
AoB PLANTS, 2022, 14, 1–11
https://doi.org/10.1093/aobpla/plac032
Advance access publication 22 July 2022
Studies

Published by Oxford University Press on behalf of the Annals of Botany Company 2022. This work is written by (a) US Government employee(s) and is in 
the public domain in the US.

Received: 16 November 2021; Editorial decision: 24 June 2022; Accepted: 20 July 2022

Studies

Variation in reproductive mode across the latitudinal range 
of invasive Russian knapweed
John F. Gaskin1,*, Jeffrey L. Littlefield2, Tatyana A. Rand1 and Natalie M. West1

1U.S. Department of Agriculture, Agricultural Research Service, Sidney, MT 59270, USA
2Department of Land Resources and Environmental Sciences, Montana State University, Bozeman, MT 59717, USA
*Corresponding author’s e-mail address: john.gaskin@usda.gov

Populations & Communities. Chief Editor: Jean Burns

Associate Editor: Adrian C. Brennan

Abstract 
For invading species, reproduction is a critical determinant of population establishment as well as spread into new areas. When species have 
multiple modes of reproduction, the prevalence of different modes can influence management decisions. We used genetic markers to deter-
mine the prevalent method of recruitment for invasive Russian knapweed (Acroptilon repens). This species forms patches and can spread by 
both rhizomic growth and seed from outcrossing. We found no shared genotypes between 41 western North American populations, indicating 
at the macroscale, Russian knapweed is spreading via seed to distant locations. We also examined drivers of reproductive mode by comparing 
clonality with large-scale environmental factors across the invasion. We found a correlation between latitude and clonal versus seed reproduc-
tion, with clonality higher in northern latitude populations. This trend was associated most parsimoniously with decreasing maximum annual 
temperature and 30-year average of available growing degree days, and increasing soil organic carbon content. These results have management 
implications: if not properly temporally implemented, grazing or herbicide applications that create open spaces for recruitment may increase the 
likelihood of Russian knapweed patch persistence through seed, and recently released galling biological control agents in North America may be 
less effective in northern latitudes where Russian knapweed spread by seed is less prevalent.
Keywords: Clonal; invasion; latitude; plant; reproduction; Russian knapweed.

Introduction
The abilities to spread locally and disperse across long dis-
tances are important characteristics of successful invasive 
plant species (Lockwood et al. 2005; Nathan 2006). Locally, 
plants exploit an open niche within or adjacent to conspe-
cific plants through recruitment of seedlings or vegetative 
ramets. Many perennial invasive plant species can utilize 
both sexual (seed from outcrossing) and clonal methods of 
spread (Pyšek 1997; Liu et al. 2006) but it is often unclear 
which reproductive mode prevails (Eckert 2002) or if repro-
ductive mode varies across the invasion, and what factors 
determine reproductive mode at ecologically relevant spatial 
or temporal scales. Successful local reproduction from sexual 
or clonal methods entails complex and distinct hurdles for 
each process (Eriksson 1993; Watkinson and Powell 1993). 
The variance of sexual and clonal reproduction within a 
species will affect demography and the evolutionary poten-
tial of populations (Dorken and Eckert 2001) and possibly 
their invasive success. Understanding how invasive plants 
reproduce and spread enables better management strategies 
targeting plant or demographic processes responsible for re-
production (Ramula et al. 2008; Ward et al. 2008; Gowton 
et al. 2016).

Clonal reproduction is predicted to be beneficial for evolu-
tionarily short periods of time and under stable environments 
(Zhang and Zhang 2007; Douhovnikoff and Dodd 2015), 
though many clonally reproducing plants are long-lived 
and common in heterogeneous environments (Benson and 
Hartnett 2006; Song et al. 2013). Sexual reproduction is 
predicted to be beneficial for providing genetic variation 
for adaptation to different environments, usually involves 
smaller propagules that can travel further, and can allow for 
long-term dormancy until conditions are better for seedling 
establishment (Eriksson 1993).

Within a species, whether local spread and persistence re-
sults primarily from sexual or clonal reproduction may de-
pend on environmental conditions such as temperature, 
latitude, and resource availability and soil type, demographic 
factors such as seed quality, plant age, resource allocation 
(above- vs. below-ground growth) and density-dependent 
processes operating over multiple spatial and temporal scales 
(Sun et al. 2001; De Frenne et al. 2013 and citations within). 
Seed recruitment is assumed to be restricted when the growing 
season is shorter and colder, as happens at higher elevations 
and latitudes (Eriksson 1997), and thus clonal reproduction 
should be advantageous under these conditions. Clonality is 
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also common among plant species that occur in nutrient-poor 
habitats and under poor light conditions (Van Groenendael 
et al. 1996). Reduction in seed quality, related to underlying 
environmental gradients, may diminish the relative contri-
bution of seed production to recruitment (De Frenne et al. 
2013). Additionally, environmentally mediated variation in 
the frequency of clonal die-off and plant density can influence 
seedling recruitment success, determining the spatial structure 
of genotypes in a patch (Eriksson 1993; Radosavljević et al. 
2020). Disturbance regimes such as grazing can vary across 
sites, with diverse implications for the relative prevalence of 
clonal reproduction (Chen et al. 2015; Seeber et al. 2015; 
Lehndal et al. 2016; Johnson et al. 2020; but see Gowton et 
al. 2016).

Plant age and spatial structure also influence the frequency 
of seedling recruitment, and therefore the genetic diversity of 
a population (Eriksson 1993). Size of clones is often equated 
with age, but environmental conditions also affect relative 
size hierarchies of ramets among populations of the same 
species (Jacquemyn et al. 2005). Reproductive mode can also 
vary locally, with plants from seed only establishing outside 
large existing genets (e.g. Gaskin and Littlefield 2017). Type 
of vegetative propagule, such as shoots arising from rhi-
zomes, stolons, bulbils, tillering and fragmentation, influences 
the spatial and temporal patterns that develop. Dynamics of 
clonal turnover can also be influenced by a balance of self- 
versus other density and available gaps for seedling recruit-
ment (Auge and Brandl 1997; but see Bishop and Davy 1985). 
Plants that typically reproduce clonally either have episodic 
recruitment, so that many clones are similarly aged which 
may limit diversity, or some continual recruitment from seed, 
leading to relatively higher genetic diversity (Watkinson and 
Powell 1993).

Russian knapweed (Acroptilon repens = Rhaponticum 
repens (family Asteraceae)) is a perennial herb native to 
Central Asia that has invaded North America. It was first 
introduced to North America in the early 1900s as a seed con-
taminant of alfalfa and sugar beet (Watson 1980). Russian 
knapweed is now found in all but the most eastern states 
and provinces of USA and Canada (USDA, NRCS 2022), pri-
marily in the semi-arid portion of western North America, 
but at a wide range of latitudes (at least 31–50°N; EDDMapS 
2021). Seeds are able to germinate under a wide range of 
temperatures (0.5–35 °C; Watson 1980). Infestations are esti-
mated at 557 000 ha in 1998 (Whitson 1999), with spread in 
the western USA estimated at up to 14 % per year (Duncan 
2005). It can create new shoots from rhizome growth and also 
reproduces by seed (Morrison et al. 1995). At northern lati-
tudes of the USA, patches are typically monotypic, spreading 
via rhizomic growth (Gaskin and Littlefield 2017).

The Russian knapweed invasion in North America is rela-
tively recent (~100 years) and most ongoing long-distance 
spread is likely via human activity such as movement of 
contaminated hay (Robbins et al. 1951; Jacobs and Denny 
2006). Given this relatively fast human-induced spread across 
long distances, we hypothesize that the predominant mode 
of local spread across the invasion will be the same as in an 
earlier study of patches in Montana, USA. But, if reproductive 
methods vary across space, invasive populations may require 
different management strategies (e.g. Gaskin et al. 2011; 
Gowton et al. 2016). In this study we investigate the spatial 
population genetic structure of this invasive weed to deter-
mine its predominant reproductive mode (i.e. seedlings vs. 

ramets), and question if clonality varies across the invasion; 
if so, what coarse-scale environmental factors are associated 
with site-level reproductive modes?

Materials and Methods
The species is entomophilous and an obligate outcrosser 
(Harrod and Taylor 1995; Young and Clements 2003). In 
Colorado, Goslee et al. (2003) determined that the species is 
most prevalent on fine-textured soil in warmer and drier re-
gions. Russian knapweed produces up to 1200 mature seeds 
per shoot (Ivanova 1966). Though germination is generally 
considered to be low (Selleck 1964), optimal temperature 
and light regime (20 °C/30 °C, 8 h dark/16 h light) and seed 
coat disruption may increase germination rates (Larson and 
Kiemnec 2005; Alebrahim et al. 2011). Dense patches may 
have 100–300 shoots per m2 and can spread to an area of 12 
m2 within 2 years (Frazier 1944).

We collected young, disease-free leaf material from 487 
plants from 41 sites (populations) in the western USA and 
Canada (Fig. 1; see Supporting Information—Table S1). The 
smallest distance between our populations was 87 km. In our 
experience, Russian knapweed is usually found as discrete, 
dense patches in a landscape, and rarely as isolated stems. 
We collected plants across one or multiple Russian knapweed 
patches in a population, with distance between visually dis-
crete patches at 5–10 m. In each patch we collected tissue 
from a shoot every 5 m along a transect. If the patch was not 
big enough to collect 12 samples (i.e. patch < 60 m long), 
we moved to the next nearest patch and continued sampling, 
keeping track of which patch a sample came from. We sam-
pled from an average of 11.9 plants per population. The col-
lected leaves were immediately stored in silica gel at ambient 
temperature.

We extracted genomic DNA from approximately 
20  mg of silica-dried leaf material using a modified 
Cetyltrimethylammonium Bromide (CTAB) method (Hillis 
et al. 1996). Our Amplified Fragment Length Polymorphism 
(AFLP) method followed Vos et al. (1995) with modifications 
as in Gaskin and Kazmer (2009). All 15 selective primer com-
binations of MseI + CAA, CAC, CAT, CTA or CTA and EcoRI + 
AAG, ACC or ACT were pre-screened for PCR product quality 
and number of variable loci using eight plant samples, and the 
two primer pairs with the most polymorphic loci were chosen 
(MseI + CAA/EcoRI + ACC and MseI + CAC/EcoRI + ACC). 
We generated all AFLP data on an Applied Biosystems (ABI, 
Foster City, CA, USA) 3130 Genetic Analyser, and omitted any 
individuals that did not produce a typical electropherogram 
pattern (i.e. noise > 20 relative fluorescence units or failure to 
produce sufficient number of peaks).

We used Dice similarity coefficients (SIMQUAL program 
in NTSYS-pc ver. 2.1 software; Rolf 1992) to identify AFLP 
genotypes (<98.8 % similarity = distinct genotype; see error 
calculations below). To estimate AFLP error rate we per-
formed repeats of 48 samples (9.8 % of total) starting with 
CTAB-extracted material, scored them blindly and calculated 
the number and percentage of mismatched alleles between the 
original and repeat AFLP data sets.

To compare genetic diversity we calculated proportion of 
loci that are polymorphic at the ≥5 % level (PLP) and Nei’s 
(1978) gene diversity (H

J; equivalent to expected heterozy-
gosity HE) in AFLP-SURV 1.0 (Vekemans et al. 2002). We cal-
culated significant differences for HJ using 95 % confidence 
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intervals derived from standard errors. We used a Shapiro–
Wilk test (since our data were not normal) to see if mean G 
(number of genotypes)/N (number of plants genotyped) per 
population varied. Simpson’s diversity index (D) corrected for 
finite sample size (Pielou 1969) was calculated with D = 1 − 
∑ni(ni − 1)/N(N − 1) for i = 1 to G, where ni is the number of 
ramets that share genotype i. Values of D can range from 0 to 
1, with higher values corresponding to greater genetic diver-
sity, and were used to calculate genotypic evenness (E) (Fager 
1972), with E = (D − Dmin)/(Dmax − Dmin), where Dmin = (G − 1)
(2N − G)/N(N − 1) and Dmax = N(G − 1)/G(N − 1). To ana-
lyse genetic population structure we investigated genetic dif-
ferentiation (FST). We compared FST in AFLP-SURV as above, 
with 95 % confidence intervals around FST values generated 
from 1000 permutations. To determine the number of gen-
etic clusters (K) represented in the genotypes, we diploidized 
AFLP results (Falush et al. 2007) with presence of a fragment 
coded as (1/−9) and absence of a fragment coded as (0/0), 
no population or geographic location information was in-
cluded, admixture was assumed as possible, allele frequencies 
were considered to be independent and a 50 000 run burn-in 
(α stabilized at approximately 1000 runs) and 100 000 run 

length were used. We performed clustering and assignment 
tests using the software STRUCTURE v 2.3.3 (Pritchard et 
al. 2000; Falush et al. 2003; Falush et al. 2007). We tested 
for number of genetic clusters (K = 1–15) with 20 repetitions 
for each value of K with the criterion delta K of Evanno et 
al. (2005) in the software STRUCTURE HARVESTER web 
v0.6.92 (Earl 2012) and also with Puechmaille (2016) super-
vised estimators using STRUCTURESELECTOR (Li and Liu 
2018), which vary in estimation of K, to test for consensus 
in K values. To visually assess population structure we per-
formed principal coordinates analysis on Dice similarity 
coefficients using the DCENTER and EIGEN programs of 
NTSYS.

To test for isolation by distance we determined the cor-
relation between population pairwise fixation (FST) and geo-
graphic distance using a Mantel test in NTSYS (MXcomp 
function) with 1000 replications. To obtain genetic differen-
tiation (FST) between populations we first calculated FIS esti-
mates using I4A (inbreeding for AFLP; Chybicki et al. 2011) 
using a mean of FIS results from α and β values of 0.1, 0.5, 
1.0 and 5.0. The FIS value was used in AFLP-surv to deter-
mine FST between pairs of populations and estimates of allele 

Figure 1. Location of Russian knapweed populations sampled from western North America, with genetic diversity of each population calculated as G/N 
(number of genotypes found/number of plants sampled).
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frequencies were computed with the fourth option: ‘Bayesian 
method with non-uniform prior distribution of allele frequen-
cies’. We calculated geographic distances between populations 
using Geographic Distance Matrix Generator v1.2.3 (Ersts 
2019). We log-transformed FST and geographic distances be-
tween populations for the Mantel test because they were each 
not normal in a Shapiro–Wilk test.

Latitude and longitude coordinates for each site were im-
ported into an ArcGIS 10.8.1 (ESRI 2018) database and 
mapped using ArcMap. Grid layers containing climate, prod-
uctivity and soil variables were added to the map, and grid 
values for each variable were extracted for each sampling lo-
cation. Grid layers for climatic variables, including long-term 
averages (1981–2010) in annual precipitation and maximum 
and minimum temperature (4 km resolution), were obtained 
from the PRISM Climate Group (2020). A grid layer (2.5 
km resolution) containing 30-year (1981–2010) average ac-
cumulated growing degree days (GDD; base 50  °F) for the 
year (1 January to 31 December) was obtained from the 
USA National Phenology Network (2017). Net annual pri-
mary productivity (NPP) from NASA’s MODIS products suite 
(MOD17A3HGF Version 006; 500 m resolution) was down-
loaded from Running and Zhao (2019). Annual NPP data 
were extracted for 2000–18, and averaged over this interval 
for each site. Gridded predictions (100 m resolution) of soil 
properties, including percent organic carbon, total nitrogen, 
bulk density, pH, and percent sand and clay were downloaded 
from Ramcharan et al. (2017). We extracted data for each soil 
property at four of the soil depths included in the data set (0, 
5, 15 and 30 cm) and averaged them to obtain a single esti-
mate of each variable per site.

To examine how clonal prevalence related to environmental 
factors, we evaluated associations with clonality (measured 
as G/N; [number of genotypes found/number of plants geno-
typed]) among large-scale ecological variables that have been 
linked in the literature with clonality and clonal trait vari-
ation. These consisted of spatially and biologically associated 
variables (mean annual maximum and minimum temperat-
ures [MaxT, MinT], mean annual precipitation [Precip], ele-
vation [Elev], GDD, site productivity [NPP]) as well as soil 
factors (soil N [N], soil organic carbon [SOC], sand and clay 
content, bulk density [BulkD]).

Because G/N displayed a distinct latitudinal trend (Fig. 2; 
Pearson correlation: r2 = −0.49, P > 0.01), similar to other 
studies that found clonality increased with decreasing latitude 
(e.g. Ye et al. 2014), and latitude was significantly correlated 
with other cross-correlated variables (see below and Fig. 2), 
we focused attention on variables significantly correlated 
with latitude, and then reduced the variable set one step fur-
ther based on the correlation matrix among the full variable 
set and with G/N. We used variation partitioning (Borcard 
et al. 1992) to evaluate the relative contribution of spatial 
components to variation in G/N versus that of biologically as-
sociated growth and soil components. If one or both of these 
groups contributed substantially and separately to variation 
in G/N, we then compared binomial regression models re-
lating G/N to different combinations of identified variables 
(R (R Core Team 2020) package MuMIn, function dredge) to 
determine the best model, based on AICc, and the importance 
of each variable (package MuMIn, function importance, i.e. 
Burnham and Anderson 2002) within the compared set. We 
used non-metric multidimensional scaling (distance metric 

= Gower) to display site dissimilarities described by the full 
variable set (i.e. sites farther apart in ordination space are less 
similar), and fitted vectors to the ordination to show how 
increase in latitude and ‘important’ variables across multi-
variate space was related to the distribution of site G/N.

Results
We found 137 repeatable polymorphic loci using our two 
AFLP primer pairs (AFLP data in Supporting Information—
Table S2). Our AFLP error rate calculated from repeats was 
1.2 %, which is equivalent to 1.58 miscalled loci per plant 
sample. Using this error rate (i.e. plants that are >98.8  % 
similar are assumed to be the same genotype), we identified 
180 genotypes in 487 plants (G/N = 0.37).

Eight out of 41 (20  %) populations contained only one 
AFLP genotype, and G per population varied from 1 to 11 
(Fig. 3), with a mean of 4.4. G/N (Fig. 1) for each popula-
tion varied from 0.08 (all one genotype) to 0.92 (almost each 
shoot was a different genotype); mean = 0.37. There were no 
shared genotypes among populations. Genotypic evenness 
in populations varied from 0 (all shoots from one clone) to 
0.99 (each shoot a different genotype) (Fig. 3). Percentage of 
loci that were polymorphic (PLP) ranged from 0 to 49.6 % 
per population with a mean of 23.1 %. Expected heterozy-
gosity (HJ) ranged from 0.006 to 0.181 per population with 
a mean of 0.09 (Fig. 3). Genetic similarity (Dice similarity 
coefficient) between all plants ranged from 28 to 100  % 
(data not shown). The highest genetic similarity between 
plants from different populations was 80 % (populations 39 
and 10). Within populations, genetic similarity varied from 
42 to 100 %. Population differentiation (FST) was 0.55 with 
a standard error of 0.08. FST between pairs of populations 
varied from 0.13 to 0.97. Isolation by distance was weak 
(log population pairwise FST vs. log geographic distance); i.e. 
there was little correlation between genetic and geographic 
distances (r = 0.08639; P[random Z ≥ observed Z] = 0.0200). 
According to structure analyses, there are no reasonable clus-
ters of AFLP genotypes using K = 1–15 (delta K values very 
low; see Supporting Information—Figs S1–S3).

G/N was correlated with maximum temperature (r2 = 0.36, 
P = 0.03) and SOC (r2 = −0.43, P = 0.01) in addition to lati-
tude (above, Fig. 2). Six variables (three spatial: elevation 
and maximum and minimum temperatures; three biological: 
SOC, bulk density and GDD) were significantly correlated 
with latitude. Our final variable subset therefore included 
Maximum Temp (MaxT) and Elevation (Elev) (spatial vari-
ables) and SOC and GDD (biological variables). The two 
dropped variables were correlated with more than one other 
factor included in the final subset. Although variables across 
the two groups were correlated, they were not correlated 
within groups (e.g. MaxT and GDD were highly negatively 
correlated but SOC and GDD were not). The spatial vari-
ables (MaxT and Elev, R2

adjusted: 0.14) and biological variables 
(GDD and SOC, R2

adjusted: 0.13) separately contributed to 
the combined total variation explained (R2

adjusted: 0.28, 4 df); 
their overlap explained only a small fraction of the variation 
(R2

adjusted: 0.01). Therefore, we retained all four variables for 
the regression model. The best fit from the model comparison 
contained three of these: MaxT, GDD, and SOC (AICc: 
176.6; log likelihood: −83.64; weight: 0.77, Likelihood Ratio 
Test (LRT) versus intercept: χ2 = 41.2, P > 0.01, 3 df). The 
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next best model in the list included Elev, but the weight was 
substantially lower (0.22) and AICc more than 2 units higher 
(179.1; see Supporting Information—Table S3). Elev simi-
larly had a much lower importance value (0.22) compared 
to the other three variables (0.99–1). Thus, clonal prevalence, 
quantified as G/N, increased at higher latitudes (Lat); this 
trend was associated most parsimoniously with decreasing 
maximum annual temperature (MaxT) and 30-year average 
of available GDD, and increasing SOC content (Fig. 4). There 
was also a significant but very weak correlation between lati-
tude and patch number (r2 = 0.07, P = 0.02), which is indica-
tive of patch size in our study.

Discussion
We found no shared genotypes between populations; thus, at 
a macroscale, Russian knapweed is spreading via seed. We 
found G/N to range from 0.03 to 0.92, suggesting a high 
level of variation in reproductive mode across populations. 
Russian knapweed can persist and locally expand entirely 

via clonal reproduction, by seed or a combination of both 
(Fig. 3). Ruiz (1999), using RAPDs (randomly amplified poly-
morphic DNAs), found shared genotypes across western USA 
Russian knapweed populations, but that study was working 
with less variable markers (13 RAPD patterns found in 353 
plants; G/N = 0.03). An earlier AFLP study of six patches in 
three populations in Montana, USA (Gaskin and Littlefield 
2017) found that most patches were monotypic, with an oc-
casional different genotype on the edge of the patch, and no 
genotypes shared across patches. This pattern did not hold 
true across wider geographic range in this study; we found 
that as we sampled further south, populations relied less on 
clonal reproduction for persistence and local spread.

Genetic diversity hints at patterns and limitations on 
recruitment. Numerous studies address the trade-offs 
between vegetative and sexual reproduction in clonal 
plants, and how they drive the genetic diversity of plant 
patches (e.g. Eriksson 1993; Watkinson and Powell 1993). 
Generally, these discussions are framed in the context of 
the frequency of seedling recruitment versus conditions 

Figure 2. Correlation among environmental and spatial variables in relation to genetic diversity (G/N: number of genotypes found/number of plants 
genotyped) and latitude (Lat) (outlined in black). Variables were designated either Spatial or Biological (which includes both biotic [growth] factors and 
abiotic [soil] factors), and a subset of two variables uncorrelated within classes (outlined in blue) were used to examine the portion of total variation 
in G/N explained by each class and the importance of each included variable in relationship to G/N. The presence of a circle indicates a statistically 
significant correlation between the intersecting variables. Circle sizes are scaled relative to correlation strength.
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governing the rapidity of clonal turnover. Seed availability 
presents opportunities for new genet establishment, but 
clonal density and die-off often determine spatial struc-
ture of the patch (Benot et al. 2013). Thus, conditions 

and interactions governing the frequency of seed–seedling 
versus vegetative recruitment may change with plant stage 
and patch age as well as across space (Eriksson 1993; De 
Kroon et al. 2005; Bittebiere et al. 2020).

Figure 3. Russian knapweed population information including population number (P), number of unique genotypes (G), number of plants sampled 
(N), number of genotypes found/number of plants genotyped (G/N), latitude and longitude of populations, a coloured chart showing spatial pattern of 
unique genotypes along linear transects within a population. Note that no genotypes were shared among any populations. The small circle (o) indicates 
a genotyped plant, white space indicates separation between plant patches and any shared colour of genotype in this figure solely indicates spatial 
location of identical genotypes within a population. Plants were collected every 5 m. For example, in population 35 all plants genotyped are from one 
patch and all were identical genotype. In population 4 there were three patches of Russian knapweed and two genotypes in the population (represented 
by purple and grey colours); the middle patch has both genotypes, while the first and third patches contain one genotype each. Populations are in order 
of decreasing latitude in this table. Also included are number of visual patches sampled in each population (Patches), percent of loci polymorphic (PLP) 
and gene diversity (Hj).
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G/N reflects the adult cohort, and incompletely reflects 
the cycle of recruitment limitations or contrasting invest-
ment in different reproductive modes. In plant populations, 
post-emergence factors limiting growth beyond the seedling 
stage may result in an adult population structure that looks 
very different. For instance, low seed availability (seed limi-
tation) may exacerbate mortality costs associated with adult 
recruitment, resulting in low adult plant abundance (i.e. Rand 
et al. 2020). Alternatively, greater limitation at the seedling 
stage may relax density-dependent self-thinning and increase 
adult success (Garren and Strauss 2009). Seedling recruitment 
may be favoured on patch edges not occupied by self-ramets. 
Radosavljević et al. (2020) showed that in one species, Salvia 
brachyodon (Lamiaceae), plant patch size negatively cor-
relates with genetic richness and young plants were mostly 
found at the outer edge of, not within, large existing genets. 
Gaskin and Littlefield (2017) sampled distinct small (<10 m) 
and large (>10 m) patches, and found both to be almost en-
tirely monotypic, but that both size classes had at least one 
unique genotype (at two sites) located on the patch perimeter. 
To collect leaf material from Russian knapweed plants 5 m 
apart in this study, we had to sometimes move across visual 
patches, and there was a trend towards increasing G/N with 
increasing number of patches sampled (Fig. 5). This trend sug-
gests local conditions are likely important for structuring spa-
tial dynamics of size hierarchies among clones. If the number 
of patches sampled within sites was strongly correlated with 
latitude, then the latitudinal relationship with diversity we de-
tected may have merely reflected a higher likelihood of sam-
pling more unique individuals due to diminishing patch sizes 
with decreasing latitude. However, we found only a weak 
correlation between patch number and latitude, and high di-
versity was still more frequent in low latitude sites even when 
few (1–2) patches were sampled. Therefore, patterns are 

consistent with a signature of increased seedling recruitment 
at low latitudes.

Traits-based studies have associated clonal reproduction 
with higher latitudes, whether due to greater climate unpre-
dictability (Ye et al. 2014) or decreasing strength of biotic 
interactions (Schemske et al. 2009; Lehndal and Ågren 2015) 
at increasing latitude. However, these trends are seldom quan-
tified among populations of a single species. Our latitudinal 
gradient data did not include our four northernmost popula-
tions that are in Canada, for which we were unable to obtain 
soil data, but we retained them for all other analyses. Likely, 
the addition of these populations would have strengthened 
the detected trends, as all were highly clonal (Fig. 3).

Mechanisms governing demographic rates can vary across 
space, and local associations with site-level factors may not 
be consistent drivers at large scales. For instance, genetic di-
versity was positively correlated with SOC, a factor positively 
correlated with net productivity. High SOC is associated with 
multiple variables related to greater productivity, such as high 
precipitation, water retention and microbial activity (Sparling 
1992). However, vegetation type may be more important in 
governing SOC than direct effects of precipitation (Jobbágy 
and Jackson 2000), and low SOC may increase the import-
ance of soil texture to water retention (Rawls et al. 2003). 
In this study, negative latitudinal gradients in temperature 
and GDD were also associated with relatively higher SOC. 
This relationship could ameliorate some stressors related to 
increased latitude. Northern latitude populations may have 
shorter growth windows and high seasonality, but greater 
soil quality and stability associated with SOC combined with 
high site productivity should favour ramet success over seed-
lings. Lower temperatures and fewer GDD suggest a shorter 
window for seedling recruitment, giving an advantage to 
patch size increase via ramets. Population theory suggests 

Figure 4. Variation in population diversity measured as number of genotypes found/number of plants genotyped (G/N: points scaled relative to G/N 
and indicated by colour ramp from orange [G/N = 0.1] to blue [G/N = 1.0]) of sites separated in ordination space based on all environmental variables 
measured. Plotted vectors indicate the direction of increase for the subset of variables included in subsequent analyses.
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conditions driving the frequency and success of seedling re-
cruitment have an outsized importance to genetic diversity 
and population structure even when quantitative increase 
in ramet numbers is low (Watkinson and Powell 1993). 
Interactions among environmental gradients may therefore 
drive divergent recruitment, persistence or management out-
comes in different regions of the knapweed invasion (i.e. 
Ramula et al. 2008).

Clonal reproduction can be valuable to local-scale spread 
and persistence in Russian knapweed. Across the landscape, 
we can expect the relative frequency of seedling recruitment 
to change, and this association has implications for man-
agement decisions. We have shown that at higher (northern) 
latitudes there tend to be extensive monotypic patches, sug-
gesting infrequent seedling recruitment. Thus, management 
disturbances such as grazing or herbicide application that 
open spaces for recruitment may increase the likelihood of 
patch persistence through seeds, if not properly temporally 
implemented. There are also two permitted biological control 
agents released in North America; both galling insects that 
stunt growth and reduce seed production (Djamankulova et 
al. 2008; Winston et al. 2014). These agents may be less ef-
fective in northern latitudes where spread by seed is less abun-
dant. Plants may tolerate herbivore attack through reliance 
on clonal propagation for spread and persistence, though 
other biotic and abiotic factors are also likely affecting the 
insect success across latitudes (e.g. Buckley et al. 2005).

Many other factors (e.g. herbivory, local pollinator success, 
fine-scale soil qualities, timing of precipitation events, etc.) that 
likely influence trade-offs between clonal and seed reproduction 
rates were not tested. Our first step was to consider large-scale 
factors for which data already exist. We only analysed genotypes 
without reference to any functional genes, and there may be di-
verse genetic factors influencing rate of vegetative versus sexual 
reproduction such as functional genes, epigenetics and pheno-
typic plasticity. For example, Liu et al. (2006) found latitudinal 
clines for sexual reproduction with correlations to mean annual 

temperature, GDD, tidal range and SOC. However, variation 
mostly disappeared in a common garden experiment, indicating 
that variation was largely due to phenotypic plasticity. Lehndal 
and Ågren (2015) investigated plant response to insect damage 
in a common garden experiment and found that plant resistance 
decreased with latitude of origin, while tolerance increased. This 
pattern arose in response to herbivores emerging later relative to 
plant phenology in the north compared to the south, and driving 
a decrease in selection pressure from herbivores with increasing 
latitude. A common garden approach would be a beneficial next 
step in researching Russian knapweed reproductive mode. Such 
information would increase our knowledge of how genetic and 
environmental factors are driving reproductive dynamics, and 
the extent to which demographic factors might drive variation 
in management success.
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