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Abstract 

 
Forest regeneration in the form of successful seedling establishment is a key factor for the 
persistence of a healthy forest ecosystem. Tree seedlings grow in a complex environment 
shaped by over- and understory and competition for light, nutrients and water. Not much 
research has been done on how climate change is impacting on seedling performance through 
direct and indirect warming effects including possible interactions with the growth 
environment i.e. understory vegetation. To elucidate these, seedlings of B. pubescens, P. 
sylvestris and P. abies were planted into a full-factorial experiment consisting of randomly 
assigned plant functional group (moss) removal in combination with passive warming (open-
top chambers [OTCs]) along a post-fire chronosequence. Each seedling’s survival and growth 
had been surveyed over a period of three years (not as part of this thesis). At the end of the 
experiment, growth assessment in terms of biomass determination was done, by harvesting 
selected individuals. Growth has been found to be species-specific but without evidence of a 
direct or interactive warming effect. The survival analysis highlights that mosses promoted a 
positive warming effect on survival in the young and intermediate successional stages 
regardless of seedling species. In the old successional stage warming reduced survival 
regardless of moss presence explicitly for B. pubescens and P. sylvestris. If, as anticipated, 
climate change induces a shift toward younger forest stands by altering the fire frequency and 
climate warms, moss cover can therefore become a critical factor for seedling survival in the 
boreal forest. 
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1 Introduction 
 

Climate change is anticipated to impact the boreal forest ecosystem on different scales and 
levels i.e. from landscape scale to stand and single tree scale and from canopy layer to 
understory vegetation. Increasing air temperatures, rising carbon dioxide (CO2) 
concentrations and altered precipitation patterns observed over the past couple of decades 
are only a selection of indicators that demonstrate an ongoing change in the environment 
(e.g. IPCC 2013).  Boreal forests are valuable carbon sinks (Jobbágy  & Jackson 2000) and 
play an important role in the global climate system (Betts  2000; Snyder et al. 2004; Bonan 
2008). Therefore, climate change impacts on the boreal forest are likely to, in turn, feed back 
to the local and global climate systems (Chapin III et al. 2000) thus highlighting the 
importance of understanding climate change effects on that specific ecosystem.  
 
In light of forest persistence, successful regeneration processes in forms of seed germination 
and seedling growth and survival are essential. At the same time the seedling stage also 
represents the tree’s most vulnerable state, and environmental conditions, like soil 
temperature and water balance, are decisive for the performance of the future tree layer 
(Kozlowski 2002). In the area of the Scandinavian boreal forest, the main direct effect of 
climate change will be the increasing air temperatures, which are predicted to rise by 1.5 °C in 
summer and 2.5 °C in winter within the period of 1990-2050 (Christensen et al. 2001). 
Projections of soil temperatures in the northern part of Sweden calculated an increase up to 
2.5 °C during summer, for the period of 2061 to 2090 in comparison to 1996 to 2008 
(Jungqvist et al. 2014). At the same time the onset of soil warming is expected to start 15 to 19 
days earlier in spring when comparing 1991 to 2000 with 2091 to 2100 (Mellander et al. 
2007).  
 
Higher soil and air temperatures will likely directly affect seedling establishment, since 
biochemical processes that are important for germination and growth often are temperature 
driven (Körner 2006). Moreover, warming will most likely result in an extension of the 
growing season in the boreal forest, where plant growth is so far temperature limited 
(Kinnunen  et  al.  2013). To date, warming has been found to have positive 
(Kellomäki  &  Wang  2001; Xu et al. 2012), indifferent (Lahti et al. 2005; 
Pumpanen  et  al.  2012), or negative (Day et al. 2005; Okano & Bret-Harte 2015) effects on 
seedling establishment (that is both survival and growth) in the boreal forest. A beneficial 
effect of warmer temperatures was mostly observed with concurrent presence of a sufficient 
amount of soil moisture (Oleskog & Sahlén 2000; Kellomäki & Wang 2001; Tingstad et al. 
2015) and nutrient availability (Stuiver et al. 2016). 
 
Seedling performance will, however, not only be driven by direct warming effects. Indirect 
warming effects, such as those acting via warming induced alterations of understory (shrub) 
vegetation cover and/or fire frequency, will most likely also impact seedling establishment. 
With warming the shrub cover is expected to increase (Euskirchen et al. 2009), while moss 
cover will probably decline due to drier and warmer climate (Rixen & Mulder 2009; Turetsky 
et al. 2012). The role of mosses for seedling performance has received a rising share of 
attention (Nilsson  &  Wardle 2005; Lett 2017), since they have already been identified as a 
key factor in determining successional trajectories (Johnstone et al. 2010). Uncertainty still 
exists concerning whether the influence of mosses on tree seedling performance is facilitative 
or competitive. Their ability to retain water (e.g. Oleskog & Sahlén 2000) and fix nitrogen (N) 
(DeLuca et al. 2002; Jackson et al. 2013) may facilitate seedling performance, but they may 
also compete with the seedlings for light, water and nutrients (Bonan & Shugart 1989; 
Kuuluvainen & Rouvinen 2000; Johnstone et al. 2010), which has been explicitly shown in a 
greenhouse study by Stuiver et al. (2014). Here, vegetation removal experiments are a good 
tool to untangle plant-plant interactions and to identify possible competitive, mutualistic or 
facilitative behaviour patterns (e.g. Brooker 2006). 
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The seedling-moss interaction is also likely to change with a changing climate (Turetsky 
et al. 2012; Stuiver et al. 2014). Warming experiments have already shown a decline in moss 
abundance (Rixen  &  Mulder  2009; Sorensen et al. 2012), although more pronounced for 
arctic than for boreal regions (Turetsky et al. 2012). Contrary to these findings, a long term 
study by Hedwall  et al. (2015) showed a positive warming effect on moss abundance. 
Additionally, warming may negatively influence moss growth (Turetsky et al. 2012), 
especially in combination with inadequate precipitation, thereby attenuate their 
competitiveness toward tree seedlings (Stuiver et al. 2014).  
 
Another consequence of climate warming in the boreal forest is altered forest-fire regimes. 
Scenarios regarding future changes in fire dynamics range from decreasing to increasing fire 
frequencies. Arguing in favor of the latter are a combination of factors such as temperature 
rise (Christensen et al. 2001; IPCC 2013), an increase of evaporation (Kinnunen et al. 2013), 
augmented abundance of fuel (e.g. Granström 1993; Harris et al. 2016) and an increasing 
number of lightening strikes. In addition to these climatic parameters, which will influence 
fire regimes, anthropogenic activities also interfere with fire occurrence 
(Niklasson  &  Granström 2000). In general, fire suppression has gained efficiency over the 
past centuries (Niklasson & Granström 2000), supporting the projection of fewer forest fires. 
However, this might not be the case for non-managed forests, such as nature reserves and 
forests in scarcely populated areas. 

Altered fire dynamics affect successional patterns, since fire disturbance is one of the 
main drivers of forest succession on the patch scale (Niklasson & Granström 2000; Nilsson & 
Wardle 2005). It is widely recognized that post-fire vegetation establishment depends largely 
on fire intensity and the depth of burn (Schimmel & Granström 1996; 
Kuuluvainen  &  Rouvinen 2000). Therefore, every post-fire succession is unique. Still, it is 
possible to identify certain universal trajectories (Nilsson & Wardle 2005). In general, as 
succession proceeds, ericaceous dwarf shrubs with high-quality litter 
(e.g.  Vaccinium myrtillus) are gradually replaced by ericaceous dwarf shrubs with low-
quality litter (e.g.  Empetrum hermaphroditum) (Nilsson & Wardle 2005), leading to 
hampered decomposition of organic material (i.e. nutrient turnover) in the soil, and, thus, a 
lower soil nutrient availability with increasing forest age (DeLuca et al. 2002). 
Simultaneously, moss cover increases in thickness and abundance in the understory of the 
older successional stages (DeLuca  et  al.  2002; Turetsky et al. 2010), and the overstory will 
consist of late successional tree species, such as P. abies, and closed canopies (Nilsson & 
Wardle 2005). From the seedling perspective the pathway of successions is important, 
because the overstory determines light penetration (Day et al. 2005; Liira et al. 2011), while 
the understory forms the microclimate, is involved in nutrient supply (Dehlin et al. 2006; De 
Long et al. 2016b) and determines the biotic interactions to which the seedlings are exposed 
(Nilsson & Wardle 2005; Montgomery et al. 2010; Treberg & Turkington 2010; Hyppönen et 
al. 2013).  
 
A number of studies focusing on the effects of global warming on tree seedlings already 
exists, but most have focused on phenology or tree seedling establishment at the tree line 
(Saxe  et  al. 2001; Anderson-Teixeira et al. 2013; Chung et al. 2013). The interactive effects of 
increased temperature and plant functional group (moss) removals across different 
successional stages on seedling survival and growth have rarely been studied. Yet, 
understanding these interactive effects is important, because the consequences of warming 
on boreal tree seedlings will most likely be governed by moss abundance due to their 
competitive or facilitative capacities. Moreover, seedlings in different successional stages are 
subjected to discriminating biotic and abiotic environments pertaining to understory 
vegetation, microclimate, nutrient status and incidence light, which most likely will influence 
the warming effect as well. To capture these interlinkages, multi-factorial experiments can 
help to shed light onto the complexity of climate change feedbacks in boreal forest 
ecosystems. 
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Warming effects on tree seedlings were often observed to be species specific (Saxe et al. 2001; 
Day et al. 2005; Pumpanen et al. 2012). Different tree species are characterized by species-
specific traits that strongly determine their site requirements. B. pubescens and P. sylvestris 
are light-preferring trees which perform best in early successional stages (Linder et al. 1997; 
Nilsson  &  Wardle  2005; Kätzel et al. 2007). Both species are relatively undemanding 
concerning soil quality (Schütt et al. 2014), but Betula is slightly more nutrient demanding 
than P. sylvestris (Wardle et al. 1998). P. abies is a shade tolerant tree species, and is 
undemanding regarding soil quality, but requires a certain level of soil moisture (Schütt et al. 
2014), and is known to establish well in late-successional stages (Nilsson  &  Wardle  2005). 
Based on these differences in characteristics, the three species are likely to differ in their 
response to warming, moss abundance and successional stage. 
 
The aim of this thesis is to elucidate both direct (temperature rise) and indirect (via altered 
vegetation composition and post-fire successional stages) effects of climate warming on 
species-specific tree seedling performance in a mature boreal forest as well as identifying 
possible interactions. Therefore, I will study survival and growth of P. sylvestris (Scots pine), 
P. abies (Norway spruce) and B. pubescens (downy birch) seedlings, which are the three most 
common and economically important tree species of the Swedish boreal forest 
(Riksskogstaxeringen 2016). Growth is hereby defined as biomass accumulation and 
allocation, measured as total dry mass (TDM, at the point of harvest) and shoot-to-root ratio 
(SR, at the point of harvest). The seedlings were planted and surveyed in sites along an 
already established 368-year post-fire chronosequence (DeLuca et al. 2002; Jackson et al. 
2013; Bokhorst et al. 2014; De Long et al. 2016a; De Long et al. 2016b), subjected to full-
factorial combinations of experimental warming and manual (feather) moss removal. The 
survival data originate from a three-years (2013-2016) recording (only the last recording was 
performed as part of this thesis), while the growth data originate from the final harvest in 
summer 2016 (performed as part of this thesis). 
 
I hypothesize (1) that warming will increase seedling survival and growth, regardless of moss 
removal, successional stage and species. This is based on most biochemical processes that 
improve growing conditions are being stimulated by warming (Saxe et al. 2001; Körner 2006; 
Way & Oren 2010). However, (2) the positive effect of warming on seedling survival and 
growth will be more pronounced when moss is absent, due to reduced competition for light 
(Stuiver  et  al. 2014), water (Oleskog & Sahlén 2000) and nutrients (Zackrisson et al. 1998). 
Also, (3) warming will lead to higher survival and growth in early successional stages, 
because of better light penetration allowed by less closed canopies (Pages et al. 2003; 
Hedwall  et  al.  2015) and higher nutrient supply (DeLuca et al. 2002; Hedwall et al. 2015). 
(4) Warming will further increase survival and growth in late successional stages more when 
mosses are removed, because of higher moss biomass in later successional stages 
(DeLuca  et  al. 2002) and thus stronger negative interactions between mosses and seedlings 
in these forests. These hypotheses will be tested across and within tree seedling species to 
add to knowledge about general and species-specific seedling performance patterns in the 
boreal forest ecosystem in light of future climate change. 
 

2 Material and Methods 
 

2.1 Study site and experimental design 
The basis for this thesis is a multi-factorial experiment along a post-fire chronosequence 
close to Arvidsjaur, northern Sweden (65°35’– 66°07’N, 17°15’– 19°26’E), initiated in 2010 to 
investigate effects of climate warming on different successional stages of the boreal forest 
(De  Long et al. 2016a; De Long et al. 2016b). Ten sites represent a fire-induced, natural 
gradient of successional stages with a range of time since the last fire disturbance from 48 to 

368 years (Figure 1). The ten sites vary in the above ground properties of (feather) moss 
cover, dominant overstory tree species (Picea abies or Pinus sylvestris) and their canopy 
openness (Teuber et al., unpublished data), and the abundance of understory shrub species 
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characteristic for the respective successional stages, such as Vaccinium myrtillus or 
Empetrum hermaphroditum (Jackson et al. 2013; De Long et al. 2016a). All sites of the 
chronosequence are either Typic or Entic Haplocryods (DeLuca et al. 2002), which are soils 
that belong to the soil type of podosols and are commonly found in the boreal region at 
higher latitudes. Their notable features are relatively low pH (acidic) and high amount of 
organic carbon in the O-horizon (Bockheim 2010). The climate across the sites is 
characterised by a mean annual air temperature of -2 °C (mean temperature in January: -14 
°C; mean temperature in July:  12 °C) and a mean annual precipitation of 6o0 mm (Jackson 
et al. 2013). 
 

Figure 1. Schematic delineation of the ten sites of the post-fire chronosequence in Arvidsjaur. The x-axis 
represents the points of time when the last fire event at the respective sites occurred. Based on the time since fire, 
the ten sites are grouped into the old (> 260 years since the last fire), intermediate (260-100 years since the last 
fire) and young (< 100 years since the last fire) successional stages. 

 
At each site, eight different treatments were established in June 2010, i.e. full-factorial 
combinations of warming, moss removal and shrub removal, and their controls. Each 
treatment combination was replicated once per site, giving a total of 80 experimental units. 
At each site, four plots, of hexagonal shape with a diameter of 165 cm × 180 cm and a total 
area of 2.35 m2, were marked (De Long et al. 2016a). To achieve warming of two of the plots 
per site, open-top chambers (OTCs) (diameter: 165 cm × 180 cm, height: 47 cm; 0.95 m2 
exposed area in the center; MacroLife, Arla plast, Sweden) were used as described by Henry 
& Molau (1997) and Bokhorst et al. (2013). OTCs were initially developed for circumpolar 
tundra ecosystems research (Marion et al. 1997; Henry & Molau 1997), but some OTC 
warming experiments have also been realized in the boreal zone (Hättenschwiler 2001; 
Dabros et al. 2010; De  Long  et  al. 2016a; De Long et al. 2016b). Specifically for this study, 
site temperature recordings showed that OTCs had an overall warming effect of 0.4 °C on the 
air temperature and an overall warming effect of 0.2 °C on the soil temperature during 
summer (De  Long et  al.  2016a). The OTCs were set up at the beginning of the vegetation 
period (June) and removed at the end of the vegetation period (October) each year, thus 
simulating enhanced only summer warming. 
Further, two plots per site were randomly assigned to shrub removal. In addition, all four 
plots were divided into two subplots, one for moss removal and one for moss presence. Full 
cover of these two plant functional groups in the assigned plots/subplots was initially cleared 
by cautious manual weeding, as done by Wardle & Zackrisson (2005), De Long et al. (2016a) 
and Lett (2017). Maintenance weeding of the plant functional groups was done yearly.  
Of the eight different treatment combinations at each site, only four different treatments will 
be used in this study, all of which had intact shrub cover: control treatment (C), that had 
moss present under ambient temperature regime; (moss) removal treatment (R), that had no 
moss under ambient temperature regime; warming treatment (W), that had moss present 
under elevated temperature regime; and (moss) removal and warming treatment (RW), that 
had no moss under elevated temperature regime (Table S 1), giving a total of 40 
experimental units across all sites. 
 

2.2 Seedlings 
In June 2013, when the disturbance impact of the initial vegetation cover removal was 
considered to have ceased (Wardle & Zackrisson 2005), seedlings of B. pubescens, P. 
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sylvestris and P. abies were planted into the 80 experimental units. Per subplot (that is one 
experimental unit assigned to one of the eight treatment combinations), 50 B. pubescens 
seedlings, 20 P.  sylvestris seedlings and 10 P. abies seedlings were planted, each in two 
groups (resulting in two times 25 B. pubescens, two times 10 P. sylvestris and two times 5 P. 
abies per subplot) to account for potential heterogeneity in soil and vegetation in each 
subplot. The different amounts of seedlings resulted from varying germination success and 
mortality expectations (i.e. B. pubescens was expected to show high mortality rates due to 
fragile seedlings). To obtain the same density of seedlings, the patches that were planted with 
seedlings were adjusted in size (i.e. B. pubescens was planted in bigger patches than P. 
sylvestris and P. abies). Seedlings were planted into the plots omitting a 30 cm distance to 
the edges of the plots plus a 10 cm range at the border between the subplots (Lett 2017). The 
seedlings were planted at a depth where also natural seedlings would germinate (Lett 2017). 
The seedlings surveyed in this experiment were grown from local seeds. Prior to 
transplantation to the field in the beginning of June, B. pubescens seedlings were grown in 
warmed (initially 20°C, later 15°C) and lit growth chambers for two and a half weeks, while P. 
sylvestris and P. abies seedlings were grown in a greenhouse for a duration of one and a half 
weeks. 
After transplantation, data on seedling survival were collected twice per year, in early 
(June/July) as well as late summer (August/September). In August 2016, one surviving 
seedling of each of the three species per subplot (if still remaining) was harvested to obtain 
information about the seedling’s performance in terms of biomass accumulation as an 
indicator of the growth performance. Therefore, the largest and sturdiest looking seedling 
was chosen per visual estimation and carefully dug out of the soil including the root system. 
Harvesting was conducted with as little disturbing impact for the seedling and the plot as 
possible. The harvested seedlings were washed in water to remove soil particles and any 
attached alien plant material such as moss shoots. Subsequently they were cut into the 
different compartments of foliage (including buds), stem, roots, and attached litter. Litter 
was not collected separately for B. pubescens seedlings, since leaves had mostly not started 
senescing yet and litter from previous years had not been collected. The different components 
were then dried in a drying oven for at least 48h at 60°C and then weighed with a MSE-3.6 
microbalance (Sartorius, Germany) with an accuracy to the fourth decimal place. Samples 
that were heavier than 3 g were weighed with an AG204 balance (Mettler-Toledo, Alaska, 
USA). In total 132 seedlings were harvested and processed for biomass determination. 
Additionally, a set of seedlings of all three species (131 B. pubescens, 79 P. sylvestris and 
30 P.  abies seedlings) was harvested and dried directly after the transplantation in June 
2013 for initial biomass determination. These seedlings were used to obtain the species-
specific average weight at t0 across all sites and treatments, which was possible since biomass 
at transplanting was very homogeneous within species. Initial biomass of B. pubescens 
seedlings was 1.129 ± 0.088 mg, of P. sylvestris 3.161 ± 0.072 mg, and of P. abies seedlings 
3.481 ± 0.140 mg. 
 

2.3 Statistical analyses 
The effects of warming, moss removal, successional stage, tree species and their interactions 
on seedling survival were analysed with a generalized mixed effects model in combination 
with Analysis of Variance (ANOVA), due to survival being count data with a binomial error 
structure. Warming treatment, moss treatment, successional stage and species (tree seedling 
species) were set as fixed factors, while site (the ten sites along the fire chronosequence), plot 
(the level assigned to either warming or ambient) nested in site, subplot (level of moss 
removal or presence) nested in plot and time (observation points during the experimental 
time span of 3.2 years) nested in subplot were considered as random factors. The first terms 
represent the experimental design and account for natural variation among sites, plots and 
subplots. The latter (time) accounts for repeated measures over time in order to avoid 
temporal pseudo replication. Because species interacted strongly with the other factors in the 
full model, species-separated models were run thereupon. For all survival data models the 
link function was set to bobyqa to avoid model convergence failure (Powell 2009). Post-hoc 
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testing for differences among the three seedling species or successional stages was executed 
with Tukey HSD within and across the different factor levels. 
Additionally, exponential decay functions were fit to the data, since visual data inspection 
suggested that mortality followed an exponential decline curve. For statistical analysis, the 
decay constant k, that describes the slope of the curve, was calculated by conversion of the 

exponential decay formula (𝑦 = 𝑎𝑒−𝑘𝑡) for every subplot over time, and analysed with a 
linear mixed effect model in combination with ANOVA. Warming, moss removal, 
successional stage and species were set as fixed factors, while site, site nested in plot and 
subplot nested in plot were set as random factors. Survival values for time zero were excluded 
from the analysis due to infinite values in the exponential model. The illustration and 
ANOVA table for this analysis can be found in the supplementary information (Figure S1, 
Table S2). 
 
The biomass data were analysed with a full-factorial linear mixed effect model in 
combination with ANOVA that tested for the main and interaction effects of warming 
treatment, moss presence/moss removal treatment, successional stage and tree species as 
fixed factors, whereas site, plot nested in site and subplot nested in plot were included as 
random factors. The response variables total dry weight (TDM) and shoot-to-root ratio (SR) 
were log- or square-root transformed if necessary in order to meet the assumptions of 
normality (validated by checking the residuals with a qq-plot and Shapiro-Wilkinson test) 
and homogeneity of variances (fitted values vs. residual plot). When there was evidence for 
an interactive effect of species with any of the other factors, species-separated models were 
run as well. Total mortality in some of the treatment combinations at the point of harvest 
resulted in an unbalanced number of replicates including also missing data for specific 
treatment combinations (Table S 1). To get around false main and interaction effect 
conclusions that easily happen when analysing an unbalanced data set with missing data cells 
with an ANOVA (Shaw  &  Mitchell 1993), warming × moss removal interactions were 
neglected on the species level due to insufficient amount of data. For the same reason, the 
young fire age class was not considered for P. sylvestris on the species level. Post-hoc testing 
was done with Tukey HSD within and across the different factor levels. 
 
All statistical analyses were performed with R 3.3.2 (RStudio Team 2015) including the 
additional packages “ggplot2” (Wickham 2009) and “scales” (Wickham 2016) for the 
graphical illustration, “plyr” (Wickham 2011) to write a function that calculates the standard 
error for the graphical illustrations, “lme4” (Bates et al. 2015) to run linear mixed effects 
(lmer) and generalized linear mixed effect models (glmer), “car” (Fox & Weisberg 2011) to 
select the type of sum of squares in ANOVA analysis,  “multcomp” (Hothorn et al. 2008) to 
do post-hoc Tukey HSD test in combination with lmer and glmer models and 
“multcompView” (Graves et al. 2015) to obtain letter coded output of the Tukey HSD results. 
 

3 Results 
 

3.1 Overall and species-specific warming effects 
Averaged over time and across all species, successional stages and moss treatments, 37.8% of 
all seedlings survived under ambient temperatures and 37.6% survived under elevated 
temperatures (Figure S2A). Concerning growth, seedlings produced 41.4 mg TDM under 
ambient conditions and 45.1 mg under warmed conditions (Figure S2 B). However, there was 
no significant warming effect for growth or survival (Table 1, Table S4, main effect of OTC: 
survival: p=0.505, TDM: p=0.939). Overall, species differed in both survival and growth 
(Table 1, survival: p < 0.001, Table S4, TDM: p=0.001), with P. sylvestris having significantly 
higher TDM values (52.5 mg) than B. pubescens (40.5 mg) and P. abies (35.5 mg) and with 
B.  pubescens having significantly lower survival numbers (30.7% survival) than P. sylvestris 
(36.2% survival) and P. abies (34.6% survival) (Figure 2A and B). Furthermore, a species × 
warming interaction on survival was evident (Table 1, p=0.011). But on the species level, no 
significant overall effect of warming on survival and growth was detected (Table S5, main 
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effect OTC: survival: B. pubescens: p=0.780, P. sylvestris: p=0.58, P. abies: p= 0.790, 
TDM:  B.  pubescens: p=0.184, P. sylvestris: p=0.08, P. abies: p=0.819).  Interestingly, the 
SR showed a significant warming effect in B. pubescens seedlings (ambient: 2.2, warming: 
1.7), which thus allocated more biomass to the shoots than the roots under ambient 
conditions than under warmer conditions (Figure 2C). 
 
Table 1. Summary of the results for seedling survival over time in relation to the four hypotheses of warming 
effects and interactions with moss removal and/or successional stage, across all species and for each species 
individually. OTC= warming, M= moss, SS= successional stage, S= species. Results are p-values based on 
generalized mixed effects models in combination with ANOVA (full results in Tables S3 and S5). 

 

Across species Species specific 

Source of 
variation 

p 
Source of 
variation 

p 
Source 

of 
variation 

p (P. 
pubescens) 

p (P. 
sylvestris) 

p (P. 
abies) 

Hypo 1 OTC n.s. OTC×S 0.011 OTC n.s. n.s. n.s. 
Hypo 2 OTC×M n.s. OTC×M×S n.s. OTC×M n.s. 0.001 n.s. 

Hypo 3 OTC×SS n.s. 
OTC×  
SS×S 

0.001 OTC×SS n.s. n.s. n.s. 

Hypo 4 
 

OTC×M 
×SS 

0.001 
OTC×M× 

SS×S 
0.001 

OTC× 
M×SS 

0.001 0.001 0.006 

Hypo- 
theses 

unrelated 
effects 

M n.s. M×S 0.001 M 0.001 0.001 0.001 
SS n.s. SS×S 0.001 SS n.s. n.s. n.s. 
S 0.001 - - - - - - 

M×SS 0.015 M×SS×S 0.01 M×SS 0.007 n.s. n.s. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* 

Figure 2. Warming effect on the different tree seedling species (B. pubescens, P. sylvestris and P. abies) across 
successional stage and moss presence/removal in terms of (A) survival over time and (B) TDM at the point of 
harvest and (C) SR at the point of harvest. Data are means plus SE bars. Letters and asterisk indicate 
significant differences at p < 0.05 (Tukey HSD). 
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3.2 Warming and moss removal 
Across species, successional stages and warming treatments, seedlings did not survive better 
over time and grow better when mosses were removed (Table 1, Table S4, moss main effect: 
survival: p=0.182, TDM: p=0.582). 
The presence or absence of moss did not significantly change the overall impact of warming 
on the seedlings when analyzed across species and successional stages (Table 1, Table S4, 
Figure S3A, Figure S3B, OTC × moss interaction: survival: p= 0.065, TDM: p= 0.422). But on 
the species level, across successional stages, warming had a significant negative effect on 
P.  sylvestris survival when mosses were removed, but had no clear positive or negative effect 
when mosses were present (Table S5, interaction OTC × moss for P. sylvestris: p < 0.001). In 
contrast, B. pubescens and P. abies showed no clear positive or negative responses to 
warming regardless of moss presence of absence (Figure S4A). 
For the biomass parameters, it was not possible to specifically test for a warming × moss 
interaction on the species level, because of too few replicates (see 2.3 Statistical analyses). 
However, B. pubescens seedlings significantly increased TDM and decreased SR when moss 
was absent (main moss effect, TDM: p=0.018, SR: p=0.004) (Figure S4B, SR data not 
shown). 
 

3.3 Warming and successional stage 
Across species, moss treatments and warming treatments, seedlings did not survive or grow 
better in any of the successional stages (Table 1, Table S4, main successional stage effect: 
survival: p= 0.254, TDM: p=0.12).  Overall, in terms of survival over time, species responded 
differently to successional stage (Table 1, interaction successional stage × species: p < 0.001). 
However, the warming × successional stage interaction was not significant for survival or 
growth, neither across species (Table 1, Table S4, Figure S5A, Figure S5B, survival: p=0.338, 
TDM: p=0.268, SR: p=0.866), nor when analysed on the species level (Table 1, Table S5). 
Though evidence was found for a species specific response to the interaction of warming × 
successional stage (Table 1, OTC × successional stage × species: p=0.001), this interaction 
was not strong enough to be evident at the species level (Table 1, Table S5).  
 

3.4 Warming, moss and successional stage 
Across all species, survival over time was significantly influenced by a warming × moss × 
successional stage interaction (Table 1, p < 0.001). The positive effect of warming was 
stronger with moss present than without moss in the young and intermediate successional 
stage, while in the old successional stage a negative warming effect was evident in both moss 
presence as well as moss removal conditions (Figure 3). Hence, successional stage impacted 
on whether warming promoted or hampered survival across all three seedling species, while 
moss abundance drove the amount of survivors with clearly more survivors in moss removal 
plots regardless of warming or successional stage. 
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Furthermore, for survival, also species interacted with warming, moss treatment and 
successional stage (Table 1, Figure 4; warming × moss × successional stage × species 
interaction: p < 0.001). Species-separated analysis revealed that this effect was strongest in 
B. pubescens and P. sylvestris (Table 1, B. pubescens and P. sylvestris: p < 0.001, P. abies: 
p=0.006). For B. pubescens, warming negatively influenced survival in both moss removal 
and presence in the old successional stage (Figure 4). The same was evident for P. sylvestris, 
but with an even stronger negative effect of warming. In contrast to B. pubescens warming 
also decreased survival numbers of P. sylvestris at the intermediate and young successional 
stage, but only when mosses were removed. Apart from that, P. sylvestris exhibited the 
strongest positive warming effect in the young successional stage when mosses were still 
present. Compared to the other species, P. abies seemed to be much less strongly affected by 
warming in both moss treatments as well as in each successional stage. Additionally, the 
species level analysis revealed that moss removal had a stronger positive effect for B. 
pubescens seedlings in the late successional stage (Table S5, moss × successional stage 
interaction: p=0.007). 
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Figure 3. Percentage survival over time averaged over all seedling species in the control (C), warming (W), removal 
(R) and warming and removal treatment (RW) separated into the different successional stages (young and old: 
n=3, intermediate: n = 4). Data are means ± SE. Letters show significant differences for p < 0.05 within each 
successional stage. 
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Figure 4. The effect of successional stage, moss treatment and warming (C= moss present, ambient 
temperature, W= moss present, elevated temperature, R= moss removal, ambient temperature, RW= moss 
removal, elevated temperature) on survival percentages over time. Data are means +1 SE. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In terms of the biomass parameters, interactions between warming × moss × successional 
state (and species) were not available (Table S4). However, visual estimation showed that 
growth for B. pubescens seemed higher in warmed moss removal plots in the young and 
intermediate successional stages, while growth was only marginal in the old successional 
stage regardless of warming or moss removal or presence (Figure 5). P. sylvestris growth 
seemed to be negatively impacted by warming in combination with moss removal for all 
successional stages. Growth of P. abies seemed reduced in the young and old successional 
stage when warming was applied to moss removal plots and vice versa in the intermediate 
successional stage (Figure 5).  
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3.5 Additional biomass parameters 
In the course of the seedling’s growth assessment, data were also collected on root, stem and 
foliage biomass of the single seedlings. Here, I found a significant positive effect of warming 
on root biomass when tested across moss treatment, successional stage and species (Figure 
S6). When testing the species separately, the positive effect of warming on root biomass was 
only significant for P. sylvestris seedlings (Figure S7). Apart from that, these estimators were 
unresponsive to any main or interactive warming effect. 
 

4 Discussion 
In this thesis, I studied the performance of three common boreal tree seedling species in a 
potential climate change scenario focusing on higher air and soil temperatures as well as on 
consequential indirect warming effects via altered understory vegetation composition along a 
gradient of fire-induced successional age classes. Overall, survival measurements suggest that 
all three species, B. pubescens, P. sylvestris and P. abies, are susceptible to warming-induced 
environmental alterations, although species specifically. Hereby, the effect of warming, 
across species and on the single species level, was dependent on the presence of moss as well 
as on the successional stage. With moss present, the warming effect in the young and old 
successional stage was stronger (positive in the young successional stage and negative in the 
old successional stage), while under moss removal the warming effect in all successional 
stages varied between slightly positive, negative or neutral. Hence, the main driver of 
seedling survival response in this experimental setup was an interaction of warming × moss 
removal × successional stage. Growth was found to be species specific in general, but no 
statistical evidence for a direct or interactive warming effect was apparent.  
 

4.1 Species-specific seedling performance and the direct effect of warming 
In this study, experimental manipulation of air and soil temperatures (by OTCs) resulted in a 
mean warming of 0.4 °C for air and 0.2 °C for soil temperatures during the summer period 
(De Long et al. 2016a; De Long et al. 2016b). These simulations are at the lower end of the 
range of mean air temperature predictions (increase of 0.5 - 2 °C under the period of 2016 to 

Figure 5. The effect of successional stage, moss treatment and warming (C= moss present, ambient 
temperature, W= moss present, elevated temperature, R= moss removal, ambient temperature, RW= moss 
removal, elevated temperature) on TDM at the point of harvest. Data are means +1 SE. 
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2055 relative to the period of 1986 to 2005) (IPCC 2013) for the boreal region in summer 
modelled on the basis of the IPCC climate change scenarios.  
 
Across species, moss treatments and successional stages, warming did not directly ameliorate 
seedling survival or growth, in contrast to my first hypothesis. Still, a significant interaction 
of warming with species in terms of survival suggested that species react differently to 
warming. To date, no comparable studies focusing on the consequences of warming for tree 
seedling survival and growth have been performed in the interior of boreal forests, but along 
tree lines (Danby & Hik 2007; Munier et al. 2010; Lett 2017), in tundra and forest ecotones 
(Danby 2007) and subalpine ecosystems (e.g. Xu et al. 2012; Ameztegui & Coll 2013). A 
methodically comparable (OTC approach) study that also focused on tree seedling survival 
under enhanced temperatures was established in the subarctic treeline environment (Lett 
2017). In accordance with my results, this study found no significant overall warming effect 
on the survival of P. sylvestris and B. pubescens seedlings. Likewise, Ameztegui & Coll (2013) 
used a natural temperature gradient of montane and subalpine sites to study the survival of 
P. sylvestris, P. uncinata (mountain pine), A. alba (silver fir) and B. pendula (silver birch), 
but did not find higher survival at warmer sites. The low number of available studies makes it 
difficult to assess potential mechanisms that impact on seedling survival under increased 
temperatures, but warmer temperatures do not seem to specifically hamper or support 
seedling survival (Loranger  et  al.  2016). This is counter intuitive, because of generally 
positive warming effects on phenology and photosynthesis, e.g. in terms of earlier bud break 
and prolonged growing season (Dabros 2008; Wolkovich et al. 2012; Xu et al. 2012) and 
enhanced water transport (McCulloh et al. 2016). Potentially, several factors could explain 
the overall absence of a positive effect of warming on seedling survival. For example, soil 
moisture is known to be a critical parameter for seedling survival (Kozlowski 2002), and 
prolonged warming periods with extenuated precipitation may therefore negatively impact 
on seedling survival and thus override a positive warming effect. A comparison with SMHI 
precipitation data for Arvidsjaur revealed that over the entire experimental period (summer 
2013 to summer 2016), precipitation during the growing season was lower (62.5 mm) than 
for the long term mean (1996-2016, 84.7 mm) (SMHI 2017). This has probably led to 
unfavorable soil moisture conditions especially in warming treatments. Findings by Dabros & 
Fyles (2010) corroborate this by showing that evaporation is higher within OTCs than outside 
of OTCs. Insufficient soil moisture could thus be an explanation for no overall positive 
warming effect on seedling survival. Moreover, as mentioned above, the effect size of the OTC 
treatment (warming of 0.2/0.4 °C) in this study was relatively small compared to seasonal 
temperature variations in the boreal forest (Bonan & Shugart 1989). This imposes that the 
direct effect of warming was probably too small to show strong effects on either survival or 
growth and that environmental factors other than temperature drive the survival and growth 
response of the seedlings. 
 
Also, nutrients play an important role in seedling establishment (e.g. Walters & Reich 2000), 
and might be especially important for seedlings in the forest given the fact that forest 
ecosystems are often N limited (Vitousek & Howarth 1990). With warming, nutrient sources 
like litter are expected to decompose faster due to accelerated microbial activity (Bardgett et 
al. 2008). However, De Long et al. (2016b), who studied litter decomposition mechanisms 
along the same post-fire chronosequence as this study, did not find a direct warming effect on 
litter breakdown. Additionally, Aerts (2006) highlights the importance of adequate moisture 
for an actual enhancement of decomposition. In conclusion, soil moisture supply and 
nutrients might have been overall scarce and therefore dampened a positive response of 
seedling survival under warmer conditions in addition to the overall small warming effect. 
 
For the growth measurements, the harvest data did not cover the entire experimental setup 
due to high mortality rates in some of the treatment combinations and the conclusions are 
thus less powerful. B. pubescens seedlings exhibited a significant reduction of the shoot-to-
root ratio when grown under elevated temperatures, thus allocating relatively more biomass 
to the roots than the shoot, which was also found by Pumpanen et al. (2012). It is widely 
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acknowledged that warmer soil temperatures can stimulate root growth (e.g. Pregitzer et al. 
2000; Körner  &  Hoch 2006). Combined with the fact that B. pubescens is relatively nutrient 
demanding, investment into belowground biomass seems plausible. This is supported by 
Reich  et al. (1998) stating that early successional species such as Betula have fast growing 
roots and leaves, which allows them to efficiently act on beneficial nutrient and light 
situations. However, this contradicts Weih & Karlsson (2001), who found that under warmer 
temperatures B. pubescens ssp. czerepanovii (mountain birch) increases aboveground 
biomass rather than belowground biomass under warmer temperatures, but still the authors 
confirmed an enhanced root N uptake with higher soil temperatures. 
 
 The general lack of a warming effect on biomass accumulation and mostly also allocation 
(exception B. pubescens) is in line with results from Olszyk et al. (2003) and 
Lahti  et  al.  (2005) who did not find a significant warming effect on biomass growth on 
P.  menziesii (Douglas fir) or P. abies seedlings subjected to soil warming of 3.5 °C up to 
21 °C. Neither Carón et al. (2015) found a growth-enhancing effect on two Acer species, when 
applying OTC-based warming. In partial support, Pumpanen et al. (2012), who increased soil 
temperatures by up to 21 °C on transplanted P. abies, P. sylvestris and B. pendula seedlings, 
did not find an increase in total seedling biomass for any of the species, but found an increase 
in root biomass. This is in line with the reduced shoot-to-root ratio for B.  pubescens in this 
study, allocating relatively more biomass to the roots than the aboveground part. In contrast 
to the above studies, Kellomäki & Wang (2001) found a warming effect on the biomass of 
B. pendula seedlings using closed growth chambers, while Xu et al. (2012) showed a warming 
effect on the biomass of P. asperata (dragon spruce) seedlings using OTCs. The increase of 
temperature in both of the studies was, however, higher compared to in this study, and at 
least also the first study was conducted in an artificial environment. As speculated above for 
seedling survival, the lack of growth response to warming could also be due to an unfavorable 
moisture and nutrient situation (Strömgren  &  Linder 2002; Dehlin et al. 2004). Moreover 
neighbouring vegetation of shrubs was probably superior in nutrient (and water) uptake due 
to an already established and fully developed root system and could also have caused shade 
conditions unfavourable for growth (Fisichelli et al. 2014). The fact that I found that 
temperature interacts with the abiotic and biotic growth environment of seedlings indicates 
that warming may thus impact on seedling performance, but that this is strongly context 
dependent. 
 

4.2 The role of mosses and successional stages in the context of warming 
In general, moss presence impaired seedling survival for all three species, which is in line 
with several other studies (e.g. Bonan & Shugart 1989; Kuuluvainen & Rouvinen 2000; 
Nilsson  &  Wardle 2005). The main reason for mosses being obstructive to seedlings is their 
physical structure that tends to ‘absorb’ seedlings by overgrowing them. Also, especially 
during dry periods that exceed the mosses capacity of retaining additional moisture, both 
seedling and moss do compete for water, and very young seedlings with shallow rooting 
systems are often not able to compete with the surrounding understory vegetation 
(Kuuluvainen  &  Rouvinen  2000). Also, along the same post-fire chronosequence as in this 
study, De Long et al. (2016b) found that the presence of moss plays a critical role in litter 
decomposition and thus nutrient mineralization. Surprisingly, I did not find a moss main or 
moss × warming interaction affect across all species. Still, a moss main effect on the single 
species level supports that all species survive better without moss presence.  
 
On the species level, P. sylvestris seedlings survived in lower numbers when warming was 
coupled with moss removal. This partially supports my second hypothesis that moss removal 
would be critical for a warming effect, but contrary to my expectations the warming effect 
was found to be negative. An explanation to these results could be that under warmer 
conditions, evaporation increased in the absence of mosses and soils thus became drier, as 
already mentioned above. There is some support for P. sylvestris to a certain extent being 
vulnerable to reduced soil moisture (Hogg & Schwarz 1997; Castro et al. 2004). Still, it could 
also be reasonable that understory vegetation other than moss profited from warming by 
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enhanced growth. According to Dabros et al. (2010), OTC warming can increase vegetation 
abundance within the OTC area, thus P. sylvestris seedlings could have been outcompeted on 
the basis of superior light and nutrient access. This would relate to the stress-gradient 
hypothesis, stating that competition is highest under favorable growing conditions, while 
facilitation increases in harsher growth environments (Callaway et al. 2002).  Related to that, 
Hyppönen et al. (2013) showed that P. sylvestris mortality increased with the presence of 
other seedlings, probably highlighting the critical role of competitive neighbouring 
vegetation. Stuiver et al. (2016) showed that a sufficient light availability is critical for P. 
sylvestris seedling establishment, thus possibly denser shrub vegetation (not tested in this 
study) may have shaded out the seedlings under warmer conditions. However, P. abies due to 
being a shade tolerant species, most likely did not experience obstructing light competition.  
 
Across species and moss treatments, no evidence was found for a warming × successional 
stage interaction, as I stated in my third hypothesis. The reasoning behind this  hypothesis is 
that a decreasing canopy openness since the time after the last fire as well as a decline in 
nutrient (especially N) availability (DeLuca et al. 2002; Hedwall et al. 2015) would either 
promote or hamper a warming effect. An interaction of warming and successional stage with 
species showed that, contrary to my expectations, B. pubescens had the highest survival 
under warming in the intermediate age class and with no warming in the old successional 
stage, while P. abies survived best with warming and no warming in the young successional 
stage. However, a warming and successional stage interaction was no longer evident in the 
species-separated analysis.  
 
Moreover, and in support for my fourth hypothesis, across species as well as on the single-
species level, a warming × moss × successional stage interaction impacted seedling survival. 
In general, the effect of warming (negative and positive) was more pronounced when mosses 
were still present across all successional stages, with an increase in survival in the young 
successional stage and a decrease in the old succesional stage. Combined with moss removal, 
warming only slightly decreased or increased survival in the young and intermediate 
successional stage, while it significantly decreased survival in the old successional stage.  
 
For B. pubescens the magnitude of the warming effect was more or less equal over 
successional stages regardless of moss presence or absence, but whether warming increased 
or decreased survival was determined by the successional stage. B. pubescens reduced 
survival in both moss and no moss cover in the old successional stage when being subjected 
to warming. As already pointed out before, increased growth (induced by OTC warming) and 
thus competition from understory vegetation, probably better adapted to the reduced 
nutrient content in the old successional stages (DeLuca  et  al. 2002) could explain this 
pattern. An increased thickness of moss cover (DeLuca et al. 2002; Lagerström  et al. 2007; 
Jackson et al. 2013) and higher abundance of late successional shrub species, as E. 
hermaphroditum, which has been found to be especially obstructive to seedling 
establishment (Nilsson et al. 2000; Nilsson & Wardle 2005), could have as well influenced 
seedling survival more than the effect of temperature.  
 
The same pattern was revealed for the survival of P. sylvestris seedlings. However, in the 
young successional stage warming had a strong positive effect when mosses were present 
whereas a strong negative effect was evident when mosses were removed. This is most likely 
linked to the mosses capacity to impact on the soil moisture. Jackson et al. (2013) have found 
that mosses positively feed back onto the soil moisture at the sites studied in this experiment. 
Since light penetration is assumed to be higher in younger successional stages, so is 
evaporation (Thompson et al. 2004). Mosses can retain moisture, i.e. P. schreberi is said to 
efficiently hold moisture, while H. splendens leads moisture along its shoots into the soil 
underneath (Elumeeva et al. 2011) and thus indirectly benefit the seedlings. Furthermore, the 
higher biomass in P. sylvestris, might express a stronger height growth, which may have 
prevented the seedlings from being overgrown by the mosses as was observed by Stuiver et al. 
(2014). However, the positive effect of mosses in combination with warming was no longer 
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evident in the old successional stage, which is in line with results by Stuiver et al. (2014) who 
found that high moss biomass is deteriorating for the growth of P.  sylvestris mostly in terms 
of light competition. Overall, this suggests that the positive effect of mosses in the young and 
intermediate successional stage on moisture is overruled by both disadvantageous moss 
thickness (seedlings cannot root in the underlying soil layer) and nutrient scarcity in the old 
successional stage.  
 
P. abies showed no clear positive or negative warming effect when mosses were removed in 
neither of the three successional stages. Dehlin et al. (2004) suggest that low nutrient 
availability in general can restrict P. abies in responding to altered environmental conditions. 
In that context Stuiver et al. (2016) have found a positive relationship of P. abies seedlings 
growing in N-fixating P. schreberi. No such positive effect of mosses was, however, found in 
my study. 
 

4.3 Research gaps 
This study has shown that it is important to run multifactorial experiments in order to 
understand climate change impacts on the seedling level in the boreal forest. Especially 
studies on survival are to date scarce and rarely based in field environments (Anderson-
 Teixeira  et  al.  2013). Hereby, it could also be important to compare seedling performance 
of planted seedlings with seedlings that established from natural regeneration, since 
germination from the seed in a natural environment is the first step to establishment. 
Seedbed and water availability are crucial factors in that relation (Oleskog & Sahlén 2000), 
which are likely to be impacted by climate warming if understory vegetation cover is going to 
change.  
 
Also, the winter season has been found to play an important role in the boreal forest 
(e.g.  Randerson et al. 2006) i.e. in terms of snow insulation. Given the current global 
warming scenarios with winter temperatures increasing more than summer temperatures 
(IPCC 2013), it can thus be also be interesting to look at seedling survival (and growth) under 
elevated winter temperatures. Here Martz et al. (2016) accentuate that winter temperatures 
can be critically for seedling persistence to the next growing season especially in the context 
of snow conditions.  
 
Furthermore, long term studies like presented in Ryan (2013) and Hedwall et al. (2015) also 
emphasize that warming effects on understory vegetation can change over time i.e. moss 
cover actually increases with warming and the initial positive effect of understory shrub cover 
ceases. Therefore, a combination of knowledge derived from both long term and short term 
studies could help to more accurately assess and make statements about the boreal forests of 
the future. 
 

5 Future outlook and conclusion 
The effect of warming in tree seedling survival and growth is strongly determined by the 
presence or absence of moss cover, as well as successional stage. My results indicate that the 
presence of moss impacts on the effect size of warming while the successional stage governs 
whether the effect of warming increases or decreases survival. Differences in the survival 
among the three tested species in the response to warming were found when moss cover was 
removed. Here, the negative or positive impact of warming was again mediated by the 
respective successional stage. As climate change progresses, fire events in the unmanaged 
boreal forest are expected to increase (IPCC 2013) thus implying a shift to younger 
successional forest on the stand level but probably also on the landscape level (Beck et al. 
2011). Likewise, moss cover is anticipated to be less abundant (Chapin III et al. 2000). 
According to my results B. pubescens and P. abies seedlings might profit in that scenario, 
while P. sylvestris seedlings probably reduce their performance in younger forest stands, 
with sparser moss cover and higher temperatures. Consequently, future forests stands may 
be characterised by a higher share of deciduous trees in the dominating tree layer than 
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conifers as suggested by Johnstone et al. (2010), Beck et al. (2011) and Alexander & Mack 
(2015). In conclusion, knowledge about the complex impact of climate warming on seedling 
level can be important to assess the future stand-forming tree layer and should thus be of 
interest for both forest managers as well as forest ecologists and conservationists.  
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Supplementary information 
 

Table S 1.  Data basis for biomass data with the number of replicates listed for the three species in the 
respective treatment combination for all successional stages (young n=3, intermediate n=4, old n=3). C= control 
treatment, W= warming treatment, R= removal treatment, RW= removal and warming treatment. 

 
        Successional stage   Warming        Moss        Treatment 

Species 

 B. 
pubes
cens  

    P. 
sylves
tris 

P. 
abies 

            young ambient presence C - - - 

young OTC presence W 1 1 1 

young ambient removal R 2 1 1 

young OTC removal RW 2 1 2 

intermediate ambient presence C - 1 - 

intermediate OTC presence W 1 2 2 

intermediate ambient removal R 4 4 3 

intermediate OTC removal RW 4 3 1 

old ambient presence C - 2 1 

old OTC presence W 1 - - 

old ambient removal R 2 3 1 

old OTC removal RW 3 3 2 

 
 

 
Figure S 1. Average percental survival over the entire observation period (time in days) with SE bars for birch, 
pine and spruce seedlings in the three different successional stages (young and old: n = 3, intermediate: n = 4). 
Circles show points in time where data on survival have been collected. ANOVA results are presented in Table 
S2. 
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Table S 2. ANOVA results of linear mixed effects model testing for the main effects (in the course of model 
simplification, interaction model was discarded due to a lack of significant interactions) on k (decay constant in 
the context of the assumption that the survival over time can be described by an exponential decay curve). 
Significant effects at p < 0.05 are printed in bold. 

Response variable 
Source of 
variation 

Chisq Df p-value (>Chisq) 

k 
Successional 

stage (SS) 
0.310 2 0.856 

 OTC 0.309 1 0.578 
 Moss (M) 24.45 1 < 0.001 
 Species (S) 3.324 2 0.190 

 

 

Table S 3. ANOVA results of generalized mixed effects model with binomial errors testing for main and 
interaction effects of warming (OTC), moss removal (M), successional stage (SS) and species (S) on seedling 
survival over time. Significant results at p < 0.05 are printed in bold. 

Response 
variable 

Source of variation Chisq Df 
p-value 

(>Chisq) 

Survival 
Successional stage 

(SS) 
2.737   2 0.254 

 OTC  0.4441   1 0.505 
 Moss (M) 1.779   1 0.182 
 Species (S) 34.058    2 < 0.001 
 SS × OTC 2.171   2 0.338 
 SS × M 8.4   2 0.015 
 OTC × M 3.3971   1 0.065 
 SS × S 51.348  4 < 0.001 
 OTC × S 8.9856   2 0.011 
 M × S 47.36    2  < 0.001 
 SS × OTC × M 30.407   2 < 0.001 
 SS × OTC × S 18.448   4 0.001 
 SS × M × S 13.184   4 0.01 
 OTC × M × S 5.827   2 0.054 
 SS × OTC × M × S 25.618   4 < 0.001 

 
 

Table S 4. ANOVA results of linear mixed effects model testing for main and interaction effects of successional 
stage (SS), warming (OTC), moss (M) and species (S) on total dry mass (TDM) and shoot to root ratio (SR). n.s. 
refers to non-significant interactions, which, in the course of model simplification, were dropped from the 
model, whereas n.a. refers to non-testable interactions due to too few observations. Significant effects at p < 
0.05 are printed in bold. 

Response variable Source of variation Chisq Df 
p-value 

(>Chisq) 
TDM Successional stage (SS) 4.244  2 0.12 

 OTC 0.006   1 0.939 
 Moss (M) 0.3984   1 0.528 
 Species (S)     13.723  2 0.001 
 SS × OTC  2 n.s. 
 SS × M  2 n.s. 
 OTC × M  1 n.s. 
 SS × S  4 n.s. 
 OTC × S  2 n.s. 
 M × S  2 n.s. 
 SS × OTC × M  2 n.s. 
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 SS × OTC × S  4 n.s. 
 SS × M × S  2 n.s. 
 OTC × M × S  0 n.a.  
 SS × OTC × M × S  0 n.a. 

SR Successional stage (SS) 2.7570   2 0.252 
 OTC 0.121  1 0.728 
 Moss (M) 0.069   1 0.792 
 Species (S) 26.613  2 <0.001 
 SS × OTC  2 n.s. 
 SS × M  2 n.s. 
 OTC × M  1 n.s. 
 SS × S  4 n.s. 
 OTC × S  2 n.s. 
 M × S  2 n.s. 
 SS × OTC × M  2 n.s. 
 SS × OTC × S  4 n.s. 
 SS × M × S  2 n.s. 
 OTC × M × S  0 n.a. 
 SS × OTC × M × S  0 n.a. 

 
 
Table S 5. ANOVA results of linear mixed effects model testing for main and interaction effects of warming 
(OTC), moss removal (M) and successional stage (SS) on total dry mass (TDM) and shoot to root ratio (SR) 
separated per seedling species B. pubescens, P. sylvestris and P. abies. n.s. refers to non-significant interactions, 
which, in the course of model simplification, were dropped from the model, whereas n.a. refers to non-testable 
interactions due to too few observations. For P. sylvestris seedlings the data from the young successional stage 
were excluded from the growth data analysis due to too few replicates. Significant effects at p < 0.05 are printed 
in bold. 

Species Response 
variable 

Source of variation Chisq Df p – values 
(> Chisq) 

B. pubescens survival Successional stage 
(SS) 

1.260 2 0.614 

  OTC 0.078 1 0.780 
  Moss (M) 326.81 1 < 0.001 
  SS × OTC 1.107 2 0.575 
  SS × M 10.043 2 0.007 
  OTC × M 0.6320 1 0.427 
  SS × OTC × M 27.4027 2 < 0.001 
 TDM Successional stage 

(SS) 
1.533 2 0.465 

  OTC 1.763 1 0.184 
  Moss (M) 5.606 1 0.018 
  SS × OTC   n.s. 
  SS × M   n.s. 
  OTC × M   n.a. 
  SS × OTC × M   n.a. 
 SR Successional stage 

(SS) 
8.021 2 0.018 

  OTC 4.386 1 0.036 
  Moss (M) 8.119 1 0.004 
  SS × OTC   n.s. 
  SS × M   n.s. 
  OTC × M   n.a. 
  SS × OTC × M   n.a. 

P. sylvestris survival Successional stage 
(SS) 

2.736 2 0.255 
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  OTC 0.307 1 0.58 
  Moss (M) 144.889 1 < 0.001 
  SS × OTC 0.403 2 0.817 
  SS × M 0.013 2 0.994 
  OTC × M 12.755 1 < 0.001 
  SS × OTC × M 71.344 2 < 0.001 
 TDM Successional stage 

(SS) 
6.231 1 0.013 

  OTC 3.069 1 0.08 
  Moss (M) 1.427 1 0.232 
  SS × OTC   n.s. 
  SS × M   n.s. 
  OTC × M   n.a. 
  SS × OTC × M   n.a. 
 SR Successional stage 

(SS) 
0.281 1 0.596 

  OTC 0.032 1 0.858 
  Moss (M) 0.056 1 0.814 
  SS × OTC   n.s. 
  SS × M   n.s. 
  OTC × M   n.a. 
  SS × OTC × M   n.a. 

P. abies survival Successional stage 
(SS) 

2.519 2 0.284 

  OTC 0.706 1 0.790 
  Moss (M) 13.812 1 < 0.001 
  SS × OTC 0.169 2 0.919 
  SS × M 1.712 2 0.425 
  OTC × M 0.076 1 0.783 
  SS × OTC × M 10.263 2 0.006 
 TDM Successional stage 

(SS) 
1.791 2 0.409 

  OTC 0.053 1 0.819 
  Moss (M) 0.132 1 0.717 
  SS × OTC   n.s. 
  SS × M   n.a. 
  OTC × M   n.a. 
  SS × OTC × M   n.a. 
 SR Successional stage 

(SS) 
2.862 2 0.239 

  OTC 0.321 1 0.571 
  Moss (M) 0.428 1 0.513 
  SS × OTC   n.s. 
  SS × M   n.a. 
  OTC × M   n.a. 
  SS × OTC × M   n.a. 
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Figure S 2. Warming effect across species, moss treatments and successional stages on (A) average survival 
over time and (B) TDM at the point of harvest. Data are means plus SE bars. 

Figure S 3. Warming and moss removal respectively presence effect across species and successional stages on 
(A) average survival over time and (B) TDM at the point of harvest. Data are means plus SE bars. 
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Figure S 4. Warming and moss effect (C= moss present, ambient temperatures, W= moss present, elevated 
temperatures, R= moss removal, ambient temperatures, RW=moss removal, elevated temperatures) on the 
different tree seedling species (B. pubescens, P. sylvestris, P. abies) across successional stages in terms of (A) 
survival over time and (B) TDM at the point of harvest. Data are means plus SE bars. Letters show significant 
differences at p < 0.05 within each species. 

Figure S 5. Warming and successional stage effect across species and moss presence/removal for (A) survival 
over time and (B) TDM at the point of harvest. Data are means plus SE bars. 
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Figure S 6. Warming effect in root biomass at the point of harvest across species, successional stages and moss 
presence/removal. Data are means plus SE bars. Letter indicate significant differences at p < 0.05. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

Figure S 7. The effect of successional stage, moss treatment and warming (C= moss present, ambient 
temperature, W= moss present, elevated temperature, R= moss removal, ambient temperature, RW= moss 
removal, elevated temperature) on root biomass at the point of harvest. Data are means plus SE bars. 
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