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Abstract. Plant functional types (PFT) are increasingly used to outline biome-scale plant–
environment relationship and predict global change effects on community structure. However,
the potentials and limitations of the PFT approach have to be tested as they can be less sensitive
than trait-based or species-level approaches. Here, we compare the responses of deciduous-evergreen shrub PFTs and species to gradual snow-related environmental conditions by also considering effects of aboveground architectural traits and neighboring shrubs. Five deciduous species
and four evergreen dwarf shrub species were transplanted to be exposed to four levels of winter
snow cover across mesotopographic gradients in northern Fennoscandian tundra. The survival
and growth of individually tagged shoots were monitored over one year, and the change in cover
of shrubs was monitored over four years. Evergreen species showed higher resistance to environmental severity and generally benefitted from higher abundance of neighboring shrubs. Deciduous species exhibited negligible to drastic responses to snow thickness and neighboring shrubs
tended to have a negative effect on their performance and survival. Tall shoots of deciduous
shrubs survived poorly under the thinnest snow cover. Overall, deciduous and evergreen PFTs
showed modest differences in their performances along the gradient. Our results show that
deciduous-evergreen leaf phenology categories predict shrub responses to changing environmental conditions only to a limited extent. Our findings highlight strong species-specific responses
especially among deciduous shrubs, and a differential role of plant–plant interactions for shrubs.
Our results emphasize that distribution patterns of arctic-alpine shrubs and shrub community
responses to altered snow regimes depend on species-level plant functional attributes, species
interactions and species-specific sensitivities to environmental severity.
Key words: arctic-alpine tundra; mesotopographic gradient; plant functional types; plant interactions;
snow cover; transplant experiment.

INTRODUCTION
Plant functional type (PFT) approach has been developed in order to reveal general rules relating vegetation
to environmental conditions (Lavorel et al. 2007, Dıaz
et al. 2016). The PFT concept, rooted in early strategies’
classification by von Humboldt (1806), has been largely
used and improved addressing a range of questions in
empirical and theoretical ecology and drawing some
general principles. For instance, large-scale studies successfully associated leaf economics’ traits or resourceuse strategies with environmental constraints across
flora and phylogenetic groups (see Dıaz and Cabido
1997, Diaz et al. 2004, Grubb 2016). PFT-based analyses have identified broad-scale patterns in relation to climate and anthropogenic drivers (Engemann et al. 2016)
and revealed broad consistencies in competition effects
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on tree communities (Kunstler et al. 2016). The PFT
approach also enabled including vegetation heterogeneity into Dynamic Vegetation Models (DVMs). Then,
they enabled implementing Earth System Models with a
more realistic biotic component for the predictive effort
of ecosystem response to environmental changes
(Epstein et al. 2001, Wullschleger et al. 2014).
Despite their remarkable potential, the PFT approach
is limited by some features. First, the PFT concept
assumes a tight linkage between plant occurrence and
environmental conditions (Grime 1977, Epstein et al.
2001) while community-structuring processes buffer such
direct correlation. For instance, plant–plant interactions
are well-known modulators of plant distribution along
environmental gradients restricting their realized niche
through competition (Silvertown 2004) or reversely
expanding the range of suitable habitats through facilitation (Bruno et al. 2003). Second, pooling species into
PFT might conceal essential inter- (Dormann and Woodin 2002) and intraspecific (Albert et al. 2010) variability
leading to no identifiable patterns of PFT distribution
along environmental gradients. Despite successful global
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analyses, the extent to which PFTs predict plant responses
to changing environment is still inadequately understood.
As partial solutions, instead of using plant types, quantitative tissue trait and architecture-based analyses have
been advocated (Westoby and Wright 2006, Shipley 2010,
Higgins et al. 2016). Moreover, a better integration of
community ecology concepts and local-scale processes
has been identified as a crucial requirement for the
improvement of plant distribution modeling (Guisan and
Thuiller 2005, Scheiter et al. 2013, Mod et al. 2015).
The split between deciduous and evergreen plant types
is one of the broad general features in evolution and ecology (Chabot and Hicks 1982, Givnish 2002) and it is a
key leaf attribute in PFT schemes (Kattge et al. 2011).
The distribution of deciduous and evergreen leaf types is
found to be linked to global climate regimes (Wright et al.
2005, Buitenwerf and Higgins 2016): the deciduous types
are favored in environments with strong seasonal variation in growth-limiting factors and shedding leaves during
unfavorable seasons improves long-term plant net carbon
gain (Kikuzawa 1991, Givnish 2002, Manzoni et al.
2015). Chapin et al. (1996) found that, even in a system
as poorly diverse as the arctic tundra, splitting shrubs
into deciduous and evergreen groups is ecologically motivated. They linked shrub evergreenness to dry and infertile conditions while deciduous species were favored by
moist and nutrient-rich conditions. On the other hand,
Oksanen and Virtanen (1995) described in northern
Fennoscandia the prevalence of evergreen dwarf shrubs
under thick snowpack while deciduous ones dominated
under thin snow cover and cold winters. A broader-scale
biogeographic data from arctic-oroarctic gradients (Virtanen et al. 1999) and Givnish’s (2002) review have also
supported the idea that the deciduous habit should be
favored under snow-free to thin snow cover conditions as
opposed to evergreens suffering from winter desiccation
and associated long-term lethal injuries.
In cold systems, the amplitude of environmental conditions along mesotopography is, in large part, linked to
snow blown off of ridges that gradually accumulates
toward the bottom of the snowbed (Walker et al. 2001).
Thick snow cover over the winter in the snowbed directly
protects vegetation from wind abrasion and desiccation
risk experienced under thin and nearly absent snowpack
(Warren Wilson 1959). On the other hand, delayed
snowmelt of accumulated snowpack shortens the growing season while deep snowpack can injure plants and
lengthen the dark respiration period (Sonesson and Callaghan 1991). Most importantly, a myriad of winter and
spring snow-related processes make a complex mesotopographical environmental gradient in tundra systems
(Billings 1973, Stanton et al. 1994). Wind may blow off
litter from ridges while thin or non-permanent winter
snowpack may reduce litter decomposition, both mechanisms limiting the formation of proper soil (Sonesson
and Callaghan 1991, Saccone et al. 2013). Desiccation
by wind and snowmelt often maintain a soil moisture
gradient (Billings 1973), while leachate, trapping of
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aeolian material (organic and mineral material blown
off by wind in the surrounding area) in the snowbed, or
runoff can add a delay in biogeochemical cycles accentuating soil resource gradients (Giblin et al. 1991, Walker
et al. 2001, but see Stanton et al. 1994).
Winter snow condition is increasingly recognized as a
major parameter of arctic vegetation structure (Walker
et al. 2001, Wahren et al. 2005, Wheeler et al. 2016).
Although several studies investigated the effect of altered
snow regime on tundra structure and function (see, for
instance, Wahren et al. 2005, Bokhorst et al. 2009, Preece
et al. 2012, Vankoughnett and Grogan 2016), the sensitivity of tundra shrubs to gradual levels of snow conditions
has been experimentally tested on a very limited basis. The
distribution of species and plant communities along mesotopographic gradients has been documented world-wide
in tundra regions (see Vestergren 1902, Braun-Blanquet
1923, Dahl 1957, Stanton et al. 1994, Walker et al. 2001).
These documentations identify chionophobous and chionophilous species and their distributions are thought to
reflect species-specific adaptation and community-level
processes (Wijk 1986, Stanton et al. 1994, Heegaard 2002,
Heegaard and Vandvik 2004, Odland and Munkejord
2008). Whether any functional type convergence prevails
along mesotopographic gradients is less well understood.
Are communities on exposed ridges or those that are
snow-sheltered characterized by similar functional types,
and is such convergence captured by current PFT
schemes? The extent to which intermediate levels of snow
cover affect tundra communities and how these outcomes
depend on plant–plant interactions are even less well
known. Both positive and negative interactions can modulate plant responses to environmental conditions and then
modify their distribution along the mesotopography.
Moreover, these interactions are also prone to shift along
environmental gradients (see the stress gradient hypothesis
[SGH], Carlsson and Callaghan 1991, Bertness and Callaway 1994, Brooker and Callaghan 1998) adding complexity to the predictability of plant distribution.
In this study, we experimentally explored the potentials
and limitations of the PFT approach to capture shrub distributions along a mesotopographic snow-related gradient in the north Fennoscandian mountain tundra. We
monitored the survival and growth performance of five
deciduous and four evergreen dwarf shrubs transplanted
at four levels along the gradient from ridge to snowbed.
We hypothesized (1) that the relevance of the PFT scheme
regarding snow regimes would be evidenced by different
survival and growth performance patterns between evergreens and deciduous along the snow cover gradient and
that (2) this difference between PFTs would be greater
than the differences in growth and survival among species. We expected (3) an experimental confirmation that a
leaf-shedding strategy would prevent deciduous shrubs
from winter damage and favor their survival under
exposed conditions. We also explored (4) the potential of
aboveground architectural traits as predictors of mountain tundra shrub performances and (5) tested to what
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extent neighboring shrubs modulate these patterns
among the different levels of snow protection.
MATERIALS AND METHODS
Study site and experimental design
The study was conducted at Kilpisj€arvi in the Northwestern Finnish Lapland (69°010 N and 20°500 E). The
experiment was established on the SW lower slope of Mt.
Jehkats at 600 m above sea level, above the timberline
formed by mountain birch (Betula pubescens ssp. czerepanovii). The habitat is a mountain tundra heath and
the vegetation is characterized by low B. nana scrub, dwarf
shrubs, mosses, and lichens. The experimental design
included four replicated mesotopographic gradients from
a windswept area toward a depression with gradually
deepening snow cover. On each gradient, within a distance
of about 10 m, four levels of snow cover (so called topography treatment) were visually identified from previous
winter and spring visits: blown-off (nearly absent), thin
(~30 cm), moderate (~80 cm), and deep (>80 cm) snow
cover. The vegetation diverged among the four levels of
snow cover and, except on the wind-swept areas, formed a
continuous layer as well as remained under the snowpack
during the winter. On the windswept areas the vascular
vegetation was composed mainly of Arctostaphylos alpina,
Loiseleuria procumbens, and Empetrum nigrum ssp.
hermaphroditum (henceforth E. nigrum for brevity). On
the area of thin snow cover, the vegetation was composed
mostly of E. nigrum. On the area of moderate snow cover,
B. nana was the most abundant dwarf shrub. On the areas
of the deepest snow cover, Vaccinium myrtillus was abundant and also some Salix herbacea occurred.
Nine common dwarf shrub species representing some
range of leaf and stature strategies from this nutrientdeficient heath habitat were targeted in this study. The
evergreens included E. nigrum, L. procumbens, Phyllodoce caerulea, and V. vitis-idaea, and deciduous shrubs
were A. alpina, B. nana, S. herbacea, V. myrtillus, and
V. uliginosum. In early June 1998, after the soil thaw,
40 9 40 cm sod blocks including soil (~10 cm, corresponding to the main rooting zone) and vegetation, where
(at least) one target species was abundant enough to randomly select one individual, were dug up from the gradients’ surrounding area where vegetation was continuous.
Blocks were cut to insure a sufficient buffer zone around
target individuals and limit transplantation impacts. Two
blocks per target species were then transplanted at each
topographic level along each of the four gradients. The
complete design consisted of 231 blocks for 288 experimental units (4 gradients 9 4 topographic levels 9
9 species 9 2 blocks) because some of the blocks were
used for more than one species (considering that the two
individuals of the same species were always selected in different blocks). In early August 1998, at the end of the
growing period, the overall condition of the targets was
checked to assess the effect of the transplantation
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procedure on shrub ramets. Almost none of the transplants showed signs of dieback. Then, three shoots per
selected individual in good condition were randomly
selected and tagged by a plastic pin and their heights (centimeters above ground level) were recorded. The percentage cover of the nine target species was estimated from a
20 9 20 cm quadrat in the central area of each block.
In August 1999, the number of dead and living
branches per tagged shoot was counted and the apical
and lateral growth of tagged shoots was measured. In
2002, the cover of the nine target species was re-estimated using the same protocol as in 1998.
Data compilation and statistical analysis
The experiment was designed to primarily test the performance responses of contrasting target species to environmental exposure and question functional type
segregation among tundra dwarf shrubs. We also sought
to explore the potential for relationships between these
performance responses (at the PFT and specific levels)
and initial aboveground architectural species traits or
neighboring shrub community structure. Therefore, the
responses were quantified by survival and growth performances. Survival was estimated at the shoot level considered dead when no living branches were identified in
1999. Since shoots grew either apically or laterally, both
values were measured after one year of the experiment
and pooled in a single growth metric (mm) at the shoot
level. We also used the change in cover at the sod-block
level over the four years of the experiment as a longerterm indicator of species growth and survival performances. The initial height of tagged shoots was averaged
at the individual level and joined the individual cover as
target species traits. To expand the test for potential relationships, we calculated a proxy of target individual volume (in cm3) as the cover (percentage of 400 cm²)
multiplied by average shoot height (cm). The cover of the
nine target species was pooled to estimate the total shrub
community cover (no other shrub species occurred in the
transplants). Then, the neighboring shrub cover was calculated at the sod-block level as the sum of the nine
shrubs’ abundance excluding the target species. As for
target individuals, the volume proxy of the neighboring
shrubs was calculated at the sod-block level: for each
shrub species within the sod-block, the cover was multiplied by the average initial height among the 32 individuals from the entire design. The abundance of neighboring
shrubs was, therefore, considered in terms of cover and
volume metrics and for the initial (1998) and final (2002)
stages of the experiment. Survival and growth performances after one year of the experiment were analyzed at
the shoot level, while the change in cover after four years
was analyzed at the sod-block level, as well as the relationships between performances and traits of the target
species or the abundance of neighboring shrubs.
The responses of target species to environmental exposure were analyzed using Generalized Linear Models
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TABLE 1. Effects of plant functional type (PFT), topography and their interaction on target individual (a) survival and (b) growth
after one year of the experiment, and (c) on target species change in cover after four years of the experiment pooled at the PFT level.

(a) Survival after 1 year

(c) Cover change after
4 years

(b) Growth after 1 year

Source of deviation

df

F

P

df

F

P

df

F

P

PFT
Topography
PFT 9 Topography
Residuals

1
3
3
856

1.35
18.22
4.06

0.2453
<0.0001
0.007

1
3
3
664

1.85
5.25
0.83

0.1742
0.0014
0.4789

1
3
3
272

0
4.25
1.21

0.9563
0.0059
0.3077

Notes: The effects were tested by generalized linear models. Boldface type indicates significant effects (P < 0.05) of the explanatory variables.

(glm function in the stats package; R Development Core
Team 2013), and the significances of explanatory variables were assessed using the Anova function in the car
package (Fox and Weisberg 2011). Alongside topography
(four levels of environmental exposure), plant functional
type and species identity within each PFT were used as
explanatory variables to test singular effects and their
interactions on target individual survival and growth after
one year of the experiment and change in cover of target
species after four years of the experiment. The survivorship of individual shoots represented a binary response
variable (dead or alive) and hence logistic regression (quasibinomial error structure and logit link function) was
used. The growth measures and change in cover values
were square-root and arcsine transformed, respectively, to
meet statistical assumptions and linear regression (Gaussian error structure and identity link function) was used.
The overall effects of initial target traits and of the initial
and final abundance of neighboring shrubs on the performance of target species and their interactions with environmental exposure were similarly analyzed using GLM.
Moreover, direct correlations between the performance of
target species and traits of the target species or the abundance of neighboring shrubs at the sod-block level were
analyzed using linear models (lm function in the stats package; R Development Core Team 2013) for the whole design
and within each of the four topography levels. The analysis
of topography effect on each species-specific response performance included post hoc tests using the HSD.test function in the agricolae package (de Mendiburu 2014) in R.

decreased on the exposed ridges over the four years of
the experiment (Fig. 1c). Although both deciduous and
evergreen PFTs showed similar overall patterns, a significant PFT–topography interaction (Table 1) highlights a
higher survival of evergreen shrubs than deciduous ones
in the exposed end of the mesotopographic gradient
(thin snowpack F1, 214 = 13.46, P < 0.0001; blown-off

RESULTS
Shrub responses to environmental gradient
Mesotopography turned out to be the main factor
affecting the survival and growth performances of both
functional types (topography effect, Table 1). Both
deciduous and evergreen shrubs showed consistent
decreasing shoot survival and growth rates from the
snowbeds to the ridges (Fig. 1a, b) matching with the
presumption of the increasing environmental harshness
toward winter-time exposed conditions. Along the same
line, the cover of both deciduous and evergreen PFTs
was stable under the deep snow and significantly

FIG. 1. Shoot (a) survival and (b) growth performances of
the target individuals after one year of the experiment and (c)
relative change in cover of the target species after four years of
the experiment (mean  SE) pooled at the plant functional
type (PFT) level at each topography level. Asterisks above the
bar groups indicate significant effects of the PFT on performance. ***P < 0.001; *P < 0.05; †P < 0.1.
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snowpack F1, 214 = 2.89, P < 0.1; Fig. 1a). The relative
changes in cover of deciduous and evergreen PFTs did
not significantly differ under the deeper snow cover, but
the cover of deciduous species decreased significantly
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more under thin snowpack (F1,69 = 5.60, P < 0.05) and
same trend appeared on the ridges (Fig. 1c).
Within each PFT, species’ shoot survival and growth
rates showed specific responses to the environmental

FIG. 2. Specific shoot (a) survival and (b) growth performances of the target individuals after one year of the experiment and
(c) relative change in cover of the target species after four years of the experiment (mean  SE). Asterisks above the bar groups
indicate significant effects of the topography on the performance (****P < 0.0001; ***P < 0.001; * P < 0.05) and different letters
indicate significantly different groups based on post hoc tests (P < 0.05). Species names are detailled in the experimental design section of the Materials and methods.
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mesotopographic gradient (Fig. 2a, b). The weak but consistent negative response to environmental constraints
among evergreen species was significantly highlighted for
L. procumbens and P. caerulea (Fig. 2a for survival,
L. procumbens F3, 92 = 3.19, P < 0.05 and P. caerulea
F3, 92 = 3.29, P < 0.05; Fig 2b for growth, L. procumbens
F3, 71 = 4.20, P < 0.01 and P. caerulea F3, 70 = 4.09,
P < 0.01). More interestingly, significant species–topography interactions (Table 2) revealed strong and contrasted
responses among deciduous species. A. alpina exhibited relatively low survival rates but also a high tolerance to
changing environmental conditions (no topography effect
on both survival [F3, 92 = 1.25, P = 0.30] and growth
[F3, 92 = 0.47, P = 0.71], Fig. 2a, b). Conversely, Vaccinium
myrtillus had high survival rates under deep snow cover,
and it showed severe dieback on blown-off ridges
(F3, 92 = 21.96, P < 0.0001, Fig. 2a). The three other deciduous species exhibited intermediate responses with relatively high survival under deep snow cover and somewhat
lower survival with increasing exposure. The shoot growth
patterns of A. alpina and V. myrtillus resembled their shoot
survival patterns, albeit no significant differences occurred
between topography levels. The shoot growth of V. uliginosum was comparable to A. alpina and the growth of V.
myrtillus tended to show vulnerability to changing environment (Fig. 2b). In terms of relative cover change after four
years of the experiment, S. herbacea and V. myrtillus
showed the greatest decrease on exposed ridges (S. herbacea F3, 28 = 4.53, P < 0.05 and V. myrtillus F3, 28 = 8.22,
P < 0.001, Fig. 2c). Eventually, among evergreens, P. caerulea (Table 2) decreased at all levels of snow cover, whereas
the cover of the three other evergreens appeared more
stable over the time of the experiment (Fig. 2c).
Shrub responses in relation to their initial traits
Numerous significant relationships between initial
aboveground architectural target traits and target performance responses were detected across and over the
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mesotopographic gradient (Appendices S1, S2, and S3).
Initial shoot height appeared as an indicator of tundra
shrub responses to snow-related gradient. At the functional type level, tallness appeared to be disadvantageous
for the survival of deciduous species (Fig. 3a;
Appendix S1: Tables S1 and S2), in particular on the
blown-off ridges (height 9 topography interaction,
Appendix S1: Table S1). Conversely, shoot height, as the
based-on volume proxy (Fig. 3b), showed positive relationships with deciduous shoot growth and cover change indicating that taller and larger individuals grew more under
thin and moderate snow cover, respectively (Appendix S1:
Tables S1 and S2). At the species-specific level, tallness negatively affected survival of not only the deciduous V. myrtillus (Fig. 4a; Appendix S2: Tables S1 and S2) and V.
uliginosum (Appendix S2: Table S2) but also the evergreen
representative of the genus, V. vitis-idaea (Appendix S3:
Table S2). However, these negative tallness–survival relationships were only detected under intermediate levels of
snow cover. Interestingly, the survival rates of evergreens P.
caerulea and L. procumbens were negatively and positively
associated with their shoot height under deep and moderate snow cover, respectively (Appendix S3: Table S2).
Specific growth responses highlighted interesting architecture-dependent relationships across PFTs. The deciduous A. alpina and the evergreen E. nigrum shared a
positive tallness–shoot-growth relationship while the
deciduous V. myrtillus and the evergreen P. caerulea
showed a negative largeness–shoot-growth relationship
(Appendix S2: Table S2, Appendix S3: Table S2). The
positive tallness–shoot-growth relationship significantly
occurred regardless of snow cover level, under deep and
thin snow cover for A. alpina and even on the blown-off
ridges for E. nigrum. Eventually, considering changes in
cover as a longer-term growth indicator, deciduous V.
uliginosum showed a positive tallness–growth relationship
under thin snow cover, while on the blown-off ridges, this
same species showed a negative correlation between volume and change in cover (Appendix S2: Table S2).

TABLE 2. Effects of species identity within each plant functional type (PFT), topography and their interaction on target individual
(a) survival and (b) growth after one year of the experiment, and (c) on target species change in cover after four years of the
experiment tested by generalized linear models.

(a) Survival after 1 year
Source of deviation
Deciduous species
Species
Topography
Species 9 Topography
Residuals
Evergreen species
Species
Topography
Species 9 Topography
Residuals

(c) Cover change
after 4 years

(b) Growth after 1 year

df

F

P

df

F

P

df

F

P

4
3
12
460

1.42
1.3
4.09

0.2259
0.2737
<0.0001

4
3
12
377

6.51
0.64
6.52

<0.0001
0.5899
<0.0001

4
3
12
136

1.55
1.55
1.65
2.51

0.1902
0.1797
0.0052

3
3
9
368

1.38
2.24
1.05

0.2486
0.0831
0.3966

3
3
9
283

1.51
1.68
1.22

0.2114
0.1709
0.2846

3
3
9
108

2.81
1.35
0.56

0.0429
0.2632
0.8288

Note: Boldface type indicates significant effects (P < 0.05) of the explanatory variables.
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FIG. 3. Selected significant correlations between performance responses (a and d, survival; b and e, growth; c and f, change in
cover) of deciduous and evergreen functional types and either target or neighborhood traits. Points from the four gradient levels
were plotted when the correlation was found significant at the gradient scale, otherwise only significant levels were plotted. A complete summary of significant correlations is presented in the Appendix S1: Table S1.

Shrub responses in relation to abundance
of neighboring shrubs
The abundance of neighboring shrubs also significantly
modulated the target responses to snow-related gradient.
At the PFT level, the neighbor volume limited the shoot
growth and expansion of deciduous species at an

intermediate level of exposure (Fig. 3c; Appendix S1:
Table S2) and the survival of evergreen shrubs under the
deep snow cover (Fig. 3d; Appendix S1: Tables S1 and
S2). At the species level, competition was more specifically evidenced for the survival of the evergreen P. caerulea regardless of snow cover level (Appendix S3:
Table S2), for B. nana survival in the snowbed
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FIG. 4. Selected significant correlations between performance responses (a and d, survival; b and e, growth; c and f, change in
cover) of deciduous and evergreen species and either target or neighborhood traits. Points from the four gradient levels were plotted
when the correlation was found significant at the gradient scale, otherwise only significant levels were plotted. A complete summary
of significant correlations is presented in the Appendix S2: Table S2 (for deciduous species) and Appendix S3: Table S2 (for evergreens species).

(Appendix S2: Tables S1 and S2) and shoot growth on
the ridges (Fig. 4b), as well as for the change in cover over
the four years of the experiment for A. alpina (Fig. 4c;
Appendix S2: Tables S1 and S2) and S. herbacea

(Appendix S2: Table S2) under moderate snow cover. On
the other hand, the survival of L. procumbens benefited
from a shrubby neighborhood under both deep and
blown-off snow cover (Appendix S3: Table S2).
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Interestingly, the intensity of the positive the relationships
increased with environmental severity (Fig. 4d). The evergreens P. caerulea and E. nigrum also benefited from a
shrubby neighborhood for their shoot growth and cover
gain under the deepest and thinnest snow cover, respectively (Fig. 4e, f; Appendix S3: Table S2). Among deciduous species, direct evidence of facilitation was found for
the shoot growth of V. myrtillus and cover gain of B. nana
under moderate and thin snow cover, respectively
(Appendix S2: Table S2). Eventually, the cover gain of
evergreen species was also positively associated with final
abundance of neighboring shrubs, indicating at least
weak competitive interactions, in particular on the ridges
at the PFT level (Fig. 3f) and specifically for E. nigrum,
P. caerulea, and V. vitis-idea (Appendix S3: Table S2).
DISCUSSION
The experimental transplantation of dwarf shrubs
across a subarctic tundra mesotopographic gradient had
significant effects on the survival and growth of most of
the nine target species. Unexpectedly, we did not find
either clear divergent response patterns between PFTs or
any support to the hypothesis that deciduous shrubs
would survive better than evergreen shrubs on the
exposed blown-off ridges. On the other hand, evergreen
species showed generally weaker responses to environmental constraints, whereas deciduous species showed
stronger, yet remarkably contrasted responses. A negative relationship between initial shoot height and survival of deciduous shrubs under the thinnest snow
conditions was observed. Nevertheless, links between
architectural traits and target performances were very
species specific. The responses of shrubs also depended
on the abundance of neighboring shrubs. However, positive and negative effects were detected in both sheltered
depressions and exposed ridges. These effects varied
depending on functional type, species and metrics, highlighting the complex nature of plant–plant interactions
and environmental conditions.
Are leaf lifespan strategies key drivers of
shrub distribution in the heterogeneous
topography of subarctic tundra?
Our results reveal deciduous and evergreen species can
show similar responses to snow cover gradient, and subsequently, they do not provide support for a hypothesis
of clear segregation based on leaf lifespan strategy.
Therefore, also the hypotheses summarized by Givnish
(2002:729) on adaptation benefits of leaf-shedding strategy to avoid dieback in snow-free tundra conditions are
not supported. Instead, our results highlight prominent
species-specific responses matching earlier studies showing strongly species-specific responses of tundra plants
to environmental manipulations (Chapin and Shaver
1985, Press et al. 1998). Overall, there seem to be general
limitations of the PFT approach for the generalization
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of plant response to environmental change (Dormann
and Woodin 2002). Obviously, mesotopography generated a complex gradient including changes in many environmental factors such as wind abrasion, nutrient
availability, growing season length, winter microclimate,
or soil moisture (Billings 1973, Sonesson and Callaghan
1991, Walker 2001). Observed prominence of speciesspecific over PFT responses could illustrate how such
multiple environmental constraints could drive both
adaptation and selection at the species level.
Worldwide, the segregation of woody plants into evergreen and deciduous PFTs refers to the trade-off
between acquisition and conservation of resources. The
photosynthetic N-use efficiency was consensually shown
to be negatively correlated to leaf lifespan (Reich et al.
1992, Wright et al. 2005). In tundra habitats, evergreenness is commonly associated with dry and nutrient-deficient conditions, while the high leaf turnover of
deciduous species can be advantageous when nutrients
are available (Chapin et al. 1996) and under harsh winter conditions (Oksanen and Virtanen 1995, Virtanen
et al. 1999, Givnish 2002). Here, our results suggest that
regardless of a species’ belonging to a PFT, they can
share similar responses to environments. Indeed, the
deciduous A. alpina exhibited similar resistance to
changing environmental conditions as the evergreen species, and its natural high abundance on the ridges in the
study area further confirmed the ecological relevance of
the pattern. Moreover, the multivariate analysis by
Odland and Munkejord (2008) also demonstrated the
strictly chionophobous classification of this species.
Along the same line, the three tested Vaccinium species
(i.e., the deciduous V. myrtillus and V. uliginosum and
the evergreen V. vitis-idaea) shared a common negative
correlation between their performances and their height
regardless of their PFT. These results support the idea
that ecological strategies of plants are not necessarily
linked to specific PFTs and that a single PFT can exhibit
a wide range of plant strategic syndromes (Verheijen
et al. 2016).
Species’ traits as predictors of shrub responses
Billings (1973) characterized the tundra vegetation by
its low stature where the production of vertical stems to
elevate leaves above surrounding becomes a luxury in
overall unproductive habitat and even can be risky with
regard to the hazards of severe winter conditions above
the snowpack. Warren Wilson (1959) described possible
mechanisms of survival risks including mechanical injuries and drying. Accordingly, we found that shoot height
could be an indicator of plant performance with overall
negative relationships between tallness and survival in
particular for deciduous species. Walker et al. (2001)
detailed several mechanisms by which the decoupling
between phyllosphere and rhizophere environments,
respectively, above and below the snowpack injures tundra plant species. For instance, wind desiccation
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enhances evaporation, while frozen soil limits water
uptake leading to an internal water deficit. Similarly,
light and high surface temperature can promote photosynthesis while nutrient uptake is severely restricted. The
negative relationships between V. myrtillus and V. uliginosum survival and their height at the moderate level of
snow cover might refer to such mechanisms at a place
where transplanted individuals reached heights close to
the estimated snow depth. This finding supports ideas of
Billings (1973) of increased mortality risk of tall shoots
protruding above snow surface. On the other hand, we
also found positive correlations between tallness or
largeness and shoot growth or cover gain including for
deciduous and evergreen species and under the thinnest
snow covers. This relationship may simply illustrates
that the biggest individuals tend to grow more, but
also might limit the indicative potential of tallness for
tundra shrubs’ distribution. Eventually, the results for
P. caerulea strongly suggest that tallness can be also disadvantageous for survival under deep snow cover. This
finding might be connected to the species-specific physical constraints of deep snowpack (Sonesson and
Callaghan 1991) making taller individuals more sensitive
to stem injuries. We therefore contend that shrub
architectural plant traits can be good indicators of their
possible response to the environment, however, the
architecture-plant response relationships can also be
highly species and context-dependent making any generalization difficult.
Plant interactions as modulating topographic effects
The importance of plant interactions for community
structuring in severe habitats has been frequently recognized and has been largely tested in the Arctic in the last
decades (Callaway 2007). Both competitive and facilitative interactions have been detected (see, for instance,
Dormann and Brooker 2002, Wipf et al. 2006) and are
suspected to affect species distributions (Mod et al.
2016). Here, along a deep environmental gradient within
the tundra we hypothesized that the SGH (Bertness and
Callaway 1994) predicting a shift from competition to
facilitation with environmental severity could be applied
from the snowbeds to the ridges. Our results described
diverse patterns among species, PFTs and metrics and
some of them provided support for the SGH. First, the
stress-tolerant L. procumbens (Walker et al. 2001) exhibited a surprisingly positive response to neighboring
shrubs for survival both under deep snow cover and on
the ridges, but the response was stronger in the latter
case suggesting increasing facilitation with environmental severity. Second, at the PFT level evergreen survival
was reduced by the initial neighboring shrubs in the
snowbed, indicating competition. Moreover, their abundance shifted from retreat to expansion with increasing
final neighbor volume on the ridges. Such a pattern does
not indicate proper facilitative process, since both target
and neighbor individuals can benefit from the same
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enhancement of environmental conditions. Even so, this
result should indicate a decreasing competitive effect,
and because the transplantation to the exposed ridges
likely did not enhance the environmental conditions for
the sod-block plants, emergence of proper facilitation
appeared likely. On the other hand, we also found evidence of competition on the exposed ridges and of facilitation under deep snow cover, in particular considering
the shoot growth metric. In other words, no definitive
pattern of plant interactions emerged. Mechanisms
underlying plant facilitation can be related to the buffering of abiotic or biotic stress and disturbance (microclimate harshness and amplitude, grazing pressure, etc.)
and/or to the enhancement of resource access and availability (litter production, symbiotic association, etc.)
(see Callaway 2007). Competition between plants deals
with light, space and soil resource access. Although there
is evidence for both competition and facilitation, underlying mechanisms are strongly context and species
dependent (see for instance Saccone et al. 2009). Moreover, in these very low-productivity environments, the
detection of biotic interactions can require experimentation on decadal time scales (Saccone and Virtanen
2016). It is likely that, in such habitats, the effect of
neighboring shrubs in terms of litter production (Buckeridge et al. 2010) and nutrient uptake (McKane et al.
2002, Vankoughnett and Grogan 2014) combined with
thickness-related snowpack effects on soil microbial
activities (Schimel et al. 2004, Jusselme et al. 2016), litter decomposition (Saccone et al. 2013), and nutrient
release jointly modulate the structure of the tundra
along the mesotopographic gradient in the long-term.
Functional types, traits, and plant interactions as
drivers of arctic–alpine shrubs
The lack of major differences in the responses of deciduous and evergreen shrubs to transplantation suggest that
mere environmental filtering brought about by lack of
snow protection is not a sufficient driver of abundance
relationships between deciduous and evergreen shrubs.
Our results strongly suggest that traits and attributes of
individual species, in addition to interaction mechanisms,
are also involved. It is likely that deciduous shrubs with
leaf economic traits adapted to permafrost tundra conditions out-perform evergreens. In permafrost tundra conditions, soil resources are available in a more pulsed
manner favoring the rapid lifestyle of deciduous species,
and this leaf phenology type is more competitive than
that of evergreens. In alpine tundra with no permafrost,
soil resources are more stable and these favor the
resource-conservative tactics of evergreens. In continental
tundra areas, deciduous shrubs usually react most
strongly to environmental manipulations (nutrient addition, warming, snowpack manipulation; Chapin et al.
1995, Wahren et al. 2005, Walker et al. 2006). In Fennoscandian tundra representing both arctic and alpine features, competitive shrubs include both evergreen and
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deciduous species. However, our results here suggest that
deciduous shrubs are generally more competitive under a
broader range of environmental conditions.
Eventually, most of the modeling efforts in the last
decades converge toward the prediction of an increase of
deciduous shrub species due to lengthening of the growing season and enhancement of nutrient availability.
However, our results suggest that change in snow depth
could counterbalance the positive deciduous response
during the growing season and compensate the evergreen
competitive disadvantage. Further, the results add to
emerging winter ecology studies agreeing that altered
snow regime could represent one of the most serious
threats to tundra ecosystems (Milner et al. 2016, Virtanen et al. 2016, Wheeler et al. 2016) and underline the
difficulty to assess the outcome of the multiple aspects
of environmental and climate change for plant communities. Furthermore, ongoing climate change at high latitudes may increase the frequency of extreme weather
events causing winter-time snow melt, which, in turn,
may also increase the risk of damage to tundra shrub
heath vegetation. Consequently, exposure of evergreen
shrubs to abnormal desiccative snow-free conditions
may be seen as “arctic browning” (Phoenix and Bjerke
2016). The different aspects of snow-related gradient
including direct positive (insulation) and negative
(weight, darkness) effects on vegetation as well as indirect positive (biogeochemical cycle enhancement) and
negative (growing season delay) effects likely lead to our
contrasting results and make predictions about the finescale consequences of changing snow regime hard to
provide. Although our results outline promising
response patterns of tundra shrubs to gradual snow
cover conditions, further experiments are needed to test
how gradual differences in growing season length or soil
nutrient and water contents affect shrub responses.
Additionally, testing how these responses change in the
long-term including removal of any suspicion of transplantation effects, are crucially needed to disentangle
underlying mechanisms.
CONCLUSIONS
Our results provide new insights on potentials and
limitations of the use of PFT for generalization of the
response of the tundra dwarf shrub community to environmental change. They emphasize the greater tolerance
of evergreen shrubs to changing conditions and the risk
associated with tallness for deciduous species. However,
they also reveal notable levels of species specificity and
shared behavior over PFT that support ideas that species-level investigations can produce a better understanding of the determinants of PFT (see also Clark 2016).
Eventually, they highlight the importance of community-structuring mechanisms for the plant response to
environmental conditions and join the merging consensus advocating for better inclusion of local-scale processes in ecological modeling.
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