Arctic-alpine vegetation biomass is driven by fine scale abiotic heterogeneity
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ABSTRACT. During recent decades large changes in vegetation biomass have been observed in
arctic and alpine areas. While these temporal trends have been clearly linked to changing climatic
conditions, the drivers of local spatial variation in biomass are still relatively poorly understood.
Thus, we examine the effects of abiotic conditions (as measured by ten variables representing
topography, soil properties and geomorphological processes) on variation in aboveground vascular
plant biomass to understand the determinants of contemporary fine scale heterogeneity in this
variable. We also compare the results from one destructive biomass estimation method (clip-
harvesting) to three non-destructive biomass estimates: vegetation cover, height and volume. To
investigate the local drivers of biomass we analysed an extensive data set of 960 1 m? cells in
arctic—alpine tundra using spatially-explicit generalized estimation equations to conduct variation
partitioning. The abiotic environment had a clear impact on the fine scale distribution of biomass
(variance explained 32.89 % with full model for sampled biomass). Soil properties (temperature,
moisture, pH and calcium content) were most strongly related to aboveground biomass
(independent effect in variation partitioning 7.03 % and combined effect including joined effects
with topography and geomorphology 19.6 %). Topography had only a small influence after soil and
geomorphology were taken into account (independent effect only 2.23 % and combined effect 18.73
%), implying that topography has only indirect effects on vegetation biomass. Of the three non-
destructive biomass estimates, the results for vegetation volume were most similar to those for clip-
harvested biomass samples. Thus, we recommend utilizing vegetation volume as a cost-efficient

and robust non-destructive biomass estimate in arctic-alpine areas. Our results indicate that the fine



scale environmental variation has to be taken into account more carefully when modelling

vegetation biomass and carbon budget, especially under changing climatic conditions.
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Introduction

A strong increase in vegetation biomass in arctic and alpine environments has been documented
during the last decades (Sturm et al. 2001, Pouliot et al. 2009, Bhatt et al. 2010, Kullman 2010,
Elmendorf et al. 2012), with the largest increases in the southernmost arctic tundra (Epstein et al.
2012). This is largely driven by vascular species, and is clearly associated with rising air
temperatures (Elmendorf et al. 2012). Given the importance of increasing plant biomass at high
latitudes for the global carbon budget (Callaghan et al. 2004, Sitch et al. 2007), understanding the
determinants of contemporary biomass patterns is vital for improving predictions of climate change
impacts on the high latitude carbon balance under warming conditions. Because local heterogeneity
in abiotic conditions is pronounced in many arctic habitats (Shaver et al. 1996, Gould et al. 2003,
Shaver et al. 2007, Fletcher et al. 2010), fine scale studies may be most appropriate for
characterizing the importance and impacts of abiotic conditions on vegetation biomass.

While biome-scale studies have yielded important insights into vegetation and biomass patterns
(e.g. Walker et al. 2003, Epstein et al. 2012, ElImendorf et al. 2012), detailed examination of the
fine scale abiotic determinants of vegetation biomass is required due to the pronounced local
heterogeneity in abiotic conditions in most arctic habitats (Fletcher et al. 2010). Previous studies in
arctic-alpine environments have shown that local topography (Billings 1973, Fisk et al. 1998,
Walker et al. 2001), soil properties (Walker et al. 1993, Walker et al. 1994, Fisk et al. 1998,
Berdanier and Klein 2011) and earth surface processes (Jonasson 1982, Hjort and Luoto 2009, le
Roux and Luoto 2014) have a strong effect on vegetation properties. Local biomass varies along a
topographic gradient (Walker et al. 1994, Fisk et al. 1998) and the relationship between topography
and biomass is most likely hump-shaped (Litaor et al. 2008), since the growing season length
restricts plant growth in depressions (due to late snow melt) and harsh abiotic conditions restrict
productivity on exposed ridge tops (Billings 1973, Campioli et al. 2009). Soil properties, especially
soil moisture, have been shown to be key factors limiting plant productivity (Walker et al. 1994). In
arctic-alpine environments the importance of soil moisture for vegetation appears to be mainly due

to its effect on nutrient availability, via its impact on soil microbial activity (Fisk et al. 1998,



Berdanier and Klein 2011). Geomorphological processes cause physical disturbance, but may also
increase soil moisture and nutrient availability, and therefore may have mixed impacts on plant

biomass in arctic-alpine environments (Jonasson 1982, Virtanen et al. 2010).

Plant biomass is usually measured as the dry weight of a harvested biomass sample. However, this
process is time consuming and destructive (Bobek and Bergstrém 1978, Axmanova et al. 2012,
Redjadj et al. 2012), and in environments with a heterogeneous distribution of biomass, a large
number of samples are required for an accurate estimation (Tsutsumi et al. 2007; see also Walker et
al. 1994). A time-efficient and non-destructive alternative would therefore be useful (Chen et al.
2009, Axmanova et al. 2012, Redjadj et al. 2012), especially in remote high-latitude and -altitude
regions. The simplest alternative measure of biomass is percentage cover of vegetation (e.g.
Rottgermann et al. 2000, Krebs et al. 2003, Muukkonen et al. 2006), while a more accurate estimate
can be achieved by using vegetation volume that takes into account both vegetation cover and
height (Chen et al. 2009, Axmanova et al. 2012).

The aims of this study are (1) to investigate the effects of small scale variation in topography, soil
properties and geomorphology on vascular biomass and (2) to test whether the results from three
non-destructive biomass estimation techniques (vegetation cover, vegetation height and vegetation
volume) differ from those of clip harvesting. Here we do this by analysing an extensive fine scale

dataset from arctic-alpine tundra in north-western Finland.
Methods
Field and laboratory methods

Data were collected during summer 2011 on the northern slope of the Saana massif, north-western
Finland (Fig 1). The study site was approximately 100 — 200 meters above the birch (Betula
pubescens ssp. czerepanovii) treeline at ¢. 700 m a.s.l, and is characterized by shrubs (including
Juniperus communis and Betula nana), dwarf-shrubs (Vaccinium spp., Empetrum hermaphroditum)
and graminoids (Deschampsia flexuosa, Carex bigelowii). The study design consisted of six 8 x 20
m grids, comprising a total of 960 1 m? cells. The six grids were located inside the area of less than
2 ha to minimize variation in altitude, bedrock and macroclimate. For a more complete description

of the study site see le Roux et al. (2013a).
(Insert Figure 1 here)

The biomass samples were collected in July 2011 during peak growing season. All living

aboveground vascular biomass was collected from a randomly located 20 x 20 cm subplot within



each 1 m? cell. The biomass samples were dried at 65 °C for 48 hours and then weighed (Sartorius
PT3100, accuracy 0.1 g). Vascular plant cover was visually estimated in each cell and median
vegetation height measured (excluding graminoids due to their disproportionate height : biomass
ratio). Vegetation volume was calculated as the product of plant cover and vegetation median
height.

Soil moisture was determined on three occasions during mid-summer with a FieldScout TDR 300
moisture meter (FieldScout TDR 300, Spectrum Technologies, Plainfield, USA; using 7.5 cm
sensor rods), recording the mean of three measurements in each cell. The correlation between the
different sampling events was high (r > 0.88) and so the mean of all measurements was used in the
analysis. Soil temperature was measured at 10 cm depth on two occasions (mid and late summer),
using a digital thermometer (TFX 392 SKW-T thermometer, Ebro Electronic, Ingolstadt, Germany).
From each grid 18 measurements were taken at 4 m intervals, with the resulting values interpolated
for all cells with the interp.surface command in the fields package (Furrer et al. 2011), using R

statistical software (R Development Core Team 2011).

In late summer soil samples were collected from the same locations where soil temperature was
measured. These samples were air dried and subsequently analysed to determine soil pH and
calcium content in the Laboratory of Geosciences and Geography (University of Helsinki)
following the standardized ISO 10390 and ISO 17294-2 procedures (Nham 2010). As for soil
temperature, results were interpolated to all other cells.

Local topography (i.e. mesotopography) was classified on a 10-point scale, following the methods
of Bruun et al. (2006; see also Billings 1973, Walker et al. 2001, le Roux and Luoto 2014) where
the lowest value (1) represents the bottom of a depression and the highest value (10) a ridge top.
The end-points of this gradient both represent extreme environmental conditions. Exposed ridge
positions have lower winter temperatures, higher mechanical stress (due to wind-blown ice
crystals), and more variable water availability, while sheltered depressions have short snow-free
periods (i.e. limited growing season length; Bruun et al. 2006). Slope and aspect were measured for
each cell and maximum potential annual solar radiation (i.e. assuming clear sky conditions, MJ cm™

a™*) was calculated following McCune & Keon (2002).

Geomorphological processes were recorded as the percent cover of six different geomorphologic
processes — solifluction, cryoturbation, deflation, nivation, fluvial accumulation and erosion — in
each cell by visually measuring the area affected by each process (following the method of Hjort

and Luoto 2009). All investigations were performed by the same geomorphologist, who focused



only on ESP (earth surface process) variables, to ensure independence of the botanical and
geomorphological data. The activity of cryoturbation (soil frost processes), deflation (wind-driven
erosion) and solifluction (gravity-driven down-slope soil creep) were defined based on observations
of topsoil material (focusing on sorting of the substrate, the absence of fine sediment, and the
presence of soil lobes perpendicular to the slope, respectively). Fluvial processes were similarly
quantified, paying particular attention to soil textural properties, with their contributions combined
into a single variable representing water-driven soil erosion and accumulation. Nivation (processes
related to long-lasting snow patches) was measured from the depth of snow cover remaining in
early/mid summer, and confirmed by observations of the temporal patterns of snowmelt (le Roux
and Luoto, 2014). The geomorphological processes were combined for the analysis into three
groups: frost-related processes (solifluction and cryoturbation), wind-related processes (deflation
and nivation), and fluvial processes (erosion and accumulation). The influence of herbivory was not
considered in the present analyses for two reasons; 1) this would add considerable further
complexity to this research, and 2) herbivores have previously been shown to have relatively small

impacts on vegetation properties in this study design (le Roux et al. 2013a).
Statistical analyses

To model the relationship between biomass and topographic, soil and geomorphological variables,
generalized estimating equations models (GEEs, see Carl and Kuhn 2007) were used to conduct
variation partitioning (Borcard et al. 1992). GEEs are an extension of generalized linear models that
allow the spatial non-independence of observations to be incorporated into analyses, and perform
better than many other techniques for spatially-referenced data (Carl and Kiihn 2007, Dormann et
al. 2007). The data were analysed assuming a Gaussian distribution of errors for biomass,
vegetation height and vegetation volume, and a binomial distribution of errors for vegetation cover.
Prior to analysis biomass and vegetation volume were log-transformed and vegetation height was
square root-transformed. To account for the spatial structure in the data, a fixed correlation structure
was used to model spatial dependency in GEEs (following Carl and Kihn 2007; method also
described in Hardin and Hilbe 2003, Dormann et al. 2007). The fixed correlation structure used in
the GEE models was parameterized from the spatial autocorrelation observed in the residuals of the
corresponding GLM, by fitting a negative exponential curve to residual autocorrelation over
distance lags shorter than the distance class of the first non-significant autocorrelation value (see le
Roux et al. 2013b for details). Because preliminary analyses showed that spatial autocorrelation
was negligible between the six grids, points from separate grids were considered as independent.

Thus a fixed correlation structure was modelled for each grid, allowing for the decay in spatial



dependence to vary between grids. The analysis was conducted using the gee function from the
geepack library (Hgjsgaard et al. 2005) in the statistical package R (R Development Core Team
2011), and was implemented using a modification of Carl and Kiihn’s (2007) GEE function.

Following a best subsets regression approach, all combinations of predictor variables were
modelled. Both linear and second-order polynomial terms were included for each predictor variable
to model potentially non-linear relationships. Initial analyses showed that multicollinearity between
predictor variables within each variable group was minimal (maximum variation inflation factor =
1.9; Fox & Monette 1992), and therefore all predictors were retained for subsequent modelling.
Models were ranked by the quasi-likelihood-under-the-independence-model information criterion
(QIC, the GEE-equivalent of the Aikaike’s Information Criterion; Pan 2001), calculated using a
modification of the code outlined by Kraan et al. (2010) (see also Burnham and Anderson 1998),
with the best fit model identified as having the lowest QIC value. Models containing second-order
polynomial terms were only retained if each polynomial term’s linear equivalent was also present in

the model.

Variation partitioning was used to quantify the unique and shared contributions of the predictor
variable groups and the total explanatory power of the models (Borcard et al. 1992). First, the best
model within each group of explanatory variables (topography, soil and geomorphology) was
determined (using GEEs, as detailed above). Second, all combinations of the three best models were
analysed (i.e. modelling biomass as a function of the variables selected by, e.g., the best topography
model and the best soil model). Finally, the variance explained by the full model (the variables
selected by the best topography model, the best soil model and the best geomorphology model) was
partitioned between the three predictor variable groups; creating eight fractions: (a) unique effect of
soil, (b) unique effect of topography, (c) unique effect of geomorphology; and variation due to the
shared effects of (d) soil and topography, (e) soil and geomorphology, (f) topography and
geomorphology and (g) all the three variable groups; and (h) the unexplained variation. The
procedure for variation partitioning with three explanatory matrices has been described in detail by
Anderson & Gribble (1998) and Heikkinen et al. (2004).

Results

The sampled grids included areas with differing conditions regarding to soil properties, topography
and geomorphological activity, as well as variation in the amount of aboveground biomass (Table 1,
Fig 2). Of the non-destructive biomass estimates, vegetation volume was most strongly correlated

with the observed biomass (Spearman’s rank correlation = 0.662, p < 0.001), and vegetation height



the most weakly correlated. Overall the correlations between all the biomass variables were
relatively high, with the weakest correlation between vegetation cover and height (Table 2, Fig 3).

(Insert Fig 2 and 3 and Tables 1 and 2 here)

The best GEE models of biomass included all the variables except the second order terms of
temperature and pH, the best vegetation volume model excluded only the second-order term for
fluvial processes, while the best vegetation height model excluded slope and the second order term
of solar radiation. (Table 3; selected univariate relationships shown in Fig. 4). By contrast, the best
model for vascular cover included all the variables and their second-order polynomial terms (Table
3).

(Insert Table 3 and Figure 4 here)

Variation partitioning revealed that soil variables have the largest unique contribution to explain
variation in biomass, while topography had the smallest independent effect (Fig. 5). This pattern
was consistent for biomass, vegetation volume and cover, but differed for vegetation height (where
geomorphology had the strongest independent effect and soil properties the weakest). The amount
of unexplained variation was close to 50 % for vegetation volume and vegetation height, slightly
lower for biomass sample and remarkably lower for vascular cover. A negative shared contribution
of two variable groups (as seen in Fig. 5) indicates that strong collinearity between predictors in the
different variable groups. As a result, less variation is explained when the two groups of variables
are included together than is expected based on their effects in isolation (Chevan and Sutherland
1991).

(Insert Figure 5 here)
Discussion

Considerable spatial variation was observed in plant biomass, as has previously been reported for
arctic and alpine areas (Fisk et al. 1998, Fletcher et al. 2010), with this fine scale heterogeneity
strongly correlating with components of the abiotic environment. All three groups of abiotic
predictors (soil properties, geomorphological processes, topography) contributed to explaining
variation in biomass, reflecting the multivariate nature of the environmental constraints on plant
productivity (in agreement with, e.g., Gould et al. 2003, Berdanier and Klein 2011). This pattern is
likely to hold true in other areas of low biomass and similar climates in arctic and alpine
environments in northern Europe (Kjelvik and Karenlampi 1975, Jonasson 1982, Kyllénen 1988,
Campioli et al. 2009) and North America (e.g. Walker et al. 1994, Fisk et al. 1998).



Our results indicate that fine scale variation of vegetation biomass is mainly driven by soil
properties, in agreement with previous studies that have shown the influence of these abiotic
characteristics (Walker et al. 1994, Fisk et al. 1998, Berdanier and Klein 2011). Soil moisture was
most strongly related to biomass, with the highest biomass values at the areas of intermediate
moisture (Tables 3 and S1, Fig. 4), which supports the findings in earlier studies (Litaor et al. 2008,
Berdanier and Klein 2011). Calcium content showed similar effects on biomass as soil moisture,
although the correlation was much weaker (Table S1). Soil pH and temperature were also weakly
related to biomass, but showed inconsistent relationships with biomass and the three biomass
surrogates. The results suggest that soil resources (e.g. moisture, energy and nutrients) are more
important drivers of biomass than disturbance processes (i.e. geomorphology) or landform position
and orientation (i.e. topography), highlighting their importance under changing environmental

conditions (e.g. rising temperatures increasing nutrient availability; Chapin et al. 2005).

Geomorphological processes generally did not explain as much variation in biomass as soil
properties, but were particularly important for vegetation height. Our study provides empirical
evidence that geomorphological processes affect vegetation structure and biomass, with
geomorphologic activity decreasing arctic-alpine plant biomass, probably through mechanical
disturbance (Jonasson 1986, le Roux and Luoto 2014). The effect of geomorphology was the
strongest for vegetation height which may be explained by the fact that generally taller woody
plants are more sensitive to disturbance and soil instability (Jonasson 1986, Haugland and Beatty
2004, Manninen et al. 2011). For vegetation height the shared effects of geomorphology and
topography are also strong (Fig. 4), which may be due to snow cover being linked to topography
and to woody plants responding positively to increased snow cover (Wahren et al. 2005, Wipf and
Rixen 2010). Thus, in agreement with previous studies, investigating the effects of
geomorphological processes on arctic-alpine vegetation have offered evidence that plant
communities are affected by different earth surface processes (Malanson et al. 2012, le Roux and
Luoto 2014).

While many abiotic and biotic characteristics are strongly related with local topography, our results
suggest that the importance of mesotopography to vascular biomass is largely due to its indirect
effect through soil properties and physical disturbances caused by geomorphological processes (see
Hjort and Luoto 2009, le Roux and Luoto 2014). Topography affects the soil properties mainly by
controlling fluvial processes and snow distribution which, in turn, affect soil moisture, temperature
and growing season length (Taylor and Seastedt 1994, Walker et al. 1993, Fisk et al. 1998, Walker

et al. 2001). Consequently, local topography, by controlling snow accumulation and drainage,



affects arctic-alpine plant patterns, including for example species regrowth after disturbance (Evju
et al. 2012). However, fine scale soil characteristics appear to be stronger predictors of biomass
than more distally related topography variables. Nonetheless, as topography can be easily measured
(including by remote sensing techniques) and does contribute to explaining some additional
heterogeneity in biomass, this group of variables may represent a simple way to refine biomass
models based on soil properties and earth surface processes.

From an applied perspective, the results highlight that vegetation volume is a useful surrogate of
biomass as there is strong and significant correlation between the two variables. This supports the
use of non-destructive methods in estimating biomass since both variables have similar responses to
abiotic drivers. For vegetation cover, the amount of explained deviation is very low compared with
the results for biomass samples and therefore its use as an approximation of biomass can be less
appropriate than the use of vegetation volume. Consequently, these results suggest that vegetation
volume could be used successfully as an estimate for biomass in arctic-alpine areas. This is
particularly important finding in areas with low vegetation growth or highly sensitive species,
where destructive sampling could conflict with vegetation monitoring programmes or strict

conservation regulations.

The observed positive correlation between air temperature and productivity at high latitudes
(Walker et al. 2003, Elmendorf et al. 2012), indicates a clear impact of climate warming on plant
productivity. However, since local abiotic conditions strongly affect biomass and may also be
affected by changing climatic conditions, the landscape cannot be considered as a homogenous
background against which climate change will act. Indeed, through the cascading effects of local
soil properties and earth surface processes, the impact of rising air temperatures could be strongly
mediated by local abiotic heterogeneity. For example, increasing temperatures can lead to greater
nutrient availability and changes in frost-related disturbance, with all of these environmental
conditions affecting plant productivity in some manner (Chapin et al. 2005, Macias-Fauria and
Johnson 2013). Thus, predictions of changes in biomass at local to regional levels cannot be based
solely on broad scale climate scenarios.

Conclusions

In arctic-alpine tundra the variation in vegetation biomass is largely driven by the fine scale
heterogeneity of the abiotic environment. The most important drivers of aboveground biomass are
soil properties and especially soil moisture. Plant biomass is also effected by geomorphological

processes that typically decrease the amount of biomass, mostly through mechanical disturbance.



The effect of local topography on vegetation biomass is largely indirect and it has little independent
influence on biomass after soil properties and geomorphology have been taken into account. All in
all, our results indicate that fine scale environmental variation has to be taken into account more
carefully when modelling vegetation biomass in arctic-alpine conditions. Even though climatic
conditions are fundamental drivers of biomass, their effects are filtered through local abiotic
conditions which may strongly mediate plant responses to changing temperature and precipitation
regimes. Therefore, where data relating to local environmental conditions are available, these
should be included in analyses of vegetation biomass patterns to improve estimates of the current

biomass patterns and predictions of their future changes.
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Table 1. Summary of site characteristics across the six sampled grids (n = 960), showing the

maximum, minimum and mean (median for pH) values and standard deviations for response and

predictor variables.

standard
max. min. mean deviation

Biomass

sample (g/sample) 101.4 0.0 9.9 10.5

sample (g/m?) 2535.0 0.0 246.5 262.3

cover (%) 100.0 0.0 51.6 26.8

height (cm) 15.0 0.0 4.2 2.0

volume (100 cm?) 12525 0.0 132.2 150.5
Topography

mesotopography 10.0 1.0 5.0 2.1

slope (radians) 1.3 0.0 0.4 0.2

radiation (MJ cm™ a™) 0.7 0.1 0.3 0.1
Soil

moisture (%) 67.3 8.4 27.4 10.3

temperature (°C) 10.0 7.9 8.9 0.5

pH 55 3.8 4.6 0.3

Ca (ppm) 3566.8 135 665.3 743.9
Geomorphology

frost processes (%) 0.0 70.0 4.6 10.6

wind processes (%) 0.0 100.0 6.6 195

fluvial processes (%) 0.0 100.0 3.9 13.1
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Table 2. Spearman rank correlation coefficients for the relationship between the biomass variables:
sampled biomass, cover of vascular vegetation, median height of vegetation and vegetation volume
(calculated as the product of vegetation cover and height). All correlations are significant at p <
0.001.

sampled biomass cover height
cover 0.577
height 0.540 0.405
volume 0.662 0851  (.799
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Table 3. Best-fit GEE models for each predictor variable group (i.e. best fit models using only topography,
soil or geomorphology variables).

Sampled Vegetation Vegetation Vegetation
biomass volume cover height
coefficient coefficient coefficient coefficient
intercept -0.319 10.252 99.207 -4.412
Topography
mesotopo 0.107 0.047 -0.017 0.081
mesotopo® -0.011 -0.006 -0.003 -0.012
slope 0.233 0.720 1.918 --
slope? -0.047 -0.600 -1.558 --
radiation 4,155 2.050 7.714 0.610
radiation -3.994 -2.074 -8.274 -
Soil
moisture 0.089 0.032 0.128 0.008
moisture? -0.001 -0.001 -0.002 0.000
temperature -0.193 -2.759 -20.350 0.228
temperature® -- 0.152 1.115 -0.014
pH 0.091 1.167 -6.112 2.064
sz -- -0.089 0.857 -0.196
Ca 9.60 x 107 1.74 x 10" 0.001 1.12 x 10™
ca’ -4.85 x 107 -3.96 x 10°® -1.49 x 107 -1.81 x 10°
Geomorphology
frost processes -0.025 -0.020 -0.082 -0.020
frost processes? 2.80 x 10 2.05x 10" 0.001 1.70 x 10™
wind processes -0.017 -0.012 -0.022 -0.012
wind processes? 1.60 x 10" 1.21 x 10" 4.00 x 10™ 7.47 x10°
fluvial processes -0.021 -0.006 -0.016 -0.020
fluvial processes’ 2.25x 10" -- 2.00 x 10 1.48 x 10

-- not included in the best model
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Figure 1. a) Sampled grids and the variation of mesotopography in the cells: color white represents
value 10 (ridge top) and black value 1 (bottom of depression). Places and directions of photographs
in Fig 2 are marked with black arrows. b) The location of the field site on mount Saana, indicated
by the black rectangle and letter A. ¢) The location of the study area in north-western Finland,

indicated by the black circle.

Figure 2. Photographs showing different conditions on the study area: a) an exposed and dry area
with convex topography, b) high biomass area with Empetrum hermophroditum and Betula nana as
dominant species c) local depression with low biomass. All photos were taken on 9 July 2012.

Locations of the photographs can be seen in Fig 1.

Figure 3. The relationships between sampled biomass and the three non-destructive biomass

estimates as scattergrams and loess lines.

Figure 4. The relationships between the four biomass variables and selected predictor variables
from each variable group, as indicated by loess lines. Mesotopography presents the local
topography on a 10-point scale, value 1 representing a bottom of a depression and value 10 a ridge

top.

Figure 5. Variation partitioning for the four biomass variables. Variation in the response variables is
partitioned between three groups of environmental variables: soil properties, topography and
geomorphology. Sections a, b and c represent the unique effects of the predictor variable groups,

while d, e, fand g indicating shared effects.
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