"‘1 v
BB ANTS i
Research Article

Both seed germination and seedling mortality increase
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Abstract. Climate change is expected to force many species in arctic regions to migrate and track their climatic
niche. This requires recruitment from seed, which currently shows very low rates in arctic regions, where long-lived
and vegetatively reproducing plants dominate. Therefore, we pose the question whether recruitment (germination
and seedling establishment) in arctic regions will significantly improve in a warmer world, and thus allow species to
follow their climatic niche. We used a full factorial experiment to examine if realistic warmer temperatures (+3 °C;
infrared radiation) and increased nitrogen availability (+1.4 g N m™2 year™) affected germination, seedling survival
and above- and below-ground seedling biomass in five species common in subarctic regions (Anthoxanthum odora-
tum, Betula nana, Pinus sylvestris, Solidago virgaurea, Vaccinium myrtillus). We found that warming increased seed-
ling emergence in all species, but that subsequent mortality also increased, resulting in no net warming effect on
seedling establishment. Warming slightly increased above-ground seedling biomass. Fertilization, on the other hand,
did not influence seedling biomass, but it increased seedling establishment in B. nana while it reduced establishment
in V. myrtillus. This may help B. nana dominate over V. myrtillus in warmer tundra. Surprisingly, no interactive effects
between warming and fertilization were found. The lack of a general positive response of seedling establishment
to warmer and more nutrient-rich conditions suggests that (sub)arctic species may experience difficulties in track-
ing their climatic niche. Predictions of future species distributions in arctic regions solely based on abiotic factors
may therefore overestimate species’ ranges due to their poor establishment. Also, the opposite response to ferti-
lization of two key (sub)arctic dwarf shrubs, i.e. B. nana and V. myrtillus, could have important implications for the
future development of arctic plant communities and argues for more research into the role of fertilization for plant
establishment.

Keywords: Abisko; arctic; Betula nana; climate change; fertilization; germination; range expansion; seedling estab-
lishment; tundra; Vaccinium myrtillus.

*Corresponding author’s e-mail address: ann.milbau@inbo.be

© The Author 2017. Published by Oxford University Press on behalf of the Annals of Botany Company.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly
cited.

AoB PLANTS https://academic.oup.com/aobpla © The Authors 2017

20z Iudy €2 uo 1senb Aq 820201 ¥/0¥0XId/S/6/2101e/e|dqoe/woo dno-olwapese//:sdiy woJy pepeojumod

1


mailto:ann.milbau@inbo.be?subject=

Milbau et al. - Effects of warming and N addition on seedling establishment in tundra

Introduction

Arctic ecosystems have warmed by between 1 and 4 °C
since 1960, at a substantially higher rate than other
biomes (Hansen et al. 2010; Serreze and Barry 2011),
and more rapid warming than the global mean is pre-
dicted to continue in the Arctic during this century (IPCC
2013). This forces many plant species to adapt to their
changing environment, or to migrate and track their
climatic niche (Graae et al. 2009; Shevtsova et al. 2009;
Miiller et al. 2011). These processes require sexual repro-
duction, whereas arctic ecosystems are dominated by
long-lived and vegetatively reproducing plants (Billings
and Mooney 1968; Bell and Bliss 1980; Totland 1997).
Therefore, a key question is whether recruitment from
seed, which is essential for rapid migration, will signifi-
cantly improve under future environmental conditions in
cold-climate regions.

While several studies indicate that temperature
increases of 1-3 °C may positively influence a variety of
reproductive parameters in plants from arctic regions,
such as flowering phenology, flower biomass, seed pro-
duction and seed viability (Wookey et al. 1994, 1995;
Alatalo and Totland 1997; Molau 1997; Molau and Shaver
1997; Welker et al. 1997; Gugerli et al. 2008; Gugerli and
Bauert 2011; Klady et al. 2011), it is less clear how seed
germination and seedling establishment will respond to
a warmer climate. Germination and seedling establish-
ment are considered major bottlenecks in arctic plant
life history (Chambers and MacMahon 1994; Clark et al.
2007; Shevtsova et al. 2009; Graae et al. 2011) and show
very low rates under field conditions. For instance, in
Canadian high-arctic tundra first-year germination of 10
species was only 4 % on average (Bell and Bliss 1980),
and in subarctic Sweden average seedling emergence
of 17 species was 7.5 %, and their subsequent mortal-
ity rate 80 % (Milbau et al. 2013). Graae et al. (2011)
observed germination rates of 0.9 % in undisturbed and
11 % in disturbed subarctic tundra vegetation, averaged
over 10 species, and under high-arctic conditions on
Svalbard germination in outdoor conditions was gen-
erally below 5 %, compared to c. 80 % under optimal
lab conditions for the same seed source (Miller et al.
2011). These low success rates are often attributed to
low temperatures, low nutrient availability and a short
growing season (Billings and Mooney 1968; Bell and Bliss
1980; Molau and Larsson 2000), although also other
abiotic (e.g. water, light, soil structure) and biotic (e.g.
competitors, pathogens, predators) factors are known
to influence the post-dispersal establishment of seed-
lings (Fenner 2000; Clark et al. 2007; Klanderud 2010;
Eckstein et al. 2011; Graae et al. 2011; Miiller et al. 2011;
Soudzilovskaia et al. 2011; Milbau et al. 2013).

Climate warming is expected to alleviate some of the
physiological constraints seeds and seedlings experi-
ence in cold environments, but knowledge about the role
of climate warming for germination and seedling sur-
vival in arctic species solely derives from controlled lab
studies, or outdoor studies on bare soil (but see Hobbie
and Chapin 1998). Most lab studies thus far have indi-
cated improved germination of (sub)arctic seeds under
warmer conditions (Bell and Bliss 1980; Graae et al.
2008; Milbau et al. 2009; Miiller et al. 2011), although the
applied warming has often been more than what can
be expected by climate change. Field studies on bare
soil, on the other hand, showed a reduction in recruit-
ment success due to warming. For instance, Graae
et al. (2009) found reduced germination and seedling
establishment in Polygonum vivparum and Saxifraga
cernua when exposed to elevated temperatures (+2 to
+8 °C), and also Shevtsova et al. (2009) observed that
warming with 3 °C reduced seedling establishment in
several important subarctic species. Because of the
bare soil, this could have been caused by heat stress
(Graae et al. 2009). In contrast, the only study we know
of that studied germination in intact arctic plant com-
munities showed that air warming by 1 °C doubled the
amount of germination in five tree species (Hobbie and
Chapin 1998). Recent seed addition studies using natu-
ral temperature and precipitation gradients in Southern
Norway, in alpine systems largely comparable to our
subarctic study site, indicated higher species emergence
of both trees (Tingstad et al. 2015) and alpine species
(Klanderud et al. 2017) in cold alpine than in warmer
subalpine and boreal sites, suggesting that low temper-
atures were not limiting recruitment. However, it should
be noted that in gradient studies like these, the effect of
temperature cannot be separated from other co-varying
factors.

Next to temperature, also the availability of nutrients
is expected to increase in arctic regions. This is due to
faster mineralization of soil organic matter in a warmer
climate (Rustad et al. 2001; Buckeridge and Grogan
2008; Baptist et al. 2010) and increased atmospheric
nitrogen deposition (Langner et al. 2005; Kiihnel et al.
2011, 2013). Low nutrient levels have been shown to
limit plant reproduction (Wookey et al. 1995) and the
growth and survivorship of seedlings (Hobbie and Chapin
1998) in tundra sites. For instance, fertilization increased
flower density, number of seeds per flower and seed
weight in Dryas octopetala on Svalbard (Wookey et al.
1995), and likewise improved the growth of seedlings of
Betula glandulosa at the forest-tundra ecotone (Paradis
et al. 2014). In addition, nitrogen and especially nitrate
are known to stimulate germination in a variety of
species (Bewley and Black 1982; Hilhorst and Karssen
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1992; Baskin and Baskin 1998), and some species are
even absolutely dependent on the presence of nitrate
to germinate (Bouwmeester et al. 1994). It is, however,
unclear whether nitrogen also improves germination
and seedling survival in plants growing in nutrient-poor
arctic environments. Also, the interactive effects of
nitrogen addition and warming on early plant life stages
in arctic environments remain to be examined.

In the current study, we explore how two important
components of global change, warmer temperatures
and increased nitrogen availability, influence seedling
emergence, growth and establishment in subarctic
tundra in northern Sweden. Specifically, we added five
species common to the subarctic, as seeds and as pre-
grown seedlings, to extant tundra communities and
examined the effects of warming (infrared radiation,
Free Air Temperature Increase [FATI]) and fertilization
and their interactions on germination (amount and tim-
ing), seedling survival and above- and below-ground
seedling biomass. Because of the generally positive
effects of temperature and nitrogen on germination
and plant growth (Hilhorst and Karssen 1992; Parsons
et al. 1994; Baskin and Baskin 1998; Arft et al. 1999;
Probert 2000), we expect germination and seedling
establishment to improve under a realistic scenario of
warmer and more nutrient-rich conditions in subarc-
tic tundra. We also expect fertilization to reinforce the
positive effect of warming on seedling growth, because
increased plant biomass in response to warming should
increase plant nitrogen demand (An et al. 2005). By using
the FATI technique, we could test our hypotheses under
strictly controlled temperature regimes in identical plant
communities, thereby excluding confounding factors as
opposed to most other types of outdoor warming stud-
ies (i.e. open top chambers or natural gradient studies).

Methods

Site description

The study was performed in a typical subalpine tundra
site at 418 m a.s.l. in Abisko, Swedish Lapland (68°21'N,
18°49’E). The climate in the region is subarctic mon-
tane, with a growing season length of c. 3 months,
from mid-June to early-mid September (Molau et al.
2005). Climate data from the nearby Abisko Scientific
Research Station (385 m a.s.l; 1961-90) indicate a
mean annual temperature of —0.8 °C and a mean
July temperature of 11 °C. Average annual precipita-
tion (1980-99) is 304 mm, of which approximately
one-third falls during the summer. Common vascular
plant species at the study site were Empetrum her-
maphroditum, Vaccinium uliginosum, Carex bigelowii,
Andromeda polifolia and Rhododendron lapponicum.

The soil was a gelic gleysol with a well-developed, at
least 10 cm deep, humus layer on a bedrock of base-rich
mica schist.

Study species and plant material

We selected five species: Anthoxanthum odoratum
(grass), Betula nana (dwarf shrub), Pinus sylvestris
(tree), Solidago virgaurea (forb) and Vaccinium myrtil-
lus (dwarf shrub). They represent a range of functional
types, are known to respond to warming (Parsons et al.
1994; Walker et al. 2006; Milbau et al. 2009; Shevtsova
et al. 2009) and are important components of subarc-
tic plant communities. The dwarf shrubs included an
early (B. nana) and a late (V. myrtillus) germinating spe-
cies (Milbau et al. 2009). All species are abundant in the
study areaq, apart from P. sylvestris, which occurs spo-
radically, but is expected to expand its range to more
northern latitudes (Matias and Jump 2014).

We used both seeds (‘seed sowing study’) and pre-
grown seedlings (‘seedling planting study’) to test how
different early life stages were affected by warming and
nitrogen addition. Due to space restrictions related to
the use of the infrared warming technique, germination
could only be studied in three out of the five species.
Seeds for the seed sowing study (B. nana, S. virgaurea
and V. myrtillus) were collected between 15 August and
15 September 2008 in the Abisko area (68°21'N, 18°49°E),
stored dry for c. 4 months and then stratified for 20
weeks on wet filter paper at 0.5 °C until sowing. For the
seedling planting study, the same seed sources as for
the seed sowing study were used. Additionally, seeds of
A. odoratum were collected in the Abisko area in autumn
2008 and seeds of P. sylvestris were ordered from a seed
company in Karesuando (68°20'N, 21°53’E), thus origi-
nating from a similar latitude. From 15 October 2008,
the seeds were stratified on moist filter paper at 0.5 °C
for 20 weeks. Afterwards, they were put in temperatures
of 20/10 °C 12/12 h to stimulate germination and once
germinated they were planted in meadow soil collected
in the study area, and grown for 3 months at 18/10 °C
12/12 h. Before planting them in the outdoors experi-
ment (7 June), the length of the three largest leaves
on each individual was measured as a non-destructive
measure for initial plant size.

Experimental design

We selected three pairs (blocks) of plots with similar
species composition in meadow vegetation, and per pair
we assigned one plot to an ambient and one to a warm-
ing (+ 3 °C) treatment (Fig. 1). Each plot was 40 X 50 cm
and 2 m apart from the other plot in the same pair.
The different pairs were at least 10 m apart. Each plot
was further split into two subplots (each 40 x 25 cm)
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Figure 1. Overview of the experimental design. The experiment consisted of three pairs (blocks) of plots, of which one plot per pair was
assigned to a warming treatment (+3 °C) by means of infrared irradiation. Each plot was further divided into two subplots by a Plexiglass
plate (dashed line), and one subplot per plot was assigned to a nitrogen addition treatment (“+N’: fertilized with N; ‘~N’: no fertilizer added).
Each subplot contained 16 3-cm diameter gaps, evenly distributed over the area. We assigned two gaps per species (Betula nana, Solidago
virgaurea and Vaccinium myrtillus) to the seed sowing study (‘seed sowing gaps’; grey) and two gaps per species (Anthoxanthum odoratum,
B. nana, Pinus sylvestris, S. virgaurea and V. myrtillus) to the seedling planting study (‘seedling gaps’; white). At the start of the experiment, we
added 30 seeds of the assigned species to each seed sowing gap and we planted one pre-grown seedling in each seedling gap.

of which one was assigned to a control and one to a
nitrogen addition treatment. The division was made by
a Plexiglass plate, inserted in the soil to a depth of 15
to 20 cm to prevent the fertilizer from spreading into
the adjacent subplot. The majority of roots in the study
area are situated in the upper 10 cm of soil (Jackson
et al. 1996; Iversen et al. 2015). Species composition
and cover in each subplot were estimated on 24 July.

Within each subplot we created 16 small gaps of 3 cm
diameter, evenly dispersed over the subplot surface. We
randomly assigned 10 gaps to the five species used in
the seedling planting study (two gaps per species; here-
after ‘seedling gaps’). The other six gaps were assigned
to the three species of the seed sowing study (two gaps
per species; hereafter ‘seed sowing gaps’). On 7 June,
one seedling was planted per seedling gap and 30 seeds
were added to each seed sowing gap.

Heating treatment

Heating was achieved under field conditions in the
absence of enclosure (e.g. open top chambers), using
the FATI technique (Nijs et al. 1996, 2000). Each of the
three heated plots was equipped with a set of irradiation

sources, suspended above the plot from the north side
and irradiating the plots by a computer-controlled,
modulated flux density of infrared radiation (0.8-3 pm).
The equipment was set to yield a continuous increase
of the vegetation surface temperature of ~3 °C above
ambient. Each of the three control plots served as a sys-
tem control and had a ‘dummy’ FATI unit without lamps,
to create similar obstruction of radiation when the sun
was in the north. Surface temperature was measured
in each plot with non-contact semiconductor sensors
(‘infracouple’, type 0S39-MVC-6; Omega Engineering,
Stamford, CT, USA). Additionally, air temperature at
5 cm above the soil surface and soil temperatures at
2.5, 7.5 and 10 cm depth were measured in each plot
with NTC-thermistors (EC95; Thermometrics, Edison,
NJ, USA). These data were recorded every 30 min (DL2E
data logger; Delta T, Cambridge, UK). Soil volumetric
water content in the top 5 cm soil layer was measured
every minute and mean values per hour were stored on
an hourly basis (EC-5 soil moisture sensors and Em50
data loggers; Decagon Devices, Pullman, WA, USA). The
heating treatment started on 8 June and ended on 21
August 2009, which represents the total duration of the
experiment.
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Nitrogen addition treatment

We added fertilizer to an amount of 1.4 g N m= year™.
This amount was chosen to represent realistic future lev-
els of N in subarctic tundra ecosystems as a result of
increased mineralization (Zamin and Grogan 2012) and
elevated atmospheric N deposition (Granath et al. 2009).
We added fertilizer on four occasions: 8 June, 30 June,
20 July and 11 August by adding each time 0.35 g N m™?
as NH,NO, in aqueous solution (2.5 L water per m? of
fertilized area). The same amount of water was added
to the non-fertilized subplots.

On 8 June, we inserted three resin capsules (PST-1;
Unibest, Bozeman, MT, USA) per subplot to test if the fer-
tilization treatment was successful in increasing the bio-
available amounts of NO,” and NH,*, and if heated and
non-heated plots differed in nutrient availability. The
capsules were retrieved at the end of the experiment,
on 21 August, and were extracted by shaking them
three times for 30 min with 10 mL of a 2 M KCl solution
(30 mL of KCl in total). The KCl extractable concentra-
tions of NO,” and NH,* were subsequently determined
by means of flow injection analysis (FIAstar 5000; FOSS
NIRSystems, MD, USA).

Plant measurements

The number of emerged seedlings and their survival, in
addition to the survival of the transplanted seedlings,
were recorded every fifth day throughout the duration
of the experiment (8 June until 21 August).

The calculated recruitment data for the seed sow-
ing study were: total seedling emergence proportion
(cumulative number of emerged seedlings/number of
sown seeds; referred to as ‘seedling emergence’ here-
after), seedling mortality proportion (number of dead
seedlings/number of germinated seeds; referred to as
‘seedling mortality’ hereafter) and seedling establish-
ment proportion at the end of the experiment (number
of survived seedlings/number of sown seeds; referred
to as ‘seedling establishment’ hereafter). To study the
effects of the treatments on speed of germination, we
estimated mean germination time (MGT), which was
calculated as:

MGT = initi /N
1

with n, the number of seeds that germinated within
consecutive intervals of time, t, the time between the
beginning of the test and the end of a particular inter-
val of measurement, and N the total number of seeds
that germinated (Deines et al. 2007; Milbau et al. 2009).
For the seedling planting study, we calculated the final
proportion of surviving seedlings of the pre-grown seed-
lings that were planted at the onset of the experiment

(number of survived seedlings/number of planted seed-
lings: referred to as ‘seedling survival’ hereafter).

On 21 August, we collected the above-ground bio-
mass of the emerged seedlings, and the above- and
below-ground biomass of the transplanted seedlings. All
biomass was oven-dried at 70 °C for 48 h before weigh-
ing. Because the emerged seedlings were still very tiny
after 2 months of growth in subarctic conditions, and
therefore the handling error large, we only used biomass
data of the transplanted seedlings in our analyses.

Statistical analyses

The design of this study was a split-split plot experiment
with the main plots arranged in a randomized complete
block design with three random blocks. Fertilization was
applied as a split-plot factor and species represented
the split-split plot level (Fig. 1). In the analyses, we used
mean values of the two observations per species in each
subplot to prevent pseudo-replication.

The responses of the recruitment characteristics to
the warming and fertilization treatments were tested
by means of linear mixed models. Prior to analyses,
all recruitment characteristics were square root-trans-
formed and all biomass data log-transformed to obtain
a normal distribution and homogeneity of variance.
For recruitment, we consecutively tested models with
seedling emergence, seedling mortality, seedling estab-
lishment and MGT as dependent variables. The models
included warming, fertilization, species, and all their
two-way and three-way interactions as fixed effects
and block, block X warming, block x warming X fertilizer
as random effects. For the seedling planting study, simi-
lar models were created for shoot, root and total bio-
mass and for survival of the planted seedlings. Here, we
additionally included seedling leaf length at the onset
of the experiment as a fixed factor to correct for initial
differences in seedling size. Differences among means
were further analysed by pairwise comparisons, using
least significant differences. For ease of interpretation,
untransformed values for means are presented in the
figures.

To examine if plant-available amounts of nitrogen
varied between fertilization and warming treatments we
ran two linear mixed models, one for ammonium and
one for nitrate. Warming, fertilization and their inter-
action were included as fixed effects in the model and
block and block X warming as random effects. Nutrient
concentrations were log-transformed prior to analyses.

We also examined if soil moisture was influenced
by the warming treatments. Data were analysed by
means of a general linear model with soil moisture as
dependent variable and heating, month and block as
fixed factors. A Tukey HSD test was used to compare
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differences between months. All analyses were done
with SPSS 21.

Results

Environmental measurements

Average ambient surface temperatures (n = 3920), rep-
resenting the seedling environment, were 13.7 + SD
7.5, 141 * 6.6 and 12.4 £ 6.9 in the three ambient
plots, with maximum absolute values of 38.8, 35.6 and
37.1 °C and minimum absolute values of =3.0, —2.2 and
-3.3 °C, respectively. By means of the FATI technique,
these surface temperatures were continuously elevated
by 2.8 + SD 0.3, 2.9 + 0.8 and 2.8 * 0.3 °C, respectively
(n = 3920, non-contact semiconductor measurements),
in the three heated plots of each plot pair. The tem-
perature increase was thus close to the 3 °C we had
aimed for.

Air temperatures were hardly affected by the heat-
ing treatment (+0.22 * SD 0.55 °C; averaged over the
three plots), whereas soil temperatures were on aver-
age increased by 1.6 +SD 0.4, 1.0 £ 0.3 and -0.1 £ 0.3 °C
at 2.5, 7.5 and 15 cm depth, respectively, in the heated
compared to the ambient plots. Interestingly, volu-
metric water content in the top soil layer was slightly
higher in the heated (0.45 m3* m™) than the ambient
(0.40 m3® m3) plots (FL 11798 = 1292.76, P < 0.001; see
Supporting Information—Fig. S1). It decreased signifi-
cantly (F, ;;,q5 = 2940.99, P < 0.001) from June (0.47 m?
m~3) to July (0.44 m3 m~) and August (0.36 m> m3; see
Supporting Information—Fig. S1). In addition, there
was a significant effect of ‘block’ (F, ,;,, = 2038.29,
P < 0.001), indicating that soil moisture content was
affected by the location of the plot pair.

Fertilization resulted in an almost 10-fold increase
in plant-available amounts of NO, in the soil, and dou-
bled the availability of NH,* (F, ,, = 22.28, P < 0.001 and
F, 5, =43.11, P <0.001 for NH," and NO,", respectively),
whereas warming had no significant effect on N avail-
ability (F, ;,=2.13,P=0.154 and F, ,,=1.20,P=0.282 for
NH,* and NO,, respectively; Fig. 2). The increase in bioa-
vailable nutrients was however more pronounced in the
ambient than the heated plots, which was reflected in a
nearly significant interaction between warming and fer-
tilization (F, ,,=3.42,P=0.074 and F, ,,=3.62,P=0.066
for NH,* and NO,", respectively; Fig. 2).

Effects of warming on germination and seedling
establishment

Warming significantly increased seedling emergence
(39 % in heated vs. 22 % in ambient plots), independent
of species and fertilization treatment, but did not affect

Ambient Heated
0.4
Onoy
W NH,+
0.3
0.2

mg resin” (in 10 weeks)

0.1 7

0.0

Unfertilized Fertilized Unfertilized Fertilized

Figure 2. Amounts of nitrate (NO,”) and ammonium (NH,*) (means *
1 SE) absorbed per resin capsule (three resins per plot) over the course
of the experiment in the different treatments (ambient, heated,
unfertilized and fertilized).

seedling establishment in any of the species (Fig. 3A
and B; Table 1). The latter was the result of significantly
higher seedling mortality rates in the heated com-
pared to the ambient plots (32 % vs. 19 %, respectively;
Fig. 3C; Table 1). In the seedling planting study, warming
increased above-ground biomass (8.3 mg in heated vs.
6.9 mg in ambient plots; Fig. 4A; Table 2), but had no
effect on root biomass (15 mg in heated vs. 13.6 mg in
ambient; Fig. 4B; Table 2) nor on total biomass (23.2 mg
in heated vs. 20.4 mg in ambient; Fig. 4C; Table 2).
Survival of the planted seedlings was not affected by the
warming treatment (85 % vs. 78 % in heated and ambi-
ent plots, respectively; Fig. 4D; Table 2).

The species differed in germination time, with V. myr-
tillus germinating significantly later than the other two
species (Fig. 3D; MGT = 30, 31 and 50 days for S. vir-
gaurea, B. nana and V. myrtillus, respectively). Analyses
per species (significant warming X fertilization X species
interaction; Table 1) indicated that warming reduced
the germination time in S. virgaurea, from 36 to 24 days
(Fu =7.86, P=0.049), and that there was a similar pat-
tern in V. myrtillus (from 55 to 46 days), albeit not sig-
nificant (F1,4 = 4.261, P = 0.109). For B. nana, no effect
of warming on MGT could be detected (F1,4 = 0.256,
P =0.640).

Effects of nitrogen addition on germination and
seedling establishment
The effects of fertilization on recruitment were species-

specific and independent of warming (Fig. 3A and B;
Table 1). Fertilization improved both seedling emergence
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Figure 3. Responses (means * 1 SE) of (A) seedling emergence, (B) seedling establishment, (C) seedling mortality and (D) MGT of the added
seeds (seed sowing study) to the heating and nitrogen addition treatments. Grey bars indicate plots at ambient temperatures, and black
bars indicate heated plots (+ 3 °C). ‘-N’ indicates no fertilizer added, and “+N’ indicates N addition. bn = Betula nana; sv = Solidago virgaurea;

vm = Vaccinium myrtillus.

and establishment in B. nana (F, ,, =10.85, P=0.005 and
F, ;= 8.50,P=0.012 for emergence and establishment,
respectively), had no effect in S. virgaurea (F, |, = 0.044,
P=0.835and F1, 13 = 0.144,P=0.710) and reduced seed-
ling establishment in V. myrtillus (F, ,. = 2.256, P =0.154
andF, ,,=5.722,P=0.032).N addition did neither influ-
ence seedling mortality, nor the timing of germination

(Fig. 3C and D; Table 1).

N addition, in contrast to warming, had no effect on
any of the biomass measures in the seedling experiment
(Fig. 4; Table 2), neither was survival of the planted seed-
lings influenced by fertilization. Survival depended only
on species and initial seedling size (Table 2). Whereas all
seedlings of P. sylvestris survived, B. nana and V. myrtil-
lus had the lowest survival rates with 62.5 % and 66.7 %
survival, respectively.
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Table 1. Effects of warming, fertilization and species identity on seedling emergence, seedling mortality, seedling establishment and MGT
of seeds sown in extant subarctic meadow communities at the onset of the treatments. Analyses were performed by means of linear mixed
models. P-values < 0.05 are in bold. Seedling emergence, seedling mortality and seedling establishment were square root-transformed before

analyses.

Source of variation Seedling emergence Seedling mortality Seedling establishment MGT
Fd.f. P Fd4f. P Fd.f. P Fd.f. P

Warming (W) 8.83,, 0.025 7.51, 0.034 437, 0.172 455, 0.167
Fertilization (F) 0.48, 0.516 001, , 0918 0.19,, 0.688 049, , 0.523
Species (S) 16.14, <0.001 2.30, 0.133 11.80, <0.001 66.44, <0.001
W xF 207, 0.200 3.15,, 0.126 494, , 0.090 0.28,, 0.627
WXS 1.26, 0311 2.63, 0.103 0.54, ¢ 0.592 312, 0.072
FxS 9.88, 0.002 212, 0.152 9.13, 0.002 0.09, 0.912
WXFXS 0.11, 0.900 0.24 0.790 0.55, 0.587 3.63, 0.049

Discussion

Effects of warming on germination and seedling
establishment

Seedling emergence increased in response to a tem-
perature rise of 2.8 °C, which was consistent with our
expectations and with several lab studies (Bell and Bliss
1980; Graae et al. 2008; Milbau et al. 2009; Miiller et al.
2011). Surprisingly, this positive effect was counteracted
by higher seedling mortality in the heated compared to
the ambient plots, resulting in no net warming effect on
seedling establishment. As warming generally stimu-
lates growth in arctic and alpine species (e.g. Parsons
et al. 1994; Arft et al. 1999) we would have expected
the opposite. Potentially, the observed higher mortal-
ity in the heated plots was the result of an indirect,
rather than a direct effect of warming. The most obvi-
ous option would be drought, but the measured higher
moisture content in the topsoil layer (upper 5 cm) of the
heated compared to the ambient plots [see Supporting
Information—Fig. S1] refutes this, although the possi-
bility of drought directly at the soil surface cannot be
excluded. Surface drought could be especially impor-
tant straight after seedling emergence. Other alterna-
tives are improved conditions for pathogens (Bebber
et al. 2013) or increased competition, e.g. for light and
nutrients, from the resident vegetation (Klanderud and
Totland 2007; Olsen and Klanderud 2014). The latter is
very likely as moderate warming generally increases
above-ground production and plant height in tundra
communities (Walker et al. 2006).

Although warming neither influenced first-year seed-
ling establishment, nor the survival of planted seed-
lings, it did improve seedling growth (Fig. 4). This was

according to our expectations, and could be important
for over-winter survival. Due to the short growing season
in arctic regions (~3 months in Abisko; Molau et al. 2005),
gaining critical biomass and sufficient carbon reserves
during the first growing season is essential to survive
the long-lasting and harsh winter, and thus reach the
following growing season (Stocklin and Baumler 1996;
Schiitz 2002). Seedlings grown under warmer condi-
tions, thereby reaching higher biomass, are accordingly
expected to have higher survival rates. Similarly, we
expect that the observed earlier germination in S. vir-
gaurea and V. myrtillus as a response to warming, and the
therefrom resulting longer growing season, will improve
these species’ chances for long-term survival. However,
due to the short duration of our experiment, we should
be careful with drawing long-term conclusions.

Effects of nitrogen addition on germination and
seedling establishment

Responses to fertilization were species-specific.
Nitrogen addition had a positive effect on both seed-
ling emergence and seedling establishment in B. nana,
no effect in S. virgaurea and a negative effect in V. myr-
tillus. The potential role of nitrogen, and especially
nitrate, as a stimulator of seed germination is known
(Bewley and Black 1982; Hilhorst and Karssen 1992;
Baskin and Baskin 1998), but to our knowledge the
mechanisms of action still need to be elucidated and
studies thus far have mainly focussed on commer-
cially interesting plant species. Consequently, we can-
not explain why the three species used in this study
showed contrasting germination responses to nitrogen
fertilization and argue that more research on the role
of nutrients for seedling emergence in arctic and alpine
ecosystems is needed.
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Figure 4. Responses (means + 1 SE) of (A) shoot biomass, (B) root biomass, (C) total biomass and (D) survival of the transplanted seedlings
(seedling planting study) to the heating and nitrogen addition treatments. Grey bars indicate plots at ambient temperatures, and black bars
indicate heated plots (+ 3 °C). ‘-N’ indicates no fertilizer added, and “+N’ indicates N addition. ao = Anthoxanthum odoratum; bn = Betula nana;

ps = Pinus sylvestris; sv = Solidago virgaurea; vm = Vaccinium myrtillus.

The finding that fertilization with realistic nitrogen
levels affected seedling establishment of B. nana and
V. myrtillus, two co-dominant deciduous dwarf shrubs
in subarctic tundra, in opposite ways, may have impor-
tant consequences for future community development,
as better seedling establishment under richer soil con-
ditions could help B. nana dominate over V. myrtillus
under future conditions. This result is in accordance with
data from observational studies showing a substantial
increase in abundance of B. nana in subarctic tundra
over the last decades (Olofsson et al. 2009; Rundqvist
et al. 2011) in contrast to no changes in V. myrtillus
(Olofsson et al. 2009).

Contrary to our expectations, fertilization did not
increase seedling biomass. This may be related to the
relatively low amounts of nitrogen added. Whereas fer-
tilization studies in arctic environments regularly use
amounts of up to 10 g N m=2 (e.g. Michelsen et al. 1996;
Press et al. 1998), which typically result in clear plant
responses, we only added 1.4 g m™ to simulate more
realistic changes in N availability (see also Zamin and
Grogan 2012). Potentially, the young seedlings failed to
successfully take up the added N in competition with
the soil microbial community and the extant vegetation
in this N-limited tundra ecosystem (Mack et al. 2004;
Elser et al. 2007). Alternatively, increased N uptake by
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Table 2. Effects of warming, fertilization and species identity on shoot, root and total biomass, and on survival of pre-grown seedlings
planted in extant subarctic meadow communities at the onset of the experiment. Analyses were performed by means of linear mixed models.
P-values < 0.05 are in bold. All biomass data were In-transformed before analyses. To correct for differences in initial seedling size at the time

of planting, leaf length was added as a fixed factor in the model.

Shoot biomass

Source of variation

.............................................. Pt e
Warming (W) 8.19, , 0.023 120,
Fertilization (F) 0.19,, 0.676 3.16,
Species (S) 4424, . <0.001 1087, ,,
W x F 0.16, 0.697 1.88, ,,
WxS 0.83,,, 0.517 1.07, ,
FxS 0.42, ,, 0.795 0.59, 5
WXFxS 0.82, ,, 0.528 0.84, 5
Leaf length 19.88, ,, <0.001 5.18, ,,

Root biomass

Total biomass

Seedling survival

P F,, P F,, P
0335 189, , 0.242 043, , 0.548
0.087 238, 0.135 007, ,, 0.792

<0.001 16.15, ,, <0.001 2.88, ,, 0.041
0.182 0.78, 0.384 0.50, ,, 0.487
0393 087, ,, 0.495 053, ,, 0.715
0.672 0.72, 0.589 012, , 0973
0512 0.62, 0.656 1.90, ,, 0.138
0.031 8.38, 0.007 5.40, 0.027

the seedlings could have resulted in higher tissue N con-
centrations (not measured) rather than growth, as is
regularly seen in high-latitude regions, where biomass
responses of plants to N addition are often limited (Xia
and Wan 2008).

We did not observe an interactive effect among
warming and N addition in this study. We had expected
a stronger fertilization effect in the heated compared to
the ambient plots because increased plant biomass in
response to warming should increase plant N demand
(An et al. 2005). However, the complete lack of any N
effect on seedling growth suggests either that seedling
growth was not N-limited, or that the seedlings could
not access the added N, but the exact reason cannot be
revealed here. Interestingly, plant-available nutrients
(measured by means of resin capsules) in the fertiliza-
tion treatment were lower in the heated than ambi-
ent plots (Fig. 1) suggesting an increased uptake of the
added N by the extant plants and/or the soil microbial
community in the heated plots.

Implications of our findings

In general, neither warming, nor N addition, had a strong
positive effect on seedling establishment in this tundra
ecosystem. Although seedlings obtained higher above-
ground biomass when grown in a warmer environment,
none of the treatments increased the number of seed-
lings by the end of the summer. The only exception was
B. nana, in which fertilization, but not warming, resulted
in more seedlings.

The lack of a general increase in seedling establish-
ment under warmer and/or more fertile conditions may
have important consequences for future tundra commu-
nity composition. The current low recruitment numbers

in these ecosystems (Bell and Bliss 1980; Graae et al.
2011; Mller et al. 2011; Milbau et al. 2013), and the lack
of improvement under future environmental conditions
as indicated in this study, suggest that many species
common to subarctic environments will only be able to
migrate slowly, due to poor germination and seedling
establishment. If colonization by recently expanding
or invading species occurs faster than resident species
are able to disperse to new sites, competitively weak
species might disappear due to the increased role of
competition from the newcomers (Grabherr et al. 1995;
Gottfried et al. 1999; Kueffer et al. 2013). This already
seems to happen in certain alpine areas, where a num-
ber of alpine species have decreased in abundance,
although plant species richness has generally increased
(Klanderud and Birks 2003). Similarly, in subarctic eco-
systems, alien species have been shown to successfully
invade alpine plant communities (Lembrechts et al.
2014). To better understand why temperate species
are successful in these cold environments, an interest-
ing focus for future studies could be whether recruit-
ment success in cold areas and its response to warming
differs between arctic, boreal and temperate species,
the latter generally being better adapted to sexual
reproduction.

Our findings may also be informative for species dis-
tribution models. The current study shows empirically
that in (sub)arctic environments, even under warmer
and more nutrient-rich conditions, establishment from
seed remains limited. The prediction of future species
distributions solely based on abiotic factors (Guisan
and Zimmermann 2000; Randin et al. 2009) may
therefore overestimate future species’ ranges, not
taking into account poor plant establishment in cold
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regions. The inclusion of realistic establishment values
in models for predicting range shifts in arctic environ-
ments may be a way to overcome this. Moreover, we
suggest using ‘establishment limitation’ instead of
‘dispersal limitation’ (Engler et al. 2009) in relation
to arctic plant migration, given that the mean dis-
persal distance estimated for arctic plants is 570 km
(Hoffmann 2012), whereas establishment seems to be
a larger bottleneck.

Lastly, we found important interspecific differences
in germination and establishment responses to fertili-
zation. As these concern dominant species in subarctic
regions, i.e. B. nana and V. myrtillus, and we currently
cannot explain why they responded differently, we
argue for more research into the role of fertilization for
germination and seedling establishment of northern
species. The observed interspecific differences should
also be taken into account when making predictions
of (sub)arctic community responses to a changing
climate.

Sources of Funding

This work was funded by a grant from the Special
Research Fund (BOF/KP 21954) of the University of
Antwerp to A. Milbau, and by the Research Foundation
Flanders (FWO) by means of a postdoctoral fellowship
to A. Milbau.

Contributions by the Authors

A.M. and L.N. designed the study; A.M. and N.V. collected
and analysed the data; F.K. and I.N. developed the
FATI technique and set up the equipment in the field;
A.M. wrote the manuscript with support from I.N.

Conflicts of Interest

None declared.

Acknowledgements

We thank all people who helped us in the field, especially
A. Claes, B. J. Graae, J. Gustafsson, A. Shevtsova, I. Van
Krunkelsven and T. Westin. We also thank A. Shevtsova
and B. J. Graae for project-related discussions, and the
staff at the Abisko Scientific Research Station for their
support.

Supporting Information

The following additional information is available in the
online version of this article—

Figure S1. Volumetric soil water content (means + 1
SE) in the ambient and the heated treatments presented
per month.

Literature Cited

Alatalo JM, Totland O. 1997. Response to simulated climatic change
in an alpine and subarctic pollen-risk strategist, Silene acaulis.
Global Change Biology 3:74-79.

An Y, Wan S, Zhou X, Subedar AA, Wallace LL, Luo Y. 2005. Plant
nitrogen concentration, use efficiency, and contents in a tall-
grass prairie ecosystem under experimental warming. Global
Change Biology 11:1733-1744.

Arft AM, Walker MD, Gurevitch J, Alatalo JM, Bret-Harte MS, Dale
M, Diemer M, Gugerli F, Henry GHR, Jones MH, Hollister RD,
Jonsdéttir IS, Laine K, Lévesque E, Marion GM, Molau U, Mglgaard
P, Nordenhdll U, Raszhivin V, Robinson CH, Starr G, Stenstrém A,
Stenstrom M, Totland @, Turner PL, Walker LJ, Webber PJ, Welker
JM, Wookey PA. 1999. Responses of tundra plants to experimen-
tal warming: meta-analysis of the international tundra experi-
ment. Ecological Monographs 69:491-511.

Baptist F, Yoccoz N, Choler P. 2010. Direct and indirect control by
snow cover over decomposition in alpine tundra along a snow-
melt gradient. Plant and Soil 328:397-410.

Baskin CC, Baskin JM. 1998. Seeds. Ecology, biogeography, and evo-
lution of dormancy and germination. London: Academic Press.

Bebber DP, Ramotowski MAT, Gurr SJ. 2013. Crop pests and path-
ogens move polewards in a warming world. Nature Climate
Change 3:985-988.

Bell KL, Bliss LC. 1980. Plant reproduction in a High Arctic environ-
ment. Arctic and Alpine Research 12:1-10.

Bewley JD, Black M. 1982. Physiology and biochemistry of seeds.
Vol. 2: viability, dormancy and environmental control. Berlin:
Springer-Verlag.

Billings WD, Mooney HA. 1968. The ecology of arctic and alpine
plants. Biological Reviews 43:481-529.

Bouwmeester HJ, Derks L, Keizer JJ, Karssen CM. 1994. Effects of
endogenous nitrate content of Sisymbrium officinale seeds on
germination and dormancy. Acta Botanica Neerlandica 43:39-50.

Buckeridge KM, Grogan P. 2008. Deepened snow alters soil micro-
bial nutrient limitations in arctic birch hummock tundra. Applied
Soil Ecology 39:210-222.

Chambers JC, Macmahon JA. 1994. A day in the life of a seed: move-
ments and fates of seeds and their implications for natural and
managed systems. Annual Review of Ecology and Systematics
25:263-292.

Clark CJ, Poulsen JR, Levey DJ, Osenberg CW. 2007. Are plant popu-
lations seed limited? A critique and meta-analysis of seed addi-
tion experiments. The American Naturalist 170:128-142.

Deines L, Rosentreter R, Eldridge D, Serpe M. 2007. Germination and
seedling establishment of two annual grasses on lichen-domi-
nated biological soil crusts. Plant and Soil 295:23-35.

Eckstein RL, Pereira E, Milbau A, Graae BJ. 2011. Predicted changes
in vegetation structure affect the susceptibility to invasion
of bryophyte-dominated subarctic heath. Annals of Botany
108:177-183.

Elser JJ, Bracken ME, Cleland EE, Gruner DS, Harpole WS, Hillebrand H,
Ngai JT, Seabloom EW, Shurin JB, Smith JE. 2007. Global analysis

AoB PLANTS https://academic.oup.com/aobpla

© The Authors 2017

20z Iudy €2 uo 1senb Aq 820201 ¥/0¥0XId/S/6/2101e/e|dqoe/woo dno-olwapese//:sdiy woJy pepeojumod

11



12

Milbau et al. - Effects of warming and N addition on seedling establishment in tundra

of nitrogen and phosphorus limitation of primary producers in
freshwater, marine and terrestrial ecosystems. Ecology Letters
10:1135-1142.

Engler R, Randin CF, Vittoz P, Czdka T, Beniston M, Zimmermann
NE, Guisan A. 2009. Predicting future distributions of mountain
plants under climate change: does dispersal capacity matter?
Ecography 32:34-45.

Fenner M. 2000. Seeds: the ecology of regeneration in plant com-
munities. Wallingford: CAB International.

Gottfried M, Pauli H, Reiter K, Grabherr G. 1999. A fine-scaled predic-
tive model for changes in species distribution patterns of high
mountain plants induced by climate warming. Diversity and
Distributions 5:241-251.

Graae BJ, Alsos IG, Ejrnaes R. 2008. The impact of temperature
regimes on development, dormancy breaking and germination
of dwarf shrub seeds from arctic, alpine and boreal sites. Plant
Ecology 198:275-284.

Graae BJ, Ejrnaes R, Lang SI, Meineri E, Ibarra PT, Bruun HH. 2011.
Strong microsite control of seedling recruitment in tundra.
Oecologia 166:565-576.

Graae BJ, Ejrnaes R, Marchand FL, Milbau A, Shevtsova A, Beyens L,
Nijs I. 2009. The effect of an early-season short-term heat pulse
on plant recruitment in the Arctic. Polar Biology 32:1117-1126.

Grabherr G, Gottfried M, Gruber A, Pauli H. 1995. Patterns and cur-
rent changes in alpine plant diversity. In: Chapin FS III, Kérner C,
eds. Arctic and alpine biodiversity: patterns, causes and ecosys-
tem consequences. Berlin: Springer, 167-181.

Granath G, Strengbom J, Breeuwer A, Heijmans MM, Berendse
F, Rydin H. 2009. Photosynthetic performance in Sphagnum
transplanted along a latitudinal nitrogen deposition gradient.
Oecologia 159:705-715.

Gugerli F, Bauert MR. 2011. Growth and reproduction of Polygonum
viviparum show weak responses to experimentally increased
temperature at a Swiss Alpine site. Botanica Helvetica
111:169-180.

Gugerli F, Englisch T, Niklfeld H, Tribsch A, Mirek Z, Ronikier M.
2008. Relationships among levels of biodiversity and the rel-
evance of intraspecific diversity in conservation - a project syn-
opsis. Perspectives in Plant Ecology, Evolution and Systematics
10:259-281.

Guisan A, Zimmermann NE. 2000. Predictive habitat distribution
models in ecology. Ecological Modelling 135:147-186.

Hansen J, Ruedy R, Sato M, Lo K. 2010. Global surface temperature
change. Reviews of Geophysics 48:RG4004.

Hilhorst HWM, Karssen CM. 1992. Effect of chemical environment on
seed germination. In: Fenner M, ed. Seeds: the ecology of regenera-
tion in plant communities. Wallingford: CAB International, 327-348.

Hobbie SE, Chapin FS. 1998. An experimental test of limits to tree
establishment in Arctic tundra. Journal of Ecology 86:449-461.

Hoffmann MH. 2012. Not across the North Pole: plant migration in
the Arctic. The New Phytologist 193:474-480.

IPCC. 2013. Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change (Stocker TF,
Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A,
Xia Y, Bex V, Midgley PM, eds.). Cambridge, UK and New York:
Cambridge University Press.

Iversen CM, Sloan VL, Sullivan PF, Euskirchen ES, McGuire AD, Norby
RJ, Walker AP, Warren JM, Wullschleger SD. 2015. The unseen
iceberg: plant roots in arctic tundra. New Phytologist 205:34-58.

Jackson RB, Canadell J, Ehleringer JR, Mooney HA, Sala OE, Schulze
ED. 1996. A global analysis of root distributions for terrestrial
biomes. Oecologia 108:389-411.

Klady RA, Henry GHR, Lemay V. 2011. Changes in high arctic tun-
dra plant reproduction in response to long-term experimental
warming. Global Change Biology 17:1611-1624.

Klanderud K. 2010. Species recruitment in alpine plant communi-
ties: the role of species interactions and productivity. Journal of
Ecology 98:1128-1133.

Klanderud K, Birks HJB. 2003. Recent increases in species richness
and shifts in altitudinal distributions of Norwegian mountain
plants. The Holocene 13:1-6.

Klanderud K, Meineri E, Topper J, Michel P, Vandvik V. 2017. Biotic
interaction effects on seedling recruitment along bioclimatic
gradients: testing the stress-gradient hypothesis. Journal of
Vegetation Science 28:347-356.

Klanderud K, Totland O. 2007. The relative role of dispersal and
local interactions for alpine plant community diversity under
simulated climate warming. Oikos 116:1279-1288.

Kueffer C, McDougall K, Alexander J, Daehler C, Edwards PJ, Haider
S, Milbau A, Parks C, Pauchard A, Reshi ZA, Rew L, Schroder M,
Seipel T. 2013. Plant invasions into mountain protected areas:
assessment, prevention and control at multiple spatial scales.
In: Foxcroft LC, Richardson DM, Pysek P, Genovesi P, eds. Alien
plant invasions in protected areas: a global assessment. Berlin:
Springer, 89-113.

Kiihnel R, Bjorkman MP, Vega CP, Hodson A, Isaksson E, Strom J.
2013. Reactive nitrogen and sulphate wet deposition at Zeppelin
Station, Ny-Alesund, Svalbard. Polar Research 32:19136.

Kihnel R, Roberts TJ, Bjorkman MP, Isaksson E, Aas W, Holmén
K, Strém J. 2011. 20-year climatology of NO,” and NH,* wet
deposition at Ny-Alesund, Svalbard. Advances in Meteorology
2011:406508.

Langner J, Bergstrém R, Foltescu V. 2005. Impact of climate change
on surface ozone and deposition of sulphur and nitrogen in
Europe. Atmospheric Environment 39:1129-1141.

Lembrechts JJ, Milbau A, Nijs I. 2014. Alien roadside species more
easily invade alpine than lowland plant communities in a sub-
arctic mountain ecosystem. PLoS One 9:e89664.

Mack MC, Schuur EA, Bret-Harte MS, Shaver GR, Chapin FS. 2004.
Ecosystem carbon storage in arctic tundra reduced by long-
term nutrient fertilization. Nature 431:440-443.

Matias L, Jump AS. 2014. Impacts of predicted climate change on
recruitment at the geographical limits of scots pine. Journal of
Experimental Botany 65:299-310.

Michelsen A, Jonasson S, Sleep D, Havstrom M, Callaghan TV. 1996.
Shoot biomass, §*3C, nitrogen and chlorophyll responses of two
arctic dwarf shrubs to in situ shading, nutrient application and
warming simulating climatic change. Oecologia 105:1-12.

Milbau A, Graae BJ, Shevtsova A, Nijs 1. 2009. Effects of a warmer
climate on seed germination in the subarctic. Annals of Botany
104:287-296.

Milbau A, Shevtsova A, Osler N, Mooshammer M, Graae BJ. 2013.
Plant community type and small-scale disturbances, but not
altitude, influence the invasibility in subarctic ecosystems. The
New Phytologist 197:1002-1011.

Molau U. 1997. Responses to natural climatic variation and experi-
mental warming in two tundra plant species with contrasting
life forms: Cassiope tetragona and Ranunculus acris. Global
Change Biology 3:97-107.

AoB PLANTS https://academic.oup.com/aobpla

© The Authors 2017

20z Iudy €2 uo 1senb Aq 820201 ¥/0¥0XId/S/6/2101e/e|dqoe/woo dno-olwapese//:sdiy woJy pepeojumod



Milbau et al. - Effects of warming and N addition on seedling establishment in tundra

Molau U, Larsson E-L. 2000. Seed rain and seed bank along an
alpine altitudinal gradient in Swedish Lapland. Canadian Journal
of Botany 78:728-747.

Molau U, Nordenhdill U, Eriksen B. 2005. Onset of flowering and cli-
mate variability in an alpine landscape: a 10-year study from
Swedish Lapland. American Journal of Botany 92:422-431.

Molau U, Shaver GR. 1997. Controls on seed production and seed
germinability in Eriophorum vaginatum. Global Change Biology
3:80-88.

Miiller E, Cooper EJ, Alsos IG. 2011. Germinability of arctic plants is
high in perceived optimal conditions but low in the field. Botany
89:337-348.

Nijs I, Kockelbergh F, Heuer M, Beyens L, Trappeniers K, Impens I.
2000. Climate-warming simulation in tundra: enhanced pre-
cision and repeatability with an improved infrared-heating
device. Arctic, Antarctic, and Alpine Research 32:346-350.

Nijs I, Kockelbergh F, Teughels H, Blum H, Hendrey G, Impens
I. 1996. Free Air Temperature Increase (FATI): a new tool to
study global warming effects on plants in the field. Plant, Cell &
Environment 19:495-502.

Olofsson J, Oksanen L, Callaghan TV, Hulme PE, Oksanen T,
Suominen 0. 2009. Herbivores inhibit climate-driven shrub
expansion on the tundra. Global Change Biology 15:2681-2693.

Olsen SL, Klanderud K. 2014. Biotic interactions limit species rich-
ness in an alpine plant community, especially under experimen-
tal warming. Oikos 123:71-78.

Paradis ML, Mercier C, Boudreau SP. 2014. Response of Betula glan-
dulosa seedlings to simulated increases in nutrient availability,
temperature and precipitation in a lichen woodland at the for-
est-tundra ecotone. Plant Ecology 215:305-314.

Parsons AN, Welker JM, Wookey PA, Press MC, Callaghan TV, Lee JA.
1994. Growth responses of four sub-arctic dwarf shrubs to sim-
ulated environmental change. Journal of Ecology 82:307-318.

Press MC, Potter JA, Burke MJW, Callaghan TV, Lee JA. 1998.
Responses of a subarctic dwarf shrub heath community to sim-
ulated environmental change. Journal of Ecology 86:315-327.

Probert RJ. 2000. The role of temperature in the regulation of seed dor-
mancy and germination. In: Fenner M, ed. The ecology of regenera-
tion in plant communities. Wallingford: CABI Publishing, 261-292.

Randin CF, Engler R, Normand S, Zappa M, Zimmermann NE,
Pearman PB, Vittoz P, Thuiller W, Guisan A. 2009. Climate change
and plant distribution: local models predict high-elevation per-
sistence. Global Change Biology 15:1557-1569.

Rundqvist S, Hedends H, Sandstrom A, Emanuelsson U, Eriksson H,
Jonasson C, Callaghan TV. 2011. Tree and shrub expansion over
the past 34 years at the tree-line near Abisko, Sweden. Ambio
40:683-692.

Rustad LE, Campbell JL, Marion GM, Norby RJ, Mitchell MJ, Hartley
AE, Cornelissen JHC, Gurevitch J. 2001. A meta-analysis of the
response of soil respiration, net nitrogen mineralization, and
aboveground plant growth to experimental ecosystem warm-
ing. Oecologia 126:543-562.

Schiitz W. 2002. Dormancy characteristics and germination tim-
ing in two alpine Carex species. Basic and Applied Ecology
3:125-134.

Serreze MC, Barry RG. 2011. Processes and impacts of Arctic ampli-
fication: a research synthesis. Global and Planetary Change
77:85-96.

Shevtsova A, Graae BJ, Jochum T, Milbau A, Kockelbergh F, Beyens
L, Nijs I. 2009. Critical periods for impact of climate warming on
early seedling establishment in subarctic tundra. Global Change
Biology 15:2662-2680.

Soudzilovskaia, NA, Graae, BJ, Douma JC, Grau O, Milbau A,
Shevtsova A, Wolters L, Cornelissen JHC. 2011. How do bryo-
phytes govern generative recruitment of vascular plants? The
New Phytologist 190:1019-1031.

Stocklin J, Baumler E. 1996. Seed rain, seedling establishment
and clonal growth strategies on a glacier foreland. Journal of
Vegetation Science 7:45-56.

Tingstad L, Olsen SL, Klanderud K, Vandvik V, Ohlson M. 2015.
Temperature, precipitation and biotic interactions as determi-
nants of tree seedling recruitment across the tree line ecotone.
Oecologia 179:599-608.

Totland @. 1997. Limits on reproduction in alpine Ranunculus acris.
Canadian Journal of Botany 75:137-144.

Walker MD, Wahren CH, Hollister RD, Henry GHR, Ahlquist LE, Alatalo
JM, Bret-Harte MS, Calef MP, Callaghan TV, Carroll AB, Epstein
HE, Jonsdottir IS, Klein JA, Magnusson B, Molau U, Oberbauer
SF, Rewa SP, Robinson CH, Shaver GR, Suding KN, Thompson
CC, Tolvanen A, Totland O, Turner PL, Tweedie CE, Webber PJ,
Wookey PA. 2006. Plant community responses to experimental
warming across the tundra biome. Proceedings of the National
Academy of Sciences 103:1342-1346.

Welker JM, Molau U, Parsons AN, Robinson CH, Wookey PA. 1997.
Responses of Dryas octopetala to ITEX environmental manip-
ulations: a synthesis with circumpolar comparisons. Global
Change Biology 3:61-73.

Wookey PA, Robinson CH, Parsons AN, Welker JM, Press MC,
Callaghan TV, Lee JA. 1995. Environmental constraints on the
growth, photosynthesis and reproductive development of
Dryas octopetala at a high arctic polar semi-desert, Svalbard.
Oecologia 102:478-489.

Wookey PA, Welker JM, Parson AN, Press MC, Callaghan TV,
Lee JA. 1994. Differential growth, allocation and photosyn-
thetic responses of Polygonum vivparum to simulated envi-
ronmental change at a high arctic polar semi-desert. Oikos
70:131-139.

Xia J, Wan S. 2008. Global response patterns of terrestrial plant
species to nitrogen addition. The New Phytologist 179:
428-439.

Zamin TJ, Grogan P. 2012. Birch shrub growth in the low Arctic:
the relative importance of experimental warming, enhanced
nutrient availability, snow depth and caribou exclusion.
Environmental Research Letters 7:034027.

AoB PLANTS https://academic.oup.com/aobpla

© The Authors 2017

20z Iudy €2 uo 1senb Aq 820201 ¥/0¥0XId/S/6/2101e/e|dqoe/woo dno-olwapese//:sdiy woJy pepeojumod

13



