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was expanded upon by Richards et al. (2006), who proposed 
that beneficial plasticity in functional traits could produce 
three general fitness consequences. For ‘general purpose’ or 
‘jack of all trades’ invasive species, trait plasticity results in 
fitness homeostasis. In other, ‘master-of-some’ species, plas-
ticity provides a particular fitness advantage in some, but 
not all environments. This is hypothesised to be especially 
true for productive environments. Some ‘jack and master’ 
species might have fitness homeostasis in low-productivity 
environments but especially high fitness in productive envi-
ronments. In a recent meta-analysis, Davidson et al. (2011) 
found that the functional traits of introduced species were 
generally more plastic than comparable native species, but 
that functional trait plasticity did not necessarily relate to 
increased fitness or increased homeostasis. Instead, invasive 
plant fitness varied more among environments than native 
plant fitness.

Such fitness responses to environmental heterogeneity 
are sometimes taken as evidence that plasticity is adaptive 
for invasive species. However, adaptation along productivity 
gradients may produce these responses even when plastic-
ity itself is not under selection. For example, while selection 
in productive environments is hypothesized to favour traits 
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The success of introduced species depends on their ability to 
overcome novel environmental variation experienced in their 
new ranges. Local adaptation is one means by which rapid 
evolutionary change occurs in introduced species; for exam-
ple, adaptation is commonly observed in introduced species 
along latitudinal gradients (Lee 2002, Huey et al. 2005). In 
introduced plants, size often increases with increasing lati-
tude and decreasing temperatures (Kollmann and Bañuelos 
2004, Maron et al. 2004, Etterson et al. 2008, Montague 
et al. 2008, Keller et al. 2009). Typically, variation in plant 
size in the native range parallels variation in the introduced 
range (Maron et al. 2004, Leger and Rice 2007, Etterson 
et al. 2008), leading to predictable evolutionary change in 
invasive species in the sense that phenotypic responses to  
climatic variation are consistent across the worldwide dis-
tribution of species (Huey et al. 2005). However, another 
way for species to overcome habitat variation is by plastic 
responses, and invasive plant species frequently show greater 
plasticity in multiple traits than native species.

Invasiveness has long been associated with ‘general 
purpose’ species and genotypes, where the most success-
ful invaders contend with environmental heterogeneity via 
plastic responses rather than adaptation (Baker 1974). This 
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An introduced species must contend with enormous environmental variation in its introduced range. In this study, we  
use niche models and ordination analyses to reconstruct changes in genotype, phenotype, and climatic niche of Johnson-
grass Sorghum halepense, which is regarded as one of the world’s most threatening invasive plants. In the United States, 
Johnsongrass has rapidly evolved within- and among-population genetic diversity; our results show that genetic differentia-
tion in expanding Johnsongrass populations has resulted in phenotypic variation that is consistent with habitat and cli-
matic variation encountered during its expansion. Moreover, Johnsongrass expanded from agricultural to non-agricultural 
habitat, and now, despite occupying overlapping ranges, extant agricultural and non-agricultural populations are geneti-
cally and phenotypically distinct and manifest different plastic responses when encountering environmental variation. 
Non-agricultural accessions are broadly distributed in climatic and geographic space and their fitness traits demonstrate 
plastic responses to common garden conditions that are consistent with local specialization. In contrast, agricultural acces-
sions demonstrate ‘general purpose’ plastic responses and have more restricted climatic niches and geographic distributions. 
They also grow much larger than non-agricultural accessions. If these differences are adaptive, our results suggest that  
adaptation to local habitat variation plays a crucial role in the ecology of this invader. Further, its success relates to its  
ability to succeed on dual fronts, by responding simultaneously to habitat and climate variability and by capitalizing on 
differential responses to these factors during its range expansion.
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that promote growth in productive environments, it does not 
necessarily promote growth in unproductive environments. 
This will intensify plastic responses along productivity gra-
dients (Lortie and Aarssen 1996). Thus, selection could 
amplify plastic responses in genotypes adapted to productive 
environments, without acting on plasticity per se. Likewise,  
selection in unproductive environments will favour per-
formance in those environments but not necessarily in 
more productive environments. Understanding the role of  
plasticity and that of plastic traits under selection during 
range expansion are important components of better under-
standing invasive success in novel and variable environments.

In this study we relate phenotypic variation in the  
invasive plant Johnsongrass Sorghum halepense to the home 
climate and habitat of 421 accessions collected from  
70 sites throughout the United States. We also analyse dif-
ferences in phenotypic expression and climate occupancy 
among genetic subpopulations identified by another study 
(Sezen et al. unpubl.). In the United States, Johnsongrass 
expanded from founding populations in South Carolina 
and Arizona, and from agricultural to non-agricultural 
habitats throughout its introduced range (Sezen et al. 
unpubl.). As a result, it displays high neutral genetic 
variation, particularly on range margins, and has differen-
tiated geographically and between agricultural and non-
agricultural habitats (Sezen et al. unpubl.). We investigate 
whether genetic differentiation in this introduced species 
is associated with a change in climatic niche and whether 
this also results in phenotypic variation and plasticity. 
Specifically we ask: 1) do Johnsongrass populations from 
different habitats and climates vary in their phenotype? 
2) Does home habitat and climate influence plasticity 
of fitness traits or do some genotypes perform well in all 
environments? 3) Do genetically similar populations share  
common phenotypes? and 4) Do genetically distinct  
populations occupy distinct climatic niches?

Material and methods

Johnsongrass seeds of 421 accessions were obtained from  
70 localities in 12 US states (Supplementary material 
Appendix 1, Table A1 and Fig. A1 and A2). Seeds were  
collected from two distinct habitats: agricultural habitats, i.e. 
sites with active corn, rice, sorghum and/or soy production; 
and non-agricultural habitats, i.e. roadside environments 
and/or fields without a recent history of agriculture. While 
we were unable to measure environmental variables at the 
time of seed collection, agricultural and non-agricultural 
habitats differ markedly in resource availability and in the 
type, timing and frequency of disturbance, and have been 
associated with pronounced genetic and phenotypic dif-
ferentiation in other species (Kane and Rieseberg 2008, 
Mayrose et al. 2011).

In a separate paper, genetic analyses were used to inves-
tigate the population structure of these accessions and to 
reconstruct the invasion history of US Johnsongrass popu-
lations. Two approaches were used in that study to cluster 
genetically related subpopulations according to neutral 
genetic data. First, STRUCTURE (Falush et al. 2007)  
was used classify accessions into clusters of individuals with 

similar genotypes. Analysis of ΔK suggested that the acces-
sions were best classified as belonging to 15–27 genetic popu-
lations. For this study, we assigned accessions into 15 clusters 
because using a lower number of clusters made downstream 
analyses more tractable. Second, neighbour-joined phyloge-
netic trees were used to construct genetic clusters, assum-
ing that populations have diverged along a bifurcating path. 
The neighbour-joining analysis produced seven clusters with 
inferred phylogenetic relationships, with 80–100% bootstrap 
support. Roughly 60% (259 out of 421) of the accessions 
mapped to a single derived cluster (hereafter, ‘late phase’), 
with the remaining accessions mapping to more ancestral, 
putatively paraphyletic clusters (hereafter, ‘early phase’).

Seeds were sown in potting media in 5cm pots and 
grown in a greenhouse. After 6 weeks of growth, seedlings 
were transplanted into common gardens at Kentland Farms, 
Virginia Tech, near Blacksburg, VA (37.194°N, 80.572°W) 
and the Univ. of Georgia Plant Sciences Farm near Athens, 
GA (33.873°N, 83.531°W) in 2012. These locations span 
climatic variation in the Eastern US range of Johnsongrass. 
The Virginia site was cool with moderate rainfall: historic 
BioClim 1950–2000 of 955 mm annual precipitation 
and 11.6°C mean annual temperature; 2012 Blacksburg 
National Weather Service Office: 921 mm, 11.9°C. In  
comparison, the Georgia site has historically moderate tem-
peratures and high rainfall, but experienced unseasonably 
low rainfall in the study season: historic BioClim 1950–2000 
of 1262 mm annual precipitation and 16.2°C mean annual 
temperature; 2012 NOAA data, UGA Plant Sciences Farm: 
879 mm, 17.2°C. Thus, site conditions during the year of 
our study spanned a range of temperatures roughly repre-
sentative of the range experienced by the accessions used 
in the study, but with little variation in rainfall. At the end 
of the growing season (Oct–Nov), plant height, distance to  
furthest ramet, culm diameter, and total number of culms 
were recorded, and aboveground biomass was harvested, 
dried, and weighed. In Georgia, rhizome diameter and num-
ber were estimated, and in Virginia, number of flowering 
culms and their biomass were recorded. One seedling per 
accession was transplanted to each garden. At some locali-
ties only a single accession was collected. Three to nine seeds 
from these localities were planted to balance the design with 
respect to home locality.

We used multi-model inference to understand the role of 
home climate and habitat on plant biomass, height, mean 
culm diameter and total number of tillers. These response  
variables were selected from the larger set of measured vari-
ables using analysis of principal components and pairwise 
correlations, in order to select a set of weakly correlated 
variables for further analysis (r  0.3; Supplementary mate-
rial Appendix 1, Table A2 and Fig. A3–A5). Biomass was 
also included despite correlations with height, culm diam-
eter and tiller number because it is an important integrative 
fitness metric. We used home habitat (agricultural or non-
agricultural) and common garden site (Georgia or Virginia) 
as categorical predictors, and BioClim 30-yr home mean 
annual temperature and home mean annual precipitation 
as continuous predictors (Hijmans et al. 2005). We allowed 
temperature and precipitation to have both linear and  
quadratic effects. We also included the interaction between 
home habitat and garden site and the interaction between 
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each factor and each continuous effect. We computed models 
based on every combination of predictors, with the criteria 
that an interaction was not included unless both main effects 
were included, and that quadratic effects were not included 
unless linear effects were included. Response variables were 
transformed to meet normality assumptions (biomass: cube 
root transformed; tiller number and culm diameter: square 
root transformed). We ranked models according to their 
sample-size corrected AIC scores (AICc) scores and retained 
the top subset of models (ΔAICc  4) for model averaging. 
Parameter estimates averaged in this way are analogous to 
parameter estimates calculated using familiar regression tech-
niques such as ANCOVA, are equal in scale and in sign, and 
can be interpreted in the same way (Burnham and Anderson 
2002). Model comparison was done using the ‘MuMIn’ 
package (Barton 2013) in the statistical program R ver. 3.1.2 
(R Core Team).

We reconstructed climatic niches for Johnsongrass using 
ordination, with climate data obtained from the 2.5 arc min 
resolution WorldClim global dataset (Hijmans et al. 2005). 
We calculated the first two principal axes of variation in cli-
mate data for all accessions, and plotted the occurrence of 
each accession in climate space, using the ‘psych’ package 
(Revelle 2013). We then used kernel-smoothing to gener-
ate a two-dimensional kernel density estimate (KDE) of the 
occurrence of different groups of accessions in climate space, 
projected onto a 151  151 grid of climate variables. We 
accounted for sampling bias by dividing these KDEs by a 
KDE calculated from a random sample of the total available 
climate space (Broennimann et al. 2012). This approach cor-
rects for the increased probability of sampling an accession 
from common rather than rare climates. These bias-corrected 
density estimates were then rescaled so that they summed to 
one over the sample area.

Schoener’s D metrics were calculated between each 
KDE and the total distribution of all accessions, and com-
pared to D calculated using randomly sampled accessions 
(n  1000). Schoener’s D is metric of niche similarity that 
ranges from zero (no similarity) to one (niches identical; 
Schoener 1968). Realized climatic niches were estimated 
for each genetic cluster and for the early and late accessions 
assigned by neighbour-joining. We also compared the cli-
matic niches of the early and late accessions to the United 
States and native range distribution of Johnsongrass, based 
upon data from the Global Biodiversity Information 
Facility (GBIF:  www.gbif.org , accessed June 2015). 
This latter comparison was done using rotated PCA scores 
fitted to the global climate, rather than only the United 
States climate. The resulting PCA scores were analogous 
to, but not identical to, scores calculated from the United 
States climate. Because of differences in how our dataset 
and the GBIF dataset were sampled, we did not statisti-
cally evaluate differences between native- and United 
States-range climatic niches.

Climate rasters were handled using packages  
‘raster’ (Hijmans 2014) and ‘rgdal’ (Bivand et al. 2014). 
Kernel smoothing was done using package ‘ks’ (Duong 
2015).

Data available from the Dryad Digital Repository: 
 http://dx.doi.org/10.5061/dryad.XXXXX  (Atwater 
et al. 2015).

Results

Contingency tests showed that agricultural habitat was not 
evenly represented among populations (Supplementary 
material Appendix 1, Table A3). Multi-model inference 
and model averaging revealed that effects of home climate, 
home habitat and common garden location on phenotype 
were strong, complex and contingent (Table 1). Nonetheless 
general trends emerged. Phenotypes of agricultural and  
non-agricultural plants from dry environments were similar, 
but agricultural accessions from warm, wet environments 
produced more, larger and taller culms than those from 
other environments. As a result they also produced the most 
biomass (Fig. 1). Differences in size were large; in Virginia, 
agricultural accessions from areas with high rainfall averaged 
nearly 1000 g of aboveground biomass, with exceptional indi-
viduals exceeding 2500 g in a single growing season, com-
pared to a mean of 404 g for non-agricultural accessions and a 
mean of 511 g for agricultural accessions from areas with low 
and moderate rainfall. We observed similar patterns in both 
the Georgia and Virginia common gardens, except that cool- 
environment plants performed relatively better in Virginia 
than in Georgia, particularly for non-agricultural accessions.

In this study we measured how fitness-associated traits 
(height, tiller number, culm diameter, and biomass) varied 
between common gardens. Overall, Johnsongrass accessions 
grew taller in Georgia (203 cm) than in Virginia (168 cm), 
but they had fewer tillers and smaller culms, and had lower 
biomass than plants grown in Virginia (GA: 230 g, VA: 489 
g; Fig. 2). Plastic responses of fitness-associated traits to con-
ditions in Georgia versus Virginia were influenced by home 
climate and home habitat (Fig. 3 and 4, Table 2). Accessions 
from warm, wet environments showed the largest plastiticy 
in height, growing ∼ 50 cm larger in Georgia than Virginia, 
compared to a ∼ 10 cm height difference in accessions from 
cool, dry environments (Fig. 3, Table 2). In contrast, acces-
sions from cool environments showed larger plasticity in culm 
diameter. While home habitat did not affect plastic responses 
in culm diameter, height was slightly more plastic for agri-
cultural than non-agricultural accessions. Home climate and 
home habitat interacted to affect plastic responses in biomass 
and tiller number (Fig. 2 and 3, Table 2). Agricultural acces-
sions from warm, wet environments had much larger plastic 
responses (exceeding 500 g) than non-agricultural accessions 
from the same climates which performed similarly in both 
sites. Conversely, non-agricultural accessions from cool, dry 
environments showed less fitness homeostasis than agricul-
tural accessions from the same climates. As a result, cool-
environment non-agricultural accessions obtained similar 
biomass to warm-environment agricultural accessions in 
Virginia, but were almost 500 g smaller in Georgia. In all 
cases, large plastic responses in fitness traits resulted from 
greater biomass accumulation in Virginia than in Georgia. 
For tiller number, differences in plasticity between agricul-
tural and non-agricultural accessions were less dramatic. 
Agricultural accessions from warm, wet environments 
were slightly more plastic than non-agricultural accessions 
from the same climates, and plastic responses were slightly 
stronger overall in accessions from cool, dry environments. 
Accessions from moderate environments performed poorly 
throughout the study.
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Table 1. Results of model averaging for dry aboveground biomass, height, mean culm diameter, total number of tillers, and winter survival 
against home habitat (Ag), common garden location (site), home mean annual temperature (MAT), home mean annual precipitation (MAP) 
and specified interactions. A blank value means the parameter was not present in any models with ΔAICC  4. The parameter estimate (B) and 
variable importance (Imp) are shown, with importance being the proportion of top models containing that parameter, weighted according to 
AICC score (1  parameter in all models, 0  parameter in no models). Bold indicates importance  0.5. See also Fig. 1.

Biomass Height Culm diameter Total tillers Winter survival

B Imp B Imp B Imp B Imp B Imp

Intercept 18.058 1.000 392.202 1.000 3.235 1.000 2.790 1.000 3.488 1.000
Ag 9.979 1.000 209.298 1.000 0.562 1.000 1.479 1.000 6.647 1.000
Site 5.610 1.000 72.501 1.000 0.596 1.000 2.961 1.000 5.317 1.000
MAT 1.785 1.000 29.514 1.000 0.196 1.000 0.113 1.000 0.138 1.000
MAT2 0.060 1.000 1.083 1.000 0.007 1.000 8.58E-04 0.240 1.04E-04 0.187
MAP 0.003 1.000 0.078 1.000 4.93E-04 1.000 3.48E-04 1.000 0.002 1.000
MAP2 3.50E-06 1.000 7.34E-05 1.000 4.57E-07 1.000 2.51E-07 0.426 1.14E-06 1.000
Ag  Site 2.516 1.000 5.028 0.548 0.011 0.293 0.242 0.959 2.086 0.868
Ag  MAT 1.179 1.000 24.167 1.000 0.041 0.507 0.032 1.000 0.230 1.000
Ag  MAT2 0.035 1.000 0.773 1.000 –1.33E-03 0.352 1.08E-05 0.007 6.29E-04 0.027
Ag  MAP 0.004 1.000 0.111 1.000 9.22E-04 1.000 0.002 0.985 0.008 1.000
Ag  MAP2 0.000 1.000 8.64E-05 1.000 6.48E-07 1.000 2.86E-07 0.281 4.47E-06 1.000
Site  MAT 0.399 1.000 6.678 1.000 0.006 1.000 0.128 0.808 0.177 0.842
Site  MAT2 0.011 0.411 0.078 0.282 4.48E-04 0.243 0.002 0.107
Site  MAP 3.29E-04 0.882 0.016 0.961 6.11E-05 1.000 8.48E-04 0.705 0.003 0.803
Site  MAP2 4.99E-07 0.456 2.94E-06 0.265 1.83E-08 0.242 7.34E-07 0.244 2.09E-06 0.707
Ag  Site  MAT 0.134 0.848 0.049 0.080 0.029 0.587 0.023 0.225
Ag  Site  MAT2 1.49E-03 0.098
Ag  Site  MAP 4.28E-04 0.471 0.005 0.360 3.74E-07 0.029 3.59E-04 0.516 0.003 0.685
Ag  Site  MAP2 3.84E-08 0.038 5.75E-07 0.027 6.61E-09 0.007 9.06E-07 0.243

Figure 1. Results of model averaging of biomass, height, mean culm diameter, and total tiller number against home mean annual tempera-
ture, home mean annual precipitation, home habitat, and common garden location (see Table 2 for statistical results). Data are shown as 
points with model predictions as lines. Color indicates habitat and site (dark red: Georgia, agricultural; light red: Virginia, non-agricultural; 
dark blue: Virginia, agricultural; light blue: Virginia, non-agricultural).
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Figure 2. Plastic responses of agricultural (black) and non-agricultural (red) accessions to growth in Georgia (GA) and Virginia (VA)  
common gardens. Reaction norms for accessions are binned according to mean annual temperature (upper panels; cool:  16.2°C, moder-
ate 16.2°C–17.5°C, warm:  17.5°C) and mean total annual precipitation (lower panels; dry:  240 mm, moderate: 240–1150 mm, wet: 
 1150 mm).

Figure 3. Difference in growth of each accession between Georgia and Virginia. A positive value means a given accession grew larger in 
Virginia, and a negative value means it grew larger in Georgia. This can be interpreted as the slope of the reaction norm plotted for each 
accession (Fig. 2). Raw data are shown as points (circle: agricultural, cross: non-agricultural) and model predictions (Table 2) are shown as 
lines (solid: agricultural, dashed: non-agricultural).

Phenotype varied among genetic populations 
(Supplementary material Appendix 1, Table A4), and 
populations that mostly consisted of agricultural acces-
sions contained the largest plants (Fig. 4). Most of the 
warm-environment agricultural accessions were grouped 
into STRUCTURE clusters 3 and 7, which had the great-
est biomass at both sites, and their strong performance was 
a major driver of overall relationships between climate and 
size in both common gardens. Strong geographic and envi-
ronmental segregation of Johnsongrass subpopulations made 
it mathematically impossible to tease apart effects of home 

environment from genotype. Rather than interfering with 
our ability to model independent effects of genotype and 
environment, this was because genetic and environmental 
effects on phenotype are two sides of the same coin. In other 
words, they both reflect the process of habitat expansion 
during invasion; as Johnsongrass colonized the United States 
it differentiated in response to habitat variation, and pheno-
type responded in kind.

Each genetic cluster of Johnsongrass occupied a distinct 
region of climate space (Fig. 5). While some clusters had cli-
matic distributions that were typical of the species as a whole, 
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Figure 4. Mean ( SE) biomass, height, culm diameter, and tiller number for each genetic cluster at each site (Georgia and Virginia).  
Means were calculated on transformed data then back-transformed. Numbers at the base of the bars in the top panels show the percentage 
of accessions from each cluster that were found in agricultural habitat. Results of yype-III ANOVAs, with cluster and site as crossed factors, 
are shown *p  0.05, **p  0.001, ***p  0.0001.

Table 2. Size differences in Georgia vs Virginia for biomass, height, average culm diameter, and tiller production. Model averaging was used 
to calculate parameter estimates (B) and importance (imp; see text and Table 1). Blanks indicate the parameter was not present in any models 
with ΔAICC  4. A negative slope (B  0) indicates increasing values of a predictor led to relatively better performance in Georgia than  
Virginia. See also Fig. 3.

Biomass Height Culm diameter Total tillers

B Imp B Imp B Imp B Imp

Intercept 1636.388 1.00 30.409 1.00 2.298 1.00 24.425 1.00
Ag 540.668 1.00 2.236 1.00 0.018 0.22 1.219 0.74
MAT 185.159 1.00 4.238 0.98 0.0212 1.00 1.091 0.14
MAT2 6.079 1.00 0.047 0.10 0.0013 0.33 0.033 0.14
MAP 0.263 0.85 0.017 0.70 0.0000 0.90 0.0114 0.67
MAP2 3.53E-04 0.68 2.53E-05 0.63 3.36E-07 0.38 6.86E-06 0.45
Ag  MAT 29.656 0.72 0.517 0.26 0.0016 0.04 0.183 0.08
Ag  MAT2 0.195 0.17
Ag  MAP 0.354 0.71 0.013 0.51 9.48E-06 0.04 0.0007 0.42
Ag  MAP2 4.77E-04 0.46 1.50E-06 0.24 0.000 0.34

others had distinct, atypical distributions (Supplementary 
material Appendix 1, Table A5). All of the primarily agri-
cultural accessions had atypical distributions. Cluster 2  

was found in warm, dry climates in the west; cluster 3 occu-
pied geographically central habitats with moderate temper-
ature and high rainfall; and cluster 7 was found in warm, 
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Figure 5. Ordination analysis of the bias-adjusted climate distributions of the fifteen genetic clusters identified using STRUCTURE.  
Sampling bias caused by unequal representation of different climates throughout the climate space has been removed. Contours represent 
25% (thick line), 50%, 75%, 90%, and 95% (thin line) contours of the kernel-smoothed relative probability distribution of the accessions 
in climate space. The dotted line describes the 99.99% contour for the available climate space.

Figure 6. Climate niche of ‘early’ (black, dashed) and ‘late’ (grey, 
dashed) accessions compared to the United States introduced range 
of Johnsongrass (grey, solid) and Eurasian native range (black, 
solid). 95% envelopes are shown. Rotated components are calcu-
lated based on the entire global climate, rather than the United 
States climate.

wet, eastern sites (Fig. 5, see also Supplementary material 
Appendix 1, Fig. A2). Most of the largest non-agricultural 
accessions were broadly distributed, although clusters 9, 10 
and 12 were atypical.

In a previous study (Sezen et al. unpubl.), genetic data 
were used to reconstruct the population expansion of 
Johnsongrass as it colonized the US. We used these data to 
also reconstruct probable changes in the climatic niche of 
Johnsongrass as it colonized the United States. Ordination 
methods suggested that as Johnsongrass differentiated 
genetically it also expanded its climatic niche. Founding 
populations containing ‘early phase’ genotypes had a smaller 
and more southerly niche than randomly selected acces-
sions. Ordination analysis indicated that Johnsongrass then 
expanded into both cooler and slightly warmer climates, but 
did not evacuate regions of climate space already occupied 
by early phase accessions (Supplementary material Appendix 
1, Fig. A5). The climate space occupied by early phase acces-
sions differed significantly from randomly chosen accessions 
(D  0.759, p  0.008). While the late phase accessions was 
similar torandomly chosen accessions (D  0.814), this value 
of D was nonetheless lower than ∼ 87% of the Monte Carlo 
simulations (p  0.129). Thus, genetic differentiation in 
colonizing Johnsongrass did not merely produce genotypes 
that occupy cooler, wetter climates, but perhaps also geno-
types inhabiting a broader range of climates than expected 
by chance. This was not affected by a sampling process, as 
the number of early and late accessions was equivalent (39 
vs 38). Early accessions occupied roughly the same tempera-
ture range as the native range records, with late accessions  

occupying much cooler climates. Both early and late acces-
sions occupied wetter climates than the Eurasian native-range 
records (Fig. 6). This was not driven by climate availability, as 
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accessions may have functioned as ‘general purpose’ (Baker 
and Stebbins 1965) or ‘jack-of-all-trades’ (Richards et al. 
2006) genotypes, at least under the study conditions. For pri-
marily self-fertilizing perennial species such as Johnsongrass, 
plasticity may be particularly important during range expan-
sion (Kimura and Ohta 1971, Livnat et al. 2008), as the 
existence ‘general purpose genotypes’ is theorized to help 
invasive populations overcome environmental variation as 
they expand. However, we did not measure functional trait 
variation in this study, and large plastic responses in fitness 
traits are not always associated with plasticity in functional 
traits (Davidson et al. 2011).

Another goal of this study was to determine whether 
genetically similar populations shared common pheno-
types and occupied similar climatic niches. Patterns of phe-
notypic expression were strongly associated with neutral 
genetic differentiation. Accessions belonging to the fifteen 
genetic clusters identified by a previous study (Sezen et al. 
unpubl. – Supplementary material Appendix 1) occupied 
distinct climates (Fig. 5; see also Supplementary mate-
rial Appendix 1, Table A4) and had distinct phenotypes 
(Fig. 4). Agricultural clusters tended to have much more 
restricted, non-overlapping climatic and geographic dis-
tributions than the non-agricultural clusters, which were 
more broadly distributed both geographically and climati-
cally. Correlations between home climate, home habitat, 
and genetic cluster were so tight that their independent 
effects on phenotype could not be estimated. Thus, cli-
matic and genetic variation in this study could be consid-
ered as two sides of the same coin. Genetic differentiation 
along environmental gradients is commonly observed in 
plants (Linhart and Grant 1996) and is a requisite for local 
adaptation (Kawecki and Ebert 2004). This study cannot 
prove that phenotypic differentiation is the result of local 
adaptation, but our results are in every way consistent with 
that hypothesis.

Our niche reconstructions based on neighbour-joined  
genetic clustering suggest that ancestral accessions had a  
limited climatic distribution compared to derived accessions. 
Further, ancestral accessions appear to have a climatic niche 
more similar to the native-range climate than derived acces-
sions, particularly along axes of temperature variation. Thus, 
as Johnsongrass colonized the US, its climatic niche expanded 
northwards into cooler, wetter and more diverse climates 
(Supplementary material Appendix 1, Fig. A6) that bear less 
similarity to native range climates (Fig. 6). Simultaneously, 
evidence suggests that Johnsongrass expanded to non-
agricultural habitat and reinvaded its founding geographic 
range. This led to more derived lineages of Johnsongrass 
occupying a somewhat wider niche than expected based 
purely on chance and in comparison to ancestral lineages. 
Niche shifts in colonizing species have been the subject of  
a great deal of recent attention (Guisan et al. 2014), and evi-
dence suggests that runaway expansion of the climatic niche 
can play a major role in the expansion of aggressive invasive 
species (Urban et al. 2007). Our results support the anec-
dotal observation that the US Johnsongrass population is 
moving northward to cooler climates (Warwick et al. 1986) 
and supports the hypothesis that its ‘damage niche’ – i.e. 
the geographic extent of an introduced species’ economic 
impact – has expanded as well and shifted northwards, and 

the climate space Johnsongrass occupies in the United States 
is available – and has now been invaded – in Eurasia.

Discussion

One of our goals with this study was to determine whether 
populations from different habitats and climates varied in 
their phenotype. During rapid expansion in the United 
States, Johnsongrass differentiated genetically in response to 
both environmental and habitat variation. Similar to other 
studies that found a positive relationship between biomass 
and latitude (Kollmann and Bañuelos 2004, Maron et al. 
2004, Etterson et al. 2008, Montague et al. 2008, Keller 
et al. 2009), we found that cooler home temperature and 
higher home precipitation were associated with a near dou-
bling in plant biomass (Fig. 1; Table 1) and large increases 
in tiller number and culm diameter (Table 2). Home 
habitat also had major effects on the performance of the 
Johnsongrass accessions, with agricultural accessions being 
larger than non-agricultural accessions in all metrics (Fig. 1). 
Agricultural habitats are known to favour expression of cer-
tain traits (Baker 1974), including rapid growth (Kane and 
Baack 2007, but see Bommarco et al. 2010), and genetic 
differentiation has been observed in other weeds moving 
between non-agricultural and agricultural habitats (Kane 
and Rieseberg 2008).

The relationship between plant size and home climate 
also varied between agricultural and non-agricultural acces-
sions. Agricultural accessions from wet environments aver-
aged roughly 2.5 times more aboveground biomass (1000 g) 
than either agricultural accessions from dry environments or 
non-agricultural accessions from any climate (400 g) (Fig. 1). 
This relationship was driven primarily by two genetic clusters 
containing agricultural accessions from warm, wet climates 
in the American Midwest and Southeast, which had uni-
formly strong performance in both common gardens. These 
differences probably reflect the vastly different growing con-
ditions encountered in agricultural versus non-agricultural 
environments (Kane and Baack 2007, Kane and Rieseberg 
2008, Mayrose et al. 2011) and imply distinct evolution-
ary forces operating in agricultural versus non-agricultural 
populations.

Phenotypic plasticity is often suggested as a way for  
introduced species to overcome genetic variation in 
their introduced range. Here, we investigated whether 
Johnsongrass demonstrated fitness homeostasis in the com-
mon garden environments or whether it showed evidence 
of specialization. Phenotypic responses of the fitness traits 
of non-agricultural accessions to common garden condi-
tions were generally consistent with the hypothesis of local 
specialisation (Fig. 3 and 4; Lortie and Aarssen 1996):  
while reaction norms rarely crossed, in no cases were non-
agricultural genotypes from climates similar to the common 
garden climate outperformed by genotypes from dissimilar 
climates (Fig. 2). In contrast, agricultural accessions from 
warm, wet environments – in particular, those from the 
eastern US belonging to genetic clusters 3 and 7 – outgrew 
other accessions regardless of the common garden environ-
ment. These results are not consistent with the hypothesis of 
local specialisation and suggest instead that some agricultural 
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may continue to do so in the future (McDonald et al. 2009, 
Clements and DiTommaso 2011).

Despite occupying overlapping ranges, extant agricul-
tural and non-agricultural Johnsongrass populations are 
now genetically and phenotypically distinct and manifest 
different plastic responses in fitness-associated traits when 
encountering environmental variation. Curiously, non-
agricultural accessions were broadly distributed in climatic 
and geographic space yet demonstrated plastic responses to 
common garden conditions that were consistent with local 
specialization. Our data do not point directly to the cause 
of this mismatch, but the processes that produced genetic 
structure in Johnsongrass may have operated on a different 
scale from those that produced phenotypic variation. For 
example, if local specialization occurred at finer spatial scales 
than gene flow, phenotypic expression might have depended 
more strongly on local environment than on genetic relat-
edness. Patterns of phenotypic differentiation were much 
different in agricultural accessions and were not consistent 
with local specialisation, instead suggesting that the success 
of ‘general purpose genotypes’ may also have played a role in 
Johnsongrass invasion. Again, this finding is somewhat coun-
ter-intuitive, as agricultural genetic clusters had restricted 
geographic ranges climatic niches. These results suggest that 
the invasive success of Johnsongrass in the United States may 
stem from its ability to succeed on dual fronts, by respond-
ing simultaneously to habitat and climate variability and  
by capitalizing on ‘general purpose’ or ‘jack-of-all-trades’  
genotypes. This dual strategy has not only allowed 
Johnsongrass to expand rapidly, but as a species, to expand 
its climate niche in the United States. Taken together, our 
results paint one of the clearest pictures to date of genetic, 
phenotypic and niche differentiation in an invasive plant 
and suggest that habitat variation plays a major role in the 
evolutionary ecology of this invasive species.       
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