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Altitudinal and Polar Treelines in the Northern Hemisphere b
Causes and Response to Climate Change

by Friedrich-Karl Holtmeiet and Gabriele Brofl

Abstract: This paper provides an overview on the main treeline-controllingem VorrYcken der Baumgrenze in gr38ere, wesentlich windigere H3her
factors and on the regional variety as well as on heterogeneity and responselttiv zunehmen. Die Verlagerung der Baumgrenze in grs8ere H3hen un
changing environmental conditions of both altitudinal and northern treelineseiter nach Norden wird zu grundlegenden VerSnderungen der Landschaft
From a global viewpoint, treeline position can be attributed to heat deficienaden Hochgebirgen und am Rande von Subarktis/Arktis fYhren, die auch wirt
At smaller scales however, treeline position, spatial pattern and dynamszhaftliche Folgen haben werden.

depend on multiple and often elusive interactions due to many natural factors

and human impact. After the end of the Little Ice Age climate warming

initiated tree establishment within the treeline ecotone and beyond the uppTRODUCTION

and northern tree limit. Tree establishment peaked from the 1920s to the

1940s and resumed again in the 1970s. Regional and local variations occur._In . . . .

most areas, tree recruitment has been most successful in the treeline ecdil@dal warming since the end of the OLittle Ice AgeO (abot
while new trees are still sporadic in the adjacent alpine or northern tund[LaQOO) is bringing about socio-economic changes, shrinking

Lack of local seed sources has often delayed tree advance to higher elevagign~: ; o ;
New trees established above the present seed trees and ancient solitary weaeglers’ meltmg permafrost, rsing sea level, Changes in th

far above the present forest limit which survived cool periods without beiff €Cipitation regimes, lengthening of the snow-free seasor
able to reproduce from seeds may now become effective seed sources @piansion and extinction of species and shift of vegetatior

encourage further upward shift of the treeline ecotone. At exposed silgfits among them the altitudinal and polar treelines.
warming cannot compensate for growth disturbances caused mainly by winter

injury and biotic factors. Extreme climatic events may cause lasting setbacks . .
at any time. Microsite facilitation is of particular importance for the survivaln the present paper the term treeline means the transition zol
of seedlings and saplings above the closed mountain forest stands. The relgymonyms: treeline ecotone, forest-tundra ecotone, fores

importance of microsite facilitation will increase in parallel with the upslopg,j; ; .
migration of the tree limit into a much windier environment. Treeline migra%llplne tundra eCOtone) eXtendmg from the upper limit of

tion to higher elevations and a more northern position is bringing about fund0sed subalpine or northern forests (= forest limit) to 'Fhe
mental changes in high mountain environments and at the tundra-taiggpermost or northernmost scattered and usually stunted inc

interface which will also influence the local economy. viduals of the forest-forming tree species (= tree limit, tree

ZusammenfassungDieser Artikel gibt einen therblick Yber die UrsachenSPECies limit) (see LTmEIER 2009 for terminology).
sowie die regionale Verschiedenartigkeit der oberen und nSrdlichen Baum-

grenzen und vermittelt einen Einblick in deren HeterogenitSt und Reaktion afffeelines are among the most conspicuous vegetation limit:

die sich verSndernden Umweltbedingungen. In globaler Sicht ist die Lage . . - .
oberen und polaren Waldgrenze primSr durch den WSrmemangel bedi er position and physmgnomy vary however reg|onally and

KleinrSumig betrachtet hSngen ihre Lage und rSumlichen Strukturen von el@ally. No wonder that the treelines have attracted scientist
Vielzahl natYrlicher und anthropogener Faktoren ab, die sich wechselseitifipm many disciplines. They have produced an immense

oft schwer durchschaubarer Weise beeinflussen. Die ErwSrmung seit et~k of literature (see ample references dnEIER 2009)
aKleinen EiszeitO hat zu einer Ausbreitung des Baumwuchses im Baumgrepz- ’

gkoton und Yber die obere und polare Baumgrenze hinaus gefYhrt, mit eiiﬁis revieW is based on the au_thorsO field research (hic
Maximum wShrend der 1920er bis 1940er Jahre. Seit den siebziger Jahrendesintains of Western North America, Alps, northern Europe)

vorigen Jahrhunderts hat sie wieder zugenommen, mit regionalen und Iok% on treeline-relevant literature. The paper addresses to
Unterschieden. In den meisten Gebieten hat sich der Baumwuchs am erf : pap

reichsten innerhalb der Baumgrenzskotone ausgebreitet, wShrend Jungw&ggad,er readersh|p rather th_an to tree“_ne expe(ts and gives .
in der angrenzenden alpinen Stufe und in der Tundra immer noch vergleicB¥erview on the heterogeneity and regional variety as well a
weise selten ist. HSufig hat das Fehlen lokaler Samenquellen das Vordringgnthe response of both altitudinal and northern treelines to th

des Baumwuchses in grs8ere H3he verzSgert. Jetzt aber k3nnen die bergj ; ; . ; .
oberhalb der gegenwSrtigen SamenbSume etablierten jungen BSume Wieg ging environmental conditions. It is the great phySIO

vereinzelte uralte Exemplare weit Yber der gegenwSrtigen Waldgrenze, @iROMmic, biological and ecological diversity of the altitudinal
kYhlere Perioden Yberlebt haben, ohne sich durch Samen vermehreragd northern treelines which should be considered as th

kSnnen, zu wichtigen Samenlieferanten werden und das Vordringen dsssential feature in the gIobaI treeline pattern
Baumwuchs beschleunigen. An exponierten Standorten kann die ErwSrmung ’

die vor allem durch winterliche SchSden und biotische Faktoren verursachten
WachstumsstSrungen nicht kompensieren. RYckschlSge infolge extremer

Ereignisse sind jederzeit mglich. Oberhalb der geschlossenen Waldbestop&|N CHARACTERISTICS OF TREELINE
kommt der BegYnstigung des Jungwuchses durch Schutz bietende kleinstand-

Srtliche Bedingungen eine besondere Bedeutung zu. lhr Einfluss wird mith . . .
The northern treeline often occurs as an altitudinal boundary

Due to its high latitudinal position it is located at compara-

tively low elevations. While in subarctic lowlands the forest-

tundra ecotone may extend over some tens or even hundreds

! Institute of Landscape Ecology, University of MYnster, Robert-Koch-Strage 28 481k|lome”-es' the ecotone is rel_atlvely narrow on SUb?;_lI’CtIC
MYnster, Germany; private: Diénysiusstra§e 6, 48329 Havixbeck ' ?ﬁountams- In the temperate hlgh mountains, the maximun
» Corresponding author <fkholtmeier@arcor.de> width of the treeline ecotone usually does not exceed a fe\

2 Institute of Geography, University of OsnabrYck, Seminarstrage 19, D-49074 Osna- L
brYck, Gemany. <Gabriele.Broll@uni-Osnabrueck.de> hundred meters. Normally it is much narrower.
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Fig. 1: Types of climatic and some other treelines. a = abrupt limit of closed forest. b = transition zone (treeline ecoton@Odrudims
holz belt above the upright growing forest. d = anthropogenic tree line located at the upper rim of the steep trough wall. e = treeline caused by
unstable slope debris. f = treeline on a steep slope characterized by structural benches alternating with unstable.slope debris

Abb. 1: Klimatische und einige andere Baumgrenztypen. a = Scharfe Waldgrenze,. b = tbergangssaum (Baumgrenzskoton). ¢ = dechterO
KrummbholzgYrtel oberhalb des hochstSmmigen Waldes. d = am oberen Rand einer steilen Trogwand gelegene anthropogene Baumgrenze. e :
durch instabilen Hangschutt verursachte orographische Waldgrenze. f = Baumgrenze auf einem durch ausstreichende Schigatkspfe im

sel mit instabilem Hangschutt geprSgten Steilhang.

Climatic treelines (Fig. 1a-c) may be abrupt or occur as a mdrethe Northern Hemisphere, the treeline is formed in mos
or less wide transition zone between the closed forest and gats by conifers such as spruce, fir, pine, larch, and junipe
tree-limit. In some mountain areas the high-stemmed foré3egionally, deciduous species (e.g., birch, beech, aspel
gradually merges into a belt of OtrueO krummhateTiittieEr ~ rhododendron) also occur. Approaching the treeline, tree
1981) such as dwarf mountain piflinus mugo)r Siberian height usually decreases and more or less climatically stunte
dwarf pine (Pinus pumila)bordering the mountain tundra. growth forms increase (Fig. 2).
Anthropogenic treelines, particularly those, which are located
at the upper rim of steep trough walls, are also usually abrdfte treeline ecotones are characterized by specific ecologic
(Fig. 1d). Unstable slope debris, talus cones and steep raeld climatic conditions, which differ from those of the closed
walls may cause an abrupt forest limit at relatively low elevaubalpine or northern forests and of the alpine and norther
tion, while solitary trees and tree groves may occur far abottendra. Thus, a climatically-caused shift of the treeline ecotont
at sites safe from disturbances (Fig. 1e,f). to higher elevations and a more northern position will bring
about fundamental changes in high mountains as well as i
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Fig. 2: Treeline ecotoné¢Picea engelmannii, Abies
lasiocarpa) on the west slope of the Colorado
Front Range at about 3600 m. In the upper part of
the ecotone, tree height decreases rapidly. Photo
F.K.H., 4 September 1977.

Abb. 2: Baumgrenzskoton(Picea engelmannii,
Abies lasiocarpapuf dem Westhang der Colorado
Front Range in rund 3600 m HShe. Im oberen Be-
reich des ...kotons nimmt die Baumhshe rasch ab.
Foto FK.H., 4. September 1977.

subarctic and arctic environments.

be ascribed even for the most part to landscape-, climate- ar
site-history rather than to the present climateLiMEiER
1965, 1974, 2009, éltMEIER & BroLL 2005, 2007). Thus,
projecting empirically found relationships between the posi-
tion of the current treeline and certain isotherms into the
To understand treeline dynamics a great number of factdigure will possibly underestimate any lasting effects of tree-
influencing tree growth, regeneration, survival and site condine geographical history. Not least, temporal scales of consi
tions have to be considered (Fig. 3). Moreover, we have deration must not be disregarded.

switch between different scales of consideration (global,

zonal, regional, local, microscale to approach the complex

phenomenon (BLTMEIER & BroLL 2005, FoLTMEIER 2009, Climate

MALANSON et al. 2009). At regional and smaller scales, for

example, historical disturbances by natural factors and humBrom a global viewpoint, climatic treeline position can be
impact, usually interacting in a complex way, determine thepnsidered to be caused mainly by heat deficiency; i.e. b
position and spatial patterns of treelines while the curreshort and often cool growing seasons. Heat deficiency
climate often has only a modulating effect (cf. Fig. 3 and Figncreases with elevation and latitude. Treeline position ha:
14). In many areas, the present position of the treeline hasoften been ascribed to the coincidence of specific isotherm

TREELINE-CONTROLLING FACTORS

Severe winter frost Heat deficiency Soil moisture
at sites with little during growing season deficiency
or without snow (Air and soil temperature) Excessive soil
Short growing season moisture
Frost events during 5 :
the growing season Nutrient deficiency
Unstable substrate
Permafrost
Herbivory
Wind Trees I"iammtals
Physiological effects : NSeCts
Mechanical effects at treeline
(breakage, uprooting, Pathogens
abrasion) Diseases
Excessive solar Human impact
radiation: Pastoral use
Photo-oxidative stress Fire clearance
Photoinhibition
Over-heating Deep and long- Avalanches Wild fires
lasting winter Snow slides ) ) .
snowpack Settling snow Fig: 3: Factors affecting trees at the altitudinal and
lar treelines.
Snow fungus Breakage © FKH polar freetines
infection Abrasion Abb. 3: Den Baumwuchs an der oberen und pola-

ren Baumgrenze beeintrSchtigende Faktoren.

141



Umbruch 79 (3) 05.08.2010 23:45 Uhr Seite 142 —$—

considered to be controlling tree growth, such as the meanthie distribution of soil moisture for example, may be different
temperature of the warmest month or the three or founder different climates. Moisture deficiency on convex topo-
warmmest months, for example. Also, the number of 5 {C daygaphy for example may be mitigated when the climate is
(mean daily air temperature) and thermal sums during thecoming more humid whereas it would exacerbate in a drie
growing season are used to explain treeline position. Mooimate (HbLTMEIER & BRoLL 2005). The effects of similar
recently a mean soil temperature of 5 jC to 7.5 jC of thaicrotopography on solar radiation, wind and snow cover alsc
growing season has been put forward to be controlling worlgary according to the particular situation gifmMeier 2005,
wide treeline position (KRNER1998a, 1999). In contrast to 2009).
the coincidences of treeline position and other isotherms, this
temperature comes closer to the critical thermal threshold 8feep rock walls, mass wasting, slope debris, talus cones at
+5 jC below which biochemical processes are generalvalanche tracks usually prevent forest from reaching its
impeded (e.g., Rizer1974). possible climatic altitudinal limit (cf. Fig le,f). On steep
slopes, orographically-caused treelines appear to be moil
Apart from low soil temperature there are many other climat@ommon than true climatic treelinesdtimeier 2009). Topo-
factors affecting tree growth at high elevations and in the noghaphy also sets limits to human land use (cf. Fig 1d). After
(cf. Fig. 3). For example, frost, mainly late and early frostsll, topography controls the spatial pattern of treeline anc
may injure plant tissue that are insufficiently developed or deiodulates the effects of the regional climate on treeline
hardened. In particular seedlings are sensitive in this respabtnamics at the landscape and local scales.
Strong winds may cause mechanical damage (abrasion, break-
age, uprooting) and physiological injury (e.g., winter desicca-
tion) before low soil temperatures limit tree growthHuman impact
(HoLtMmeler 2009). In addition, photo-oxidative stress and
photo inhibition due to excessive radiation loads at high alfin most of the mountains of Europe and Asia, which were
tudes may also be injurious (e.gaB et al. 1991, GRmiINO &  already settled in prehistoric time, manyfold forest use anc
SviITH 1999, STH et al. 2003, dHNsoN et al. 2004, Ausz  fire have lowered the altitudinal treeline during history almost
2007, BER et al. 2008). Such injuries may by critical toeverywhere where topography was not steep enough to preve
seedling survival despite mean daily minimum temperature acess. The extent of treeline depression however varied regio
the growing season being high enough not to impair growgtly (HoLtmeier 2009 cum lit). In trough-shaped valleys
processes. (Alps, Norwegian Fiordland), for example, the original forest
was removed from the trough shoulders to create alpin
It has long been discussed whether photosynthetic carbmastures, and the treeline became located at the upper rim
deficiency limits tree growth at high elevations. Whereabe steep and almost inaccessible trough walls (cf. Fig. 1d
negative carbon balances due to respiratory losses were oddaderate slopes became often completely deforested, in parti
sionally observed (e.g.,cBuLze et al. 1967, WiGersoN &  ular on southern aspects whereas forests on steep valley sic
ScHERDIN 1968, TRANQUILLINI 1979, GermiINO & SMITH 1999)  were usually less affected. In the Alps, for example, a treeline
no long-term carbon deficiency (carbon source limitation) watepression of 150-300 m below its maximum Holocene posi
however measured that would determine treeline positioiion can be accepted as an average value (e@iMEIER
Instead of limited carbon gain, limitation of metabolic carbot974, BJRGA & PERRET1998).
investment (carbon sink hypothesis) has been suggested to be
the most important effect of low temperatures.@iEr1998a, Although usually located in remote areas, the northern treelin
2007, HocH et al. 2002, ldcH & K...RNER2003, 2005). As a has also been, and still is, influenced by human activity,
result, carbon reserves in treeline trees will usually not Imeainly by reindeer grazing exceeding the natural carrying
depleted. Dry matter production may however be drasticaliapacity of the forest-tundra ecotone and by cutting fire wooc
reduced from time to time by high needle lossesr{@o & (HoLTMEIER, 2009). Overgrazing by semi-domestic reindeer is
SviITH 1999, SEINBJI..RNSsoONet al. 1996, dHNsoN et al.  mainly affecting establishment of new trees in the treeline
2004). In any case, in all of our treeline study areas a growghotone (e.g., BLTMEIER 2002, LEMPA et al. 2005, MUVONEN
increment is apparent even in the most severely stunted t&®VIELGOLASKI 2005, ANSCHLAG et al. 2008).
outposts, even although it may be very small or the trees may
occasionally show missing growth rings reflecting unfavour-
able growing conditions. Wild-living animals

In the treeline ecotone on high mountains farther south, exce:
Topography sively high populations of wild-living ungulates such as red

deer(Cervus elaphusin the European Alps or American elk
Topography (landscape surface) almost is a constant fact@ervus canadensigind mule deefOdocoileus virgianusin
among the many treeline-influencing agents. Most othéne Rocky Mountains, may locally impede or even prevent tree
factors, such as solar radiation, windflow near the surfagecruitment within the treeline ectone and in the alpine tundr:
temperatures, soil moisture, length and depth of the wintey browsing, bark-stripping and trampling. OOversizedO ungt
snow cover and its resultant effects, distribution of soil typelgte populations are mainly the result of landscape and lan
and site conditions in general are controlled and modified lge change and inappropriate game and habitat manageme
the given geomorphic structure yAtzky 1963, HoLtmelier — In general, wild ungulates do harm to the treeline trees rathe
1974, FoutMmeEIER 2005, BroLL et al. 2007, BTLER et al. than having any positive effects@bmeier 2002, 2009).
2007). The influences of topography on site conditions, as on
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Burrowing animals (e.g., ground squirrels, pocket gopherand a significant treeline advance on southern aspects durir
marmots) expose the mineral soil and thus create open patdesearly to mid 20th century while no upslope spruce migra
that may facilitate the establishment of seedlings, sufficietibn occurred on north-facing slopesafidy & Hik 2007). In
soil moisture and protection from wind provided. On the othéhe Polar Urals, the treeline moved upwards by 20-50 m at a
hand, they may cause serious damage to seedlings and saplivgsage during the previous century. On gentle slopes, th
by gnawing and girdling the stems and twigs buried under theseline advanced by 100-400 m into the mountain tundre
winter snowpack. (Devi et al. 2008). In Mid-Siberia, the northern treeline has
shifted by 90-300 m between the 1970s and 200QRKK et
Birds influence the treeline ecotone mainly by dispersal of tre¢ 2006). For the northern Alaskan treeline a northward shif
seeds. Nutcracke(blucifraga caryocatactesnd subspecies in by 2500 m has been estimatedd¥p 2005). On the extremely
Eurasia, Nucifraga columbianain North America) are the snow-rich west slope of Mount Rainier (Washington), tree
most important factor in this respect. Nutcrackers disperse thgtablishment has been almost continuous since about tt
heavy wingless seeds of several stone pine species within #980s, whereas cool, wet summers promoted supported tre
existing treeline ecotone and beyond tree limit where thegcruitment on the east side where winter snowpack is lowe
hoard the seeds in subsurface caches on which they rely (lRoCHEFORT& PETERSON1996).
food in the winter and spring @tiTMElER 1966, 2002, 2009,
TomBack 1977, MaTTEs 1978). Seeds not used by theln some areas, the tree population has increased mainly withi
nutcracker may give origin to stone pine seedlings (cf. Fithe treeline ecotone while no new trees have become esta
10). Thus, these birds are a driving factor in treeline dynamilished beyond the current tree limit as has been reported fror
in their areas of distribution (see map inuURvEIER 2009). the northern treeline near Churchill (Hudson BaydS et
al. 1987a, 1987b), for example, from the treeline east o
Hudson Bay (@GMACHE & PAYeTTE 2005) and in the
TREELINE RESPONSE TO THE CHANGING CLIMATE  Northwest Territories (&icz & MacDoNALD 1995). In many
places, however, seedlings and saplings now occur far beyor
Treelines have been fluctuating throughout the Holocene die tree limit as for example in some areas of the Swedis
to changing temperatures and reached their maximum altit®sandes (KLLmaN & ..BERG 2009) and of the Rocky Moun-
inal position during the postglacial thermal optimum (400Qains (BJTLER et al. 2004, ldLTmMEIER 2009). In Norway, tree-
5000 BP) and then gradually declined due to a general cooliimge has been stable or is advancing in the southernmost ar
(e.g., BJRGA & PERRET 1998. TNNER & K ALTENRIEDER 2005, probably in the middle regions while it is retreating in the
JENSEN & VORREN 2008). In most high mountains of Europenorth (DaLEN & HOFGAARD 2005).
and Asia, which were already settled in prehistoric time human
impact has enforced treeline decline (churveier 2009cum  Moreover, the response of the treeline-forming tree species t
lit.). Reports on treeline migration are often hard to compattee warming climate has been different according to theil
because they often result from accelerated growth and releapecific ecological properties and requirements and to the sit
of vertical stems of formerly suppressed growth forms (e.gonditions. At the upper treeline in the northern Urals, for
mat-growth, table-growth, wedge-like growth, edcor example, birch(Betula tortuosajhas expanded most intensive-
SINCLAIR & PaYeTTE 1995, KuLLman 2000, cf. Figs. 6, 8 and ly while the proportions of Siberian sprufficea obovata)
11) rather than from the establishment of new trees within aadd in particular of Siberian larcfLarix sibirica) have
beyond the treeline ecotone. decreased. Successful expansion of birch is explained b
climate warming and in particular by increased summer anc
winter precipitation. Local differences are however apparent
Regional variation Larch is more successful than birch on dry windy sites, whict
R ) are almost devoid of snow in winter and where it does not hav
Since the end of the OLittle Ice AgeO treelines have béemrompete with other tree speciesfRALov et al. 2006). In
advancing in pulses. Infilling of treeless gaps within the tre¢he southern Urals, Siberian spruce is the pioneer tree invadir
line ecotone by new trees and tree establishment beyond tie mountain tundra first, followed by bir¢Betula tortuosa)
existing tree limit peaked during the favourable 1920s to tlend mountain asfSorbus aucupariayvhich profit from the
1940s and, after a break, resumed since the 1970s. Howeshbelter given by spruce. The latter will out-compete the deci:
warmming and treeline advance were not always synchronodsous tree species in the course of natural succession invadil
and occurred at different regional and local intensities. the mountain tundra first (Mseev & SHivatov 2003).

In the Kenai Mountains (south-central Alaska) for exampl€&n Beartooth Plateau (Montana/Wyoming), great numbers o
the treeline ecotonéPicea glauca)ymoved upwards on cool whitebark pine seedlingéPinus albicaulis)have originated
and presumably moderately moist north-facing slopes whifteom seed caches of the ClarkOs nutcracker in the treelir
on warm aspects shrub and tree population increased but ¢cetone whereas young Engelmann spr@eEea engel-
treeline ecotone did not advanceiADet al. 2007). On the mannii)and subalpine fif{Abies lasiocarpagare nearly absent
Seeward Peninsula and in the Tanana-Yukon uplands (n@giELLMANN-BROwWN 2005). In the treeline ecotone on Niwot
Fairbanks, Alaska) as well as in many places on the Alaskadge (Colorado Front Range) we found young growth of
Range, white spruce advanced far beyond the outmost forEsgelmann spruce (73 %) to be more frequent than youn
stands (ldrPkiNs 1972, MERECK 1979) whereas in the easterngrowth of subalpine fir (9 %) and limber pirfBinus flexilis,
parts of the mountain range no comparable changes occuri&®b6, HoLTMEIER 1999).

(DENTON & KARLEN 1977). In south-west Yukon, warming

during the 1920s caused increased white spruce populatlarthe Swedish Scandes, during the last two to three decade
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the altitudinal limits of Norway sprud@®icea abiespnd Scots and abrasion by wind-driven ice and mineral particles while a
pine (Pinus sylvestris)hhave advanced to greater elevatiorsites covered with deep snow lingering into late spring or evel
more rapidly than the mountain birch treelif@etula pubes- early summer evergreen conifers may succumb to parasiti
censssp.czerepanovii;KuLLMAN 2004, KuLLMAN & ..BERG  snow fungi such aderpotrichia juniperi, Phacidium infestans
2009), Along transects reaching from the closed spruce-pireaxd Gremeniella abietinaPaticularly in winters with long-
birch-forest to the tree limit on Pallastunturi (807 m, westerasting wet snow fungi are very likely the most adverse factor:
Central Finnish Lapland) seedlings and saplings of Norwdgr seedling survival. Also, mechanical damage caused to th
spruce were by far more common than those of Scots pine aaaing trees by creeping, sliding or settling snow may be fatal
in particular of mountain birch @LTmeieR et al. 2003). Under current conditions, natural reforestation of abandone
alpine pastures in the Upper Engadine (Switzerland), fou
example, can be expected up to an altitude of 2300 m, while
After-effects of human use above this, growth rates and seedling density are insufficien
(M+TERTHIES 2002). In some areas, however, with less
Not least, in many high mountains, warming climate ancontrasting local topography, trees are invading in largel
cessation of human impact as driving factors interfere inrmmbers abandoned or rarely used subalpine pastures.
complex and often elusive manner, in particular as site condi-
tions in the formerly forested areas have often radicalljhe legacy of intense human use also influences seconda
changed after the removal of the former high elevation foresticcession of tree species. When grazing pressure decrea:s
stands. Thus, the alpine zone has become extended to lograss and dwarf shrub vegetation could spread into patche
elevations (cf. Fig. 1d) and the positive effects of climatiwhere the mineral soil had been exposed by trampling effect
warmming are overridden by the effects of a locally varyin@f grazing cattle. The closed plant cover may now prevent thi
mosaic of strongly contrasting sites (Fig. 4). Lack of winteseeds of anemochoric tree species such as European lar
snow and dry conditions on convex and other wind-exposédarix decidua)for example from reaching a suitable seed bed
topography as well as too long-lasting snow cover on lower out-competes larch seedlings. In contrast, Swiss stone pir
leeward slopes and within shallow depressions may prevent(Binus cembra)which is normally the climax species in this
at least delay tree invasion into abandoned alpine pastuagsa, has become a pioneer tree on abandoned alpine pastt
ewven although these are located below the present potentak to the nutcrackerOs seed-caching activities. Inside pit
climatic tree limit and sufficient quantities of fertile seeds arelusters, the individual seedlings and saplings have greate
awailable. At sites not or only episodically covered with snovgrotection from climatic injury than the more widely scattered
seedlings and saplings suffer from frost, winter desiccatigrioneer trees such as larch.

SW Winter snowpack NE

m  Rhododendron ferrugineum
' Vaccinium myrtillus
Mosses

: k, Y g 'y |

CMM&M@M@ Trichophorum caespitosum

G?Iadoma xyivnm ~ Eriophorum scheuchzeri and
T ) : Carex spp. in wet places

Shoots and needles projecting Soil frozen to great depth in winter Shoots and needles projecting above the
above the snowpack damaged by  Frost damage to seedling fine roots snowpack damaged by
frost and ice particle abrasion Winter desiccation frost and ice particle abrasion
Mechanical damage by creeping Ice particle abrasion Mechanical damage by creeping
and settling snow and settling snow
Loss of needies buried in the Drought stress in summer Loss of needles buried in the snow due to
snow due to infection by snow infection by snow blight (Phacidium infestans)

blight (Phacidium infestans) FKH

Fig. 4: Effects of local topography (exposure to solar radiation and wind) on site conditions and resultant distribution pattgrounfckivegetation and esta-
blishment of Swiss stone pirfBinus cembrajn abandoned alpine pastures (schematic, following the conditions of the northwest-facing slope of the Upper
gadine main valley at about 2200 m). Modified fromLFMEIER 1965.

Abb. 4: Auswirkungen der GelSndegestalt (Strahlungs- und Windexposition) auf die Standortbedingungen, das Verteilungsmuster der Bodenvegetation

Aufkommen von Arver(Pinus cembrajn aufgelassenen Alpweiden (schematisch, nach den VerhSltnissen auf dem nordwest-exponierten Hang des Obere
ner Haupttales, um 2200 m). VerSndert naochrieiEr 1965.
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In many areas of the Alps as well as in the Low and High Tatpatches of mineral soil (sandy-skeletal till) on convex topo-
Mountains and in the Dinaric Alps, green al@&inus viridis) graphy in the birch treeline in northernmost Finnish Lapland
and prostrate mountain pine scriiibnus mugoyould expand (Fig. 5) because of insufficient moisture and nutrient supply,
after the removal of the original forest. These OtrueO krumamverse microclimate, and soil frost penetratmg to great deptt
holz species may impede or promote the establishment Atf the treeline in Yukon Territory, it is black spruficea
spruce and other trees (e.gNTAELME et al. 2003, BLTMEIER ~ mariana) which is not able to colonize open patches affectec
2009). Such processes controlling secondary succession rbgeryoturbation (Fig. 6).
be more important for the treeline pattern and dynamics than a
warming climate (e.g., HLTMEIER 1967, 1974, MTHERTHIES ~ The position of the upper limit of regular viable seed produc-
2002, DuLLINGER et al. 2003, 2004). tion fluctuates in response to climatic conditions (Fig. 7).
Under cool climatic conditions production of viable seeds anc
In northern Finnish Lapland, for example, it is the combingoor regeneration has been for a long time the bottlenec
tion of excessive reindeer grazing and occasional magseventing tree advance to greater altitude and a more nortl
outbreaks of the leaf-eating autumnal motEpirrita ern position. Transport of windborne seeds from distant see
autumnata) and the winter moth(Operophtera brumata) sources at lower elevations or more southern forest stands h
which pose a permanent threat to tree seedlings and yountg been efficient enough to increase tree population at an
growth and act as agents for initiating or enforcing soil erosidseyond the existing tree limit during the last hundred years. Ii
(HoLTMmEIER et al. 2004, [dLTMEIER & BRoLL 2006, ANscHLAG  the treeline ecotone east of the Hudson Bay, for example, th
2008). abundance of spruce trees that originated from seeds decrea:
exponentially with latitude (@vacHE & PaveTTe 2005). In
the long-term the limit of production of viable seeds is located
The role of regeneration south (polar treeline) or below the physiological tree limit.

Treeline shifts to higher elevation or more northern positior&me trees which originated from seeds during warmer condi
depend first of all on successful seed-based establishmentiofis often far beyond the current northern and altitudinal tree
new tree generations in the alpine and northern tundra. Regkemit have persisted by layering (formation of adventitious
eration from seeds is a very sensitive process dependingroats) for hundreds or even thousands of years without produt
several subsequent favourable growing seasons and is affeabgd appreciable quantities of fertile seeds. Layering is still
by a great number of external factors such as distance from ghwssible at temperatures too low for seed-based regeneratic
seed source, availability of a suitable seed bed, local climatieis common in deciduous trees but also occurs in some con
soil conditions, competition, mycorrhiza, nutrient availabilityfers. Long-lived clonal tree islands are very common at the
pathogens, allelopathic effects and irregular release of seatttudinal treeline in the Rocky Mountains and other high
from the cones (BLTMEIER 1993, 2009). Seedling mortality is mountain ranges in western North America (Fig. 8),
particularly high during the first years (e.g.,EMMANN-  Fennoscandia and in the Urals and also occur widely at th
BrowN 2005, INTUNEN & NEUVONEN 2006). northern treeline in Eurasia and North America.

The effect of the same factor on regeneration may be different
in different locations. At the treeline in northern Sweden, for
example, the establishment of mountain birch seedlings in the
alpine tundra has been promoted by open patches of bare soil
(TRuONG et al. 2007, 8NDQuisT et al. 2008). On the other
hand, birch is apparently not able to invade wind-eroded

Fig. 5: Wind-eroded convex topography (327 m)
on the northern slope of Koahppeloaivi (northern
Finnish Lapland). Lack of nutrients and soil mois-
ture deficiency prevent mountain birdBetula
pubescenssp.czerepanoviifrom colonizing the
eroded areas. Photo F.K.H., 26 July 1998.

Abb. 5: Winderodierte Kuppe (327 m) am Nord-
hang des Koahppeloaivi (nSrdliches Finnisch
Lappland). NShrstoff- und Feuchtemangel verhin-
dern die Ansiedlung der Fjellbirk@Betula pubes-
cens ssp. czerepanovii)auf den erodierten FIS-
chen. Foto FK.H., 26. Juli 1998.
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Fig. 6: Treeline formed by black sprug®icea
mariana) near Dempster Highway (Yukon Terri-
tory) at about 640 m. Black spruce is absent from
the open patches of mineral soil affected by cryo-
turbation. Photo G.B., 21 July 1993.

Abb. 6: Von der Schwarzficht¢Picea mariana)
gebildete Baumgrenze in der NShe des Dempster
Highway (Yukon Territory) in ca. 640 m. Die
Schwarzfichten kSnnen die durch Kryoturbation
angehobenen Flecken offenen Mineralbodens
nicht besiedeln. Foto G.B., 21. Juli 1993.

At most treelines, global warming is bringing about a change
as the OnewO trees that became established during the f
decades and since the end of thé &mnhtury within the upper
zone of the treeline ecotone are now producing viable seed
Seed dispersal by wind is however impeded as long as th
pioneer trees do not project sufficiently beyond the surround
ing vegetation. The situation will improve after the release of
vertical stems, which can occur as a result of more favourabl
climatic conditions (cf. Figs. 8 and 11), especially if they
reduce winter mortality. Also, ancient solitary trees and clona
tree groups that became established beyond the present for
limit during relatively favourable warm periods long ago may
now become effective seed sources.

Feedbacks of trees and microsite facilitation

We are used to concentrating on the effects of increasin
temperatures on treeline position and dynamics. However, th
feedbacks of growing tree population within and beyond the
treeline ecotone on their environment must also be considere
(Fig. 9). They may even override the direct effect of the
regional climates and climate warming.

Thus, infilling of the hitherto treeless patches in the treeline
ecotone as well as the accelerated growth of young trees ar
release of vertical stems from already existing suppresse
gronvth forms will reduce wind velocity and thus increase
deposition of snow (cf. Fig. 8). A deeper snowpack will
promote higher winter soil temperatures. Altered vegetatior
cover and higher soil temperatures accelerate mineralizatio
and nutrient supply (e.g., more available nitrogen). As a resull
biomass and productivity is likely to increase more than migh
be expected at the magnitude of direct effects of the warmin
climate (e.g., KMMER et al. 2009).

Fig. 7: Position of the upper limit of production of fertile seeds at OnormalO
favourable and unfavourable climatic conditions. Modified fromLtVEIER
2009.

Abb. 7: Lage der oberen Grenze der Produktion keimfShiger Samen unte
anormalenO, gYnstigen und ungYnstigen klimatischen Bedingungen. VerSnc
nach HoLTMEIER 2009.
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Fig. 8: Hedge-like clonal tree island8bies lasio-
carpaandPicea engelmanniipn wind-swept ter-
rain on Niwot Ridge (Colorado Front Range) at
about 3450 m. Surface roughness and thus accu-
mulation of blowing snow increased when climatic
conditions more favourable than at present allow-
ed some leaders to be become upright stems.
Photo F.K.H., 7 April 1989.

Abb. 8: Heckenartige Ablegergruppeibies la-
siocarpaund Picea engelmanniijn windausge-
setztem GelSnde auf Niwot Ridge (Colorado Front
Range) in 3450 m. Die unter gYnstigeren Klima-
bedingungen als heute zu aufrechten StSmmen
herangewachsenen Wipfeltriebe haben die Ober-
flSchenrauhigkeit und infolgedessen die Schnee-
akkumulation erhsht. Foto F.K.H., 7. April 1989.

JErowin tree population L
> 4 pop ¢
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damage uptake fungus Fig. 9: Feedbacks of growing tree population on
infection site conditions, seedling establishment and surviv-
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E - < MEIER 20009.
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Seedling survival Abb. 9: RYckwirkungen zunehmender Bestock-
| Neoaifieifiedhack . _’[_—_——_—'_“ ungsdichte auf Standortbedingungen, SSmlings-
—l"“’ high — Fositive feedback aufkommen und tberlebensrate im Baumgrenzbe-
FKH 2009 reich. VerSndert nachdtirmeier 2009.

Moreover, a deeper snowpack may facilitate further seedlifigoLTmMEIER 1966). The taller growing pines have increased
establishment. On wind-swept topography at the Rocky MousAow accumulation to an extent that younger and smalle
tain treeline, for example, compact clonal tree islands (&pecimens which germinated with a delay, were destroyed b
Fig.8) usually cause deep and long-lasting snow drifts at theimow blight(Phacidium infestangtig. 10).
leeward edge which provide shelter from climatic injury and,
when melting, moisture supply to possible seedlingsrfM Increasing tree populations not only provide shelter from
1977, FoLTMEIER & BROLL 1992, BroLL & HoLTMEIER 1994).  strong winds but also from excessive solar radiation (e.g.
However, snow drifts lingering far into springtime or everGERMINO & SMITH 1999, GermiNoO et al. 2002, dHNsonet al.
early summer may also have negative effects because tR&p4, Tusz 2007). However, at higher tree densities shading
promote parasitic snow fungi, which impair the successfof the ground by the tree canopy increases and may reduce s
establishment of potential seedlings. temperatures and light intensity to an extent that germinatiol
of seeds and the establishment of seedlings of shade-intolera
In the Upper Engadine (Switzerland), for example, we fourtdee species will be impaired or even prevented. It is unlikely
severe snow fungus damage within in open clusters of Swhsswever, that taller growing trees would eliminate themselve:
stone pine(Pinus cembra)on normally snow-free convex by shading the ground as has been argued.bgNEr(1998a,
topography above the existing anthropogenic forest limit998b).
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Despite positive feedbacks of increasing tree populations
microsite facilitation and climate warming most of the trees
which became established above the upper forest stands duri
the last decades have not been able to develop normal growt
In northernmost Finnish Lapland, for example, more than 80 ¥
of living Scots pines(Pinus sylvestris) which established
themselves within and beyond the birch-treeline ecotone afte
the 1970s show moderately to severely disturbed growtt
(HoLtMmEIER & BROLL submitted). Others have already died.
Similar observations we made at the treeline in Ounas-Pallas
unturi-National Park (western central Finnish LaplandiH
MEIER et al. 2003) and throughout the Rocky Mountains
(HoLtmEIER 2009). NNOT et al. (2008) suppose that vertical
growth of pine (Pinus uncinata)at treeline in the Catalan
Pyrenees may be prevented by climatic impact for decades
least.

Also in a warmer environment distorted growth forms will

prevail close to the future higher tree limit as it was the Orule
also in the past. Many of the trees may survive for decades ¢
suppressed growth forms. During a series of favourable yeat
height growth may accelerate and the trees will attain Otre
sizeO provided this is not prevented by extreme events such
exceptionally cool summers, extremely cold and snow-poor
winters or relatively mild winters with deep and long-lasting

Fig. 10: Swiss stone pine@inus cembra)which originated from seed caches STOW pack.

of the European nutcrack@ucifraga caryocatactes)n the northwest-facing
slope of the Upper Engadine main valley at about 2200 m. The taller trees gra-
dually increased snow deposition. They became affected by white snow bli : ; ; : : A
(Phacidium infestansand lost all their needles buried in the snowpack. Th%krjverse eﬁeCt,S Of_C“matIC warming in the treeline environ
younger trees were completely destroyed. Photo FK.H., September 1968. ment and biodiversity concerns

Abb. 10: Aus Vorratsverstecken des E_uropéischen Tannenh@heréraga AIthough the many positive effects of climatic Warming on
caryocatacteshervorgegangene ArvgiRinus cembrapuf dem nordwestex-

ponierten Hang des Oberengadiner Haupttales in 2200 m. Die heranwachdb@€line are obvious, future opposite effects cannot be
den BSume verursachten eine allmShliche Zunahme der Schneeablageexgjuded. Thus, at the northern treeline summer drought i
e e e e SRk hombason idorl Y to become an adverse facor (e et al. 1995
jg\?engeren BSume wurden v3llig L;erstért. Foto FK.H., Sept(gmber 1968. rBREBER et al. 2000, GMACHE & PAYETTE 2005_' WL,MKlNG et

al. 2004, 2005), at least locally. At the treeline in Alaska, for
In the alpine zone, seedling establishment is facilitated lexample, tree growth decreased on warm and dry sites afte
boulders, solifluction lobes and terrace risers, hummockiie 1950s, possibly because of drought stressv{l & FASTIE
surfaces, and shallow depressions that provide wind shel®802). In the Kenai Mountains, where seedlings became esta
and cause snow accumulation offiveler 1965, 1974. lished at relatively great numbers up to 100 m above the
ALFTINE & MALANSON 2004, BUTLER et al. 2004, RsLeErR existing OkrummholzO particularly during the period 1975-
2006, BxTLLORI & GuTifRREZ 2009). Shrubs (e.g. willows) or 1995, seedling establishment decreased during the last deca
grass tussocks may have a similar effect. Varying microtopeich was hotter and drier than the two decades before. Tre:
graphy (rough ground surface) might be more favourable théine rose only on cooler northern aspects by about 50 m in les
smooth terrain (HLTMEIER et al. 2003). In addition, already than 50 years (BL et al. 2007). Moisture stress is most
existing suppressed growth forms (e.g., mat and table growitrjtical at the seedling stage and would occur first on highly
or dead OkrummholzO may support the establishment of pasmeable and rapidly drying substrates such as sandy-skele
seedlings in a similar way (Fig. 11; see alsex#&Rr 2005). soils (cf. Fig. 5; KLTMEIER et al. 2003, IBL.TMEIER & BROLL

Fig. 11: Three young subalpine fifAbies lasio-
carpa)and and a lodgepole pirfBinus contorta)
have become established in the lee of a clonal
group of subalpine fir on this wind-swept site on
Lee Ridge (Glacier National Park, Montana) at
about 2000 m. The clonal group and its leeward
snow-drift which builds up in winter provide shel-
ter from the strong winds to the young trees. After
a field scetch by F.K.H., 2009.

Abb. 11: Drei junge subalpine TanngAbies la-
siocarpa) und eine Drehkiefe(Pinus contorta)
sind im Lee einer Tannen-Ablegergruppe an die-
sem windgefegten Standort auf dem Lee Ridge
(Glacier Nationalpark, Montana) in ca. 2000 m
HShe aufgekommen. Die Ablegergruppe und der
im Winter auf ihrer Leeseite abgelagerte Schnee
bieten den jungen BSumen Schutz vor den starken
Winden. Nach einer Feldskizze von FK.H., 2009.
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2005). However, seedlings that established themselves tandra vegetation, loss of species and biological diversity (e.g
moss layers may also suffer from insufficient moisture supplyuckman & KavanaGH 2000, THEURILLAT & Guisan 2001,
after the moss layer has dried and the seedling roots have MeLAnsoN et al. 2007, 8NDQvIST et al. 2008). Simulated
reached the mineral soil (arD 1974, HLLE & Ouben  changes of the future position of the upper treeline in Swede
2004). Also, at the upper treeline in temperate high mountaisisggest a reduction of alpine heaths by about 80 %. The re
dry conditions may occur more frequently during the growingiould be slope debris and boulder fieldso@w et al. 2004).
season and affect seedlings and young growth. At the upparniman (2007) objects emphatically to this hypothesis as
treeline in the Italian Central Alps, for example, decreasirfgeld observations do not support it. The risk of species extinc
sensitivity of radial growth in Swiss stone pifenus cembra) tion may possibly be reduced by survival of many alpine
on south- and southwest-facing sites to summer temperatapecies on cliffs and slopes too steep for closed forests as
and increasing sensitivity to July temperature on northehappened in the pastgBun & M oeEN 2003). Forest altitudinal
aspects (EoNELLI et al. 2009) suggest a temperature-inducealdvance will however reduce landscape diversity, which woulc
drought stress on the sun-exposed sites. Increasing tempérgeair the landscape aesthetic values and make the landsca
ture and decreasing precipitation as predicted by IPPC (200&3s attractive for tourists. This would considerably affect the
for southern Europe might cause widespread drought stresg@inomy in the Alps and in other mountains, which are simi-
the treeline in the Mediterranean (e.gAMBRERO & larly dependent on tourism.
GuTIfRREZ 2004, BRANDES 2007, BrTLLORI 2008). Drought
stress to seedlings is more likely on sun-exposed leewaktthe northern treeline, increasing tree populations may influ:
slopes than on sun-exposed windward slopes. In continergakce the interactions between tree cover and thaw depth
climates, hot and dry summers are likely to become a seriqaeymafrost (e.g., KrucHkov 1973, LarseN 1989, HOLTMEIER
threat to seedlings in the treeline ecotone, particularly @909) and thereby the spatial and temporal treeline patterns. |
southern aspects, while warm and wet summers will promatabarctic lowland areas, as western in Siberian and in th
seedling establishment. Hudson Bay region for example, melting permafrost and result
ant paludification are likely to cause a retreat of the northerr
Drought due to climate warming is likely also to increastorest where topography and drainage control the extent an
fires, which will not only destroy tree stands but also the so#te of paludification (€awrorp et al. 2003, ™ARD et al.
organic layer. The remains will rapidly erode under the infll2007).
ence of surface-runoff and wind (Fig. 12). The loss of the
organic layer will have a long-lasting effect as it is the maiRorest advance would also increase insect harassment a
nutrient source. As a result treeline post-fire regeneration wittduce the open wind-swept areas frequented by reindeer
be delayed or even be absent for decades or even longer. escape molestation by nose bot fli€ephenemyia trompe L.)
and warble fliegHypoderma tarandi L.)As a result reindeer
Moreover, winter warming (ACIA 2005) will bring about impact on these areas will be likely to increase.
more wet snow. Increasing crown and stem breakage due to
heavy snow loads as well as damage caused by settling snow
are likely. More wet snow, particularly in springtime, willTopographical control of treeline dynamics
increase the risk of young growth of evergreen conifers
becoming infected by parasitic snow fungi. Moreover, seeé- general rise of treeline, which could be expected unde
lings and saplings would be affected by mechanical damagersistent warmer conditions is considerably modulated by th
As a result, treeline advance may locally be delayed. effects of geomorphic structures on the site conditions. The
topographically determined basic spatial pattern in the treelin
Tree line advancing to greater altitude and more northern poséotone will probably not change significantly under the influ-
tion is supposed to bring about fragmentation of the alpine aedce of climatic change @tTMEIER & BRoLL 2005).

Fig. 12: A wildfire destroyed this OkrummholzO
stand in 1988 near Coney Lake (Front Range, Co-
lorado, at about 3250 m). Afterwards, run-off and
strong winds have eroded the organic layer, which
was the main nutrient source. Photo F.K.H., 6 Au-
gust 1989.

Abb. 12: Ein Feuer zerstSrte 1988 diesen

aKrummholzbestandO in der NShe von Coney
Lake (Front Range, Colorado, bei ca. 3250 m).
Danach haben AbspYlung und starke Winde die
organische Auflage und damit die wichtigste

NShrstoffquelle zerstsrt. Foto F.K.H., 6. August

1989.
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The extent of any climate-induced movement of the treelirilmor of shallow valleys as well as along stream sides wher
ecotone will vary with the angle of incline. Put simply, on avinter snow may linger into early summer evergreen conifer:
gentle slope the treeline will move further than on a stegpe rare, mainly because of being infected by snow fungus
slope (Fig. 13). On steep valley sides, climate warming is uAtso waterlogging may prevent tree establishment in sucl
likely to make the forest advance to its rising climatic potenti@laces. In northernmost Finnish Lapland, however, we founc
limit as long as gravitational processes (cf. Fig. 1e) regulamgountain birch(Betula pubescenssp.czerepanoviiexpand-
occur at intervals (Atio & CoLpaerT 2005, HbLTMEIER &  ing to higher elevation mainly within the shallow valleys cut
BroLL 2005, 2007). In the long-term trees may become estahto sandy-skeletal basal till GtTmEIER et al. 2003, BoLL et
lished after the block debris has stabilized and fine minerall 2007).
and organic material accumulated which improves moisture
and nutrient conditions. Persistent invasion of active avalanche
chutes by arborescent vegetation is unlikely in particular asIMPLICATIONS
a warmer climate more snow will probably accumulate above
the present high altitude forest where most of destructi@imate warming since the end of the Little Ice Age has
avalanches are releasedefBston 2001, BkKER et al. 2007). encouraged tree establishment within the treeline ecotone ar
Thus, on slopes intensively dissected by erosion and showinglmve the upper tree limit. Increase of tree population in the
rib-and groove topography, forest expansion to greater eleveeeline ecotone and migration of the tree limit to a higher
tion will follow the rib structures while advance will beelevation and a more northern position is ubiquitous with
delayed or prevented in the rills and gullies which are usuallggional and local exceptions however. In most areas, tre
identical with avalanche pathways. recruitment has been most intense within the treeline ecotor
while above trees are still sporadic. The utmost pioneer tree
will probably survive for decades as suppressed growth form
until a succession of favourable years would allow accelerate
height growth and provide no setbacks from extreme climatic
ewents, pathogens, diseases or insect infestations. Extren
ewvents are however almost unpredictable. In continenta
climates treeline shift is more likely under warm and humid
conditions than under warming alone.

As long as low temperatures limit carbon investment, enriche
CQ, in the atmosphere and increasing carbon assimilation ar
unlikely to promote tree growth and treeline advance to highe
elevations or more northerly positions. Nevertheless, it is to b
expected that different tree species may respond differenth
(e.g., HanDa et al. 2005).

One may safely assume that in the case of continued warmir

and stabilization of the thermal conditions at a higher level
Fig. 13: Possible increase of the forested area caused by a climatically drivi}@n at present advancing treelines will bring about a profoun
upward shift (e.g., by 50 m) of the treeline ecotone varies with slope inclin@ndscape change in high mountains and at the southern rim
tion. the Arctic. The feedbacks of the growing tree population
Abb. 13: Die m&gliche Zunahme der bewaldeten FISche infolge eines klimgl\-’Ithln and be¥0nd, the treeline ecotone ar? |Ik¢|y to p_lay. ar
tisch verursachten Anstiegs der Baumgrenze (z.B. um 50 m) variiert mit deaportant role in this respect. Absence of microsite facilitation
Hangneigung. would delay or even prevent treeline rise driven by the

warming climate.

The situation is completely different on gentle slopes ariRegional and local variation will occur because of historical
rolling plains as for example on uplifted often smooth old lanégacies (Fig. 14), different climates (climate character), land
surfaces in the Rocky Mountains or in Finnish Lapland. Asfarms, pathogens, diseases, etc. Moreover, the tree line do
result of warming new trees have established themselvast and will not advance in a closed front to higher elevation:
mainly in places that are sufficiently but not too long covereak more northern positions as varying microtopography
with snow; i.e. at the lee side of convex topography (e.gontrols site conditions and tree establishment. Focussing o
hillocks, eskers, terminal moraines) and alongside the uppkermal conditions only, in order to set up a generalized hypo
rim of shallow valleys and other depressions. In general, tréeesis, would ignore the regionally and locally varying
invasion has been less successful on top of windswept topesponse of the upper and northern treelines spatial an
graphy. Locally however, facilitation by stones, grass tuftéemporal patterns to the changing environment. At the lands
dwarf-shrub patches and shallow depressions not exceedincape and local scales the role of wild-living animal popula-
few centimetres in depth has been sufficient for seedlintiens should not be disregarded.

establishment during the last decades. In the Colorado Rocky

Mountains, for example, seedlings can be found in places Whereas little imagination is needed to predict that in case ¢©
to altitudes of 3600 m. However, up until now they have ngiersistently higher temperatures treelines will move upward:
developed normal growth because of the extremely windyd to a more northern position, probably up to its maximurr
conditions. In the lower slope zone of convexities and on tlirethe Early Holocene (WcDoNALD et al. 2008), it is however
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Fig. 14: The influence of treeline his-
torical legacy, climate warming und
some other factors on the position,
spatial pattern and dynamics of the
future treeline. Modified from BLT-
MEIER & BRroLL 2005.

Abb. 14: Der Einfluss der Baum-
grenzgeschichte, der ErwSrmung
und einiger anderer Faktoren auf La-
ge, rSumliche Struktur und Dynamik
der kYnftigen Baumgrenze. VerSn-
dert nach léLTMEIER & BRoLL 2005.

much more difficult to predict regional and local variationg\ftine, K.J. & Malanson, G.R2004): Directional positive feedback and
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