Preventing the spread of the invasive plant
Lupinus polyphyllus

David Brobäck
Degree project in biology, Master of science (2 years), 2015
Examensarbete i biologi 45 hp till masterexamen, 2015
Biology Education Centre, Uppsala University, and the Swedish Transport Administration
Supervisors: Anna Jakobsson, Brita Svensson and Mats Lindqvist
External opponent: Anna-Malin Linde

Table&of&Contents&
ABSTRACT!.....................................................................................................................................................!1!
INTRODUCTION!............................................................................................................................................!2!
INVASIVE SPECIES!...........................................................................................................................................................!2!
ROAD VERGES!..................................................................................................................................................................!3!
MANAGEMENT OF INVASIVE SPECIES!......................................................................................................................!4!
AIMS!....................................................................................................................................................................................!5!
MATERIAL AND METHODS!.....................................................................................................................!6!
FIELD EXPERIMENT!........................................................................................................................................................!6!
GERMINATION TEST!.......................................................................................................................................................!7!
STATISTICAL ANALYSES!...............................................................................................................................................!8!
RESULTS!.........................................................................................................................................................!9!
FIELD EXPERIMENT!........................................................................................................................................................!9!
GERMINATION TEST!.....................................................................................................................................................!13!
DISCUSSION!................................................................................................................................................!17!
FIELD EXPERIMENT!......................................................................................................................................................!17!
GERMINATION TEST!.....................................................................................................................................................!19!
LIMITING THE SPREAD OF LUPINUS POLYPHYLLUS!.............................................................................................!20!
CONCLUSIONS!...........................................................................................................................................!21!
ACKNOWLEDGEMENTS!.........................................................................................................................!22!
REFERENCES!.............................................................................................................................................!22!

!
!

!

Abstract
Invasive species are an increasing problem worldwide, threatening indigenous communities
and species. Many human-made environments promote introductions of alien species and one
such habitat is road verges. The invasive plant Lupinus polyphyllus is benefiting from these
habitats and is today widespread along road verges in many parts of Sweden. However, it has
been shown to be a problematic species, as it supresses native plants. Many of these plants
originate from semi-natural grasslands, but have found a refuge in road verges. The Swedish
Transport Administration has tried to control L. polyphyllus, but it is unclear to what extent it
is possible. To manage an invasive species, it is often preferable to prevent further extension
by limiting its dispersal, which can be done by reducing seed production. To find out how to
prevent L. polyphyllus from spreading, I investigated how resprouting capacity and seed
production was affected by cutting of L. polyphyllus at different times throughout the season,
and at different heights. Plants in all plots resprouted after being cut, but resprouted leaf
stalks grew taller in the plants cut early at the flowering stage, compared to the later cutting
treatments. These were also the only ones producing new flowers and fruits, perhaps due to
stored resources in roots or the fact that they were cut before the summer solstice. Plants cut
higher above the ground produced more flowers and fruits and produced taller leaf stalks and
might have used photosynthesizing aboveground parts to acquire resources for regeneration.
Fruits were produced but not ripe before the mid-summer cutting. These seeds were still able
to germinate after maturing on cut plants. However, they were more mould-infected than
seeds maturing on non-cut plants. Seeds from cut plants were also lighter. Thus, seeds
produced by the mid-summer cutting might disperse and germinate but may perhaps suffer
from lower survival due to more frequent mould infections. The late-cut plants had already
produced mature seeds, and thus, were probably able to disperse. Also, the later cutting
treatments produced more seeds over the entire season. This indicates that to hinder dispersal
by limiting seed production, it is best to cut Lupinus polyphyllus as early as possible, in the
flowering stage, when seeds are not produced and to cut them entirely to the ground.
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Introduction
Invasive species
Alien species are part of the on-going global change and affect human wealth and health as
well as ecosystems and biodiversity (Vitousek et al. 1997). Invasions are partly a result of
human transport, and international trade has shown to be especially important for the
distribution of alien species (Westphal & Browne 2008). This has resulted in displaced
species barriers and a homogenization of the world’s biotas (Mooney & Hobbs 2000).
Introductions of alien species may be either intentional or accidental. Species have for
example been introduced as ornamentals, forage, or pets. Alien species have also accidentally
followed transports of crop seeds or ballast water in ships (Sakai et al. 2001). During the 20th
century the number of alien species increased dramatically. In Europe the number of
terrestrial alien species reached almost 4000 species in the 1990’s compared to the early 20th
century when about 1500 species were recorded (EEA 2010). Some of these species may
have negative effects on the indigenous community and may become invaders. These
invaders can affect the native environment, either directly or indirectly. The diversity of the
native community can be negatively affected through competition for resources such as light
and water, or decreasing growth and reproduction of native plants. Indirectly, invasive
species may alter ecosystem processes: for example, introduced grasses have changed fire
regimes by increasing the fuel bed, which have caused big problems (Levine et al. 2003), or
they may alter biotic interactions such as plant-pollinator and plant-dispersal interactions
(Traveset & Richardson 2006). The latter occur for example when an introduced plant
attracts pollinators from native species or exchanges pollen with them so that seed set is
reduced in the native species (Brown et al. 2001, Brown et al. 2002, Gibson et al. 2013). The
costs connected with invasive species are large and widespread across society. In the United
States alone there is an expected yearly cost of about $120 billion and 42% of the threatened
native species are in danger mainly due to these invasive species (Pimentel et al. 2005).
Why some alien species become invasive is not always clear and there are different
hypotheses that try to explain this issue (Keane & Crawley 2002). One common hypothesis is
called the Enemy Release Hypothesis (ERH) and assumes that alien species will experience
less attacks by enemies in their exotic range leading to a release of enemy control. This was
supported in a study where alien species experienced fewer attacks by pathogens and viruses
(Mitchell & Power 2003). Released control by natural enemies can in turn have the
possibility to cause evolutionary changes. Through a release of natural enemies the North
American weed Silene latifolia showed differences in life-history traits between its native and
exotic range. Traits such as earlier germination, higher germination rate, larger plants and
more flowers were present in the exotic individuals, which is likely to be a result of natural
selection towards more invasive traits (Blair & Wolfe 2004).
Impacts of invading species on native habitats and species are complex. The effects of the
invasion seem to rely on the invading species’ new range together with its abundance (Parker
et al. 1999). Other species-specific characteristics, such as growth rate and dispersal, are also
important for invasion success (Rejmanek & Richardson 1996). An example of a species that
has developed a specific trait is the invasive garlic mustard, Alliaria petiolata, which is
capable of reducing tree seedling growth by disrupting the symbiosis between seedlings and
mycorrhizal fungi (Stinson et al. 2006). But more commonly, traits of invaders such as tall
height and the ability to form dense populations are most related with negative effects on
native flora (Hejda et al. 2009). Impacts will also differ widely among targeted communities.
It has been shown that early successional habitats, such as former grasslands, are more
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susceptible to invasions than habitats in later successional states. Invaders appear to occupy a
new stage in the succession and it is the shorter-statured species that to a greater extent are
being supressed and outcompeted by taller invaders (Thiele et al. 2010).
Davies and Sheley (2007) emphasize the importance of restricting the spread of an invasive
species because of the difficulties to handle them once the species already has become
established. They propose a framework that aims at finding the main dispersal vector, which
can be influenced by either dispersal adaptations or good dispersal location. One location of
major importance mentioned is roads.
Road verges
Roads are not only transport routes for cars; plants also benefit from roads in means of
transport. Vehicles have been shown to assist plant seed dispersal through the airflows they
produce (von der Lippe et al. 2013), as well as when seeds attach to the cars’ chassis or tires
(Lonsdale & Lane 1993, Zwaenepoel et al. 2006). Road verges (a strip of vegetation beside a
road), also function as new habitats for invasive species. The open and disturbed environment
created by road maintenance and traffic seems to favour introduced species (Parendes &
Jones 2000, Gelbard & Belnap 2003, Christen & Matlack 2009). Such disturbances were
observed to increase the amount of invasive species in a studied forest block in northern
Connecticut and southern Massachusetts (Lundgren et al. 2004). Lundgren et al. (2004) also
observed that human development (number of houses per km2) increased the frequency of
invaders. This coincides with findings on habitat invasibility, which show that the most
disturbed environments, such as arable land and ruderal vegetation, are also the most
vulnerable habitats to invasion (Chytrý et al. 2008).
But even though the results are not unambiguous about whether road verges serve as habitats
or dispersal corridors for invasive species (Kalwij et al. 2008), road verge dispersal appears
to have, to a large extent, favoured alien plants and especially when it comes to long distance
dispersal. Tunnel lanes in Berlin were observed to have an annual seed rain up to 1579
seeds/m2 and of these, 50% were alien species and 19% came from species that were highly
invasive (von der Lippe & Kowarik 2007). Barnaud et al. (2013) also concluded that the
main contribution to seed dispersal by roads is long-distance dispersal, rather than diffusive
spread. As also shown earlier it is not unlikely that this long-distance dispersal is mediated by
car transport. In addition to standard vehicular transport, road maintenance may also play a
role in dispersal of invasive species (Christen & Matlack 2009). In contrast to other studies,
Christen & Matlack (2009) also showed evidence of short-distance dispersal such as diffusive
dispersal and they propose that the regional extension of the alien species moves stepwise.
First they establish in an area which they colonize and then eventually a few propagules
spread further and start a new colonization process.
During the last century the area of semi-natural grasslands has declined drastically. In the late
19th century the area of semi-natural grasslands in Sweden was almost 1 500 000 hectares
(Jordbruksverket 2005) but has decreased and comprised in 2004 around 270 000 hectares
(Jordbruksverket 2008). Fragmentation of these habitats increases the risk of grassland
species extinctions and is expected to continue doing so (Eriksson et al. 2002). On the other
hand, small remnant habitats such as road verges seem to be able to serve as new habitats,
(Cousins 2006), especially when they are managed properly (Auestad et al. 2011), and
species that earlier were connected to semi- natural grasslands have now made their way into
road verges and railways, making parts of transport infrastructure a good place for
biodiversity. Road verges may function as a complement to other habitats or even as a
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species’ main habitat (Lennartsson & Gylje 2009) because of the resemblance in disturbance
regimes with former semi-natural grasslands (Auestad et al. 2011). The managed grasslands
within transport infrastructure are expected to consist of about 190 000 hectares (Stenmark
2012).
The Swedish Transport Administration (STA) has on-going work with biodiversity that has
been developed in several steps. In 1993 the STA was asked by the government to start their
work with biodiversity within the organization. This later developed into a project called
Species Rich Road Verges, which aimed to look for valuable flora along roads. Together with
the 16 Swedish Environmental Goals, the STA developed their own guidelines that stated that
the road environment should have good conditions for biodiversity and that these
environments should be managed and maintained along with their individual values. The
STA decided to aim for a transport infrastructure where about 10 % of the network should
include valuable flora (Lindqvist 2009). After the re-organization and creation of the new
STA, new guidelines are in progress.
In Sweden, Lupinus polyphyllus is one of the species benefiting from the habitat created
along road verges, but has become a threat to the local flora and fauna (Lindqvist 2009).
Lupinus polyphyllus is a perennial herb that originates from North America but is today
widespread across the European countries where it has become invasive. It was cultivated as
an ornamental flower in gardens, from where it probably escaped into the wild. The use of L.
polyphyllus as soil fertilizer could be another possible introduction pathway. It has been used
because of its nitrogen-fixing bacterial symbiont, and the symbiont might also be a reason for
L. polyphyllus’s competitive ability (Fremstad 2010). Vegetative dispersal has been observed
in L. polyphyllus but most commonly it reproduces sexually through ballistically dispersed
seeds (Ramula 2014). Lupinus polyphyllus populations in road verges have been shown to
reduce species diversity of both plants and Lepidoptera fauna (Valtonen et al. 2006) and may
also affect plant communities in other types of habitats (Ramula & Pihlaja 2012). On the
other hand, stands of L. polyphyllys seem to be able to increase pollinator populations by
providing them with pollen (Jakobsson & Padrón 2014). This is especially valuable today
when pollinator populations are threatened and declining (Potts et al. 2010), suffering from,
e.g., loss of food resources due to declines in frequency and range of forage plants (Carvell et
al. 2006). In Sweden L. polyphyllys occurs almost everywhere, except in the very northern
regions (Mossberg & Stenberg 2003), and has for example been shown to be a great problem
in the southwestern parts of Sweden (Frisborg 2009).
The Swedish Transport Administration (STA) makes sure that road management companies
maintain and are responsible for the management of roads. A part of this work is to allow free
sight to e.g. road signs and signals. Therefore, the road management companies are in general
supposed to cut 10 meters of the vegetation in road verges, if possible, and not to leave more
than 15 cm of plant material above ground level. The time of management may differ
between roads, purpose of management and possibly road management companies. Time of
cutting usually ranges from late June to late September, but may be even later in October or
in some cases early in June. Management of species-rich road verges is generally carried out
later in the season, starting in the beginning of August and continuing into mid-September.
Later management may also include the removal of cut plant material (Trafikverket 2014).
Management of invasive species
Managing invasive plant populations is a heavy task and several supplementing methods are
often required for eradication (GOERT 2011). As mentioned by Davies and Sheley (2007) it
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is often difficult to eradicate invasive species when they have become established. For this
reason, controlling its spread could be a possible approach. They note that it is important to
restrict the vector of spread to counteract further invasions. Another approach to restrict
dispersal is by limiting seed production of the invasive plants. This can be done by cutting the
aboveground biomass of the invasive plants (Chapman et al. 2012). There is however a risk
that early cut individuals will resprout later in the season and still be able to produce viable
seeds (Martínková et al. 2004), and underdeveloped seeds on cut plants might still be able to
mature (Chapman et al. 2012). This is a great problem because removing the cut material is
both labour-intensive and costly. Different levels of injury to the plants may also have an
effect on their future reproduction and regeneration, where implementing a more severe
injury can cause individual plants to postpone their seed production even though they will
eventually fully regenerate (Martínková et al. 2008).
Being able to withstand disturbances is of course beneficial for a plant and one trait that has
evolved as a response to this is the ability to regenerate vegetatively. This means that removal
of plant material may stimulate buds on stems or roots to produce new shoots (Klimešová &
Klimeš 2007), allowing plants to persist in an unpredictable environment (Bond & Midgley
2001). Resprouters allocate more biomass to roots, such as lignotubers, than to shoots, and
their starch reserves may be used for regeneration of shoots after cutting (Canadell & LópezSoria 1998, Knox and Clarke 2005). As mentioned earlier, plants that are cut early in the
growing season may have the possibility to resprout later in the season. Klimešová et al.
(2007) point out the importance of life-stage and timing of cutting for resprouting ability and
performance. In their study, plants that were cut in an early, vegetative stage had a better
chance of resprouting later in the season and producing flowers and seeds. Some plants that
were cut later, during flowering and fruiting stages, were able to resprout the same season but
did not produce any seeds. Pardini et al. (2008) also observed that early cut plants were able
to resprout and produce new seeds. They also observed that plants were able to produce new
seeds if they were up-rooted instead of being cut. Then resources were reallocated from the
up-rooted roots. None of the plants were able to resprout if they were cut entirely to the
ground.
Aims
Due to its impacts on species-rich road verges, Lupinus polyphyllus is a species that the
Swedish Transport Administration wishes to control. Several attempts have been made to
control it by removing the entire plant or by cutting them early in the season. It is, however,
still unclear to what extent it is possible to eradicate L. polyphyllus, due to the plant’s
widespread range (Lindqvist 2009). Therefore, in accordance with the idea of Davies and
Sheley (2007), I aimed at finding possibilities to restrict the spread of L. polyphyllus, or more
specifically, limiting its seed production. Therefore, in this thesis project, I investigated what
type of cutting method is most successful to reach this aim.
My main questions were:
• Will time of cutting (i.e. cutting individuals at different developmental stages) have an
effect on Lupinus polyphyllus’ ability to resprout?
• Will time of cutting have an effect on plants ability to produce viable seeds?
• Will plants cut just after fruit set, and left on the ground, still be able to produce viable
seeds?
• Will different heights of cutting have an effect on plants ability to resprout and produce
viable seeds?
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Material and methods
Field experiment
The experiment was carried out during the summer of 2014 in the county of Uppsala,
Sweden. Eight road verge sites invaded by Lupinus polyphyllus were chosen with as similar
plant densities as possible. Due to the sparse distribution of L. polyphyllus in Uppsala County
this was difficult to achieve. Plant densities ranged from 10 to 20 flower stalks of L.
polyphyllus per m2. The length of the populations reached between approximately 20 to 50
meters and the width between approximately 3 to 10 meters. Three sites were located
approximately 25 km west of Uppsala, three sites 40 km northwest and two between 20 and
40 km north of Uppsala (Fig. 1). Sites were marked to prevent cutting during the regular
mowing of road verges made for traffic security reasons. Within each site, 12 plots (1 × 1m)
were placed at approximately the same distance from the road and marked with plastic sticks
to be able to be monitored continuously. To investigate the effect of different times of cutting
on L. polyhyllus’s ability to resprout, the plots were randomly assigned to three treatments:
(1) cutting of L. polyphyllus in early summer at the flowering
stage (9-13th of June), (2) cutting of L. polyphyllus in mid-summer at an early fruit stage,
directly after that all flowers had turned into fruits (7-11th of July), and (3) cutting of L.
polyphyllus later in summer at a late fruit stage, when the majority of the fruits were ripe (28th
of July-1st of August). To test L. polyhyllus’s ability to resprout after cuttings at different
heights, the early summer cutting was divided into two subgroups: (a) plants cut 15 cm above
ground (maximum vegetation height after regular mowing) and (b) plants cut entirely to the
ground. The mid-summer and late summer cutting were cut 15 cm above the ground. Thus, at
each site there were three plots assigned to each treatment combination: 1a, 1b, 2 and 3. I
sampled in total 24 plots for each treatment combination and a total of 96 plots. The study
plots were cut with a hedge clipper (Bosch AHS 41 Accu). Plots were visited on a weekly
basis from June to August, to monitor regenerated leaf and flower stalks. The number of
regenerated leaf and flower stalks were counted and height of the tallest leaf stalk in each plot
was measured, as height of the tallest resprout shoot has shown to be more tightly correlated
to resprout biomass than mean height of shoots (Cruz et al. 2003). Any fruits present were
counted.
During the field season, two out of eight sites were accidently mown between the early and
the mid-treatment. This resulted in two fewer sites in the field experiment but they were
replaced and treated with the remaining treatments so that the germination test would not be
affected.
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Figure 1. Map over study sites. The blue triangles represent the studied Lupinus polyphyllus populations.
© Lantmäteriet Gävle (2012): Permission i2012/921

Germination test
To investigate if Lupinus polyphyllus seeds that had matured on cut material were able to
germinate, fruits from the mid-treatment were collected approximately three weeks after
plant cutting, when the majority of the fruits were brown and dry. 20 fruits were randomly
collected from each plot. Another 20 fruits from each site were randomly collected from
plants that had not been cut, to be used as a control group. In total, 480 fruits from cut plants
and 160 fruits from non-cut plants were collected. The fruits were collected in plastic bags
and stored in a cold and dark environment. Seven weeks after cutting, another 192 fruits were
collected from the cut plants, 8 from each plot, to see if there was any effect of being left
!
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longer at the site. This resulted in three groups: fruits collected early from cut plants, fruits
collected later from cut plants and fruits collected from non-cut plants. Seeds from these three
groups were tested for germination in a laboratory. 200 seeds were randomly chosen from
each group and put in three separate containers with deionized water and left over night. The
next day, the seeds were placed on filter papers in a petri dish, 10 seeds in each resulting in
20 petri dishes for each group and a total of 60 petri dishes. The petri dishes were randomly
positioned in a growth chamber with a 16h/8h photoperiod and with a day temperature of
20°C, night temperature of 16°C, and light intensity of 150 µE. The petri dishes were watered
and checked for germinated seeds every second day. I also recorded the number of mouldinfected seeds.
To investigate seed production between plants that had been cut before fruit maturation and
non-cut plants, 80 fruits were chosen from each of the three groups and the number of seeds
in each fruit were counted and weighed.
Statistical analyses
The effects of time and height of cutting on number of regenerated leaf stalks and height of
the tallest leaf stalk were analysed using separate Linear Mixed-Effects Models. Site was
included as a random factor with random intercepts as well as with by-site random slopes for
the effect of cutting treatment. The interaction between site and treatment was also tested. To
meet the assumptions of homoscedasticity, the number of leaf stalks was square roottransformed before analyses. Likelihood ratio tests were used to obtain p-values. The full
model with the effect of interest was compared with the model without the effect of interest.!
The data on regenerated flower stalks and fruit production was skewed (contained many
zeros) and was therefore transformed into binary data (presence/absence of flower stalks or
fruits in a plot). The effect of time and height of cutting on regenerated flower stalks and fruit
production was analysed using separate Generalized Linear Mixed-Effects Models in the
same manner as above. The effect on fruit production was analysed as the probability of
resprouted flower stalks producing fruit. The analysis of cutting height was conducted even
though the assumptions of homoscedasticity were not entirely fulfilled. Results may therefore
be interpreted with caution.
The analyses of the effect of cutting time were conducted on data recorded four weeks after
each cutting treatment, so that plants in the different treatments had grown for the same
amount of time (henceforth referred to as “four weeks after cutting”). In addition, these
analyses were also done on data recorded at the same time at the end of the season, meaning
that plants had different time periods for re-growth (henceforth referred to as “end of
season”). The reason for this was to also give a final picture of the total amount of plants that
resprouted and seeds that were produced over the entire season.
The effect of maturation place (fruits maturing on cut plants or on non-cut plants), and
amount of time for which fruits were left on cut plants, on germination rate was analysed in
separate ANOVAs. In addition, the effect of both these variables on number of mouldinfected seeds was also analysed in separate Kruskal-Wallis tests, since assumptions of
homoscedasticity were not fulfilled. The proportions of germinated and mould-infected seeds
were arcsine-transformed. Bonferroni correction was used as data on seeds from cut plants
collected early was used in multiple comparisons (against seeds from non-cut plants and
against seeds from cut plants collected late). The alpha-value was divided by the number of
comparisons (α = 0.05/2 = 0.025).
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The effect of time of cutting on total number of fruits produced over the season was analysed
in separate Linear Mixed-Effects Models. Site was included as random factor with random
intercepts and by-site random slopes for the effect of cutting time. Data was square roottransformed to achieve more homogenous variances.
To investigate if there were differences in seed number and seed weight between fruits that
had matured on cut plants and fruits that had matured on non-cut plants, the effects of
maturation place on number of seeds per fruit, mean seed weight, and total seed weight were
analysed in separate Linear Mixed-Effects Models. Site was included as random factor with
random intercepts and by-site random slopes for the effect of maturation place. Total weight
of seeds fulfilled assumptions of normal distribution and homoscedasticity, although number
of seeds and mean weight of seeds did not, even after transformation. Results should
therefore be interpreted with caution.
I used R (R Core Team 2013) for all analyses and the function lmer in package lme4 (Bates et
al. 2014) for the Linear Mixed-Effects Model and the function glmer in package lme4 for the
Generalized Linear Mixed-Effects Model.

Results
Field experiment
!
Time of cutting
Leaf stalks from plants of Lupinus polyphyllus resprouted in all 72 experimental plots but
only ten plots contained resprouted flower stalks. Resprouted flower stalks were only found
in the early cutting treatment plots, i.e. when plants of L. polyphyllus were cut in the
flowering stage (Fig. 2a, Fig. 3a); thus, there were significantly more resprouted flower stalks
in the early cutting, both four weeks after cutting (Table 1), and at the end of the season
(Table 2). Almost all resprouted flower stalks produced fruits, and since resprouted flower
stalks were only found in the early cutting treatment plots, all produced fruits were from
resprouted individuals from the early cutting (Fig. 2b, Fig. 3b). Hence, significantly more
fruits were produced in the early cutting, both four weeks after cutting (Table 1), and at the
end of the season (Table 2). There were no significant differences in number of resprouted
leaf stalks between treatments (Table 1, Table 2) even though there was a slight tendency of
more stalks in the later cutting treatments monitored four weeks after cutting (Fig. 2c). The
early cutting treatment produced significantly taller leaf stalks (Fig. 2d, Fig. 3d), and the
difference in height between the early and late cutting was almost 20 cm for both analyses
(Table 1, Table 2).
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Table 1. Data collected four weeks after cutting. Effect of time of cutting on resprouting ability and fruit
production in Lupinus Polyphyllus, analysed using separate linear mixed-effects models (number of leaf stalks and
tallest leaf stalk) and generalized linear mixed-effects models (number of flower stalks and number of fruits).

Response
Sqrt. number of
leaf stalks

Factor
Treatment
Treatment x site

Χ2-value
0.787
2.568

P-value
0.6747
0.7662

Tallest leaf stalk
(cm)

Treatment
Treatment x site

15.473
1.950

0.0004365 *
0.8561

Number of flower
stalks

Treatment
Treatment x site

11.255
0

0.003598 *
1

Number of fruits

Treatment
Treatment x site

11.255
0

0.003598 *
1

(a)

(b)

(c)

(d)

Figure 2. Data collected four weeks after cutting. Effect of time of cutting on (a) presence/absence of
resprouted flower stalks, (b) presence/absence of fruits, (c) resprouted leaf stalks per individual and (d)
height of the tallest resprouted leaf stalk. Data was analysed using separate linear mixed-effects models
(number of leaf stalks and tallest leaf stalk) and generalized linear mixed-effects models (number of flower
stalks and number of fruits). Analyses of number of leaf stalks were conducted on square root-transformed
data. Binary data was used for flower stalks and fruits. Figure (a) and (b) show the median (bold line) and
quartiles, while figure (c) and (d) show the mean ± SE. Figure (c) and (d) depict back-transformed data.
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Table 2. Data collected at the end of the season. Effect of time of cutting on resprouting ability and fruit
production in Lupinus Polyphyllus, analysed using separate linear mixed-effects models (number of leaf stalks and
tallest leaf stalk) and generalized linear mixed-effects models (number of flower stalks and number of fruits).

Response
Sqrt. number of
leaf stalks

Factor
Treatment
Treatment x site

Χ2-value
1.875
3.029

P-value
0.3915
0.6956

Tallest leaf stalk
(cm)

Treatment
Treatment x site

14.935
4.236

0.0005713 *
0.516

Number of flower
stalks

Treatment
Treatment x site

19.845
0

4.9e-5 *
1

Number of fruits

Treatment
Treatment x site

19.845
0

4.9e-5 *
1

(a)

(b)

(c)

(d)

Figure 3. Data collected at the end of the season. Effect of time of cutting on (a) presence/absence of resprouted
flower stalks, (b) presence/absence of fruits, (c) resprouted leaf stalks per individual and (d) height of the tallest
resprouted leaf stalk. Data was analysed using separate linear mixed-effects models (number of leaf stalks and
tallest leaf stalk) and generalized linear mixed-effects models (number of flower stalks and number of fruits).
Analyses of number of leaf stalks were conducted on square root-transformed data. Binary data was used for
flower stalks and fruits. Figure (a) and (b) show the median (bold line) and quartiles, while figure (c) and (d)
show the mean ± SE. Figure (c) and (d) depict back-transformed data.
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Cutting height
!
Leaf stalks resprouted in all 36 plots treated with different cutting heights. Flower stalks
resprouted only in ten of the plots and all ten flower stalks produced fruits. There were
significantly more resprouted flower stalks in the high cutting treatment (Fig. 4a, Table 3)
along with fruits produced (Fig. 4b, Table 3). Length of the tallest leaf stalk tended to be 5
cm higher in the high cutting treatment (Fig. 4d) but was only marginally significant (Table
3).

(a)

(b)

(c)

(d)

Figure 4. Effect of height of cutting on (a) presence/absence of resprouted flower stalks, (b) presence/absence of
fruits, (c) resprouted leaf stalks per individual and (d) height of the tallest resprouted leaf stalk. Data was
analysed using separate linear mixed-effects models (number of leaf stalks and tallest leaf stalk) and generalized
linear mixed-effects models (number of flower stalks and number of fruits). Analyses of number of leaf stalks
were conducted on square root-transformed data. Binary data was used for flower stalks and fruits. Figure (a)
and (b) show the median (bold line) and quartiles, while figure (c) and (d) show the mean ± SE. Figure (c) and
(d) depict back-transformed data.!
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Table 3. Effect of height of cutting on resprouting ability and fruit production in Lupinus Polyphyllus, analysed using
separate linear mixed-effects models (number of leaf stalks and tallest leaf stalk) and generalized linear mixed-effects
models (number of flower stalks and number of fruits).

Response
Sqrt. number of leaf
stalks
Tallest leaf stalk
(cm)

Factor
Treatment
Treatment x site
Treatment
Treatment x site

Χ2-value
2.915
4.02
3.65
1.0654

P-value
0.08778
0.134
0.05607 (*)
0.587

Number of flower
stalks

Treatment
Treatment x site

4.833
0

0.02792 *
1

Number of fruits

Treatment

4.833

0.02792 *

Germination test
The maturation place of seeds (if seeds matured on cut or non-cut plant material) had no
effect on germination (Fig. 5a, Table 4) and neither did time spent on cut material (Fig. 5b,
Table 5). Seeds that matured on cut plants were more often subject to mould infection (Fig.
5c, Table 4). Almost 30 % of the seeds from cut plants were infected with mould and only a
few of the seeds from non-cut plants were infected. Seeds collected early from cut plants
were more often infected with mould than seeds collected later from cut plants (Fig. 5d,
Table 5). The proportion early collected seeds that were mould-infected was almost 30% and
only 10% for seeds collected later in the season. It should be noted that a few seeds (~2-5)
germinated even though they were mould-infected.

Table 4. Effect of maturation place of seeds (on cut plants or non-cut plants) on germination ability
and mould infestation of Lupinus polyphyllus seeds, analysed in separate ANOVAs.

!

Response
Proportion
germinated seeds

Factor
Treatment
(ANOVA)

Test statistic
F=0.0698

P-value
0.7931

Proportion seeds
with mould

Treatment
(Kruskal-Wallis)

X2=29.328

6.111e-8 *
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Table 5. Effect of time period left at experimental plot after cutting (if seeds were collected early or
late after cutting) on germination ability and mould infection of Lupinus polyphyllus seeds. Data was
analysed in separate Kruskal-Wallis tests.

Response
Proportion
germinated seeds

Factor
Treatment
(ANOVA)

Test statistic
F=0.4625

P-value
0.5006

Proportion seeds
with mould

Treatment
(Kruskal-Wallis)

X2=11.0769

0.0008741 *

(a)

(b)

(c)

(d)

Figure 5. Effect of seed maturation place (on cut or non-cut plants) on (a) proportion germinated
seeds and (c) proportion seeds with mould. Data was analysed in separate ANOVAs. Effect of
collection time (if seeds were collected early with short period outside or late with long period
outside) on (b) proportion germinated seeds and (d) proportion seeds with mould. Data was analysed
in separate Kruskal-Wallis tests. Analyses were conducted on arcsine-transformed data. Figures
depict back-transformed data and show the mean ± SE.
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Fruits collected from non-cut plants tended to contain more seeds than fruits from cut plants
(Fig. 6a), but was only marginally significant (Table 6). However, seeds from non-cut plants
were heavier than seeds from cut plants (Table 6), observed for mean weight of seeds (Fig.
6b). Total seed weight per fruit was also greater for non-cut plants (Table 6, Fig. 6c). There
was a significant interaction between site and treatment for both measures of weight (Table
6), meaning that the effect of maturation place was different among sites. There was no effect
of collection time on number of seeds in each fruit (Fig. 6d, Table 7). There was however a
significant difference in weight between seeds from cut plants collected early and late. Seeds
that were collected early had larger mean weights as well as total seed weight per fruit (Fig.
6e, f; Table 7).

Table 6. Effect of maturation place of seeds (on cut plants or non-cut plants) on Lupinus polyphyllus’
ability to produce seeds, analysed using separate linear mixed-effects models.

Response
Number of seeds per
fruit

Factor
Treatment
Treatment x site

X2-value
3.0089
5.6689

P-value
0.08281
0.05875

Mean weight of seed
(g)

Treatment
Treatment x site

13.76
23.248

0.0002078 *
8.949e-6 *

Total weight of seeds
(g)

Treatment
Treatment x site

13.308
9.711

0.0002643 *
0.007785 *

Table 7. Effect of collection time (if seeds were collected early with short time period outside or late
with long time period outside) on Lupinus polyphyllus’ ability to produce seeds. Data was analysed
using separate linear mixed-effects models.

!

Response
Number of seeds per
fruit

Factor
Treatment
Treatment x site

X2-value
1.5572
4.7435

P-value
0.2121
0.09332

Mean weight of seed
(g)

Treatment
Treatment x site

6.0387
2.5562

0.014 *
0.2786

Total weight of seeds
per fruit (g)

Treatment
Treatment x site

7.4284
1.2461

0.00642 *
0.5363
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(a)

(d)

(b)

(e)

(c)

(f)

Figure 6. Effect of maturation place (on cut or non-cut plants) on (a) number of seeds per fruit, (b) mean
weight of a seed (g) and (c) total weight of seeds per fruit (g). Effect of collection time (if seeds were
collected early with short period outside or late with long period outside) on (d) number of seeds per fruit,
(e) mean weight of a seed (g) and (f) total weight of seeds per fruit (g). Data was analysed using separate
linear mixed-effects models. Figures show the mean ± SE.
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The intermediate and late cutting treatments both produced significantly more fruits over the
season (Table 8, Fig. 7).
!
!
Table 8. Effect of time of cutting on total number of fruits produced per plot over the entire season. Data was
analysed using separate linear mixed-effects models.

Response

Factor

X2-value

P-value

Total number of fruits
over the season

Treatment
Treatment x site

23.55
8.3772

7.694e-6 *
0.1366

!
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Figure 7. Effect of time of cutting on total number of fruits produced per plot over the
entire season. Data was analysed using separate linear mixed-effects models. Total
number of fruits was square root-transformed. The figure depicts back-transformed data
and shows mean ± SE.

Discussion

!
Field experiment
My study aimed at investigating when and at what height plants of the invasive Lupinus
polyphyllus should be cut to reduce viable seed production, and by that, limit its spread.
L. polyphyllus has the capacity to resprout when being cut and this is probably advantageous
in disturbed habitats such as road verges, where L. polyphyllus may re-emerge and produce
new flowers and seeds. Plants resprouted and leaf stalks grew taller if L. polyphyllus was cut
early in the season when flowers were present. It has been shown that length of the tallest
resprout shoot is a good predictor of resprout biomass (Cruz et al. 2003); indicating that
plants cut during the flowering stage have a better resprouting capacity than plants cut later in
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the season. Plants cut early were the only ones to produce new flower stalks and fruits. In the
end of the season, it is perhaps likely that early cut plants have produced more flower stalks
than later cutting treatments, since they have had more time to grow. However, early cut
plants were also the only ones to produce flower stalks and fruits in experimental plots
recorded four weeks after cutting. A possible explanation could be that flowering plants had
not yet used resources for seed production and therefore had more resources left for
regenerative shoots and reproductive organs. Growth in perennial plants often competes with
carbon storage, meaning that carbon is either allocated to storage or to growth, and therefore,
storage of resources is generally low during periods of high growth rate. In addition, stored
nutrients are important for reproductive growth (Chapin et al. 1990). A similar result was
observed in the short-lived herb Rorippa palustris, which reduced its allocation of resources
to seeds when all aboveground biomass was removed during flowering. Instead, resources
were allocated to roots so that resprouting vigour was enhanced (Klimešová et al. 2007).
Resources from photosynthesis were probably acquired from the resprouted shoots and
allocated to roots. This increased winter survival in plants, which could possibly also be the
case for L. polyphyllus. If so, these plants may have an advantage next season with increasing
resources that might enhance growth of both vegetative and reproductive parts of the plants.
This, in turn may increase total seed production of the plant. Klimešová et al. (2007) also
observed that the only plants that produced new flowers and fruits were plants that were cut
and resprouted before the summer solstice. On the northern hemisphere, the summer solstice
occurs on the 21th of June and the only plants that were cut and had time to resprout before
this date were the early-cut plants. Thus, regenerative buds of plants cut later might not have
been stimulated, hence the postponement of reproduction.
Cutting height was important for the ability of L. polyphyllus to resprout. Leaving about 15
cm of plant material above ground enhanced regeneration of both vegetative and reproductive
parts, although the tendency was more pronounced for reproductive parts such as flowers and
fruits. Previous studies have shown that plants exposed to disturbances can use aboveground
parts as resources for resprouting of new shoots and this might also be the case for L.
polyphyllus. There are two main ways of resource allocation from aboveground parts that L.
polyphyllus might use. The first is that resources in stems can be allocated to roots to aid in
shoot regeneration, as found for trees in coastal sand dunes in South Africa where taller
stumps had higher resprout biomass (Nzunda et al. 2008). The second is that remaining
aboveground parts still photosynthesize and contribute to the carbon acquisition necessary for
shoot regeneration. This was observed in a deciduous resprouting tree in a humid temperate
forest in Japan (Sakai & Sakai 1998). Even though studies have mostly been done on trees in
different environments, both ways could be possible for L. polyphyllus. But since only 15 cm
of plant material was left after cutting it is questionable how important already stored
resources were. It is probably more likely that the green leaf stalks contributed with carbon
acquisition through stem photosynthesis, which has shown to be one of the most important
contributors of carbon after leaf structures (Aschan & Pfanz 2003). With additional carbon,
individuals cut 15 cm above ground would have had more resources for resprouting of new
shoots.
Common for both cutting experiments is that there were in general few resprouted flower
stalks. It might have been that the dry summer contributed to the low growth of the plants
(precipitation was only 25 %-50 % of average in July (SMHI 2014)). Moreover,
L. polyphyllus may already have used some of its stored resources and nutrients to produce
flowers before being cut, since extensive growth may compete with stored resources (Chapin
et al. 1990), and therefore did not have resources left to regenerate any flower stalks. Another
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possibility could just be that L. polyphyllus is a poor resprouter when it comes to reproductive
parts of the plant. Other plant species with resprouting ability have shown that when they are
exposed to disturbance they may regenerate but postpone reproduction until the next growing
season. The herb Rorippa palustris postponed growth of reproductive parts if cut during its
flowering stage (Klimešová et al. 2007) and Barbarea vulgaris, also a short-lived herb,
delayed reproduction if cut during a later life stage (Martínková et al. 2008). L. polyphyllus,
which only resprouted after cutting during the flowering stage, might not have had enough
resources to support reproductive regeneration in great amounts, hence the low rate of
resprouted flower stalks.
Germination test
Fruits that matured on cut plants of L. polyphyllus produced seeds that germinated. This
means that either these seeds already had enough resources before fruit maturation to
germinate or that there were resources in the cut flower stalks that still could be used for seed
development. Chapman et al. (2012) showed that when taller plants of Alliaria petiolata were
cut, they were able to produce more viable seeds than when shorter plants were cut. This
implies that seeds were able to use stored resources for seed development.
The germination rate of seeds from cut plants was high in the beginning of the test and these
seeds germinated in general earlier than seeds from non-cut plants. Seeds from non-cut plants
also had a slower and more constant germination rate (data not shown). The high germination
rate in seeds from cut plants could have been caused by higher absorption of water. These
seeds had lower weight than seeds from non-cut plants, indicating that these seeds were
immature and had not developed a proper seed coat. Thin seed coats coupled with a small
seed coat/embryo weight ratio have been associated with higher absorption of water
(Dübbern de Souza & Marcos-Filho 2001). Hence, seeds from cut plants were probably more
susceptible to water absorption than seeds from non-cut plants. Germination might also have
been affected by how long seeds were kept in water before being placed in petri dishes. All
seeds were in the water bath for 24 hours but seeds from the non-cut plants might have
needed more time to increase their germination success. Vernalisation might also have been
needed.
Seeds from cut plants were also more susceptible to mould. The highest mould rate was
found in seeds from cut plants collected early in the season. This could be due to the method
of collection, since fruits were stored in plastic bags in a dark and cold room. A more proper
way would have been to store seeds in paper bags. However, seeds from non-cut plants stored
in the same manner were not mould-infected to the same degree. Also, the later collected
seeds that had been left outside a longer period of time were more often infected with mould
than seeds from non-cut plants even though they were kept in plastic bags for a shorter period
of time. Plastic bags clearly had an effect on mould infection but this could not have been the
only cause. Very few (~3 of 93) of the seeds that became infected by mould germinated.
Mould has been shown to decrease germination success of seeds, probably due to damage to
the seed embryo (Bankole 1993). This means that seeds from cut plants of L.polyphyllus are
probably more susceptible to mould infections and may suffer from reduced germination
ability. This is perhaps caused by their thinner seed coat, or the moist environment on the
ground in which the seeds matured. Reduced germination ability was not observed in seeds
from cut plants, perhaps due to the short time period of the test.
Seeds from non-cut plants were heavier than seeds from cut plants. Although not observed in
this study, it is common that larger seeds have higher germination rates than smaller seeds.
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Tripathi and Khan (1990) found a strong correlation between seed weight and germination
probability in the two species of oak Quercus dealbata and Quercus griffithii. Germination
rates were higher for large seeds and they germinated earlier, likely due to larger food
reserves. In addition, larger seeds had both higher seedling survival and larger seedling dry
biomass. Why this correlation was not found in this study is not clear. As mentioned earlier,
the germination test might have needed to run for a longer time period, the seeds may have
needed more time in the preparing water bath, or immature seeds were able to absorb more
water. However, the germinated seedlings from non-cut plants looked somewhat more
vigorous and larger than seedlings from cut plants. They seemed to grow taller and produce
larger leafs. This is of course only an observation and has to be properly tested by analysing
seedling dry mass of the different treatments. But due to the larger seed mass found in seeds
from non-cut plants, it is reasonable that these seedlings grow larger and therefore have an
advantage in survivorship next year. In addition, it would also be interesting to test
survivorship of such seedlings in a planting experiment. This could tell us how well these
seedlings perform and, hence, what advantage seedlings from different treatments will have
next season. Being larger and having developed a proper seed coat might also be beneficial
for temporal dispersal since the seed coat helps the seeds to persist through disturbances and
for seeds to germinate at different times (Dübbern de Souza & Marcos-Filho 2001). This
would be a disadvantage for seeds from cut plants since maintenance has been shown to help
with seed dispersal along roads (Christen & Matlack 2009). They might be more vulnerable
to disturbances caused by machines in maintenance, which makes it difficult for such seeds to
disperse with these machines.
Limiting the spread of Lupinus polyphyllus
Plants growing along road verges disperse in different ways and it is plausible that L.
polyphyllus disperses through maintenance and the machines that cut the road verges. Plants
in road verges may also disperse by attaching to vehicles that pass by, but these seeds are
mostly light and small, often being graminoids that will easily attach to the cars’ chassis
(Zwaenepoel et al. 2006). The seeds of L. polyphyllus are large and have no clear adaptations
for dispersal. Therefore, maintenance machines are probably a more likely dispersal vector
since they are in contact with L.polyphyllus and have larger cavities on their chassis where
seeds may attach. However, it is most likely that it is L. polyphyllus’ competitive ability
rather than its dispersal capacity that has made it such a problematic species. Thus, it is
important to make sure that it does not spread to new areas where it may easily establish.
Even the transport of a few seeds is possibly enough for L. polyphyllus to disperse to a new
locality. Thus, it is important to make sure that seeds do not attach to any vehicles, especially
those mowing the road verges. By reducing seed production the risk of seeds attaching to any
dispersal vector is minimized. Although the early-cut plants were the only ones to produce
new flower stalks and fruits, the later cutting treatments produced more seeds in total over the
season. This is because in the later cutting treatments the plants had time to produce fruit
before being cut.
By cutting plants early in the summer, the risk of seeds attaching to machines is extremely
low, as few seeds have been produced. If no more cuttings are done that season, the risk of
spread is small. Other dispersal pathways such as cars and animals cannot be excluded. Cars
are probably more important for species with smaller seeds and it is questionable how
important spread by animals is due to the alkaloids present in L. polyphyllus (Veen et al.
1992), since alkaloids in other plants have been shown to decrease herbivory (Adler 2000).
Also, even if early-cut plants resprout they will produce few seeds. However, it has not yet
been tested how individuals will perform at a longer time scale. If early-cut individuals may
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resprout and thus be better adapted for winter survival, as have been shown in other plants
(Klimešová et al. 2007), they may also have advantages next season. The fact that L.
polyphyllus serves as a food resource for pollinators, a resource that would then be lost, also
speaks against early cutting.
If L. polyphyllus is cut in mid-summer (7-11th of July in this study) when fruits have only
recently been produced, there is a risk of seeds attaching to machines and dispersing with
them, and these seeds would possibly be able to germinate in their new environment.
However, these seeds have been shown to be small and susceptible to mould infections, thus,
it is questionable how well they will germinate and survive in new areas. To be able to draw
any proper inferences about seed germination and seedling survival in the field this have of
course to be tested in situ.
Road verges in Sweden are cut at different times and this affects the spread of L.polyphyllus.
In this study, the first cutting of L. polyphyllus was in the beginning of June (9th-13th), which
is earlier than most of the regular mowings. The first mowings are usually conducted in late
June. Fruits are probably already being produced at this time since they were almost all
developed during the second cutting of this experiment, conducted in the beginning of July
(7th-11th). It should be noted that this experiment was conducted in south-central Sweden
where the growing season starts later than in the more southern parts of Sweden.
Together with other areas in mid-Sweden, Lupinus polyphyllus is causing large problems in
southern Sweden and if the cuttings of road verges are conducted in late June it might
correspond to the time when the fruits have just developed. In some parts of southern Sweden
the Transport Administration is aiming at cutting L. polyphyllus early (Lindqvist 2009) and
this should preferably be followed in other parts as well. The summer solstice has been
shown to affect the resprouting ability of other plant species and it would be interesting to
test whether this is true for L. polyphyllus or not. If the summer solstice coincides with early
developmental stages of L. polyphyllus, e.g. when plants are in bloom and before any fruits
have developed, there would be a benefit to wait with cuttings until after the summer solstice.
Seeds will not yet have been produced and it might hinder plants of L. polyphyllus to resprout
and produce new flower stalks and fruits. This would probably not be applicable in the
southern parts of Sweden but possibly more northwards where the growing season starts
later.

Conclusions
This study indicates that the most efficient way to limit the spread of Lupinus polyphyllus is
to cut the plants early when plants are in bloom but before fruits have developed.
Unfortunately, resources for pollinators are lost, but the risk that seeds attach to maintenance
machines is reduced and also the lowest number of fruits is produced over the season.
However, the regular mowings usually start later and might therefore let L. polyphyllus
produce viable seeds that may germinate in the surroundings or possibly be dispersed with
the mowing machines. Moreover, road verges that are classified as species rich are generally
cut later than other road verges. If L. polyphyllus is present in these road verges, which is
sometimes the case (Lindqvist 2009), seeds will probably be ripe and it would therefore be a
risk that they spread further along the species rich road verges. For the species-rich road
verges, it could be worth not to use the same machines that have cut road verges with L.
polyphyllus. It is perhaps necessary to apply a more intensive management in species-rich
road verges. Thus, another approach is to manually cut and collect L. polyphyllus in speciesrich road verges so that seed dispersal is hindered. The Swedish Transport Administration has
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been doing a similar management, but did instead up-root the plants (Lindqvist pers. com.).
This may sometimes be advantageous since no other valuable plants are damaged.
In future studies it would be interesting to investigate if seeds of L. polyphyllus may disperse
with maintenance machines and to what extent. This could be done by searching for seeds on
chassis during the period of regular mowings of road verges. It would also be advantageous
to expand this study for several seasons, to investigate how individuals of L. polyphyllus that
are cut perform on a longer time scale. Moreover, investigating the role of the summer
solstice could also be of interest.
In addition to germination tests of seeds, survival of seedlings could also be investigated to
see if seeds from cut plants from the mid-summer cutting are able to establish in new areas. If
these seedlings have difficulties surviving, it would be possible to cut L. polyphyllus in midsummer as these seeds would not contribute to its spread. Moreover, being able to cut plants
later in the season would save resources for pollinators. It may also be possible to cut L.
polyphyllus in mid-summer if cut plants are collected. At this time, fruits have not yet
become ripe and dry and the risk of seeds spreading balistically is low. Thus, the majority of
the seeds will probably be removed with the collection and dispersal is limited.
In summary:
•
•

•

Mowing of road verges should be conducted early when plants of Lupinus polyphyllus
are in bloom and before fruits have been developed.
Road verges should be mowed as close to the ground as possible to reduce the risk of
resprouted flower stalks and leafs that may help plants to gain resources for the next
season.
If collection of plants is possible then mowings could possibly be conducted later
when fruits have just developed, to save resources for pollinators.
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