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ABSTRACT: Nonnative species are a threat to biodiversity as their numbers are increasing in protected
areas globally, impacting many ecological processes such as hydrological cycles, fire regimes, and
competition. These species possess traits that ease their progression into alpine habitats, which could
be a threat to rare and endemic plants in these areas. A prime example of this is in the Gaspésie Na-
tional Park (Québec) where many nonnative species, such as Poa annua, are progressing in elevation,

establishing in alpine habitats inhabited by rare and endemic species. In the case of this study, the
impacts of elevation on parental plants and date of collection on seed germinability was determined for
mature seeds of P. annua on three mountains in the Gaspésie National Park. Elevation as well as the
date of collection did not influence germination of seeds of P. annua, and total germination remained
very high (>80%) at high elevations. Therefore, because seed germination is not affected by maternal
plant elevation, we assume that the abundance of P. annua may increase in disturbed alpine areas, and

management strategies should be developed to counter or mitigate the effects of these invasions.

Index terms: elevation, invasive, maturation, Poa annua, seed

INTRODUCTION

By competing with and potentially elimi-
nating rare and endemic species, nonnative
species are a threat to biodiversity (Pefa
et al. 2008; Powell et al. 2011; Vila et
al. 2011). They can modify fire regimes,
hydrological cycles, and soil conditions,
and shift plant species composition, thus
affecting animal habitats (Pefia et al. 2008;
Pauchard et al. 2009). These impacts are
particularly alarming in alpine ecosystems,
where mountains have a particular flora
with a large proportion of rare and endemic
species (Kollmaire et al. 2005).

The harsh abiotic conditions of mountains
and low rates of human-mediated propaga-
tion generally limit the capacity of plants
to invade these ecosystems (Arevaloa et al.
2005; Becker et al. 2005; Molina-Monte-
negro et al. 2012), which could explain the
apparent resistance of many high-elevation
areas to invasions (Pauchard et al. 2009;
Barros and Pickering 2013). Regardless,
many nonnative species have colonized
high-elevation environments and have
already had major impacts on mountain
ecosystems, affecting biodiversity as well
as ecosystem services (Becker et al. 2005;
Daehler 2005; Pefia et al. 2008). According
to Pauchard et al. (2009), there are four
main drivers that promote plant invasions:
(1) pre-adaptation of nonnative species to
abiotic conditions (Davidson et al. 2011;
Gallagher et al. 2014); (2) disturbances,
especially anthropogenic (Lembrechts et al.
2016); (3) low biotic resistance of native
communities (Levine et al. 2004); and (4)
high propagule pressure (Lockwood et al.
2005; Colautti et al. 2006). In fact, many

nonnative plants can establish, grow, and
reproduce high above their current limits in
cold mountains (Lembrechts et al. 2016),
indicating that climate is most likely not
the main limiting factor, but rather time, as
most nonnative species are still moving to-
ward higher elevations (Pysek et al. 2011).

Considering the current progression of
nonnative species into higher elevations,
as well as the negative impacts caused by
these species, it is of particular importance
to determine and quantify the risk of
invasions into areas not yet colonized by
nonnative species. This study determined
the impact of maternal (seed-producing)
plant elevation on Poa annua L. seed
germinability for three mountains in the
Gaspésie National Park (GNP; Québec,
Canada), to determine if elevation can limit
the propagation of the species in alpine hab-
itats. The mother plant is thought to have a
significant influence over seed traits, such
as seed size, dormancy, and germination.
Environmental conditions during seed set
have a major influence on seed germin-
ability, which is thought to increase with
higher temperatures, shorter days, drought,
as well as high soil nitrogen levels (Fenner
1991; Penfield and MacGregor 2016).
There does not yet seem to be a consistent
relationship identified between germinabil-
ity and changes in elevation (Vera 1997,
Giménez-Benavides et al. 2005). P. annua
is considered one of the most widespread
invaders worldwide, especially in protected
areas as well as in the Antarctic (Williams
etal 2016; Foxcroft et al. 2017). Therefore,
the study of P. annua propagation potential
is necessary for conservation in sensitive
alpine ecosystems where the species is a
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threat (Foxcroft et al. 2017). Germinabil-
ity is expected to decrease with increased
maternal plant elevation, due to the harsher
climate, limiting seed maturation, although
this trend is variable across species (Vera
1997; Giménez-Benavides et al. 2005).
Later date of collection is expected to
increase germination, as day length is
shorter and seeds have had more time to

mature (Fenner 1991).

MATERIAL AND METHODS

Study Area

The study is centered on the GNP
(48.9474°N, 66.1224°W) and the surround-
ing region, a highland area in eastern Qué-
bec, Canada, where elevations vary from
sealevel to 1270 m. The Mont Albert, Mont
Sainte-Anne, and Mont Jacques-Cartier
mountains are only accessible via hiking
paths. The climate is greatly influenced
by the proximity to the Gulf of Saint
Lawrence, these mountains receiving the
highest precipitation in all of Québec
(1849 mm), 56% of which is snowfall
(Environment Canada 2018). Thermal sum
(degree-days above 5 °C, DD) for the years
2015-2017 averaged 1497 DD and 827
DD at the lower end and at the upper end
of the elevation gradient, respectively (L.
Sirois, unpubl. data). The vegetation in the
Gaspésie National Park varies according
to elevation, with three main levels: the
montane level, the subalpine level, and the
alpine level. The montane level (<900m)
is dominated by dense canopies of balsam
fir (Abies balsamea (L.) Mill.) and white
spruce (Picea glauca Moench), whereas the
subalpine level (900-1050 m) is charac-
terized by krummholz stands interspersed
with late-melting snowbeds, alpine prairies,
and fens. The alpine level (>1050m) is the
domain of the treeless tundra (Boudreau
1981). This region qualifies as a botanical
hotspot due to a biological richness that
is unlike anywhere else in Québec. The
endemic and disjunct cordilleran flora of
the alpine level in the GNP was already
noticed by Fernald (1925). Four of these
species are considered threatened: Salix
chlorolepis, Solidago chlorolepis, Cher-
leria marcescens, and Polystichum scop-

ulinum (MDDELCC 2018).

Methods

Visibly mature seeds of P. annua (n =
43 plants, each at a unique elevation), as
well as Hieracium caespitosum (n = 26),
Hieracium pilosella (n = 26), Hieracium
vulgatum (n = 20), Plantago major (n =
17), and Ranunculus acris (n = 18) were
collected between 15 July and 4 Septem-
ber 2017 at various elevations (0-1200
m) along the hiking paths on the Mont
Albert (1151 m), Mont Jacques Cartier
(1268 m), and Mont Sainte-Anne (1147
m) mountains as well as along the road in
the Sainte-Anne valley for lower elevations
(0-200 m; Figure 1).

For P. annua and P. major, seeds were
collected when their reproductive tissues
were stramineous, whereas for the three
Hieracium species and R. acris, seeds were
collected when they were dark brown or
black with a tegument hard enough to resist
some nail pressure. We collected seeds
approximately every 50 m in elevation,
according to our GPS coordinates (see
sampling frequency, Figure 2). If multiple
plants were present within 50 m, only the
seeds of one plant were collected. Each
plant had between 5 and 50 seeds. Density
of nonnative plants along the elevational
gradient was not evaluated.

The six collected species are common
along hiking trails in the GNP, but only P.
annua has progressed into the alpine level
of Mont Albert and Mont Sainte-Anne. We
only found two individuals of P. annua
in the alpine level of Mont Albert, and
about a dozen on the alpine level of Mont
Sainte-Anne, implying that the species is
able to tolerate the alpine conditions, but
has yet to heavily invade. P. annua has
only reached the subalpine level of Mont
Jacques Cartier.

Seeds were kept in paper bags at room
temperature until the dormancy breaking
treatment, which was conducted in an en-
vironmental chamber from 13 September
to 13 November 2017. Seeds of P. annua
were subjected to warm stratification for 60
d at 20 °C and 90% humidity in a growth
chamber, as recommended by Standifer
and Wilson (1988) and Baskin and Baskin
(1998). Lemmas and paleas were not re-

moved. Seeds of R. acris, H. pilosella, H.
vulgatum, H. caespitosum, and P. major
were subjected to cold stratification for 60
d at 5 °C and 90% humidity in a growth
chamber, as recommended by Baskin and
Baskin (1998).

Seeds were sown in 10-cm petri dishes on
humidified Whatman no. 1 filter paper. Af-
ter the dormancy breaking treatments, the
seeds were subjected to a 30-d germination
test. Seeds of P. annua were germinated at
10 °C for 12 hr of light and 12 hr of dark at
90% humidity in a growth chamber (Frenot
and Gloaguen 1994; Kellman-Sopyla and
Gielwanoska 2015). Cold stratified seeds
were germinated at 20 °C/30 °C for 8 hr
light and 16 hr dark, at 90% humidity in
a growth chamber (Baskin and Baskin
1998). Germinated seeds were counted and
removed daily over a period of 30 d. Water
was replenished every 3 d in petri dishes.
Seeds were regarded as germinated upon
the emergence of the radicle. Except for
P. annua, seeds of other collected species
did not germinate during this test, and were
subjected to a second cold stratification,
for 90 d. These seeds failed to germinate
at a subsequent test and were not included
further in the analysis. Therefore, this study
focuses on P. annua seeds.

Data Analysis

Total germination was determined by cal-
culating the number of germinated seeds
over the total number of tested seeds.
Germination rate (S) was calculated using
the following formula (Kovar et al. 2013):

sy W N W5 N) (N
2 3 n

N = number of germinated seeds after n

days

The effect of the elevation of maternal
plants as well as the date of collection
on total seed germinability and rate of
germination were determined by multiple
regressions. Variances were checked by
plotting residual versus fitted values to
confirm homogeneity and normality was
checked by quantile-quantile comparison
plots. These conditions were respected
for both regression models. Statistical
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Figure 1. Map of sampling points.

analyses were carried out using R 3.4.3,
using the package olsrr (Hebbali 2018; R
Core Team 2018).

RESULTS

The model “Germination = Date + Eleva-
tion + Date x Elevation” was not significant
(P =0.873). We did not observe an effect
of the date (P = 0.393), elevation (P =
0.196), or their interaction (P = 0.216)
on total seed germinability percentage
(Figure 3a, 3b). The model “Rate = Date
+ Elevation + Date x Elevation” was
not significant (P = 0.464). We did not
observe an effect of the date (P = 0.758),
elevation (P = 0.739), or their interaction
(P = 0.729) on the rate of germination
(Figure 3c, 3d). Germination percentages
were quite variable, ranging from 0% to
100% with an average of 55%, with 42%
of petri dishes germinating at more than
70%, independently of elevation or period
of collection (Figure 4a). Germination
rates were quite variable, with an average
of 0.1274 seeds/d (Figure 4b).

DISCUSSION

Our study determined that elevation of the
mother plant did not significantly affect
germinability and germination rate of
mature P. annua seeds in the study area,
nor does the date of collection affect these
two variables. Generally, elevation drives
vegetation composition by limiting plant
growth and development due to harsh
conditions and low human-mediated prop-
agation (Parks et al. 2005). Temperature

has been shown to be the strongest envi-
ronmental factor influencing germination
(Penfield and MacGregor 2016) because
the reduction in dormancy brought by
warmer conditions during seed maturation
is a very general phenomenon in many
species (Fenner 1991). In this sense, higher
elevations are generally associated with
lower germination potential, due to lower
temperatures, although this relationship has
been studied in very few species. Further-
more, the effect of elevation on germina-

Sampling frequency

0 200 400

600 800 1000 1200

Elevation (m)

Figure 2. Sampling frequency according to elevation classes.
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Figure 3: Effect of maternal environment elevation (m) and date of collection (Julian day) on total germinability (a and b, respectively) and germination rate
(c and d, respectively) for seeds of Poa annua L. collected in the GNP, Québec, Canada.

tion is not consistent for all species, and
species-specific studies are necessary (Vera
1997; Giménez-Benavides et al. 2005).

Our study showed that elevation did not
affect seed formation and germination
in P. annua. Mother plants can produce
seeds that reach maturity and have full
germination potential regardless of the
elevation at which they grew, although the
species may be limited at elevations higher
than those considered in our study. In this
sense, elevation itself would not limit the
maturation of at least some seeds; once a
plant is established, it may produce viable
seeds, which favors its proliferation into
higher elevations. Furthermore, germina-
tion percentages remain quite high at higher
elevations (Figure 1), which was quite un-
expected, as higher elevations are generally
associated with lower temperatures and
lower germination potential (Fenner 1991).
Many germination percentages higher than
80% are seen at alpine elevations, further
proving that the plant’s capacity to produce
germinable seeds is not affected by mother
plant elevation. This is further proof of
P. annua’s high propagation potential,

because it has a low or easily breakable
dormancy. As elevation does not limit the
capacity of the plant to produce germinable
seeds, we expect further propagation and
an increase in density of the species into
other disturbed sites in alpine areas, which
would be facilitated by the regular presence
of hikers along the paths (Parks et al. 2005).
In fact, occurrence of nonnative species
increases with the number of visitors in a
protected area (Lonsdale 1999). Very few
plants of this species have been found in
alpine areas, but our results highlight the
possible expansion of P. annua into other
disturbed sites.

P. annua generally exhibits greater ger-
mination percent at temperatures around
12 °C (Frenot and Gloaguen 1994; Kell-
man-Soplya and Gielwanowska 2015).
This could explain its adaptation to
mountainous Arctic and Antarctic eco-
systems, where summer temperatures are
low. In Antarctica, P. annua has adapted
to the temperatures of this region, to the
point that plants that invaded areas have
been recognized as a new ecotype (Kell-
mann-Soplya and Gielwanowska 2015). P.

annua is the most problematic invader in
the Antarctic due to its high fecundity, wide
tolerance, and high plasticity, which also
make it one of the most successful invaders
worldwide (Frenot et al. 2005; Williams et
al. 2016). Nevertheless, elevation did limit
the density of seeds in the seed bank in
Antarctica, implicating elevation in limit-
ing P. annua invasion velocity (Williams
et al. 2016). As such, P. annua is able to
tolerate conditions in alpine levels along
disturbed hiking paths, although its poten-
tial to invade non-disturbed vegetation is
unknown, as nonnative plants often require
different traits to invade natural vegetation
rather than disturbed sites (McDougall et
al. 2018).

As for date of collection, we assumed that
later collection dates would be correlated
with higher germination, as germinability
is promoted by short-day regimes (Fenner
1991). Considering seeds were collected
from July to September, germination
should increase through the summer as
day length decreased and seeds had more
time to mature. The lack of significant
effect attributable to collection date could
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Figure 4. Box and whisker plot of germinability (a) and germination rate (b) according to elevation classes.

be due to the fact that seeds were collect-
ed when phenological traits (stramineous
color of culms or floral parts, seed color,
and hardness) indicated maturity; if seeds
were not yet mature, they were not collect-
ed. Furthermore, P. annua produces many
inflorescences per season, peaking in early
summer and autumn, with the greatest
amount of seeds produced in autumn.
This would allow the production of more
seedlings, which would imply that mature
seeds are available during a large portion
of the summer, regardless of light regime
(Law 1981).

In this study we did not capture the ef-
fect of elevation on the whole process of
invasion by P. annua. Such investigation
would require considering the amount of
viable seeds produced and the density of
plants, as well as other factors that could
affect germination and fecundity, such as
the slope, exposure, and snowfall (Xu et al.
2017). It may also be relevant to study the

demographic processes of these invasions
to better evaluate the success of nonnative
species in harsh ecosystems as well as their
potential to invade natural vegetation. In
this connection our study reveals that P.
annua is a very successful invader that has
already reached disturbed alpine zones but
its potential to invade the natural ecosystem
remains unknown.
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