Acta Oecologica 113 (2021) 103775

Contents lists available at ScienceDirect

Acta Oecologica

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/actoec

Check for

Litter decomposition above the treeline in alpine regions: A mini review ol

Monika Rawat?, Annika K. Jagerbrand ", Yang Bai®, Juha M. Alatalo "

2 School of Environment and Natural Resources, Doon University, Dehradun, 248001, India

® Department of Environmental and Biosciences, Rydberg Laboratory of Applied Science (RLAS), School of Business, Engineering and Science, Halmstad University, P.O.
Box 823, SE-301 18 Halmstad, Sweden

¢ Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Menglun, Mengla, Yunnan, 666303, China

4 Environmental Science Center, Qatar University, PO Box 2713, Doha, Qatar

ARTICLE INFO ABSTRACT

Keywords: Litter decomposition is a key driver of ecosystem processes and carbon cycling. Decomposition rate is influenced
Carbon cycling by numerous factors, such as temperature, humidity, litter properties, soil properties, and properties of soil
Df’compf’sers fauna/microbial communities. The aim of this review was to summarize current knowledge on litter decom-
g:i};i:;m“de position above the treeline in alpine regions worldwide and identify: I) factors that have been studied in great

detail, II) factors that have been less intensively investigated, III) geographical regions that have been less well
studied, and IV) factors with consistent or inconsistent effects on decomposition. The review showed inconsistent
results for all factors covered by two or more studies regarding their effect on decomposition rate (positive,
negative, no effect), usually a result of interactions between factors. Studies examining one or several factors in
the physical environment (i.e., altitude, experimental warming, microclimate, snow cover and soil moisture)
were most common, while studies on different aspects of resource quality were the second most common. The
impacts of trophic interactions on soil microbes and fauna were less frequently studied. Europe and Asia were the
best-represented regions, in terms of number of studies and geographical distribution, while there were no
studies from Africa and very few from South America and Australia. North American studies were all from
Colorado, and those from Asia were all from China. In order to obtain better global representation, there is a need
for studies in Africa, South America, and Australia. There is also a need for more studies to explain the large
variation in responses of litter decomposition rates to different influencing factors in alpine environments. Future
research should focus on interactions between different factors and on experiments testing specific relationships,
such as the potential interaction between temperature and soil moisture and its effect on litter decomposition
above the treeline in alpine regions.

Plant litter
Soil organic matter

1. Introduction

Litter decomposition is an important ecological process for deter-
mining nutrient cycling and ecosystem functioning (Bryant et al., 1998;
Gavazov, 2010). It is mainly influenced by three important factors:
resource quality (e.g. plant spp composition), the physical environment
(e.g. humidity, soil structure) and soil organisms (e.g. fungus, worms)
(Hartig, 1878; Krishna and Mohan, 2017; Lindquist, 1941; Swift et al.,
1979; Waksman et al., 1928). During the decomposition process, organic
matter is broken down through leaching, fragmentation and chemical
reduction (Chapin et al., 2011) building up soil organic matter (SOM)
content (Gavazov, 2010) and regulate air carbon dioxide (CO2) (Novara
et al., 2015). As a result, litter decomposition is a major source for the
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return of organic matter and nutrients release to the soil. This process
enhances soil functions, control microenvironment conditions and in-
fluence microbial communities and its growth, mainly in the litter
influenced upper soil horizon (Freschet et al., 2013; Zheng et al., 2018).

In alpine regions, it is estimated that more than 90% of the total
carbon pool is found in SOM, and that live biomass contains only 3-5%
of total carbon (Korner, 1999). This is due to the short life span of leaves
(often one season) compared with the time needed for decomposition of
leaves, which may take 2-10 years, depending on plant functional group
(forbs, sedges, or evergreen shrubs), with forbs decomposing faster than
evergreens (Seastedt et al., 2001). In addition, the decomposition pro-
cess tends to be slower in colder conditions and this can cause nutrient
limitation (Aerts, 2006). Thus, both total soil nitrogen (N) and
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plant-available N decrease with altitude (Huber et al., 2007). A previous
global study with data from 33 experimental warming experiments in
cold biomes found that direct climate effects and plant growth forms
were the main contributors to litter decomposition rate, while
within-species variation made a much smaller contribution (Cornelissen
et al.,, 2007). Climate change could therefore affect decomposition
indirectly, through causing changes in species composition in plant
communities (Cornelissen et al., 2007; Mori et al., 2020). Similar con-
clusions were reached in a meta-study on data from 336 sites using the
Teabag Index (Keuskamp et al., 2013), which found that litter quality
and climate were the main controlling factors for initial decomposition
rate (Djukic et al., 2018). Multiple other factors can also influence
decomposition. These include e.g., grazing (Sun et al., 2018), soil fauna
(Lindquist, 1941; Wang et al., 2009), animal dung deposition (Liang
et al., 2019), soil fertilization (Song et al., 2019; Soudzilovskaia et al.,
2007), soil microbial communities (Hartig, 1878; Lipson et al., 2000;
Stursova et al., 2020; Waksman et al., 1928), snow cover (Baptist et al.,
2010), soil moisture (Soudzilovskaia et al., 2007) and metal concen-
trations in soil (Sarneel et al., 2020).

High-alpine regions (above the treeline) are sensitive to environ-
mental changes (Alatalo et al., 2017a), so it is likely that climate change
in coming decades will have an impact on alpine vegetation above the
treeline (Schwager and Berg, 2019). This may have significant conse-
quences for the decomposition process and for carbon and nutrient
cycling in high-alpine regions.

In November 2019 we searched six literature databases (Web of
Science, Pub Med, Science Direct, Pro-Quest, Scopus, and Google
scholar), for “alpine” and “decomposition” in titles, abstracts and key-
words. In addition, we checked reference lists and recent citations to
find additional papers not identified by our initial search. Our selection
criteria included: (i) articles published in peer-reviewed journals, and
(ii) conducted above the treeline in alpine regions. The literature review
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was restricted to studies published in English.

The aim of this review was to summarize current knowledge on litter
decomposition above the treeline in alpine regions worldwide. The focus
was on broader factors that may affect litter decomposition and poten-
tial evidence of their influence on litter decomposition. In addition to
study location, we analyzed the direction (positive, negative, or no ef-
fect) of responses to the factors studied and the number of studies on
different factors. We grouped relevant studies into the categories
“physical environment” (altitude, snow cover, soil moisture, soil pH,
temperature, etc.), “resource quality” (litter quality, lignin/N content,
organic content, vegetation type, etc.), and “trophic interactions” (soil
fauna, microorganisms, grazing). Specific objectives of the review were
to identify: I) factors affecting litter decomposition that have been
studied in great detail; II) factors that have been less intensively inves-
tigated, III) geographical regions that have been less well studied, and
where future studies should be conducted to verify large-scale patterns;
and IV) factors for which consistent or inconsistent effects on litter
decomposition are reported in different studies. The overall objective
was to identify factors and regions that should be prioritized in future
research.

2. Factors studied and their impact on litter decomposition
2.1. Physical environment

2.1.1. Altitude

Conflicting effects of altitude on litter decomposition have been re-
ported (Fig. 1). Three studies have found negative effects of altitude on
decomposition rate (Andreyashkina, 2008; Cofiteaux et al., 2002;
Schinner, 1982). Two have found positive effects (Andreyashkina and
Peshkova, 2003; Wood, 1970) or different patterns (positive and no
effect) of effect between two mountain ranges (Withington and Sanford,
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Fig. 1. Network diagram showing the linkages between litter decomposition with physical environment, resource quality and trophic interactions in alpine eco-
systems. The width of the lines reflects the number of papers showing that linkage. The direction of the effect is indicated positive (+), negative (—), no relationships
(0) when the result from the study is unclear. Arrows indicating direct effects and indirect effects.
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2007), while one has found no effect (Duboc et al., 2012). Several in-
direct explanations have been suggested for the positive effects of alti-
tude. These include increased soil moisture content (Withington and
Sanford, 2007; Wood, 1970), soil organisms (Wood, 1970), better
aeration, higher warming of soils, and higher proportion of herbaceous
plants (Andreyashkina and Peshkova, 2003). The negative effect of
altitude on decomposition has been suggested to be caused indirectly by
decreasing microbial activity with altitude (Schinner, 1982), and e.g., a
decrease in temperature with altitude in the tropical Andes (Cotiteaux
et al., 2002).

2.1.2. Experimental warming, microclimate, snow cover, and soil moisture

Experimental warming in alpine ecosystems has been found to result
in positive effects on litter decomposition (Aerts, 2006; Carbognani
et al., 2014; Gavazov, 2010; Luo et al., 2010; Lv et al., 2020; Sjogersten
and Wookey, 2004), or negative effects (Cornelissen et al., 2007; Hong
et al., 2021; Liu et al., 2021; Sarneel et al., 2020) (Fig. 1). Microclimate
has also been found to have positive effects (Chen et al., 2018; Shaw and
Harte, 2001) or negative effects linked to the interaction with grazing
pressure, soil moisture content, and changes in vegetation structure
(Vaieretti et al., 2018) (Fig. 1). Similarly, studies on snow cover have
found negative (Baptist et al., 2010), positive (O'Lear and Seastedt,
1994), or no effect (Cotiteaux et al., 2002; Huang et al., 2016; Zeidler
et al., 2014) on litter decomposition (Fig. 1). Snow cover also affects soil
moisture. Drought is reported to have a negative influence on decom-
position (Schinner, 1983).

The majority of studies on soil moisture (78%, or seven out nine
studies) have found a positive effect on decomposition (Bryant et al.,
1998; Liu et al., 2021; Lv et al., 2020; Sarneel et al., 2020; Sjogersten and
Wookey, 2004; Withington and Sanford, 2007; Wood, 1970) (Fig. 1).
However, one study has reported a negative impact (Schinner, 1983)
and one no effect (Cofiteaux et al., 2002). The positive effect of soil
moisture on litter decomposition is hypothesized to be caused by a water
deficit in upper soil and litter layers in mesic/dry tundra (Sjogersten and
Wookey, 2004), and large mass loss due to leaching in the early stage of
decomposition (Bryant et al., 1998). In fact, it has been suggested that
decomposition is primarily constrained by soil moisture and secondarily
by temperature (Prescott, 2010). Thus, warming can be expected to have
contrasting effects on decomposition of litter on drier and wetter alpine
soils, with drier soils being more negatively affected by warming
accompanied by drying of soils, while higher temperature might have a
greater effect at wetter sites (Liu et al., 2021; Sarneel et al., 2020).
However, the negative effect reported for both drought and excess water
suggests that too much or too little water can impair the decomposition
process (Schinner, 1983).

Soil physic-chemical properties (pH and carbon/nitrogen (C/N)
ratio) have been found to have positive effects on litter decomposition at
high-alpine sites (Duboc et al., 2012; Schinner, 1983; Sjogersten and
Wookey, 2004; Wang et al., 2020) (Fig. 1). The cause for this positive
relationship has been hypothesized to be due to adaptation of microbial
populations to low quality litter with increasing soil C:N ratio (Duboc
et al., 2012). One study found a negative effect of soil metal concen-
trations and moisture on decomposition rate (Sarneel et al., 2020)
(Fig. 1). In another study, soil C/N ratio had a positive effect during the
first year of decomposition, while soil pH was important during the
second year (Duboc et al., 2012). This might have been caused by in-
direct effects of soil properties on microbial communities. Experimental
soil acidification, lowering the pH, has been found to have a negative
effect on root decomposition in Tibet, causing an increase in below-
ground biomass (Wang et al., 2020). In addition, other properties of the
soil have been studied, e.g., it has been found that soil structural stability
is increased by the presence of earthworms (Seeber et al., 2006).

The physical environment broadly influences litter decomposition in
the global carbon and nutrient cycles (Murphy et al., 1998). Climate
factors such as temperature, precipitation, and evapotranspiration
control decomposition mechanisms to a large extent and have a
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significant impact on carbon and nutrient cycling (Giweta, 2020; Zhang
etal., 2008; Zhou et al., 2008). Thus, an improved understanding of how
physical factors control/affect decomposition processes could lead to
better predictions on how global warming may affect nutrient cycling
and ecosystem functioning in the future (Song et al., 2014).

2.2. Resource quality

Studies on resource quality in alpine regions report contrasting ef-
fects on litter decomposition (Fig. 1). Positive responses of litter quality,
i.e., litter N, lignin, C/N ratio, nitrogen/phosphorus (N/P) ratio, cellu-
lose content, have been found (Carbognani et al., 2014; Drewnik, 2006;
Hong et al., 2021; Wang et al., 2021). Negative responses (e.g., of lig-
nin/nitrogen ratio and phenolics) (Shaw and Harte, 2001; Steltzer and
Bowman, 2005; Wang et al., 2021) and negligible effects of litter
chemistry (Soudzilovskaia et al., 2007) have also been reported. Leaf
trait diversity can have a positive effect (Song et al., 2019). Species and
vegetation type specific litter quality parameters have been found to
influence decomposition in different ways (Andreyashkina, 2008;
Andreyashkina and Peshkova, 2003; Carbognani et al., 2014; Sarneel
et al., 2020; Soudzilovskaia et al., 2007; Wood, 1970; Zeidler et al.,
2014; Zheng et al., 2020), with forbs decomposing at a faster rate than
graminoids (Soudzilovskaia et al., 2007). In a study that included four
species (three Eucalyptus spp., one Poa sp.), but no chemical analysis of
the plant material, it was found that Eucalyptus litter decomposed faster
than Poa litter at higher altitude, where Eucalyptus does not naturally
occur (Wood, 1970). Experimental fertilization has also been found to
result in contrasting responses, e.g., in one study fertilization signifi-
cantly increased N and P concentrations in plant litter, but had no effect
on decomposition (Soudzilovskaia et al., 2007). Similarly, no effect of
fertilization was found in a study in the Rocky Mountains, Colorado
(Bryant et al., 1998). However, a study in Switzerland found that soil
fertilization increased decomposition rate (Arnone and Hirschel, 1997).
A study in Tibet found that dung deposition had a positive effect on litter
decomposition (Liang et al., 2019). In general, higher N and P concen-
trations are believed to have a positive effect on decomposition (Corn-
well et al., 2008). However, it has also been suggested that other traits,
such as toughness, lignin concentration, or cellulose concentration,
might be of greater importance for decomposability than high N or P
concentrations in litter (Soudzilovskaia et al., 2007).

Decomposition is strongly influenced by the physical environment,
but litter quality aspects such as nitrogen, lignin, polyphenol, C/N ratio,
and lignin/nitrogen ratio can also play an important role in influencing
the decomposition process (Giweta, 2020; Krishna and Mohan, 2017;
Zheng et al., 2020). Decomposing plant material passes through three
different stages, i.e., nutrient release, net immobilization, and net
release (Wang et al., 2021), which control the functioning of the forest
ecosystem (Zhou et al., 2008). Thus, litter quality can serve as a pre-
dictor of decay rate and is an important component of the biogeo-
chemical cycle (Giweta, 2020).

2.3. Trophic interactions

Studies on the effect of trophic interactions on decomposition have
also reported conflicting results (Fig. 1). Most studies have found that
soil fauna have a positive effect on decomposition (Kitz et al., 2015; Ma
et al., 2019; O’Lear and Seastedt, 1994; Wang et al., 2018). One study
found contrasting results for different species of macro-decomposers,
with primary decomposers increasing decomposition and secondary
composers having no or negative effects (Seeber et al., 2006). Contrary
to expectations, that study also found that decomposers preferred to feed
on low-quality litter with high lignin and tannin content (Seeber et al.,
2006). Grazing has been found to have both positive (Luo et al., 2010;
Sun et al., 2018) and negative (Vaieretti et al., 2018) effects on litter
decomposition on alpine soils. The negative effect is reported to be
caused by grazing interacting with vegetation, microclimate, and soil
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moisture, with reduced grazing leading to taller vegetation, higher soil
moisture content, and ultimately increased decomposition rates
(Vaieretti et al., 2018).

Trophic interactions are crucial for decomposition processes in many
ecosystems. Soil fauna in particular increase plant litter decomposition
in ecosystems, but their distribution varies with climate conditions and
habitats (Phillips et al., 2019). Furthermore, the results on earthworm
global distribution tend to differ from what is normally found for
aboveground taxa, suggesting that aboveground and belowground
biodiversity may not follow the same broad distribution pattern (Phillips
et al, 2019). Macrofauna, such as millipedes and earthworms,
frequently act as detritivores, while soil microarthropods, such as col-
lembolans and oribatid mites, impact litter decomposition by modifying
the activity and composition of saprotrophic fungal communities
(Schaefer et al., 2009; Zhou et al., 2020). How climate change will affect
alpine soil fauna, and their contribution to alpine decomposition, is still
unclear, as there are still only a few experimental climate change studies
on soil fauna in alpine regions (Alatalo et al., 2015, 2017b; Hagvar and
Klanderud, 2009; Roos et al., 2020).

2.4. Geographical distribution of studies

Regarding the geographical distribution of published studies on litter
decomposition above the treeline included in this review, we found that
the majority of the studies were carried out in Europe and Asia (Austria,
Norway, Sweden, Italy, France, Russia, Switzerland, and China), and
five studies were performed in North America (all USA) (Fig. 2). Two
were from South America (Argentina and Venezuela) and one from
Australia. The three global studies included compiled data from 18 sites
with Arctic and Alpine climate change experiments. Of these, one study
included data from 10 sites in Canada, China, Finland, Italy, Japan,
Norway, Russia, Sweden, and USA (Cornelissen et al., 2007) and one
included data from climate change experiments at one alpine site in the
USA and three alpine tundra sites in Norway and Sweden (Aerts, 2006).
The third meta-study was a conventional review paper on the potential
impact of climate change on alpine plant litter decomposition (Gavazov,
2010). While it is likely that we overlooked some studies, it is unlikely
that this would affect the general geographical pattern observed to any
great degree.

3. Conclusions

This review showed that factors relating to the physical environment
and resource quality have been the main focus in the majority of pub-
lished studies on litter decomposition above the treeline in alpine areas,
while the potential impacts of trophic interactions have received less
attention. The review also revealed a severe lack of studies from Africa
and South America. Surprisingly, all studies from North America were
from Colorado, while all studies from Asia were from China. There is
thus a need for studies in Africa and South America, and also in other
regions of North America and Asia, to provide data across broader
scales. Overall, Europe was well represented in terms of number of
studies and different alpine regions. However, more recent studies have
mainly originated from China. A noteworthy finding was that factors
(altitude, experimental warming, litter quality, soil organisms, soil
physic-chemical properties) covered by more than one study all showed
inconsistent results regarding their effect on decomposition. Thus, there
is a need for further studies on how different factors interact/influence
the litter decomposition process at high-alpine sites. Future research
should focus on interactions between different factors and conduct ex-
periments to examine specific relationships, such as potential in-
teractions between temperature and soil moisture and the effect on litter
decomposition on soils with different moisture levels. There is also a
need to evaluate the impact of trophic interactions between organisms
and decomposition processes.
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Fig. 2. Geographical distribution of studies on plant litter decomposition in
alpine regions above treeline.

Author contributions

JMA conceived the study, MR and JMA conducted the literature
review, MR and JMA were the main authors of the paper, AKJ and YB
commented on the manuscript.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This study was supported by a grant from Qatar Petroleum (QUEX-
CAS-QP-RD-18/19).

References

Aerts, R., 2006. The freezer defrosting: global warming and litter decomposition rates in
cold biomes. J. Ecol. 94, 713-724. https://doi.org/10.1111/7.1365-
2745.2006.01142.x.

Alatalo, J.M., Jagerbrand, A.K., Chen, S., Molau, U., 2017a. Responses of lichen
communities to 18 years of natural and experimental warming. Ann. Bot. 120,
159-170.

Alatalo, J.M., Jigerbrand, A.K., Cuchta, P., 2015. Collembola at three alpine subarctic
sites resistant to twenty years of experimental warming. Sci. Rep. 5, 18161. https://
doi.org/10.1038/srep18161.

Alatalo, J.M., Jigerbrand, A.K., Juhanson, J., Michelsen, A., Luptééik, P., 2017b. Impacts
of twenty years of experimental warming on soil carbon, nitrogen, moisture and soil
mites across alpine/subarctic tundra communities. Sci. Rep. 7, 44489. https://doi.
org/10.1038/srep44489.

Andreyashkina, N.I., 2008. Plant matter decomposition in the upper timberline ecotone
of the Polar Urals. Russ. J. Ecol. 39, 490-494. https://doi.org/10.1134/
$1067413608070059.

Andreyashkina, N.I., Peshkova, N.V., 2003. On characteristics of production and
destruction processes in lowland and mountain tundras of the extreme North. Russ.
J. Ecol. 34, 98-103. https://doi.org/10.1023/A:1023094913512.

Arnone, J.A., Hirschel, G., 1997. Does fertilizer application alter the effects of elevated
CO2 on Carex leaf litter quality and in situ decomposition in an alpine grassland?. In:
Acta Oecologica, from Alpine Grassland to Tropical Forest: Biological Consequences
of Elevated Atmospheric CO (A Synthesis of Swiss Research), 18, pp. 201-206.
https://doi.org/10.1016/51146-609X(97)80006-9.

Baptist, F., Yoccoz, N.G., Choler, P., 2010. Direct and indirect control by snow cover over
decomposition in alpine tundra along a snowmelt gradient. Plant Soil 328, 397-410.
https://doi.org/10.1007/511104-009-0119-6.

Bryant, D.M., Holland, E.A., Seastedt, T.R., Walker, M.D., 1998. Analysis of litter
decomposition in an alpine tundra. Can. J. Bot. 76, 1295-1304. https://doi.org/
10.1139/b98-117.

Carbognani, M., Petraglia, A., Tomaselli, M., 2014. Warming effects and plant trait
control on the early-decomposition in alpine snowbeds. Plant Soil 376, 277-290.
https://doi.org/10.1007/5s11104-013-1982-8.

Chapin III, F.S., Matson, P.A., Vitousek, P., 2011. Principles of Terrestrial Ecosystem
Ecology. Springer Science & Business Media.

Chen, Y., Liu, Y., Zhang, J., Yang, W., He, R., Deng, C., 2018. Microclimate exerts greater
control over litter decomposition and enzyme activity than litter quality in an alpine
forest-tundra ecotone. Sci. Rep. 8, 14998. https://doi.org/10.1038/541598-018-
33186-4.


https://doi.org/10.1111/j.1365-2745.2006.01142.x
https://doi.org/10.1111/j.1365-2745.2006.01142.x
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref2
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref2
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref2
https://doi.org/10.1038/srep18161
https://doi.org/10.1038/srep18161
https://doi.org/10.1038/srep44489
https://doi.org/10.1038/srep44489
https://doi.org/10.1134/S1067413608070059
https://doi.org/10.1134/S1067413608070059
https://doi.org/10.1023/A:1023094913512
https://doi.org/10.1016/S1146-609X(97)80006-9
https://doi.org/10.1007/s11104-009-0119-6
https://doi.org/10.1139/b98-117
https://doi.org/10.1139/b98-117
https://doi.org/10.1007/s11104-013-1982-8
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref11
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref11
https://doi.org/10.1038/s41598-018-33186-4
https://doi.org/10.1038/s41598-018-33186-4

M. Rawat et al.

Cornelissen, J.H.C., Bodegom, P.M.V., Aerts, R., Callaghan, T.V., Logtestijn, R.S.P.V.,
Alatalo, J., Chapin, F.S., Gerdol, R., Gudmundsson, J., Gwynn-Jones, D., Hartley, A.
E., Hik, D.S., Hofgaard, A., Jonsdéttir, 1.S., Karlsson, S., Klein, J.A., Laundre, J.,
Magnusson, B., Michelsen, A., Molau, U., Onipchenko, V.G., Quested, H.M.,
Sandvik, S.M., Schmidt, I.K., Shaver, G.R., Solheim, B., Soudzilovskaia, N.A.,
Stenstrém, A., Tolvanen, A., Totland, @., Wada, N., Welker, J.M., Zhao, X., 2007.
Global negative vegetation feedback to climate warming responses of leaf litter
decomposition rates in cold biomes. Ecol. Lett. 10, 619-627. https://doi.org/
10.1111/j.1461-0248.2007.01051.x.

Cornwell, W.K., Cornelissen, J.H.C., Amatangelo, K., Dorrepaal, E., Eviner, V.T.,
Godoy, O., Hobbie, S.E., Hoorens, B., Kurokawa, H., Pérez-Harguindeguy, N.,
Quested, H.M., Santiago, L.S., Wardle, D.A., Wright, L.J., Aerts, R., Allison, S.D.,
Bodegom, P.V., Brovkin, V., Chatain, A., Callaghan, T.V., Diaz, S., Garnier, E.,
Gurvich, D.E., Kazakou, E., Klein, J.A., Read, J., Reich, P.B., Soudzilovskaia, N.A.,
Vaieretti, M.V., Westoby, M., 2008. Plant species traits are the predominant control
on litter decomposition rates within biomes worldwide. Ecol. Lett. 11, 1065-1071.
https://doi.org/10.1111/j.1461-0248.2008.01219.x.

Cofiteaux, M.M., Sarmiento, L., Bottner, P., Acevedo, D., Thiéry, J.M., 2002.
Decomposition of standard plant material along an altitudinal transect (65-3968 m)
in the tropical Andes. Soil Biol. Biochem. 34, 69-78.

Djukic, L., Kepfer-Rojas, S., Schmidt, I.K., Larsen, K.S., Beier, C., Berg, B., Verheyen, K.,
2018. Early stage litter decomposition across biomes. Sci. Total Environ. 628-629,
1369-1394. https://doi.org/10.1016/j.scitotenv.2018.01.012.

Drewnik, M., 2006. The effect of environmental conditions on the decomposition rate of
cellulose in mountain soils. Geoderma 132, 116-130. https://doi.org/10.1016/j.
geoderma.2005.04.023.

Duboc, O., Zehetner, F., Djukic, I., Tatzber, M., Berger, T.W., Gerzabek, M.H., 2012.
Decomposition of European beech and Black pine foliar litter along an Alpine
elevation gradient: mass loss and molecular characteristics. Geoderma 189- 190,
522-531. https://doi.org/10.1016/j.geoderma.2012.06.018.

Freschet, G.T., Cornwell, W.K., Wardle, D.A., Elumeeva, T.G., Liu, W., Jackson, B.G.,
Onipchenko, V.G., Soudzilovskaia, N.A., Tao, J., Cornelissen, J.H.C., 2013. Linking
litter decomposition of above- and below-ground organs to plant-soil feedbacks
worldwide. J. Ecol. 101, 943-952. https://doi.org/10.1111/1365-2745.12092.

Gavazov, K.S., 2010. Dynamics of alpine plant litter decomposition in a changing
climate. Plant Soil 337, 19-32. https://doi.org/10.1007/511104-010-0477-0.

Giweta, M., 2020. Role of litter production and its decomposition, and factors affecting
the processes in a tropical forest ecosystem: a review. J. Ecol. Environ. 44, 11.
https://doi.org/10.1186/541610-020-0151-2.

Hégvar, S., Klanderud, K., 2009. Effect of simulated environmental change on alpine soil
arthropods. Global Change Biol. 15, 2972-2980. https://doi.org/10.1111/7.1365-
2486.2009.01926.x.

Hartig, R., 1878. Die Zersetzungserscheinungen des Holzes der Nadelholzbaume und der
Eiche in forstlicher, botanischer und chemischer Richtung. J. Springer.

Hong, J., Lu, X., Ma, X., Wang, X., 2021. Five-year study on the effects of warming and
plant litter quality on litter decomposition rate in a Tibetan alpine grassland. Sci.
Total Environ. 750, 142306. https://doi.org/10.1016/j.scitotenv.2020.142306.

Huang, C., Wu, F., Yang, W., Tan, B., He, W., Zhang, J., 2016. Effects of snow thickness
on the abundance of archaeal and bacterial amoA genes and gene transcripts during
dwarf bamboo litter decomposition in an alpine forest on the eastern Tibetan
Plateau. Russ. J. Ecol. 47, 419-429. https://doi.org/10.1134/5106741361604010X.

Huber, E., Wanek, W., Gottfried, M., Pauli, H., Schweiger, P., Arndt, S.K., Reiter, K.,
Richter, A., 2007. Shift in soil-plant nitrogen dynamics of an alpine-nival ecotone.
Plant Soil 301, 65-76. https://doi.org/10.1007/s11104-007-9422-2.

Keuskamp, J.A., Dingemans, B.J.J., Lehtinen, T., Sarneel, J.M., Hefting, M.M., 2013. Tea
Bag Index: a novel approach to collect uniform decomposition data across
ecosystems. Methods Ecol. Evol. 4, 1070-1075. https://doi.org/10.1111/2041-
210X.12097.

Kitz, F., Steinwandter, M., Traugott, M., Seeber, J., 2015. Increased decomposer diversity
accelerates and potentially stabilises litter decomposition. Soil Biol. Biochem. 83,
138-141. https://doi.org/10.1016/j.s0ilbio.2015.01.026.

Korner, C., 1999. Alpine Plant Life: Functional Plant Ecology of High Mountain
Ecosystems. Springer, Berlin.

Krishna, M.P., Mohan, M., 2017. Litter decomposition in forest ecosystems: a review.
Energy Ecol. Environ. 2, 236-249. https://doi.org/10.1007/540974-017-0064-9.

Liang, D., Lamb, E.G., Zhang, S., 2019. Yak dung deposition affects litter mixing effects
on mass loss in Tibetan alpine grassland. Rangel. Ecol. Manag. 72, 405-410. https://
doi.org/10.1016/j.rama.2018.11.004.

Lindquist, B., 1941. Undersokningar 6ver nagra skandinaviska daggmaskarters betydelse
for lovfornans omvandling och for mulljordens struktur i svensk skogsmark. Sven.
Skogsv- Foren Tidskr 39, 179-242.

Lipson, D.A., Schmidt, S.K., Monson, R.K., 2000. Carbon availability and temperature
control the post-snowmelt decline in alpine soil microbial biomass. Soil Biol.
Biochem. 32, 441-448. https://doi.org/10.1016/50038-0717(99)00068-1.

Liu, H., Lin, L., Wang, H., Zhang, Z., Shangguan, Z., Feng, X., He, J.-S., 2021. Simulating
warmer and drier climate increases root production but decreases root
decomposition in an alpine grassland on the Tibetan plateau. Plant Soil 458, 59-73.
https://doi.org/10.1007/s11104-020-04551-y.

Luo, C., Xu, G., Chao, Z., Wang, S., Lin, X., Hu, Y., Zhang, Z., Duan, J., Chang, X., Su, A.,
Li, Y., Zhao, X., Du, M., Tang, Y., Kimball, B., 2010. Effect of warming and grazing on
litter mass loss and temperature sensitivity of litter and dung mass loss on the
Tibetan plateau. Global Change Biol. 16, 1606-1617. https://doi.org/10.1111/
j.1365-2486.2009.02026.x.

Lv, W., Zhang, L., Niu, H., Li, B., Wang, Q., Zhou, Y., Wang, Y., Jiang, L., Liu, P.,
Hong, H., Jia, S., Luo, C., Tsechoe, D., Zhou, H., Wang, S., 2020. Non-linear
temperature sensitivity of litter component decomposition under warming gradient

Acta Oecologica 113 (2021) 103775

with precipitation addition on the Tibetan plateau. Plant Soil 448, 335-351. https://
doi.org/10.1007/s11104-020-04431-5.

Ma, C,, Yin, X., Wang, H., 2019. Soil fauna effect on Dryas octopetala litter
decomposition in an Alpine tundra of the Changbai Mountains, China. Alpine Bot.
129, 53-62. https://doi.org/10.1007/s00035-018-0215-4.

Mori, A.S., Cornelissen, J.H.C., Fujii, S., Okada, K., Isbell, F., 2020. A meta-analysis on
decomposition quantifies afterlife effects of plant diversity as a global change driver.
Nat. Commun. 11, 1-9. https://doi.org/10.1038/541467-020-18296-w.

Murphy, K.L., Klopatek, J.M., Klopatek, C.C., 1998. The effects of litter quality and
climate on decomposition along an elevational gradient. Ecol. Appl. 8, 1061-1071.
https://doi.org/10.2307/2640961.

Novara, A., Riihl, J., La Mantia, T., Gristina, L., La Bella, S., Tuttolomondo, T., 2015.
Litter contribution to soil organic carbon in the processes of agriculture abandon.
Solid Earth 6. https://doi.org/10.5194/se-6-425-2015.

O’Lear, H.A,, Seastedt, T.R., 1994. Landscape patterns of litter decomposition in alpine
tundra. Oecologia 99, 95-101. https://doi.org/10.1007/BF00317088.

Phillips, H.R.P., Guerra, C.A., Bartz, M.L.C., Briones, M.J.I., Brown, G., Crowther, T.W.,
Ferlian, O., Gongalsky, K.B., Hoogen, J.van den, Krebs, J., Orgiazzi, A., Routh, D.,
Schwarz, B., Bach, E.M., Bennett, J.M., Brose, U., Decaéns, T., Konig-Ries, B.,
Loreau, M., Mathieu, J., Mulder, C., Putten, W.H. van der, Ramirez, K.S., Rillig, M.C.,
Russell, D., Rutgers, M., Thakur, M.P., Vries, F.T. de, Wall, D.H., Wardle, D.A.,
Arai, M., Ayuke, F.O., Baker, G.H., Beauséjour, R., Bedano, J.C., Birkhofer, K.,
Blanchart, E., Blossey, B., Bolger, T., Bradley, R.L., Callaham, M.A., Capowiez, Y.,
Caulfield, M.E., Choi, A., Crotty, F.V., Crumsey, J.M., Davalos, A., Cosin, D.J.D.,
Dominguez, A., Duhour, A.E., Eekeren, N. van, Emmerling, C., Falco, L.B.,
Fernandez, R., Fonte, S.J., Fragoso, C., Franco, A.L.C., Fugere, M., Fusilero, A.T.,
Gholami, S., Gundale, M.J., Lopez, M.G., Hackenberger, D.K., Hernandez, L.M.,
Hishi, T., Holdsworth, A.R., Holmstrup, M., Hopfensperger, K.N., Lwanga, E.H.,
Huhta, V., Hurisso, T.T., lannone, B.V., Iordache, M., Joschko, M., Kaneko, N.,
Kanianska, R., Keith, A.M., Kelly, C.A., Kernecker, M.L., Klaminder, J., Koné, A.W.,
Kooch, Y., Kukkonen, S.T., Lalthanzara, H., Lammel, D.R., Lebedev, L.M., Li, Y.,
Lidon, J.B.J., Lincoln, N.K., Loss, S.R., Marichal, R., Matula, R., Moos, J.H.,
Moreno, G., Morén-Rios, A., Muys, B., Neirynck, J., Norgrove, L., Novo, M.,
Nuutinen, V., Nuzzo, V., Rahman, M., Pansu, J., Paudel, S., Péres, G., Pérez-
Camacho, L., Pifeiro, R., Ponge, J.-F., Rashid, M., Rebollo, S., Rodeiro-Iglesias, J.,
Rodriguez, M.A., Roth, A.M., Rousseau, G.X., Rozen, A., Sayad, E., Schaik, L. van,
Scharenbroch, B.C., Schirrmann, M., Schmidt, O., Schroder, B., Seeber, J.,
Shashkov, M.P., Singh, J., Smith, S.M., Steinwandter, M., Talavera, J.A., Trigo, D.,
Tsukamoto, J., Valenga, A.W., de Vanek, S.J., Virto, 1., Wackett, A.A., Warren, M.W.,
Wehr, N.H., Whalen, J.K., Wironen, M.B., Wolters, V., Zenkova, 1.V., Zhang, W.,
Cameron, E.K., Eisenhauer, N., 2019. Global distribution of earthworm diversity.
Science 366, 480-485. https://doi.org/10.1126/science.aax4851.

Prescott, C.E., 2010. Litter decomposition: what controls it and how can we alter it to
sequester more carbon in forest soils? Biogeochemistry 101, 133-149. https://doi.
org/10.1007/5s10533-010-9439-0.

Roos, R.E., Birkemoe, T., Asplund, J., L’uptacik, P., Raschmanova, N., Alatalo, J.M.,
Olsen, S.L., Klanderud, K., 2020. Legacy effects of experimental environmental
change on soil micro-arthropod communities. Ecosphere 11, e03030.

Sarneel, J.M., Sundqvist, M.K., Molau, U., Bjorkman, M.P., Alatalo, J.M., 2020.
Decomposition rate and stabilization across six tundra vegetation types exposed to
>20 years of warming. Sci. Total Environ. 724, 138304. https://doi.org/10.1016/j.
scitotenv.2020.138304.

Schaefer, M., Migge-Kleian, S., Scheu, S., 2009. The role of soil fauna for decomposition
of plant residues. Functioning and Management of European Beech Ecosystems,
pp. 207-230. https://doi.org/10.1007/b82392 13.

Schinner, F., 1983. Litter decomposition, CO2-release and enzyme activities in a
snowbed and on a windswept ridge in an alpine environment. Oecologia 59,
288-291. https://doi.org/10.1007/BF00378850.

Schinner, F., 1982. Soil microbial activities and litter decomposition related to altitude.
Plant Soil 65, 87-94. https://doi.org/10.1007/BF02376806.

Schwager, P., Berg, C., 2019. Global warming threatens conservation status of alpine EU
habitat types in the European Eastern Alps. Reg. Environ. Change 19, 2411-2421.
https://doi.org/10.1007/510113-019-01554-z.

Seastedt, T.R., Walker, M.D., Bryant, D.M., 2001. Controls on decomposition processes in
alpine tundra. Structure and Function of an Alpine Ecosystem. Oxford University
Press, Oxford, pp. 222-236.

Seeber, J., Scheu, S., Meyer, E., 2006. Effects of macro-decomposers on litter
decomposition and soil properties in alpine pastureland: a mesocosm experiment.
Appl. Soil Ecol. 34, 168-175. https://doi.org/10.1016/j.apsoil.2006.02.004.

Shaw, M.R., Harte, J., 2001. Control of litter decomposition in a subalpine
meadow-sagebrush steppe ecotone under climate change. Ecol. Appl. 11,
1206-1223. https://doi.org/10.1890/1051-0761, 011[1206:COLDIA]2.0.CO;2,
2001.

Sjogersten, S., Wookey, P.A., 2004. Decomposition of mountain birch leaf litter at the
forest-tundra ecotone in the Fennoscandian mountains in relation to climate and soil
conditions. Plant Soil 262, 215-227. https://doi.org/10.1023/B:
PLS0.0000037044.63113.fe.

Song, M.-H., Chen, J., Xu, X.-L., Yu, F.-H., Jiang, J., Zheng, L.-L., Cornelissen, J.H.C.,
2019. Decreased community litter decomposition associated with nitrogen-induced
convergence in leaf traits in an alpine meadow. Soil Tillage Res. 194, 104332.
https://doi.org/10.1016/j.still.2019.104332.

Song, P., Zhang, N.L., Ma, K.P., Guo, J.X., 2014. Impacts of global warming on litter
decomposition. Shengtai Xuebao Acta Ecol. Sin. 34, 1327-1339. https://doi.org/
10.5846/stxb201210251479.


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/10.1111/j.1461-0248.2008.01219.x
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref15
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref15
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref15
https://doi.org/10.1016/j.scitotenv.2018.01.012
https://doi.org/10.1016/j.geoderma.2005.04.023
https://doi.org/10.1016/j.geoderma.2005.04.023
https://doi.org/10.1016/j.geoderma.2012.06.018
https://doi.org/10.1111/1365-2745.12092
https://doi.org/10.1007/s11104-010-0477-0
https://doi.org/10.1186/s41610-020-0151-2
https://doi.org/10.1111/j.1365-2486.2009.01926.x
https://doi.org/10.1111/j.1365-2486.2009.01926.x
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref23
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref23
https://doi.org/10.1016/j.scitotenv.2020.142306
https://doi.org/10.1134/S106741361604010X
https://doi.org/10.1007/s11104-007-9422-2
https://doi.org/10.1111/2041-210X.12097
https://doi.org/10.1111/2041-210X.12097
https://doi.org/10.1016/j.soilbio.2015.01.026
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref29
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref29
https://doi.org/10.1007/s40974-017-0064-9
https://doi.org/10.1016/j.rama.2018.11.004
https://doi.org/10.1016/j.rama.2018.11.004
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref32
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref32
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref32
https://doi.org/10.1016/S0038-0717(99)00068-1
https://doi.org/10.1007/s11104-020-04551-y
https://doi.org/10.1111/j.1365-2486.2009.02026.x
https://doi.org/10.1111/j.1365-2486.2009.02026.x
https://doi.org/10.1007/s11104-020-04431-5
https://doi.org/10.1007/s11104-020-04431-5
https://doi.org/10.1007/s00035-018-0215-4
https://doi.org/10.1038/s41467-020-18296-w
https://doi.org/10.2307/2640961
https://doi.org/10.5194/se-6-425-2015
https://doi.org/10.1007/BF00317088
https://doi.org/10.1126/science.aax4851
https://doi.org/10.1007/s10533-010-9439-0
https://doi.org/10.1007/s10533-010-9439-0
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref44
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref44
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref44
https://doi.org/10.1016/j.scitotenv.2020.138304
https://doi.org/10.1016/j.scitotenv.2020.138304
https://doi.org/10.1007/b82392_13
https://doi.org/10.1007/BF00378850
https://doi.org/10.1007/BF02376806
https://doi.org/10.1007/s10113-019-01554-z
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref50
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref50
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref50
https://doi.org/10.1016/j.apsoil.2006.02.004
https://doi.org/10.1890/1051-0761
https://doi.org/10.1023/B:PLSO.0000037044.63113.fe
https://doi.org/10.1023/B:PLSO.0000037044.63113.fe
https://doi.org/10.1016/j.still.2019.104332
https://doi.org/10.5846/stxb201210251479
https://doi.org/10.5846/stxb201210251479

M. Rawat et al.

Soudzilovskaia, N.A., Onipchenko, V.G., Cornelissen, J.H., Aerts, R., 2007. Effects of
fertilisation and irrigation on ‘foliar afterlife’in alpine tundra. J. Veg. Sci. 18,
755-766. https://doi.org/10.1111/j.1654-1103.2007.tb02591.x.

Steltzer, H., Bowman, W.D., 2005. Litter N retention over winter for a low and a high
phenolic species in the alpine tundra. Plant Soil 275, 361-370. https://doi.org/
10.1007/511104-005-3100-z.

Stursovd, M., Snajdr, J., Koukol, O., Tlaskal, V., Cajthaml, T., Baldrian, P., 2020. Long-
term decomposition of litter in the montane forest and the definition of fungal traits
in the successional space. Fungal Ecol 100913.

Sun, Y., He, X.Z., Hou, F., Wang, Z., Chang, S., 2018. Grazing increases litter
decomposition rate but decreases nitrogen release rate in an alpine meadow.
Biogeosciences 15, 4233-4243. https://doi.org/10.5194/bg-15-4233-2018.

Swift, M.J., Heal, O.W., Anderson, Jonathan Michael, Anderson, J.M., 1979.
Decomposition in Terrestrial Ecosystems. University of California Press.

Vaieretti, M.V., lamamoto, S., Pérez Harguindeguy, N., Cingolani, A.M., 2018. Livestock
grazing affects microclimate conditions for decomposition process through changes
in vegetation structure in mountain grasslands. Acta Oecol. 91, 101-107. https://
doi.org/10.1016/j.actao.2018.07.002.

Waksman, S.A., Tenney, F.G., Stevens, K.R., 1928. The role of microorganisms in the
transformation of organic matter in forest soils. Ecology 9, 126-144. https://doi.org/
10.2307/1929350.

Wang, L., Zhang, J., He, R., Chen, Y., Yang, L., Zheng, H., Li, H., Xiao, J., Liu, Y., 2018.
Impacts of soil fauna on lignin and cellulose degradation in litter decomposition
across an alpine forest-tundra ecotone. Eur. J. Soil Biol. 87, 53-60. https://doi.org/
10.1016/j.ejsobi.2018.05.004.

Wang, Lifeng, Chen, Y., Zhou, Y., Zheng, H., Xu, Z., Tan, B., You, C., Zhang, L., Li, H.,
Guo, L., Wang, Lixia, Huang, Y., Zhang, J., Liu, Y., 2021. Litter chemical traits
strongly drove the carbon fractions loss during decomposition across an alpine
treeline ecotone. Sci. Total Environ. 753, 142287. https://doi.org/10.1016/j.
scitotenv.2020.142287.

Wang, P., Guo, J., Xu, X., Yan, X., Zhang, K., Qiu, Y., Zhao, Q., Huang, K., Luo, X.,
Yang, F., Guo, H., Hu, S., 2020. Soil acidification alters root morphology, increases

Acta Oecologica 113 (2021) 103775

root biomass but reduces root decomposition in an alpine grassland. Environ. Pollut.
265, 115016. https://doi.org/10.1016/j.envpol.2020.115016.

Wang, S., Ruan, H., Wang, B., 2009. Effects of soil microarthropods on plant litter
decomposition across an elevation gradient in the Wuyi Mountains. Soil Biol.
Biochem., Science Goes Underground in China 41, 891-897. https://doi.org/
10.1016/j.s0ilbio.2008.12.016.

Withington, C.L., Sanford, R.L., 2007. Decomposition rates of buried substrates increase
with altitude in the forest-alpine tundra ecotone. Soil Biol. Biochem. 39, 68-75.

Wood, T.G., 1970. Decomposition of plant litter in montane and alpine soils on Mt
Kosciusko, Australia. Nature 226, 561-562. https://doi.org/10.1038/226561a0.

Zeidler, M., Duchoslav, M., Banas, M., 2014. Effect of altered snow conditions on
decomposition in three subalpine plant communities. Open Life Sci. 9, 811-822.
https://doi.org/10.2478/s11535-014-0312-3.

Zhang, D., Hui, D., Luo, Y., Zhou, G., 2008. Rates of litter decomposition in terrestrial
ecosystems: global patterns and controlling factors. J. Plant Ecol. 1, 85-93. https://
doi.org/10.1093/jpe/rtn002.

Zheng, H., Chen, Y., Liu, Y., Hedenec, P., Peng, Y., Xu, Z., Tan, B., Zhang, L., Guo, L.,
Wang, L., 2020. Effects of litter quality diminish and effects of vegetation type
develop during litter decomposition of two shrub species in an alpine treeline
ecotone. Ecosystems 1-14. https://doi.org/10.1007/s10021-020-00512-9.

Zheng, H., Chen, Y., Liu, Y., Zhang, J., Yang, W., Yang, L., Li, H., Wang, L., Wu, F.,
Guo, L., 2018. Litter quality drives the differentiation of microbial communities in
the litter horizon across an alpine treeline ecotone in the eastern Tibetan Plateau.
Sci. Rep. 8, 10029. https://doi.org/10.1038/s41598-018-28150-1.

Zhou, G., Guan, L., Wei, X., Tang, X., Liu, S., Liu, J., Zhang, D., Yan, J., 2008. Factors
influencing leaf litter decomposition: an intersite decomposition experiment across
China. Plant Soil 311, 61-72. https://doi.org/10.1007/s11104-008-9658-5.

Zhou, S., Butenschoen, O., Barantal, S., Handa, I.T., Makkonen, M., Vos, V., Aerts, R.,
Berg, M.P., McKie, B., Ruijven, J.V., Hattenschwiler, S., Scheu, S., 2020.
Decomposition of leaf litter mixtures across biomes: the role of litter identity,
diversity and soil fauna. J. Ecol. 108, 2283-2297. https://doi.org/10.1111/1365-
2745.13452.


https://doi.org/10.1111/j.1654-1103.2007.tb02591.x
https://doi.org/10.1007/s11104-005-3100-z
https://doi.org/10.1007/s11104-005-3100-z
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref58
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref58
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref58
https://doi.org/10.5194/bg-15-4233-2018
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref60
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref60
https://doi.org/10.1016/j.actao.2018.07.002
https://doi.org/10.1016/j.actao.2018.07.002
https://doi.org/10.2307/1929350
https://doi.org/10.2307/1929350
https://doi.org/10.1016/j.ejsobi.2018.05.004
https://doi.org/10.1016/j.ejsobi.2018.05.004
https://doi.org/10.1016/j.scitotenv.2020.142287
https://doi.org/10.1016/j.scitotenv.2020.142287
https://doi.org/10.1016/j.envpol.2020.115016
https://doi.org/10.1016/j.soilbio.2008.12.016
https://doi.org/10.1016/j.soilbio.2008.12.016
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref67
http://refhub.elsevier.com/S1146-609X(21)00074-6/sref67
https://doi.org/10.1038/226561a0
https://doi.org/10.2478/s11535-014-0312-3
https://doi.org/10.1093/jpe/rtn002
https://doi.org/10.1093/jpe/rtn002
https://doi.org/10.1007/s10021-020-00512-9
https://doi.org/10.1038/s41598-018-28150-1
https://doi.org/10.1007/s11104-008-9658-5
https://doi.org/10.1111/1365-2745.13452
https://doi.org/10.1111/1365-2745.13452

	Litter decomposition above the treeline in alpine regions: A mini review
	1 Introduction
	2 Factors studied and their impact on litter decomposition
	2.1 Physical environment
	2.1.1 Altitude
	2.1.2 Experimental warming, microclimate, snow cover, and soil moisture

	2.2 Resource quality
	2.3 Trophic interactions
	2.4 Geographical distribution of studies

	3 Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


