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1 | INTRODUCTION

k1,2

Abstract

1.

Arctic shrub expansion is occurring across large parts of the tundra biome and its
potential ecological repercussions have been widely discussed. But while the term
“shrub expansion” often implicitly refers to an increase in tall, deciduous species
such as birch and willow, several studies have also found a strong increase in ev-
ergreen dwarf shrubs in response to warming, a fact which has received far less
attention.

. The effects of an evergreen dwarf shrub expansion are markedly different from

the effects of an increase in taller, deciduous species. While deciduous shrubs
may increase carbon (C) cycling through changes in albedo, litter input, and snow
depth, the low stature of evergreen dwarf shrubs means that they are unlikely to
influence snow cover. They also produce more recalcitrant litter, which reduces
microbial activity. Furthermore, recent research suggests that ericoid mycorrhiza
associated with evergreen shrubs may help to decelerate litter and soil organic
matter turnover rates through the production of melanized hyphae that resist de-
composition. Through selective browsing, herbivores may promote evergreen

shrubs and facilitate C storage.

. Synthesis. In this mini review, we argue that basing predictions of how shrub ex-

pansion will affect tundra ecosystems on characteristics only applicable to tall
deciduous shrubs hampers our understanding of the complex feedbacks related

to Arctic vegetation shifts.
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through an increase in growth, or through an advancing shrubline
(Myers-Smith et al., 2011). The potential ecological ramifications of

The expansion of shrubs observed in many tundra ecosystems
across the Arctic region (e.g., Elmendorf et al., 2012, Myers-Smith
et al., 2015, Myers-Smith et al., 2011, Myers-Smith & Hik, 2018) has
mainly been attributed to an increase in deciduous shrub species
such as birch (Betula spp.), willow (Salix spp.), and alder (Alnus spp.)
(Myers-Smith et al., 2011). This shrub expansion, or shrubification,

occurs mainly in three ways: through infilling of existing patches,

an increase in deciduous shrub cover are many and have been widely
discussed, since they have the potential to significantly modify cli-
mate, on several scales.

Far less attention has been given to the fact that a number of
studies have also found a strong increase in prostrate evergreen
shrubs in response to warming (Klanderud & Birks, 2003, Hudson
& Henry, 2009, Wilson & Nilsson, 2009, Vowles, Gunnarsson, et al.,
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FIGURE 1 (a) Number of publications per year (to 2017) in the Web of Science database generated when using the search terms (“shrub
expansion” OR “vegetation change”) AND (tundra OR Arctic OR alpine) AND shrub for all shrubs. For deciduous shrubs, we replaced AND shrub
with AND deciduous and for evergreen shrubs with AND evergreen. (b) Percentage distribution for all 310 publications found using the three
search terms. A publication can only be included in one of the seven categories. For instance, if a publication occurs in the output list for the
terms AND evergreen and AND deciduous, but not AND shrub, it will fall into the category “only both PFTs.” PFTs = Plant functional types and
refers to deciduous and evergreen together [Colour figure can be viewed at wileyonlinelibrary.com]

2017, Vuorinen et al., 2017; see also Figure 1), species which are gen-
erally not included in the term shrubification. The ecological conse-
quences of a shrub expansion of evergreen dwarf shrubs, however,
are markedly different from the effects of taller, deciduous species.
Here, we argue that predictions of how shrub expansion will affect
tundra ecosystems based on characteristics only applicable to de-
ciduous shrubs, hampers our understanding of the complex ecosys-
tem feedbacks related to arctic vegetation shifts. We outline several
ecological differences between deciduous and evergreen shrubs and
how they may affect ecosystem processes in opposing ways, and

highlight the key mediating role played by herbivores.

2 | THE EXPANSION OF DECIDUOUS
SHRUBS

The potential ecological consequences of an increase in decidu-
ous shrub cover in tundra areas are many. Taller and denser shrub
patches reduce albedo, especially during spring snowmelt, which
is accelerated as branches start to emerge from the snow (Sturm,
Douglas, Racine, & Liston, 2005), but also, depending on the veg-
etation type, during the growing season (Blok et al., 2011; te Beest,
Sitters, Menard, & Olofsson, 2016). Taller canopies also trap more
snow, which acts as insulation and raises winter soil temperatures
(Sturm et al., 2005). Higher soil temperatures can in turn increase
both winter and summer nitrogen (N) mineralization rates (DeMarco,
Mack, & Bret-Harte, 2011; Schimel, Bilbrough, & Welker, 2004), lit-
ter decomposition rates (Baptist, Yoccoz, & Choler, 2010), and winter

respiration rates (Nobrega & Grogan, 2007).

Additionally, the increased input of more easily decomposed de-
ciduous plant litter increases carbon (C) turnover rates, and in fact
appears to be more important for nutrient cycling than higher soil
temperatures (DeMarco, Mack, & Bret-Harte, 2014; Vankoughnett &
Grogan, 2016). Betula nana leaf litter, for instance, has been found to
decompose faster than that of other typical competing tundra spe-
cies (the evergreen shrubs Vaccinium vitis-idaea and Rhododendron
palustre as well as the graminoid Eriophorum vaginatum) (McLaren et
al., 2017). Thus, an increase in deciduous shrub cover may trigger a
number of processes that have the potential to accelerate C turnover

in tundra ecosystems (Figure 2a).

2.1 | Deciduous shrubs as mycorrhizal hosts

The ectomycorrhizal (ECM) fungal partners of deciduous shrubs may
also play a prominent role in C cycling. To what extent ECM act as de-
composers is still under debate, but there is increasing evidence that
some ECM species decompose soil organic matter (SOM) under cer-
tain conditions (Bodeker et al., 2014; Koide, Sharda, Herr, & Malcolm,
2008; Talbot, Allison, & Treseder, 2008). A review of recent ECM re-
search proposes that ECM fungi do not regularly use organic matter as
a source of metabolic C, but that their access to host photosynthates
helps facilitate co-metabolic degradation of recalcitrant organic com-
plexes, thereby releasing N from organic pools (Lindahl & Tunlid, 2015).

An active involvement of ECM fungi in the transformation of SOM
has been suggested to account for the lower C stocks found in moun-
tain birch forests, compared to close by ericaceous heaths in sub-
arctic Sweden (Hartley et al., 2012). In the forest, high plant activity
during the middle of the growing season resulted in a larger transfer
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FIGURE 2 Hypothesized feedbacks relating to deciduous and evergreen shrub increase and the influence of herbivory. The potential
ecosystem feedback effects associated with deciduous shrub expansion (a) have been extensively discussed, but less attention has been
given to the consequences of an increase in evergreen dwarf shrubs (b). Through selective browsing, herbivores such as reindeer can
reduce deciduous shrub cover, leading to an increased abundance of evergreen dwarf shrubs, which may slow down C cycling and increase
soil C storage. Blue arrows show positive feedbacks and red dotted arrows show negative feedbacks [Colour figure can be viewed at

wileyonlinelibrary.com]

of C to the rhizosphere which stimulated the ECM fungi decomposi-
tion of older SOM (Hartley et al., 2012). Another study, from the same
region, found that soil C stocks were significantly lower in mountain
birch forest and deciduous shrub tundra compared to adjacent erica-
ceous heaths, and that the shrub tundra had the highest respiration
rates (Parker, Subke, & Wookey, 2015). A possible explanation for the
lower C stocks in the shrub tundra, which had significantly higher
growth rates of fungal hyphae, is that ECM fungi decompose soil or-
ganic C while scavenging organically bound nutrients. Although more
work is needed in determining the exact nature of the relationship be-
tween plant-mycorrhiza interactions and ecosystem C cycling, these
two studies demonstrate that ECM fungal symbionts of deciduous

shrubs can contribute to soil C loss (Figure 2a).

3 | EVERGREEN SHRUBS—CONTRASTING
IMPLICATIONS

Circumpolar data show that climate sensitivity is greater for tall com-
pared with low-statured shrubs (Myers-Smith et al., 2015) and mod-
els predict that tall deciduous shrubs will encroach into landscapes
dominated by graminoids and prostrate shrubs (Pearson et al., 2013).
Hence, it is not surprising that the term “shrub expansion” often im-
plicitly refers to an increase in deciduous species, and the conse-
quences thereof, as discussed above. Despite the fact that relatively
few shrub studies have focused on evergreen species (Figure 1), there
is in fact robust evidence that evergreen shrubs are also expanding
(Elmendorf et al., 2012; Hudson & Henry, 2009; Klanderud & Birks,

2003; Maliniemi, Kapfer, Saccone, Skog, & Virtanen, 2018; Vowles,
Gunnarsson, et al., 2017; Vuorinen et al., 2017; Wilson & Nilsson,
2009). This expansion is surprising considering that stress-tolerant
evergreens are generally expected to be slow to respond to envi-
ronmental change and altered competition (Grime, 2001). However,
a number of experimental warming studies have shown that species
such as Empetrum nigrum and Rhododendron subarcticum are more
responsive to warming than is commonly recognized (Buizer et al.,
2012; Kaarlejarvi et al., 2012; Zamin, Bret-Harte, & Grogan, 2014).
The ecological consequences of an expansion of evergreen
shrubs are likely to be very different to those of the aforemen-
tioned deciduous species. Owing to their low stature, dwarf shrubs
are unlikely to influence snow cover or, in turn, soil temperatures.
Furthermore, whereas an increase in recalcitrant stem litter pro-
duced by deciduous shrubs may increase C storage, which could
partly offset the effect of changes in albedo and evapotranspiration
(Cornelissen et al., 2007), the leaf litter produced by evergreen spe-
cies is generally slower to decompose than that of deciduous species
(Cornelissen, 1996; Cornelissen et al., 1999). Many evergreen dwarf
shrubs produce phenolics and tannins that form recalcitrant organic
complexes while simultaneously slowing down nutrient cycling by
lowering soil pH (Adamczyk et al., 2016). Accordingly, phenolic con-
centrations have been found to be higher and the relative microbial
biomass lower in Empetrum spp. humus than under other ground-
cover taxa such as Cladonia lichens, which can lead to humus depths
being many times greater in Empetrum-dominated systems (Wardle,
Nilsson, Gallet, & Zackrisson, 1998). By keeping nutrient mineral-

ization low, evergreen species can help nutrient-poor environments
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stay that way, giving them a competitive advantage over faster
growing deciduous species (Cornelissen et al., 1999). Slow decom-
position rates, in turn, result in a long-term build-up of ecosystem C

stocks (Sgrensen et al., 2017; Figure 2b).

3.1 | Therole of ericoid mycorrhiza

Unlike ECM deciduous shrubs, a majority of Arctic evergreen shrubs
form ericoid mycorrhizal (ERM) associations. ERM fungi have gener-
ally been considered to be more efficient decomposers than ECM
fungi (Read, Leake, & Perez-Moreno, 2004), but recent research has
found that ERM fungi may actually facilitate C storage in boreal for-
est soil (Clemmensen et al., 2015). Many ERM fungi have melanized
cell walls, which are slow to decompose (Fernandez & Kennedy,
2018) and lead to an accumulation of fungal necromass in the humus
layer (Clemmensen et al., 2015). In other words, whereas ECM fungi
may facilitate rapid turnover of mycelial biomass and necromass, as
well as efficient N mobilization and C turnover, ERM fungi can cause
long-term humus build-up through the production of melanized hy-
phae that resist decomposition (Clemmensen et al., 2015). Thus, not
only recalcitrant plant litter from evergreen shrubs but also associ-
ated ERM fungi may contribute to a deceleration of C turnover rates.
An evergreen shrub expansion may in this way directly counteract
the hypothesized increase in nutrient turnover associated with shrub

encroachment of tall, deciduous species (Figure 2).

4 | HERBIVORY EFFECTS ON
SHRUBIFICATION

That biotic factors such as herbivory can influence climate-driven
vegetation changes is well established. For example, studies show
that reindeer can hold back tree line advancement (Cairns & Moen,
2004) and inhibit the expansion of deciduous shrubs (Olofsson et
al., 2009; Post & Pedersen, 2008; Vowles, Lovehav, Molau, & Bjork,
2017). Herbivores may also promote less palatable plants through
selective foraging on preferred species. For example, the selective
browsing by moose on deciduous tree species has been shown to
increase the abundance of evergreen species, which produce litter
of lower quality and decomposability, leading to lower rates of N
mineralization and ecosystem productivity (Pastor, Dewey, Naiman,
Mcinnes, & Cohen, 1993). Similarly, dwarf shrubs increased in abun-
dance under grazing at fertile meadow sites, most likely as a result
of grazer-mediated shifts in competition (Vowles, Lovehav, et al.,
2017), but were unaffected by grazing at ericoid-dominated shrub
heaths in northern Sweden (Vowles, Gunnarsson, et al., 2017). In a
study in subarctic Finland, the abundance of evergreen dwarf shrubs
increased in plots subjected to warming and simulated herbivory,
while deciduous dwarf shrubs increased in plots only subjected to
warming. Higher rates of gross ecosystem production and ecosys-
tem respiration as well as increased C stocks followed the increase
in deciduous shrubs, but were not found in the plots where decidu-
ous shrubs were kept in check by simulated herbivory (Yldnne, Stark,

& Tolvanen, 2015). Consequently, by promoting evergreen shrub
growth, grazing has the potential to increase soil C stocks in tundra

soil (Figure 2).

5 | CONCLUSIONS

In order to improve our projections of vegetation feedbacks to fu-
ture climate change, we believe that an expanded understanding of
shrubification is needed. The potentially diverging consequences of
increases in evergreen and deciduous shrubs mean that we must pay
more attention to the complexity of the below-ground processes as-
sociated with these contrasting functional groups and incorporate
them into climate models. In view of recent findings pointing to the
important role of mycorrhiza for C cycling, we may require an up-
graded functional taxonomy that includes not only functional type
(growth form and deciduous/evergreen) but also mycorrhizal type.
Furthermore, the role of herbivores as mediators of the opposing
processes associated with different shrub types, spanning several
trophic levels, must be taken into account, with more focus on the
relationship between climatic and biotic factors, in both monitoring
studies and vegetation projections. We call for more research into
the following areas:

e The production and turnover rates of different types of mycorrhi-
zal fungi in Arctic areas.

e The relationship between different mycorrhizal types and soil C
stocks.

e The effect of herbivory on mycorrhizal fungal communities in the
Arctic.

e Production and turnover of fine roots of different shrub species
and their contribution to soil C stocks.

e The role of herbivory as a moderator of competitive interactions
between shrub types.

e The total effect of climate feedback mechanisms related to her-
bivory, including greenhouse gas balance, albedo effect, and bio-

genic volatile organic compounds.

Bearing in mind that Arctic soils contain approximately half of the
estimated global below-ground organic C pool (Tarnocai et al., 2009),
we believe these issues to be of global significance. However, Metcalfe
et al. (2018) have recently shown that Arctic research is very limited
by the scarcity and patchy distribution of field measurements. Thus,
future research needs to include understudied areas of the Arctic, like
the Canadian archipelago, northern Greenland, and large parts of the
Russian Arctic (Metcalfe et al., 2018), to improve our understanding
of ongoing vegetation changes in Arctic ecosystems and their conse-
quences for global C cycling.

ACKNOWLEDGEMENTS

We thank Tobias Ritting, Louise C. Andresen, and Mats P. Bjérkman,
as well as the two anonymous reviewers and the editors, for helpful

95UB017 SUOLUWIOD aA 118810 3ot jdde au) Aq peuenob ae ool VO 35N JO o[l 1oy Akeid1T8UIIUQ AB]1A UO (SUONIPUOD-PUB-SWIR)ALIY"AB| 1M Afe.d 1 jBul JUo//Sdiy) SUOTIPUOD pue swie 1 8y} 88S *[£202/60/8T] Uo AreiqiTauliuo (1M ‘oueld aueiyood Aq T8OET'SP/Z-G9ET/TTTT OT/I0P/W00 A8 | ARiq puljuo's fpuanosad)/sdny Wwoj pepeoiumod ‘g ‘6T0Z ‘SvZ2S9ET



654 Journal of Ecology

VOWLES ET AL.

comments on earlier versions of the manuscript. This paper was
written with financial support from the Swedish Research Council
for Environment, Agricultural Sciences and Spatial Planning (grant
no. 214-2010-1411 to R.G.B.), the Swedish Research Council (grant
no. 621-2014-5315 to R.G.B.), and the Strategic Research Area BECC
(Biodiversity And Ecosystems In A Changing Climate); www.cec.

lu.se/research/becc.

AUTHORS’ CONTRIBUTIONS

T.V. and R.G.B. conceived the ideas; T.V. led the writing of the manu-
script; R.G.B. contributed critically to the drafts and gave final ap-

proval for publication.

DATA ACCESSIBILITY

This paper does not use data.

ORCID

Robert G. Bjork http://orcid.org/0000-0001-7346-666X

REFERENCES

Adamczyk, B., Ahvenainen, A., Sietio, O. M., Kanerva, S., Kieloaho, A.-J.,
Smolander, A., ... Heinonsalo, J. (2016). The contribution of ericoid
plants to soil nitrogen chemistry and organic matter decomposi-
tion in boreal forest soil. Soil Biology & Biochemistry, 103, 394-404.
https://doi.org/10.1016/j.s0ilbi0.2016.09.016

Baptist, F., Yoccoz, N. G., & Choler, P. (2010). Direct and indirect control
by snow cover over decomposition in alpine tundra along a snow-
melt gradient. Plant and Soil, 328, 397-410. https://doi.org/10.1007/
s11104-009-0119-6

Blok, D., Schaepman-Strub, G., Bartholomeus, H., Heijmans, M. M. P. D,
Maximoyv, T. C., & Berendse, F. (2011). The response of Arctic vege-
tation to the summer climate: Relation between shrub cover, NDVI,
surface albedo and temperature. Environmental Research Letters, 6,
035502. https://doi.org/10.1088/1748-9326/6/3/035502

Bédeker, I. T. M., Clemmensen, K. E., de Boer, W., Martin, F., Olson, A., &
Lindahl, B. D. (2014). Ectomycorrhizal Cortinarius species participate
in enzymatic oxidation of humus in northern forest ecosystems. New
Phytologist, 203, 245-256.

Buizer, B., Weijers, S., Van Bodegom, P. M., Alsos, I. G., Eidesen, P. B.,
vanBreda, J., ... Rozema, J. (2012). Range shifts and global warming:
Ecological responses of Empetrum nigrum L. to experimental warm-
ing at its northern (high Arctic) and southern (Atlantic) geographical
range margin. Environmental Research Letters, 7, 025501.

Cairns, D. M., & Moen, J. (2004). Herbivory influences tree lines. Journal
of Ecology, 92, 1019-1024. https://doi.org/10.1111/j.1365-2745.2004.
00945.x

Clemmensen, K. E., Finlay, R. D., Dahlberg, A., Stenlid, J., Wardle, D. A., &
Lindahl, B. D. (2015). Carbon sequestration is related to mycorrhizal
fungal community shifts during long-term succession in boreal forests.
New Phytologist, 205, 1525-1536. https://doi.org/10.1111/nph.13208

Cornelissen, J. H. C. (1996). An experimental comparison of leaf decom-
position rates in a wide range of temperate plant species and types.
Journal of Ecology, 84, 573-582. https://doi.org/10.2307/2261479

Cornelissen, J. H. C., Perez-Harguindeguy, N., Diaz, S., Grime, J. P,
Marzano, B., Cabido, M., ... Cerabolini, B. (1999). Leaf structure and

defence control litter decomposition rate across species and life
forms in regional floras on two continents. New Phytologist, 143,
191-200. https://doi.org/10.1046/j.1469-8137.1999.00430.x

Cornelissen, J. H. C., Van Bodegom, P. M., Aerts, R., Callaghan, T. V., van
Logtestijn, R. S. P., ... Zhao, X. (2007). Global negative vegetation
feedback to climate warming responses of leaf litter decomposi-
tion rates in cold biomes. Ecology Letters, 10, 619-627. https://doi.
org/10.1111/j.1461-0248.2007.01051.x

Demarco, J., Mack, M. C., & Bret-Harte, M. S. (2011). The effects of snow,
soil microenvironment, and soil organic matter quality on N avail-
ability in three Alaskan Arctic plant communities. Ecosystems, 14,
804-817.

Demarco, J., Mack, M. C., & Bret-Harte, M. S. (2014). Effects of
Arctic shrub expansion on biophysical vs. biogeochemical driv-
ers of litter decomposition. Ecology, 95, 1861-1875. https://doi.
org/10.1890/13-2221.1

Elmendorf, S. C., Henry, G. H. R, Hollister, R. D., Bjork, R. G., Boulanger-
Lapointe, N., Cooper, E. J,, ... Wipf, S. (2012). Plot-scale evidence of
tundra vegetation change and links to recent summer warming. Nature
Climate Change, 2, 453-457. https://doi.org/10.1038/nclimate1465

Fernandez, C. W., & Kennedy, P. G. (2018). Melanization of my-
corrhizal fungal necromass structures microbial decomposer
communities. Journal of Ecology, 106, 468-479. https://doi.
org/10.1111/1365-2745.12920

Grime, J. P. (2001). Plant strategies, vegetation processes, and ecosystem
properties. Chichester, UK: Wiley.

Hartley, I. P., Garnett, M. H., Sommerkorn, M., Hopkins, D. W., Fletcher,
B. J., Sloan, V. L., ... Wookey, P. A. (2012). A potential loss of carbon
associated with greater plant growth in the European Arctic. Nature
Climate Change, 2, 875-879. https://doi.org/10.1038/nclimate1575

Hudson, J. M. G., & Henry, G. H. R. (2009). Increased plant biomass in a
High Arctic heath community from 1981 to 2008. Ecology, 90, 2657~
2663. https://doi.org/10.1890/09-0102.1

Kaarlejarvi, E., Baxter, R., Hofgaard, A., Hytteborn, H., Khitun, O., Molau,
U., ... Olofsson, J. (2012). Effects of warming on shrub abundance
and chemistry drive ecosystem-level changes in a forest-tundra
ecotone. Ecosystems, 15, 1219-1233. https://doi.org/10.1007/
s10021-012-9580-9

Klanderud, K., & Birks, H. J. B. (2003). Recent increases in species rich-
ness and shifts in altitudinal distributions of Norwegian mountain
plants. Holocene, 13, 1-6. https://doi.org/10.1191/0959683603hl5
89ft

Koide,R.T.,Sharda,J.N.,Herr,J.R.,&Malcolm,G.M.(2008).Ectomycorrhizal
fungi and the biotrophy-saprotrophy continuum. New Phytologist,
178, 230-233. https://doi.org/10.1111/}.1469-8137.2008.02401.x

Lindahl, B. D., & Tunlid, A. (2015). Ectomycorrhizal fungi - Potential or-
ganic matter decomposers, yet not saprotrophs. New Phytologist,
205, 1443-1447. https://doi.org/10.1111/nph.13201

Maliniemi, T., Kapfer, J., Saccone, P., Skog, A., & Virtanen, R. (2018). Long-
term vegetation changes of treeless heath communities in northern
Fennoscandia: Links to climate change trends and reindeer grazing.
Journal of Vegetation Science, 29, 469-479. https://doi.org/10.1111/
jvs.12630

MclLaren, J. R., Buckeridge, K. M., Van De Weg, M. J., Shaver, G. R,,
Schimel, J. P.,, & Gough, L. (2017). Shrub encroachment in Arctic tun-
dra: Betula nana effects on above- and belowground litter decompo-
sition. Ecology, 98, 1361-1376.

Metcalfe, D. B., Hermans, T. D. G., Ahlstrand, J., Becker, M., Berggren,
M., Bjork, R. G., ... Abdi, A. M. (2018). Patchy field sampling bi-
ases understanding of climate change impacts across the Arctic.
Nature Ecology & Evolution, 2, 1443-1448. https://doi.org/10.1038/
s41559-018-0612-5

Myers-Smith, I. H., ElImendorf, S. C., Beck, P.S. A., Wilmking, M., Hallinger,
M., Blok, D., ... Vellend, M. (2015). Climate sensitivity of shrub growth

95UB017 SUOLUWIOD aA 118810 3ot jdde au) Aq peuenob ae ool VO 35N JO o[l 1oy Akeid1T8UIIUQ AB]1A UO (SUONIPUOD-PUB-SWIR)ALIY"AB| 1M Afe.d 1 jBul JUo//Sdiy) SUOTIPUOD pue swie 1 8y} 88S *[£202/60/8T] Uo AreiqiTauliuo (1M ‘oueld aueiyood Aq T8OET'SP/Z-G9ET/TTTT OT/I0P/W00 A8 | ARiq puljuo's fpuanosad)/sdny Wwoj pepeoiumod ‘g ‘6T0Z ‘SvZ2S9ET


www.cec.lu.se/research/becc
www.cec.lu.se/research/becc
http://orcid.org/0000-0001-7346-666X
http://orcid.org/0000-0001-7346-666X
https://doi.org/10.1016/j.soilbio.2016.09.016
https://doi.org/10.1007/s11104-009-0119-6
https://doi.org/10.1007/s11104-009-0119-6
https://doi.org/10.1088/1748-9326/6/3/035502
https://doi.org/10.1111/j.1365-2745.2004.00945.x
https://doi.org/10.1111/j.1365-2745.2004.00945.x
https://doi.org/10.1111/nph.13208
https://doi.org/10.2307/2261479
https://doi.org/10.1046/j.1469-8137.1999.00430.x
https://doi.org/10.1111/j.1461-0248.2007.01051.x
https://doi.org/10.1111/j.1461-0248.2007.01051.x
https://doi.org/10.1890/13-2221.1
https://doi.org/10.1890/13-2221.1
https://doi.org/10.1038/nclimate1465
https://doi.org/10.1111/1365-2745.12920
https://doi.org/10.1111/1365-2745.12920
https://doi.org/10.1038/nclimate1575
https://doi.org/10.1890/09-0102.1
https://doi.org/10.1007/s10021-012-9580-9
https://doi.org/10.1007/s10021-012-9580-9
https://doi.org/10.1191/0959683603hl589ft
https://doi.org/10.1191/0959683603hl589ft
https://doi.org/10.1111/j.1469-8137.2008.02401.x
https://doi.org/10.1111/nph.13201
https://doi.org/10.1111/jvs.12630
https://doi.org/10.1111/jvs.12630
https://doi.org/10.1038/s41559-018-0612-5
https://doi.org/10.1038/s41559-018-0612-5

VOWLES ET AL.

Journal of Ecology 655

across the tundra biome. Nature Climate Change, 5, 887-891. https://
doi.org/10.1038/nclimate2697

Myers-Smith, I. H., Forbes, B. C., Wilmking, M., Hallinger, M., Lantz, T,
Blok, D., ... Hik, D.S.(2011). Shrub expansion in tundra ecosystems:
Dynamics, impacts and research priorities. Environmental Research
Letters, 6, 045509. https://doi.org/10.1088/1748-9326/6/4/
045509

Myers-Smith, I. H., & Hik, D. S. (2018). Climate warming as a driver of
tundra shrubline advance. Journal of Ecology, 106, 547-560. https://
doi.org/10.1111/1365-2745.12817

Nobrega, S., & Grogan, P. (2007). Deeper snow enhances winter respi-
ration from both plant-associated and bulk soil carbon pools in birch
hummock tundra. Ecosystems, 10, 419-431. https://doi.org/10.1007/
s10021-007-9033-z

Olofsson, J., Oksanen, L., Callaghan, T., Hulme, P. E., Oksanen, T., &
Suominen, O. (2009). Herbivores inhibit climate-driven shrub expan-
sion on the tundra. Global Change Biology, 15, 2681-2693. https://doi.
org/10.1111/j.1365-2486.2009.01935.x

Parker, T. C., Subke, J. A., & Wookey, P. A. (2015). Rapid carbon turnover
beneath shrub and tree vegetation is associated with low soil carbon
stocks at a subarctic treeline. Global Change Biology, 21, 2070-2081.
https://doi.org/10.1111/gcbh.12793

Pastor, J., Dewey, B., Naiman, R. J., Mcinnes, P. F., & Cohen, Y.
(1993). Moose browsing and soil fertility in the boreal forests
of Isle-Royale-National-Park. Ecology, 74, 467-480. https://doi.
org/10.2307/1939308

Pearson, R. G., Phillips, S. J., Loranty, M. M., Beck, P. S. A., Damoulas,
T., Knight, S. J., & Goetz, S. J. (2013). Shifts in Arctic vegetation and
associated feedbacks under climate change. Nature Climate Change,
3, 673-677. https://doi.org/10.1038/nclimate1858

Post, E., & Pedersen, C. (2008). Opposing plant community responses
to warming with and without herbivores. Proceedings of the National
Academy of Sciences of the USA, 105, 12353-12358. https://doi.
org/10.1073/pnas.0802421105

Read, D. J., Leake, J. R., & Perez-Moreno, J. (2004). Mycorrhizal fungi
as drivers of ecosystem processes in heathland and boreal forest bi-
omes. Canadian Journal of Botany-Revue Canadienne De Botanique, 82,
1243-1263.

Schimel, J. P, Bilbrough, C., & Welker, J. A. (2004). Increased snow depth
affects microbial activity and nitrogen mineralization in two Arctic
tundra communities. Soil Biology & Biochemistry, 36, 217-227. https://
doi.org/10.1016/j.s0ilbio.2003.09.008

Sgrensen, M. V,, Strimbeck, R., Nystuen, K. O., Kapas, R. E., Enquist, B. J.,
& Graae, B. J. (2017). Draining the pool? Carbon storage and fluxes
in three alpine plant communities. Ecosystems, 21, 316-330. https://
doi.org/10.1007/s10021-017-0158-4

Sturm, M., Douglas, T., Racine, C., & Liston, G. E. (2005). Changing snow
and shrub conditions affect albedo with global implications. Journal
of Geophysical Research-Biogeosciences, 110, G0O1004.

Talbot, J. M., Allison, S. D., & Treseder, K. K. (2008). Decomposers in dis-
guise: Mycorrhizal fungi as regulators of soil C dynamics in ecosys-
tems under global change. Functional Ecology, 22, 955-963. https://
doi.org/10.1111/j.1365-2435.2008.01402.x

Tarnocai, C., Canadell, J. G, EaG, S., Kuhry, P., Mazhitova, G., & Zimov, S.
(2009). Soil organic carbon pools in the northern circumpolar perma-
frost region. Global Biogeochemical Cycles, 23, GB2023.

te Beest, M,, Sitters, J., Menard, C. B., & Olofsson, J. (2016). Reindeer
grazing increases summer albedo by reducing shrub abundance in
Arctic tundra. Environmental Research Letters, 11, 125013. https://
doi.org/10.1088/1748-9326/aa5128

Vankoughnett, M. R., & Grogan, P. (2016). Plant production and nitrogen
accumulation above- and belowground in low and tall birch tundra
communities: The influence of snow and litter. Plant and Soil, 408,
195-210. https://doi.org/10.1007/s11104-016-2921-2

Vowles, T., Gunnarsson, B., Molau, U., Hickler, T., Klemedtsson, L., &
Bjork, R. G. (2017). Expansion of deciduous tall shrubs but not ever-
green dwarf shrubs inhibited by reindeer in Scandes mountain range.
Journal of Ecology, 105, 1547-1561.

Vowles, T., Lovehav, C., Molau, U., & Bjérk, R. G. (2017). Contrasting
impacts of reindeer grazing in two tundra grasslands. Environmental
Research Letters, 12, 034018.

Vuorinen, K. E. M., Oksanen, L., Oksanen, T., Pyykonen, A., Olofsson,
J., & Virtanen, R. (2017). Open tundra persist, but Arctic features
decline-Vegetation changes in the warming Fennoscandian tundra.
Global Change Biology, 23, 3794-3807. https://doi.org/10.1111/
gch.13710

Wardle, D. A., Nilsson, M. C., Gallet, C., & Zackrisson, O. (1998). An eco-
system-level perspective of allelopathy. Biological Reviews, 73, 305-
319. https://doi.org/10.1017/50006323198005192

Wilson, S. D., & Nilsson, C. (2009). Arctic alpine vegetation change
over 20 years. Global Change Biology, 15, 1676-1684. https://doi.
org/10.1111/j.1365-2486.2009.01896.x

Ylanne, H., Stark, S., & Tolvanen, A. (2015). Vegetation shift from decid-
uous to evergreen dwarf shrubs in response to selective herbivory
offsets carbon losses: Evidence from 19 years of warming and sim-
ulated herbivory in the subarctic tundra. Global Change Biology, 21,
3696-3711.

Zamin, T. J., Bret-Harte, M. S., & Grogan, P. (2014). Evergreen shrubs
dominate responses to experimental summer warming and fertil-
ization in Canadian mesic low Arctic tundra. Journal of Ecology, 102,
749-766. https://doi.org/10.1111/1365-2745.12237

How to cite this article: Vowles T, Bjork RG. Implications of
evergreen shrub expansion in the Arctic. J Ecol. 2019;107:650-
655. https://doi.org/10.1111/1365-2745.13081

95UB017 SUOLUWIOD aA 118810 3ot jdde au) Aq peuenob ae ool VO 35N JO o[l 1oy Akeid1T8UIIUQ AB]1A UO (SUONIPUOD-PUB-SWIR)ALIY"AB| 1M Afe.d 1 jBul JUo//Sdiy) SUOTIPUOD pue swie 1 8y} 88S *[£202/60/8T] Uo AreiqiTauliuo (1M ‘oueld aueiyood Aq T8OET'SP/Z-G9ET/TTTT OT/I0P/W00 A8 | ARiq puljuo's fpuanosad)/sdny Wwoj pepeoiumod ‘g ‘6T0Z ‘SvZ2S9ET


https://doi.org/10.1038/nclimate2697
https://doi.org/10.1038/nclimate2697
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1111/1365-2745.12817
https://doi.org/10.1111/1365-2745.12817
https://doi.org/10.1007/s10021-007-9033-z
https://doi.org/10.1007/s10021-007-9033-z
https://doi.org/10.1111/j.1365-2486.2009.01935.x
https://doi.org/10.1111/j.1365-2486.2009.01935.x
https://doi.org/10.1111/gcb.12793
https://doi.org/10.2307/1939308
https://doi.org/10.2307/1939308
https://doi.org/10.1038/nclimate1858
https://doi.org/10.1073/pnas.0802421105
https://doi.org/10.1073/pnas.0802421105
https://doi.org/10.1016/j.soilbio.2003.09.008
https://doi.org/10.1016/j.soilbio.2003.09.008
https://doi.org/10.1007/s10021-017-0158-4
https://doi.org/10.1007/s10021-017-0158-4
https://doi.org/10.1111/j.1365-2435.2008.01402.x
https://doi.org/10.1111/j.1365-2435.2008.01402.x
https://doi.org/10.1088/1748-9326/aa5128
https://doi.org/10.1088/1748-9326/aa5128
https://doi.org/10.1007/s11104-016-2921-2
https://doi.org/10.1111/gcb.13710
https://doi.org/10.1111/gcb.13710
https://doi.org/10.1017/S0006323198005192
https://doi.org/10.1111/j.1365-2486.2009.01896.x
https://doi.org/10.1111/j.1365-2486.2009.01896.x
https://doi.org/10.1111/1365-2745.12237
https://doi.org/10.1111/1365-2745.13081

