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Abst ract  

 

Decomposit ion processes cont rol carbon and nut rient  t urnover in t errest rial ecosyst ems 

and essent ially influence ecosyst em st ructures by int eract ing wit h above- and 

belowground biot a. Effect ive nut rient  cycling is of great  import ance in cold and low-

product ivit y biomes such as alpine regions. Here, soils are charact erised by high 

het erogeneit y in bot h abiot ic and biot ic condit ions depending on local t opography, 

bedrock or veget at ion effect s. Current ly, alpine regions are facing subst ant ial changes in 

response t o a rapidly warming climat e, including plant  species dist ribut ion shift s and 

accelerat ion of biogeochemical processes, probably also alt ering decay of leaf lit t er. T his 

st udy aimed t o (i) quant ify lit t er decomposit ion in a variable alpine set t ing, t o (ii) 

increase availabilit y of comparable decomposit ion dat a from cold environment s using t he 

T ea Bag Index (Keuskamp et  al. 2013) and t o (iii) facilit at e assessment s on t he fut ure 

development  of decomposit ion as well as it s impact  on alpine plant  communit ies.  

Nylon bags cont aining lit t er of four cont rast ing resource qualit ies (2×  t ea, 2×  local 

leaf lit t er) were buried in all main aspect s on six high-alpine summit s on different  alt it udes 

and parent  mat erials. In addit ion, mesocosms cont aining single lit t erbags as well as soil 

inoculat ed wit h suspensions of summit  soil were inst alled at  two cont rast ing elevat ions 

t o t est  for t emperat ure as well as sit e-specific microbial effect s.  

Generally, decomposit ion was significant ly st ronger for N-rich compared t o relat ively 

more C-rich lit t er t ypes, and overall comparison verified t he adequacy of t ea as a model 

for local lit t er. Moreover, decomposit ion in t he field was const ant ly higher on gneiss t han 

on dolomit e bedrock and well relat ed wit h veget at ion paramet ers, while, against  init ial 

expect at ions, mass loss in all lit t er t ypes responded less st rongly and rat her inconsist ent ly 

t o t emperat ure variat ions bet ween alt it udes or aspect s. Decay in mesocosms was 

significant ly higher in t he warmer low-elevat ion sit e but  did not  differ bet ween inoculum 

t ypes, t hough t he process might  have been st unt ed by anoxia during incubat ion.  
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Along wit h t he project ed relat ive decrease in lit t er decomposabilit y, t hese findings 

point  t oward a cert ain resilience of alpine decomposit ion processes t o warming and 

emphasise t he import ance of plant -soil int eract ions. Long-t erm st udies could valuably add 

t o t his pict ure by incorporat ing wint er or physical decay processes.
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Zusammenfassung 

Zerset zungsprozesse regulieren Kohlenst off- und Nährstoffumset zung in t errest rischen 

Ökosyst emen und beeinflussen deren St rukt uren durch Int erakt ionen mit  ober- und 

unt erirdischen Lebewesen ent scheidend. In kühlen und wenig produkt iven Lebensräumen 

wie alpinen Regionen sind effekt ive Nährstoffkreisläufe von besonderer Bedeut ung. 

Allerdings sind abiot ische und biot ische Verhält nisse in alpinen Bodenst rukt uren sehr 

het erogen, je nach lokalen Auswirkungen von T opographie, Unt ergrundgest ein oder 

Veget at ion. Zusät zlich sind alpine Regionen gegenwärt ig mit  großen Veränderungen als 

Reakt ion auf rasche Klimaerwärmung konfront iert , etwa Verschiebungen des 

Ausbreit ungsraumes von P flanzenart en oder Beschleunigung biogeochemischer P rozesse, 

was sich voraussicht lich auch auf den Abbau von Laubst reu auswirken wird. Mit  dieser 

St udie soll (i) Abbau von Laubst reu im variablen alpinen Raum quant ifiziert , (ii) durch 

Verfügbarkeit  leicht  vergleichbarer Dat en aus Abbauexperiment en in kühlen 

Lebensräumen beiget ragen, und (iii) die Vorhersage zukünft iger Ent wicklungen von 

alpinen Zerset zungsvorgängen ermöglicht  sowie deren Auswirkungen auf alpine 

P flanzengemeinschaft en unt ersucht  werden.  

Vier unt erschiedliche Art en von St reu (2×  T ee, 2×  lokale Laubst reu) wurden jeweils 

an nach den vier Haupt himmelsricht ungen ausgericht et en St andort en auf sechs 

Berggipfeln vergraben, die sich in Höhe und Unt ergrundgest ein unt erschieden. Zusät zlich 

wurde ein Experiment  mit  Mesokosmen an zwei unt erschiedlich hoch gelegenen 

St andort en eingericht et . Die Behält er ent hielt en jeweils eine einzelne St reuprobe sowie 

Boden, der mit  einer Suspension aus Boden von einem der Gipfel geimpft  worden war. So 

sollt e der E influss von T emperat ur sowie st andort spezifischen Gemeinschaft en von 

Mikroorganismen unt ersucht  werden. 

St ickst offreiche St reu wurde durchgehend st ärker abgebaut  als St reu mit  hohem 

relat iven Kohlenstoffgehalt . Dabei best ät igt e sich die Repräsent at ivit ät  von T ee als 

Modell für lokale St reu. Der Abbau war zudem st ärker auf Gneis- als auf Dolomit gest ein 

und zeigt e P arallelen mit  Veget at ionsparamet ern. Hingegen wirkt en sich 
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T emperat urunt erschiede zwischen Höhenst ufen oder Exposit ionen unerwart et  gering und 

in hohem Maße ungleichmäßig auf die Zerset zung der verschiedenen St reut ypen aus. Der 

Abbau in den Mesokosmen war am t iefer gelegenen St andort  signifikant  st ärker, 

unt erschied sich jedoch nicht  zwischen den Bodenbehandlungen, wobei dies durch 

anoxische Verhält nisse verfälscht  worden sein könnt e.  

Mit  Blick auf die insgesamt  vorhergesagt e Abnahme der Zerset zbarkeit  mit  der 

Erwärmung des Klimas weisen diese Ergebnisse auf eine gewisse Resilienz alpiner 

Abbauprozesse hin und unt erst reichen die Bedeut ung von P flanze-Boden-Int erakt ionen. 

Langzeit st udien, die Zerset zung im W int er oder durch physikalische Vorgänge 

einbeziehen, könnt en diesen E indruck weit er vert iefen.
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Int roduct ion 

 

P lant  growt h, and consequent ly any buildup of organic t issues, init ially requires t he 

supply wit h inorganic carbon  part icularly carbon dioxide, CO 2   for phot osynt hesis. 

T he ult imat e source for CO 2 is t he biosphere it self by providing organic mat erial of animal 

carcasses, faeces and non-living plant  t issues, like leaf lit t er. T hus, t he crucial st ep in t he 

cycling of carbon and nut rient s is t o int erlink t he carbon pools of living organisms and 

t he at mosphere by t ransforming dead organic mat erial from soils int o plant -available 

CO 2. As such, t he decomposit ion process holds a key role in ecosyst em funct ioning (Swift  

et  al. 1979), especially in low-product ivit y environment s, and ult imat ely in enabling a 

diverse and product ive plant  life under unfavourable condit ions (Gavazov 2010). 

 

THE ALPINE ENVIRONMENT 

St art ing above t he t reeline (sensu  Körner 2003), t he alpine life zone st ret ches over 

several hundred met ers of alt it ude. T owards higher elevat ions, t he init ially closed 

veget at ion cover becomes increasingly fragment ed as favourable sit es for plant  growt h 

decrease in frequency, again limit ing resource availabilit y for higher t rophic levels. 

Nevert heless, alpine veget at ion occurs on all cont inent s, covering about  3% of global land 

area (Körner 1995). High alt it ude ecosyst ems generally pose many challenges t o t heir 

inhabit ing biot a. Among ot hers, t hese include ext reme climat ic condit ions (e.g. cold 

t emperat ures, variable moist ure condit ions, and high wind exposure) as well as short  

growing seasons. T hus, organic mat erial t urnover is usually slow and soil genesis processes 

as well as nut rient  availabilit y are generally limit ed (Körner 2003).  

Nevert heless, insight s int o nut rient  cycling processes in low-product ivit y ecosyst ems 

are st ill crucial t o underst and t he mechanisms of plant  survival and growt h under 

unfavourable condit ions (Gavazov 2010). Alpine regions provide a good framework for 
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such research, being under relat ively low ant hropogenic impact  and feat uring sharp 

dist inct ions between neighbouring ecot ones (P auli et  al. 2005). As such, alpine 

environment s also show high diversit y on bot h habit at  and species level (Benist on 2003), 

consequent ly holding approximat ely one t hird of t errest rial plant  species (Bart hlot t  et  al. 

1996). F urt her, t emperat ure limit at ion on most  processes makes alpine ecosyst ems very 

sensit ive t o climat e change (P auli et  al. 2005), enabling scient ist s t o effect ively st udy 

ecosyst em process responses t o warming. In t his cont ext , alt it udinal gradient s have served 

as a powerful and effect ive t ool t o compare responses of plant s and ecosyst em processes 

t o present  and pot ent ial fut ure condit ions in higher elevat ions (Normand et  al. 2009; 

Sundqvist  et  al. 2011). However, t he unique diversit y of alpine environment s is inherent ly 

t hreat ened due t o low abundances of species and limit ed spat ial ext ent  of t heir habit at s 

(e.g. Spehn & Körner 2005; Rixen et  al. 2014). T herefore, insight s into nut rient  cycling 

can serve t o underst and how such diverse plant  life could evolve and what  changes it  

might  be subject  t o in t he course of climat e change. 

One of t he most  dist inct ive feat ures of t he alpine life zone is t he high variabilit y of 

environment al condit ions on ext remely small spat ial and t emporal scales (Gavazov 2010). 

F or inst ance, surface and soil t emperat ures as well as moist ure levels are highly dependent  

on slope aspect  or local relief charact erist ics due t o variat ions in solar irradiat ion and 

precipit at ion amount s, respect ively (Kerner 1891; Geiger et  al. 1995). As a consequence, 

previous st udies found more advanced st ages in soil genesis on sout h- compared t o nort h-

facing slopes due t o higher soil microbial act ivit y (e.g. Cooper 1960). As such, ot her 

belowground processes like decomposit ion are probably likewise subject  t o st rong small-

scale variat ion in response t o local t opography (Bradford et  al. 2016). 

 

THE DECOMPOSITION PROCESS 

In general, decomposit ion involves t ransformat ion of organic mat t er by chemical, 

physical and biot ic agent s, t hus gradually increasing organic mat t er st abilit y and lowering 

it s energy cont ent  (Chapin et  al. 2012; Berg & McClaughert y 2014). P lant  lit t er 
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represent s t he largest  part  of t hat  organic mat t er, account ing for around 70% of t he global 

annual carbon (C) flux, which is est imat ed at  68 ×  1015 g C /  yr (Raich & Schlesinger 

1992). It s decay most ly t akes place underground, where dead organic mat erial is exposed 

t o various chemical and physical processes.  

T hese processes influence decomposit ion rat es direct ly, for inst ance by leaching of 

soluble component s, abrasion, fragment at ion, phot odegradat ion, and t he impact  of 

t hermal cycles like freeze-t haw, shrink-swell and wet -dry event s (Anderson 1973; Swift  et  

al. 1979; Gavazov et  al. 2014; Berg & McClaughert y 2014). T he leaching process has been 

assigned part icular import ance since it  represent s t he dominant  process in t he init ial 

phase of t he decay progression (Swift  et  al. 1979; Gallardo & Merino 1993; J offre & Ågren 

2001). As sugars and ot her easily soluble subst ances are removed by t he wat er flow, fiber 

concent rat ion and subsequent ly recalcit rance of t he remaining lit t er is gradually 

increased, result ing in a maximum mass loss rat e in t he first  t hree mont hs of incubat ion 

(Schinner 1982) and fundament ally reduced decay rat es t owards t he lat er st ages of 

decomposit ion (J offre & Ågren 2001). 

Environment al condit ions also act  indirect ly via t heir effect  on decomposing organisms, 

cont rolling t heir act ivit y by alt erat ions of t emperat ure, moist ure, aerat ion and pH in t he 

soil (W aksman & Gerret sen 1931; Swift  et  al. 1979; Kardol et  al. 2010). F or inst ance, 

following classical kinet ic models, act ivit y of decomposing organisms can generally be 

expect ed t o increase along wit h warming (E liasson et  al. 2005; Davidson & J anssens 

2006), and especially so in cold regions (Lloyd & T aylor 1994). Indeed, higher 

decomposit ion rat es have been found at  warmer sit es in an alpine set t ing (Djukic et  al. 

2013), and t his relat ionship can be est imat ed t o be part icularly st rong in t he first  phase 

of decomposit ion (Berger et  al. 2015). Besides, posit ive correlat ions bet ween moist ure 

availabilit y and decay rat es have been observed in various nat ural syst ems due t o wat er 

limit at ion of decomposers at  low moist ure levels (e.g. 

al. 1998; Murphy et  al. 1998; Seast edt  et  al. 2001). However, t oo high amount s of soil 

moist ure may cause wat erlogging and subsequent ly lower decomposer act ivit y because of 

insufficient  supply with oxygen (Schinner 1983). F urt hermore, soil pH is mainly 
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influenced by t he underlying parent  mat erial, wit h alkaline soils developing on calcareous 

bedrocks and more acid soils being found on siliceous bedrock t ypes. It  cont rols t he 

availabilit y of many import ant  nut rient s and t hus shapes t he living condit ions of bot h 

soil organisms and veget at ion (Anderson 1988). However, while some plant  species 

st rongly depend on specific soil chemical condit ions t o persist  (e.g. Landolt  et  al. 2010), 

soil chemist ry is regarded t o rat her impact  t he composit ion of t he decomposer community 

t han direct ly t heir act ivit y. Nevert heless, decomposit ion rat es might  be subst ant ially 

affect ed. 

Anot her highly influent ial paramet er in t he decomposit ion process is t he qualit y, i.e. 

t he specific chemical composit ion, of t he organic mat erial being decomposed (e.g. Swift  

et  al. 1979; Aert s 1997; W ardle 2002; Zhang et  al. 2008) . Lit t er qualit y t hus det ermines 

t he nut rit ional value for decomposer organisms (Vos et  al. 2013). T o quant ify lit t er 

chemist ry, various measures have been used, including concent rat ions of nit rogen (N), 

diverse groups of carbohydrat es and several different  rat ios of t hese (Swift  et  al. 1979; 

W ardle 2002; P art on et  al. 2007). Due t o varying concent rat ions of such compounds, 

different  t ypes of t issues generally show largely dissimilar t urnover rat es. T o provide here 

only a rough classificat ion, reproduct ive organs decompose fast er t han leaf mat erial, which 

is in t urn processed at  a rat e more t han five t imes higher t han for woody part s (Swift  et  

al. 1979). Moreover, leaf lit t er is est imat ed t o account  for 64% of t ot al annual plant  lit t er 

product ion (Meent emeyer et  al. 1982), and leaves are usually available in much higher 

quant it ies t han reproduct ive organs. T hese fact s combined have made t hem an expedient  

and popular st udy object  for decomposit ion experiment s over almost  one cent ury (T enney 

& W aksman 1929; Berg & McClaugherty 2014). P erhaps t he best -est ablished met hod 

involves lit t er incubat ion in lit t er bags (Berg et  al. 1993). However, leaf lit t er qualit y 

varies largely bet ween plant  species and funct ional groups (e.g. Gillon et  al. 1994), 

implicat ing subst ant ial differences in decomposabilit y (Cornelissen 1996; Shaw & Hart e 

2001; Zhang et  al. 2008; Makkonen et  al. 2012). F or inst ance, enhanced recalcit rance has 

been relat ed t o high leaf cont ent  rat ios of C:N (T aylor et  al. 1989; Cot rufo et  al. 1995; 

P erez-Harguindeguy et  al. 2000) as well as physical t oughness of leaves (Gallardo & 

Merino 1993). Addit ionally, wit h regard t o funct ional groups, Cornelissen (1996) found 
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increasing decomposabilit y in t he following order: evergreen shrubs <  deciduous shrubs 

≤ graminoids <  forbs.  Overall, it  has been demonst rat ed t hat  lit t er chemist ry represent s 

t he most  dist inct ive crit erion for decomposit ion rat es over a wide variet y of biomes 

(P art on et  al. 2007). 

Not  only dead plant  mat erial but  also t he living communit y has been shown t o affect  

lit t er decay processes (see Van der P ut t en et  al. 2013). Depending on plant  species 

composit ion, plant  root  exudat es alt er soil abiot ic propert ies like nut rit ional and pH 

values in t he rhizosphere (Anderson 1988), t hereby at t ract ing or excluding specific groups 

of det rit ivores. Similarly, belowground condit ions are affect ed by t he amount  and t ype of 

mycorrhizal associat ions as well as t he input  of secondary met abolit es, and species-specific 

above- and belowground growt h pat t erns affect  microclimat e as well as physical and 

chemical soil propert ies (W ard et  al. 2015). Moreover, decomposer organisms have been 

found t o adapt  t o lit t er propert ies of part icular plant  species (Ayres et  al. 2009), causing 

accelerat ed decay of lit t er in closer vicinit y t o individuals of t he respect ive species (Veen, 

F reschet , et  al. 2015). T his plant -decomposer int eract ion effect  has been repeat edly 

(HF A; e.g. Gholz et  al. 2000), but  it s 

applicabilit y beyond forest  ecosyst ems has yet  been rarely st udied (Veen, F reschet , et  al. 

2015; but  see Veen, Sundqvist , et  al. 2015). 

Besides veget at ion, composit ion of t he decomposer communit y poses anot her crucial 

cont rol of decomposit ion processes (Hät t enschwiler et  al. 2005), alt hough it  is regarded 

t o be of minor import ance compared t o t he abiot ic environment  and lit t er qualit y 

charact erist ics (Coût eaux et  al. 1995; Aert s 1997; Gavazov 2010). Soil organisms of 

numerous size classes and phylogenet ic groups break down dead mat erial in a cascading 

syst em. Microorganisms, i.e. fungi and bact eria, represent ing t he most  abundant  group 

of decomposers in alpine regions (Schinner 1982), use ext racellular enzymes eit her released 

int o t heir surroundings or at t ached t o t he cell surface t o access carbohydrat es from 

organic mat t er (Burns 1982; Berg & McClaughert y 2014). However, microbial communit y 

composit ion is highly variable bet ween sit es in response t o local abiot ic condit ions and 

soil propert ies. F or inst ance, Sundqvist  et  al. (2011) showed subst ant ial differences in 
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bot h t he rat io of fungal:bact erial abundance as well as t he composit ion of bot h groups 

separat ely bet ween differing veget at ion t ypes, moist ure and t emperat ure condit ions in 

subarct ic t undra. T hus, bot h small- and large-scale environment al variat ion may 

subst ant ially alt er decomposer communit ies and decomposit ion pat t erns. 

 

ALPINE DECOMPOSITION IN A CHANGING CLIMATE 

T he likely posit ive feedback of decomposit ion processes t o global at mospheric warming, 

which is mainly caused by r ising concent rat ions of greenhouse gases (GHG) like CO 2 or 

met hane (CH4) (IP CC 2014), est  in 

decomposit ion processes over t he past  decades. Increased decomposer act ivit y result s in 

elevat ed carbon effluxes from soils t o t he at mosphere (Schleser 1982; Raich & Schlesinger 

1992; Davidson & J anssens 2006; Bond-Lambert y & T homson 2010; Hagedorn et  al. 

2010), t hereby inducing a self-enhancing loop by accumulat ion of GHG in t he at mosphere. 

T his development  might  t urn out  especially st rong in high-alt it ude regions as cold 

ecosyst ems are expect ed t o face comparat ively high rat es of warming (Lloyd & T aylor 

1994; P auli et  al. 2005; P epin et  al. 2015). However, besides t he observed rapid warming 

in alpine areas (e.g. Rebet ez & Reinhard 2008), also profound alt erat ions in hydrological 

regimes are expect ed. F or t he European Alps, t his is likely t o result  in an overall decrease 

of soil moist ure availabilit y (Benist on 2009), leading t o a reduct ion of decomposit ion rat es 

which might  at  least  part ly count eract  accelerat ing warming effect s (Aert s 2006; Gavazov 

2010). T hus, project ions on t he overall out come of t he changing alpine environment  on 

decomposit ion processes are st ill uncert ain due t o t he lack of empirical dat a. 

In addit ion t o t hese abiot ic influences, also changes in plant  communit y composit ion 

and veget at ion st ruct ure will most  likely alt er alpine decomposit ion regimes, and shift s 

in belowground processes are likewise expect ed t o feed back on veget at ion. Uphill 

migrat ion wit h rising t emperat ures has been det ect ed in numerous alpine species (e.g. 

Grabherr et  al. 1995; Keller et  al. 2000; Got t fried et  al. 2012) . However, shift s are not  

appearing uniformly across communit ies but  rat her depend on species-specific t olerance, 
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resist ance, adapt ive pot ent ial, and int eract ions, t hus subst ant ial changes might  occur in 

communit y st ruct ures and composit ion as well as ecosyst em processes (P auli et  al. 2005; 

Kardol et  al. 2010). Specifically, rept ant  deciduous shrubs have been assigned a key role 

under warmer alpine t emperat ures (Gavazov 2010), and observat ions in t he European 

Alps have recorded an increase in relat ive abundance of deciduous shrubs compared t o 

ot her funct ional groups (Cannone et  al. 2007). T his is likely t o result  in ret arded leaf 

lit t er t urnover (Cornelissen et  al. 2007; Cornwell et  al. 2008). A similar effect  has been 

proposed for t he relat ive expansion of graminoids at  t he expense of forb veget at ion in 

alpine regions (Gavazov 2010, A. Kulonen unpubl.), again slowing decomposit ion rat es 

due t o lower relat ive decomposabilit y (Cornelissen 1996). Along wit h such denser 

veget at ion st ruct ure, increased shading might  lower soil t emperat ures (Myers-Smit h et  

al. 2011), adding t o t he negat ive feedback on decomposit ion rat es. T his might  in t urn 

furt her decelerat e nut rient  cycling and ret ard t ransit ion of species adapt ed t o warmer 

climat e and higher nut rient  levels. On t he ot her hand, during wint er, higher shrub 

densit ies are likely t o increase snow dept h and subsequent ly soil t emperat ures, t hus 

int ensifying soil microbial and decomposer act ivit y (St urm et  al. 2005). However, on t he 

whole, empirical knowledge on species shift  effect s on alpine decay processes as well as 

plant -soil int eract ion effect s on plant  communit ies in general is st ill scarce (Van der 

P ut t en et  al. 2013). 

 

TOWARDS A LARGE-SCALE DECOMPOSITION PICTURE 

Despit e lit t er decomposit ion being a process of major ecological relevance, so far only 

few st udies have examined decomposit ion pat t erns on an int er-cont inent al and/ or int er-

biome scale wit hin t he same experiment al framework (Berg et  al. 1993; P art on et  al. 

2007). In addit ion, lit t er bags have been a widely used and acknowledged met hod in leaf 

lit t er decay experiment s for decades (e.g. W ieder & Lang 1982), but  a st andardised and 

high-resolut ion approach has long been missing (Bonan et  al. 2013).  
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Aiming t o fill t his gap, Keuskamp et  al. (2013) int roduced t he T ea Bag Index (T BI) 

met hod based on commercially available t ea packed in nylon mesh bags. T his cost -

efficient , low-effort  and ubiquit ously applicable approach follows an easy prot ocol and 

can pot ent ially serve t o creat e a global and precise set  of decomposit ion dat a from all 

biomes. Specifically, green and rooibos t ea are being used as model labile and recalcit rant  

lit t er fract ions, respect ively, and decomposit ion is assumed t o follow a negat ive 

exponent ial decay funct ion wit h t he labile fract ion decomposing at  higher rat e over 

short er t ime and t he recalcit rant  fract ion decomposing at  lower rat e over a longer period 

of t ime (W ieder & Lang 1982). Hydrolysable fract ions of bot h t ea t ypes are const ant  and 

det ermined via laborat ory analyses as t he sum of non-polar ext ract able fract ion, wat er 

and acid soluble fract ion. Aft er incubat ion, decomposit ion rat es of a pair of green/ rooibos 

t ea are being relat ed t o t heir respect ive pot ent ially decomposable fract ion as well as lengt h 

of incubat ion period, result ing in a st abilisat ion fact or S  defined by  

� =  1 −  ���� 

wit h decomposed fract ion �� and hydrolysable fract ion �� of green t ea. T he 

st abilizat ion fact or t hus represent s t he relat ive amount  of t he labile lit t er fract ion having 

decomposed under t he influence of environment al fact ors. F rom here, predict ed labile 

fract ion of rooibos t ea �� can be calculat ed as  

��  =  ��  ·  ሺ1 −  �ሻ  =  ��  ·  ���� 

wit h hydrolysable fract ion of rooibos t ea ��, assuming t hat  environment  is t he only 

fact or influencing t he relat ion of pot ent ially (�) and act ually (�) decomposed fract ions. 

Incorporat ing t he remaining fract ion of rooibos t ea �ሺ�ሻ aft er incubat ion t ime �, 

decomposit ion rat e � can be calculat ed from t he negat ive exponent ial decay funct ion 

�ሺ�ሻ  =  ���−�� + ሺ1 −  ��ሻ 

as 

� =  − ln ቀ�ሺ�ሻ − ሺ1− ��ሻ�� ቁ ·  �−1. 
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Keuskamp et  al. (2013) already demonst rat ed applicabilit y of t he method in a variet y 

of biomes. By applying T BI, t he T EACOMP OSIT ION net work aims t o acquire comparable 

decomposit ion dat a from mount ain summit s all over t he world, so far involving 

researchers from 15 count ries on four cont inent s. It  builds on t he GLORIA init iat ive, a 

global-scale program for long-t erm monitoring of alpine summit  flora (P auli et  al. 2005), 

and includes incubat ion of t ea over t ime periods of one, t wo, and t hree years following a 

st andardised prot ocol. T he init iat ive t hus assesses mid- and long-t erm decomposit ion 

pat t erns in order t o (i) shape t he pict ure of bot h large-scale C dynamics and st orage, and 

(ii) quant ify t he impact  of climat ic and sit e-specific drivers of lit t er decay (I. Djukic, pers. 

comm.). 

 

HYPOTHESES 

T he present  st udy aimed at  quant ifying decomposit ion processes in a high-alpine 

environment  over a single growing season, t aking int o account  variat ion in several abiot ic 

and biot ic paramet ers. Slight ly modifying t he T EACOMP OSIT ION met hod, lit t er bags were 

buried in t he east ern Swiss Alps on six summit s each represent ing a unique combinat ion 

of one out  of two bedrock t ypes (gneiss or dolomit e) and one out  of t hree alt it udinal levels 

(bet ween approx. 2400 and 2800 m.a.s.l.). Incubat ion t ime was bet ween approx. two and 

t hree mont hs depending on elevat ion, resembling short er growing season lengt h in high-

elevat ion sit es. On every summit , one plot  was est ablished in each of t he four main 

aspect s. T o evaluat e represent at iveness of t he t ea bag approach for nat ural decomposit ion 

in t he high-alpine zone (Keuskamp et  al. 2013), leaf lit t er of two local species (A nthyllis 

vulneraria subsp. alpestris and Dryas octopetala) was incubat ed alongside green and 

rooibos t ea bags. Decomposit ion impact  was measured as t he remaining fract ion of init ial 

lit t er mass, hypot hesising t hat  (i) warmer (i.e. east ern and sout hern) aspect s or low-

elevat ion summit s, respect ively, would show lower remaining lit t er mass and higher k 

values t han colder sit es, (ii) gneiss bedrock sit es would have lower remaining lit t er mass 

and higher k values t han dolomit ic sit es, (iii) remaining lit t er mass would be lower for 

A nthyllis and green t ea t han for Dryas and rooibos t ea, and (iv) remaining lit t er mass 
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would be lower for A nthyllis and Dryas, respect ively, in closer vicinit y of individuals from 

t he same species.  

In addit ion, looking more closely at  t he influence of t emperat ure and microflora 

composit ion on t he decomposit ion process, a mesocosm experiment  was conduct ed 

incubat ing lit t er bags in st andard soil inoculat ed wit h ext ract s of soil from t he six summit s 

t o enable microflora t ransfer at  t wo sit es of cont rast ing elevat ion, and a cont rol t reat ment . 

Remaining lit t er mass was expect ed t o be (v) generally lower in inoculat ed compared t o 

cont rol t reat ment s, (vi) lower in t he warmer (low-elevat ion) sit e, and (vii) less different  

bet ween soil t reat ment s at  t he high- compared t o t he low-elevat ion sit e. 
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Mat erial and Met hods 

LITTER PREPARATION 

F our t ypes of lit t er were used in t he st udy. F irst ly, a

commercially available green t ea and rooibos t ea (Lipt on, Unilever) were employed. Green 

t ea consist s of 89 % green t ea and 11 % nat ural flavouring; rooibos t ea consist s of 93 % 

rooibos needles and 7 % flavouring (Keuskamp et  al. 2013). Bot h were packed in synt het ic 

bags of t et rahedron shape wit h 250 µm mesh size. T hese t wo t ypes of t ea have been 

shown t o differ in lit t er qualit y, as green t ea was decomposed relat ively fast  while rooibos 

t ea proved rat her slow decomposit ion rat es (Keuskamp et  al. 2013). In addit ion, 

 

subst rat e, since local decomposing organisms are likely t o be more familiar wit h lit t er of 

species nat ive t o t he st udy area. T hus, leaves of t wo alpine species were collect ed from 

local populat ions in t he Sert ig valley near Davos, Grisons, Swit zerland. Lit t er species 

were chosen based on t heir leaf t rait s in order t o represent  a st rong cont rast  in 

decomposabilit y, similar t o green t ea and rooibos (Keuskamp et  al. 2013). Specifically, 

fresh leaves of A nthyllis vulneraria subsp. alpestris (SCHULT .)  ASCH. & GRAEBN. (furt her 

referred t o as A nthyllis) are expect ed t o decompose rat her easily, while senesced, previous-

year leaves of Dryas octopetala L. (from here referred t o as Dryas) should represent  a 

rat her recalcit rant  t ype of lit t er. Aft er collect ion, leaves were dried t o const ant  weight  

and filled int o original Lipt on t ea bags which had been cut  open and empt ied before. 

F inally, t he synt het ic t ea bags were re-sealed using a soldering iron. All lit t er bags were 

t hen dried at  70 °C for 48 hours and weighed individually prior t o incubat ion. In addit ion, 

t hree subsamples were t aken from every lit t er t ype for analysis of C and N cont ent . 
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STUDY SITES 

T he field st udy was conduct ed on six summit s in t he Engadin area in t he Swiss and 

It alian Alps (T able 1), five of which have been monit ored wit hin t he GLORIA research 

net work (P auli et  al. 2005; Scheurer et  al. 2013). Lit t er bags were buried bet ween approx. 

2400 and 2800 m.a.s.l. in t he alpine t undra zone in sit es wit h t reeless veget at ion and 

shallow soils feat uring low organic mat t er cont ent . T he summit s each combined one out  

of t hree elevat ion levels (low ≈ 2430 m /  mid ≈ 2530 m /  high ≈ 2800 m) and one out  of 

t wo bedrock t ypes (dolomit e or gneiss). T o explore t he influence of aspect -relat ed, local-

scale microclimat ic differences on t he decomposit ion process, plot s were est ablished in all 

main aspect s of t he summit s, i.e. east , sout h, west , and nort h, approx. 10 alt it udinal 

met ers below t he mountaint op. Exact  plot  posit ion varied in some cases due t o local relief 

st ruct ures. 

 

 

T able  1: Location, elevation, and predom inant bedrock characteristics of the study sites around the Engadin  

valley in  the South-Eastern Swiss A lps and N orthern Italy. 

 

N am e Posit ion  
Elevation 

[m .a.s.l.] 

E levation 

level 

B edrock 

type 

Mot  sper la Chamonna Sesvenna  
46°44’07.845ƎN  

10°25’42.499ƎE 
        2424     low gneiss 

Munt  Buffalora  
46°38ƍ26.271ƎN 

10°14ƍ17.473ƎE 
        2437     low dolomit e 

Minschuns 
46°38ƍ43.301ƎN 

10°20ƍ16.080ƎE 
        2519     mid gneiss 

Munt  Chavagl 
46°38ƍ38.797ƎN 

10°14ƍ02.243ƎE 
        2542     mid dolomit e 

Mot  dal Gajer 
46°41ƍ39.939ƎN 

10°19ƍ51.215ƎE 
        2797     h igh gneiss 

Ils Cuogns (secondary) 
46°42ƍ55.777ƎN  

10°10ƍ15.499ƎE 
        2812     h igh dolomit e 
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PLOT DESIGN AND BURIAL OF SAMPLES 

In each main aspect  of t he six summit s a plot  of 1 ×  0.3 m was est ablished in a pat ch 

wit h veget at ion t hat  was largely homogenous and represent at ive for t he local sit uat ion. 

T hree bags of each lit t er t ype were buried wit hin each plot , summing up t o 12 bags per 

plot  and, over all summit s, a t ot al of 288 samples. T he lit t er bags were arranged in a 

4 ×  3 grid wit h approx. 10 cm vert ical and 30 cm horizont al dist ance from each ot her. 

P osit ioning was randomized wit hin t he grid, wit h no lit t er t ype occurring t wice in t he 

same line or column. Bags were inst alled in 2 cm dept h t o ensure biot ic act ivit y and also 

impact  of abiot ic decomposit ion agent s. Moreover, leaf lit t er represent s a  subst rat e from 

t he early st ages of decomposit ion which is nat urally processed close t o t he surface. 

P osit ioning of lit t er bags was not ed and GP S coordinat es were recorded for t he plot s. 

 

ABIOTIC AND BIOTIC FACTORS 

Soil t emperat ure was recorded every t hree hours t hroughout  t he incubat ion phase 

using iBut t on t emperat ure loggers (Maxim Int egrat ed Inc., San J ose, CA, USA), one of 

which was buried bet ween t wo columns of lit t er bags wit hin a plot  (i.e., t hree loggers in 

a plot ). Slope angle was recorded in each plot  since it  has profound impact  on wat er 

runoff dynamics, and soil dept h was measured t o assess t he ext ent  of soil format ion 

hist ory and sit e underground act ivit y using a 30 cm iron nail. Signs of ant hropogenic or 

animal dist urbance were not ed down bot h at  inst allat ion and ret rieval of t he experiment . 

In addit ion, veget at ion t ype and plant  communit y composit ion were recorded wit hin 

a 1.7 ×  1 m square around each plot  (i.e., in 0.35 m dist ance t o t he plot  boundaries). 

T his should assist  in det ermining possible presence or absence effect s of part icular species, 

especially of t he t wo t hat  are being used as autocht honous lit t er. Veget at ion surveys were 

conduct ed before t he st art  of incubat ions and verified upon ret rieval of t he lit t er bags, 

including det erminat ion of t he species present  and cover est imat ions of species as well as 

t ot al vascular plant s. Moreover, canopy height  was measured at  5 random locat ions 

wit hin t he plot  and averaged. 
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T o assess pot ent ial HF A pat t erns in decomposit ion of A nthyllis and Dryas lit t er, 

dist ance of individuals of t he respect ive species from t he plot  was recorded on a 5-level 

ranking scale (1  species occurring wit hin t he plot ; 2  species present  wit hin 2 m dist ance 

from t he plot  cent re; 3  species occurring wit hin 10 m dist ance from the plot  cent re; 4  

species occurring in t he summit  area, but  out side a 10 m radius around t he plot ; 5  

species not  present  in t he summit  area). 

 

CHEMICAL ANALYSES OF LITTER AND SOIL 

T o obt ain lit t er C and N cont ent s, 3 dried samples of every lit t er t ype were ground in 

a pebble mill and t ransferred int o zinc saggars (approx. 4 mg per sample). F or soil 

analyses, t hree soil samples per plot  were t aken at  inst allat ion of t he bags t o det ermine 

soil moist ure as well as physical and chemical sit e propert ies. Samples were st ored in 

plast ic bags at  3 °C unt il furt her processing. F or det erminat ion of gravimet ric soil 

moist ure and bulk densit y, small cubic subsamples were cut  out  and dimensions of cubes 

were not ed. F resh weight  was recorded before drying at  105 °C for 48 hours, and finally 

dry weight  was measured direct ly aft er ret rieval from t he drying oven. T o obt ain soil N 

and C cont ent , plant  part s and st ones were sort ed out  from t he original samples which 

were t hen homogenized, sieved t hrough a 2 mm mesh and dried at  60 °C for 10 hours. 

T he soil was t hen ground wit h a pebble mill and approx. 25 mg of ground soil per sample 

were t ransferred int o zinc saggars. C and N cont ent  of bot h lit t er and soil samples was 

det ermined separat ely wit h a NC2500 E lement al Analyser (CE Inst rument s Lt d, W igan, 

U.K.). 

 

POST-INCUBATION PHASE 

Lit t er bags were ret rieved between 72 and 85 days aft er t he st art  of incubat ion. Six 

bags were lost  during t he incubat ion period, presumably due t o animal act ivit y, e.g. of 

foxes or chamois (C. Rixen, pers. comm.). Bags were t ransferred t o t he lab, cleaned from 

remaining soil wit h a paint brush, and dried at  70 °C for 48 hours. One paper bag per 
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sample was prepared, labelled and weighed empt y. Aft er drying, lit t er bags were cut  open 

and t he remaining lit t er was t ransferred t o t he paper bag which was t hen weighed again. 

Since some bags had been heavily penet rat ed by root s, root  penet rat ion was recorded on 

a four-level ranking scale (0  no root s; 1  few, small root s on t he out side or easy t o 

remove; 2  many root s, also inside t he bag, but  probably all removable; 3  heavy 

presence of root s on t he out side and inside, some small fragment s might  have remained 

bet ween t he remaining lit t er). T he surface of empt y nylon bags was scrat ched clean using 

a razorblade t o remove root s and soil before weighing t he bag including st ring and label 

 

st ring or label had been lost  during t he incubat ion phase, a mean weight  of st ring +  label 

of ot her t ea bags was inst ead added t o t he empt y bag weight . Dat a of two Dryas samples 

was removed from analyses because values for remaining lit t er mass exceeded init ial 

weight . In addit ion, dat a of one A nthyllis sample was removed because of heavy infect ion 

wit h larvae. 

 

MESOCOSM EXPERIMENT 

In order t o t est  for t he effect  of t emperat ure and microbial communit y composit ion on 

decomposit ion dynamics, addit ional lit t er bags were incubat ed in t ransparent  250 ml 

polyet hylene bot t les buried at  two alt it udinal belt s in F lüela valley near Davos, Grisons, 

Swit zerland. T he lower sit e was locat ed in a flat  grassland pat ch in Davos (1560 m.a.s.l.). 

T he high-elevat ion sit e was set  up on a gent ly inclined, east -facing ridge wit h alpine heat h 

veget at ion close t o F lüela P ass (2390 m.a.s.l.). 

T here were seven different  t reat ment s of soils, six of which had been inoculat ed wit h 

an aqueous suspension of soil from one of t he field st udy summit s, following t he prot ocol 

of van de Voorde et  al. (2012), and one cont rol t reat ment  t hat  had received t he same 

amount  of deionised wat er inst ead. T hree replicat es of each of t he four lit t er species were 

combined wit h every inoculum t ype, result ing in 84 containers per elevat ion. Each 

cont ainer received 125 g of soil, t hen one lit t er bag and finally anot her 125 g of soil were 
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added. In addit ion, t hree randomly select ed bot t les per elevat ion received one iBut t on 

t emperat ure logger for hourly t emperat ure recording. Soils were wat ered t o field capacit y 

before t he cont ainers were sealed in order t o avoid cont aminat ion and buried in a 14 ×  6 

grid wit h approx. 10 cm dist ance between bot t les. P osit ioning of bot t les was randomised 

and recorded as a pot ent ially obscuring fact or due t o e.g. higher irradiat ion influence 

-bot t le dist ance t o t he edge, 28 bot t les per plot ), 

 

during t he incubat ion period t hey could be removed for a short  t ime once a week in order 

t o enable gas exchange and supply wit h fresh air. Between opening event s, all bot t les 

were covered wit h a t hin whit e fleece t o enhance reflect ivit y and prevent  ext reme heat ing 

by solar irradiat ion. In t he lower sit e, veget at ion bet ween containers was removed twice 

over t he course of t he experiment  t o avoid irregular shading effect s and damage of t he 

cover. In t he upper plot , t he fleece was removed once by grazing cat t le, but  no ot her 

impact  was observed and t he plot  was fenced elect rically hereaft er.  

71 days aft er burial, all cont ainers were t ransferred back t o t he lab and st ored at  3 °C 

unt il furt her analyses. P re- and post -incubat ion processing of lit t er and bags were 

analogue t o t he field incubat ion st udy. 

 

STATISTICAL ANALYSES 

All dat a processing, explorat ion and analyses was conduct ed using R v3.3.1 (R Core 

T eam 2016). 

T emperat ure dat a for every logger was averaged over t he growing season, excluding 

t he respect ive days of burial and ret rieval. F rom t hese, mean plot  t emperat ures were 

calculat ed, which were t hen used for det erminat ion of mean t emperat ures per aspect  and 

summit . A t hree-way Analysis Of Variance (ANOVA) was applied t o t est  for differences 

and int eract ion pat t erns bet ween aspect s, elevat ion levels, and bedrock t ypes. 

T emperat ure dat a from t he mesocosm experiment  was t reat ed similarly, calculat ing mean 
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t emperat ures over t he burial period for loggers at  bot h sit es and t est ing for differences 

using a two-sample t -t est . Dat a from one logger in t he lower sit e could not  be ext ract ed. 

Lit t er chemical composit ion (i.e., carbon t o nit rogen cont ent  rat io) was averaged by 

lit t er t ype and analysed using a one-way ANOVA. 

Magnit ude of decomposit ion was generally measured as remaining lit t er mass relat ive 

t o init ial lit t er mass of each bag. Since t he summit s used for t he experiment  represent  a 

subsample of all t he mount ain t ops t heoret ically available in t he area, summit  was t reat ed 

as a random factor. T hus, a Linear Mixed Effect  Model ( lm e funct ion from t he nlme 

package; P inheiro et  al. 2016) was applied, with bedrock, aspect , level of elevat ion, and 

lit t er t ype as fixed fact ors (in order of ascending import ance according t o hypot heses) t o 

explain decomposit ion pat t erns. Sit e- and plot -specific measurement s describing abiot ic 

and biot ic influences were t est ed for correlat ion pat t erns. As a result , soil dept h and root  

penet rat ion were included int o t he model as addit ional covariat es since t hey were 

expect ed t o explain addit ional part s of t he model variance.  

T o increase model simplicit y, a model select ion process was applied based on minimum 

AIC and using t he stepA IC funct ion of t he MASS package (Venables & Ripley 2002) which 

excluded t he covariat es soil dept h and root  penet rat ion from t he model. Specific effect s 

of fact ors and int eract ions were t est ed using a full-fact orial T ype III ANOVA (A nova 

funct ion from t he car package; F ox & W eisberg 2011). 

F or rooibos and green t ea lit t er from t he field st udy, t ea bag index (T BI) values were 

calculat ed following t he met hod present ed by Keuskamp et  al. (2013) t o enable st raight  

comparison of t he experiment  result s wit h previous st udies as well as evaluat ion of t he 

experiment al set up. Regarding t he model, t ea bag index values were analysed analogous 

t o decomposit ion dat a, wit h lit t er t ype being redundant  in t his case. Model select ion 

removed t he int eract ion t erm bet ween aspect  and bedrock. 

F or t he mesocosm experiment , random posit ioning in t he plot s was correct ed for by 

performing a One-way ANOVA wit h posit ion as fixed factor. Residuals from t his model 
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were t hen used for a T hree-way ANOVA t est ing for effect s of soil t reat ment , incubat ion 

sit e, and lit t er t ype.  

P lant  communit y composit ion of t he plot s was compared using a Non-Met ric 

Mult idimensional Scaling (NMDS) analysis based on Raup-Crick dissimilarit y index 

(Raup & Crick 1979). NMDS was applied by t he m etaMDS  funct ion from vegan package 

(Oksanen et  al. 2016). St at ist ical comparison of veget at ion composit ion between plot s 

was conduct ed by a permut at ional mult ivariat e ANOVA (P ERMANOVA, (Anderson 2001), 

applying t he adonis funct ion from vegan. Bedrock t ype, level of elevat ion and aspect  were 

used as fixed fact ors. 

In order t o obt ain a measurement  for specific veget at ion charact erist ics wit hin each 

plot , indicat or values ext ract ed from Landolt  et  al. (2010) were assigned t o each species. 

Represent at ive indicat or values R  (react ion number) and T  (t emperat ure number) were 

t hen calculat ed for each plant  communit y using weight ed averages based on relat ive 

species cover wit hin a plot . Linear regressions were performed t o look for immediat e 

influence of veget at ion on decomposit ion pat t erns. 

T o t est  for a pot ent ial Home F ield Advantage effect  (sensu  Gholz et  al. 2000), 

decomposit ion dat a of A nthyllis and Dryas lit t er were analysed for each species in two 

separat e Linear Mixed Effect  Models wit h dist ance class as fixed and summit  as random 

fact or.  

P ost -hoc t est s on ANOVAs were performed using pairwise t -t est  comparisons wit h p-

value adjust ment  for reduct ion of T ype I-error following Benjamini & Hochberg (1995). 

Significance level was defined as α =  0.05. 
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Result s 

 

All relat ive and percent age values 

in t he result s sect ion refer t o relat ive 

and not  absolut e differences bet ween 

response mean values, one of t hem 

serving as baseline, in order t o point  

out  t he effect  of t he respect ive 

t reat ment  or fact or. 

 

LIT T ER CHEMICAL COMP OSIT ION 

Lit t er t ypes differed great ly in C:N rat io, with lowest  mean value for A nthyllis, a 

similarly small value for green t ea, more t han a 3.5-fold value for rooibos t ea and an even 

higher rat io for Dryas lit t er (One-way 

ANOVA, df= 3, F = 22037, p< 0.001; 

F ig. 1).  

 

FIELD INCUBATION EXPERIMENT 

Environm ental and site-specific 

covariates 

Mean growing season soil t emperat ures 

were highest  at  low elevat ion, slight ly 

lower in mid- and significant ly lower in 

high alt it udes (T able 2, F ig. 2) 

result ing in a difference of 1.9 °C 

bet ween low- and high-elevat ion mean 

source of 

variation  
df  M SQ  F  p 

aspect  3 29.8 332.1 < 0.001  

elevat ion level 2 24.7 275.1 < 0.001  

bedrock 1 4.6 50.7 < 0.001  

aspect  ×  

elevat ion  
6 0.5 5.7 < 0.001  

aspect  ×  

bedrock 
3 2.6 29.4 < 0.001  

elevat ion ×  

bedrock 
2 4.0 45.0 < 0.001  

aspect  ×  

elevat ion   ×  

bedrock 

6 1.0 11.6 < 0.001  

Residuals 44 0.1     

F igure  1: M ean (±  1 SE) C:N  content ratios in 

different litter types (A : A nthyllis, D: Dryas, G: green 

tea, R : rooibos tea) ..  Different letters over bars 

indicate significant differences as reported by One-

way A N OV A . 

T able  2: R esults of T hree-way A N OV A  testing on 

tem perature differences between levels of experim ent 

factors. B old values indicate significant differences.  
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values and an average lapse rat e of 0.51 °C /  100 m elevat ion. T emperat ure varied even 

st ronger bet ween aspect s (F ig. 2), wit h sout hern plot s being generally between 2.54 °C 

and 3.07 °C warmer t han nort hern sit es and largest  variat ion at  high alt it udes (T able 2, 

F ig. 3). Sit es on gneiss bedrock were on average 0.48 °C colder t han on dolomit ic 

subst rat e, t his difference being largest  bet ween low-elevat ion summit s (T able 2, F ig. S1). 

Addit ionally, variat ion bet ween individual exposures was less pronounced on gneissic 

subst rat es, and, as indicat ed by t he significant  t hree-way int eract ion, t emperat ure 

variat ion between aspect s differed considerably bet ween summit s (T able 2). 

On gneissic summit s, significant ly st eeper slopes, higher soil moist ure as well as lower 

C:N rat io, higher canopy, and higher vascular plant  cover were observed t han at  sit es 

wit h dolomit e bedrock (T able 3). Also, soils were slight ly, t hough not  significant ly, 

shallower on dolomit ic summit s (T able 3). Sout h exposed plot s had significant ly higher 

canopy t han nort hern sit es, wit h east - and west -exposed plot s ranging in between 

(T able 3), but  ot her covariat es did not  differ significant ly between aspect s (T able 3). 

F inally, soil moist ure and dept h as well as vascular plant  cover decreased significant ly 

t owards higher elevat ions, yet  ot her covariat es did not  show significant  differences 

bet ween alt it ude levels (T able 3).

F igure  2: M ean soil tem peratures over 

incubation period in  response to elevation 

(horizontal lines)  and slope aspect (bars) . 

Different letters over bars indicate significant 

differences as reported by One-way A N OV A . 

F igure  3: M ean differences in  soil tem peratures 

between aspects on each elevation level. 
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T able  3: R esults of A N OV A  testing for factor in fluences on abiotic and vegetation characteristics in  plots. Different superscript letters indicate significant differences. 

B old values indicate significant differences.  

factor level 

 plot param eters  vegetation param eters 

 slope [°] 
 

soil depth [cm ] 
 soil m oisture   

[g /  g soil] 

 
soil C:N   

canopy height 

[cm ] 

 vascular plant 

cover [%] 

 
species num ber 

 

 m ean SE   m ean SE   m ean SE   m ean SE   m ean SE   m ean SE   m ean SE   

b
ed

ro
ck

 

ty
p

e 

gneiss  28 .88 A  2.03  16.79A 2.17  0 .82 A  0.11  13 .66 A  0.31  6 .67 A  0.86  75 .03 A  6.61  22 .92 A  3.02  

dolomit e  20 .17 B  1.56  14.38A 1.68  0 .34 B  0.03  44 .81 B  8.83  2 .93 B  0.60  49 .55 B  9.41  8 .58 B  1.02  

as
p

ec
t 

E  25.67A 3.55  18.83A 3.35  0.48A 0.04  26.09A 6.72  5 .30 A B  1.54  25.67A 3.55  18.33A 4.67  

S  25.50A 3.68  16.42A 2.11  0.56A 0.06  17.46A 1.52  7 .37 A  1.04  25.50A 3.68  18.33A 5.74  

W   26.25A 3.02  12.58A 1.94  0.51A 0.12  22.96A 6.07  3 .88 A B  1.09  26.25A 3.02  12.67A 3.69  

N  20.67A 2.17  14.50A 3.25  0.73A 0.21  28.13A 6.02  2 .65 B  0.73  20.67A 2.17  13.67A 3.46  

el
ev

at
io

n
 l

ev
el

 low  22.75A 2.59  16 .50 A B  2.10  0 .92 A  0.15  19.54A 2.37  4.71A 0.81  81 .29 A  5.61  22 .25 A  4.32  

mid  24.00A 2.44  19 .13 A  2.27  0 .50 B  0.07  45.51A 12.65  5.16A 1.12  65 .29 A B  9.86  15 .88 A B  3.53  

high  26.81A 3.11  11 .13 B  2.01  0 .32 B  0.04  22.65A 5.17  4.53A 1.46  40 .30 B  11.44  9 .13 B  1.60  



26 
 

 

source of variation  df ²  p  source of variation  df ²  p 

bedrock 1 4.12 0 .042   lit t er t ype ×  bedrock 3 8.48 0 .037  

aspect  3 3.75 0.290  lit t er t ype ×  aspect  9 18.13 0 .033  

elevat ion level 2 5.76 0.056  lit t er t ype ×  elevat ion  6 23.85 < 0.001  

lit t er t ype 3 1042.96 < 0.001  
 lit t er t ype ×  aspect        

×  bedrock 
9 23.90 < 0.01  

bedrock ×  aspect  3 12.45 < 0.01  
 lit t er t ype ×  aspect        

×  elevat ion 
18 48.76 < 0.001  

aspect  ×  elevat ion  6 9.98 0.125       

(D) 

(B) (A) 

(C) 

F igure  4: M ean (±  1 SE)  proportional rem aining litter m ass (A )  in  litter types (A : A nthyllis,  D: Dryas, 

G: green tea, R : rooibos tea) , (B ) between contrasting bedrock types, (C)  on different elevation levels 

( low ≈ 2430m , m id ≈ 2530m , high ≈ 2800m ), and (D)  in response to slope aspects.  

T able  4: A NOV A  results of a L inear M ixed-effects M odel testing on differences in  decom position between 

levels of experim ent factors in  sum m it-soil incubations. B old p values indicate significant differences.  
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Decom position patterns  

Overall lit t er mass loss was highly different  bet ween lit t er t ypes (T able 4, F ig. 4A). 

Decomposit ion was most  int ense for A nthyllis leaves, wit h remaining lit t er mass being 

23 % higher for green t ea, 117 % higher for rooibos t ea, and 152 % higher for Dryas leaves 

(F ig. 4A). Consequent ly, remaining lit t er mass was on average 110 % higher for 

recalcit rant  lit t er species (rooibos t ea, Dryas) t han for easily decomposable t ypes (green 

t ea, A nthyllis; F ig. 4A). In addit ion, mean decomposit ion was significant ly and by 6 % 

fast er at  sit es wit h gneiss bedrock t han wit h dolomit ic parent  mat erial (T able 4, F ig. 4B). 

T here was also a t rend of slower decomposit ion at  high alt it udes compared t o mid-

elevat ion sit es, wit h no considerable difference t o low-alt it ude summit s (T able 4, F ig. 4C). 

Overall decomposit ion pat t erns did not  differ significant ly bet ween aspect s (T able 4, 

F ig. 4D). Lit t er mass loss did, however, vary different ly bet ween aspect s on t he two 

bedrocks, wit h dolomit e plot s showing relat ively higher remaining lit t er mass in east ern  

plot s and lower remaining mass in west ern plot s compared t o t heir respect ive gneissic 

equivalent s (T able 4, F ig. S2). In addit ion, t he effect s of aspect , bedrock and elevat ion 

source 

of 

variation  

  A nthyllis  

 

 

 

 

 

 

Dryas  green tea  rooibos tea 

df ²  p df ²  p df ²  p  df ²  p 

                      

bedrock 1 3.79 0.052 1 9.60 < 0.01  1 7.60 < 0.01   1 23.68 < 0.001  

aspect  3 3.34 0.342 3 2.39 0.495 3 9.68 0 .021   3 11.44 < 0.01  

elevat ion 

level 
2 5.65 0.059 2 17.74 < 0.001  2 1.54 0.464  2 6.92 0 .031  

aspect  ×  

bedrock 
3 11.24 0 .011  3 1.57 0.666 3 9.59 0 .022   3 1.96 0.580 

aspect  ×  

elevat ion 
6 9.15 0.165 6 7.90 0.245 6 25.58 < 0.001   6 20.34 < 0.01  

T able  5: A N OV A  results of four L inear M ixed-effects M odel testing on differences in  decom position between levels 

of experim ent factors for four litter types separately. B old p values indicate significant differences between factor levels.  
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differed significant ly bet ween lit t er t ypes 

(T able 4). T herefore, separat e models for 

each lit t er t ype were performed.  

Consequent ially, decomposit ion 

responses of individual lit t er t ypes t o 

fact ors were largely divergent . T hough all 

decomposed at  least  marginally signifi-

cant ly slower on dolomit ic t han gneissic 

bedrock (T able 5, F ig. 5A), t he average 

difference was larger for t ea (9.3 %) t han 

local lit t er t ypes (7.6 %). F urt hermore, 

despit e decreasing t emperat ures, decom-

posit ion of lit t er t ypes also react ed 

unequally t o increasing elevat ion, wit h a 

t rend of fast er decomposit ion in local 

lit t er t ypes but  a slowing t rend in t ea 

(F ig. 5B), t hough no significant  differen-

ces bet ween elevat ion levels were de-

t ect ed for green t ea (T able 5). Overall 

following t he observed t emperat ure 

pat t erns, decomposit ion was most  int ense 

in sout hern aspect s for all lit t er t ypes 

(F ig. 5C), but  green t ea was decomposed 

most  slowly in west ern aspect s in 

cont rast  t o nort hern aspect s for t he 

ot hers, and significant  differences were 

det ect ed for t ea only (T able 5, F ig. 5C). 

F urt her, effect s of aspect  on lit t er t ypes 

varied different ly bet ween bedrock t ypes 

(T able 5). Specifically, decomposit ion in 

F igure  5: M ean (±  1 SE)  proportional rem aining 

litter m ass in  four litter types (A : A nthyllis, 

D: Dryas, G: green tea, R : rooibos tea)  in  response 

to (A )  contrasting bedrock types, (B ) elevation 

levels, and (C)  slope aspects.  S tars above bars 

indicate significant variation to factors as reported 

by A N OV A s of a separate L inear M ixed M odel for 

each litter type as following: p= 0.05 [(*)], p< 0.05 

[*], p< 0.01 [**], p< 0.001 [***]. 

(C) 

(A) 

(B) 

(*) 

(*) 

** 

** 

** 

*** 

*** 

* 

* 
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west ern plot s on gneiss and dolomit e, respect ively, differed most  for A nthyllis but  least  

for green t ea, and t here was no significant  difference in response for bot h Dryas and 

rooibos t ea (F ig. S3). Moreover, decomposit ion of individual lit t er t ypes in t he four 

aspect s did not  change uniformly wit h elevat ion (T able 5). F or inst ance, green t ea mass 

loss in sout hern aspect s was int ensified wit h alt it ude while t he opposit e t rend occurred 

for rooibos t ea, and no major changes was det ect ed for bot h A nthyllis and Dryas lit t er 

(F ig. S4).  

T ea B ag Index 

Conforming t o general lit t er mass 

loss pat t erns, T BI values for 

decomposit ion rat es k were 

significant ly and by 25.4 % higher on 

summit s wit h gneiss t han dolomit ic 

bedrock (T able 6, F ig. 6A). 

However, inconsist ent ly wit h 

t emperat ure observat ions, mid- and 

high-alt it ude summit s had 

source of variation  df ²  p 

bedrock 1 4.45 0 .035  

aspect  3 7.99 0 .046  

elevat ion level 2 6.10 0 .047  

aspect  ×  elevat ion  6 20.76 < 0.01  

F igure  6: M ean (±  1 SE) T ea B ag Index decom position rates k in  response to (A )  contrasting bedrock 

types, (B )  elevation levels, and (C)  slope aspects.  A N OV A  of a L inear M ixed M odel testing for factor effects 

on decom position rates revealed significant in fluence of all three factors (T able 6).  

T able  6: A N OV A  results of a L inear M ixed-effects 

M odel testing on differences in  T ea B ag Index 

decom position rates between levels of experim ent factors. 

B old p values indicate significant differences between 

respective factor levels.  

(C) (B) (A) 
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significant ly higher k values t han low-elevat ion peaks, and same was t he case for west  

and east  plot s compared t o nort hern sit es (T able 6, F ig. 6B,C). Decomposit ion in t he 

four aspect s also varied considerably bet ween elevat ion levels (T able 6). W hile st rongly 

increasing wit h elevat ion in sout hern aspect  plot s, t he opposit e t rend was visible in 

nort hern sit es, and maximum k was observed on mid-elevat ion summit s for bot h east  and 

west -aspect  plot s, however wit h high variat ion in t he dat a  (F ig. S5). Aspect  effect s did 

not  differ between bedrock t ypes as t he int eract ion t erm was excluded in t he model 

select ion process. 

V egetation patterns 

P lant  community composit ion was 

st rongly influenced by bedrock and 

elevat ion level, t hough not  by aspect  

(T able 7, F ig. 7A,B). NMDS axis 1 

was well explained by bedrock, 

increasing slope and decreasing soil 

C:N rat io as well as low 

decomposit ion impact , while NMDS 

source of 

variation  
df SSQ F p 

bedrock 1 3.209 104.38 < 0.001  

aspect  3 0.117 1.265 0.307 

elevat ion level 2 1.905 30.97 < 0.001  

Residuals 17 0.523   

F igure 7: R esults of N M DS analysis on plant com m unity com position, displayed in  relation to (A )  bedrock, 

aspect,  environm ental variables and decom position rates of the four litter types, and to (B ) bedrock and 

elevational level. 

(B) (A) 

T able  7: R esults of a PER M A N OV A  testing for 

differences in  species com position of plant 

com m unities between levels of experim ent factors. 

B old p values indicate significant differences between 

respective factor levels.  
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axis 2 was best  explained by increasing vascular plant  cover and soil dept h (F ig. 7A). 

Gneiss bedrock favoured acidophilic species (F =  1 or 2) while a subst ant ially differing 

predominance of alkaline species (F =  4 or 5) was found on dolomit ic parent  mat erial 

(F ig. 8). Also, plant  communit y composit ion differed along t he alt it udinal gradient , 

especially on gneissic parent  mat erial (F ig. 7B), wit h increasing relat ive abundance of 

alpine plant  species (T  =  1 or 1.5) while proport ion of subalpine species (T  ≥ 2) was 

considerably reduced wit h elevat ion (F ig. 9).  

However, direct  influence of veget at ion on decomposit ion was subordinat e t o bedrock 

influence. Decomposit ion was significant ly fast er wit h more acidic species in t he 

communit y (F ig. 10A), but  t his effect  was neit her significant  nor uniform across bedrock 

t ypes (F ig. 10B). Moreover, t here was a slight  t rend of fast er decomposit ion wit h less 

alpine species in t he communit ies (F ig. 11A). Such a t endency was visible bot h on 

dolomit ic and on gneissic summit s, but  differences bet ween bedrock t ypes largely 

exceeded effect s of t emperat ure-relat ed communit y composit ion (F ig. 11B). However, for 

all cases t here was great  uncert aint y in t he dat a (F ig. 10,11).  

 

F igure  8: Sum m it plant com m unity com position as 

indicated by occurrence of indicator values R  on 

sum m its with contrasting parent m aterial. Low R  

values indicate species favouring acidic conditions, 

high values represent m ore alkaline species. 

F igure  9: Sum m it plant com m unity com position as 

indicated by occurrence of indicator values T  along 

different altitudes. Low T  values indicate alpine taxa, 

high values represent m ore therm ophilous species. 
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F igure  10: Linear regression analysis on the effect of plant com m unity com position (as represented by 

ning litter m ass in  each plot (N= 24) . 

A nalysis was conducted (A )  for all plots com bined, and (B )  separately for plots with gneissic (red)  or 

dolom itic (blue)  bedrock. Grey areas indicate standard errors.  

F igure  11: Linear regression analysis on the effect of plant com m unity  com position (as represented by 

A nalysis was conducted (A )  for all plots com bined, and (B )  separately for plots with gneissic (red)  or 

dolom itic (blue)  bedrock. Grey areas indicate standard errors.  



33 
 

Hom e Field A dvantage 

St rongly cont rast ing HF A t heory 

and our expect at ions, A nthyllis lit t er 

decomposit ion increased significant ly 

wit h higher dist ance t o individuals of 

t he same species, and was 

int ermediat e if no A . vulneraria 

plant s were around (Linear mixed-

effect s model, df= 4, F = 5.079, 

p< 0.01; F ig. 12). A similar, t hough 

weaker t rend was observed for Dryas 

(F ig. 12), but  dist ance did not  

decrease remaining lit t er mass 

significant ly (Linear mixed-effect s 

model, df= 3, F = 1.812, p= 0.19).   

 

MESOCOSM EXPERIMENT 

Mean t emperat ure over t he burial period was significant ly and by 4.6°C (39 %) higher 

at  t he lower sit e (mean: 16.3°C) t han at  t he high-elevat ion locat ion (mean: 11.7°C; T wo-

sample t -t est , df= 3, t = 8.88, p< 0.01).  

Again, overall decomposit ion st rongly differed bet ween lit t er t ypes (T able 8, F ig. 13A). 

Again, A nthyllis lit t er was decomposed most  int ensely, wit h remaining lit t er mass being 

104 % higher for green t ea, 150 % higher for rooibos t ea and 169 % higher for Dryas 

lit t er. Hence, unlike in t he field experiment , green t ea decomposit ion was more similar t o 

t hat  of rooibos t ea t han of A nthyllis lit t er (F ig. 13A). Moreover, reflect ing t he 

t emperat ure gap, remaining lit t er mass was significant ly and by 5.6 % higher in t he high-

elevat ion sit e (T able 8, F ig. 13B). T his difference was considerably great er for A nthyllis  

F igure  12: M ean (±  1 SE)  m ass loss in  A nthyllis (A ) 

and Dryas (D)  litter in  relation to distance of living 

individuals of the sam e species ( from  1  very close to 

5  species not present) . N o plot with D. oct opet ala  in 

class 2 distance occurred. 
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t han for ot her lit t er t ypes 

(T able 8, F ig. S6). In 

cont rast , t here was no effect  

of soil inoculum type on t he 

decomposit ion process 

(T able 8, F ig. 13C).  

 

   

 

 

 

source of variation  df SSQ F p 

soil t reat ment  6 0.003 0.72 0.633 

incubat ion sit e 1 0.062 100.05 < 0.001  

lit t er t ype 3 8.339 4451.54 < 0.001  

t reat ment  ×  sit e 6 0.003 0.91 0.492 

t reat ment  ×  lit t er 

t ype 
18 0.011 0.964 0.505 

sit e ×  lit t er t ype 3 0.088 46.83 < 0.001  

t reat ment  ×  sit e ×  

lit t er t ype 
18 0.007 0.598 0.895 

Residuals 112 0.070   

F igure  13: M ean (±  1 SE)  proportional 

rem aining litter m ass (A ) in  litter types (A : 

A nthyllis, D: Dryas, G: Green T ea, R : R ooibos 

T ea) , (B ) at different altitudes ( low ≈ 1560m , 

high ≈ 2390m ), and (C)  in  response to soil 

inoculum  treatm ent with either soil suspension 

from  one of six sum m its or dem ineralised water 

as control.  

T able  8: A NOV A  results of a LM M  testing on differences in  

decom position between levels of factors in  m esocosm  

incubations. B old p values indicate significant effects.  



35 
 

 

Discussion 

 

Decomposit ion impact  in t his alpine set t ing was most  dependent  on lit t er composit ion, 

indicat ing sensit ivit y t owards warming-induced species shift s. F urt her, bet ween-summit  

variat ion in soil and veget at ion paramet ers was apparent ly more influent ial on lit t er decay 

t han small-scale t emperat ure variat ion, highlight ing also t he impact  of plant  communit ies 

on belowground processes via plant -soil feedbacks. Yet , in combinat ion wit h expect ed 

shift s in plant  communit y composit ion t owards enhanced leaf lit t er recalcit rance, overall 

accelerat ion of decay processes in response t o rising t emperat ures appears an unlikely 

scenario.  

 

LITTER QUALITY AS THE CONSISTENT MAIN DRIVER OF DECOMPOSITION 

Generally, decomposit ion pat t erns of t he four lit t er t ypes were highly dissimilar, and 

t hese differences largely exceeded t he effect s of ot her fact ors in t he experiment . Mass loss 

was highest  for relat ively N-rich lit t er t ypes (A nthyllis and green t ea) and decreased wit h 

lower relat ive N cont ent  in rooibos t ea and finally Dryas, conforming t o previously 

report ed findings (T aylor et  al. 1989; Cot rufo et  al. 1995; P erez-Harguindeguy et  al. 2000). 

Differences in decay pat t erns bet ween t he t wo labile t ypes might  be due t o t he fact  t hat  

fresh A nthyllis leaves were collect ed from nat ural populat ions and immediat ely dried 

t hereaft er. In cont rast , green t ea leaves are usually st eamed or roast ed aft er harvest ing 

t o enhance st abilit y of t he product  for st orage (W ang et  al. 2000), and some polyphenolic 

compounds have been assigned ant imicrobial propert ies (Hamilt on-Miller 1995), t hus 

pot ent ially lowering decomposabilit y. Similarly, Dryas lit t er dat ed from t he previous 

growing season and plant s had already resorbed valuable N-rich compounds into perennial 

t issues (T homas & Stoddart  1980), decreasing at t ract iveness for det rit ivores. Result ant ly, 
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higher mass loss in rooibos t ea was probably due t o rooibos cont aining slight ly higher 

relat ive N amount s t han Dryas. 

Despit e large similarit ies, decomposit ion pat t erns differed between field and mesocosm 

incubat ions. Most  import ant ly, remaining mass in green t ea and slight ly also in rooibos 

t ea was great er in mesocosms t han aft er burial on t he summit s. T hese differences might  

be caused by a lack of wat er flow in t he mesocosms and t hus a vast  reduct ion of leaching 

effect s. Green and rooibos t ea cont ain 11 % and 7 % flavouring subst ances, respect ively 

(Keuskamp et  al. 2013), which are highly wat er-soluble and were probably washed out   

quickly by t he wat er flow in t he field. T hus, t he use of in situ  experiment s in 

decomposit ion experiment s is st rongly recommended. 

 

RELATING ALPINE TO LARGE-SCALE DECOMPOSITION  

F or fut ure field st udies on decomposit ion, t he T BI approach using green and rooibos 

t ea generally seems a reasonable approach t o model decay of alpine species. 

Decomposit ion of bot h t ypes of t ea varied st ronger in response t o differences bet ween 

aspect s and bedrock t ypes t han decay of local lit t er t ypes. However, overall applicabilit y 

of t he met hod is suggest ed by t he much larger difference in lit t er mass loss bet ween easily 

decomposable and recalcit rant  t ype in bot h groups t han wit hin t ea and local lit t er t ypes, 

respect ively, as well as by similarit y of lit t er C:N cont ent  rat ios wit hin groups. Moreover, 

t he A nthyllis 

(freshly sprout ed) and Dryas (senesced from the last  growing season) might  even have 

caused a slight  overest imat ion of realist ic discrepancies in decay rat es. T hus, if comparing 

freshly senesced mat erial of bot h species, decomposit ion pat t erns are likely t o even bet t er 

resemble t he decay pictures of t he two t ea variet ies. 

On a larger scale, despit e minor deficiencies in t he alpine cont ext , t he T BI met hod 

may st ill serve for comparing decay dat a from different  biomes. Since lit t er decomposit ion 

represent s a complex process t hat  is highly variable in space and t ime and depends upon 

a vast  number of influencing fact ors, st andardising it  is a challenging t ask and necessarily 
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involves simplificat ions. F or inst ance, account ing for incubat ion t ime as durat ion in days 

might  be quest ioned if similar shares of growing season lengt h are represent ed. T his might  

have provoked overest imat ion of observed decomposit ion rat es k (F ig. 14A), t hough t he 

overall comparison appropriat ely reveals lower k values t han in numerous low-alt it ude 

ecosyst ems (F ig. 14B; see Keuskamp et  al. 2013). Also, st abilisat ion fact ors were 

relat ively high, indicat ing rat her slow decay of green t ea or t he labile lit t er fract ion , 

respect ively, but  st ill conforming t o t he generally low nut rient  t urnover in cold biomes 

(Körner 2003).  

 

LITTER CONTROLLING ECOSYSTEM RESPONSE TO WARMING 

Our findings st rongly emphasise t he import ance of lit t er qualit y in decomposit ion 

processes (Swift  et  al. 1979; W ardle 2002; P art on et  al. 2007; Zhang et  al. 2008) , 

highlight ing also t he considerable pot ent ial for shift s in high-alpine decomposit ion rat es 

in t he cont ext  of global environment al change. Upward shift s have been observed 

part icularly in shrub species in response t o warming (Myers-Smit h et  al. 2011) and land-

use change (T asser et  al. 2005; Brandt  et  al. 2013) and also predict ed for graminoids at  

F igure  14: M ean (±  1 SE)  T ea B ag Index decom position rates k and stabilisation factors S , (A ) as 

m easured in sit u  on six alpine m ountain  sum m its in  Switzerland, and (B )  showing the sam e range of values 

(dashed rectangle)  in  com parison to different sites in  low-elevation ecosystem s. For site codes in  (B )  and 

study details, see Fig. 3 in  K euskam p et al. ,  2013. 
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t he expense of forb-rich specialised alpine veget at ion (Zhang & W elker 1996; Schöb et  al. 

2009; P ickering et  al. 2014). However, lit t er of bot h groups has been shown to decompose 

at  slower rat es t han in forbs (Seast edt  et  al. 2001; Shaw & Hart e 2001), which was 

confirmed for shrub lit t er by t he result s of t his st udy. T his could pot ent ially result  in 

considerable reduct ions of lit t er t urnover rat es in warmer alpine environment s, at  least  

part ly count eract ing assumed warming-induced increases in decomposer act ivit y 

(Cornelissen et  al. 2007; Gavazov 2010). 

 

THE IMPORTANCE OF BEDROCK AND VEGETATION-DECOMPOSER RELATIONS 

Our result s quest ion t he assumed dominant  and generally posit ive influence of 

t emperat ure on decay rat es, but  rat her st ress t he complex int erplay of influencing fact ors 

in t his alpine set t ing. As expect ed, soil t emperat ures were higher t owards lower alt it udes 

as well as sout h- and east -exposed sit es but  varied less bet ween parent  mat erials. 

However, t hese pat t erns could not  explain variat ions in decomposit ion observed between 

levels of eit her aspect , elevat ion, or bedrock. Specifically, decay differed most  between 

parent  mat erials and also responded slight ly st ronger t o elevat ion t han different  aspect s 

alt hough t emperat ure variat ion was most  pronounced bet ween t he lat t er. Int erest ingly, 

t hese findings cont rast  t he result s from our mesocosm incubat ions as well as general 

predict ions (Lloyd & T aylor 1994; Davidson & J anssens 2006) and previous experiment al 

findings (Hobbie 1996). In t heir review, von Lüt zow & Kögel-Knabner (2009) also found 

inconsist ent  t emperat ure effect s on decomposit ion and relat ed t his t o various biological 

and physico-chemical const raint s t hat  soil organic mat t er is exposed t o. T hus, and 

especially in t he generally t emperat ure-limit ed high-alpine set t ing, it  can be expect ed t hat  

t emperat ure is indeed not  t he primary driver of decomposit ion int ensit y. 

Inst ead, of all cont rolled fact ors in t he experiment , bedrock t ype rat her t han exposure 

or elevat ion was t he most  consist ent  influence on most  environment al variables as well 

as on veget at ion st ruct ure, and result ant ly also t he main driver of decomposit ion pat t erns. 

Specifically, and over all lit t er t ypes, lit t er mass loss was higher on gneissic summit s even 
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t hough t emperat ures were slight ly lower in comparison t o dolomit ic sit es. T he underlying 

parent  mat erial is t he basis for soil format ion and t hus influences great ly t he supply wit h 

moist ure and nut rient s t o organisms living in and on t he subst rat e (Anderson 1988). Soils 

on dolomit ic bedrock had lower soil moist ure t han on gneiss, demonst rat ing more effect ive 

drainage of surface wat er on calcareous subst rat es. Correspondingly, previous st udies have 

repeat edly demonst rat ed a posit ive relat ionship bet ween soil moist ure cont ent  and 

decomposit ion int ensit y (e.g. Bryant  et  al. 1998; Murphy et  al. 1998; W it hingt on & 

Sanford 2007; Gavazov et  al. 2014). However, in cont rast  t o bedrock, decomposit ion 

pat t erns did not  correlat e consist ent ly wit h variat ions in soil moist ure bet ween alt it udes, 

which declined st eadily t owards higher elevat ion while remaining lit t er mass was lowest  

in int ermediat e alt it ude. Similarly, nort h-exposed plot s showed highest  soil moist ure but  

lowest  decomposit ion int ensit y, t hough differences in moist ure between aspect s were 

smaller t han bet ween bedrock t ypes or along t he elevat ional gradient . Nevert heless, bot h 

soil chemical composit ion and moist ure can be expect ed t o influence alpine decomposit ion 

rat es t o a higher ext ent  t han t emperat ure does. 

Alt hough being under st rong influence of parent  mat erial t hemselves, changes in 

veget at ion may act ively account  for part  of t he bedrock effect  on decomposit ion pat t erns. 

Along wit h higher soil wat er cont ent , plant  growt h as well as diversit y was promot ed on 

gneissic rat her t han dolomit ic parent  mat erial and t owards lower alt it udes, crucially 

alt ering plant  communit y st ruct ure and composit ion along t hese gradient s, t his effect  also 

exceeding t he direct  influence of plant  communit ies on decomposit ion. However, no such 

major changes in veget at ion were visible between aspect s. T hese findings well mirror t he 

observed decomposit ion pat t erns, especially in recalcit rant  lit t er species which varied in 

decay int ensit y between elevat ion levels but  not  aspect s, suggest ing a close relat ionship 

bet ween veget at ion st ruct ure and decomposit ion processes. W it h higher canopy, cover, 

and species number, veget at ion impact  on belowground processes can t herefore be 

expect ed t o increase and crucially influence decomposit ion processes (Van der P ut t en et  

al. 2013). F or example, in a boreal set t ing, De Long et  al. (2016) found higher rat es of 

lit t er mass loss wit h shrub removal, demonst rat ing an import ant  cont rolling effect  of 

veget at ion st ruct ure and composit ion on decay processes. Such cont rol is mainly being 
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exert ed by effect s on decomposing organisms and has been shown to influence 

decomposit ion rat es in general as well as C, N, and phosphorous cycling specifically (see 

W ardle 2002).  

F urt her, t his above-belowground link once more emphasises t he cent ral role of t he 

decomposing community which, besides abiot ic environment al variables and lit t er qualit y, 

represent s t he t hird major cont rol on decomposit ion processes (Robinson 2002). In cold 

and nut rient -poor ecosyst ems, microbes represent  t he largest  fract ion of decomposers 

(Schinner 1982), being of higher import ance for ecosyst em product ivit y t han in more 

fert ile biomes (Van Der Heijden et  al. 2008). Het erogeneous spat ial dist ribut ion is a 

common phenomenon observed in soil (micro)organisms (E t t ema & W ardle 2002), and is 

especially likely t o occur in low-product ivit y ecosyst ems due t o local variat ion in nut rient  

availabilit y (Sundqvist  et  al. 2011; Roy et  al. 2013). T herefore, also speed and 

charact erist ics of decomposit ion processes might  vary considerably bet ween different  sit es, 

and, due t o t he large cont rol on microbes by plant  communit ies, especially in case of large 

differences in veget at ion. In t his st udy syst em, microbial communit ies differ probably 

more bet ween t han wit hin summit s given t he smaller variat ion in environment al 

paramet ers among aspect s relat ive t o elevat ions and parent  mat erials.  

However, t his assumpt ion is challenged by t he absent  effect  of inoculum t ype in t he 

mesocosm experiment . Yet , due t o t he consist ent  response as well as variat ion over all 

t reat ment s, success of microorganism t ransfer t o mesocosms by soil inoculat ion is highly 

quest ionable. F urt her, even if t ransfer was successful, microflora might  have suffered from 

anoxia because of insufficient  aerat ion during t he incubat ion period, decelerat ing 

decomposit ion processes (e.g. Neckles & Neill 1994). Result ant ly, t his again highlight s 

t he import ance of in situ  decomposit ion experiment s. 

In cont rast  t o HF A t heory, which predict s fast er decomposit ion of lit t er in closer 

vicinit y t o individuals of t he originat ing plant  species due t o specific adapt at ion of 

det rit ivores (Gholz et  al. 2000; Veen et  al. 2015a), decomposit ion of A nthyllis lit t er was 

weaker if A . vulneraria individuals were nearby, and a similar t rend was visible for Dryas. 

T he lat t er is even more surprising as numerous saprophyt e fungi have been shown t o 
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associat e wit h alpine D. octopetala (Lamoure 1972), which should be especially used to 

decompose Dryas lit t er and t hus increase decay impact . However, pat t erns for bot h lit t er 

variet ies were largely overridden by summit  ident it y and t hus sit e-specific effect s, as bot h 

species showed much higher abundance on dolomit ic summit s. T hus, presumably, t he 

decelerat ing effect  of calcareous parent  mat erial slowed down decomposit ion in proximit y 

of bot h A nthyllis and Dryas rat her t han impact s of plant  individuals on soil biot a. Adding 

t o t hat , findings of Veen et  al. (2015b) in subarct ic t undra suggest  t hat  condit ioning of 

soil organisms t owards decay of cert ain lit t er t ypes may not  occur in cold biomes t o a 

comparable degree like observed in more product ive ecosyst ems (e.g. Keiser et  al. 2011). 

 

OUTLOOK: WARMING FEEDBACKS BETWEEN PLANT AND SOIL SUBSYSTEMS 

Considerable shift s in species richness and communit y composit ion in alpine regions 

have been report ed with climat e warming (W alt her et  al. 2005; P auli et  al. 2005, 2012; 

Got t fried et  al. 2012; W ipf et  al. 2013), but  t heir consequences for import ant  ecosyst em 

processes like decomposit ion have not  yet  been ident ified (W ookey et  al. 2009). Given t he 

low relat ive import ance of t emperat ure and t he high impact  of lit t er ident it y as well as 

soil abiot ic propert ies observed in t his st udy, decomposit ion in high-alpine environment s 

seems somewhat  inert  t owards warming-induced changes. Similarly, based on t heory of 

bot h posit ive (soil warming) and negat ive (species shift -relat ed increase in lit t er 

recalcit rance) feedbacks, Gavazov (2010) proposed t he exist ence of an inherent  buffering 

mechanism on decomposit ion rat es in alpine environment s, result ing in lit t le alt erat ion 

or even ret ardat ion of decomposit ion processes along wit h climat ic changes. Even wit h 

t he report ed high rat es of warming, and in cont rast  t o rapid changes in veget at ion, many 

belowground processes are likely t o be alt ered much more slowly due t o slow adjust ment  

of nut rient  st ocks (W ookey et  al. 2009). However, experiment s focusing explicit ly on plant  

communit y effect s on decomposit ion dynamics would be helpful t o more closely explore 

t he role of plant -soil feedbacks. 
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Moreover, also t he quest ion of how belowground processes influence t he st ruct ure and 

dynamics of alpine veget at ion will have t o be addressed more specifically in fut ure 

research. However, due t o complex int erplay of ecosyst em processes, long-t erm and large-

scale invest igat ions are needed t o increase bot h reliabilit y and resolut ion of result s 

(Bradford et  al. 2016), underlining t he pot ent ial of t he T EACOMP OSIT ION st udy network. 

Such experiment s will also be able t o assess t he influence of processes during wint er 

season, which are commonly of high import ance for high-alpine ecosyst em dynamics bot h 

wit h regard t o plant  communit y regulat ion (e.g. W alker et  al. 1993) and direct ly affect ing 

decomposit ion rat es (Bapt ist  et  al. 2010) as well as nut rient  cycling (F isk et  al. 1998; 

St urm et  al. 2005). Addit ionally, physical decomposit ion processes, which were not  

subject  of t his st udy but  are generally of high import ance in cold environment s, might  

cont ribut e essent ially t o ecosyst em funct ioning (Gavazov 2010) and should be included 

in fut ure st udies. F urther, closer insight s into st ruct uring and cont rols of decomposer 

communit ies could enhance underst anding of above-belowground relat ionships and t he 

role of decomposit ion processes in shaping changing alpine plant  communit ies. 
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Conclusion 

 

Decay int ensit y differed bet ween leaf lit t er of cont rast ing qualit ies in combinat ion wit h 

a consist ent  effect  of bedrock-relat ed soil propert ies like moist ure cont ent , but  

decomposit ion response t o t emperat ure variat ions was limit ed and highly inconsist ent  

bet ween lit t er t ypes. Alt hough high-alpine ecosyst ems are predict ed face major changes 

wit h t he rapidly warming climat e (IP CC 2014), t hese result s suggest  relat ive resilience of 

high-alpine decomposit ion rat es as generally a relat ive increase of recalcit rant  lit t er t ypes 

is expect ed (Cornelissen et  al. 2007; Gavazov 2010). Nevert heless, parallel variat ion in 

decomposit ion and veget at ion pat t erns suggest s a close relat ionship via plant -soil 

feedbacks (Van der P ut t en et  al. 2013) and indicat es t he pot ent ial of belowground 

processes t o shape aboveground communit y st ruct ure and diversit y. In cont rast , small-

scale (i.e., wit hin-summit ) sit e paramet ers seem t o be of minor import ance for lit t er mass 

loss compared t o abiot ic and biot ic variat ion over larger dist ances, st ressing t he 

remarkable versat ilit y of t he alpine region. Simult aneously, our findings highlight  t he 

dependence of ecosyst em processes such as decomposit ion on t he local environment  (e.g. 

Bryant  et  al. 1998; F isk et  al. 1998), which however ult imat ely impedes general 

predict ions on t he ecosyst em scale. Long-t erm invest igat ions incorporat ing wint er season 

impact  and physical decay as well as det ailed st udies of decomposer communit ies could 

pot ent ially improve our underst anding of t he funct ioning of decomposit ion processes and 

t heir role in shaping high-alpine ecosyst ems. 
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Supplement ary mat erials 

 

 

F igure S1: M ean soil tem peratures over 

incubation period on sum m its.  

F igure  S2: M ean (±  1 SE)  rem aining litter m ass 

in  slope aspects of sum m its with contrasting bedrock.  

F igure  S3: M ean (±  1 SE)  rem aining litter m ass 

in  four litter types (A : A nthyllis, D: Dryas, 

G: green tea, R : rooibos tea)  in  response to slope 

aspects on contrasting bedrock types.  

F igure S4: M ean (±  1 SE) rem aining litter m ass 

in  four litter types (A : A nthyllis,  D: Dryas, G: 

Green T ea, R : R ooibos T ea)  in  response to slope 

aspects on different elevation levels. 



 

59 
 

 

 

F igure  S5: M ean (±  1 SE)  T ea B ag Index 

decom position rates k in  slope aspects of sum m its 

on different elevation levels. 

F igure S6: M ean (±  1 SE) rem aining litter m ass 

for litter types in  response to incubation in  sites at 

contrasting altitude. 
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