8th, once seed production was complete. 

For each of the five seed heads, I estimated seed production using its size (area) and a 

predetermined relationship between seed head size and seed production for each of the study 

populations. To characterise this relationship, I subsampled seed heads from 15 plants per 

population. For each seed head I measured its length and width and multiplied them together to 

obtain an approximate seed head area (Fig. 4). Then I counted the number of seeds in each seed 

head. The relationship between seed head size and seed number for each population was 

calculated using linear regression. The seed # x capitulum size equations are presented in Table 

2. 
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I measured the size of all individually collected seed heads for each genet and used the 

regression equations from the respective population to estimate seed production per head. I then 

multiplied the mean seed production per seed head by the total number of observed seed heads in 

order to obtain an estimate of seed production per genet (Fig. 5). Plants that senesced before 

flowering or did not flower, were still included in the selection analysis (excluding flowering 

phenology), but were assigned a fitness value of zero.!Clonal growth and paternal success may 

also be important components of fitness, but are not measured in the study. 

2.1.6 Trait Measurements:  

For the selection and maladaptation analyses, I measured nine traits on all plants from all 

six populations (Table 3). These traits encompass characters related to size (maximum height, 

number of ramets, leaf mass), growth architecture (branching structure, leaf aspect ratio), 

phenology (flower phenology, relative growth rate), and physiology (chlorophyll, leaf mass area 

ratio). I chose these traits because they have the potential to affect fitness in rapidly changing or 

restored environments. Size related traits such as height, number of ramets, branching structure 

and relative growth rates may be important in mediating competition (Weiner 1985). As well, 

there could be significant trade-offs in allocating resources among the different size-related 

traits, and the cost and benefit of theses trade-offs may differ across environments (Huber & 

Wiggman 1997). Flowering phenology could be an important trait if the timing of pollinators or 

climatic events are different in the restored environment versus the native environments 

(Rafferty & Ives 2011). Leaf mass, leaf mass/area ratio and chlorophyll are potentially important 

determinants of photosynthetic potential and water use efficiency, and could have different 

optima depending on the soil moisture, solar exposure, and local competition (Abrams et al. 

1990). I measured six (height, number of ramets, chlorophyll, branching, relative growth rate and 
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flowering phenology) out of the nine traits in the field, while the three leaf related traits were 

measured in the lab.  

I measured plant height as the distance from the soil surface to the top of the tallest ramet 

(including capitula). If a ramet was on an angle I righted it, but if a ramet was twisted or curved I 

did not straighten it. To determine the number of ramets per genet, I counted all stems 10 cm in 

height or greater. A cut off of 10 cm was chosen for this measurement because smaller ramets 

could be easily overlooked in surrounding vegetation and were harder to definitively assigning to 

a specific genet. I measured leaf chlorophyll content using a Hansatech Instruments Chlorophyll 

Content Meter, Model CL-01. Chlorophyll measurements were taken on 5 to 8 fully expanded 

leaves per plant and then averaged. I measured the branching architecture of the plants by 

counting the number of first order branches on the tallest ramet. Relative growth rate was 

estimated using, Ř= (logeH2- logeH1)/ (T2-T1), where H2 and H1 are heights at Time 1 (T1) and 

Time 2 (T2) (Hunt 1978). The time period between height measurements differed slightly by site, 

but was approximately 25 days. The relative growth measurement is based on the change in the 

height relative to the initial height measurement. It can be informative for comparing when 

during the season a plant completes the majority of its growth. To measure flowering phenology 

I categorized each flowering genet as stage 1 to 3 based on the status of the least developed seed 

head during the observation period (July 18- Aug 5). Genets with all seed heads senesced were 

categorized as stage 1, genets with at least one floret open and reproductively active were 

categorized as stage 2, while genets with at least one seed head still in bud or pre-reproductive 

were categorized as stage 3. The categories give a relative time of when genets ceased being 

reproductively active. Genets that never produced buds were not included in the flower 

phenology analysis.  
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Three leaf traits (leaf mass, leaf aspect ratio, and leaf mass area ratio) were measured in 

the lab from leaves collected during field sampling. I collected four to eight fully expanded 

leaves from the middle half of each plant (or as many as were available if less than 4) thereby 

avoiding incompletely developed leaves at the top, and the oldest, degraded leaves from the 

bottom quarter of the plant. The selected leaves were picked, individually placed in coin 

envelopes, and dried in silica. To measure leaf mass, I first removed the leaf petiole, and then 

individually weighed each leaf blade to 0.1mg using a top-loading balance (Denver Instrument 

Model APX-200 and Model M-120). I averaged the leaf masses for each plant to get mean leaf 

mass. For the other two leaf measurements (mass / area ratio & aspect ratio), I photographed all 

leaves using a camera positioned on a tripod and with uniform light and camera exposure 

settings (Fig. 6). The images were then imported into the program ImageJ (Version 1.44p), 

within which I could measure aspect ratio and area of each individual leaf. To obtain the mass 

area ratio, I simply divided the mass of each leaf by the area obtained with ImageJ. This process 

was followed for each leaf from a plant and then averaged for the mean leaf mass area ratio. 

2.2.0 Analysis 

For all statistical analyses I used the program JMP, version 10.0.0; developed by the SAS 

Institute Inc. Graphs and tables were created using Microsoft Excel 2010. A significance level of 

α = 0.05 was used for all tests. Many of the individual analyses use ANOVA and ANCOVA 

models for comparing differences between restored and natural populations. These models 

contain a population nested within restoration type and treated as random effect term. However, 

since the sites were selected in a paired manner an alternative model using a block or regional 

pair effect as a source of variation is also possible. This alternative model using a region X 

restoration type term was conducted, but the results of the analysis are not presented, because the 
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term was only significant in one analysis (fitness), and did not have any consistent effect on the 

significance of the main restoration status term. Using the population nested within restoration 

status term instead of the region X restoration status was deemed to be a better analysis because 

it was informative for looking at comparisons among the populations.  

2.2.1 Site Characteristics 

I assessed if there were significant differences in any of the individual soil chemical 

variables, soil moisture, or biomass, between restored and natural environments and among the 

six sites using a nested ANOVA, with restoration status and site nested within restoration status 

as the independent variables. Soil moisture had an additional term, sampling period, in the 

ANOVA because the measurements were taken during one of two sampling time periods. In 

order to analyse the soil chemical properties together, I also conducted a principal component 

analysis (PCA) that included all six samples of each of the six soil chemicals for all sites. The 

first two axes of the PCA were used for analysis; accounting for 55.4 % and 20.3 % of the 

variation respectively. PCA axes values were also included in the ANOVA analysis. Differences 

among sites for all variables and PCA axes were determined using Tukey’s HSD comparison of 

means test.  

2.2.2 Fitness Analysis  

Fitness analyses were done using relative fitness, which was calculated by dividing 

absolute fitness values by the mean fitness of that population (Lande and Arnold 1983). To 

compare differences in fitness between restored and natural populations I used a nested ANOVA 

with restoration status and population, nested within restoration status, as the independent 

variables. To compare the fitness means among populations I used a Tukey HSD comparison of 
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means test. I log-transformed fitness (log10 +1), to better fit the assumptions of a normal 

distribution of residuals and homogeneity of variance. Reported means are back-transformed 

from the log-transformed means. I calculated the opportunity for selection (i), measured as the 

variance in relative fitness for each population. I compared the opportunity for selection between 

restored and natural populations using a Students T-test.  

2.2.3 Trait Analysis  

I compared trait values among restored and natural populations for all nine traits. For all 

continuous traits (excluding flowering phenology), means and standard error of the means were 

calculated for each of the six populations. For these eight traits, residuals were found to be not 

normally distributed according to a Shapiro-Wilk Goodness of Fit Test, and had unequal 

variances among sites. Therefore, to compare trait means among populations I used the 

nonparametric Steel-Dwass Test. Differences in trait values between restored and natural 

population were calculated using a nested ANOVA with type and populations nested within type 

(random effect) as the sources of variation. Flowering phenology for each genet was categorized 

by the observed reproductive stage, therefore mean values cannot be compared in the same 

manner as the other traits. For flowering phenology I reported the number of genets in each 

reproductive stage for each of the populations. I used a contingency analysis to compare the 

distribution of individuals among sites. For all traits, an across population mean trait value and 

standard error of that mean are presented. These values allow for comparison of the spatial 

variation among the populations, where a large across populations standard error compared to the 

within populations standard errors indicates spatial variation (Modified from: Siepielski et al. 

2009).  
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2.2.4 Phenotypic Selection Analysis 

To determine if the strength of selection differed between restored and natural 

populations, I quantified the relationship between phenotype and fitness for all nine traits in each 

of the six populations following the methods of Lande and Arnold (1983). All trait values were 

standardized to have a mean of zero and a standard deviation of one by subtracting the mean 

phenotypic value and dividing by the trait standard deviation. Fitness was converted to relative 

fitness (i.e. a mean of one) by dividing each value by the population mean fitness.  

I estimated linear and non-linear selection using both differentials and gradients. 

Selection differentials measure the total selection acting on a trait and include the direct and 

indirect effects of a trait on fitness (Lande and Arnold 1983). Selection differentials were 

estimated using univariate regression, where each standardized trait was regressed against 

relative fitness without accounting for correlated traits. Selection gradients, which measure direct 

selection acting on a trait and account for correlations between traits (Lande and Arnold 1983), 

were estimated using multiple regressions. All nine standardized traits were included in the 

selection gradient analysis.  

For the linear selection differentials and gradients, I used linear regression, with 

standardized trait values as the independent variables and relative fitness as the response 

variable. The regression coefficient was used as a measure of the magnitude of selection on a 

given trait. The standard errors and p-values of the selection coefficients were recorded from the 

regression equations. This was done based on a visual inspection of the residuals which were 

approximately normally shaped with a central peaks and tails on either side. However, the 

distributions of residuals were significantly different from normality according to a Shapiro 
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Wilks test. I also calculated the mean directional selection coefficient for each population as the 

average of the absolute values of linear selection of all nine traits. These mean selection values 

are not biologically meaningful but provide a measure of the overall strength of selection in each 

population. For all traits the population mean selection coefficient and standard error of the mean 

are presented. These across site values allow for a comparison of the spatial variation among the 

sites (Modified from Siepielski et al. 2009). I tested for differences in overall selection among 

populations and between restored and natural populations using a nested ANOVA analysis. For 

the ANOVA, the linear selection coefficient of each trait was the response variable, while the 

sources of variation were restoration status (restored vs natural), trait, restoration status x trait 

and population nested within restoration status. All variables were fixed effects except 

population within restoration status, which was random. Within this model, traits are treated as 

independent replicates of selection, despite being measured on the same individual. Therefore 

significance values may be inflated. 

To test if any of the nine measured traits had different selection differentials and 

gradients in restored versus natural populations I used an ANCOVA. Here, relative fitness was 

the response variable, while the sources of variation for the differential analysis included, 

restoration status, trait, trait X restoration status, and population was treated as a random variable 

and nested within restoration type. For the gradient ANCOVA all traits were included in a single 

model as sources of variation for a multivariate comparison.  

I calculated non-linear selection differentials and gradients separately using two different 

models. In both cases I used second order polynomial regressions to assess the relation between 

standardized traits and relative fitness. The standard errors and p-values for the selection 

coefficients were recorded directly from the regression equations. This was done following a 
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visual inspection of the residuals, which were approximately normally shaped with central peaks 

and tails on either side. However, the distributions of residuals were significantly different from 

normality according to a Shapiro Wilks test. For all traits an across population mean selection 

coefficient and standard error of that mean are presented. These values allow for a comparison of 

the spatial variation among the sites (Modified from Siepielski et al. 2009). Traits under 

significant quadratic selection were plotted to determine the specific form of selection. From 

these graphs I classified quadratic selection as either stabilizing or decelerating if the coefficient 

was negative, or disruptive or accelerating if the coefficient was positive. Negative regression 

coefficients were categorized as stabilizing selection if intermediate trait values corresponded to 

high fitness, while the extreme traits showed low fitness. Alternatively, negative coefficients 

were categorized as decelerating selection if the change in fitness decreased to a plateau at 

extreme trait values. I categorized positive regression coefficients as disruptive selection if 

intermediate traits corresponded to lower fitness, while the extreme traits had high fitness. I 

categorized positive regression coefficients as accelerating if fitness was constant at one end of 

the trait spectrum then increased indefinitely after a certain trait value. To obtain the non-linear 

selection differentials and gradients the quadratic regression coefficients were doubled, keeping 

with Lande and Arnolds 1983 original description of non-linear selection, and following the 

methodology recommended by Stinchcombe et al. 2008. 

I tested for differences in overall non-linear selection between restored and natural 

populations using an ANOVA analysis. Quadratic selection coefficients (differential and 

gradients in two separate models) for each trait was the response variable, while the sources of 

variation were restoration status, trait, restoration status x trait and population (nested within 

restoration status). All terms in the model were fixed effects except population, which was 
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random. Within these models the traits term were treated as independent of replicate selection, 

despite being measured on the same individuals. Therefore significance values may be inflated. 

2.2.5 Maladaptation Analysis: 

I estimated maladaptation for all nine traits in each of the six populations to determine if 

the magnitude of maladaptation differed between restored and natural populations, or among 

individual populations. Maladaptation was measured as the reduction in fitness resulting from a 

deviation in the observed median phenotype from the optimum phenotype; using the equation: 

Equation 1:   , 

where, wo is the expected fitness of the optimum phenotype, and wx is the expected fitness of the 

observed median phenotype.!The expected fitness of the observed median phenotype and 

optimum phenotype was calculated using the regression equations from the selection analysis. 

Measures of maladaptation can range between zero and one, where zero indicates no 

maladaptation. Zero maladaptation can occur if there is no selection on a trait or if the median 

trait value and the optimum trait value are the same. A maladaptation value of one indicates that 

the population is extremely maladapted and occurs when the median phenotype is associated 

with zero fitness according to the fitness function. Mathematically, the same value of 

maladaptation is obtained when calculated using relative fitness and standardized traits or 

absolute fitness and non-standardized trait values. The measure of maladaptation is a novel 

measurement developed for this research and is largely based on the measurement presented in 

(Gomulkiewicz and Holt 1995). This measurement differs from some previous approaches in the 

literature (Gomulkiewicz and Holt 1995; Husband and Campbell 2004; Loflin and Kephart 2005) 
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in that it describes the loss of fitness due to a deviation from the optimum phenotype, rather than 

simply a measure of the deviation in phenotypes themselves. 

Maladaptation can be calculated using either selection differentials or selection gradients 

to identify the fitness of the median and optimum phenotypes. Similarly to the selection analysis, 

maladaptation calculated using differentials reflects the total maladaptation of a trait from both 

direct and indirect effects, while estimates using gradients reflect the maladaptation directly 

associated with that trait (Lande and Arnold 1983). If the maladaptation differential is greater 

than the maladaptation gradient it implies that correlated traits are amplifying the magnitude of 

maladaptation of the target trait. If the gradient is greater than the differential it implies that 

correlated traits are reducing the effect of maladaptation associated with the target trait. 

I used the median phenotype to describe the observed population phenotype rather than 

the mean because the median is a better measure of the central tendency when the phenotypic 

distribution is skewed; as was frequently the case. I determined the optimum phenotypic value 

for each trait in each population as the phenotype with the highest fitness according to the 

selection analysis regression equation. I estimated the fitness of the optimum and median 

phenotypes from the fitness functions, and from this, calculated the fitness cost associated with 

the deviation between median and optimum trait values. When a trait was under significant non-

linear selection I used the non-linear equation to calculate expected fitness. For traits under 

stabilizing selection, the optimal phenotype was measured as the maximum (peak) of the fitness 

function (Fig. 7: Box A). If the fitness function was consistent with non-linear accelerating 

selection the optimum phenotype was taken to be the tail of the phenotypic distribution with the 

highest expected fitness (Fig. 7: Box B). If a trait was not under significant non-linear selection I 

used the linear selection coefficient, where the optimum is represented by the tail of the 
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phenotypic distribution with maximum expected fitness (Fig. 7: Box C). To avoid negative 

fitness values I truncated the y intercept to zero. Changing the intercept of the equation affects 

the fitness of the optimum and media phenotypes equally and therefore does not distort the 

analysis. If a negative fitness value was calculated for the median phenotype, even with the 

truncated intercept, I used a zero fitness value for the analysis. This was done because negative 

fitness is theoretically and biologically not possible; the lowest fitness that can be associated with 

any individual or phenotype is zero.!

The assumptions of this maladaptation measurement are that an individual with an 

optimum phenotype for each trait is present and sampled in each population, that the regression 

analysis accurately quantifies the relationship between phenotype and fitness, and that the 

optimum phenotype for that environment is constant. There is also an assumption that the study 

site is homogeneous, and therefore differences in traits and fitness are not the product of fine 

scale environment variation within a site.  

I completed a maladaptation analysis twice for each population, once using selection 

differentials and once using gradients; the same protocol was followed for both, so I will use the 

term maladaptation coefficients to describe both inclusively. To compare the magnitudes of 

maladaptation between restored and natural population and between individual populations of M. 

fistulosa I used a nested ANOVA. The maladaptation coefficient was the response variable with 

restoration status, trait and population nested within restoration status (random effect) as the 

independent variables. Within this model the traits were treated as an independent replicate of 

selection, despite being measured on the same individuals. Therefore significance values may be 

inflated. 
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In order to better understand the importance of the individual components of 

maladaptation I examined the relationship between the strength of linear selection differentials, 

deviation between median and optimum phenotype in standardized trait units, and the estimate of 

maladaptation using a correlation analysis. If a trait was under significant non-linear selection it 

was dropped from the analysis. A Spearman’s nonparametric rank correlation test determined the 

significance of the correlations 

RESULTS 

3.0 Site Characteristics 

There were significant differences among the six research sites for five of the six soil 

chemical properties, soil moisture and above ground biomass (Table 4 and Fig. 8). Sites differed 

with respect to soil organic matter, nitrogen, magnesium, phosphorus, potassium, moisture 

content, and plant biomass. Soil pH did not differ among sites. The first two principal component 

of the PCA for the six soil chemical properties accounted for 55.4 % and 20.3 % of the variation, 

respectively. Organic matter, magnesium, nitrogen, and potassium had high (< 0.85) positive 

loadings for the first axis while pH and phosphorus had weak (>0.30) negative loading values. 

For the second axis, pH and phosphorus had the strongest loadings with pH being strongly 

negative (-0.75) and phosphorus being strongly positive (0.80). There were significant 

differences among sites for the first PCA axis, but no differences for the second axis. There were 

no differences in any soil variables, biomass, or PCA axes 1 or 2 between restored and natural 

sites (Table 4).  
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3.1 Fitness 

Mean fitness across all six populations was 91.3 seeds per genet. One restored population 

(Rainbow) was significantly more fecund, producing 24.1 times more seed per genet than the 

mean of the other five populations (Fig. 9). The relatively high fitness in Rainbow was 

associated with it having larger flower heads, more flower heads per genet and per ramet, and far 

fewer plants producing zero seeds than the other populations. There were significant differences 

in fitness among the remaining five populations (Fig. 9 & Table 5); however, there was no 

difference in fitness between restored and natural populations (Table 5). The mean opportunity 

for selection was 6.09 for natural populations and 7.64 for restored, but this was not significantly 

different ( t=2.77, df=4, p = 0.68) 

3.2 Traits 

I found no difference in any of the eight trait means between restored and natural 

populations of M. fistulosa. However, I detected significant differences in all eight traits among 

the six sites (Table 6 & Table 7). The restored populations of Rainbow and BRGC had the 

largest plants in terms of the size (height, number of ramets, branching, and leaf mass), while 

Cavan tended to have the smallest plants out of the six populations. Flowering phenology, height 

and leaf mass area ratio were the traits that most often had significantly different mean values 

among the sites.  

3.3 Selection 

Thirty-six of the 54 trait X population combinations had significant linear selection 

differentials (Table 8). Each of the nine traits was under significant selection in at least one of the 

six populations. The number of traits under significant selection varied from five to seven among 
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the populations, and all traits were under significant positive directional selection in at least one 

population. Three of the traits (height, branching structure and leaf mass) were under significant 

selection in all six populations. Number of ramets was the trait with the strongest linear 

selection, with a population mean differential of S=1.24, whereas chlorophyll content was under 

the weakest selection, with a mean linear selection differential of S=0.14 across all six 

populations. The ANCOVA showed that selection differentials for two traits differed with regard 

to population restoration status. Both number of ramets and relative growth rate had stronger 

positive selection in natural populations than in restored populations (Table 10 & Fig. 10 and 

11). The mean selection differential for number of ramets was S=1.54 in natural populations 

versus S=0.94 in restored populations. Mean selection for relative growth rate was S=0.60 and 

S=0.18 for natural and restored populations, respectively. There was a significant difference in 

selection among populations within restoration types (Table 9). Mean linear selection was 

highest in Cavan population with a mean differential of S=0.998, while Rainbow had the lowest 

mean linear selection, with a mean differential of S =0.383 (Table 8). Across all traits, mean 

linear selection was stronger in natural populations (Smean = 0.79) than restored populations 

(Smean=0.66), but was not statistically significant (Table 8).   

Eleven of the 54 trait X population combinations showed significant non-linear selection 

differentials. Four of these coefficients showed negative non-linear selection, indicating a convex 

fitness function, while seven were under positive non-linear selection, indicating a concave 

fitness function (Table 11). The negative selection differentials met the criteria for stabilizing 

selection; having the lowest fitness at the tails of the phenotypic distribution and highest fitness 

at intermediate phenotypes (Mitchell-Olds and Shaw 1987). I treated these four negative 

selection differentials as evidence of stabilizing selection in the maladaptation analysis (below). 
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The four traits with stabilizing selection were number of ramets in Chiefswood and Rainbow 

populations, relative growth rate at Rainbow, and leaf mass area ratio at Waynco population. Of 

these four traits, only number of ramets from Rainbow population showed significant linear 

selection as well (Table 8). None of the seven significant positive selection differentials met the 

criteria for disruptive selection; instead these measurements showed accelerating non-linear 

selection (e.g. Fig. 13). Absolute values of non-linear selection were averaged to determine the 

mean strength of non-linear selection for each population. The population under the strongest 

non-linear selection was the restored population BRGC (Cmean = 0.627), while the population 

under the weakest non-linear selection was Rainbow with a quadratic differential of Cmean = 

0.189. Using an ANOVA, I found no significant difference in the strengths of non-linear 

selection across the nine traits, and no difference in selection among populations or between 

restored and natural populations (Table 12).   

I calculated linear and non-linear selection gradients using multiple regression analysis 

on all nine traits. Eighteen of 54 trait X population combinations showed significant linear 

selection gradients (Table 13). The selection gradient for one of the 18 traits, chlorophyll content 

at BRGC population, was significantly negative and contrasted with a significantly positive 

selection differential (Table 8). All other significant linear selection gradients were of the same 

direction as their associated linear differentials. According to the ANOVA of selection gradient 

values for all traits and populations (Table 12), the strength of linear selection gradients differed 

significantly among populations, with the highest mean absolute selection gradient in the 

restored population at Chiefswood (βmean=1.13) and the lowest mean absolute selection gradient 

at Rainbow (βmean=0.24) (Table 13). The trait under the strongest selection was number of ramets 

(βmean =1.14), whereas the trait under the weakest selection was leaf mass per area ratio (βmean 
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=0.26), although these were not significantly different (Table 14). The mean absolute linear 

selection gradient was stronger in restored populations (βmean=0.69) than natural populations 

(βmean=0.45) but this were not significantly different (Table 14). The ANCOVA analysis showed 

that selection gradients for one trait differed by restoration status (Table 15), with number of 

ramets being under stronger selection in the natural populations. This is consistent with the 

finding from the differential analysis. 

Seven of the 54 trait X population combinations showed significant non-linear selection 

gradients (Table 16). Five of the seven significant gradients were positive, while two were 

negative. Of the positive gradients, two meet the criteria for disruptive selection (number of 

ramets and mass/area ratio at Dickson) and three are categorized as accelerating selection 

(number of ramets at BRGC and Waynco and branching at Waynco). Both traits with significant 

negative non-linear selection gradients meet the criteria for stabilizing selection (number of 

ramets in Chiefswood and Rainbow). Select examples of non-linear selection gradients are 

shown as partial plots in Figs. 12 and 13. Number of ramets was the trait most frequently under 

non-linear selection, with five out of six populations showing significant values. Averaged across 

all traits, restored populations had a slightly stronger mean non-linear selection gradient 

(Ƴmean=0.599) than natural populations (Ƴmean=0.436), although this was not significant. There 

was also no significant difference in the strength of non-linear selection among the traits, 

averaged across populations (Table 17). There was a significant trait X restoration status 

interaction, as well as a significant difference in selection among populations (Table 17). The 

Chiefswood population had the strongest mean non-linear selection gradient (Ƴmean=1.00), while 

Rainbow had the lowest selection gradient (Ƴmean=0.12).  
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3.4 Maladaptation  

Forty-five of the 54 maladaptation differentials (i.e. calculated using selection differential 

analysis to determine phenotypic optima) were calculated using linear fitness functions, whereas 

nine were calculated from the non-linear fitness functions. Maladaptation differentials ranged 

from zero (no maladaptation) to md =0.979 with a mean of md=0.563 across the 54 trait by 

population combinations (Table 18). The magnitude of maladaptation differed significantly 

among the nine traits as well as the six sites. The mean maladaptation differential was highest for 

number of ramets (md =0.874) and lowest for chlorophyll (md =0.267). When averaged across 

traits, the natural population of Cavan had the greatest magnitude of maladaptation (md =0.72), 

while the restored population of Rainbow was the least maladapted (md =0.43). However, there 

was no difference in the magnitude of the maladaptation differentials between restored and 

natural populations (Table 19). 

For maladaptation estimates calculated using selection gradients (i.e. maladaptation 

gradients, mg), 48 were calculated using linear regressions, while six were calculated from non-

linear regressions. Maladaptation values ranged from zero (no maladaptation) to one (complete 

maladaptation) with a mean of mg=0.588 across the 54 trait by population combinations (Table 

20). Mean maladaptation gradients differed significantly among the nine traits and among the six 

sites (Table 21). The maladaptation gradients were highest for number of ramets (mg=0.965) and 

lowest for flowering phenology (mg=0.359). The restored population of Chiefswood had the 

greatest mean maladaptation (mg=0.88), while the natural population of Dickson was the least 

maladapted (mg=0.35). Averaged across traits, there was no difference in the magnitude of 

maladaptation between natural and restored populations. 



! 32!

The maladaptation values generated using the regression equations obtained from the 

selection differential analysis differed from, but were positively correlated to, the maladaptation 

values generated using the selection gradient equations. A spearman’s rank correlation test 

between the 54 maladaptation differentials and maladaptation gradients showed a significant 

correlation (P<0.0001) of rs =0.5530. In this study, the maladaptation differential values were 

greater than the maladaptation gradients for 55% of the measured traits, which suggests that trait 

correlations tended to increase rather than dampen the maladaptation associated with a particular 

trait. For five of the six populations the mean maladaptation differentials were higher than the 

mean maladaptation gradients. The one exception to this was the restored population of 

Chiefswood, which had a mean maladaptation differential of 0.55, the second lowest value of the 

six populations, and a maladaptation gradient of 0.88, the highest maladaptation value of the six 

populations. In some cases the maladaptation values calculated using differentials were greatly 

different from the gradient value. For example, the maladaptation of chlorophyll in Chiefswood 

was md=0.042 for the differential and mg=1.0 for maladaptation gradients.  

 Maladaptation estimates are the product of the steepness of the fitness function for a 

given trait (i.e. selection differential) and the deviation of the median phenotype from the fitness 

optimum. As a result variation is maladaptation among traits or site could either be the result of 

differences in the strength of selection or deviation between median and optimum. In this study, 

there was a significant Spearman’s rank correlation (rs =0.85, p  0.0001, n = 45) between the 

linear selection differential and maladaptation differential for all trait x population combinations. 

There was also a significant correlation (rs=0.45) between the trait deviation from the optimum 

and maladaptation, p=0.002, n=45. This suggests that that fitness function has a larger affect on 

€ 
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maladaptation than the deviation from the fitness optimum. There was no correlation between the 

deviation from the fitness optimum and the strength of linear selection p=0.41, n=45.  

DISCUSSION 

The objective of this research was to determine if current restoration practices 

systematically result in restored populations being poorly adapted to their new environment. 

Current restoration practices may lead to poorly adapted populations and reduced persistence due 

to intrinsic genotypic attributes or mismatches between genotype and environment. However, 

few studies have actually tested the magnitude of maladaptation resulting from restoration. For 

this project I assessed whether restored populations were poorly adapted to their environment by 

measuring and comparing the strength of phenotypic selection and the magnitude of 

maladaptation between restored and natural populations of the prairie plant M. fistulosa. I 

observed significant effects of restoration on directional selection of two traits, but in these cases 

selection in natural populations exceeded that in restored populations. Considering all traits 

together, I found no difference in the mean strength of selection between the three restored and 

three natural populations, a result that held for both selection differentials and selection 

gradients. The magnitude of mean maladaptation measured using differentials and gradients also 

did not differ between the restored and natural populations. These results do not support the 

hypothesis that current restoration methods cause populations to be poorly adapted to their 

restored environment.  

For this study I used estimated total seed production from a single growing season as the 

surrogate for genet fitness. Seed production is a common surrogate for fitness within selection 

studies on plants (Geber and Griffen 2003). Nevertheless, seed production as a fitness estimate 
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can be problematic since this variable only captures fitness acquired through female function and 

misses male function and clonal growth. In this case seed production was calculated based on the 

size and number of seed heads, which may be correlated with pollen production and male fitness 

(eg. Conner et al 1996). However, clonal growth, which could be considered an aspect of fitness, 

may not be positively correlated with seed production and therefore would be discounted 

entirely. Not accurately measuring male and clonal portions of fitness could result in missing 

selective trade-offs among the true fitness components. As well, my measure of fitness only 

captured seed production in a single year, which may be a poor measure of lifetime reproductive 

output. The issues with the fitness surrogate as well as the fact that genet age and lifetime 

reproductive output are not known may obscure the true shape of selection acting within the 

populations. 

The strength of trait selection observed in this study differs somewhat from other field 

studies of phenotypic selection. In a meta-analysis by Kingsolver et al (2001), the median 

absolute strength of linear and non-linear gradients were 0.16 and 0.10 respectively, while in this 

study median absolute gradient values were 0.34 and 0.26 for linear and non-linear gradients 

respectively. Kingsolver et al. (2001) did not report median differential values, but for this study 

those values are 0.66 and 0.27 for linear and non-linear differentials respectively. The 

distribution of selection values (linear and non-linear differentials and gradients) in this study 

was roughly exponential with many smaller selection values and a few large values. This 

distribution is consistent with the findings of Kingsolver et al (2001). The median value of the 

non-linear differentials and gradients were 0.003 and 0.051 respectively, indicating that 

stabilizing selection was not more common than disruptive selection, which is consistent with the 

findings of Kingsolver et al. (2001).  
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Overall, mean population selection differentials and gradients were not greater in, or even 

different between, recently restored populations compared to natural populations of M. fistulosa. 

This result is different than my original prediction of stronger selection in the restored 

populations, and is different than expectation based on the literature. A number of sources have 

proposed that selection should be stronger in restored or novel environments (e.g. Hendry et al. 

2003; Rice and Emery 2003; Stockwell et al. 2003) although the exact mechanisms underlying 

this pattern are not always explicit. One might expect increased selection in restored 

environments because of increased variance in fitness. The variance may rise because of 

increased potential for genotype-environmental mismatches, which may result in a strong 

selection coefficient or a greater opportunity for selection and a higher upper limit on what 

selection intensity is achievable. Within my study, the variance in relative fitness (i.e. 

opportunity for selection) was not different between restored and natural populations, which may 

in part explain why overall selection was not stronger in the restored populations.  

Only two of nine traits showed a significant difference in selection coefficients between 

restored and natural populations. Specifically, selection was stronger in the natural populations 

for both number of ramets (differentials and gradients) and relative growth rate (differentials), 

which is also counter to the original prediction that restored populations will have stronger 

phenotypic selection. Mean selection for these two traits in natural populations was S=1.54, 

β=1.34 and S=0.60, compared to S=0.94, β=0.94 and S=0.18, respectively, in restored 

populations (Table 8, Fig. 10 & 11). This stronger selection in natural populations indicates that 

there is a greater fitness difference over a given phenotypic range, and could indicate a 

demographic cost compared to restored populations. A demographic cost would be associated 

with strong selection if it resulted in more individuals having low or zero fitness. One 
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explanation for this result is that there is a consistent environmental difference between restored 

and natural sites that affects selection on these traits. Alternatively, the phenotypic distributions 

may differ between restored and natural populations, and therefore they occupy a different 

portion of the selection landscape. This explanation seems unlikely though, because the 

phenotypic ranges were not significantly different between restored and natural populations 

(Table 7).  

The estimates of maladaptation from all traits and populations were generally higher than 

anticipated, but since these are the first measurements using this technique it is unclear if they 

are atypical for populations of perennial forbs. Maladaptation was expected to be lower in at 

least the natural populations because it is generally assumed that well established natural 

populations are adapted to their local environment. This idea of local adaptation has been 

demonstrated through reciprocal transplant studies that tend to show a home site advantage 

(Leimu and Fischer 2008). However, transplant studies fail to actually quantify the level of 

adaptation and merely show that populations often out perform in their local environment. 

Within this study median maladaptation values were md=0.67 and mg=0.53 for maladaptation 

differentials and gradients respectively. This indicates that the optimum phenotypes were on 

average between 53% and 67 % more fit than the observed median phenotypes.  

The degree of maladaptation in restored and natural populations was not significantly 

different for any trait or for mean maladaptation differentials and gradients. This absence of a 

difference in maladaptation is inconsistent with previous observations from the literature. For 

example, although they used a different measurement, Husband and Campbell’s (2004) meta-

analysis found widespread maladaptation in a number of reintroduced plants populations, and 

showed that over 50% on introduced populations suffered populations decline of between 50%-
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100% of their initial populations size. As well as Lofflin and Kephart’s (2005) study, using the 

same method as Husband and Campbell (2004), showed significant maladaptation and reduced 

fitness in restored populations of Silene douglasii compared to naturally occurring populations. 

In addition to not detecting differences in maladaptation, I also did not detect a significant 

difference in mean fitness between the restored and natural populations. This too is inconsistent 

with previous research, which consistently finds lower fitness in restored populations (Williams 

2001, Husband and Campbell 2004, Lofflin and Kephart 2005). In fact my results showed a 

higher mean fitness in restored populations, although not significant. The lack of difference in 

mean fitness and maladaptation between restored and natural populations suggests that current 

restoration practises do not consistently result in more poorly adapted populations compared to 

naturally occurring populations of M. fistulosa. 

The absence of differences in maladaptation between natural and restored populations 

may have several causes. One explanation relates to the high variance among populations within 

a restoration treatment (restored vs natural). The presence of significant variation among the sites 

demonstrates, first, that differences in these properties are detectable with this research method 

and, second, that there is substantial variability within both restored and natural populations. The 

variability in maladaptation among populations reduces the ability to detect differences between 

restored and natural populations and suggests that perhaps systematic differences between 

restored and natural populations of M. fistulosa may not exist, or perhaps are less substantial than 

expected. A larger sample size of both types of populations is needed to confidently determine if 

consistent differences between restored and natural populations exist or not.  

There is a possible bias towards lower maladaptation values in the restored populations 

due to limitations in research site selection. Only restoration projects with established 
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populations of M. fistulosa could be used in the study. There were two additional restored sites 

considered for this study, but upon assessing their suitability, inadequate numbers of M. fistulosa 

were found. One of the restored sites was medium sized (4 ha) and had a well-established prairie 

community, but only a single M. fistulosa genet could be located. The other restored site was a 

smaller restored site (1 ha) that was dominated by non-native species and had poor establishment 

of most planted species. Fewer than 30 individual M. fistulosa genets were present. Both sites 

were deemed to be unsuitable and were not used in the study. The populations initially planted in 

these sites may have been highly maladapted and therefore did not persist. By excluding these 

sites from my study, observed maladaptation within restored sites may be reduced. A similar bias 

could also occur in the natural populations, since again M. fistulosa needed to be present for the 

study. In one otherwise suitable natural site fewer than five M. fistulosa genets were located. 

I did not detect significant differences between the restored and natural sites in terms of 

any of the site level properties; soil chemistry, soil moisture, or above ground biomass. However, 

there were significant differences in all site level variables, with the exception of pH, among the 

six sites, but again these site differences did not partition out between restored and natural. This 

suggests that the restored prairies were well positioned in locations with comparable 

environmental parameters within the range of natural prairies. This lack of difference between 

restored and natural prairie sites may explain, in part, why I did not observe a greater degree of 

maladaptation in restored population compared to natural populations. The more similar the 

restored sites are to the natural sites the smaller the mismatch between phenotype and 

environment would be expected to be (Montalvo and Ellstrand 2001b).  

For this study I made the assumption that natural populations would be adapted to their 

respective environment, and therefore if restoration caused populations to be poorly adapted, 
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restored populations would be more maladapted than natural populations. One possible 

explanation why higher maladaptation was not seen in restored populations is because the natural 

populations are also degraded, causing higher maladaptation than expected. All of the natural 

populations in this study are from relatively small prairies (mean=10.16 ha; SE ± 5.92) and are 

isolated from other prairies and populations of M. fistulosa. Therefore the natural prairie 

populations could also be negatively affected by some of the same intrinsic causes of 

maladaptation that were proposed to be active within the restored population (genetic drift, low 

genetic diversity, and inbreeding depression). As well, the environments of the natural prairies 

are not static, meaning that selection pressures and phenotypic optimums could have changed 

over recent time. The natural populations have experienced encroachment of exotic species such 

as: Arctium minus (common burdock), Daucus carota (Queen Anne’s lace), Carduus nutans 

(nodding thistle), Leucanthemum vulgare (oxeye daisy), and Rhamnus spp. (Buckthorn), 

(personal observation). These exotics may have changed competition dynamics within the 

environments (Orrock et al. 2007), affecting optimum phenotypes and selection. Additionally, 

many of the mechanisms that maintained prairies historically such as fire and grazing (Briggs et 

al. 2002) are no longer present within Ontario’s tall grass prairie remnants, resulting in the 

establishment of woody shrubs, again possibly changing competition dynamics. Finally, large 

scale environmental changes such as climate change could be driving changes in optimum 

phenotypes within the natural populations, as proposed by St.Clair and Howe (2006). Due to the 

above mentioned impacts, natural prairies may not be an appropriate reference of well adapted, 

stable populations of M. fistulosa. The idea that the natural prairie population may not be well 

adapted is also supported by the selection analysis, which found low prevalence on stabilizing 

selection and overall stronger selection than typically found in natural populations (Kingsolver et 
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al. 2001). A study by Leach and Givnish (2006) of population persistence in natural Wisconsin 

prairies showed declines of 8- 60 percent in species richness over a 32-52 year period. Koper et 

al. (2010) found similar trends in Manitoba prairies, where over an 18-year period 37 % of 

prairie remnants changed into other habitat types. This demonstrates that the natural prairie 

populations may also be maladapted to their changing environment and also frequently do not 

persist over short time intervals.   

Finally, it is possible that the lack of differences in maladaptation between restored and 

natural populations actually indicates that restoration initiatives have successfully established 

populations with a high chance of persistence. Despite the many instances of unsuccessful 

restoration attempts there are many examples of systems and species that were successfully 

established (eg. Reay and Norton 2002). If it is accepted that the natural populations are healthy 

and stable then the restored populations appear to be within appropriate ranges of maladaptation. 

However, without knowing what level of maladaptation is typical or sustainable for a population 

it is difficult to know if both the restored and natural populations are well adapted or poorly 

adapted to their current environments. Only future monitoring can clarify the true state and 

success of these restored populations as well as the long-term trajectory of both the restored and 

natural populations. 

The degree of maladaptation observed in this study indicates that population fitness is 

often substantially less than the optimum for a particular environment. This reduced fitness could 

limit the longevity of populations by negatively affecting rates of population growth. Small 

populations, which are common in restoration, are particularly vulnerable to extinction due to 

demographic and genetic stochasticity (Shaffer 1981). Even if population size can rebound 

through adaptation, the rate of increase in fitness may be too slow to avoid extinction 
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(Gomulkiewicz and Holt 1995). This highlights the importance of assessing the impacts of 

maladapation and selection on the demographic attributes of populations, which is rarely 

accomplished in current field studies. 

4.1 Maladaptation Measurement  

Maladaptation is an evolutionary attribute of populations that is under-studied and rarely 

reported in the literature. While it is regularly invoked by researchers to explain unexpected or 

novel phenotypes, few studies have quantified it directly in natural populations (e.g. Stearns and 

Sage 1980; Dudley 1996). More often researchers measure selection coefficients, which provide 

insight into the trajectory of phenotypic evolution, but this measure is not necessarily related to 

the position of a population along that trajectory at any particular time, which is the definition of 

maladaptation. The measure of maladaptation I used in this study is novel and has not been used 

before in field research. It is rooted in earlier definitions and proposed measurements 

(Gomulkiewicz and Holt 1995; Dias 1996; Crespi 2000; Husband and Campbell 2004) in that it 

depicts the phenotypic deviation from the phenotypic optimum (maximum  fitness). It differs 

from Gomulkiewicz and Holt (1995) theoretical definitions in that it does not rely on the 

existence of non-linear selection on traits, which can be problematic since the majority of 

empirical studies find weak or no non-linear selection on most traits (Kingsolver et al. 2001). 

The method also has the benefit of relying on the observed fitness function to estimate the 

optimum phenotype and the distribution of existing phenotypes in the population. This is an 

improvement over other field studies (e.g. Husband and Campbell 2004; Lofflin and Kepthart 

2005), which assume that established population are at selective equilibrium and hence reflect 

the phenotypic optimum. As a result, the estimator used here allows natural, established 

populations to exhibit maladaptation and is less likely to underestimate the deviation from fitness 
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maximum. An additional advantage of this measurement over previously proposed 

measurements is that maladaptation can be calculated for any trait that a selection analysis can be 

done on, and maladaptation can be measured independently without an assumed adapted 

reference population. Additionally, since this measurement requires the same information as 

standard selection analysis it has the potential to be incorporated in to many future studies, and 

can be retroactively calculated from past selection analysis data sets. 

Despite these strengths, my estimates maladaptation must still be interpreted with caution 

for a number of reasons. First, my estimate like others, assumes that the fitness effects of 

phenotypic deviation from the optimum is a reasonable measure of true maladaptation. However, 

phenotypic median, or the estimated optimum value, captured in any one growing season may 

deviate from the true estimate due to the effects of developmental (age) differences among 

individuals, environmental variation among years or the fact that my estimate of fitness deviates 

from lifetime fitness. Second, the estimate differs from the main theoretical measure 

(Gomulkiewicz and Holt 1995) primarily by neglecting the variance of the phenotypic (and 

fitness) distribution in populations when estimating the deviation from the phenotypic optimum. 

It is unclear how this alters the expected demographic and evolutionary behaviour of natural 

populations with a specific level of maladaptation. These factors may influence the accuracy of 

the maladaptation estimates. The extent of inaccuracy will only be revealed with additional 

studies, particularly of organisms for which lifetime fitness can be readily measured. Regardless, 

this study highlights the need for additional studies of maladaptation to gain a better 

understanding of the evolutionary impacts of restoration and the dynamics of evolutionary 

processes operating within all natural populations. 
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Table 1: Summary information for all six research populations. Pair refers to the matching of one 
restored and one natural population within a region. The sample number refers to the final 
number of tagged plants used from each location.  

 
Population 

 
Pair 

 
Type 

 
Location 

Total area / 
Research area 

Sample 
number 

BRGC 1 Restored Brant Rod and Gun Club, 54 
Henderson Rd., Brantford, 
 (43O 07’ 10” N, 80o 24’26” W)!
 

1ha /.55ha N=138 

Chiefswood 2 Restored Chiefswood National Historic  
Site, 1037 Hwy 54, Onondaga,!
(43° 06' 02" N, 80° 05' 41" W)!
 

1ha /.25ha N=148 

Rainbow 3 Restored Rainbow Drive,!Bailieboro,!
(44° 09' 40" N, 78° 14' 47" W)!
 

19ha /.35ha N=131 

Dickson 1 Natural Dickson Wilderness Area, 
Brant Waterloo Rd, 
 Waterloo county,!
(43° 16' 48" N , 80° 23' 44" W)!
 

4ha /.55ha N=130 

Waynco 2 Natural Waynco Sand and Gravel, 1417 
Waynco Rd Cambridge,  
(43° 19' 14” N, 80° 18’ 39" W)!
 

4.5ha / .35ha N=147 

Cavan 3 Natural Glamorgan Road, Kawartha  
Lakes Division,!
(44° 08' 22" N, 78° 32’ 17" W)!
 

22ha /.25ha N=148 
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Table 2: Regression equations for relationships between seed head size and & seeds for all six 
populations, N is the number of seed heads used to generate the regression equations.  

Populations N Regression Equations R Squared P 
BRGC 108 Seeds= -8.02+.716*size 0.485 <.0001 

Chiefswood 47 Seeds= -9.24+0.761*size 0.455 <.0001 
Rainbow 66 Seeds= -2.71 + 0.975*size 0.524 <.0001 

Dickson 57 Seeds= -10.75+.529*size 0.387 <.0001 

Waynco 57 Seeds= -18.10+ 0.865*size 0.655 <.0001 

Cavan 38 Seeds= -22.86+ 1.16*size 0.598 <.0001 
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Table 3: List of the nine phenotypic traits measured on M. fistulosa genets in six populations. A 
description of how the traits were measured is presented.   

Trait Description 
Height Initial height of the tallest ramet  

Ramet number/genet The total number of ramets  

Chlorophyll Average leaf Chlorophyll content 

Branching  Number of times the tallest ramet branched 
Relative Growth Change in height over time relative to an initial height measurement 

Flowering Phenology  Based on the stage of the least developed flower head 

Leaf Mass The average mass of up to eight leaves 
Leaf Mass Area ratio The average mass / area ratio of up to eight leaves 

Leaf Aspect Ratio Ratio between the height and width of the tightest fitting ellipse 
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Table 4: Summary of ANOVAs comparing soil and biomass properties (soil chemistry, soil 
moisture, above ground dry biomass & PCA axes) for three restored and three natural sites.  

Variable 
Source of 
Variation     DF DFDen 

Mean 
Squares       F Ratio        P 

Magnesium Type 1 4 12581.3 0.0751 0.7976 
 Site[Type] 4 30 167462 41.0206 <.0001 
 Error 30  4082.4   
Organic matter Type 1 4 3.9336 0.0945 0.7738 
 Site[Type] 4 30 41.609 18.5430 <.0001 
 Error 30  2.2439   
Nitrogen Type 1 4 0.0289 0.1753 0.6970 
 Site[Type] 4 30 0.1648 9.0584 <.0001 
 Error 30  0.0182   
pH Type 1 4 0.1469 0.5557 0.4974 
 Site[Type] 4 30 0.2644 1.1844 0.3377 
 Error 30  0.2232   
Phosphorus Type 1 4 5.0625 0.0172 0.9020 
 Site[Type] 4 30 294.45 7.4342 0.0003 
 Error 30  39.609   
Potassium Type 1 4 455.11 0.0477 0.8377 
 Site[Type] 4 30 9531.2 17.4925 <.0001 
 Error 30  544.88   
Moisture Type 1 4.15 139.10 0.2509 0.6418 
 Period 1 100 48.25 11.9914 0.0008 
 Site[Type] 4 100 1089.6 23.4826 <.0001 
 Error 100  11.60   
Dry Biomass Type 1 4 19959 0.0316 0.8676 
 Site[Type] 4 84 63171 6.4587 0.0001 
 Error 84  97809   
PAC Axis 1 Type 1 4 0.723 0.0305 0.8698 
 Site[Type] 4 30 23.70 34.2305 <.0001 
 Error 30  0.692   
PAC Axis 2 Type 1 4 0.473 0.3532 0.5843 
 Site[Type] 4 30 1.342 1.0913 0.3786 
 Error 30  1.229   
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Table 5: ANOVA comparing genet fitness (total seed production) between restored and natural 
populations (type) and among populations within type of M. fistulosa. Population is treated as a 
random effect 

Source of Variation                                            DF DFDen Mean Squares F Value P 
Type 1 4 5.8862 0.0834 0.7871 

Population[Type] 4 853 70.7301 48.6950 <.0001 
 
Error 

 
853   

1.4525   
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Table 6: Means and standard errors for eight traits in six populations of M. fistulosa. Populations 
that that do not share a letter are significantly different according to a Steel-Dwass nonparametric 
means comparison (α=.05). Flower phenology shows the percent of plants in each reproductive 
stage¸ differences in phenology between populations was determined with a contingency 
analysis. (R) indicates restored Populations, whereas (N) indicates natural. The across 
populations column shows the mean trait value and standard error of mean across the six 
populations.  

  
BRGC 

(R) 
Chiefswood 

(R) 
Rainbow 

(R) 
Dickson 

(N) 
Waynco 

(N) 
Cavan  

(N) 
Across 
Pops 

Height  (cm) 0.48 0.52 0.59 0.54 0.43 0.29 0.47 
Std Error 0.0103 0.0160 0.0124 0.0101 0.0097 0.0070 0.0431 

Steel-Dwass Level C BC A B D E  

Ramets (#) 15.1 6.6 6.3 13.9 7.0 9.1 9.6 
Std Error 1.69 0.58 0.72 1.43 0.63 1.18 1.58 

Steel-Dwass Level A B B A B B  

Chlorophyll 11.18 10.22 8.70 9.37 9.22 6.76 9.24 
Std Error 0.443 0.233 0.229 0.213 0.311 0.248 0.611 

Steel-Dwass Level A A B AB B C  

 Branching (#) 5.2 4.2 9.1 3.8 6.1 4.0 5.4 
Std Error 0.35 0.33 0.39 0.29 0.33 0.34 0.820 

Steel-Dwass Level BC C A C B C  

Relative Growth 0.0136 0.0033 0.0172 0.0134 0.0121 0.011 0.011 
Std Error 0.0005 0.0003 0.0005 0.0006 0.0003 0.0006 0.0019 

Steel-Dwass Level B D A BC BC C  

Mass (g) 0.044 0.033 0.045 0.036 0.038 0.025 0.037 
Std Error 0.0012 0.0011 0.0010 0.0012 0.0009 0.0007 0.0030 

Steel-Dwass Level A B A B B C  

M/A Ratio (g/cm2) 0.0104 0.0062 0.0069 0.0062 0.0080 0.009 0.0078 
Std Error 0.00014 0.00011 0.00008 0.00013 0.00009 0.0001 0.00071 

Steel-Dwass Level A E D E C B  

AR 2.90 2.04 2.45 2.38 2.49 2.35 2.43 
Std Error 0.040 0.024 0.030 0.038 0.028 0.032 0.113 

Steel-Dwass Level A C B B B B  
Flower Phenology        

Stage 1 % 38.9 1.4 10.8 29.1 7.6 46.6 22.4% 
Stage 2 % 14.5 8.3 62.3 11.0 13.0 2.1 18.5% 
Stage 3 % 11.5 29.9 15.4 35.4 52.4 10.3 25.8% 

No flowers 35.1 60.4 11.5 24.4 26.9 41.1 33.2% 
Contingency Test  D F A B C E  



! 55!

Table 7: Nested ANOVA for mean trait value differences between restoration statuses. 
Population treated as a random effect. 

Variable 
Source of 
variation DF DFDen 

Mean 
Squares F Ratio P 

Height Type 1 4 2.498 1.924 0.2377 
 Population[Type] 4 835 1.300 72.60 <.0001 

 Error 835  0.0179   

Ramets Type 1 4 86.45 0.034 0.8616 

 Population[Type] 4 818 2509.66 15.31 <.0001 
 Error 818  163.86   

Chlorophyll Type 1 4 506.36 2.0401 0.2264 

 Population[Type] 4 804 248.55 22.021 <.0001 
 Error 804  11.287   

Branching  Type 1 4 445.30 0.776 0.4279 

 Population[Type] 4 808 574.74 36.83 <.0001 
 Error 808  15.604   

Relative Growth Type 1 4 0.00025 0.067 0.8088 

 Population[Type] 4 813 0.00382 118.76 <.0001 

 Error 813  0.000032   
Mass Type 1 4 0.0111 1.95 0.2349 

 Population[Type] 4 767 0.0057 44.78 <.0001 

 Error 767  0.00013   
M/A Ratio Type 1 4 5.29E-08 0.0001 0.9917 

 Population[Type] 4 762 0.00044 298.21 <.0001 

 Error 762  0.000001   

Aspect Ratio Type 1 4 0.520 0.045 0.8427 
 Population[Type] 4 763 11.709 92.14 <.0001 

  Error 763  0.127   
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Table 8: Linear selection differentials and standard errors for nine traits in each of six 
populations of M. fistulosa. Bolded values are statistically significance at α =.05. (R) indicates 
restored populations whereas (N) indicates natural populations. Smean is the average absolute 

selection differentials. The across populations column shows the mean linear differential of each 
trait and the standard error of the mean across the six populations. 

 
BRGC 

(R) 
Chiefswood 

(R) 
Rainbow 

(R) 
Dickson 

(N) 
Waynco 

(N) 
Cavan 

(N) 
Across 
Pops 

Height  1.18 1.37 0.66 0.80 1.04 1.26 1.05 
Std Error 0.281 0.215 0.113 0.174 0.1418 0.236 0.112 

p-value <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  

Ramets 1.46 0.43 0.95 1.39 1.29 1.94 1.24 
Std Error 0.269 0.250 0.0964 0.145 0.126 0.202 0.208 

p-value <.0001 0.0901 <.0001 <.0001 <.0001 <.0001  

Chlorophyll 0.85 0.02 -0.01 0.06 -0.21 0.14 0.14 
Std Error 0.312 0.253 0.123 0.192 0.165 0.278 0.149 

p-value 0.0075 0.9519 0.933 0.7501 0.2108 0.6225  

 Branching 1.13 1.16 0.58 0.81 0.94 1.30 0.986 
Std Error 0.298 0.238 0.117 0.176 0.146 0.240 0.107 

p-value 0.0002 <.0001 <.0001 <.0001 <.0001 <.0001  

Relative Growth 0.15 0.38 0.01 0.21 0.93 0.66 0.39 
Std Error 0.319 0.254 0.127 0.192 0.147 0.252 0.141 

p-value 0.6355 0.1393 0.9571 0.2754 <.0001 0.0096  

Mass 0.86 1.16 0.43 0.78 0.65 1.20 0.846 
Std Error 0.282 0.241 0.121 0.191 0.157 0.247 0.121 

p-value 0.0029 <.0001 0.0006 <.0001 <.0001 <.0001  

M/A Ratio -0.28 0.55 0.41 0.76 0.28 0.28 0.333 
Std Error 0.293 0.255 0.123 0.193 0.164 0.271 0.143 

p-value 0.336 0.0338 0.0011 0.0002 0.0942 0.3115  

AR 0.22 0.74 0.22 0.47 0.61 0.51 0.461 
Std Error 0.294 0.254 0.127 0.200 0.158 0.269 0.085 

p-value 0.4602 0.0042 0.0944 0.0223 0.0002 0.0593  

Flower Phenology 1.67 0.88 0.19 0.53 0.48 1.70 0.908 
Std Error 0.440 0.570 0.142 0.239 0.214 0.389 0.261 

p-value 0.0003 0.127 0.1821 0.0284 0.0289 <.0001  

Smean 0.868 0.743 0.383 0.646 0.713 0.998 0.725 
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Table 9:  Summary of ANOVA for linear selection differentials across nine traits in each of six 
populations of M. fistulosa. Population is treated as a random effect. 

Sources of Variation DF DFDen Mean Squares F Ratio P 
Type 1 4 0.199 0.45 0.538 
Trait 8 32 0.767 7.20 <.0001 

Type*Trait 8 32 0.084 0.78 0.6159 

Population[Type] 4 32 0.440 4.13 0.0082 
 
Error 

 
32 

  
0.106 
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Table 10: ANCOVA for selection differentials comparing the regression of fitness (total seed 
production) and nine traits between three restored and three natural populations of M. fistulosa. 
The trait x type interaction indicates whether the regression differs among restoration types. 
Population is nested within restoration type and treated as random effect.  

 
Variable Source of Variation DF 

Mean 
Squares F Ratio P 

Height Height 1 946.492 161.92 <.0001 
 Type 1 0.0003 0.031 0.8595 
 Height*Type 1 0.346 0.059 0.8076 
 Population[Type] 4 0.0003 0.0001 1 
 Error 833 5.845   

Ramets Ramet 1 1253.944 242.15 <.0001 
 Type 1 0.081 0.2917 0.6157 
 Ramet*Type 1 79.041 15.26 0.0001* 
 Population[Type] 4 0.261 0.0504 0.9952 
 Error 815 5.178   

Chlorophyll Chlorophyll 1 14.042 1.966 0.1612 
 Type 1 0.081 0.291 0.6157 
 Chlorophyll* Type 1 16.118 2.257 0.1334 
 Population[Type] 4 0.266 0.037 0.9973 
 Error 801 7.142   

Branching Branching 1 803.533 130.58 <.0001 
 Type 1 0.139 1.846 0.2266 
 Branching*Type 1 0.817 0.1328 0.7157 
 Population[Type] 4 0.064 0.0104 0.9998 
 Error 811 6.153   

Relative Growth Relative growth 1 131.848 19.040 <.0001 
 Type 1 0.102 1.669 0.2345 
 Relative growth*Type 1 38.865 5.612  0.0181* 
 Population[Type] 4 0.044 0.0065 0.9999 
 Error 812 6.924   

Leaf Mass Mass 1 555.110 94.645 <.0001 
 Type 1 0.677 1.500 0.2747 
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 Mass*Type 1 0.640 0.109 0.7412 
 Population[Type] 4 0.405 0.069 0.9913 
 Error 764 5.865   

Leaf M/A Ratio M/A  1 83.566 12.824 0.0004 
 Type 1 0.905 1.957 0.2194 
 M/A *Type 1 4.192 0.643 0.4227 
 Population[Type 4 0.412 0.0632 0.9926 
 Error 764 5.865   

Leaf Aspect Ratio AR 1 169.165 26.448 <.0001 
 Type 1 0.825 1.881 0.2274 
 AR*Type 1 3.033 0.474 0.4912 
 Population[Type 4 0.391 0.0611 0.9931 
 Error 760 6.396   

Flowering 
Phenology 

Phenology 1 385.358 42.159 <.0001 

Type 1 9.404 0.4561 0.5356 
 Phenology*Type 1 0.0418 0.0046 0.9461 
 Population[Type] 4 20.969 2.294 0.0583 
 Error 536 9.140   
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Table 11:  Non-linear selection differentials for nine traits in six populations of M. fistulosa. 
Bolded values indicate statistical significance at α =.05. (R) indicates restored, whereas (N) 
indicates natural populations. P-values for the regression coefficients are given. Cmean is the 
average absolute selection differentials. The across population column shows the mean non-
linear selection differential of each trait and the standard error of the mean across the six 
populations. 

 

 

 
BRGC 

(R) 
Chiefswood 

(R) 
Rainbow 

(R) 
Dickson 

(N) 
Waynco 

(N) 
Cavan 

(N) 
Across 
Pops 

Height  1.352 1.176 0.165 0.575 0.549 1.095 0.819 
Std Error 0.463 0.352 0.207 0.240 0.227 0.426 0.186 

p-value 0.004 0.0011 0.4261 0.0181 0.0169 0.0112  

Ramets  0.086 -1.042 -0.408 0.373 2.132 0.091 0.205 
Std Error 0.417 0.397 0.091 0.169 0.121 0.156 0.435 

p-value 0.838 0.0098 <.0001 0.0298 0.1883 0.5595  

Chlorophyll -0.321 -0.216 -0.232 -0.408 0.006 -0.194 -0.227 
Std Error 0.513 0.375 0.121 0.270 0.138 0.344 0.068 

p-value 0.533 0.5667 0.0586 0.1335 0.9648 0.5751  

 Branching 0.466 -0.130 -0.023 -0.110 0.117 1.023 0.224 
Std Error 0.572 0.517 0.123 0.337 0.169 0.460 0.183 

p-value 0.417 0.8028 0.853 0.7453 0.4899 0.0277  

Relative Growth -0.318 -0.077 -0.320 -0.262 -0.013 -0.252 -0.207 
Std Error 0.273 0.195 0.152 0.159 0.265 0.333 0.053 

p-value 0.248 0.6958 0.0386 0.1036 0.9603 0.4516  

Mass 1.551 0.378 -0.218 0.088 0.090 0.726 0.436 
Std Error 0.411 0.411 0.157 0.266 0.228 0.389 0.259 

p-value 0.183 0.3592 0.1675 0.7417 0.6946 0.0645  

M/A Ratio -0.079 -0.250 0.021 0.388 -0.503 -0.112 -0.089 
Std Error 0.369 0.388 0.152 0.275 0.241 0.410 0.121 

p-value 0.832 0.5214 0.8912 0.1621 0.0391 0.7848  

AR -0.368 0.616 -0.135 -0.095 0.352 0.269 0.107 
Std Error 0.430 0.352 0.151 0.233 0.207 0.380 0.149 

p-value 0.395 0.0827 0.3752 0.6847 0.0915 0.4815  

Flower Phenology 1.102 0.290 -0.178 -1.582 -0.012 0.256 -0.021 
Std Error 1.332 1.103 0.185 1.152 0.556 2.547 0.360 

p-value 0.411 0.794 0.338 0.1732 0.9835 0.9201  

Cmean 0.627 0.464 0.189 0.431 0.419 0.447 0.429 



! 61!

Table 12: Summary ANOVA of non-linear selection differentials on nine traits in six populations 
of M. fistulosa. Population is treated as a random effect. 

Source of Variation DF DFDen Mean Squares F Value P 
Type 1 4 0.0001 0.002 0.9653 
Trait 8 32 0.076 1.32 0.2710 
Type*Trait 8 32 0.020 0.36 0.9325 
Population[Type] 4 32 0.055 0.95 0.4442 
 
Error 

 
32 

  
0.0577 
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Table 13: Linear selection gradients for nine traits in six populations of M. fistulosa. Bolded 
values indicates statistically significance at p =.05. (R) indicates restored populations whereas 
(N) indicates natural populations. βmean is the average absolute selection gradients. The across 
population column shows the mean linear selection gradient of each trait and the standard error 
of the mean across the six populations. 

 
BRGC 

(R) 
Chiefswood 

(R) 
Rainbow 

(R) 
Dickson 

(N) 
Waynco 

(N) 
Cavan 

(N) 
Across 
Pops 

Height  0.34 3.46 0.37 -0.07 0.39 1.23 0.95 
Std Error 0.588 0.950 0.181 0.398 0.193 0.553 0.530 

p-value 0.563 0.001 0.042 0.867 0.046 0.030  

Ramets 2.00 0.03 0.78 1.38 1.08 1.57 1.14 
Std Error 0.428 0.577 0.104 0.192 0.127 0.298 0.280 

p-value <.0001 0.956 <.0001 <.0001 <.0001 <.0001  

Chlorophyll -1.09 1.31 0.12 -0.10 -0.13 -0.80 -0.115 
Std Error 0.488 0.658 0.106 0.210 0.128 0.335 0.342 

p-value 0.029 0.053 0.275 0.620 0.304 0.020  
 Branching 0.43 -0.29 0.27 0.15 0.72 -0.18 0.183 

Std Error 0.487 0.782 0.113 0.253 0.187 0.436 0.154 
p-value 0.380 0.713 0.020 0.549 0.000 0.674  

Relative Growth 0.17 0.52 0.19 0.06 0.63 0.39 0.326 
Std Error 0.478 0.969 0.138 0.292 0.177 0.469 0.091 

p-value 0.723 0.598 0.166 0.847 0.001 0.408  
Mass 0.68 1.68 0.05 0.15 0.12 0.55 0.538 

Std Error 0.414 0.778 0.137 0.244 0.176 0.437 0.251 

p-value 0.104 0.037 0.691 0.546 0.485 0.212  

M/A Ratio 0.24 0.44 0.20 0.26 -0.09 -0.33 0.12 
Std Error 0.354 0.880 0.124 0.268 0.1719 0.376 0.114 

p-value 0.502 0.622 0.104 0.336 0.620 0.378  
AR -0.45 1.43 0.12 0.05 -0.14 -0.14 0.15 

Std Error 0.367 0.632 0.104 0.235 0.156 0.434 0.269 
p-value 0.221 0.029 0.268 0.825 0.385 0.747  

Flower Phenology 1.01 0.99 -0.06 0.15 0.16 1.00 0.54 
Std Error 0.366 0.593 0.105 0.211 0.138 0.350 0.207 

p-value 0.008 0.103 0.588 0.474 0.251 0.006  

βmean 0.71 1.13 0.24 0.26 0.38 0.69 0.57 
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Table 14:  ANOVA of linear selection gradients across nine traits in six populations of M. 
fistulosa. Population is treated as a random effect. 

Sources of 
Variation  DF 

DF 
Den 

Mean  
Squares F Ratio P 

Type  1 4 0.834 0.75 0.4327 
Trait  8 32 0.550 1.77 0.1190 
Type*Trait  8 32 0.226 0.73 0.6624 
Population[Type]  4 32 1.098 3.54 0.0167 

 
Error  

  
32 

  
0.309 
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Table 15: ANCOVA for selection gradients comparing the regression of fitness (total seed 
production) and nine multivariate traits between three restored and three natural populations of 
M. fistulosa. The trait x type interaction indicates whether the regression differs among 
restoration types. Population is nested within restoration type and treated as random effect.  

 
Variable 

 
Source of Variation 

 
DF 

Mean  
Squares 

 
F Ratio 

 
P 

Height Height 1 58.945 10.80 0.0011 
 Height*Type 1 0.0473 0.009 0.9258 
Ramets Ramet 1 514.21 94.21 <.0001 
 Ramet*Type 1 29.859 5.47 0.0197* 
Chlorophyll Chlorophyll 1 11.369 2.08 0.1496 
 Chlorophyll* Type 1 7.229 1.32 0.2503 
Branching Branching 1 13.469 2.46 0.1169 
 Branching*Type 1 1.639 0.30 0.5839 
Relative Growth Relative growth 1 23.633 4.33 0.0380 
 Relative growth*Type 1 1.242 0.23 0.6335 
Leaf Mass Mass 1 63.129 11.57 0.0007 
 Mass*Type 1 4.973 0.91 0.3403 
Leaf M/A Ratio M/A 1 0.527 0.096 0.7561 
 M/A *Type 1 5.782 1.06 0.3038 
Leaf Aspect Ratio AR 1 1.639 0.30 0.5839 
 AR*Type 1 4.688 0.86 0.3545 
Flowering Phenology Phenology 1 79.015 14.48 0.0002 
 Phenology*Type 1 0.393 0.07 0.7885 

 Type 1 9.705 3.89 0.1242 
 
 

Population [Type] 4 2.535 0.46 0.7618 

 Error 478 5.458   
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Table 16: Non-linear selection gradients for nine traits in six populations of M. fistulosa. Bolded 
values indicates statistically significance at p =.05. (R) indicates restored populations whereas 
(N) indicates natural populations. Ƴmean is the average absolute selection gradients. The across 
population column shows the mean non-linear selection gradient of each trait and the standard 
error of the mean across the six populations. 

 
BRGC 

(R) 
Chiefswood 

(R) 
Rainbow 

(R) 
Dickson 

(N) 
Waynco 

(N) 
Cavan 

(N) 
Across 
Pops 

Height  0.01 -0.27 -0.04 -0.11 0.47 0.69 0.13 
 Std Error 0.562 1.710 0.245 0.372 0.318 0.829 0.152 

p-value 0.985 0.877 0.858 0.775 0.140 0.409  

Ramets 3.04 -2.24 -0.40 0.60 0.27 0.22 0.248 
 Std Error 0.629 0.964 0.091 0.206 0.117 0.253 0.696 

p-value <.0001 0.026 <.0001 0.005 0.023 0.386  

Chlorophyll -0.95 -0.51 -0.10 0.19 0.02 -0.08 -0.238 
 Std Error 0.608 1.00 0.124 0.361 0.099 0.480 0.171 

p-value 0.123 0.617 0.448 0.595 0.811 0.864  

 Branching -0.50 1.82 0.10 0.00 0.55 0.21 0.363 
 Std Error 0.746 1.662 0.112 0.333 0.204 0.668 0.322 

p-value 0.502 0.280 0.362 0.993 0.008 0.754  

Relative Growth -0.15 -1.05 -0.10 -0.05 -0.18 0.29 -0.207 
 Std Error 0.268 1.624 0.139 0.246 0.302 0.643 0.182 

p-value 0.574 0.522 0.489 0.852 0.552 0.657  

Mass 0.70 -0.65 0.09 -0.25 0.38 0.95 0.203 
 Std Error 0.599 1.686 0.165 0.341 0.221 0.583 0.244 

p-value 0.249 0.702 0.601 0.473 0.091 0.108  

M/A Ratio -0.25 0.53 0.11 0.82 -0.13 -0.70 0.063 
 Std Error 0.344 1.465 0.198 0.374 0.239 0.643 0.224 

p-value 0.468 0.718 0.572 0.033 0.580 0.284  

AR 0.15 1.85 0.09 -0.20 0.25 0.27 0.401 
 Std Error 0.558 0.964 0.117 0.287 0.171 0.726 0.298 

p-value 0.795 0.064 0.453 0.487 0.153 0.712  

Flower Phenology -0.30 0.09 0.08 -0.74 0.20 -2.96 -0.605 
 Std Error 0.843 1.159 0.138 0.931 0.330 3.104 0.492 

p-value 0.719 0.937 0.572 0.427 0.550 0.344  

Ƴmean 0.67 1.00 0.12 0.33 0.27 0.71 0.52 
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Table 17: Summary ANOVA for the strength of non-linear selection gradients on nine traits in 
six populations of M. fistulosa. Population is treated as a random effect.   

Source of Variation DF DFDen Mean Squares F Ratio P 
Type 1 4 0.360 0.32 0.6035 
Trait 8 32 0.438 1.50 0.1960 

Type*Trait 8 32 0.812 2.77 0.0187 

Population[Type] 4 32 1.136 3.89 0.0110 
 

Error 
 

32 
  

0.292 
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Table 18: Maladaptation differentials for nine traits from each of six populations of M. fistulosa. 
Bolded values were calculated using significant selection values (α=0.05). (R) indicates restored 
populations whereas (N) indicates natural populations. * indicate maladaptation values 
calculated using non-linear selection coefficients. md-mean is the average maladaptation 
differential for that population.  

 
BRGC 
(R)  

Chiefswood 
(R)  

Rainbow 
(R)  

Dickson 
(N) 

Waynco 
(N)  

Cavan 
(N)  

Height 0.938*  0.952* 0.528 0.746* 0.883* 0.949*   
Ramets 0.949  0.557* 0.873* 0.946* 0.940 0.979 
Chlorophyll 0.828 0.042 0.017 0.175 0.194 0.345 
Branching 0.740 0.723 0.715 0.698 0.795 0.856 
Relative Growth 0.429 0.599 0.00* 0.479 0.691 0.663 
Leaf Mass 0.738 0.782 0.547 0.676 0.693 0.830 
Leaf M/A  Ratio 0.465 0.548 0.496 0.537* 0.069* 0.418 
Leaf Aspect Ratio 0.420 0.708 0.433 0.548 0.677 0.606 
Flowering Phenology 0.922 0.000 0.240 0.307 0.000 0.836 
md-mean 0.71 0.55 0.43 0.57 0.55 0.72 
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Table 19: Summary ANOVA for maladaptation differentials on nine traits in six populations of 
M. fistulosa. Population is treated as a random effect. 

Sources of Variation DF DFDen Mean Squares F  Value P 
Type 1 4 0.0327574 0.2484 0.6444 
Trait 8 40 0.2767165 7.0007 <.0001 

Population[Type] 4 40 0.1318770 3.3364 0.0190 

 
Error  

 
40 

  
0.039 
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Table 20: Maladaptation gradients for nine traits from six populations. (R) indicates restored 
populations whereas (N) indicates natural populations. Bolded values were calculated using 
significant selection values (α=0.05). * indicate maladaptation values calculated using non-linear 
selection coefficients. Mean maladaptation for each population is given. Mg-mean is the average 
maladaptation gradient for that population.  

 
BRGC 

(R) 
Chiefswood 

(R) 
Rainbow 

(R) 
Dickson 

(N) 
Waynco 

(N) 
Cavan 

(N) 
Height 0.434 1 0.423 0.195 0.617 0.874 
Ramets  0.968*   1*   0.891* 0.938* 1* 0.994 
Chlorophyll 0.470 1 0.408 0.149 0.173 0.668 
Branching 0.551 0.964 0.565 0.330 1* 0.171 
Relative Growth 0.493 0.978 0.359 0.210 0.675 0.652 
Leaf Mass 0.695 1 0.143 0.318 0.368 0.743 
Leaf M/A  Ratio 0.414 0.947 0.348 0.755* 0.209 0.574 
Leaf Aspect Ratio 0.513 1 0.311 0.140 0.298 0.322 
Flowering Phenology 0.944 0 0.105 0.151 0 0.955 
mg-mean 0.61 0.88 0.39 0.35 0.48 0.66 
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Table 21: Summary ANOVA for maladaptation gradients on nine traits in six populations of M. 
fistulosa. Population is treated as a random effect.  

Source of variation DF DFDen Mean Squares F Value P 
Type 1 4 0.219 0.59 0.4835 
Trait 8 40 0.173 2.64 0.0197 

Population[Type] 4 40 0.369 5.65 0.0011 

 
Error 

 
40 

  
0.065 
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Figure 1: Image of a Monarda fistulosa genet that is composed of multiple ramets.  
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Figure 2: Image of M. fistulosa flowering head (left), and florets and seeds from a 
dried seed head (right).  
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Figure 3: Map of the population locations in southern Ontario. 
Red squares indicate natural populations, while black squares 
indicate restored populations. 
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Figure 4: Example of how seed head size was measured. Seed 
Head Size = X*Y 
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Figure 5: Fitness flow chart describing the method used to estimate seed production 
per genet. 
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Figure 6: Example of a photo used to measure leaf properties such as leaf aspect ratio and leaf 
mass area ratio.  
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!

Figure 7. Method of measuring maladaptation for three forms of phenotypic selection: stabilizing 
selection (A), accelerating selection (B) and linear selection (C). The blue line shows the 
difference in fitness between the median and optimum phenotype for the trait. The dashed red 
line shows the phenotypic deviation between the median and optimum phenotypes. The 
maladaptation equation is presented, where wO is the expected fitness of the optimum phenotype 
and  wX is the expected fitness of the median phenotype.  
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Figure 8: Mean and standard error values for six soil chemical variables and above ground 
dry biomass and soil moisture at the six study sites. (R) indicates restored, whereas (N) 
indicates natural. Bars that do not share a letter are significantly different according to a 
Tukey’s HSD means comparison (α=0.05).  
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Figure 9: Mean fitness for each population measured as log10 total seeds per genet. Populations 
not sharing the same letter are significantly different according to a Tukey’s HSD test at 
α=0.05. (R) indicates restored, (N) indicates natural. 
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Figure 10: Linear selection on number of ramets for restored and natural populations. Number of 
ramets is standardized to a mean of zero and standardized units for each population. Data points 
are presented for all sites. Restored populations are represented with solid circles while natural 
populations and shown by crosses. Natural populations are under significantly stronger linear 
selection for number of ramet than restored populations. (R) indicates restored, (N) indicates 
natural. 
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Figure 11: Linear selection on relative growth for restored and natural populations. Relative 
growth is standardized to a mean of zero and standardized units for each population. Data points 
are presented for all sites. Restored populations are represented with solid circles while natural 
populations and shown by crosses. Natural populations are under significantly stronger linear 
selection for relative growth than restored populations. (R) indicates restored, (N) indicates 
natural. 
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Figure 12: Partial plot of the quadratic selection component for number of ramets from the 
restored population of Chiefswood. The selection gradient shows stabilizing selection on number 
of ramets. 
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Figure 13: Partial plot of the quadratic selection component for number of ramets from the 
natural population of Waynco. The selection gradient shows accelerating selection on number of 
ramets. 
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