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Abstract 

Environments in cities are distinctly different from those in rural and natural 

environments in which plants have, until recently, evolved. As human population 

migrates to urban centers, and cities develop faster and larger, these environments have 

the potential to affect plant evolution. The goal of this research was to characterize 

phenotypic differences in plant populations found in cities compared to those in 

neighboring rural areas, to identify parallel evolution, and to evaluate the effect of abiotic 

factors on phenotypic divergence. In Chapter 1, I characterize phenotypic divergence 

between urban and rural populations of three species, and find that one of these three 

species is locally adapted. Because cities are characterized by coarsely similar 

environments, in Chapter 2, I evaluated whether plants found in other cities respond to 

urbanization in the same patterns, i.e. is there an urban phenotype? Phenotypic data 

indicate that populations have undergone parallel evolution, but molecular responses are 

not as straightforward. Finally, in Chapter 3, I test that effect of elevated nighttime 

temperature and salt stress on phenotypic divergence. I identified that each of these 

abiotic factors affect plant growth and has the potential to drive phenotypic divergence. 

Cities are a large and growing proportion of the landscape, therefore, characterizing plant 

ecology in urban environments provides insight into plant responses to warm and highly 

altered environments, which are similar to predicted future environments. Thus these data 

can inform conservation efforts in urban environments in the face of ongoing climate 

change. This study was also utilized as a model to teach students about evolution and 

experimental design, and involved high school and college students in ongoing research. 



 

 iv 

Table of Contents 

Acknowledgements .............................................................................................................  i 
 
Dedication  .........................................................................................................................  ii 
 
Abstract  ............................................................................................................................  iii 
 
Table of Contents  .............................................................................................................  iv 
 
List of Tables  ...................................................................................................................  vi 
 
List of Figures  ..................................................................................................................  ix 
 
Chapter 1: Evidence for urban adaptation in an annual but not two perennial plant 
species  ................................................................................................................................ 1 
Summary  ............................................................................................................................ 2 
Introduction  ........................................................................................................................ 3 
Materials and Methods  ....................................................................................................... 5 
Results  ................................................................................................................................ 8 
Discussion  ........................................................................................................................ 12 
Acknowledgements  .......................................................................................................... 15 
Tables and Figures  ........................................................................................................... 16 
 
Chapter 2: Repeated parallel adaptation to urban environments in the annual plant 
Lepidium virginicum  ........................................................................................................ 30 
Summary ........................................................................................................................... 31 
Introduction  ...................................................................................................................... 32 
Materials and Methods  ..................................................................................................... 34 
Results  .............................................................................................................................. 39 
Discussion  ........................................................................................................................ 42 
Acknowledgements  .......................................................................................................... 46 
Tables and Figures  ........................................................................................................... 47 
Supplemental Information  ............................................................................................... 61 
 
Chapter 3: Abiotic factors driving phenotypic differentiation between urban and rural 
populations  ....................................................................................................................... 64 
Summary ........................................................................................................................... 65 
Introduction  ...................................................................................................................... 66 
Materials and Methods  ..................................................................................................... 69 
Results  .............................................................................................................................. 72 
Discussion  ........................................................................................................................ 76 
Acknowledgements  .......................................................................................................... 79 
Tables and Figures  ........................................................................................................... 80 



 

 v 

 
Bibliography  .................................................................................................................. 101 



 

 vi 

List of Tables 

Table 1: Proportion of germinants of each source population within each environment for 
all three species  .................................................................................................................16 
 
Table 2: Type II F-tests from an ANOVA, and means with standard errors of 
untransformed data and their standard errors for Lepidium virgnicum urban and rural 
source populations grown in urban and rural environments (reciprocal transplant 
experiment)  .......................................................................................................................17 
 
Table 3: Type II F-tests from an ANOVA, and means with standard errors of 
untransformed data and their standard errors for Berteroa incana urban and rural source 
populations grown in urban and rural environments (reciprocal transplant experiment)  .18 
 
Table 1-4: Type II F-tests from an ANOVA, and means with standard errors of 
untransformed data and their standard errors for Silene latifolia urban and rural source 
populations grown in urban and rural environments (reciprocal transplant experiment)  .19 
 
Table 1-5: Type II F-tests from an ANOVA for L. virgnicum urban and rural source 
populations grown in urban and rural environments (reciprocal transplant experiment), 
separated by garden environments  ....................................................................................20 
 
Table 1-6: Fitness regression on each trait for all L. virginicum populations comparing 
whether relationship between fecundity and trait differs between environments  .............21 
 
Table 1-7A: Fitness regression on each trait in urban environments, separated by urban 
and rural source populations  .............................................................................................22 
 
Table 1-7B: Fitness regression on each trait in rural environments, separated by urban 
and rural source populations  .............................................................................................22 
 
Table 2-1: Soil temperatures for each of the four urban centers and neighboring rural 
areas for summer 2014. Temperatures are means of data from multiple locations 
representing urban and rural environments .......................................................................47 
 
Table 2-2: Type II F-tests from an ANOVA identifying effect of population for urban and 
rural populations sampled from and around Minneapolis, MN (2012 experiment). Means 
and standard errors of untransformed data are also presented  ..........................................48 
 
Table 2-3: Type II F-tests from an ANOVA identifying effect of population for urban and 
rural populations sampled from and around Minneapolis, MN (2014 experiment). Means 
and standard errors of untransformed data are also presented  ..........................................49 
 



 

 vii 

Table 2-4: Type II F-tests from an ANOVA identifying effect of population, state of 
sampling, and interaction of population by state for urban and rural populations sampled 
from and around Baltimore, Chicago, Detroit, Minneapolis, and New York City (2014 
experiment). Means and standard errors of untransformed data are also presented  .........50 
 
Table 2-5: Type II F-tests from an ANOVA identifying relationship of fitness and each of 
the traits with state of sampling and population as fixed terms for urban and rural 
populations sampled from and around Baltimore, Chicago, Detroit, Minneapolis, and 
New York City (2014 experiment). Interaction of trait by population and trait2 by 
population indicates the relationship of fitness and that trait differs between populations 51 
 
Table 2-6A: Pairwise Fst comparisons for all urban populations with all rural 
populations. Bolded terms are Fst values of paired urban and neighboring rural 
populations  ........................................................................................................................52 
 
Table 2-6B: Pairwise Fst comparisons for pairwise comparison of urban populations 
(above the diagonal) and pairwise rural populations (below the diagonal)  ......................52 
 
Supplemental Table 2-1: Locations and number of maternal plants representing each of 
five urban and five rural populations  ................................................................................61 
 
Table 3-1: Sampling locations of L. virginicum urban and rural source populations in 
NYC and MSP used in both the elevated nighttime temperature and salt stress 
experiments  .......................................................................................................................80 
 
Table 3-2: Proportion of seeds that germinated from of each of the four populations 
within each of the two environments  ................................................................................82 
 
Table 3-3: Type II F-tests from an ANOVA, and means with standard errors of 
untransformed data and their standard errors for MSP Lepidium virgnicum urban rural 
source populations grown under warm and cool nights with same day temperature. 
Because no individuals from rural populations bolted, data for bolting, flowering and 
associated sizes (below the horizontal) are for urban source populations only  ................83 
 
Table 3-4: Type II F-tests from an ANOVA, and means with standard errors of 
untransformed data and their standard errors for NYC Lepidium virgnicum urban rural 
source populations grown under warm and cool nights with same day temperature. 
Because no individuals from rural populations bolted, data for bolting, flowering and 
associated sizes are for urban populations only  ................................................................84 
 
Table 3-5: Type II F-tests from an ANOVA comparing effect of urban and rural 
populations (Pop), warm night treatment (Trt), and MSP and NYC (State) sampled 
plants. Because no individuals from rural MSP populations bolted, data for bolting, 
flowering and associated sizes are missing  .......................................................................85 



 

 viii 

 
Table 3-6: Comparing plant responses between source populations sampled from MN and 
NY. Trt is effect of elevated nighttime temperature compared to control, Pop is response 
of urban population compared to rural. Arrows represent direction of change, horizontal 
arrows represent no change, and bolded terms are statistically significant in ANOVA  ...87 
 
Table 3-7: Type II F-tests from an ANOVA, and means with standard errors of 
untransformed data and their standard errors for MSP L. virgnicum urban and rural source 
populations above the horizontal line and NYC urban and rural source populations below 
the horizontal line grown with no salt and 75mM salt (Fall experiment)  .........................88 
 
Table 3-8: Type II F-tests from an ANOVA, and means with standard errors of 
untransformed data and their standard errors for MSP Lepidium virgnicum urban rural 
source populations grown with no salt and 75mM salt (Spring experiment)  ...................89 
 
Table 3-9: Type II F-tests from an ANOVA, and means with standard errors of 
untransformed data and their standard errors for NYC Lepidium virgnicum urban rural 
source populations grown with no salt and 75mM salt (Spring experiment)  ...................90 
 
Table 3-10: Type II F-tests from an ANOVA comparing effect of urban and rural 
populations (Pop), salt and no-salt treatments (Trt), and MSP and NYC (State) sampled 
plants. Data above the horizontal are from the fall experiment and below the horizontal 
are from spring  ..................................................................................................................91 
 
Table 3-11: Comparing plant responses between source populations sampled from MN 
and NY. Trt is effect of 75mM salt compared to control, Pop is response of urban source 
population compared to rural. Data above the horizontal are from the fall experiment and 
data below the horizontal are from the spring experiment. Arrows represent direction of 
change, horizontal arrows represent no change, and bolded terms are statistically 
significant in ANOVA  ......................................................................................................93 
  

 



 

 ix 

List of Figures 

Figure 1-1: Sampling and planting sites in Minnesota where red dots represent urban 
sites, blue represent rural sites, and the four black dots are the planting sites ..................23 
 
Figure 1-2: Means and standard errors for days to germination for L. virginicum (A), B. 

incana (B), and S. latifolia (C) source populations (solid lines are urban source 
populations and dashed lines are rural source populations) planted in the two gardens. 
Connecting lines are only to illustrate direction and magnitude of difference between 
means  ................................................................................................................................24 
 
Figure 1-3: Means and standard errors for days from bolting to flowering for L. 

virginicum (A), B. incana (B), and S. latifolia (C) source populations (solid lines are 
urban source populations and dashed lines are rural source populations) planted in the 
two gardens. Connecting lines are only to illustrate direction and magnitude of difference 
between means  ..................................................................................................................25 
 
Figure 1-4: Means and standard errors for rosette diameter at bolting for L. virginicum 

(A), B. incana (B), and S. latifolia (C) source populations (solid lines are urban source 
populations and dashed lines are rural source populations) planted in the two gardens. 
Connecting lines are only to illustrate direction and magnitude of difference between 
means  ................................................................................................................................26 
 
Figure 1-5: Means and standard errors for height at flowering for L. virginicum (A), B. 

incana (B), and S. latifolia (C) source populations (solid lines are urban source 
populations and dashed lines are rural source populations), and year 2 height for B. 

incana (D) and S. latifolia (E) planted in the two gardens. Connecting lines are only to 
illustrate direction and magnitude of difference between means  ......................................27 
 
Figure 1-6: Means and standard errors for number of fruits for L. virginicum (A) and B. 
incana (C) source populations (solid lines are urban source populations and dashed lines 
are rural source populations), and variance in fruit number for L. virginicum (B) and B. 
incana (D) from a reciprocal transplant experiment. Bars on left in panels B and D are 
combined urban and rural source populations in the urban and rural gardens. Bars on 
right are source populations separated by gardens: (U:U) represents urban populations in 
urban gardens, (R:U) represents rural populations in urban gardens, (U:R) represents 
urban populations in rural gardens, and (R:R) represents rural populations in rural 
gardens  ..............................................................................................................................28 
 
Figure 1-7: Relationship between height at end of season and fitness within urban and 
rural environments for L. virginicum. Shaded dots are data from urban source populations 
with dotted lines indicating relationship; clear squares are data from rural source 
populations with solid lines indicating relationship ..........................................................29 
 



 

 x 

Figure 2-1: Sampling sites across the United States (A) where red dots represent urban 
sites and blue represent rural sites. Sampling sites within each of the five cities and 
neighboring rural areas for Minneapolis and St. Paul, MN (B), Detroit, MI (C), Chicago, 
IL (D), Baltimore, MD (E), and New York City, NY (F) .................................................53 
 
Figure 2-2: Means and standard errors for days to bolting from germination (A) and days 
to flowering from bolting (B) for MN urban and rural populations (solid lines represent 
data from 2012 experiment and dashed lines are represent data from 2014 experiment).  
Connecting lines are only to illustrate direction and magnitude of difference between 
means  ................................................................................................................................55 
 
Figure 2-3: Means and standard errors for rosette diameter at bolting (A) and number of 
leaves at bolting (B) for MN urban and rural populations (solid lines represent data from 
2012 experiment and dashed lines are represent data from 2014 experiment). Connecting 
lines are only to illustrate direction and magnitude of difference between means  ...........56 
 
Figure 2-4: Means and standard errors for juvenile size (rosette width*height)(A), days to 
bolting (B), number of leaves at bolting (C), days to flowering (D), plant height at 
flowering (E) and number of fruits (F) combined for all five urban and five rural 
populations planted in the greenhouse (2014 experiment)  ...............................................57 
 
Figure 2-5: Means and standard errors for number of leaves at bolting (A), days to 
flowering (B), and height at flowering (C) for each of the five urban and rural populations 
planted in the greenhouse (2014 experiment)  ...................................................................58 
 
Figure 2-6: Relationship between rosette diameter at bolting and fitness (A), and height at 
flowering and fitness (B) differed between urban (shaded dots, dashed line) and rural 
(open squares, solid line) populations  ...............................................................................60 
 
Supplementary Figure 2-1: Percent of plants with lobed leaves (dark gray) relative to 
whole leaves (light gray) for each of the five urban and five rural populations planted in 
the greenhouse (2014 experiment)  ....................................................................................63 
 
Figure 3-1: Population average reaction norms for growth-related traits after five months 
of growth for L. virginicum source populations sampled from MSP and NYC (solid lines 
are urban source populations, dashed lines are rural) with a cool nighttime temperature 
(16C) and warm nighttime temperature (21C) and consistent daytime temperature of  
28C .....................................................................................................................................94 
 
Figure 3-2: Population average reaction norms for days to flowering from bolting, and 
number of fruits after five months of growth for L. virginicum source populations 
sampled from NYC (solid lines are urban source populations, dashed lines are rural) with 
cool nighttime temperature (16C) and warm nighttime temperature (21C) and consistent 
daytime temperature of 28C ..............................................................................................96 



 

 xi 

 
Figure 3-3: Population average reaction norms for days to germination, juvenile size and 
aboveground biomass after six months of growth for L. virginicum source populations 
sampled from MSP and NYC (solid lines are urban source populations, dashed lines are 
rural) with 75mM salt compared to no-salt (Fall experiment)  ..........................................97 
 
Figure 3-4: Population average reaction norms for days to germination, juvenile and later 
life history sizes, and fitness after six months of growth for L. virginicum source 
populations sampled from MSP and NYC (solid lines are urban source populations, 
dashed lines are rural) with 75mM salt compared to no-salt (Spring experiment)  ...........99 
 

 



 

1 

 

 

 

 

 

 

 

 

Chapter 1 

 

Evidence for urban adaptation in an annual but not two perennial plant species 
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Summary 

Environments in cities are warmer, drier, and differ in quality from neighboring rural 

areas. These environmental differences can differentially affect plant growth and 

development, and the differences in selection pressures between urban and rural areas 

have had the potential to affect plant evolution. Moreover, environments in cities have 

attributes in common with predicted future climates; thus, characterizing plant responses 

to urban environments can provide insight into plant growth in future climates. While 

cities in the United States of America are not very old from an evolutionary perspective, 

rapid adaptation may result in locally adapted populations, but high gene flow and weak 

selection may result in locally mal- or nonadapted populations. Using a reciprocal 

transplant experiment between urban and rural areas, we investigated population 

phenology and growth of three species, Lepidium virginicum, Berteroa incana, and Silene 

latifolia. Seeds representing urban source populations were collected in core cities of 

Minneapolis and St. Paul, MN and those representing rural source populations were 

sampled from areas outside the cities, in areas known to be outside the urban heat island, 

and grown in urban and rural areas. We identified phenotypic differences in similar 

directions in all three species, and evidence for adaptation to urban environment in the 

annual but not perennial species. Environments in cities result in larger plants with higher 

fecundity, and with high gene flow these urban populations have the potential to 

influence population structure outside the cities.  
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Introduction  

There has been much recent discussion about the potential for the ecology of 

cities to influence the evolution of populations found in cities differentially than those in 

neighboring rural or natural areas (Donihue and Lambert 2014; Alberti 2015). Cities 

represent a distinct ecological niche from neighboring rural areas, posing environments 

with the potential for influencing plant evolution (Alberti 2015). Globally, cities continue 

to grow in size and number presenting ecosystems for testing evolutionary hypotheses in 

a rapidly changing world. Urban areas have higher annual average temperatures, higher 

nighttime temperatures, differences in air quality, and in northern latitudes longer 

growing seasons (Gatz 1991; Oke 1995; Lovett et al. 2000; White et al. 2002).  These and 

other abiotic differences can affect genetics of plant and animal growth and behavior. For 

example, populations of birds in cities sing louder than those in rural areas (Slabbekoorn 

and Peet 2003), urban and mountain populations of junkos show phenotypic divergence 

in tail coloring, a sexually selected trait over less than 20 years (Yeh 2004), and urban 

mice in New York City show signatures of positive selection in genes involved in innate 

immune response (Harris et al. 2013). These differences appear consistent with adaptive 

responses to urban environments although direct tests of environmentally-dependent 

fitness benefits of these differences are generally lacking.   

Urban-rural differences in the abiotic environment can also have phenotypic 

effects on plant growth and fitness.  Perhaps the best characterized of these changes is 

faster development in urban environments (Roetzer et al. 2000; White et al. 2001; Ziska 

et al. 2003). Accelerated development in urban compared to surrounding rural 

environments has been attributed to cities being warmer and having growing seasons that 

start earlier in the year than in surrounding rural areas, i.e. the urban heat island effect 

(Neil and Wu 2006).  Such phenological changes can influence distribution of 

populations, possibly expanding geographic range spread into previously unoccupied 

habitats or habitats without competitors. Change in phenology can also increase 

mismatches, for example decoupling plant-pollinator or plant-mutualist interactions 

(Kudo and Ida 2013), eventually driving some populations to extinction (Miller-

Struttmann et al. 2015).  
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The urban heat island effect, along with related differences between urban and 

rural environments, might be expected to result in distinct selective environments that 

have driven local adaptation and divergence of urban and rural populations.  In particular, 

the earlier growing season and more rapid heating in cities may favor plants that develop 

faster, and higher carbon availability may result in larger plants, and large plants may 

have the resources to have higher fitness. Alternatively faster development may result in 

lower fruit production or shorter lifespan, and may be costly; thus plant populations 

would not be locally adapted, and any phenotypic differences observed would be due to 

plasticity.  

Despite expectations of phenotypic divergence and the possibility of adaptation to 

urban environments, there has been no direct experimental work characterizing 

phenotypic differentiation and examining the magnitude of local adaptation, if any, 

between urban and neighboring rural plant populations. One study identified dispersal 

differences between urban and rural populations of the weedy plant Crepis sancta with 

urban populations having a higher proportion of non-dispersing seeds than neighboring 

rural populations, and those authors attributed this to the high cost of dispersal in highly 

fragmented urban environments (Cheptou et al. 2008). In their study, Cheptou et al. 

(2008) showed that seed type (i.e. dispersing or non-dispersing) was genetically based 

and that paved surfaces in urban environments are the likely driver of non-dispersing 

seeds, but they did not directly compare the trait with fitness. Moreover, Cheptou et al. 

(2008) did not directly evaluate whether urban and rural populations were locally adapted 

in natural settings. 

Our primary goal was to test whether plant populations in urban habitats have 

adaptively diverged in phenology and growth traits relative to those in rural habitats, and 

whether phenotypic differences may be related to differences in temperature regimes in 

these two environments.  We asked the following four questions:  

1. What is the direct response of these populations to urban environments?  

2. What is the magnitude and direction of phenotypic differentiation between 

urban and rural source populations? Is this pattern consistent across 

species? 
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3. Is there evidence of genotype by environment interaction? 

4. Are populations locally adapted? Are traits associated with fitness 

different in urban vs. rural environments? 

We used a series of common-garden experiments in urban and rural settings to 

examine the magnitude of genetically-based phenotypic differences between urban and 

rural populations and whether these differences are consistent with local adaptation.  In 

order to gain insight into general patterns of urban adaptation across species, we 

conducted parallel experiments on three species: Lepidium virginicum (Virginia 

pepperweed), a primarily self-fertilizing annual species (Gallitano and Skroch 1993), 

Berteroa incana (hoary alyssum), an outcrossing short lived perennial (Warwick and 

Francis 2006), and Silene latifolia (white campion), a dioecious species with annual and 

short lived perennial individuals (McNeill 1977).  We chose these species because they 

are prevalent where we sampled them in the urban core of Minneapolis and St. Paul as 

well as in surrounding rural areas.  

 

 

Materials and Methods 

Study Systems and Sampling 

Each of the three species we studied (L. virginicum, B. incana, and S. latifolia) is 

prevalent throughout most of the continental United States (Kartesz and Biota of North 

America Program [BONAP] 2014). During summer 2011 and 2012 we sampled seeds 

from urban and nearby rural populations near Minneapolis and St. Paul, MN. We 

sampled urban source populations from plants growing in alleys, along highway 

entrances and exits, and along sidewalks from at least four spatially separate areas within 

the core cities of Minneapolis and St. Paul, MN. We sampled rural source populations 

along roadsides and near the outskirts of multiple Scientific and Natural areas maintained 

by the Minnesota Department of Natural Resources, and University of Minnesota field 

stations from at least four separate areas away from the cities. Each rural site was at least 

30 kilometers away from the city center, in different cardinal directions (Figure 1- 1; 

Supplementary Table 1- 1), a distance sufficient to be outside the measured urban heat 
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island in Minneapolis (Smoliak et al. 2015). Urban source populations were also less than 

1meter from impervious surfaces whereas rural source populations were primarily on the 

edges of fields with grass or trees cover. Across all three species we sampled seeds from 

a total of 125 rural and 118 urban maternal plants. 

 

 Experimental design and data collection 

To evaluate plant performance under field conditions we planted reciprocal 

transplant experiments in June 2013 with all three species grown at each of two urban 

and two rural sites (hereafter to site). The urban sites were located at the edge of an urban 

garden in downtown Minneapolis, MN (N44.972 W93.268) and behind Washington 

Technology Magnet school in St. Paul, MN (N44.987 W93.110) (Figure 1- 1). The rural 

sites were at Cedar Creek Ecosystem Science Reserve, approximately 55km north of 

Minneapolis (N45.416 W93.167) and a field adjacent to Maple Lake High School, 

approximately 80km northwest of Minneapolis (N45.235 W93.998) (Figure 1- 1). Both 

of these rural sites had high grass cover around the field site compared to the urban sites, 

rural sites had multiple trees growing nearby, and were in areas known to be outside the 

urban heat island (Smoliak et al. 2015).  At each of the four sites, we measured air 

temperature at 25 cm above soil surface, and soil temperature five centimeters below 

surface at 60 minute intervals from June 2013 to early November 2013 using two iButton 

temperature loggers per site (DS1921G-F5#, Embedded Data Systems, USA). 

At each site we planted four seeds sampled from each of 80 B. incana plants (32 

urban and 48 rural), 126 L. virginicum plants (66 urban and 60 rural), and 37 S. latifolia 

plants (20 urban and 17 rural). Thus we had 972 plants per site. Seeds were planted 9cm 

apart in a systematic design with species alternating to control for neighbor effects, but 

genotypes of each species were randomized. To minimize edge effects we planted one 

row of L. virginicum on the edge of each of the 12 blocks. 

Prior to planting in the field, seeds were placed on wet soil and placed at 4°C in 

the dark for four to five days to break dormancy. After planting during the first week of 

June 2013, each of the sites was watered for approximately four weeks, until most plants 

had germinated. After this, water was from precipitation only. Sites were visited weekly 
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to collect the following phenology data: days to germination after planting in the field, 

days to bolting from germination date (transition from vegetative to reproductive stage), 

and days to flowering after bolting. We chose these phenology stages such that each stage 

is distinct from the others. Therefore we had three distinct phenology stages: germination, 

bolting, and flowering, and if populations differed in time to germination, the difference 

is not included in the other phenology stages. We also measured size at each of these life 

history stages: rosette diameter and number of leaves at bolting, and height at flowering.  

L. virginicum is an annual and thus at the end of the growing season all plants 

were harvested and we measured final height and counted the number of fruits produced 

by each plant that survived to this life history stage to quantify fecundity.  Berteroa 

incana and S. latifolia are both short-lived perennials; therefore, at the end of the first 

growing season we measured size (rosette diameter) and then let plants of these species 

overwinter to collect year two data. In the spring of 2014 we collected data on the size of 

the plants that bolted, specifically height at mid-season, number of branches, and whether 

or not each plant flowered. We counted number of fruits for B. incana to quantify fitness. 

Because labels were removed at two of the four field sites by random volunteers after the 

first year, data for year two are only from one urban (St. Paul, MN) and one rural (Bethel, 

MN) site.    

 

Data analysis 

Prior to analyses, we used a Shapiro-Wilk test to test the data for normality and 

visually assessed for homogeneity of variances among populations. Only germination 

data for L. virginicum, departed strongly from normality displaying a bimodal graph, 

however, multiple transformations did not greatly improve the distribution of the data and 

therefore we present results from the analyses of the non-transformed data. 

To test whether the proportion of seeds that germinated and the proportion of 

germinants that bolted differed between urban and rural populations we used a chi square 

test.  To test for effects of the environment in which plants were grown as well as the 

source populations from which seeds were sampled, we performed a Type II two-way 

analysis of variance (R package “car”, function “Anova”) because this tests for main 
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effects before testing for interactions, i.e. each single variable is tested after accounting 

for all the other single variables but not accounting for the interaction terms. The model 

had source population (urban or rural) as a fixed effect, environment (urban or rural) as a 

fixed effect, and their interaction as explanatory variables. For the analyses of year 1 

data, each environment was represented by two planting sites during the first growing 

season; thus, site was nested within environment.  

We used linear regression to test for relationships between fitness and each trait 

we measured (R package “stats”). To test whether the relationship differed between the 

urban and rural environments, our model had environment, trait (linear), and trait 

(quadratic). A significant interaction term of trait by environment would indicate that the 

relationship between fitness and the trait (either linear or quadratic) differs between the 

environments. To test whether the relationship between fitness and trait differed between 

source populations within each environment we conducted four separate linear 

regressions with urban and rural source populations separated within each urban and rural 

environment.   

 

 

Results 

Germination proportions 

 Comparing germination across environments, we observed that across all three 

species more seeds germinated in the urban gardens than in the rural ones. Further, across 

all three species more seeds from the urban source populations germinated compared to 

those from the rural source populations.   

L. virginicum: Combined across all sites and source populations 46% of L. 

virginicum seeds germinated; for comparison, in a previous greenhouse study we saw 

upwards of 80% germination (Yakub unpublished ms). Comparing germination across 

environments, significantly more seeds germinated (χ2=75.7, p<0.0001) and bolted 

(χ2=104.8, p<0.0001) in urban environments. Across all gardens we found significant 

differences in the proportion of seeds that germinated between urban and rural source 

populations (χ2=8.1, p<0.01); 49% of seeds from urban source populations germinated 
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compared to 42% of those from rural source populations. These patterns were also 

identified separately within the urban gardens and the rural gardens with more seeds from 

urban source populations germinating than those from rural source populations (χ2=5.01, 

p=0.03; χ2=3.2, p=0.07) (Table 1- 1). Of those individuals that germinated, combined 

across the environments the difference in the proportion of plants that bolted between 

urban and rural source populations was not statistically different. However, within urban 

environments, 81% of plants from urban source populations bolted compared to 71% 

from rural source populations (χ2=7.7, p<0.01).  

B. incana: Combined across all sites and source populations 60% of B. incana 

seeds germinated; for comparison, in a previous greenhouse study we saw upwards of 

90% germination (Yakub unpublished ms). Compared to the rural environments, 

significantly more seeds germinated in urban environments (χ2=4.2, p=0.04) but 

significantly fewer bolted (χ2=19.4, p<0.0001). Overall we observed that only 

approximately 10% of B. incana individuals bolted during the first year without winter 

vernalization. Across all environments we identified significant differences in the 

proportion of seeds that germinated between urban and rural source populations (χ2=6.8, 

p<0.01); 64% of seeds from urban source populations germinated compared to 57% of 

those from rural source populations. Within rural environments the differences in 

proportion of seeds that germinated was not significant (χ2=1.6, p=0.2) but we did 

identify statistically significant difference within the urban environments (χ2=5.6, 

p=0.02) (Table 1- 1). In both environments more seeds from urban source populations 

germinated than those from rural source populations (Table 1- 1).   

S. latifolia: Similar to the other two species, we identified lower germination in 

the field compared to the greenhouse. Combined across all sites and source populations 

only 30% of S. latifolia seeds germinated; for comparison, in a previous greenhouse 

study 66% of seeds germinated. Compared to the rural environments, more seeds 

germinated in urban environments, though the difference was not significant (χ2=0.9, 

p=0.3). Across all gardens there were no significant differences in the proportion of seeds 

that germinated between source populations (χ2=2.3, p=0.1), though more seeds from 
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urban source populations germinated than those from rural sources (Table 1- 1). Source 

population did not influence proportion germination within the urban or rural gardens. Of 

the plants that germinated, there were no statistically significant differences in proportion 

of plants that bolted between the source populations, but significantly more plants bolted 

in urban environments compared to rural (56% compared to 33%; χ2=8.02, p<0.01).  

 

Phenotypic differentiation 

We detected phenotypic divergence between urban and rural source populations 

for most of the traits we measured for the annual L. virginicum (Table 1- 2) but not for 

the perennials B. incana (Table 1- 3) or S. latifolia (Table 1- 4). Phenotypic divergence 

for size traits in L. virginicum was identified in both urban and rural gardens, whereas 

divergence in phenology depended on the environment, with populations in rural gardens 

displaying divergence for time to germination and populations in urban gardens 

displaying divergence for time to flowering (Table 1- 5). None of the traits measured on 

Silene plants exhibited significant differences between plants grown from rural or urban 

maternal plants, i.e. we detected no evidence for population differentiation between the 

urban and rural source populations.  This was likely because we had reduced power to 

detect differences; we began this experiment with fewer S. latifolia than either B. incana 

or L. virginicum, and combined with only 30% germination our power to identify 

phenotypic differences between source populations for S. latifolia was greatly reduced. 

The effect of environment was significant for all traits measured for L. virginicum 

(Table 1- 2), for many of the traits measured for B. incana (Table 1- 3) and only for a few 

of the traits measured for S. latifolia (Table 1- 4), likely because we had little power with 

few individuals from each source population.   Plants grown in the city gardens 

germinated and bolted significantly earlier for all three species (Figure 1- 2), with the 

difference ranging from less than two days for B. incana to approximately six days for S. 

latifolia. While the urban and rural source population responses did not differ in days to 

germination for the perennial B. incana and S. latifolia, urban source populations of the 

annual L. virginicum germinated later than rural source populations in the rural 

environment (Figure 1- 2A). These differences in phenology indicate that these urban and 



 

11 

rural source populations have genetically based phenotypic differentiation. Earlier 

germination and bolting did not necessarily result in earlier flowering for L. virginicum 

where both urban and rural source populations flowered later in the city compared to 

rural areas (Figure 1- 3A). B. incana and S. latifolia both flowered earlier in the city 

(Figure 1- 3B and 3C). However the patterns for the perennial species were being driven 

by the differences in source populations displaying divergence for flowering time in rural 

gardens but flowering at approximately the same time in the urban gardens (Figure 1- 3B 

and 3C).  

We detected plasticity for size for all three species, as well as phenotypic 

differentiation as evidenced with magnitude differences between populations. Urban 

gardens resulted in larger rosettes for all three species regardless of source populations 

(Figure 1- 4). L. virginicum populations did display a strong reciprocal home-site 

advantage for rosette diameter (Figure 1- 4A) and number of leaves at bolting, with urban 

source populations having larger rosettes and more leaves in the city gardens and rural 

source populations having larger rosettes and more leaves in the rural gardens. Urban 

environments also resulted in taller plants for L. virgnicum (Figure 1- 5A) and for both 

perennial species during the second year of growth (Figure 1- 5D and 5E). Both B. 

incana and S. latifolia had shorter plants during the first year (Figure 1- 5B and 5C); 

however very few individuals of both these species bolted the first year. Because B. 

incana populations can be winter-annuals, and only 12% of individuals that germinated, 

bolted and flowered during the first year, the non-significant height differences may not 

be due to source population.  

 

Local adaptation 

We found that all L. virginicum and B. incana had significantly higher fecundity 

in urban environments (Table 1- 2 and 3). There was an effect of source population for L. 

virginicum with urban source populations having significantly higher fitness in city 

gardens compared to rural source populations (Figure 1- 6A). While not significant, 

urban source populations of B. incana also had higher fitness than rural source 

populations in both urban and rural gardens (Figure 1- 6C). For both species we also 
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identified higher variance in fruit number in urban environments regardless of source 

population (Figure 1- 6B and 6D). 

We observed a significant relationship between all size traits and fitness for L. 

virginicum, and this relationship differed between environments for rosette diameter at 

bolting and height at flowering (Table 1- 6). The relationship between number of leaves 

at bolting and end of season height with fitness did not differ between environments 

when the source populations were combined (Table 1- 6). In the urban environments, 

there was a relationship between height at flowering and fitness as well as height at end 

of season and fitness for both urban and rural source populations; however the pattern 

differed between the source populations with tall urban plants having highest fitness 

whereas medium height plants from rural source populations had highest fitness (Table 1- 

7A; Figure 1- 7). Conversely we identified no significant relationship between fitness and 

any of the traits measured for B. incana. 

 

 

Discussion  

Urbanization is rapidly accelerating (Seto et al. 2010), and while there has been 

considerable work characterizing the biodiversity and ecology of plants in cities 

(McKinney 2008; Groffman et al. 2014) and ecology of urban ecosystems (Alberti et al. 

2003; Grimm et al. 2008; Schmitz 2010), there has been much less work detailing plant 

evolution in urban environments. We found that urban and rural plant populations 

displayed phenotypic differences for many of the phenology and morphological traits, 

and that urban populations were locally adapted. While the magnitude of response was 

not the same in the three species, the patterns were similar.  

 

Plant responses in natural environments 

One of the striking patterns due to urban environments is earlier flowering of 

plants in cities compared to rural areas (Neil and Wu 2006). This is likely due to earlier 

warming after winter resulting in longer growing seasons. In this study, we identified that 

all populations of all three species germinated and bolted earlier in the city compared to 
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rural environments. These differences in phenology indicate that these urban and rural 

source populations are plastic in their response to the warmer environments. The 

magnitude of response of these populations differed indication that these populations 

have differentiated genetically for these phenology traits or plasticity for phenology. 

Natural populations of these species may germinate earlier in spring in the city due to 

removal of snow and earlier snowmelt, and selection may favor those early germinating 

individuals that may not have to compete with other vegetation.  

We found evidence for faster bolting for all three species, and faster flowering in 

the two short lived perennials, which is consistent with broad literature surveys showing 

that increased temperature is correlated with advanced flowering and reproduction (Fitter 

and Fitter 2002; Neil and Wu 2006). By contrast, we identified delayed flowering in the 

annual L. virginicum. This delayed flowering may be because the extended growing 

seasons in cities results in relaxed selection for rapid growth; thus delayed flowering in L. 

virginicum may result in larger plants due to more time for growth.  

Size differences were dependent on the life history of the plants with L. 

virginicum populations having larger rosettes at their home sites whereas both the 

perennial species had larger rosettes in the city and these differences were not dependent 

on source populations. Interestingly we identified opposing patterns for plant height at 

flowering: all L. virgicum plants were taller in the city with urban source populations 

being taller than rural source populations whereas all B. incana and S. latifolia were 

shorter in the urban environments during the first year of growth. However both perennial 

species, B. incana and S. latifolia had taller plants in the city compared to rural area in 

their second year of growth, and there was no difference between source populations. 

Previous studies have reported mixed results indicating that lawn mowing results in 

genetically-based shorter plants (Warwick and Briggs 1979), but a meta analyses 

identified that short-stature of plants in urban environments is correlated with higher 

probabilities of extinction because shorter plants get cut down quicker whereas tall plants 

bend and survive to reproduce suggesting thus cities are selecting for taller plants 

(Duncan et al. 2011). Urban floras also contain many short lived ruderal species 

suggesting that being shorter in the city may be advantageous (Knapp et al. 2009). Size 
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difference may also be affected by soil characteristics (Antonovics and Bradshaw 1970, 

pollutants in the vicinity (Freedman 1995), and available CO2 (Lau et al. 2007). 

  

Adaptive divergence of L. virginicum 

 Of the three species we examined only one of them, the annual L. virginicum, 

revealed evidence for urban and rural populations having genetically diverged from one 

another.  For L. virginicum, urban and rural populations differed in time to flowering, and 

height at flowering at end of the season, and total fecundity, as measured by fruit 

production.  Moreover, there were significant population by environment terms for 

rosette diameter and leaves at bolting.  Interestingly, only one trait, rosette diameter, 

exhibited a pattern consistent with home site advantage where rural plants were larger 

than urban plants when grown in the rural environment and urban plants were larger than 

rural plants when grown in the urban environment.  We found evidence of urban 

populations having higher fitness and growth rates regardless of the environment in 

which they are grown in; in other words, urban populations appear better adapted to both 

urban and rural environments.  This pattern of higher fecundity of urban source 

populations in all environments is similar to those patterns seen when plants sampled 

from warmer or stressful environments had higher phenotypic variance and higher fitness 

(Stanton et al. 2000; Wilczek et al. 2014). The pattern of populations in marginal habitats 

being larger and having higher fitness is similar to that observed in Lanicera japonica 

with populations from range margins having higher fitness across the range (Kilkenny 

and Galloway 2012) suggesting that these species may be responding to urbanization in 

the way that invasive species respond to new environments. Interestingly, the much 

higher fecundity of L. virginicum urban populations suggests that the adaptation of L. 

virginicum to urban environments may shape the evolution of this species, i.e. if there 

would be high gene flow between urban and rural environments the urban source 

populations could swamp out genetic variation of rural source populations. Moreover, 

given that cities are warmer than surrounding rural areas, the higher fecundity of L. 

virginicum to urban environments may facilitate the spread of this plant in warmer 

climates of the future. 
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Table 1-1: Proportion of germinants of each source population within each environment for all three species 

 L. virginicum 

 

B. incana 

 

S. latifolia 

Gardens 

Rural 

populations 

Urban 

populations 

Rural  

populations 

Urban  

populations 

Rural  

populations 

Urban  

populations 

Rural  161/481 (33%) 209/535 (39%)  209/383 (55%) 154/257 (60%)  33/130 (25%) 48/154 (31%) 

Urban  249/479 (52%) 316/534 (59%)  224/382 (57%) 174/255 (68%)  38/131 (29%) 55/154 (36%) 
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Table 1-2: Type II F-tests from an ANOVA, and means with standard errors of untransformed data and their standard errors for Lepidium 

virgnicum urban and rural source populations grown in urban and rural environments (reciprocal transplant experiment) 

df 

Pop 

1 

Env 

1 

Site (Env) 

2 

Pop*Env 

2 

Error  

df 

 Urban 

environment 

Rural 

environment 

Days to germination 0.09 486.8**** 1409.85**** 3.75* 929  24.3 + 0.2 28.3 + 0.5 

Days from germination to bolting 0.23 15.05*** 100.1**** 0.17 586  22.8 + 0.5 27.1 + 1.2 

Days from bolting to flowering 19.4**** 115.34**** 84.18**** 0.14 453  36.6 + 0.9 28.0 + 1.5 

Rosette diameter 4.3* 52.65**** 31.37**** 18.98**** 578  7.3 + 0.1 4.6 + 0.2 

Number of leaves at bolting 0.02 35.52**** 72.33**** 16.55**** 578  7.3 + 0.1 7.0 + 0.2 

Height at flowering 80.43**** 12.05*** 31.71**** 6.08* 453  24.2 + 0.5 18.6 + 0.9 

Height at end of year 1 57.34**** 16.82**** 12.00**** 6.52* 305  30.3 + 1.02 22.1 + 1.1 

Fruits 4.92* 6.79** 34.44**** 1.67 305  203.9 + 17.9 139.8 + 14.2 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 1-3: Type II F-tests from an ANOVA, and means with standard errors of untransformed data and their standard errors for Berteroa 

incana urban and rural source populations grown in urban and rural environments (reciprocal transplant experiment).  

 

df 

Pop 

1 

Env 

1 

Site (Env) 

2 

Pop*Env 

2 

Error 

df 

 Urban 

environment 

Rural 

environment 

Days to germination 1.89 449.34**** 584.6**** 1.73 755  24.1 + 0.4 24.4 + 0.4 

Days from germination to bolting 3.00 28.29**** 42.99**** 0.26 92  26.1 + 1.9 27.9 + 1.7 

Days from bolting to flowering 3.95* 3.32* 3.84* 1.06 86  16.7 + 1.8 19.5 + 1.7 

Rosette diameter 0.09 27.92**** 16.69**** 1.39 90  14.8 + 0.6 14.3 + 0.6 

Number of leaves at bolting 0.15 7.67** 6.70* 0.002 90  19.2 + 1.2 19.4 + 1.1 

Height at flowering 2.3 7.12** 14.54*** 0.64 86  25.9 + 1.2 26.9 + 0.99 

Branches 0.05 3.29 0.55 0.09 67  2.5 + 0.3 2.62 + 0.2 

Rosette diameter at end of season 1 0.79 297.04**** 296.2**** 0.47 565  14.5 + 0.5 14.1 + 0.4 

Year 2 height 0.02 441.2**** NA 4.39* 314  109.4 + 1.0 77.0 + 1.2 

Year 2 plant architecture  0.004 118.7**** NA 0.37 314  .032 + .002 .067 + .003 

Fruits 0.87 24.1**** NA 0.08 224  550.39 + 44 486 + 39 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 1-4: Type II F-tests from an ANOVA, and means with standard errors of untransformed data and their standard errors for Silene latifolia 

urban and rural source populations grown in urban and rural environments (reciprocal transplant experiment).  

df 

Pop 

1 

Env 

1 

Site (Env) 

2 

Pop*Env 

2 

Error 

df 

 Urban 

environment 

Rural 

environment 

Days to germination 1.01 39.52**** 142.18**** 0.31 168  22.2 + 0.4 28.4 + 1.2 

Days from germination to bolting 1.01 2.00 10.15** 0.85 74  17.3 + 1.6 23.6 + 2.9 

Days from bolting to flowering 0.44 1.65 1.87 1.44 57  18.9 + 1.3 19.04 + 2.0 

Rosette diameter 0.05 0.38 1.69 0.08 73  8.1 + 0.35 6.4 + 0.35 

Number of leaves at bolting 0.13 3.17 0.65 0.07 73  6.08 + 0.15 6.67 + 0.28 

Height at flowering 0.4 1.12 0.07 1.73 56  18.8 + 0.9 23.0 + 1.9 

Rosette diameter at end of year 1 0.3 16.29*** 74.57**** 1.42 71  12.5 + 0.7 6.98 + 0.8 

Year 2 height 0.23 6.78* NA 0.03 38  83.8 + 5.2 68.7 + 3.1 

Year 2 plant architecture  0.72 15.8*** NA 0.34 38  .02 + .003 .03 + .002 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 1-5: Type II F-tests from an ANOVA for L. virgnicum urban and rural source 

populations grown in urban and rural environments (reciprocal transplant experiment), 

separated by garden environments 

 Urban gardens  Rural gardens 

 Source Pop Error df  Source Pop Error df 

Days to germination 0.14 563  7.97** 368 

Days from germination to bolting 0.16 430  0.004 158 

Rosette diameter at bolting 13.7*** 347  16.37**** 133 

Number of leaves at bolting 1.97 347  16.16**** 133 

Days from bolting to flowering 12.1*** 337  2.36 118 

Height at flowering 73.1**** 329  12.8*** 113 

Height at end of year 1 49.4**** 201  4.6* 101 

Fruits 3.7* 197  0.14 110 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 1-6: Fitness regression on each trait for all L. virginicum populations comparing whether 

relationship between fecundity and trait differs between environments 

df 

Env 

1 

Trait 

1 

Trait2 

1 

Trait*Env 

1 

Trait2*Env 

1 

Rosette diameter at bolting 9.4** 1.13 1.01 9.3** 8.1** 

Number of leaves at bolting 2.4 5.4* 2.3 0.34 0.12 

Height at flowering 0.39 8.9** 2.83 2.75 3.75* 

End of season height 1.75 12.5*** 3.76* 0.33 0.71 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 1-7A: Fitness regression on each trait in urban environments, separated by urban and rural source populations 

(urban environments) Urban populations  Rural populations 

Trait Trait2  Trait Trait2 

Estimate F value Estimate F value  Estimate F value Estimate F value 

Rosette diameter at bolting 15.5 0.12 -33.2 0.3  -70.9 0.36 6.52 0.53 

Number of leaves at bolting 61.3 0.8 -70.9 0.6  -33.1 0.21 3.4 0.5 

Height at flowering 21.3 4.1* -0.87 2.5  31.9 4.97* -0.5 2.96 

End of season height 21.7 5.0* 31.9 2.8  14.8 15.14*** -0.17 8.56** 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 

 
 
Table 1-7B: Fitness regression on each trait in rural environments, separated by urban and rural source populations 

(rural environments) Urban populations  Rural populations 

Trait Trait2  Trait Trait2 

Estimate F value Estimate F value  Estimate F value Estimate F value 

Rosette diameter at bolting 61.2 1.44 -1.5 0.1  44.1 2.3 0.24 0.006 

Number of leaves at bolting 84.7 2.19 -3.2 0.8  74.1 5.6* -3.0 2.4 

Height at flowering 1.96 0.12 0.23 3.2  3.7 0.5 0.2 1.6 

End of season height 3.6 0.27 0.15 1.38  7.1 1.5 0.05 0.3 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Figure 1-1: Sampling and planting sites in Minnesota where red dots represent urban sites, blue represent rural sites, and the four 

black dots are the planting sites
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Figure 1-2: Means and standard errors for days to germination for L. virginicum (A), B. incana (B), and S. latifolia (C) source 

populations (solid lines are urban source populations and dashed lines are rural source populations) planted in the two gardens. 

Connecting lines are only to illustrate direction and magnitude of difference between means. 

A. L. virginicum B. B. incana C. S. latifolia 
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Figure 1-3: Means and standard errors for days from bolting to flowering for L. virginicum (A), B. incana (B), and S. latifolia (C) 

source populations (solid lines are urban source populations and dashed lines are rural source populations) planted in the two 

gardens. Connecting lines are only to illustrate direction and magnitude of difference between means. 

A. L. virginicum B. B. incana C. S. latifolia 
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Figure 1-4: Means and standard errors for rosette diameter at bolting for L. virginicum (A), B. incana (B), and S. latifolia (C) 

source populations (solid lines are urban source populations and dashed lines are rural source populations) planted in the two 

gardens. Connecting lines are only to illustrate direction and magnitude of difference between means. 

 
 

A. L. virginicum B. B. incana C. S. latifolia 
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Figure 1-5: Means and standard errors for height at flowering for L. virginicum (A), B. 

incana (B), and S. latifolia (C) source populations (solid lines are urban source 

populations and dashed lines are rural source populations), and year 2 height for B. 

incana (D) and S. latifolia (E) planted in the two gardens. Connecting lines are only to 

illustrate direction and magnitude of difference between means. 

A. L. virginicum B. B. incana C. S. latifolia 

D. B. incana E. S. latifolia 
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Figure 1-6: Means and standard errors for number of fruits for L. virginicum (A) and B. 

incana (C) source populations (solid lines are urban source populations and dashed lines 

are rural source populations), and variance in fruit number for L. virginicum (B) and B. 

incana (D) from a reciprocal transplant experiment. Bars on left in panels B and D are 

combined urban and rural source populations in the urban and rural gardens. Bars on 

right are source populations separated by gardens: (U:U) represents urban populations in 

urban gardens, (R:U) represents rural populations in urban gardens, (U:R) represents 

urban populations in rural gardens, and (R:R) represents rural populations in rural 

gardens

A. L. virginicum 

C. B. incana 

B. L. virginicum 

D. B. incana 
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Figure 1-7: Relationship between height at end of season and fitness within urban and rural environments for L. virginicum. 

Shaded dots are data from urban source populations with dotted lines indicating relationship; clear squares are data from rural 

source populations with solid lines indicating relationship. 
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Chapter 2 

 

Repeated parallel adaptation to urban environments in the 

annual plant Lepidium virginicum 
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Summary 

Parallel evolution of similar traits in independent populations in response to similar 

environments is strong evidence for adaptation. Urban environments may impose novel selection 

pressures and influence the environments that organisms encounter. Spatially separated cities 

have coarsely similar environments and may be imposing similar selection pressures resulting in 

parallel evolution. We sampled seeds of Lepidium virginicum from urban and neighboring areas 

in five cities in the northern United States in one year, and in two years from Minneapolis-St. 

Paul. Using these sampled seeds in a greenhouse experiment we characterized phenology and 

morphology traits, and genotyped the individuals at many loci. We identified parallel trait 

differences between urban-rural populations sampled at different times in the same city as well 

as at the same time in different cities indicating that urban and rural populations have adaptively 

diverged. The molecular patterns of differences between urban and rural populations did not 

match the phenotypic patterns exactly suggesting that there may be high gene flow among 

populations, different selective forces may be acting on these populations at the different cities 

and rural areas, or the loci that determine adaptation between urban and rural environments may 

be a small subset of the entire genome.  
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Introduction 

Adaptation to the local environment has long been considered to drive phenotypic 

differentiation between populations (Mayr 1942; Schluter 2001; Levin 2005, reviewed in 

Savoleinen et al. 2013). This is especially evident in plants because they are sessile and typically 

have limited gene dispersal through seed and pollen, whilst experiencing selection by local 

environments. Evidence for local adaptation is of interest for at least two reasons – it provides 

insight into the selective forces that drive evolution, and it provides evidence that populations 

have the capacity to evolve in response to that selection (i.e. the presence of genetic variation).  

Most studies of local adaptation have focused on natural environments (see Hereford 2007), 

although some of the classic work on plant local adaptation highlighted the potential for plant 

populations to adapt to environments that have been highly altered by human activities 

(Antonovics et al. 1971; McNeilly 1981;Tercek and Whitbeck 2004; Brady et al 2005; Wright et 

al. 2006). 

 Urban ecosystems are prevalent globally, and are one of the common environments that 

have been most highly altered by human activities. In comparison to rural environments, plants 

in urban environments experience higher annual average temperatures and higher nighttime 

temperatures that result in longer growing seasons in northern latitudes (Karl et al. 1998; White 

et al. 2002), and are exposed to distinctly different air and soil quality (Karl et al. 1998; Lovett et 

al. 2000; Idso et al. 2001). Urban environments also have large areas covered by impervious 

materials, which affect water availability for plant populations, and plants are heavily affected by 

direct human activity such as mowing and trampling. These and other abiotic differences can 

have strong effects on plant phenology and growth (Neil and Wu 2006). For example relative to 

plants growing in rural areas, one study found that plants growing in urban environments start 

producing leaves up to 9 days earlier after winter, and senesce up to 16 days later (Zhang et al. 

2004), exhibit altered growth rates and plant sizes (Gregg et al. 2003; Maas et al 2006; Searle et 

al. 2012) and can alter photosynthetic rates (Takagi and Gyokusen 2004; Baycu et al. 2006; 

Searle et al. 2012). These strong ecological effects suggest that urban and rural environments 

might impose distinct selection on the plant populations growing in these environments.  

Despite urban environments being perhaps the fastest growing environments in the world 

and many people’s primary exposure to plants occurs in urban environments, few studies have 
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investigated whether and how urban environments have shaped plant evolution. Urban 

environments have been correlated with plants, specifically Crepis santa, producing more non-

dispersing seeds compared to plants producing more dispersing seeds in rural areas compared to 

influence dispersal (Cheptou et al. 2007).  

In chapter 1 I demonstrated genetic divergence among urban and rural populations of two 

species of plants prevalent in cities and rural areas, and this pattern of phenotypic divergence was 

stronger in the annual species compared to the perennial species. Plants were larger and 

produced more fruits in urban environments compared to rural areas, and urban populations of 

the annual species L. virginicum produced significantly more fruits at their home site indicating 

that the populations are locally adapted to their home environments. However, I examined 

populations from only a single urban/rural area, that around Minneapolis – St. Paul, MN, using 

seeds sampled during one year.  As such, that study cannot distinguish whether plant populations 

in different urban environments respond to the environment similarly, i.e. is there an urban 

phenotype? 

 Parallel and independent evolution of similar phenotypes in response to similar 

environmental conditions provides strong evidence for adaptation (Schluter and Nagel 1995). 

Compared to rural environments, urban environments are characterized by the urban heat island, 

higher pollution, higher carbon dioxide, fragmented habitats, and more people and animals 

walking on the plants. The magnitude of each of these differences likely varies across cities, but 

generally urban environments have coarsely similar environments. Therefore if independent 

urban-rural pairs of populations reveal evidence for common differences between urban and rural 

populations, this “urban phenotype” would be consistent with adaptation having acted to the 

same forces in spatially separate populations. Similarly, urban environments are coarsely similar 

across multiple years; thus similar selection pressures across time would select for the similar 

phenotypes year after year, especially if gene flow between urban and rural environments is low.  

For instance the urban heat island and altered air and soil quality have been characterized 

in many urban centers across multiple years (Smoliak et al. 2015). This would suggest that if 

plants are evolving in response to urban environments, patterns of phenotypic differentiation 

between urban and rural populations would be present in plants sampled across multiple years as 

well as from different cities that have the same global climate. Simply, plant populations that 
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thrive in urban environments may have evolved some characteristic urban phenotype that would 

differ from those plants in rural environments.  

 An urban phenotype that is consistent across populations sampled from multiple cities 

may also be observed if one populations became adapted to an urban environment then has 

colonized other cities. For example one population may have adapted to the urban New York 

City and then migrated westward into other cities. Molecular techniques such as genotype-by-

sequencing, which compare neutral markers, can be used to compare these two hypotheses: was 

there one ancestral split between urban and rural populations followed by independent 

establishment into the other cities or was this the result of independent adaptation to each city? 

In this study we used field collected seeds from urban and neighboring rural 

environments in five metropolitan areas in northern United States to characterize phenotypic 

differentiation, to identify whether an urban phenotype was consistent across time and space, and 

to evaluate whether genotypic differentiation accompanies phenotypic differentiation patterns. 

We asked the following questions:  

1. Do we observe phenotypic differences between plants sampled from urban and 

neighboring rural environments?  

2. Is the pattern of phenotypic differences consistent from seeds sampled in different years 

for one city and from seeds sampled in different cities, i.e. is there evidence for parallel 

evolution? 

3. Is there evidence of molecular differentiation within multiple urban and rural population 

pairs that are spatially separated relative to genotypic differentiation between populations 

from different urban environments? 

 

 

Materials and Methods 

Lepidium virginicum (Virginia pepperweed) is a self-fertilizing annual herb native to 

North America that is found throughout most of the continental United States (Kartesz and Biota 

of North America Program [BONAP] 2014), and is established in cities as well as fields. We 

sampled seeds of L. virginicum in urban areas of Minneapolis-St. Paul (hereafter known as MSP) 

and neighboring rural areas in 2012, then in 2014 we sampled in these areas in MSP again as 

well as in four other metropolitan areas in northern United States. Thus we could characterize 
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phenotypic differences between urban and neighboring rural areas for five cities and for two 

years from MSP.  

 

Sampling in 2012 

During August 2012 we sampled seeds from urban and nearby rural populations near 

MSP. We sampled urban populations from plants growing in alleys, along highway entrances 

and exits, and along sidewalks, and sampled rural populations from multiple Scientific and 

Natural areas maintained by the Minnesota Department of Natural Resources, University of 

Minnesota field stations, and other fields, each site 30-50km away from the city center, in all 

cardinal directions. This distance was sufficient to be outside the urban heat island (Smoliak et 

al. 2015). Urban genotype seeds were sampled from maternal plants that were less than 1m from 

impervious surfaces whereas rural genotype seeds were sampled from fields that had grass and 

trees with impervious surfaces more than 1m away. We sampled seeds from a total of 50 rural 

and 64 urban maternal plants. 

 

Sampling in 2014 

During August 2014 we sampled seeds from urban and nearby rural populations near five 

metropolitan areas: Minneapolis and St. Paul, MN, Chicago, IL, Detroit, MI, New York City, 

NY, and Baltimore, MD.  Similar to previous sampling, within each of the urban cores of these 

cites, we sampled seeds from plants growing in alleys, along sidewalks, roadsides and railroad 

tracks, and in tree wells.  Seeds were sampled from maternal plants that were within 60 cm of 

impervious surfaces, either roads or buildings, and sampled plants were a minimum of 30 cm 

away from other sampled plants. Rural populations were sampled from a minimum of three 

spatially-separated populations of plants growing along roadsides and fields that were 40 - 80km 

away from the urban center. These rural environments were not only outside of the heat island of 

each city but also were from local environments with fewer impervious surfaces and more than 

80% of the plants sampled in rural areas were within fields that had grass and tree cover. We had 

a total of 10 populations, with maternal plants from spatially separate locations representing each 

population (Supplemental Table 2-1).  

At each of the locations from which we sampled maternal plants we measured soil 

temperature five centimeters below the soil surface at 120 minute intervals from June 2014 to 
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August 2014 using two iButton temperature loggers per site (DS1921G-F5#, Embedded Data 

Systems, USA). On average combined across night and day, soil in urban environments was 

1.9C warmer than soil in rural environments; (Table 2-1)   

 

Greenhouse experiment: 2012 sampling 

To determine whether populations sampled from urban and rural locations in MSP 

displayed genetic based phenotypic differences, we planted seeds from both populations in a 

greenhouse experiment. We planted ten seeds from each of 50 rural and 64 urban maternal 

plants, one seed per cone-tainer (2.5cm x 16cm; Stuewe & Sons Inc., Corvalis, OR, USA) 

(N=1140). Each seed was placed on the surface of SunGro Metro-Mix soil, and after a cold 

treatment of four days seeds were placed in a greenhouse in a completely randomized design in 

October 2012 at the University of Minnesota Plant Growth Facility under 16 hour daylength. 

Pots were bottom-watered for the first two weeks, then watered as needed. Post bolting, each 

plant was supplemented with two to three pellets of Osmocote classic 14-14-14 slow release 

fertilizer. 

We collected data for the following phenological traits: days to germination, days to 

bolting (transition from vegetative to reproductive calculated as bolting date minus germination 

date), days to flowering (number of days between bolting and presence of first flower), and size 

at each of these life history stages: size at bolting (measured as rosette diameter and number of 

rosette leaves) and height at flowering. Seven months after planting most of the plants were 

senescing and at this time we measured final size (plant height and number of branches). 

 

Greenhouse experiment: 2014 sampling 

To determine whether urban and rural populations sampled from the different cities 

displayed similar phenotypic differences, we conducted a similar greenhouse experiment using 

the larger geographic sampling. We planted two seeds from each of an average of 34 maternal 

plants from each of 10 populations (urban and rural from MSP, Chicago, Detroit, Baltimore, and 

New York City, N=348) into each cone-tainer with the seed placed on the surface of SunGro 

Metro-Mix soil. After a cold treatment of four days, pots were placed in a completely 

randomized design in October 2014 at the University of Minnesota Plant Growth Facility under 

16 hour daylength. Plants were bottom-watered for the first two weeks, then watered as needed. 
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Seedlings were thinned to one seedling per pot after germination. After three months we added 

approximately 100-ppm fertilizer (Peters Excel 15-5-15) to the water once per month. We 

collected data for the same phenological and morphological traits as the previous experiment as 

well as juvenile size (calculated as rosette diameter by rosette height), leaf morphology (leaves 

were either entire or lobed), and the number of fruits as a fitness proxy.   

 

Genotype-by-sequence data: 2014 sampling 

To estimate the genetic diversity within and among the populations sampled, we 

collected data on anonymous nuclear markers using genotype-by sequencing (GBS, Elshire et al. 

2011).  We sampled leaf material from eight of the ten populations used in the second 

greenhouse experiment (Baltimore plants were not included). DNA from 180 individuals was 

extracted using a modified protocol from Edwards et al. (1991) as follows: fresh leaf tissue was 

frozen in liquid nitrogen and ground, then 500uL Edwards Buffer (Edwards et al. 1991) was 

added and the sample was placed at 65C for five minutes. To remove proteins and RNA 130uL 

5M KOAc and 0.5uL RNAse were added to the sample and the sample was centrifuged for 10 

minutes to remove the proteins. DNA was precipitated using isopropanol and 3M NaOAc 

overnight at -20C. The solution centrifuged for 10 minutes, cleaned with EtOH, and DNA was 

precipitated in TE Buffer. We quantified the DNA using a Nanodrop Spectrophotometer 

(Thermo Fisher Scientific) and DNA integrity was evaluated on 1% agarose gels. To evaluate 

sequence quality, we included 11 DNA replicate samples.  

Samples were sent to the Genomic Diversity Facility at the Cornell University Institute of 

Biotechnology for GBS using PstI as the restriction enzyme of choice. Because we are 

characterizing genetic diversity of the populations relative to one another and the genome of L. 

virginicum is not sequenced, these data were not mapped to any reference genome.  

 

Data Analyses: 2012 experiment 

To test whether the proportion of seeds that germinated differed between populations 

(urban vs. rural), we used a chi-square test, and of those individuals that germinated, identified 

whether proportion that bolted differed between populations. For the continuous data, we 

visually verified that the data were normally distributed and had roughly equal variances; this 

was true for all data except days to germination. Transformation of this trait did not improve 



 

38 
 

analyses; therefore we used non-transformed data.  To test for variation among populations, for 

each of the traits we performed a type II analysis of variance (ANOVA) with population (urban, 

rural) as a fixed factor (R package “car” function “Anova”). Type II sums of squares were used 

because they tests for main effects without assuming that there is an interaction. Additionally, to 

compare the two experiments, we performed a type II ANOVA for the only the Minnesota urban 

and rural populations with population as a fixed factor.  

 

Data Analyses: 2014 experiment 

Similar to the 2012 experiment we tested proportion differences in germination and 

bolting using a chi-square test. We also used a chi-square test to identify whether leaf pattern 

was different between urban and rural populations, and because the combined urban and rural 

populations differed in leaf morphology (χ2=19.99, df=2, p<0.0001), we also used a chi-square 

to test whether the sampled populations had significant differences in leaf morphology separated 

by state.  

The remaining data were normally distributed and had approximately equal variances, 

therefore we used non-transformed data in these analyses. Similar to previous analyses we 

performed a type II ANOVA with population (urban, rural) and state of origin (IL, MN, MD, MI, 

NY) as fixed factors to test for variation among populations. For the traits with significant 

interaction of population and state, none of the interaction effects were large relative to the main 

effects. To identify which populations were driving these relatively small interactions we 

performed a type II ANOVA on data separated for each state. We examined the relationship to 

test for among environment (rural/urban) and cities in the relationship between fitness (fruit 

number) and the phenological and morphological traits using regression analyses (R package 

“stats”, function “lm”).  

 

GBS: data analyses 

 We used the hapmap filtered GBS data from Cornell University Institute of 

Biotechnology for these analyses. The standard pipeline used by Cornell uses the Universal 

Network Enabled Analysis Kit (UNEAK) in TASSEL (Lu et al. 2013) for species without 

reference genomes and provides SNP calls. We then applied several filters to assure data quality: 

we removed 12 individuals that had more than 20% missing data and also removed seven 
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individuals that had too many heterozygotes. We also eliminated the 11 duplicated individuals 

after verifying that the SNP calls were the same. Thus for these analyses we had 570 SNPs from 

160 individuals.  

We used three complementary approaches to evaluate the relationships among the eight 

sampled populations.  First, we used AMOVA, as implemented in Arlequin (Excoffier and 

Lischer 2010), to evaluate the amount of nucleotide variation that was structured between urban 

versus rural regions. If populations currently found in urban and rural areas represent an 

ancestral split, followed by independent establishment of these populations into each of the urban 

areas, then we would expect that the urban/rural division would result in lower diversity within 

each of the urban and rural populations but higher diversity between. By contrast, if populations 

have invaded each environment independently, then we would expect to find lower diversity 

within and between populations from each state, and higher diversity between states.  

Second, to gain a more detailed picture of the relationships among the sampled 

populations, we calculated Fst values for each pair of sampled populations.  Finally, to search for 

population structure that may not be captured based on the geographic location from which 

populations were sampled, we used STRUCTURE (Pritchard 2000) to identify the number of 

genetically-defined subpopulations that were found in our sample.   

We ran STRUCTURE using the default admixture model and searched for the optimal 

number of subpopulations from 1 – 5 (e.g. K = 1 to K = 5).  We ran 10 iterations at each level of 

K and each iteration was run for 70,000 MCMC reps after an intial burnin of 5,000.  We 

processed STRUCTURE output using Structureharvester (Earl and vonHoldt 2012).  

 

 

Results 

Phenotypic variation in populations sampled across time 

For the 2012 cohort we identified significant differences in the proportion of seeds that 

germinated (χ2=23.54, p<0.0001) between urban and rural populations. 90% of seeds from urban 

populations germinated whereas 79% of seeds from rural populations germinated. Of those 

individuals that germinated, 88% of urban population plants bolted compared to 66% of rural 

population plants (χ2=95.63, p<0.0001). Conversely for the 2014 experiment there were no 

significant differences in proportion of seeds that germinated or bolted. 94% of urban 
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populations germinated and plants from all rural populations germinated, and of those that 

germinated, over 90% bolted for both populations.  

We detected highly significant differences between urban and rural populations for most 

traits we measured in both the 2012 (Table 2-2) and 2014 cohorts (Table 2-3). Plants from urban 

populations developed faster than those from rural populations. Urban populations bolted earlier 

compared to rural populations in both 2012 and 2014 though the magnitude was greater in 2012 

(Figure 2-2A). Surprisingly days to bolting was not correlated with days to flowering. Period 

from bolting to flowering was longer for urban populations than rural populations (Figure 2-2B). 

This resulted in all plants producing flowers at roughly the same time in the greenhouse.  

The longer time to bolting for rural populations resulted in plants having more leaves at 

bolting. Size patterns across the cohorts were consistent at bolting but not at flowering. Urban 

populations had larger rosettes in both years (Figure 2-3A) and significantly fewer leaves than 

rural populations (Figure 2-3B); however plants from urban populations were shorter in 2012 

(Table 2-2) and significantly taller in 2014 (Table 2-3). While the 2012 cohort did not differ in 

height, urban populations had more branches suggesting that the populations differ in plant 

architecture. 

  

Phenotypic variation in populations sampled across space 

We identified no evidence for urban and rural populations having significant differences 

in the proportion of seeds that germinated (χ2=0.07, p=0.78) or bolted (χ2=0.61, p=0.43), or in 

the average time to germination of those that germinated, and rosette diameter at bolting (Table 

2-4). By contrast, we detected highly significant differences among rural and urban populations 

as well as among state populations for all other measures of plant growth and fitness (Table 2-4).  

Moreover, for most of these traits, the difference between urban and rural plants was greater than 

the difference between states. Averaged across states urban plants bolted 10 days earlier than the 

rural plants and then flowered later resulting in plants from urban populations having non-

significantly larger rosettes but significantly fewer leaves at bolting (Table 2-4; Figure 2-4). 

These results are all consistent with the patterns we identified in the 2012 experiment.   

We detected some evidence for statistically significant interactions between the effects of 

urban / rural environment and state, although the magnitudes of these effects were always 

considerably less than the magnitude of the main effects (Table 2-4). Populations from Chicago 
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and rural counterparts showed the same pattern as populations from the other urban-rural pairs, 

though the difference was not significant for number of leaves at bolting, days to flowering from 

bolting, and height at flowering. At flowering, plants from four of the five urban populations 

were taller than rural populations (Figure 2-4E, 5D).  

Comparing trait differences between populations from these states we detected evidence 

of urban-rural populations from Minnesota and Detroit grouping together and urban-rural 

populations from Chicago and New York City grouping together for most of the traits we 

measured (Figure 2-5A, 5B). Populations from Baltimore grouped with Minnesota and Detroit 

for days to bolting and for number of leaves at bolting (Figure 2-5A, 5B), but displayed 

significantly different phenotypes for days to flowering and height at flowering compared to 

populations from any of the other four states (Figure 2-5C).  

In addition to differences for life history traits, we identified statistically significant 

difference in leaf morphology between plants from urban and rural populations (χ2=19.99, 

p<0.0001). Most of the leaves from rural populations were lobed whereas most of those from 

urban populations were entire. This statistically significant pattern was consistent for all states 

except New York City (Supplementary Figure 2-1).  

We detected a significant relationship between fitness and all but two of the traits 

measured (Table 2-5). While fitness was not related to days to germination or flowering interval, 

the relationship between these traits and fitness differed between the urban and rural populations. 

The relationship between rosette diameter at bolting with fitness, and height differed between 

urban and rural populations. Plants from rural populations displayed a positive correlation 

between rosette diameter and fitness as well as height and fitness (Figure 2-6A and 6B). 

Conversely plants from urban populations with median rosette diameters and median heights had 

highest fitness (Figure 2-6A and 6B).  

 

Genetic variation via GBS 

 The molecular data revealed that when all urban populations were grouped together and 

all rural populations were grouped together, comparison of these two groups showed relatively 

little variation among groups (12.38%) compared to high variation within groups (87.62%). Fst 

between these groups was 0.12  
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Pairwise Fst for each urban population with its neighboring rural population was low for 

Chicago (0.06) and New York City (0.08), but relatively high for MSP (0.67) and Detroit (0.25).  

Pairwise comparisons for all urban and rural populations ranged from 0.02 to 0.9, with the MSP 

rural populations having higher Fst when compared to all other populations (Table 2-5A, 5B). 

Overall, rural populations had higher Fst values (Table 2-6B) than urban populations. Comparing 

gene diversity over loci, NYC urban and rural populations had the lowest (0.06 + 0.03 for both) 

whereas Detroit populations had the highest gene diversity (0.27 + 0.13 for urban and 0.31 + 

0.15 for rural).  

STRUCTURE indicated that there were three distinct clusters within these populations 

with Fst values of 0.89, 0.88, and 0.77 between clusters 1 and 2, clusters 1 and 3, and clusters 2 

and 3 respectively. There was low population diversity within each cluster: 0.06 for cluster one, 

0.08 for cluster two, and 0.09 for cluster three. The clusters did not coincide completely with 

geography. For instance, individuals from rural Chicago, rural Detroit, urban and rural MSP, and 

urban Detroit all grouped together. The urban populations also did not all group together.  

 

 

Discussion 

The environment of cities is very different from that of surrounding rural areas and urban 

and rural populations of mice, birds, foxes, and some plant species have been shown to differ 

phenotypically and in some cases genetically (Slabbekoorn and Peet 2003; Wandeler et al. 2003; 

Yeh 2004; Harris et al. 2013).  Whether the phenotypic differences represent plastic responses or 

results from adaptation has not, however, been determined, except for dispersal differences 

between urban and rural populations of the weed Crepis sancta (Cheptou et al. 2008) and 

phenotypic differences between urban and rural populations of L. virginicum and B. incana in 

MSP (Yakub chapter 1). For those studies that have shown that phenotypic differences between 

urban and rural populations have a genetic basis (Yakub chapter 1) it is not clear those 

differences reflect adaptation or are due to drift.  In this study we have shown genetically-based 

differences between five pairs of rural and urban populations sampled from across the northern 

latitudes of the United States.  Moreover, population genetic data reveal that average divergence 

among cities was greater than the average divergence between urban and rural populations from 

the same city. These molecular data suggest that the phenotypic differences that differentiate 
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urban from rural populations have evolved independently in each urban area and provide 

evidence for parallel adaptive divergence of urban from rural populations.  

We compared phenotypic differentiation between urban and rural populations sampled 

from MSP, MN and neighboring rural areas. Urban and rural populations differed significantly in 

all measured traits (time to germination, transition to bolting, transition to flowering, and rosette 

diameter and number of leaves at bolting) except plant height (Table 2-2). These significant 

differences indicate that plant populations have diverged, likely in response to these selectively 

different urban and rural environments. Plants from urban populations develop faster than those 

from rural populations, specifically we found that urban genotypes germinate later but bolt and 

flower before rural ones (Table 2-2; Figure 2-2). Flowering phenology has been shown to evolve 

rapidly in response to strong selection (Franks et al. 2007), and studies have shown that 

compared to rural areas plants in cities tend to develop earlier, and this can range from a few 

days to a few weeks early (see Jochner and Menzel 2015). Plants may be adapted to flowering 

earlier in cities prior to summer drought, and since the growing season starts earlier in cities 

(Neil and Wu) annual plants would grow and flower quickly before the cities get too warm and 

dry. While the urban genotypes had larger rosettes at bolting, they had fewer leaves (Table 2-2; 

Figure 2-2) suggesting that fast growth strategy may be favored in cities where there is excess 

carbon and nitrogen availability (Kaye et al. 2006). Urban environments may also be resource 

rich, as plants tend to have more branches and fewer leaves in resource rich environments (Blais 

1989).  

Phenotypic differentiation between urban and rural populations is indicative of adaptation 

to urban environments which are different from neighboring rural areas. The urban heat island 

has been observed in many cities, and has increased with development and population growth, 

and this has the potential to influence plant evolution. Moreover, because L. virginicum is an 

annual plant, if populations have high genetic variance, they would have the capacity to undergo 

evolution rapidly. The patterns of phenotypic differentiation are similar for phenology but differ 

in morphology for two perennial species (Yakub Chapter 1).  

Patterns of phenotypic differentiation between urban and rural populations were 

consistent for populations sampled from Minnesota in different years. With seeds sampled two 

years apart (2012 and 2014), urban genotypes developed faster than rural genotypes, i.e. they 

bolted and flowered earlier, and urban genotypes also had larger rosettes but fewer leaves 
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(Figure 2-3). This consistent pattern indicates that differences in selective pressure between 

urban and rural environments are stable over the course of short periods of time and drive 

phenotypic differentiation between urban and rural populations. Unlike the 2012 plants, the 2014 

cohort of urban genotypes did grow to be taller than the rural genotypes, but did not display 

differentiation for days to germination. This can be attributed to variation in sampling in the two 

years as well as possibly annual variation in climatic and other environmental factors in the 

different years.  

While many weedy plants are highly mobile through long distance seed dispersal (Baker 

1974), the efficacy of long-distance dispersal would depend on performance of the plants in their 

new locations. Populations that are adapted to their environment may not perform well in new 

locations (see Leimu and Fischer 2008). These populations sampled for two non-consecutive 

years from multiple maternal plants representing urban and rural populations displaying similar 

patterns of phenotypic differentiation suggest that either or both the urban and rural 

environments impose selection for certain phenotypes. Moreover, because L. virginicum is an 

annual self-fertilizing species, recombination and mixing of urban and rural genomes may be 

low, resulting in phenotypic divergence between populations  

Phenotypic differentiation between urban and rural populations sampled from five cities 

in the northern United States was mostly consistent for urban-rural pairs from all five states 

indicating parallel evolution. Plants from urban populations were approximately 25% larger than 

those from rural populations with fewer leaves at bolting, and this pattern was consistent for 

populations from all five cities. Urban populations were also taller at flowering compared to 

rural populations (Figure 2-4E and 5), and this difference was significant for populations 

sampled from Baltimore with the urban populations being twice as tall as rural populations 

(Figure 2-5D). This larger size can be attributed to adapting to any of the many different 

environmental factors, for example elevated carbon dioxide in urban environments may resulting 

in tall plants (Poorter 1993) having higher fitness, lawn mowing a lot in rural areas may select 

for shorter plants (Warwick and Briggs 1979) whereas plants in cities have been observed to be 

taller (Duncan et al. 2011).  

Because cities warm up quicker relative to natural areas after winter (Neil and Wu 2006), 

plants in urban environments may transition through life histories quicker than plants in rural 

areas. Our results support this with plant populations from urban environments having evolved to 
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transition to bolting faster than those from rural environments (Table 2-4; Figure 2-4B and 5A) 

but the transition from bolting to flowering is lengthened in urban populations (Table 2-4; Figure 

2-4D and 5C). In the greenhouse plants from urban populations did reproduce earlier than those 

from rural populations, but only by a few days. Conversely, when planted in the field, the pattern 

of urban populations flowering early was not observed (Yakub Chapter 1) but that study was 

only examining populations from MSP, and environmental factors in natural environments may 

also influence flowering time. However in a controlled environment, urban populations 

reproduce faster, as was observed in multiple greenhouse studies reported in this study.  

Urban environments seem to select larger plants at each of the life history transitions 

whereas rural environments impose stabilizing selection. Higher nighttime temperature has been 

correlated with higher plant biomass (Cheesman and Winter 2012), and plants grown in higher 

carbon availability grow taller and have higher biomass (Lau et al. 2007). Elevated nighttime 

temperature and higher carbon availability in urban environments may be selecting for larger 

plants, whereas plants from rural populations that get too large may be costly for the plant in 

some way.  

Allelic differentiation at anonymous loci between urban and rural populations displayed 

mixed results compared to the phenotypic differences observed. Both Detroit and MSP had high 

Fst values between urban and rural populations, and these were the populations that displayed 

differentiation for most of the traits. Comparatively, populations from Chicago and New York 

City had lower Fst between urban and rural populations but still displayed trait differentiation. 

Both Chicago and New York City are larger than Minneapolis-St. Paul and Detroit; thus 

sampling areas in rural Chicago and in rural New York City may still be close enough to the 

urban centers resulting in sampling of populations with higher chance of gene flow. Additionally 

the effect of the urban heat island may extend much further outward, and finally population in 

the rural areas for Chicago and New York City was comparable to urban areas of Detroit. 

Therefore the relatively low Fst values between urban and rural Chicago and New York City 

may be due to sampling area as well as environment.  

Overall these Fst values were fairly high; however, these are consistent with annual 

selfing species having high Fst values. For example, Arabidopsis thaliana populations have Fst 

ranging from 0.51 (Mendez-Vigo et al. 2012) to 0.99 (Luo et al. 2014) and Medicago lupulina 

populations Fst is 0.54 (Yan et al. 2009). Populations that are small or have undergone strong 
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bottlenecks also have fairly high Fst (Porcher et al. 2006). Populations in cities may be limited in 

size due to growing space, and those L. virginicum individuals that reproduce in alleys and tree 

wells produce many seeds that are wind-dispersed. The high Fst observed can be attributed to 

three factors: environmental differences between urban and rural areas selecting for or against 

certain traits, habitat fragmentation and low levels of gene flow, and L. virginicum populations 

primarily self-fertilizing.  

Urban populations from Chicago, Detroit, and MSP have lower pairwise Fst values, and 

all three are highly differentiated from New York City urban populations (Table 2-3B), possibly 

due to other factors driving molecular divergence between populations in the Midwest United 

States compared to the East Coast United States. Rural populations however were highly 

differentiated among each other, for instance rural Chicago and rural Detroit populations have 

the relative lowest Fst of 0.24, and rural MSP and rural New York City Fst of 0.90. While rural 

environments may have similar characteristics, i.e. lower carbon emissions, nighttime cooling, 

etc. the micro-environments within each rural area may differ from the others along other 

environmental axes which would have the potential to drive population differentiation. Thus 

urban populations may be similar to each other due to city environments but each rural 

population may be different from other rural populations.   

Climates in urban environments are also considered representative of changing global 

climates; plants in cities can therefore be used as small-scale tests of plant growth in projected 

future climates. For instance biological responses of Melanaspis tenebricosa, the scale insect 

were similar to urbanization and climate change, with maximum abundance in historical and 

urban datasets occurring at the same temperatures (Youngsteadt et al. 2015). In another example, 

consistent with most global change scenarios, average CO2 concentrations and air temperatures 

in 2000 and 2001 were higher in urban environments than those at rural sites, and these were 

correlated with the common ragweed growing faster, flowering earlier, and producing higher 

biomass in cities than at rural locations (Ziska et al. 2003). Therefore characterizing plant 

responses to urban climates may also be useful to predict future responses. 

 

 

Acknowledgements Funding for this work was provided by NSF-DDIG Award 1401222 

awarded to P.Tiffin and M. Yakub.  



 

 
 

47 

 
Table 2-1: Soil temperatures for each of the four urban centers and neighboring rural areas for summer 2014. Temperatures are 

means of data from multiple locations representing urban and rural environments.  

Baltimore  Detroit  Chicago  New York 

 rural urban  rural urban  rural urban  rural urban 

overall 25.1 26.3  21 23.9  22.7 22.4  24 25.5 

day 25.6 27.1  21.8 24.8  23.8 23.2  25.3 25.9 

night 23.9 24.8  19.4 22.3  20.4 20.7  21.5 24.7 

June day 25.3 27.5  21.5 24.7  24 22.8  24.7 24.9 

June night 23.3 24.6  18.8 21.8  20.4 20.2  20.6 23.7 

July day 26.6 27.8  22.1 24.96  23.5 23.3  25.97 26.9 

July night 24.8 25.4  19.9 22.7  20.3 21  22.4 25.4 

Aug day 24.8 25.8  22.1 24.4  24.1 24.3  25.1 25.7 

Aug night 23.6 24.1  19.8 22.3  20.6 21.6  21.3 24.6 
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Table 2-2: Type II F-tests from an ANOVA identifying effect of population for urban and rural 

populations sampled from and around Minneapolis, MN (2012 experiment). Means and standard errors 

of untransformed data are also presented.  

 F Error df  Urban Rural 

Days to germination 14.3*** 963  9.27 + 0.27 7.92 + 0.18 

Days to bolting from germination 337**** 760  108.4 + 1.54 149.3 + 0.82 

Days to flowering from bolting 14.1*** 488  38.62 + 0.71 30.33 + 1.42 

Rosette diameter (cm) at bolting 264**** 759  11.6 + 0.1 9.16 + 0.1 

Number of leaves at bolting 113**** 694  23.47 + 0.28 29.07 + 0.46 

Height at flowering 1.4 484  23.18 + 0.38 24.65 + 1.39 

End height 1.7 932  23.16 + 0.4 24.1 + 0.6 

Number of basal branches 18.2**** 927  1.78 + 0.08 1.31 + 0.06 

Plant architecture (final 

height/branches) 
12*** 903  7.17 + 0.23 8.84 + 0.4 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 2-3: Type II F-tests from an ANOVA identifying effect of population for urban and rural 

populations sampled from and around Minneapolis, MN (2014 experiment). Means and standard errors 

of untransformed data are also presented.  

 F Error df  Urban Rural 

Days to germination 0.32 66  8.2 + 1.04 9.4 + 1.8 

Juvenile size 34.8**** 65  58.63 + 6.1 21.16 + 2.1 

Days to bolting from germination 8.81** 61  121.03 + 2.7 131.7 + 2.4 

Rosette diameter at bolting 1.17 55  17.87 + 0.7 16.8 + 0.7 

Number of leaves at bolting 42.97**** 55  43.93 + 2.4 62.2 + 1.4 

Days to flowering from bolting 5.5* 40  28.6 + 1.8 22.76 + 1.4 

Height at flowering 8.02** 40  46.0 + 2.3 36.3 + 2.4 

End of season height 7.99** 51  55.0 + 2.6 44.8 + 2.4 

Fruits 4.47* 51  1549 + 126 1157 + 132 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 2-4: Type II F-tests from an ANOVA identifying effect of population, state of sampling, and interaction of population by 

state for urban and rural populations sampled from and around Baltimore, Chicago, Detroit, Minneapolis, and New York City 

(2014 experiment). Means and standard errors of untransformed data are also presented. 

 

Pop 

1 

State 

4 

Pop*State 

4 

 
Urban pops Rural pops 

Days to germination 0.46 1.74 1.78  10.94 + 0.93 10.42 + 0.92 

Juvenile size 18.08**** 13.22**** 3.02*  68.7 + 2.83 54.2 + 2.79 

Days to bolting from germination 34.52**** 10.8**** 0.45  113.8 + 1.40 123.5 + 1.27 

Rosette diameter at bolting 0.98 2.93 0.56  17.29 + 0.29 17.08 + 0.29 

Number of leaves at bolting 49.31**** 10.85**** 4.75**  42.16 + 1.02 51.44 + 1.18 

Days to flowering from bolting 18.58**** 6.72**** 2.85*  29.25 + 0.89 24.18 + 0.95 

Height at flowering 16.77**** 14.21**** 3.35*  44.92 + 1.11 38.94 + 1.51 

End of season height 26.59**** 22.51**** 2.98*  50.10 + 1.49 57.09 + 1.12 

Fruits 6.94** 8.87**** 0.97  1766.6 + 66.3 1602.2 + 71.8 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 2-5: Type II F-tests from an ANOVA identifying relationship of fitness and each of the traits with state 

of sampling and population as fixed terms for urban and rural populations sampled from and around 

Baltimore, Chicago, Detroit, Minneapolis, and New York City (2014 experiment). Interaction of trait by 

population and trait2 by population indicates the relationship of fitness and that trait differs between 

populations.  

df 

State 

4 

Trait 

1 

Trait2 

1 

Pop 

1 

Trait*Pop 

1 

Trait2*Pop 

1 

Days to germination 10.14**** 0.08 1.44 9.46** 8.80** 7.06** 

Juvenile size 4.71** 21.59**** 14.64*** 2.91 0.55 0.71 

Days to bolting 4.56** 41.03**** 48.18**** 1.49 1.13 0.97 

Rosette diameter at bolting 6.84**** 12.23*** 9.51** 7.32** 4.32* 3.57* 

Number of leaves at bolting 7.17**** 33.89**** 30.33**** 6.75** 0.08 0.01 

Days to flowering 5.94*** 18.96**** 19.52**** 3.40 0.49 0.34 

Flowering interval 4.79*** 2.74 1.99 2.73 4.89* 4.93* 

Height at flowering 4.35** 5.09* 3.44 2.09 6.62* 8.54** 

End of season height 3.76** 10.90** 5.53* 0.53 5.10* 4.68* 
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Table 2-6A: Pairwise Fst comparisons for all urban populations with all rural populations. Bolded terms are 

Fst values of paired urban and neighboring rural populations 

 Chicago (rural) Detroit (rural) Minneapolis (rural) New York City (rural) 

Chicago (urban) 0.06 0.37 0.74 0.21 

Detroit (urban) 0.02 0.25 0.60 0.30 

Minneapolis (urban) 0.03 0.34 0.67 0.18 

New York City (urban) 0.25 0.63 0.89 0.08 

 
 
Table 2-6B: Pairwise Fst comparisons for pairwise comparison of urban populations (above the 

diagonal) and pairwise rural populations (below the diagonal) 

 Chicago Detroit Minneapolis New York City 

Chicago  0.10 0.07 0.18 

Detroit 0.24  0.02 0.26 

Minneapolis 0.61 0.36  0.15 

New York City 0.28 0.66 0.90  
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Figure 1: Sampling sites across the United States (A) where red dots represent urban sites and blue represent rural sites. Sampling 

sites within each of the five cities and neighboring rural areas for Minneapolis and St. Paul, MN (B), Detroit, MI (C), Chicago, IL 

(D), Baltimore, MD (E), and New York City, NY (F).
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Figure 2-2: Means and standard errors for days to bolting from germination (A) and days to 

flowering from bolting (B) for MN urban and rural populations (solid lines represent data 

from 2012 experiment and dashed lines are represent data from 2014 experiment).  

Connecting lines are only to illustrate direction and magnitude of difference between means. 

 

A B 
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Figure 2-3: Means and standard errors for rosette diameter at bolting (A) and number of 

leaves at bolting (B) for MN urban and rural populations (solid lines represent data from 

2012 experiment and dashed lines are represent data from 2014 experiment). Connecting 

lines are only to illustrate direction and magnitude of difference between means. 

A B 
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Figure 2-4: Means and standard errors for juvenile size (rosette width*height)(A), days to bolting (B), number of leaves at bolting 

(C), days to flowering (D), plant height at flowering (E) and number of fruits (F) combined for all five urban and five rural 

populations planted in the greenhouse (2014 experiment).  
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Figure 2-5: Means and standard errors for number of leaves at bolting (A), days to flowering (B), and height at flowering (C) for 

each of the five urban and rural populations planted in the greenhouse (2014 experiment).
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Figure 2-6: Relationship between rosette diameter at bolting and fitness (A), and height at flowering and fitness (B) differed 

between urban (shaded dots, dashed line) and rural (open squares, solid line) populations. 
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Supplemental Table 2-1: Locations and number of maternal plants representing each of five 

urban and five rural populations  

urban core pop location latitude longitude 

Baltimore 

rural (20) 

Aberdeen 39.57 -76.13 

Greenbelt 38.99 -76.89 

Oregon Trail Park 39.28 -76.41 

Springfield/Powder   

urban (35) 

Clinton/Eastern 39.286544 -76.570003 

Druid Hill 39.308300 -76.636217 

Gay/Ellsworth 39.305357 -76.592699 

Jannery/Lombard 39.291231 -76.560771 

Patterson Park 39.290710 -76.587282 

Chicago 

rural (32) 

Aurora, IL 41.78 -88.40 

Huntley, IL 42.12 -88.42 

Joliet, IL 41.31 -88.40 

Peotone, IL 41.21 -87.47 

Wadsworth Savannah 42.44 -87.93 

urban (37) 

Irving Park 41.57 -87.51 

Irving Park/Taft 41.95 -87.91 

Logandale 41.93 -87.71 

Skylark Motel 41.80 -87.74 

Wrigleyville 41.95 -87.65 

Detroit 

rural (15) 
Milford, MI 42.59 -83.60 

Rochester Hills, MI 42.68 -83.11 

urban (30) 

Casa Avery 42.34 -83.07 

Farmer/Bates 42.33 -83.04 

Greenfield Road 42.44 -83.20 

Hayloft 42.35 -83.19 

Woodward/Sproat 42.34 -83.06 
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Minneapolis 

rural (35) 

Apple Valley, MN 44.73 -93.22 

Bethel, MN 45.4 -93.24 

Blaine, MN 45.2 -93.26 

East Bethel, MN 45.3 -93.24 

Maple Grove, MN 45.13 -93.5 

Wayzata, MN 44.99 -93.55 

urban (35) 

Minneapolis, MN 1 44.95 -93.29 

Minneapolis, MN 2 44.98 -93.27 

Minneapolis, MN 3 44.94 -93.29 

Minneapolis, MN 4 44.96 -93.29 

St. Paul, MN 1 44.96 -93.17 

St. Paul, MN 2 44.95 -93.09 

St. Paul, MN 3 44.95 -93.1 

New York 

City 

rural (59) 

Armonk, NY 41.12 -73.71 

Manorville, NY 40.86 -72.8 

Medford, NY 40.83 -72.99 

Nazareth, PA 40.73 -75.31 

Louis Calder Biological Station 41.13 -73.73 

Perrineville, NJ 40.22 -74.43 

Riverhead, NY 40.92 -72.67 

Southampton 39.89 -74.66 

urban (50) 

Queens (Astoria), NY 40.76 -73.92 

Bronx, NY 40.86 -73.88 

Manhattan, NY 40.81 -73.96 

Jersey City, NJ 1 40.73 -74.06 

Jersey City, NJ 2 40.73 -74.07 

Brooklyn (Red Hook), NY 40.68 -74.01 

Staten Island (Rosebank), NY 40.61 -74.08 

Washington Heights 40.84 -73.94 
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Supplementary Figure 2-1: Percent of plants with lobed leaves (dark gray) relative to whole leaves (light gray) for each of the five 

urban and five rural populations planted in the greenhouse (2014 experiment).  
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Chapter 3 

Abiotic factors driving phenotypic differentiation between urban and rural populations 
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Summary 

Plants in urban environments likely experience different selection pressures than 

those in neighboring rural areas, and each of these may result in phenotypic differences 

between populations. We have identified phenotypic differences between urban and rural 

populations, and evidence for local adaptation; it is unclear which environmental factors are 

driving this phenotypic differentiation.  Using urban and rural sampled seeds of Lepidium 

virgicum from two coarsely similar but spatially separated cities and relatively rural areas 

near to each city we investigated the response of plants to elevated nighttime temperature and 

salt stress, two abiotic environments that have the potential to drive phenotypic 

differentiation between urban and rural populations. We set up greenhouse and growth 

chamber experiments where we measured plant phenology and morphology at multiple life 

history stages, and evaluated their plasticity to elevated nighttime temperature and salt stress. 

Plants responded plastically to both environments, and responses were not completely 

dependent on the population. Populations grown in the salt differed in their plasticity for 

many traits indicating that the urban and rural populations respond differently to the same 

stress. We detected differential plasticity of these populations to both these abiotic 

environments, but only response to salt was correlated with higher fitness (biomass) for 

Minneapolis populations. This suggests that both these abiotic factors may result in observed 

differences in nature, but salt stress in Minneapolis may be driving genetic based changes 

between urban and rural populations.  
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Introduction 

Cities represent environments that are combination of modifications to land-use and 

climatic variables that likely exert distinctive selection pressures relative to environments in 

neighboring rural-like areas. Compared to rural areas, plants in cities encounter a variety of 

altered environmental conditions such as elevated temperature especially at night via urban 

heat island (Oke 1998), higher concentrations of carbon dioxide (CO2) (Idso et al. 2001; 

Pouyat et al. 2006) and nitrogen (Pouyat et al. 1995) which may aid plant growth, but also 

higher air and soil pollutants (Gatz 1991; Freedman 1995; Lovett et al. 2000) and road salts 

(Cunningham et al. 2008) which have negative effects on plant growth. Plant populations 

from urban and neighboring rural environments show phenotypic differentiation for 

phenology, morphology, and even dispersal (Cheptou 2008, Yakub Ch. 1). However it is 

unclear what environmental factors contribute to this phenotypic differentiation, and how 

populations have evolved in response to each abiotic factor in complex urban and rural 

environments.  

There is ample evidence for population differentiation and local adaptation, which 

can be driven by abiotic and biotic environments. For instance local adaption has been 

observed in response to climate and soil type (McKay et al 2001; Macel et al. 2007; Wright 

et al. 2006), as well as to biotic interactions among organisms (Small 1996; Heath and Tiffin 

2008). In natural settings, each of the environmental factors that differ between urban and 

rural environments may drive population differentiation. Different environmental factors in 

urban and rural environments may directly affect in the phenotypes observed, i.e. urban and 

rural population differentiation need not be parallel. For example later snow melt in rural 

areas could result in later germination but faster growth with possibly smaller plants whereas 

the higher levels of CO2 in cities would result in larger plants. These responses could be 

direct, but may also confer the potential for evolution where urban and rural environments 

may drive adaptive differentiation.   

Plant populations may evolve to any of these factors or combinations of 

environments, and this could be on timescales that overlap cities since rapid evolution is 

documented in many species (Maron et al. 2004; Franks et al. 2007). Alternatively any 
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responses identified may be due solely to ecology rather than evolution as has been seen for 

Arabidopsis response to elevated CO2 (Lau et al. 2007). Thus in addition to adaptive 

differentiation, phenotypic plasticity would allow for immediate responses to rapid 

environmental change (Hughes 2000; Walther 2002). The adaptive potential of plant 

populations and their ability to respond to novel environmental factors via phenotypic 

plasticity are essential for plants to expand their niches to novel urban environments.  

While cities are spatially separated, the environment within cities is coarsely similar 

compared to nearby rural environments, i.e. urban heat island, more impervious surfaces, 

fragmented habitats, and direct effect of people trampling on plants in cities. Moreover with 

urbanization rapidly accelerating, different may represent contexts for parallel evolution. For 

instance plants from different urban centers may experience similar environmental selection 

and would therefore display phenotypic differentiation in the same direction. Alternatively, 

the fine-scale environments between cities may differ significantly and impose different 

selection pressures. For example different amounts of snowfall in different cities would result 

in different amounts of precipitation and road salt stress; thus, plants from different urban 

centers would not display phenotypic differentiation in the same direction compared to those 

from rural areas. Additionally high gene flow between urban and rural areas and a lack of 

genetic variation may result in different patterns of response between plant populations from 

different cities.  

Urban environments being warmer, along with higher CO2, and higher concentrations 

of pollutants also represent projected future climates which are predicted to be warmer 

(Kalnay and Cai 2003; IPCC 2014), and have higher CO2 (Houghton et al. 2001) than current 

conditions. Identifying drivers of urban adaptation is valuable for predicting how species will 

respond to global climate change. With global climate change, annual mean temperatures are 

increasing faster than annual maximum temps with the period from 1983 to 2012 being the 

warmest in the northern hemisphere in the last 800 years (IPCC 2014). Thus plants in cities 

may be pre-adapted to future climates.  

The effect of urban heat island is greatest at night (Klysik and Fortuniak 1999; 

Montavez et al. 2000), which may influence how plants grow and develop. For instance 
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elevated nighttime temperature results in decreased yield in rice (Peng et al. 2004) and 

decreased photosynthesis and lower yield in wheat (Prasad et al. 2007). However, plants 

from urban environments have higher fecundity when grown in both urban and rural 

environments (Yakub Chapter 1).  

 In addition to heat, plants in cities are exposed to many pollutants including salt from 

road deicing (Jackson and Jobaggy 2005). There is abundant evidence showing that salts 

damage terrestrial vegetation (Viskari and Karenlampi 2000; Bryson and Barker 2002) and 

can also drive phenotypic differentiation among populations (Brauer and Geber 2002; 

DiTommaso 2004). The effect of both elevated nighttime temperature and soil salt 

concentration may also be similar because both would alter plant-water relations.  

To evaluate whether elevated nighttime temperature and salt stress may be driving 

phenotypic differentiation between urban and rural populations we conducted greenhouse 

and growth chamber experiments using plant populations from two spatially separated cities 

and relatively rural areas near to each. We asked the following questions:  

1. Do urban and neighboring rural populations from different urban centers have 

similar responses to two abiotic treatments? 

2. Have urban and rural populations differentiated in their response to salt and 

elevated nighttime temperature? 

3. Is there evidence for population variation for plasticity in these populations to these 

environments?  

We hypothesize that compared to rural populations, urban populations would display 

adaptive differentiation to the two environments, elevated nighttime temperature and salt 

stress, i.e. while all plants in the salt may be smaller than non-salt, plants from urban 

populations would be larger than those from rural populations. 
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Materials and Methods 

To evaluate whether elevated nighttime temperature and salt stress are driving 

population differentiation between urban and rural populations, we conducted experiments 

with populations of Lepidium virginicum sampled from two urban centers. During August 

2014 we sampled seeds from urban and nearby rural populations in Minneapolis and St. Paul, 

MN (hereafter referred to as urban and rural MSP) and in New York City, NY (hereafter 

referred to as urban and rural NYC) to represent populations that would have evolved in 

spatially separate yet coarsely similar environments. Within the urban cores of these cities, 

we sampled seeds from plants growing in alleys, along sidewalks, roadsides and railroad 

tracks, and in tree-wells (similar to Yakub Ch. 1). All plants representing urban populations 

were sampled from areas known to be within the urban heat islands (Rosenzweig et al. 2006; 

Smoliak et al. 2015), and to account for spatial differences within cities, we collected seeds 

from multiple maternal plants from at least five locations within each city. Seeds sampled 

from urban plants were also within 30 cm from impervious surfaces, either roads or 

buildings, as well as from other sampled plants. For each urban center, MSP and NYC, we 

sampled accompanying rural populations from fields that were in areas known to be outside 

each heat island; thus 35-50 km away from MSP, and 80-120 km away from NYC. To avoid 

sampling location bias, seeds were sampled from at least five spatially separated areas within 

Minneapolis/St. Paul and New York/New Jersey and at least five rural sites away from the 

cities in each cardinal direction. For this experiment we sampled a total of 29 populations 

representing each of the two urban and two rural contexts (Table 3-1).  

 

Effect of elevated nighttime temperature on population differentiation: 

 The urban heat island difference is greatest at night where cities may be up to 12°C 

warmer than neighboring rural areas (Akbari 2005). In 2013 we identified that urban MSP 

sites were on average 4C warmer than rural areas at night (20.48°C vs 16.53°C) across June 

and July 2013, and in 2014 we identified that urban NYC was on average 3°C warmer than 

neighboring rural areas at night (24.29°C vs 21.25°C across June and July 2014). To test the 

effect of altered nighttime temperature on population differentiation, we planted seeds from 
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all four population types in a growth chamber experiment. To mimic natural conditions, we 

set the daytime temperature constant at 28°C for 16-hour days to represent summer days, and 

nighttime temperature as 21°C and 16°C to represent the warm and cool nights.  

For this experiment we used seeds from five maternal plants from each of seven 

urban populations and from five to six maternal plants from each of six rural populations 

from MSP (n=70) and seeds from five maternal plants from each of eight urban and eight 

rural populations in New York City (n=80; N=150 plants per each of two environments). We 

planted two seeds from each maternal plant into a 2.5cm x 16cm conetainer (Stuewe & Sons 

Inc., Corvallis, OR, USA) filled with SunGro Metro-Mix soil. After a cold treatment of four 

days, pots were placed in one of two growth chambers, each chamber set to one of the two 

temperatures. Within each growth chamber plants were setup in a completely randomized 

design and bottom-watered for the first two weeks, then top and bottom watered as needed. 

Two months after the experiment started, we added approximately 100-ppm fertilizer (Peters 

Excel 15-5-15) to the water.  

We surveyed plants twice weekly and recorded the following suite of traits to 

describe phenology: date of germination, date of bolting, and date of flowering. From these 

data we calculated days to bolting from germination (transition from vegetative to 

reproductive) and days to flowering from bolting (interval between reproductive stage and 

flower production). Thus the phenology data were divided into three life history stages, and 

we measured size at each of these: rosette diameter at early juvenile stage, rosette diameter at 

bolting, and height at flowering. We also measured the rosette diameter and counted the 

number of leaves on all the plants four months after the experiment started (late size), and 

measured aboveground biomass and counted number of fruits as fitness measures. 

 

Effect of salinity on population differentiation: 

Higher salt concentrations in soil may influence plant germination and growth. To 

test whether urban and rural populations are affected differently by the salt, we planted seeds 

from all four population types in a greenhouse experiment watered with 75mM NaCl and 

control plants were watered with non-salt water. Similar to the previous experiment, we 
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planted two seeds from each maternal plant into a 2.5cm x 16cm conetainer (Stuewe & Sons 

Inc., Corvalis, OR, USA) filled with SunGro Metro-Mix soil. Conetainers were placed in one 

of two trays where the seeds and soil were in 75mM NaCl water solution or control seeds and 

soil were in non-salt water. After a cold treatment of four days, plants were placed in the 

greenhouse in a completely randomized design. Each plant was bottom watered with the 

assigned salt or non-salt water for the first three weeks, after this all plants were top watered 

with non-salt water to represent leaching of salt in soil in natural environments.  

We used seeds sampled from the same maternal plants as those used for the elevated 

nighttime temperature experiment (N=150 plants per each of two treatments). We collected 

data on days to germination, size measurements for juvenile plants, and aboveground 

biomass after three months of growth. Because we set up this experiment in the Fall when the 

day length was getting shorter, and the greenhouse was getting cooler, and L. virginicum 

populations tend to germinate in spring we set up the experiment again in the Spring 

(hereafter referred to as Fall and Spring experiments). The repeat experiment was set up in 

the same method, using the same seed sources except that we planted seeds from more 

maternal plants from urban and rural populations of MSP (N=180 plants per each of two 

environments). Similar to previous experiment, seeds were placed on soil wet with salt water 

solution or non-salt water, cold-treated for four days and then completely randomized in the 

greenhouse. Again we bottom watered each plant with the assigned treatment (salt or control) 

for the first three weeks, and then top watered all plants with non-salt water. In the spring 

experiment we added two slow release fertilizer pellets to each cone-tainer to ensure 

availability of nutrients throughout the study. We collected data on the same traits as for the 

elevated nighttime temperature experiment.  

 

Data Analyses 

To test whether the proportion of seeds that germinated differed between populations, 

we used a chi-square test, and of those individuals that germinated, we also used chi-square 

test to test for differences in proportion of populations that bolted. For traits with continuous 

data the Shapiro-Wilk test was used to test for normality. To test for variation among 
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populations, plasticity, and population variation in plasticity to these environments, for each 

of the traits we performed a type II analysis of variance (ANOVA) with treatment (salt vs. no 

salt, or warm night vs. cool night), populations (urban or rural), and state (MN or NY) as 

fixed factors and interactions of all these factors (R package “car” function “Anova”). We 

used type II ANOVA because it tests for the presence of main effects after accounting for 

variance for all other main effects but not after accounting for the interactions, and is 

therefore more powerful to detect main effects when interactions are not present. Because we 

identified significant three way interactions as well as state by treatment interactions for 

several traits (Table 3-5 and 10) we conducted type II ANOVAs separately for each state 

with treatment as a fixed factor, population as a fixed factor, and the interaction of treatment 

with  population. In the elevated nighttime temperature experiment none of the plants from 

rural populations of Minnesota bolted (though 84% germinated), therefore we tested the 

effect of treatment on the urban populations for trait data collected at bolting and flowering. 

 

 

Results 

Effect of elevated nighttime temperature on population differentiation 

The proportions of seeds that germinated were similar between populations from the 

two states. Combined across all populations and treatments, 78% of seeds germinated, and 

germination proportions were approximately similar between populations and treatments 

(Table 3-2). We detected no significant difference in proportion of seeds germinating 

between treatments for any of the four populations. Of the individuals that germinated, only 

33% bolted, with none of the plants from rural Minneapolis bolting in either environment.

  

Plants from urban and rural populations from MSP differed in size though only 

juvenile rosette diameter had an interaction of population and environment (Table 3-3). 

Plants from urban MSP populations had significantly larger rosettes at the juvenile stage as 

well as higher plasticity (Figure 3-1C), more leaves, and higher aboveground biomass 

(Figure 3-2A) than plants from rural MSP populations. Conversely, NYC populations 
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differed in days to bolting and height at the end of the growing period, and populations also 

differed in days to germination, but this was dependent on both the population and 

environment (Table 3-4). Plants from urban NYC populations were not significantly different 

from rural populations for juvenile size (Figure 3-1D) but bolted earlier and displayed high 

plasticity for days to germination (Figure 3-1B) with urban populations germinating earlier in 

the warm nights and rural populations germinating earlier in the cool nights.  

Elevated nighttime temperature resulted in plants from both MSP and NYC having 

significantly larger rosettes at the juvenile stage (Figure 3-1C and 1D) and at the end of 

growth (Figure 3-1G and 1H) compared to plants in the cool nights. This resulted in 

significant higher aboveground biomass for plants from NYC in the warm nights (Figure 3-

2D), and non-significant but still higher biomass for plants from MSP (Figure 3-2C). Warm 

nights also resulted in significantly higher fruit production for plants from urban MSP 

populations (Figure 3-2A) and while not significantly different, plants from NYC populations 

also produced more fruit (Figure 3-2B) in the warm nights than the cool nights.  

 Plant responses to the elevated nighttime temperature were similar across populations 

sampled from MSP and NYC for multiple size measurements as indicated by a significant 

effect of population in the full model ANOVA where plants from urban populations from 

both states are grouped (Table 3-5). We identified similar patterns of response to elevated 

nighttime temperature between populations from the two states, though not all were 

significantly different (Table 3-6). Plants had larger rosettes at both the juvenile stage and at 

the end of growth stage, more leaves, were shorter, and had more biomass and more fruits in 

the warm nights compared to the cool nights. Similarly, plants from urban MSP and urban 

NYC populations had similar phenotypes, with urban plants germinating earlier, having 

larger rosettes and more leaves, and being taller compared to plants from rural populations 

(Table 3-6). Plants from MSP displayed population differentiation for plasticity for juvenile 

size whereas those from NYC had population differentiation for plasticity for days to 

germination (Table 3-6). We could not compare population patterns for bolting and flowering 

and size at those stages because none of the plants from the rural populations from 

Minneapolis bolted.    
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Effect of salt on population differentiation 

Combined across all populations and treatments, 65% of seeds germinated in the Fall 

experiment and 44% of the seeds germinated in the Spring experiment, with significantly 

more seeds germinating in the control compared to the salt treatment in both experiments 

(Table 3-2). This difference of germination proportion was significant for all four 

populations. Of the individuals that germinated, none of them bolted in the fall before we 

ended that experiment; in the spring planting 54% of those from MSP bolted, and 89% of 

those from NYC bolted. While the bolting proportions were not equal across treatments, 

plants from all salt and control treatments and populations combined bolted. 

Salt can have negative effects on plant growth by inhibiting growth of young leaves 

and accelerating senescence of mature leaves. As expected, we detected an effect of the salt 

treatment on the plants (Table 3-7-9). We detected opposing results for days to germination 

for the two salt experiments with plants in the salt treatment germinating later than control 

plants in fall (Figure 3-3A-B) but germinating earlier than the control plants in the spring 

(Figure 3-4A-B). This pattern was similar in plants from Minneapolis and New York City. 

Size patterns were consistent in the two experiments with plants from both states being 

smaller in the salt treatment compared to the control plants. In the salt treatment, plants had 

significantly smaller juvenile rosettes (Table 3-7-9; Figure 3-3C-D), fewer leaves (Figure 3-

3E-F), and smaller rosettes at bolting (Table 3-8 and 9), being significantly shorter at 

flowering, and shorter at end of season (Figure 3-4E-F). In the spring salt experiment, plants 

from urban populations from New York City also had significantly fewer fruits than plants 

from rural populations, and the same pattern though non-significant was observed for 

Minneapolis populations (Table 3-8 and 9; Figure 3-4G-H).  

We detected phenotypic differences in size between urban and rural populations. In 

both the fall and spring experiments there was a significant difference in juvenile rosette 

diameter between urban and rural populations with plants from urban populations being 

larger, though this difference was significant for populations from Minneapolis in fall (Table 

3-7; Figure 3-3C) and for populations from New York in spring (Table 3-9). For the spring 



 

75 
 

cohort, MSP urban populations had significantly fewer leaves than rural populations (Figure 

3-3C) and germinated approximately five days earlier than rural populations. 

  Plants from MSP urban and rural populations differed significantly for plasticity for 

biomass in the fall, as well as many of the traits we measured in the spring (Table 3-3G), 

whereas plants from NYC populations had no significant population by treatment interaction 

in the fall and only for days to germination in the spring (Table 3-4B). Salt treatment resulted 

in reduced plasticity for days to germination between urban and rural populations for seeds 

from both MSP and NYC, whereas in the control treatment MSP rural populations 

germinated earlier than urban populations (Figure 3-4A) and NYC rural populations 

germinated later than urban populations (Figure 3-4B). We anticipated that the salt stress 

would result in smaller plants, and while we observed this, the response for plants from 

Minneapolis was dependent on the population. Urban populations were larger in the salt 

compared to non-salt whereas rural populations were smaller in the salt (Figure 3-4C) 

suggesting that plants from urban sources may have adapted to the salt stress. The salt 

treatment did result in urban populations being significantly shorter compared to the non-salt 

control, whereas the salt did not influence height of rural populations (Figure 3-4E).  

Plant responses to the salt treatment were similar across MSP and NYC populations 

with all plants having smaller rosettes, fewer leaves, being shorter, and producing fewer fruit 

as demonstrated by the significant treatment term in the full model ANOVA (Table 3-10 and 

11). However phenotypic differences between urban and rural populations were not 

consistent across states, as indicated by non-significant population terms in the full model 

ANOVA (Table 3-10). Urban MSP populations germinated later, had the same size rosettes 

and fewer leaves, and were taller compared to rural MSP populations, whereas urban NYC 

populations germinated earlier, had larger rosettes and more leaves, and were shorter 

compared to rural NYC populations (Table 3-11). Plants from MSP displayed population 

differentiation for plasticity for multiple traits whereas those from NYC had population 

differentiation only for days to germination in the spring experiment (Table 3-11).     
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Discussion 

 The present study revealed plastic responses of these urban and rural populations to 

elevated nighttime temperature for few traits, but plasticity to salt for most traits measured. 

Similarly, population differentiation for plasticity was observed for few traits in response to 

nighttime temperature but more so to salt treatment. Moreover, patterns of plasticity to 

elevated nighttime temperature were similar between urban and rural populations sampled 

from MSP and NYC.   

 

Effect of elevated nighttime temperature on population differentiation 

Our data show that elevated nighttime temperature does influence plant growth and 

phenology (Tables 3-4; Figure 3-1-2), and has the potential to contribute to population 

differentiation between cities and neighboring rural areas. Elevated nighttime temperature 

resulted in short plants with large rosettes and more leaves compared to the control plants 

(Tables 3-4), and this resulted in plants having higher aboveground biomass.  These data are 

consistent with other studies, and also with our previous study characterizing phenotypic 

differentiation between urban and rural populations (Yakub Ch. 1). Warmer nights have been 

correlated with short plants with small leaves (Thingnaes et al. 2003), smaller trees (Clark et 

al. 2003) and increased biomass (Chessman and Winter 2013). The shorter plants due to 

warm nights is opposite what we had identified in the field (Yakub Ch. 1) but decreased plant 

height due to increased nighttime temperature has been identified in Fuschia (Erwin et al. 

1991) as well as in Arabidopsis thaliana (Thingnaes et al. 2003). Thus plants growing taller 

in urban environments is likely be due to factors other than nighttime temperature. 

 Elevated nighttime temperature increases plant respiration rates, but studies have 

found that this still results in increased biomass accumulation in crop plants such as cotton, 

rice, and sorghum (Koniger and Winter 1993; Manunta and Kirkham 1996; Ziska and 

Manalo 1996). However, the increased respiration is disadvantageous because it decreases 

overall yield (Zheng et al. 2002; Peng et al. 2004). We found that elevated nocturnal 

temperature resulted in higher yield and higher fitness for all populations compared to cooler 

temperature. This pattern was especially strong for the Minnesota urban population (Figure 
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3-2F) with the plants from urban populations producing more than twice as many fruits; 

because none of the rural population plants bolted we could not compare fitness between 

populations. While not the same magnitude, the pattern is similar to urban populations 

having higher fitness in the city (Yakub Ch. 1). Unlike the crop plants, our study was 

conducted with an annual species that grows in disturbed areas and doesn’t have fruits with a 

lot of tissue.  

 The populations sampled from the different states do not have the same responses to 

elevated nighttime temperatures. New York populations displayed differences in plasticity to 

germination, with urban populations germinating earlier in the warmer nights and rural 

populations germinating earlier in the cooler nights suggesting that these populations are 

locally adapted to their local nighttime temperatures (Figure 3-1B). Minnesota populations 

did not differ in their time to germination, but the urban populations from Minnesota bolted 

and flowered faster when grown in warmer nights then the cooler nights. These data are 

consistent with a genetically based difference for urban populations bolting earlier in the city 

(Yakub Ch. 1) and A. thaliana flowering earlier when grown in warmer nights (Thingnaes et 

al. 2003). Minnesota urban populations displayed significantly higher plasticity for size later 

in life history than rural populations indicating that plants from seeds collected from city may 

have higher genetic variation potential, possibly due to environmental heterogeneity 

(Donohue 2003) or stress (Stanton et al. 2007). 

 None of the plants from rural MSP populations bolted in the warm nights. While this 

could be because these plants needed winter vernalization, plants from urban MSP 

populations bolted and flowering, and this suggests that these urban and rural populations 

have differentiated for flowering. Studies have shown that advancing to flowering and 

transitioning through life history stages respond plastically to temperature (Arft et al. 1999; 

Menzel 2003). In natural environments, urban populations have continued increased 

respiration due to warm nights, whereas rural populations likely rely on cooler nights and 

warm days as cues for flowering. This lack of cooling at nights would increase growing 

degree days and accelerate life histories like the urban populations or retard transition to the 

next life history like the rural populations.  
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Effect of salt on population differentiation 

 These populations displayed plasticity in response to salt treatment for many of the 

traits measured (Table 3-7-9), primarily the size traits, with plants in the salt treatment having 

smaller rosettes, fewer leaves, and shorter stems than the control plants. This is consistent 

with studies showing that plants tend to be smaller when grown in salt stressed environments 

due to the osmotic phase inhibiting growth of younger leaves (Munns and Tester 2008). 

Populations from both MSP and NYC exposed to salt also had shorter time between bolting 

and flowering conforming to the idea that weedy or ruderal species respond to stress by 

flowering earlier (Grime 1993).  

 Plants from MSP urban and rural populations displayed population differentiation for 

plasticity for biomass in the fall experiment and for many of the size traits in the spring 

experiment. In the fall experiment, plants from MSP displayed adaptive divergence to salt 

with plants from urban populations being larger than those from rural populations, and vice-

versa in the non-salt control (Table 3-7; Figure 3-3G). Population differentiation to salt stress 

has been identified in multiple species (Brauer and Geber 2002; Lowry et al. 2009) in 

response to salt spray and roadside salt. However the population responses from MSP and 

NYC were not consistent suggesting that despite their coarsely similar environments, there 

are likely specific environmental differences between these two cities that plants may adapt 

to. For instance MSP had 177.3cm of snow in 2013-2014 whereas NYC had 145.8cm 

(National Weather Service), and if this pattern were consistent over many years it may affect 

plant evolution. Specifically this reduced snow in one city may result in reduced application 

of road salt resulting in different environments and possibly different selective pressures.  

 In both salt experiments, fall and spring, plants in the salt environment were smaller. 

However phenology patterns changed with plants in salt germinating later in the fall (Table 

3-7) and germinating earlier in the spring (Table 3-8-9) compared to plants in the non-salt 

control environment. This is likely due to differences in daylength and temperature, which 

additional growth lights in the greenhouse did not entirely ameliorate. Because L. virginicum 

populations germinate primarily in spring, the shorter days in the fall may have caused the 

control plants to germinate quickly. The opposing plasticity patterns indicate strong effects of 
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daylength and accounting for environments superimposed on each other, i.e. plants grown in 

salt in the cooling fall are experiencing a vastly different environment than plants grown in 

salt in the warming spring. Plants in natural environments don’t experience environments in 

isolation; rather they experience complex environments that may influence phenology and 

growth in various ways. These data further demonstrate the importance of conducting 

experiments in ecologically relevant settings.  

Urbanization is rapidly accelerating, and elevated nighttime temperature and road salt 

are both environments plants in cities experience (Oke 1998; Brauer and Geber 2002). Both 

these environments likely drive phenotypic differentiation between urban and neighboring 

rural populations, but in opposing directions. For instance salt stress results in plants with 

smaller rosettes and elevated nocturnal temperatures result in plants with larger rosettes. 

These environments may drive different traits, i.e. salt may influence size whereas nighttime 

temperature may influence flowering and transitioning between life history stages or lack 

thereof. Among other environments, salt and urban heat island at night certainly do influence 

plant growth and evolution in cities compared to neighboring rural areas.  
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Table 3-1: Sampling locations of L. virginicum urban and rural source populations in NYC 

and MSP used in both the elevated nighttime temperature and salt stress experiments.  

state source pop latitude longitude location 

NYC 

rural 

41.12 -73.71 Armonk, NY 

40.86 -72.8 Manorville, NY 

40.83 -72.99 Medford, NY 

40.73 -75.31 Nazareth, PA 

41.13 -73.73 Louis Calder Biological Station 

40.22 -74.43 Perrinveville, NJ 

40.92 -72.67 Riverhead, NY 

39.89 -74.66 Southampton 

urban  

40.76 -73.92 Queens (Astoria), NY 

40.86 -73.88 Bronx, NY 

40.81 -73.96 Manhattan, NY 

40.73 -74.06 Jersey City, NJ 1 

40.73 -74.07 Jersey City, NJ 2 

40.68 -74.01 Brooklyn (Red Hook), NY 

40.61 -74.08 Staten Island (Rosebank), NY 

40.84 -73.94 Washington Heights 

MSP 

rural 

44.73 -93.22 Apple Valley, MN 

45.4 -93.24 Bethel, MN 

45.2 -93.26 Blaine, MN 

45.3 -93.24 East Bethel, MN 

45.13 -93.5 Maple Grove, MN 

44.99 -93.55 Wayzata, MN 

urban 

44.95 -93.29 Minneapolis, MN 1 

44.98 -93.27 Minneapolis, MN 2 

44.94 -93.29 Minneapolis, MN 3 



 

81 
 

44.96 -93.29 Minneapolis, MN 4 

44.96 -93.17 St. Paul, MN 1 

44.95 -93.09 St. Paul, MN 2 

44.95 -93.1 St. Paul, MN 3 
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Table 3-2: Proportion of seeds that germinated from of each of the four populations within each of the two 

environments  

 MSP L. virginicum 
 

NYC L. virginicum 
 

Environments Rural source pop Urban source pop Rural source pop Urban source pop 

Cool night  30/35 (86%) 24/35 (69%)  28/40 (70%) 28/40 (70%)  

Warm night 29/35 (83%) 27/35 (77%)  34/40 (85%) 35/40 (87.5%)  

No salt (fall) 27/35 (77%) 31/35 (88.5%)  38/40 (95%) 37/40 (92.5%)  

75mM salt (fall) 9/35 (26%) 16/35 (46%)  19/40 (47.5%) 18/40 (45%)  

No salt (spring) 32/50 (64%) 29/50 (58%)  22/40 (55%) 26/40 (65%)  

75mM salt (spring) 10/50 (20%) 16/50 (32%)  11/40 (27.5%) 13/40 (32.5%)  
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Table 3-3: Type II F-tests from an ANOVA, and means with standard errors of untransformed data and their standard 

errors for MSP Lepidium virgnicum urban rural source populations grown under warm and cool nights with same day 

temperature. Because no individuals from rural populations bolted, data for bolting, flowering and associated sizes 

(below the horizontal) are for urban source populations only  

df 

Trt  

1 

Pop 

1 

Trt*Pop 

1 

Error  

df 

 
Warm night Cool night 

Days to germination 0.02 0.31 0.03 106  11.2 + 2.8 10.6 + 2.5 

Juvenile rosette diameter 19.06**** 24.82**** 4.65* 98  6.65 + 0.3 5.07 + 0.3 

Height at end of growth 0.42 11.48** 1.50 100  7.73 + 1.04 8.85 + 1.4 

Rosette diameter at end of growth 4.23* 0.96 1.94 93  15.98 + 0.46 14.6 + 0.45 

Number of leaves at end 0.37 4.04* 1.05 90  38.6 + 1.6 36.9 + 1.4 

Aboveground biomass 0.42 35.18**** 2.72 98  0.84 + 0.05 0.78 + 0.06 

Days from germination to bolting 2.20 n/a n/a 15  80.4 + 9.4 100.3 + 7.7 

Days from bolting to flowering 1.34 n/a n/a 9  10.75 + 2.36 16 + 3.1 

Rosette diameter at bolting 0.85 n/a n/a 15  8.5 + 1.3 10.12 + 0.99 

Height at flowering 0.06 n/a n/a 9  14.5 + 4.37 15.64 + 2.7 

Number of fruits 14.99** n/a n/a 8  390 + 66.8  138.3 + 30.3 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 3-4: Type II F-tests from an ANOVA, and means with standard errors of untransformed data and their standard 

errors for NYC Lepidium virgnicum urban rural source populations grown under warm and cool nights with same day 

temperature. Because no individuals from rural populations bolted, data for bolting, flowering and associated sizes are 

for urban populations only  

df 

Trt 

1 

Pop 

1 

Trt*Pop 

1 

Error  

df 

 
Warm night Cool night 

Days to germination 2.58 0.28 5.1* 121  7.23 + 1.34 11.19 + 2.2 

Days from germination to bolting 0.87 4.66* 0.78 58  80.3 + 4.1 75.9 + 4.4 

Days from bolting to flowering 5.36* 0.001 2.45 54  12.5 + 1.5 17.2 + 1.3 

Juvenile rosette diameter 26.62**** 0.008 2.98 115  8.9 + 0.3 6.7 + 0.3 

Rosette diameter at bolting 0.003 1.33 1.04 58  8.8 + 0.4 8.9 + 0.4 

Height at flowering 1.24 0.74 0.08 54  14.9 + 1.6 17.6 + 1.7 

Height at end of growth 1.1 10.54** 0.003 113  16.05 + 1.8 18.9 + 2.1 

Rosette diameter at end of growth 5.43* 2.35 0.003 62  17.3 + 0.5 15.1 + 0.8 

Number of leaves at end 2.73 0.02 1.29 58  38.5 + 1.5 34.1 + 2.1 

Number of fruits 2.4 2.45 2.4 51  217.7 + 28 161.3 + 25 

Aboveground biomass 5.26* 1.08 0.83 80  1.21 + 0.06 1.01 + 0.06 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 3-5: Type II F-tests from an ANOVA comparing effect of urban and rural populations (Pop), warm night treatment (Trt), 

and MSP and NYC (State) sampled plants. Because no individuals from rural MSP populations bolted, data for bolting, 

flowering and associated sizes are missing.  

 

df 

Pop 

1 

Trt 

1 

State 

1 

Pop*Trt 

1 

Pop*State 

1 

Trt*State 

1 

P*T*S 

1 

Error 

df 

Days to germination 0.58 0.72 0.77 1.44 0.02 0.92 2 227 

Days from germination to bolting 4.5* 0.02 9.65** 0.76 n/a 4.01* n/a 73 

Days from bolting to flowering 0 6.65* 0.22 2.49 n/a 0.31 n/a 63 

Juvenile rosette diameter 8.69** 45.22**** 45.53**** 0.02 9.14** 1.47 7.02** 213 

Rosette diameter at bolting 1.04 0.35 2 0.81 n/a 1.79 n/a 73 

Height at flowering 0.77 1.27 0.48 0.09 n/a 0.02 n/a 62 

Height at end of growth 20.19**** 1.51 29.16**** 0.3 0.85 0.24 0.48 213 

Rosette diameter at end of growth 3.12 9.5** 3.4 1.14 0.32 0.58 0.59 155 

Number of leaves at end 3.46 2.14 0.4 0.02 0.93 0.82 2.28 148 

Number of fruits 2.62 6.77* 0.53 2.57 n/a 5.89* n/a 59 
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Aboveground biomass 11.6*** 4.39* 33.69**** 0.26 20.88**** 2.04 3.1* 178 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 3-6: Comparing plant responses between source populations sampled from MN 

and NY. Trt is effect of elevated nighttime temperature compared to control, Pop is 

response of urban population compared to rural.  

Arrows represent direction of change, horizontal arrows represent no change, and 

bolded terms are statistically significant in ANOVA.  

 Trt Pop  Trt*Pop 

Days to germination MN ↑; NY ↓ MN ↑; NY ↑ NY 

Juvenile rosette diameter MN ↑; NY ↑ MN ↑; NY ↑ MN 

Height at end of growth MN ↓; NY ↓ MN ↑; NY ↑  

Rosette diameter at end of growth MN ↑; NY ↑ MN ↑; NY ↑  

Number of leaves at end MN ↑; NY ↑ MN ↑; NY ↑  

Aboveground biomass MN ↑; NY ↑ MN ↑; NY ↓  

Days from germination to bolting MN ↓; NY ↑ NY ↓  

Days from bolting to flowering MN ↓; NY ↓ NY ↔  

Rosette diameter at bolting MN ↓; NY ↔ NY ↓  

Height at flowering MN ↓; NY ↓ NY ↑  

Number of fruits MN ↑; NY ↑ NY ↑  
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Table 3-7: Type II F-tests from an ANOVA, and means with standard errors of untransformed data and their 

standard errors for MSP L. virgnicum urban and rural source populations above the horizontal line and NYC 

urban and rural source populations below the horizontal line grown with no salt and 75mM salt (Fall 

experiment) 

df 

Trt 

1 

Pop 

1 

Trt*Pop 

1 

Error  

df 

 
Control 75mM Salt 

Days to germination 8.85** 2.92 0.58 79  15.55 + 0.9 19.68 + 1.1 

Juvenile rosette diameter 13.64*** 4.98* 0.36 77  32.03 + 2.9 15.6 + 2.4 

Juvenile number of leaves 19.63**** 3.25 0.004 77  7.9 + 0.5 4.4 + 0.5 

Aboveground biomass 36.16**** 1.62 12.72*** 75  5.7 + 0.03 5.3 + 0.05 

Days to germination 32.38**** 0.0001 0.8 108  13.05 + 0.7 19.46 + 0.8 

Juvenile rosette diameter 73.61**** 0.67 0.09 112  49.01 + 2.6 16.16 + 1.8 

Juvenile number of leaves 66.14**** 0.06 0.25 112  10.1 + 0.4 4.7 + 0.4 

Aboveground biomass 0.06 0.81 0.04 109  5.5 + 0.01 5.5 + 0.02 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 3-8: Type II F-tests from an ANOVA, and means with standard errors of untransformed data and their standard 

errors for MSP Lepidium virgnicum urban rural source populations grown with no salt and 75mM salt (Spring 

experiment) 

df 

Trt 

1 

Pop 

1 

Trt*Pop 

1 

Error  

df 

 
Control 75mM Salt 

Days to germination 19.7**** 20.4**** 6.8** 83  15.38 + 0.86 10.58 + 0.75 

Days from germination to bolting 0.22 3.51 0.96 43  92.36 + 3.3 94.21 + 4.1 

Days from bolting to flowering 5.5* 0.002 0.11 25  21.89 + 1.6 16.36 + 1.2 

Juvenile rosette diameter 1.08 0.25 3.19 82  6.008 + 0.38 5.269 + 0.53 

Juvenile number of leaves 0.18 7.6** 4.8* 82  12.05 + 0.59 11.35 + 0.62 

Rosette diameter at bolting 5.16* 2.1 4.6* 26  12.47 + 0.45 10.86 + 0.56 

Height at flowering 26.42*** 0.1 4.42* 12  34.12 + 2.9 18.88 + 1.2 

Height at end of growth 23.26**** 1.52 5.76* 24  40.11 + 2.1 26.6 + 1.6 

Number of fruits 0.1 3.32 0.21 24  257.6 + 25 241.4 + 53 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 3-9: Type II F-tests from an ANOVA, and means with standard errors of untransformed data and their standard errors for 

NYC Lepidium virgnicum urban rural source populations grown with no salt and 75mM salt (Spring experiment) 

df 

Trt 

1 

Pop 

1 

Trt*Pop 

1 

Error  

df 

 
Control 75mM Salt 

Days to germination 8.69** 3.61 5.44* 68  18.56 + 1.3 12.92 + 1.3 

Days from germination to bolting 15.95*** 1.48 0.47 60  70.49 + 2.1 85.43 + 3.2 

Days from bolting to flowering 1.44 1.33 1.19 49  19.95 + 1.5 16.94 + 2.2 

Juvenile rosette diameter 2.89 9.68** 3.43 61  7.902 + 0.66 6.292 + 0.66 

Juvenile number of leaves 0.03 6.11* 0.97 61  12 + 0.77 11.75 + 0.97 

Rosette diameter at bolting 10.76** 0.18 1.02 45  13.16 + 0.29 11.47 + 0.42 

Height at flowering 24.65*** 0.29 0.98 34  33.82 + 1.37 21.3 + 1.5 

Height at end of growth 24.78**** 1.59 1.16 49  42.27 + 2.9 26.44 + 2 

Number of fruits 3.78* 3.35 0.01 46  351.2 + 28 250 + 40 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 3-10: Type II F-tests from an ANOVA comparing effect of urban and rural populations (Pop), salt and no-

salt treatments (Trt), and MSP and NYC (State) sampled plants. Data above the horizontal are from the fall 

experiment and below the horizontal are from spring 

 

df 

Pop 

1 

Trt 

1 

State 

1 

Pop*Trt 

1 

Pop*State 

1 

Trt*State 

1 

P*T*S 

1 

Error 

df 

Days to germination 1.31 38.47**** 4.81* 0.03 1.89 1.27 1.36 187 

Juvenile rosette diameter 0.57 82.29*** 17.76*** 0.35 4.65* 6.56* 0.08 189 

Juvenile number of leaves 0.89 83.87**** 11.02** 0.13 2.2 2.78 0.13 189 

Aboveground biomass 2.41 25.99**** 28.78**** 7.69** 0.45 44.41**** 15.37*** 184 

Days to germination 1.43 25.37**** 7.92** 0.13 17.33**** 0 12.1*** 151 

Days from germination to bolting 4.76* 9.77** 36.83**** 0.04 0.81 3.71* 1.55 103 

Days from bolting to flowering 3.84* 3.92* 9.01** 0.06 8.66** 0.61 6.85** 143 

Juvenile rosette diameter 0.02 0.16 0.05 0.56 13.21*** 0.02 4.69* 143 

Juvenile number of leaves 0.24 15.82*** 3.63 4.3* 2.49 0.3 1.64 71 

Rosette diameter at bolting 1.25 4.62* 0.64 0.8 0.28 0.65 0.7 74 

Height at flowering 0.39 46.89**** 0.27 3.28 0.29 0.06 1.25 46 



 

 
 
 

92 

Height at end of growth 2.76 42.81**** 0.91 3.74* 0.06 0.85 0.84 73 

Number of fruits 0.7 3.21 3.58 0.09 5.54* 1.17 0.08 70 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 
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Table 3-11: Comparing plant responses between source populations sampled from MN 

and NY. Trt is effect of 75mM salt compared to control, Pop is response of urban source 

population compared to rural. Data above the horizontal are from the fall experiment and 

data below the horizontal are from the spring experiment 

Arrows represent direction of change, horizontal arrows represent no change, and bolded 

terms are statistically significant in ANOVA. 

Trt Pop Trt*Pop 

Days to germination MN ↑; NY ↑ MN ↑; NY ↔ 

Juvenile rosette diameter MN ↓; NY ↓ MN ↑; NY ↓ 

Juvenile number of leaves MN ↓; NY ↓ MN ↑; NY ↔ 

Aboveground biomass MN ↓; NY ↔ MN ↓; NY ↔ MN 

Days to germination MN ↓; NY ↓ MN ↑; NY ↓ MN; NY 

Days from germination to bolting MN ↑; NY ↑ MN ↓; NY ↓ 

Days from bolting to flowering MN ↓; NY ↓ MN ↔; NY ↓ 

Juvenile rosette diameter MN ↓; NY ↓ MN ↔; NY ↑ 

Juvenile number of leaves MN ↓; NY ↓ MN ↓; NY ↑ MN 

Rosette diameter at bolting MN ↓; NY ↓ MN ↑; NY ↔ MN 

Height at flowering MN ↓; NY ↓ MN ↑; NY ↓ MN 

Height at end of growth MN ↓; NY ↓ MN ↑; NY ↓ MN 

Number of fruits MN ↓; NY ↓ MN ↓; NY ↑ 
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Figure 3-1: Population average reaction norms for growth-related traits after five months of growth for L. virginicum source 

populations sampled from MSP and NYC (solid lines are urban source populations, dashed lines are rural) with a cool nighttime 

temperature (16C) and warm nighttime temperature (21C) and consistent daytime temperature of 28C. 
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Figure 3-2: Population average reaction norms for days to flowering from bolting, and number of fruits after five months of 

growth for L. virginicum source populations sampled from NYC (solid lines are urban source populations, dashed lines are rural) 

with cool nighttime temperature (16C) and warm nighttime temperature (21C) and consistent daytime temperature of 28C.  
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Figure 3-3: Population average reaction norms for days to germination, juvenile size and aboveground biomass after six months of 

growth for L. virginicum source populations sampled from MSP and NYC (solid lines are urban source populations, dashed lines 

are rural) with 75mM salt compared to no-salt (Fall experiment) 
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Figure 3-4: Population average reaction norms for days to germination, juvenile and later life history sizes, and fitness after six 

months of growth for L. virginicum source populations sampled from MSP and NYC (solid lines are urban source populations, 

dashed lines are rural) with 75mM salt compared to no-salt (Spring experiment). 
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