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Shrub-induced snowpack variability alters wintertime soil respiration across a
simulated tundra landscape
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ABSTRACT
Across the arctic tundra, the expansion of tall shrubs is expected to alter soil microbial activity
in winter through shrub effects on snow redistribution. Tall shrubs act as a windbreak,
trapping deep snowdrifts that insulate the ground from extreme cold and elevate soil
respiration within shrub patches. However, this windbreak effect may reduce both snow
cover and soil respiration in open tundra areas outside shrub patches. The net impact of
increasing shrub cover on soil respiration across landscapes with heterogeneous vegetation
cover and snow depths remains unknown. Here, I use a set of tundra landscape simulations to
address this knowledge gap. The simulations vary shrub cover, mean snow depth and the
strength of shrub windbreak effect. I show that for mean snowfall depths 40 cm or greater,
increasing shrub cover usually reduced landscape-level soil respiration due to greater hetero-
geneity in snow depth. These simulations suggest that there is no overarching positive
relationship between shrub density and wintertime soil respiration on a landscape scale.
Hypotheses generated from these simulations may be tested empirically to improve the
representation of tundra vegetation and snow dynamics in Earth System Models.
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Introduction

Despite extremely cold temperatures, the lengthy
winter season contributes significantly to annual car-
bon and nutrient cycling in Arctic tundra, where
nearly half of Earth’s terrestrial organic carbon is
stored (Hobbie & Chapin 1996; Fahnestock et al.
1999; Tarnocai et al. 2009; Hugelius et al. 2014;
Oechel et al. 2014). Across space, rates of wintertime
elemental cycles are tightly linked to snow depth.
Snow insulates soils from low air temperatures and
allows microbial activity such as heterotrophic
respiration to continue throughout the winter
(Walker et al. 1999; Taras et al. 2002; Nobrega &
Grogan 2007). For example, Fahnestock et al. (1999)
estimate that in the tundra of northern Alaska
between 47 and 400 kg CO2 ha−1 are released
annually from snow-covered soils. The insulation
capacity of snow is determined by a suite of factors,
including density and phase change dynamics, but
insulation generally increases with snow depth
(Stieglitz et al. 2001; Ge & Gong 2010).

Tall shrubs exert many biotic and abiotic controls
on their environment via their effects on litter chem-
istry, soil decomposer communities, albedo, moisture
and temperature throughout the year (Myers-Smith
& Hik 2013; Bueno et al. 2016). In winter, tall shrubs
form windbreaks by jutting above the low-statured

vegetation of the Arctic tundra. This windbreak effect
redistributes blowing snow from non-shrubby areas
to shrubby areas (Liston et al. 2002). Consequently,
deep, insulating snowdrifts preferentially accumulate
on and immediately leeward of shrub patches,
increasing winter soil temperatures (Sturm et al.
2001). It is thought that these elevated temperatures
will accelerate microbial processes such as nitrogen
mineralization and soil respiration in shrub patches
(Sturm et al. 2001, 2005; Schimel et al. 2004; Grogan
& Jonasson 2006; Baptist et al. 2010; Hallinger et al.
2010; Morgner et al. 2010; Rogers et al. 2011; Blok
et al. 2016; Paradis et al. 2016). This situation may be
reversed in nearby non-shrubby patches, where
reduced snow depth leads to lower soil temperatures.

Within the tundra biome, tall shrubs are increas-
ing in areal cover and biomass, and are expanding to
new areas, including up altitudinal gradients (Tape
et al. 2006; Hallinger et al. 2010; Myers-Smith et al.
2011). As shrubs continue to proliferate in the tundra
landscape, greater heterogeneity of snowpack depth
(and therefore of wintertime soil respiration) should
be expected (Liston et al. 2002). However, most
experimental studies connecting shrub expansion to
soil microbial activity examine shrub presence/
absence instead of variable levels of shrub cover
(e.g., Nauta et al. 2015). Such research also tends to
use small plot sizes, on the order of 1 m2, which are
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not sufficient to capture the effects of shrub patches
on nearby non-shrubby areas (e.g., Natali et al. 2012).
Therefore, the overall landscape-level effect of shrub
expansion on cold season soil respiration remains
unknown.

Here I construct a set of simulations to explore
potential impacts of shrub expansion on wintertime
soil respiration across the tundra landscape, taking
into account areas without shrub cover. I present a
range of possible landscape-level outcomes of respira-
tion for different combinations of shrub density,
snow depth, and strength of the aforementioned
windbreak effect. With this study I aim to answer
the following questions. What is the relationship
between shrub cover and wintertime soil respiration
across the tundra landscape? How is this relationship
changed by modifying mean snow depth and strength
of the tall shrub windbreak effect?

By using simulations to answer these research
questions, I hope to create clearly structured ideas
about the interaction between snow, shrubs and soil
respiration. These ideas may yield hypotheses that are
empirically testable in the field.

Methods

I created a set of theoretical simulations to evaluate
the effects of shrub expansion on landscape-level soil
respiration in winter. The Northern Brooks Range
Foothills region of Alaska was selected as the example
system because ample data from this region are avail-
able to parameterize the key processes that comprise
the simulations (e.g., Mikan et al. 2002; Zhang 2005;
Tape et al. 2006; Stuefer et al. 2012). Processes used in
the simulations were the windbreak effect of shrubs

on snow accumulation, snow insulation effects on soil
temperature, and temperature impacts on soil
respiration. To explore the interaction of these pro-
cesses across a wide range of conditions, I altered
shrub density, the strength of the windbreak effect,
and total snowfall across simulation runs. The simu-
lations were run in R (R Core Team 2016).

Each simulation consisted of a square 10 000-
pixel landscape grid (100 by 100 pixels), with each
pixel representing a vegetation patch that was either
open tussock tundra (i.e., graminoid) or shrub.
Graminoid and shrub tundra classes collectively
comprise two-thirds of the vegetated area in the
Arctic (Walker et al. 2005). Shrub patches were
distributed randomly across the landscape, with
shrub cover varying between 0% and 30% to roughly
match the observed range in shrub cover in the
Northern Brooks Range Foothills between about
1950 and 2005 (Tape et al. 2006).

Next, snow was distributed across the vegetated
landscape, ranging in average depth from 0.1 to 1 m, a
range centred on average end-of-winter snow depth for
the Northern Brooks Range Foothills (Stuefer et al.
2012). Because of the windbreak effect of tall shrubs,
snow preferentially accumulated in pixels representing
shrub patches and, to a lesser extent, in pixels in the lee
of shrub patches. The simulations assumed a consistent
prevailing westerly wind. The simulations were run for
three different levels of the windbreak effect, as specified
by coefficients multiplying landscape-averaged snowfall
by 1.5 (weak windbreak effect), 1.75 (moderate) or 2
times (strong), to define snow depth in shrub patches
(Fig. 1). Measured windbreak coefficients are positively
related to shrub height (Essery & Pomeroy 2004;
Paradis et al. 2016).

Figure 1. Shrub effects on relative snow depth in five linear pixels within the 10 000-pixel simulated landscape. Snow
preferentially accumulates in shrub patches and to a lesser extent in the two leeward tussock patches. Consequently, tussock
patches further from shrub patches accumulate less snow than the landscape mean. Exact snow-depth quantities depend on
the strength of the windbreak effect, which is empirically related to shrub height. In addition to the windbreak effect shown
here, the simulation also varies the density of shrub pixels and mean snow depth across the landscape.
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On the basis of the distribution of snow across the
simulated landscape, empirically derived relation-
ships were used to calculate ground temperature
and soil respiration rate for each pixel. Ground tem-
perature is empirically determined by both air tem-
perature and snow depth. For the simulation, air
temperature was assumed to be constant, and the
relationship between snow depth and ground tem-
perature was parameterized using data collected in
the Northern Brooks Range Foothills as reported by
Zhang (2005; figure 10). These ground temperatures
were used to calculate respiration rates using equa-
tions provided by Mikan et al. (2002, table 1), which
include separate parameterizations for shrub and tus-
sock soils in this region. These equations calculate
respiration rates in units of respired carbon per mass
of soil carbon, thus controlling for variability in soil
carbon richness. Parameterized equations from
Zhang (2005) and Mikan et al. (2002) are reproduced
in the supplemental material.

Respiration rates were summed across all pixels to
determine soil respiration across the entire theoretical
landscape. Overall, 450 simulations of the 10000-pixel
landscape were run for unique combinations of shrub
density, mean snow depth and strength of the wind-
break effect.

Results

Greater shrub cover did not always increase soil
respiration across the landscape (Fig. 2). When
mean snow depth was 10 cm, respiration was negli-
gible, regardless of shrub cover or the strength of the
windbreak effect. When mean snow depth was
20 – 40 cm, respiration generally increased with
shrub cover, and the rate of increase was positively
related to the strength of the windbreak effect.

For mean snow depths greater than 40 cm, adding
shrubs to an open tussock-tundra landscape initially
reduced soil respiration until a threshold shrub cov-
erage was reached. The strength of this reduction in
respiration depended on the level of the windbreak

effect and was greatest for the strong windbreak
effect. The shrub cover threshold where respiration
began to increase was also greater with increasing
windbreak strength and was about 20% shrub cover
for the strong windbreak effect. For mean snow
depths less than 40 cm, increased shrub density con-
sistently elevated landscape soil respiration, regard-
less of the windbreak effect.

Across all 450 simulation runs, landscape-level soil
respiration was maximized when shrub cover was 0%,
under the scenario with the greatest mean snowfall.
Notably, the minimum soil respiration level was also
achieved when shrub cover was 0%, under the sce-
nario with the least mean snowfall (Fig. 2).

Discussion

I ran a set of simulations to understand the relation-
ship between shrub cover and wintertime soil respira-
tion across the tundra landscape, and to determine
how this relationship changes by varying mean snow
depth and the strength of the windbreak effect. These
simulations showed no unidirectional relationship
between shrub cover and wintertime soil respiration
on a landscape scale, in contrast to prior reports of
soil microbial activity in individual shrubs patches
(Sturm et al. 2001; Schimel et al. 2004; Sturm et al.
2005; Grogan & Jonasson 2006; Baptist et al. 2010;
Hallinger et al. 2010; Morgner et al. 2010; Rogers
et al. 2011; Blok et al. 2016; Paradis et al. 2016).
Rather, the relationship between shrub cover and
soil respiration depended strongly on mean snow
depth and the strength of the windbreak effect.

For snow depths greater than 40 cm, increasing
shrub cover up to about 20% reduced wintertime soil
respiration across the landscape. This effect was espe-
cially pronounced for a strong windbreak effect.
Because windbreak effect is empirically related to
shrub height (Essery & Pomeroy 2004), these simula-
tions indicate that, in addition to shrub cover, shrub
height impacts landscape-scale soil respiration.
Notably, mean snow depth may be a stronger control

Figure 2. Soil respiration summed across the entire simulated landscape for (a) weak, (b) moderate, and (c) strong levels of the
windbreak effect. Density of shrub cover (x axis) varies between 0% and 30% of pixels, and mean snow depth (coloured curves)
varies between 10 cm and 1 m.
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on landscape-level respiration than vegetation struc-
ture, since the maximum and minimum respiration
rates across all simulations were achieved for the
same level of shrub coverage (0%).

Mean end-of-winter snow depth in the Northern
Brooks Range foothills currently fluctuates around
the 40 cm threshold where increasing shrub cover
reduces respiration (Stuefer et al. 2012). For winters
with mean snow depth between 20 cm and 40 cm, the
simulations indicate that greater shrub cover posi-
tively impacts landscape-level soil respiration.
However, snowfall is predicted to increase through-
out the Arctic (Bintanja & Selten 2014). As mean
snow depths 40 cm or greater become more common,
shrub expansion may provide a net negative feedback
to wintertime soil temperatures and respiration on a
landscape scale. Other temperature-dependent soil
processes like nitrogen mineralization may follow
similarly complex patterns in response to vegetation
impacts on snow depth heterogeneity.

By design, these simulations represent a simplifi-
cation of reality in order to outline the potential
wintertime soil respiration responses to shrub expan-
sion. This approach follows Rastetter’s (2017)
description of a generalized, mechanistic “model for
understanding”, which aims to characterize potential
behaviours of a system by examining only the sys-
tem’s most basic processes. Therefore, excluded from
the simulations are more complex processes like
snowpack density and evolution, topography, shrub
reproduction dynamics, litter chemistry feedbacks,
and shrub–herbivore interactions, all of which are
discussed in detail elsewhere (Liston et al. 2002;
Essery & Pomeroy 2004; Myers-Smith et al. 2011;
Christie et al. 2015; McLaren et al. 2017). For exam-
ple, wind-drifted snow deposited in open tussock
areas tends to be finer-grained, denser and less insu-
lative than snow deposited in shrubs, which forms
large depth hoar crystals that increase insulative
properties (Benson & Sturm 1993). This snowpack
structural variability is not specified in the simula-
tions. Despite (or perhaps because of) such simplifi-
cations, the simulations suggest useful avenues of
future empirical study to better understand winter-
time impacts of shrub expansion.

In designing future experiments, it is recom-
mended that plots contain variable shrub densities
and sizes, rather than binary states of shrub pre-
sence/absence. As shown in the simulations for
snow depths of 40 cm or greater, soil respiration
response to shrub cover is not linear, and a pre-
sence/absence study would fail to capture this
complexity. Additionally, experimental plots
should be larger than 1 m2, since small scales do
not account for shrub effects that extend multiple
metres beyond the shrub itself. Larger plots could
also improve our understanding of the controls on

the strength of the windbreak effect. These guide-
lines should allow investigators to measure
response variables and make inference about
shrub-altered ecosystem processes at a landscape-
scale. Such measurements and inferences may then
be incorporated into larger-scale Earth system
models (e.g., Zhang et al. 2013) with greater
accuracy.

Conclusion

These simulation results suggest that there is no over-
arching positive relationship between shrub density
and wintertime soil respiration on a landscape scale.
Rather, the relationship between these two variables
depends strongly on mean snow depth and the
strength of the windbreak effect. The variability in
simulation outcomes challenges assumptions about
the impact of shrub expansion on tundra carbon
balance. These simulations can generate a range of
hypotheses to be tested by experimental manipula-
tions, ultimately leading to improved representation
of shrub expansion dynamics in Earth system models.
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