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Abstract����1��

Upwards��shifts��of��mountain��vegetation��lag��behind��rates��of��climate��warming,��partly��related��to��2��

interconnected��changes��belowground.��Here,��we��unravel��above��and��belowground��linkages��by��3��

drawing�� insights�� from�� short�rterm�� experimental��manipulations�� and�� elevation�� gradient��4��

studies.��Soils��will��likely��gain��carbon��in��early��successional��ecosystems,��while��losing��carbon��as��5��

forest��expands��upwards,��and��the��slow��high�relevation��soil��development��will��constrain��6��

warming�rinduced��vegetation��shifts.��Current��approaches��fail��to��predict��the��pace��of��these��7��

changes,��and��how��far��they��will��be��modified��by��interactions��among��plants��and��soil��biota.��8��

Integrating��mountain��soils��and�� their��biota�� into��monitoring��programs,��combined��with��9��

innovative��comparative��and��experimental��approaches,��will��be��crucial��to��overcome��the��10��

paucity��of��belowground��data��and��to��better��understand��mountain��ecosystem��dynamics��and��11��

their��feedbacks��to��climate.��12��

� � � �13��
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Introduction����14��

The�� distinct�� zonation�� of�� mountain�� vegetation�� has�� inspired�� generations�� of�� biologists��15��

interested��in��how��environmental��–��and��especially��climatic��–��variation��shapes��ecosystem��16��

structure��and��function��(1,��2),��and��mountain��plants��have��served��as��bioindicators��for��the��17��

impacts��of��climate��changes��over��the��last��century��(3).��Despite��comprising��only��12%��of��the��18��

terrestrial��surface,��mountains��host��high��levels��of��biodiversity��and��provide��crucial��ecosystem��19��

services��(e.g.��carbon��storage,��raw��material��provisioning,��natural��hazard��protection,��water��20��

reservoirs)��with��far��reaching��effects��on��lowland��ecosystems��and��global��climate��(4).��Mountain��21��

ecosystems��are��experiencing��especially��strong��climate��warming��(5).��The��expected��warming��22��

of��2�r4°C��this��century��(5)��could��extend��vegetation��zones��and��the��thermal��limits��of��plant��life��23��

upwards��by��as��much��300�r600��m��in��elevation,��with��profound��consequences��for��ecosystem��24��

functioning��(Figure��1).��But��while��responses��of��mountain��vegetation��have��been��widely��studied��25��

aboveground,�� there��are��parallel��changes��occurring�� in�� the��“dark”��side��of��ecosystems��26��

belowground,��where��plant��roots��and��their��associated��microbial��communities��form��a��complex��27��

but��largely��unknown��world��in��the��soil.��Alpine��soils��above��treeline��store��more��than��90%��of��28��

ecosystem��carbon��(4),��and��thus��even��small��changes��in��soil��carbon��storage��will��have��a��large��29��

effect��on��the��overall��climate��balance��of��mountain��ecosystems��(6).��Soils��also��provide��nutrients��30��

to��sustain��plant��growth,��which��is��strongly��nutrient�rlimited��in��mountain��plants��(7,��8),��and��so��31��

changes��in��nutrient��availability��and��in��soil��microbial��community��composition��could��represent��32��

a��strong��modifier��of��vegetation��shifts��in��a��warming��climate��(9).��In��our��review,��we��show��how��33��

plant��communities,��soils��and��their��associated��microorganisms��are��interlinked��in��mountain��34��

ecosystems,��identify��how��belowground��ecosystems��might��respond��to��vegetation��shifts��in��a��35��

changing��climate��and,��finally,��indicate��how��short�r��and��long�rterm��changes��in��carbon��and��36��

nutrient��cycling��may��feedback��to��climate��and��modify��vegetation��shifts.������37��
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Elevation��shifts��of��mountain��vegetation����38��

Mountains��have��characteristic��vegetation��belts��transitioning��from��forest,��heathland��and��39��

alpine��grassland��up��to��the��nival��zone��with��a��permanent��snow��cover��(Figure��2).��While��40��

vegetation��forms��a��mosaic��controlled��by��parent��materials,��soil��development��and��topography��41��

at��the��local��scale,��climate��conditions��are��of��primary��importance��for��the��formation��of��distinct��42��

vegetation��belts��along��mountain��slopes,��such��as��at��treeline��(10–12)��and��at��the��upper��limit��of��43��

vascular��plant��life��(13).��Temperatures��belowground��are��more��buffered��than��aboveground��44��

and��remain��lower��for��the��duration��of��the��short��vegetative��season,��critically��limiting��plant��45��

growth��below��~5°C��(4,��14).��Due��to��their��climate��sensitivity,��shifts��in��the��distributions��of��46��

individual��plant��species��and��vegetation�� types�� to��higher��elevations�� therefore��provide��47��

evidence��for��the��impact��of��climate��warming��on��natural��ecosystems��worldwide��(3,��15).��48��

Revisiting��Humboldt’s��plant��surveys��documents��an��upward��migration��of��c.��250��m��over��215��49��

years��(2).��The��colonization��of��new��species��has��accelerated��this��century��on��European��50��

mountains��(3),��and��even��the��upper��limit��of��continuous��plant��life��has��advanced��at��high��51��

elevations,��such��as��in��the��NW��Himalaya��(13),��in��striking��synchrony��with��increased��rates��of��52��

climate��warming��(3).��Treelines��are��expanding��at��52%��of��166��sites��around��the��world��(Figure��1,��53��

12),��and��available��evidence��also��suggests��that��shrublines��are��advancing��upwards��in��the��54��

northern��hemisphere,��consistent��with��increasing��shrub��encroachment��in��tundra��vegetation��55��

at��high��latitudes��(16).����56��

Although��upward��elevational��shifts��provide��strong��evidence��for��the��impact��of��climate��change��57��

on��mountain��vegetation,��they��are��also��remarkably��heterogeneous.��On��average,��rates��of��58��

range��expansion��lag��significantly��behind��advances��in��isotherms��on��mountains��(2,��15),��and��59��

average��values��conceal��huge��variation��in��the��rates,��and��even��directions,��of��range��changes.��60��

This��variation��can��be��explained��by��a��complex��suite��of��interacting��drivers��of��species’��61��
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distributions��and��abundances,��including��variation��in��species’��demography��and��physiological��62��

responses��to��changing��climate,��interactions��among��species,��and��the��physical��environment��63��

(17).��Notably,��climate��warming��effects��on��vegetation��are��frequently��superimposed��by��land�r64��

use��changes��in��Eurasian��mountains��and��downward��range��shifts��can��occur��as��climate��change��65��

alters��water��availability,��especially��in��more��arid��(18)��and��subtropical��(19)��mountain��regions.����66��

Interactions��at��the��vegetation�rsoil��interface��can��play��a��key��role��in��shaping��variation��in��67��

species’��responses��to��warming.��For��example��increasing��canopy��cover��with��shrub��and��treeline��68��

advances��shades��and��cools��the��soil��during��the��growing��season,��which��is��likely��to��slow��further��69��

vegetation��shifts��(4,��10,��16).��Range��expansions��can��also��be��constrained��by��insufficient��water��70��

retention��and��low��nutrient��availability��due��to��low��organic��matter��content��in��poorly�r71��

developed��high�relevation��soils��(20),��while��plants�� that��successfully��establish��at��higher��72��

elevations��tend��to��be��those��that��can��colonize��open��scree��(21).��Soil��development��will��73��

therefore��be��a��key��factor��limiting��the��expansion��of��species��to��higher��elevations��with��climate��74��

warming��(22),��and��could��explain��why��diffuse��timberlines��are��more��likely��to��advance,��while��75��

abrupt��ones,��that��are��more��constrained��by��soil��development,��drought��and��wind,��do��not��(12).����76��

In��addition��to��physical��and��chemical��properties��of��the��soil,��rates��of��plant��range��expansion��can��77��

be��influenced��by��biotic��interactions��in��the��soil.��Warmer��temperatures��towards��the��soil��78��

surface��might��provide��shallow�rrooted��herbs��with��a��competitive��advantage��over��woody��79��

plants��(14),��potentially��contributing��to��negative��effects��of��alpine��grassland��and��shrubby��80��

vegetation��on��tree��recruitment��(11)��and��slowing� � � �forest��expansion.��Plants��also��engage��in��a��81��

multitude��of��positive��and��negative,��direct��and��indirect��interactions��with��soil��organisms��(23).��82��

Although��evidence��from��mountain��systems��is��so��far��limited,��changes��to��plant�rsoil��biota��83��
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interactions��are��likely��to��influence��plant��responses��to��changing��climate��(17),��similar��to��their��84��

influence��on��the��dynamics��of��biological��invasions.������85��

��86��

Belowground��impacts��of��climate��change��in��mountains����87��

Vegetation��shifts��are��paralleled��belowground,��where��plants��and��soils��interact��at��time��scales��88��

ranging��from��hours��to��millennia��(Figure��3),��spanning��the��extremely��rapid��transfer��of��89��

photosynthetic�� products�� to�� roots,�� mycorrhizal�� fungi�� and�� other�� root�rassociated��90��

microorganisms,��to��the��formation��of��soil��organic��matter��(SOM)��over��thousands��of��years.��91��

Climate��change��will��therefore��have��short�rterm��effects��on��ecosystems��by��modifying��above��92��

and��belowground��linkages��in��current��species��assemblages,��as��well��as��longer�rterm��impacts��93��

that��unfold��as��species��shift��their��distributions��in��response��to��climate��warming.��Inference��94��

about��future��climate��change��impacts��therefore��requires��complementary��approaches��to��study��95��

these��processes,��that��have��included��(i)��manipulative��experiments��identifying��short�rterm��96��

effects��of��climate��on��the��interaction��between��plants��and��soils��(24,��25),��and��(ii)��“space�rfor�r97��

time”��substitutions��along��elevational��gradients,��which��assume��that��the��spatial��changes��in��98��

ecosystem��structure��and��function��moving��from��high��to��low��elevation��are��analogous��to��99��

longer�rterm��temporal��trajectories��of��mountain��ecosystems��under��climatic��warming��(26,��27).��100��

����101��

Short�rterm��and��direct��effects��of��climate��warming����102��

Higher�� temperatures��accelerate�� the��metabolic��activity��of��organisms��both��above��and��103��

belowground,�� which�� strongly�� impacts�� carbon�� (C)�� and�� nutrient�� cycling.�� In�� mountain��104��

ecosystems,��experimental��warming��stimulates��plant��productivity��unless��water��is��limiting��(9,��105��
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28,��Table��S1).��Heating��soils��by��4°C��at��the��alpine��treeline��and��in��montane��forests��increased��soil��106��

CO2��effluxes��by��40�r50%,��resulting��from��both��accelerated��rhizosphere��activity��and��enhanced��107��

soil��C��mineralization��(24,��29).����These��responses��are��likely��transient��as��microbial��communities��108��

acclimate��to��warmer��conditions,��without��significantly��changing��their��community��structure��109��

and��soils��deplete��in��readily��available��C��until��a��new��quasi�requilibrium��is��reached��(29–31).��The��110��

magnitude��and��duration��of��warming��responses��vary��among��studies,��but�� longer�rterm��111��

experiments��observed��accelerated��soil��C��mineralization��for��more��than��a��decade��(29,��30,��112��

Table��S1).��Higher��C��losses��through��soil��C��mineralization��tend��to��be��compensated��by��increased��113��

soil��C��inputs��from��plants,��resulting��in��small��net��effects��on��the��soil��C��balance��as��compared��to��114��

the��pronounced��warming��effects��on��soil��C��fluxes��(25,��32).��Despite��considerable��research��115��

efforts,��there��is��no��consensus��on��the��magnitude��of��warming��effects��on��soil��C��storage��(25).��116��

Soils��of��cold��climates��such��as��at��high��latitude��or��elevation��seem��particularly��vulnerable��to��117��

warming��because��they��contain��inherently��high��C��stocks��and��high��amounts��of��labile��C,��118��

potentially��promoting��strong��and��sustained��soil��C��losses��(24,��29,��33).��However,��warming��119��

effects��are��contingent��on��water��availability,��and��in��semi�rarid��mountains��the��soil��C��balance��120��

appears��less��dependent��on��projected��temperature��changes��than��on��variation��in��the��amount��121��

and��timing��of��precipitation��(34).��Impacts��of��climatic��warming��is��especially��large��in��permafrost��122��

soils��that��only��exist��above��the��shrubline��in��the��Alps,��but��reach��down��to��the��subalpine��zone��in��123��

continental��mountain��ranges��at��mid��and��northern��latitudes.��On��the��Tibetan��plateau,��for��124��

instance,��permafrost��collapse��has��resulted��in��a��32%��decline��in��soil��C��stocks��in��surface��soils��125��

(35),��and��an��alpine��tundra��meadow��with��discontinuous��permafrost��in��Colorado��was��found��to��126��

represent��a��substantial��net��C��source��to��the��atmosphere��by��releasing��C��from��ancient��buried��127��

soil��C��(36).����128��
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Plant��growth��in��mountain��ecosystems��is��strongly��limited��by��soil��nutrients��(7),��and��in��129��

particular��by��nitrogen��(N)��(8),��of��which��more��than��90%��is��bound��to��organic��matter.��N��130��

availability��for��plants��is��therefore��predominantly��driven��by��microbial��mineralization,��at��rates��131��

that��are��naturally��constrained��by��low��temperatures��in��mountain��ecosystems��to��less��than��2%��132��

of��total��soil��N��per��year��(37).��More��rapid��processing��of��soil��organic��matter��(SOM)��due��to��133��

warming��therefore��enhances��N��cycling,��approximately��doubling��the��release��of��plant��available��134��

N��and��thereby��stimulating��the��growth��of��some��plant��species��(9,��27,��38,��Table��S1).��Increased��135��

N��contents��in��foliage,��either��resulting��from��higher��N��availability��or��a��higher��abundance��of��136��

nitrophilous��plants,��can��promote��litter��decomposition,��further��stimulating��the��release��of��N��137��

and��generating��a��positive��feedback��to��soil��N��availability��(39).��Conversely,��in��some��cases��138��

enhanced��plant��productivity��can��bind��N��in��living��biomass,��decreasing��available��N��(9).��139��

Warming�rinduced��changes��in��N��availability��are��also��reflected��in��soil��microbial��communities.��140��

Soil��warming��at��treeline��led��to��the��proliferation��of��ectomycorrhizal��fungi��(ECM)��adapted��to��141��

high��N��availability��(40),��which��may��have��further��longer��lasting��consequences��in��these��142��

ecosystems,��due��to��the��importance��of��mycorrhizal��fungi��for��soil��C��cycling��and��plant��nutrient��143��

supply��(41).����144��

����145��

Longer�rterm��above��and��belowground��linkages��146��

Over��longer��time��scales,��the��upward��migration��of��mountain��vegetation��impacts��the��entire��147��

soil��system.��While��increasing��canopy��height��caused��by��shrub��and��treeline��advances��cools��the��148��

soil��during��the��growing��period��(4),��it��warms��it��during��winter��by��promoting��the��accumulation��149��

of��an��insulating��snow��cover��(16).��Higher��winter��soil��temperatures��stimulate��soil��processes��150��

driven��by��microbial��communities��(36,��42),��and��enhances��N��mineralization��that��stimulates��151��
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shrub��and��tree��growth��in��high��elevation��and��latitude��systems��(37).��On��decadal,��centennial��or��152��

even��longer��time��scales,��vegetation��primarily��affects��the��soil��system��by��its��influence��on��SOM.��153��

SOM��is��of��central��importance��for��climate��feedbacks,��represents��a��key��reservoir��for��water��and��154��

nutrients,��and��serves��as��a��substrate��for��microbial��communities.��However,��the��impact��of��155��

vegetation��has��to��be��disentangled��from��other��key��factors��affecting��SOM� � 
 5� �climate��and��156��

geochemistry��
5��that��can��be��of��similar��importance��(31,��43).��To��better��understand��how��these��157��

processes��might��play��out��in��response��to��future��climate��change,��we��can��gain��insight��from��158��

studies��of��vegetation�rsoil��interactions��across��elevation��gradients,��under��the��assumption��that��159��

these��represent��plant�rsoil��systems��in��quasi�requilibrium��with��current��climate��(27).��160��

The�� large��reservoir��of��SOM��encompasses��a��continuum��of��compounds��which��can��be��161��

separated��into��old��mineral�rassociated��organic��matter��(MOM)��that��is��stabilized��through��its��162��

interaction��with��mineral��surfaces��and��labile��young��particulate��organic��matter��(POM),��163��

primarily��consisting��of��decomposing��plant��residues��(Figure��3,��31).��In��temperate��soils,��POM��164��

contributes��only��10%��of��total��SOM��stocks,��but��high��elevation��soils��typically��have��POM��165��

fractions��as��high��as��30�r60%,��including��organic��layers��on��top��of��mineral��soils��(26,��33,��44,��45).��166��

On��poorly��weathered��bedrock,��SOM��can��even��be��entirely��comprised��of��POM.��High��POM��167��

accumulation��reflects��slow��litter��decomposition��due��to��low��temperatures,��the��recalcitrant��168��

nature��of��plant��residues��with��high��contents��of��polyphenols��(45–47),��and��the��low��abundance��169��

of��soil��fauna,��especially��earthworms,��which��limits��the��incorporation��of��litter��into��mineral��soils��170��

(48).��Particulate��organic��matter��represents��a��soil��C��pool��that��is��highly��vulnerable��to��loss��when��171��

plant��inputs��are��altered��through��plant��community��shifts��(e.g.��by��expansion��of��broadleaf��172��

forests)��or��when��temperature��constraints��on��microbial��and��faunal��decomposition��are��173��

alleviated��by��climatic��warming.����174��
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Along��elevation��gradients,��soil��C��stocks��are��very��small��in��early��successional��alpine��ecosystems��175��

where��low��C��inputs��from��plants��and��slow��weathering��retard��SOM��accumulation��(Figures��2��176��

and��3,��49,��50).��Soil��C��stocks��typically��peak��in��high�relevation��forests,��at��treeline��or��in��the��shrub��177��

zone��above,��reaching��up��to��20�r30��kg��C��m�r2��in��the��Swiss��Alps,��Andes,��and��Himalaya,��and��then��178��

decline��in��low�relevation��forests,��which��have��5�r20��kg��C��m�r2��smaller��soil��C��stocks��(26,��44,��Table��179��

S1).��This��decrease��partially��offsets��C��gains��with��increasing��biomass��(averaging��12��kg��C��m�r2��in��180��

Swiss��forests),��and��can��be��explained��by��faster��litter��decomposition,��higher��litter��quality,��and��181��

a��decreasing��input��of��below��as��compared��to��aboveground��litter��(e.g.��51).��Moreover,��forest��182��

trees��may��release��labile��root��exudates,��fuelling��microbial��metabolism��that��in��turn��induces��C��183��

losses��from��older��SOM��in��a��process��known��as��priming��(6).��Shifts��in��the��fungal��community��184��

from��ericoid��mycorrhiza��and��arbuscular��mycorrhiza��under��shrubs��and��grasses��to��ECM��in��185��

forests��(Figure��2)��may��cause��further��soil��C��losses��through��mining��for��nutrients.��In��their��quest��186��

for��SOM�rbound��nutrients,��ECM��secrete��powerful��oxidative��enzymes��to��outcompete��free�r187��

living��saprotrophic��fungi��and��bacteria,��which��further��promotes��SOM��decomposition��(e.g.��41).��188��

At��the��subarctic��treeline,��soil��C��stocks��were��found��to��decrease��by��70%��along��transects��from��189��

ericaceous��shrubs��to��deciduous��shrubs��and��forests��(6).��The��decline��was��associated��with��an��190��

increasing��C��turnover��and��was��closely��correlated��with��ECM��productivity,��consistent��with��191��

nutrient��mining��(6).����192��

Elevational�� patterns�� of�� vegetation�� and�� SOM�� are�� partly�� reflected�� in�� soil�� microbial��193��

communities.��Microbial��biomass��and��the��contribution��of��fungi��as��compared��to��bacteria��194��

typically��increase��from��the��nival��zone��to��treeline,��but��decreases��in��forest��at��lower��elevations��195��

(26,��50,��52,��Table��S1).��But��at��the��species��level,��elevational��patterns��in��soil��microbial��diversity��196��

are��heterogeneous��and��only��weakly��related��to��plant��diversity��(53).��Early��successional��alpine��197��

habitats��are��an��exception.��Here,��a��higher��microbial��dependence��on��plant��organic��inputs��198��
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provides��for��a��tighter��positive��relationship��between��plant��and��microbial��taxonomic��richness��199��

(50,��52).��Nonetheless,��elevational��turnover��in��microbial��community��composition��can��be��200��

pronounced�� and�� varies�� according�� to�� plant�� type�� (54),�� suggesting�� that�� there�� will�� be��201��

interdependencies��among��plant��and��soil��microbial��responses��to��climate��warming.��202��

��203��

��204��

Implications��of��above��and��belowground��linkages��in��mountains��205��

Collectively,��the��patterns��of��above��and��belowground��linkages��in��mountain��ecosystems��that��206��

have��been��observed��from��short�rterm��experimental��manipulations��and��across��elevation��207��

gradients��lead��to��several��insights��into��how��mountain��vegetation��and��soil��ecosystems��might��208��

respond��to��changing��climate,��which��we��outline��below.��209��

1.��Shifts��in��vegetation��and��the��associated��belowground��system��will��feedback��to��climate��210��

warming��through��their��impact��on��soil��C,��but��this��effect��will��differ��between��vegetation��zones��211��

on��mountains.��Because��of��the��peak��in��soil��C��storage��and��labile��POM��around��treeline,��soils��are��212��

expected��to��gain��C��with��advances��of��alpine��grass��and��heathlands,��but��are��highly��vulnerable��213��

to��C��loss��when��forests��shift��upwards.��The��latter��might��at��least��partly��outweigh��the��increased��214��

C��storage��in��tree��biomass.��Gradient��studies��provide��no��information��about��how��fast��these��215��

changes��could��occur,��but��soil��C��dynamic��is��known��to��follow��a��“slow��in,��fast��out”��principle,��216��

with��a��disparity��between��the��rates��of��soil��C��gains��and��losses,��as��observed��following��land�ruse��217��

change��(55).��Overall,��this��pattern��suggests��that��soil��carbon��will��be��lost��with��vegetation��shifts��218��

in��a��warming��climate,��but��the��rates��remain��unknown.��Studies��along��glacier��forefields��lend��219��
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support��for��a��slow��SOM��build�rup��(~2��kg��C��m�r2��in��100��years),��due��to��slow��vegetation��220��

succession��and��low��weathering��impeding��SOM��stabilization��(49).����221��

2.��Plant��migration��and��soil��development��operate��at��different��timescales,��such��that��chemical��222��

and��physical��processes��belowground��will��constrain��the��rate��of��vegetation��changes��in��223��

mountains.��The��slow��SOM��accumulation��and��low��nutrient��availability��in��early�rsuccessional��224��

soils��will��restrict��warming�rinduced��shifts��for��a��number��of��species,��especially��for��those��whose��225��

thermal��tolerance��would��allow��them��to��advance��to��high��elevations��but��which��require��SOM��226��

and��nutrient��rich��soils��(21).��Paleobotanical��studies��show��that��time��lags��between��suitable��227��

temperatures��and��upward��migration��of��subalpine��forests��during��the��Holocene��were��as��long��228��

as��3000�r6000��years,��possibly��due��to��slow��soil��development��following��deglaciation��(20).��229��

Nonetheless,��feedbacks��between��plants��and��soil��conditions��will��influence��the��rate��of��230��

vegetation��change,��potentially��facilitating��plant��establishment��and��growth.��For��example,��231��

SOM��accumulation��by��cushion�rforming��plants��facilitates��the��establishment��of��new��plants��in��232��

high��alpine��ecosystems��(56),��while��snow��accumulating��around��taller��plants��prevents��soils��233��

from��freezing,��which��improves��N��availability��and��promotes��plant��growth��(16,��37).��234��

3.��Rhizosphere��microbial��communities��are��central��to��many��soil��processes��and��microbial��235��

community��composition��is��likely��to��modulate��the��responses��of��mountain��vegetation��to��236��

climate��change��in��both��the��short��and��long��term.��Asynchrony��in��the��rates��at��which��plants��and��237��

their��associated��soil��biota��establish��at��higher��elevations��could��impact��plant��population��and��238��

community��dynamics��in��the��longer��term��(57).��For��instance,��the��absence��of��key��mycorrhizal��239��

fungi��(58)��or��presence��of��soil��pathogens��(59)��can��limit��the��range��expansions��of��trees,��240��

although��the��quantitative��importance��of��such��effects��is��poorly��understood.����241��

��242��
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Conclusions��and��future��prospects����243��

Above��and��belowground��linkages��play��a��central��role��in��the��responses��of��ecosystem��processes��244��

in��mountains��to��climate��warming,��but��in��contrast��to��well��documented��shifts��in��plant��245��

assemblages��(2,��3),��changes��in��belowground��systems��remain��largely��unknown.��Historically,��246��

high�relevation��soils��have��not��been��analysed��quantitatively��nor��archived,��and��we��still��lack��247��

basic��data��on��belowground��plant��productivity,��the��diversity��and��functional��role��of��soil��248��

microbial��communities,��nutrient��mineralization��rates��and��SOM��stocks.��To��improve��our��249��

limited��understanding��of��plant�rsoil��interactions��in��mountains,��we��need��to��address��the��250��

following��key��questions:��251��

1.��How��quickly��will��vegetation��and��belowground��systems��shift��in��response��to��changing��252��

climate,��and��how��big��will��be��the��corresponding��feedbacks��to��climate?��253��

2.��What��is��the��role��of��parent��material��and��its��weathering��on��soil��development��and��SOM��254��

accumulation��in��mountain��ecosystems��and��how��is��it��linked��to��vegetation��change?����255��

3.��To��what��extent��can��warming�rinduced��increases��in��nutrient��availability��keep��pace��with��the��256��

increasing��nutrient��demands��of��upward��shifting��plant��communities?����257��

4.��What��are��the��key��drivers��of��soil��biota��across��elevation��gradients,��how��are��they��linked��to��258��

vegetation,��and��what��is��the��functional��role��of��microbial��communities��in��range��shifts?����259��

Elevational��gradients��document��fundamental��changes��in��the��belowground��system��along��260��

mountain��slopes,��while��soil��warming��experiments��frequently��reveal��that��soil��processes��such��261��

as��increased��C��and��N��mineralization��are��transient,��counteracted��by��feedbacks��and��difficult��to��262��

detect��in��the��large��soil��reservoir.��Reconciling��these��sometimes��conflicting��observations��is��263��

challenging;��experiments��rarely��capture��longer�rterm��changes��to��ecosystems��caused��by��264��
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turnover��in��species��composition��as��range��shifts��occur,��while��gradient��studies��provide��no��265��

information��about��the��timescales��of��range��shifts��and��ecosystems��changes.��Yet��impacts��of��266��

climate��change��on��ecosystem��functioning��and��climate��feedbacks��on��timescales��of��decades��to��267��

centuries��will��be��governed��by��the��non�requilibrium��dynamics��occurring��during��range��shifts.��268��

There��is��therefore��a��need��to��bridge��this��gap��and��to��better��understand��the��rate��and��impacts��269��

of��shifts��in��vegetation��and��belowground��ecosystems,��using��a��suite��of��approaches.��270��

Firstly��and��most��urgently,��soils��and��their��biota��should��be��integrated��into��existing��monitoring��271��

programs��of��vegetation��change��(e.g.��GLORIA��(3,��52))��and��national��soil��inventories,��setting��a��272��

baseline��for��assessing��belowground��changes��over��the��coming��decades.��Secondly,��temporal��273��

changes��in��soil��ecosystems��and��their��interactions��with��vegetation��might��be��extrapolated��by��274��

sampling��current��soils��across��chronosequences��of��vegetation��changes��that��have��been��275��

documented��from��historical��photographs,��maps��or��satellite��images,��similar��to��studies��276��

conducted�� on�� glacial�� forefields�� (37,�� 49).�� Thirdly,�� comparative�� studies�� of�� plant�rsoil��277��

interactions��across��replicated��elevation��gradients��within��and��between��regions��remain��scarce��278��

(27),��yet��can��exploit��variation��in��the��elevational��covariance��between��climate,��soil,��land�ruse��279��

and��biological��communities��to��gain��insight��into��drivers��of��ecosystem��structure��and��function,��280��

while��filling��data��gaps��in��remote��and��understudied��mountain��regions.��Finally,��experiments��281��

might��be��conducted��that��approximate��non�requilibrium��conditions��by��manipulating��climate��282��

and��assembling��the��novel��combinations��of��plants,��soils��and��soil��organisms��that��are��expected��283��

following��range��shifts��(57),��and��studying��their��impacts��on��ecosystem��processes,��ideally��in��284��

combination��with��elevational��gradient��studies.��285��

��286��
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In��many��respects,��the��belowground��still��represents��the��“Terra��incognita”��of��mountain��287��

ecosystems,��and��despite��its��importance��for��ecosystem��functioning��and��global��climate,��the��288��

linkage��between��below�r��and��aboveground��ecosystems��is��one��of��the��least��understood��289��

research��frontiers.��Recent��advances��in��molecular��tools��make��it��increasingly��possible��to��open��290��

the��“black��box”��of��soil��ecosystems,��hopefully��motivating��renewed��efforts��to��collect��basic��291��

data��on��belowground��process.��Such��information��will��be��essential��to��accurately��predict��how��292��

current��and��future��vegetation��will��interact��with��soil��biota,��soil��chemistry��and��physics,��and��293��

how��these��interactions��will��feedback��to��climate��change.������������������294��

��295��

��296��

List��of��Figures��297��

Figure�� 1.�� Mountain�� landscapes�� in�� transition.�� Comparisons�� of�� present�� and�� historic��298��

photographs��give��evidence��for��the��upward��migration��of��trees��to��higher��elevations��in��remote��299��

areas��of��the��Ural��mountains��in��response��to��the��climatic��warming��in��the��20th��century��(from��300��

37).��The��forest��expansion��is��paralleled��by��changes��in��the��belowground��ecosystem.��301��

��302��

Figure��2.��Mountain��ecosystems��above��and��below��the��ground.��Vegetation��forms��distinct��belts��303��

across��climatic��gradients��in��elevation,��spanning��the��nival��zone��with��cryptogams��and��cushion��304��

plants,��alpine��grassland��and��heathlands,��and��subalpine��forests��(1,��2,��4).��These��vegetation��305��

zones��are��paralleled��belowground.��The��contribution��of��roots��to��total��plant��biomass��typically��306��

increases��with��elevation��(51),��as��perennial��plants��relocate��resources��belowground��to��survive��307��

harsh��alpine��winters.��Early��successional��ecosystems��store��very��little��soil��organic��matter��308��
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(SOM)��due��to��low��plant��inputs��and��slow��weathering��(49)��and��host��highly��specific��microbial��309��

taxa��(50,��52,��60).��Alpine��grasslands��have��typically��high��SOM��contents��in��the��topsoil��as��low��310��

temperatures��impede��the��decomposition��of��annual��inputs��of��fine��roots��and��leaf��litter��(45).��311��

The�� herbaceous�� vegetation�� relies�� strongly�� on�� symbiotic�� associations�� with�� arbuscular��312��

mycorrhizae��for��nutrient��supply��(60).��Soils��below��the��shrubline��are��characterized��by��a��thick��313��

organic��layer,��consisting��of��recalcitrant��plant��residues��from��dwarf��shrubs��and��coniferous��314��

trees��(46,��47),��with��abundant��ericoid��and��ectomycorrhizae,��and��free�rliving��saprotrophs��(41,��315��

46,��54).��The��low��abundance��of��soil��fauna,��especially��of��earthworms,��impedes��the��physical��316��

incorporation��of��litter��into��mineral��soils��(48).��In��montane��forests,��the��increasingly��favourable��317��

climate��accelerates��the��processing��of��SOM,��leading��to��a��thinner��organic��layer��(33,��37,��44)��and��318��

a��higher��diversity��and��abundance��of��ectomycorrhizal��fungi.��See��Table��S1��for��more��details��on��319��

belowground��elevational��patterns.������320��

��321��

Figure��3.��Above�r��and��belowground��linkages��in��a��changing��climate.��Mountain��plants��transfer��322��

more��than��50%��of��assimilated��carbon��(C)��to��roots,��to��associated��mycorrhizal��fungi��in��323��

exchange��for��soil��nutrients,��and��to��free�rliving��bacteria��and��fungi��feeding��on��rhizodeposits.��324��

Within�� hours,�� photosynthetic�� products�� are�� allocated�� belowground,�� nourishing�� soil��325��

organisms,��and��are��respired��back��to��the��atmosphere��as��CO2��(14,��31).��On��an��annual��timescale,��326��

leaf��and��root��residues��enter��the��soils��and��are��broken��down��and��transformed��by��soil��biota.��327��

Only� � � �a��small��fraction��—��microbial��products��—��are��stabilized��by��reactive��minerals��formed��328��

during��weathering��and��persist��in��the��soil��for��centuries��to��millennia��(31).��Consequently,��soil��329��

organic��matter��(SOM)��consists��of��a��continuum��of��compounds��from��litter��to��particulate��soil��330��

organic��matter��(POM)��comprised��of��decomposing��plant��residues��and��more��stable��mineral�r331��

associated��organic��matter��(MOM)��(33,��43).��Climate��change��affects��above��and��belowground��332��
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linkages��either��directly��through��higher��temperatures��accelerating��C��and��nutrient��cycling,��or��333��

indirectly��as��vegetation��changes��alter��the��quantity��and��quality��of��litter��inputs��into��soils��and��334��

modify��the��microclimate.��Because��SOM��represents��the��key��reservoir��for��water��and��nutrients��335��

and��hosts��soil��microbial��communities,��changes��in��SOM��will��feedback��to��mountain��vegetation��336��

shifts��in��a��warming��climate.����337��

��338��

Figure��4.��Climate��warming��impacts��on��mountain��vegetation,��soils��and��their��biota��either��339��

directly��or��indirectly��through��elevational��shifts��of��plant��communities.��See��Table��S1��for��340��

pertinent��examples��from��the��literature.��341��

��342��
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Vegetation shift
Short-term effects

Increased net primary productivity
Shifting plant species abundances

Acclimation and subtle change in 
microbial community structure

Accelerated biogeochemical cycling
Depletion of labile soil C pools
Improved nutrient availability

Long-term effects

Increased net primary productivity
Plant community turnover

Pronounced changes in microbial
community structure and function

Vegetation zone-specific changes:
- Soil organic matter (+/-)
- Nutrient feedbacks (+/-)
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