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Abstract 
Alpine and arctic tree line expansion depends on the establishment of tree 
seedlings above the current tree line, which is expected to occur with climate 
warming. However, tree lines often fail to respond to higher temperatures. 
Other environmental factors are therefore likely important for tree seedling 
establishment. Above the tree line, establishing seedlings encounter existing 
vegetation such as bryophytes, which often dominate in arctic and alpine 
tundra. Bryophytes modify their environment in various ways and may 
mediate climate change effects on establishing tree seedlings, and with that 
tree line expansion. The aim of this thesis was to understand if and how the 
environment, in particular bryophytes, mediates the impact of climate 
change on tree seedling establishment at the alpine and arctic tree line.This 
was explored by reviewing literature on tree seedling establishment at alpine 
and arctic tree lines globally. In addition, tree seedling survival and growth 
of Betula pubescens and Pinus sylvestris were assessed experimentally. 
Here, individuals were planted into mono-specific mats of different 
bryophytes species and exposed to warming and different precipitation 
regimes.  

The literature review revealed that besides from temperature, tree seedling 
establishment is affected by a wide range of abiotic and biotic factors 
including water, snow, nutrients, light, disturbance and surrounding 
vegetation. Furthermore the review revealed that for example vegetation can 
change tree seedling responses to climate change. The experiments showed 
that especially tree seedling survival was adversely affected by the presence 
of bryophytes and that the impacts of bryophytes were larger than those of 
the climate treatments. Seedling growth, on the other hand, was not 
hampered by the presence of bryophytes, which is in line with earlier 
findings that seedling survival, growth and seed germination do not respond 
similarly to changes in environmental conditions. Moreover, we found 
several indications that vegetation above the tree line, including bryophytes, 
mediated tree seedling responses to warming and precipitation or snow 
cover. This thesis shows that temperature alone should not be used to 
predict future tree seedling establishment above the alpine and arctic tree 
line and that extrapolations from climate envelope models could strongly 
over or under estimate tree line responses to warming. This underlines the 
value of multi-factorial studies for understanding the interplay between 
warming and other environmental factors and their effects on tree seedling 
establishment across current tree lines. 

Keywords arctic, alpine, B. pubescens, bryophytes, competition, facilitation, 
mosses, P. sylvestris, precipitation changes, seedlings, traits, tree line, warming 
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Introduction 
Tree line advance 
Arctic or alpine tree lines describe the highest patches of trees (taller than 
3 m) on a slope or towards the arctic tundra (Körner 1998; Sveinbjörnsson 
2000). As tree presence rarely ends completely abruptly the idea of referring 
to a distinct line is somewhat arbitrary or misleading, although conceptually 
functional. Alternatively, the area between the dense forest and the 
uppermost tree individuals can be referred to as the tree line ecotone (Fig 1). 
Globally, a growing season mean soil temperature of 6.7 (±0.8 SE)°C 
coincides with the tree line position (Körner & Paulsen 2004; Körner 2007), 
and global warming is generally assumed to cause tree line shifts. However, 
observed tree line responses to climate warming are not consistent across 
regions (Frost & Epstein 2014) and in many cases tree lines fail to advance 
upslope with increasing temperatures, presumably due to variation in other 
important factors (Harsch et al. 2009) such as moisture (Moyes, Germino & 
Kueppers 2015), snow cover (Hagedorn et al. 2014), nutrient availability 
(Sullivan et al. 2015) or herbivory (Cairns & Moen 2004). 

 

 
Fig 1 A schematic representation of the elevational tree line ecotone as the area 
between the coherent forest and uppermost individuals of tree species (from Körner 
and Paulsen 2004) 
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Seedling establishment 
As climate warms, there is the potential for trees to move upslope in 
mountains and polewards at high latitudes. For trees to establish in treeless 
tundra, viable seeds first need to be present and subsequently germinate. 
The resulting seedlings then have to survive and grow to eventually become 
trees. The seedling life stage of a plant is especially vulnerable relative to the 
adult individual, which holds reserves and is protected through later 
acquired defence structures, or to the seed, which is well-protected by the 
seed coat (Parker, Simpson & Leck 2008, Fig 2). Seedling establishment is 
thus an essential step for tree line expansion and is highly responsive to the 
environment. Understanding what factors control the processes of 
germination and seedling survival and growth is therefore important for 
understanding the potential for tree line expansion (Smith et al. 2003). Each 
process can be a bottleneck and may be affected differently by environmental 
factors. As such, factors promoting germination might decrease subsequent 
seedling growth (Schupp 1995; Cranston & Hermanutz 2013) and 
investment in structural tissues or defence compounds that may increase 
survival might be at the cost of fast growth (Grime 1977).  

 

Tree seedling establishment at alpine and arctic tree lines is affected by 
abiotic conditions of their microhabitat, including temperature (Grau et al. 
2012), soil moisture (Tingstad et al. 2015) and nitrogen availability (Hobbie 
& Chapin 1998; Grau et al. 2012; Zurbriggen et al. 2013). Moreover, when 
establishing above the tree line, seedlings interact with the native tundra 
vegetation. These interactions may be facilitative or competitive, depending 
on the environmental context (Callaway et al. 2002). Facilitative 
mechanisms include buffering of extreme temperatures, protection from 
desiccation, radiation, or herbivory. Vegetation, such as shrubs, accumulates 
snow in winter, which increases soil temperatures and promotes nutrient 
conditions and thereby conditions for seeding establishment. However, with 
climate warming interactions between tree seedlings and surrounding 

Fig 2 Diagram illustrating 
the relative environmental 
tolerance of three life stages 
of a plant (from Parker et 
al. 2008) 
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vegetation may also become increasingly competitive (Anthelme, Cavieres & 
Dangles 2014).  

Bryophytes and tundra  
In addition to the absence of trees, alpine and arctic tundra are characterized 
by low stature plant life such as dwarf shrubs, herbs, graminoids and 
bryophytes (Bliss & Matveyeva 1991). The environment in tundra is much 
different to when trees are present, because trees result in shading, wind 
protection, faster decomposition rates (Sjögersten & Wookey 2004; Parker, 
Subke & Wookey 2015) and altered nutrient regime (Sjögersten & Wookey 
2005). 

Bryophytes often cover much of the tundra soil surface in dense and 
frequently mono-specific carpets (Longton 1997). Therefore, when climate 
warming potentially enables tree seedling establishment above the tree line, 
interactions of seedlings with the bryophyte layer become inevitable. 
Bryophytes are known to modify their environment in various ways, and 
these effects differ among bryophyte species. Bryophyte species vary in 
carpet thickness, density and structure; species that produce thick, dense 
carpets can serve as barriers for seedling emergence (Zamfir 2000), cause 
seedling stem elongation due to shading (Hörnberg, Ohlson & Zackrisson 
1997; Stuiver et al. 2014), insulate soil from extreme air temperatures 
(Gornall et al. 2007; Yin, Liu & Lai 2008; Soudzilovskaia, van Bodegom & 
Cornelissen 2013), and impact on water availability (Elumeeva et al. 2011). 
Bryophyte species also vary in their ability to acquire N from the air via N2 
fixation by associated cyanobacteria (Gavazov et al. 2010; Gundale et al. 
2012; Sorensen, Lett & Michelsen 2012), in the decomposability of their 
litter (Turetsky 2003; Lang et al. 2009), and in their tissue phenol content 
(Michel, Burritt & Lee 2011).  

Through these mechanisms, bryophytes have been found to affect tree 
seedling establishment in boreal and subarctic ecosystems. The majority of 
studies have found that bryophytes supress tree seedling establishment 
(Wardle, Lagerström & Nilsson 2008; Soudzilovskaia et al. 2011; Stuiver et 
al. 2014). However, a few studies show that tree seedlings occur at a higher 
density in the presence of bryophytes (Mamet & Kershaw 2012) or that they 
establish better when planted in bryophytes cushions than in bare soil at the 
alpine tree line (Wheeler, Hermanutz & Marino 2011). However, little is 
known about to what extent and by which mechanisms bryophytes affect 
seedling establishment at the alpine and arctic tree line. The stress gradient 
hypothesis predicts that plant interactions, and thus potentially bryophyte-
seedling interaction should become increasingly positive with increased 
stress and thus elevation (Callaway et al. 2002). However, as climate warms 
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and reduces stress these interactions may also become increasingly negative 
(Anthelme et al. 2014). However, it remains unexplored as to whether 
bryophytes, through their effects on the abiotic environment, affect the 
response of tree seedlings to higher temperatures and altered precipitation 
patterns associated with global climate change. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig 3 Schematic outline of the focus of the three experimental papers (II- IV) where 
direct (warming and precipitation changes) and indirect (via effects of warming) 
effects of climate change impact tree seedling establishment (survival or growth) 
were tested 
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Aims of this thesis 
The overall aim of this thesis was to understand what controls seedling 
establishment at the alpine and arctic tree line and which role bryophytes 
have in mediating climate change effects on tree seedling establishment (Fig 
3). Specifically, the aims of the four parts of the thesis were: 

For paper I, to analyse the current state of our knowledge about the impact 
of abiotic and biotic factors on the different stages of tree seedling 
establishment at tree line sites globally. 

For paper II, to assess and understand the importance of bryophyte species 
identity and traits for tree seedling performance at current tree line 
temperatures and their response to warmer conditions. 

For paper III, to understand to what extent bryophytes can facilitate tree 
seedling survival in a changing winter climate and if the effects of bryophytes 
on tree seedlings comply with the stress gradient hypothesis. 

For paper IV, to understand how the presence and species identity of 
mosses mediate climate-warming effects on tree seedlings at the arctic-
alpine tree line in areas with high or low precipitation. 

 
 
 
 
 
 

 
Fig 4 Tree line in high (a) and low (b) precipitation areas. Pålnoviken (a) and 
Jieprenjåkk (b). Photos by S. Lett. 

a) b)
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Materials and methods 
General approaches 
This thesis is based on a literature survey (paper I), an indoor climate 
chambers experiment (paper II), and field experiments (paper III and IV). 
As such, Paper I reviewed studies from alpine and arctic tree lines all over 
the world. Bryophyte material for paper II (see below) was collected close to 
Katterjåkk (68°24’N, 18°08’) c. 30 km west of Abisko. Fieldwork for papers 
III and IV was conducted in Northern Sweden in the area of the Abisko 
Scientific Research Station (68°21’N, 18°49’E) in Northern Sweden. 

Study areas and species 
The Abisko area (Fig 5) has a history of more than 100 years of research and 
climate observations dating back from 1913. The climate is subarctic with a 
mean annual temperature of 0.8° and June-August mean of 11.6°C (1961 – 
1990 Swedish meteorological and Hydrological Institute, SMHI). This is 
1.6°C warmer than the 10°C isotherm that is used as one definition of the 
Arctic. However, the mountainous landscape causes these values to vary 
spatially and at higher elevations, temperatures are lower and the climate 
resembles that of the Arctic. Within the study area, annual precipitation 
varies from 304 mm yr-1 in Abisko to 843 mm yr-1 in Katterjåkk, of which c. 
50% fall as snow. In Abisko, climate has warmed 2.5 °C in the period 1913- 
2006, with the strongest warming in the last half of the period and in the 
winter season (Callaghan et al. 2010). Projected changes in temperatures for 
this area are 1.5-3°C in winter and 1.5-2°C in summer by 2046-2065 relative 
to the period 1986-2005 (IPCC 2013). 

The tree line in the Abisko area (Fig 4), and in most of Fennoscandia, is 
dominated by Betula pubescens ssp. czerepanovii. Below the tree line, this 
deciduous species creates a sparse forest with 5-10 m tall individuals. Pinus 
sylvestris is the second most abundant tree species in the sub alpine forest of 
the Abisko area and in some areas in Fennoscandia it grows near or even at 
the alpine tree line (Kullman 2016) and stands of P. sylvestris are potentially 
migrating faster upwards than is B. pubescens (Kullman & Öberg 2009). 
Both the subarctic birch forest and the tundra above it has a high and 
species-rich cover of bryophytes (Mårtensson 1956; Longton 1997). 
Pleurocarpous mosses such as Hylocomium splendens and Pleurozium 
schreberi are common across the boreal and arctic in drier spots while 
Sphagnum spp., Dicranum spp. inhabit wetter habitats (Bliss 1962; 
Atherton, Bosanquet & Lawely 2010). 
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Fig 5 Map of the Abisko area with indications (in red) of positions of sites for 
paper II-IV and the Abisko Scientific Research Station (star).  

Standardised literature search 
For paper 1, a standardized literature search was performed using the Web 
of Science on July 18 2016 to extract papers that investigated the influence of 
environmental factors on seedling establishment above the tree line. The 
search yielded 180 papers of which 52 satisfied the requirement of being 
original data papers that had investigated the effect of environmental factors 
on tree seedling establishment at the alpine tree line.  

Seedling response parameters 
Tree seedling establishment was evaluated through measurements of 
seedling survival (papers II and IV), growth (papers II and III), seedling N 
uptake (paper II) and leaf N concentration (paper IV). Paper I included 
studies that had evaluated seed germination, natural tree seedling 
occurrence, or tree seedling growth or survival at the alpine or arctic tree 
line.  

Bryophytes 
The impact of bryophytes presence and species identity on tree seedling 
response to climate was studied in papers II-IV by transplanting tree 
seedlings into mono-specific bryophyte mats. In paper II, eight species were 
included: Dicranum drummondii Müll.Hal., Hylocomium splendens 
(Hedw.) Schimp., Lophozia floerkii (F.Weber & D. Mohr) Schiffn., 
Pleurozium schreberi (Brid.) Mitt., Polytrichum commune Hedw., Ptilidium 
ciliare (L.) Hampe, Sphagnum capillifolium (Ehrh.) Hedw. and S. fuscum 
(Schimp.) H. Klinggr. Eight species were included to ensure variability 
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among bryophyte species traits that potentially are important for seedling 
establishment (see below). In papers III and IV a subset of these bryophyte 
species was used: Hylocomium splendens, P. ciliare and S. fuscum were 
included in paper III to represent different levels of temperature insulation 
capacities (Soudzilovskaia et al. 2013). In paper IV, Hylocomium splendens, 
P. schreberi and Sphagnum spp. (including S. capillifolium and S. fuscum) 
were included as these are dominant at the alpine tree line in the Abisko area 
(Mårtensson 1956).  

 

 
Fig 6 In paper II, experimental pots with moss and tree seedlings (a) were placed in 
climate chambers (b). Seedlings were either Pinus sylvestris (c) or Betula pubescens 
(d). Photos by S. Lett. 
 

In papers II and III, bryophyte cores were collected at the tree line and 
placed on top of a standardized soil either in pots (Fig 6, paper II) or in holes 
in the ground in the field (Fig 7a, paper III). In paper IV, patches that were 
each naturally dominated (>90%) by one of the three bryophyte species were 
used as experimental plots in the field. 

For all experiments (paper II-IV), the effect of the presence versus absence 
of bryophytes on tree seedlings was tested by including a treatment where no 
bryophyte was added on soil (papers II and III), or by manually removing 
the bryophyte layer in half of the plots in the field (Fig 8d, paper IV). 
Comparing presence versus absence of bryophytes allowed differentiation 
between the direct effects of climate treatments on seedlings (see below) and 
the indirect effects of climate through the mediating effects of bryophytes. In 
addition, for paper IV, comparing the moss removal and moss presence 
treatments for each of the three bryophyte species made it possible to 
exclude confounding factors resulting from different habitat preferences of 
the three bryophyte species. 

In paper II, six bryophyte traits that may potentially be involved in 
influencing tree seedling establishment (Soudzilovskaia et al. 2011; Grau et 
al. 2012; Stuiver et al. 2014) were measured on separate bryophyte samples 
of the same species as used for the growing chamber experiment, and related 
to the seedlings’ growth responses. The measured traits were: bryophyte 

a) b) c) d)
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cushion thickness, density, water retention capacity, and concentrations of 
extractable ammonium, organic nitrogen and total phenols.  

Climate change manipulations 
In paper I, any climate treatment presented in each of the retrieved papers 
was included in the study if other requirements (see above) for the inclusion 
of that paper were met. To simulate climatic changes in papers II-IV, a 
variety of approaches were used (Fig 3). In paper II, climate warming was 
simulated by the use of two indoor climate chambers (Fig 6b). The mean 
temperatures in the chambers were 7.0 and 9.2 °C, which is similar to 
current average June–September tree line temperatures (Körner & Paulsen 
2004) and a 2.2 °C warmer scenario as projected for northern Fennoscandia 
in 2046–2065 (IPCC 2013), respectively. 

 
Fig 7 Snow reduction (a) and snow addition treatment plots in paper III. Photos by 
S. Lett. 
 

In papers III and IV, both climate warming and variation in precipitation 
were included. In paper III, which focused on winter processes, climate 
change simulations included an elevational gradient that represented 
current tree line conditions (at the tree line) and future warmer tree line 
conditions (in the birch forest below). Assuming a lapse rate of 0.55°C per 
100m, the temperature at the warmer site (lower elevation) was expected to 
be 1.8 °C warmer than at the current tree line site (Körner 2007). This 
corresponds to winter climate warming scenarios for the period of 2046-
2065 in this region (IPCC 2013). In addition, the effects of altered winter 
precipitation were simulated by the use of three snow treatments. Although 
predictions of future precipitation patterns show large uncertainties, 
precipitation is expected to increase in Northern Scandinavia while the 
fraction falling as snow is likely to decrease (IPCC 2013). Therefore, to cover 

b)a)
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several scenarios, the winter snow period was reduced by removal of snow 
during autumn and spring, snow was left untouched, or snow depth was 
increased with ‘snow fences’ (Fig. 7). In paper IV, climate warming by 1 °C 
(corresponding to projections for this area for 2046-2065, IPCC 2013) was 
simulated in the field by the use of open top chambers (OTCs, Figs 8a,d), 
which is a standard method for passive warming of air temperature that has 
been used in many arctic and alpine sites in the International Tundra 
Experiment (ITEX, Marion et al. 1997). Differences in precipitation were 
included in the experiment by establishing the experimental sites in areas of 
either low precipitation (304 mm year-1, Abisko) or high precipitation (844 
mm year-1, Katterjåkk).  

Data analysis 
Tree seedling survival data (papers III and IV) were analysed with 
generalized linear mixed effects models by using the R packages lme4 and 
car (Fox & Weisberg 2011; Bates et al. 2014). Tree seedling biomass and 
nitrogen data (papers II and IV) and climate data (papers II-IV) were 
analysed with linear models or linear mixed effects models by using the R 
package nlme (Pinheiro et al. 2013). For all models, significant interactions 
were investigated further with post hoc linear or generalized linear effects 
models and Tukey’s HSD tests. Relationships between seedling growth and 
bryophyte traits were analysed with linear regression models (paper II) and 
those between seedling survival and abiotic conditions analysed with logistic 
regression (paper III). All statistical analyses were performed using R (R 
Core Team 2016).  

 
Fig 8 Open top chambers were used to warm air temperature (a). Seedlings of 
Betula pubescens (b) or Pinus sylvestris (c) were planted into plots (d) were mosses 
where left intact (left) or removed (right). Photos by S. Lett. 

Major results and discussion 
Climate change effects on tree seedling establishment 
Across the reviewed literature, seedling survival showed a mixed response to 
warming, with negative, neutral and positive responses being more or less 
equally common (paper I). In the field experiments, there was no effect of 
summer warming by OTCs on seedling survival (paper IV) whereas higher 

a) b) c) d)



Implications for tree seedling establishment in the tundra 
 

 11 

winter temperatures (i.e., lower relative to higher elevation) increased 
survival by 1.2 times on average (paper III). In paper III, winter 
temperatures were also manipulated through snow manipulations, where 
snow addition resulted in the overall same response, as it led to higher soil 
temperatures and higher seedling survival at the alpine tree line. The 
response to snow manipulation was, however, dependent on both site and 
tree species. When comparing papers III and IV, it seems that winter rather 
than summer warming benefits tree seedlings in terms of survival. This is in 
line with the literature review (paper I) where the effects of snow on survival 
(although based on only three studies) were consistently positive, and 
confirms previous suggestions that changes in winter processes drive 
observed tree line expansion (Harsch et al. 2009; Hagedorn et al. 2014; 
Renard, McIntire & Fajardo 2016). The results of this thesis reveal that P. 
sylvestris survival is promoted more than that of B. pubescens by higher 
winter temperatures, likely because this species is more sensitive to cold 
temperatures (Sutinen, Mäkitalo & Sutinen 1996). Future climate warming 
in the Abisko area is projected to occur primarily during winter (IPCC 2013), 
which could potentially explain the faster migration of P. sylvestris than of 
B. pubescens in some areas in Scandinavia (Kullman & Öberg 2009)    

According to the review study (paper I), increased temperatures at the alpine 
tree line were in most cases associated with higher seed germination and 
seedling growth and no studies reported negative effects of temperature on 
these response parameters. The results from papers II and IV, in which 
seedling growth was measured, are in line with this. In paper II, warming of 
2.1 °C in the growth chambers increased seedling growth up to 8 times, 
whereas the weaker warming of around 1 °C by OTCs in the field (paper IV) 
increased growth only in a few instances for B. pubescens and only by a 
factor of 2. The stronger growth response of B. pubescens than of P. 
sylvestris to warming in paper II is consistent with previous work showing 
Betula species to be more opportunistic and responsive (Barreto 2008; 
Hynynen et al. 2010). 

Bryophyte effects on seedlings 
Bryophytes affected seedlings in various ways and the effects ranged from 
positive (paper II) to neutral (papers II –IV) and negative (papers III and 
IV). These differences were in part dependent on whether seedling 
establishment was evaluated in terms of survival or growth. Seedling 
survival generally suffered from presence (versus absence) of bryophytes, 
regardless of whether measured as over-winter or first year survival (paper 
III) or survival after three growing seasons (paper IV). The lower seedling 
survival in the presence of bryophytes during the winter was somewhat 
surprising as bryophytes were expected to protect seedling roots from cold 
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air temperature through their insulating properties (Gornall et al. 2007; 
Elumeeva et al. 2011). However, because moisture content at the depth of 
the seedling roots was lower in the presence than the absence of bryophytes, 
and seedlings in general are highly sensitive to desiccation (Leck, Parker & 
Simpson 2008), it is possible that low moisture levels associated with the 
bryophytes caused higher seedling mortality in the winter. Also for the tree 
seedlings grown in the field for three growing seasons (paper IV), survival 
was lower when soil moisture was lower. As such, seedling survival and soil 
moisture were both higher in plots where pleurocarpous mosses (P. 
schreberi and H. splendens) were removed than where they were present. In 
contrast, seedling survival and soil moisture in Sphagnum plots was high 
both in the presence and absence of the bryophyte. Differences in soil 
moisture thus seemed a key factor for explaining differences in survival of 
tree seedlings at the treeline. Betula pubescens seedlings were in general 
more sensitive to these moisture differences than was P. sylvestris, which is 
reflective of B. pubescens having a higher optimum for soil moisture 
(Sutinen et al. 2002)  as well as being a broad leaved species with higher 
water loss from leaves.  

The negative effects that bryophytes exerted on tree seedling survival did not 
occur for growth. In the growth chamber experiment at current tree line 
temperature, P. sylvestris generally grew more when growing in certain 
bryophyte species, namely those with low water retention capacity, while B. 
pubescens grew very little at this temperature and was unresponsive to the 
presence of bryophytes (paper II). Overall, growth of neither P. sylvestris 
nor B. pubescens was affected by the presence of bryophytes (only tested for 
Sphagnum) in the field after three growing seasons (paper IV). Wardle et al. 
(2008) similarly found, in the boreal forest, that while seedling survival was 
greatly suppressed by bryophytes, the growth of these seedlings was not. 
This is also in line with the finding from paper I that at alpine and arctic tree 
lines, seedling survival and seedling growth are driven by different 
environmental conditions.  

Bryophyte effects on microclimate 
Bryophytes had strong impacts on the microenvironment of seedlings. In the 
field, temperatures were on average 0.9°C higher in the presence of 
bryophytes in June and July (paper IV). This positive effect of mosses on 
growing season temperature in the ground is similar to what was found in a 
similar experiment in the boreal forest (De Long et al. 2016). In winter, on 
the other hand, presence of bryophytes had the opposite effect on soil 
temperatures. Here, bryophytes decreased mean temperature, but only by 
less than 0.5°C (paper III). In winter, there were no overall differences in 
soil temperature between bryophyte species (paper III) whereas during 
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summer Sphagnum spp. was warmer than H. splendens and P. scherberi 
(paper IV). 

Soil moisture was lower in the absence of bryophytes in both papers III and 
IV. During summer, Sphagnum spp. had much higher moisture content 
than did P. schreberi or H. splendens (paper IV) whereas in winter (paper 
III) there were no differences between the three bryophyte species S. 
fuscum, H. splendens and P. ciliare. These differences are likely due to the 
fact that these bryophyte species naturally have preferences for habitats that 
differ in moisture conditions and in paper III bryophytes were transplanted 
to eliminate such differences of habitat to isolate the effect of bryophyte on 
seedlings. In paper IV, differences between the bryophyte species were 
higher in plots where bryophytes had been removed, which is in line with 
that the main differences in moisture content between species originates 
from their habitat preferences.  

Based on earlier findings on bryophyte effects on soil abiotic conditions 
(Gornall et al. 2007; Soudzilovskaia et al. 2013; De Long et al. 2016) we 
expected that the effects of our climate factors on soil abiotic conditions 
would depend on the presence of bryophytes. However, in paper IV, 
warming or precipitation impacted mean soil temperature and soil moisture 
level but the effect was not altered by presence or species identity of the 
bryophytes. In paper III, the number of freeze thaw cycles at the warmer, 
lower elevation was higher in P. ciliare and S. fuscum than in soil and H. 
splendens, whereas there were no differences in number of freeze thaw 
cycles between bryophyte treatments at the higher, colder elevation. We did 
thus not find convincing support that bryophytes modify climate change 
effects on microclimate as seen for the boreal forest (De Long et al. 2016). 

Bryophyte effects on seedling responses to climate change 
Tree seedling responses to the climate treatments imposed in paper II-IV 
were in many (but not all) cases dependent on the presence of bryophytes. 
Although warming or precipitation did not affect tree seedling survival in 
general in paper IV, the response of B. pubescens to higher precipitation 
went from being negative to positive when pleurocarpous mosses were 
removed. As this response could not be ascribed to similar changes in soil 
moisture or any other abiotic conditions measured in the microenvironment 
of the seedling, a likely explanation for this response is that the growth of 
pleurocarpous moss and thus its competitiveness against tree seedlings was 
increased under wetter conditions (Busby, Bliss & Hamilton 1978). 
Consequently, removal of pleurocarpous moss may have relieved B. 
pubescens seedlings from increased competition at high precipitation sites, 
and thereby enabled tree seedlings to show a positive growth response to 
higher precipitation. This finding is consistent with earlier studies showing 
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that the suppressive effect of pleurocarpous moss on seedlings is greater 
when moisture inputs are higher (Zackrisson et al. 1998; Stuiver et al. 2014). 
This means that while increased moisture is directly beneficial for 
establishing seedlings, higher precipitation can also indirectly have negative 
effects on survival when seedlings are growing in the presence of 
pleurocarpous mosses.   

The interactive effects of precipitation or temperature with bryophyte 
species on tree seedling growth could not be tested due to high mortality of 
seedlings growing in pleurocarpous moss (paper IV). However, removal of 
Sphagnum resulted in a positive warming response of B. pubescens growth, 
although the effect of warming on soil temperature was not more intense in 
the absence of Sphagnum. Earlier findings have shown that Sphagnum 
growth is highly responsive to warming and that it can outcompete vascular 
plants (Dorrepaal et al. 2006; Keuper et al. 2011). It is therefore possible 
that B. pubescens seedlings showed a greater benefit from the removal of 
Sphagnum, and therefore its competitive effects, at higher temperatures.  
However, similar negative effects of Sphagnum on tree seedling growth were 
not observed under the greater warming of 2.1 °C provided by the controlled 
growth chamber conditions (paper II). It is possible that the higher 
temperatures led to conditions in the growth chambers that were less 
optimal for Sphagnum than for B. pubescens or that the duration of only one 
growing season in the growth chamber experiment was not long enough for 
Sphagnum to modify seedling responses to warming.  

In the growth chamber experiment, B. pubescens seedlings growing in the 
pleurocarpous mosses H. splendens and P. schreberi responded more to 
2.2°C warming than did seedlings growing in other bryophytes (paper II). 
Conversely, the response to warming of P. sylvestris was not affected by 
bryophyte species. The enhanced response to warming of B. pubescens when 
growing in pleurocarpous mosses could be ascribed to the higher N (i.e., 
ammonium and organic N) availability in the cushions of these mosses. This 
is in line with paper I, which showed that increased nutrient availability in 
most cases promoted tree seedling growth. That B. pubescens and not P. 
sylvestris correlated with N availability is likely because Betula species in the 
boreal forest are ruderal, early successional species (Hynynen et al. 2010), 
which should be more responsive to high N than would P. sylvestris, which 
is adapted to poorer sites (Sutinen et al. 2002; Dehlin et al. 2004). These 
results imply that warming leading changes in bryophyte community 
composition towards higher dominance of H. splendens or P. schreberi 
(Lang et al. 2012) or similar mosses with high N availability could have 
cascading effects on B. pubescens tree seedling growth and potentially tree 
line expansion. 
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Facilitation versus competition at the alpine tree line in the 
face of climate change 
The review study shows that surrounding vegetation can have positive as 
well as negative effects on tree seedling establishment at tree lines globally 
(paper I). In one study, summer warming of 6.7°C reversed the impact of 
shrubs on tree seedling growth from facilitative to strongly competitive 
(Okano & Bret-Harte 2015). In other studies the tendency was the same at 1-
2°C warming, as the facilitative effect of shrubs became less important under 
warmer conditions (Grau et al. 2013).  

The aim of paper III was to explore the potential facilitative effects of 
bryophytes on tree seedlings under simulated warmer winter conditions. 
Overall, bryophytes affected seedlings negatively and thus we did not find 
such facilitative effects of bryophytes on over-winter survival or survival 
after one year of tree seedlings, which is consistent with the finding for 
survival response in paper IV. We did not include the growth response of 
tree seedlings in paper III and it is possible that seedling growth would have 
responded differently than survival as was found in paper I and IV.  

Previous findings show that advanced snow melt can shift plant interactions 
towards facilitation of increased and earlier growth in spring (Wipf, Rixen & 
Mulder 2006). In paper III, we found indications that the role of bryophyte 
presence, when compared to a bryophyte free environment, was changed by 
elevation or snow. For both tree species, a milder climate induced by snow 
addition resulted in more negative effects of bryophytes on tree seedling 
survival right after winter, which is consistent with the stress gradient 
hypothesis (Callaway et al. 2002). The findings of paper III, suggest that 
snow can alter the outcome of bryophyte effects on tree seedling survival 
over winter in a similar way as summer warming can modify vascular 
vegetation effects on tree seedlings during the growing season (paper I). 
These findings thus extend the relevance of the stress gradient hypothesis to 
the winter season and to bryophytes.  

Concluding remarks 
The literature review revealed that, although warming had mostly positive 
effects on tree seedling establishment at the alpine and arctic tree line, other 
environmental factors often had larger effects on tree seedlings and thus 
potentially contribute to tree line migration or lack of same. This is line with 
papers III – IV that showed that especially tree seedling survival was 
adversely affected by the presence of bryophytes and that the effects of 
bryophytes were larger than those of the climate treatments. Seedling 
growth, on the other hand, was not hampered by the presence of bryophytes 
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(paper II and IV), which is in line with the finding that seedling survival and 
growth and seed germination are not responding similarly to environmental 
conditions (paper I).  

In addition and in line with the literature review (paper I), we found several 
indications that vegetation above the tree line, including bryophytes, 
mediated tree seedling responses to warming and precipitation or snow 
cover (paper III and IV). The mechanisms through which bryophytes 
affected seedling survival was most likely through their effects on soil 
moisture during winter (paper III) and through competition for space and 
potentially resources during summer (paper IV). Bryophytes mediated 
seedling growth responses to climate through their differences in N 
availability (paper II) and though competitive mechanisms that were 
affected by the climate treatments (paper IV).  

Climate change will affect bryophytes species distribution and abundance as 
well as that of vascular plants. Experimental as well as natural warming has 
led to a decrease in some bryophyte species while pleurocarpous mosses, 
shrubs and forbs increase with warming (Sorensen & Michelsen 2011; 
Elmendorf et al. 2012a; b; Lang et al. 2012). Rodents such as voles and 
lemmings cause local but severe reductions on bryophyte cover (Johnson et 
al. 2011; Olofsson et al. 2014). In addition, trees establishing in the tundra 
may themselves impact vegetation composition towards that of the birch 
forest below (Sundqvist, Bjork & Molau 2008). Through effects on 
vegetation community composition, changes in climate, herbivore pressure 
or tree line advance itself are thus likely to impact on seedling establishment 
and subsequently tree line advance (papers I – IV).  

Perspectives 
The three experimental papers (II – IV) focussed on survival and growth of 
tree seedlings transplanted into the tundra and thus build on the assumption 
that seed germination would take place in bryophytes. Wheeler et al.  (2011) 
found higher germination and survival in Pleurozium schreberi compared to 
mineral soil and lichen seedbeds, which shows that bryophytes can play an 
important role for seed germination a the alpine tree line. However, paper I 
showed that germination, growth and survival of tree species are not 
controlled by the same environmental factors. Effects of bryophytes on seed 
germination under climate change are thus likely to differ from what was 
observed in papers III – IV. Further, while climate change affects tree 
seedlings and bryophyte effects on these, bryophytes themselves also 
respond to climate change. These responses were taken into account in the 
experimental design of papers II – IV as mosses were allowed to respond to 
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the treatments. However, it would be useful to include moss growth 
responses to support the finding that seedlings experience more competition 
from bryophytes under higher temperatures. 

As found in the review study (paper I) tree seedling growth and survival 
responses to the climate treatments were highly dependent on 
environmental context, such as which bryophyte species they grew with 
(paper II) and if they grew with or with or without bryophytes at all (papers 
II – IV). Warming responses of tree seedlings, and likely plants in a broader 
sense, can therefore not be understood in isolation from the environmental 
context. This underlines the importance of multifactorial studies in tree line 
and in ecological research in general. In addition, it suggests that 
extrapolations should not be made based on temperature responses alone 
(e.g. bioclimatic envelope models). That responses to for example warming 
are mediated by environmental context has been recognised in large scale, 
comparative climate change manipulation studies (Elmendorf et al. 2012a). 
The studies in papers II – IV identify bryophytes, which in arctic and alpine 
ecosystems are highly dominant (Longton 1992, 1997), as a functional group 
that can function as such an ecological context which can mediate climate 
change responses. In addition, they highlight that the presence, identity and 
traits of bryophytes in the tundra are highly relevant for tree seedling 
establishment (papers I – IV) and may have consequences for tree line 
expansion.  
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