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Abstract: The alpine treeline is a potentially sensitive indicator of vegetation response
to climate change. However, there is not a generally accepted single hypothesis that
explains treeline position and pattern at multiple scales. Recently a set of five hypotheses
has been proposed for treeline explanations (Kérner, 2003b). The impacts of animals are
not explicitly included in any of these hypotheses, however, they can and should be
included. In this review we discuss Kérner’s five hypotheses and explain how animal activ-
ity can be included within them to make them more applicable to treeline environments
experiencing a changing climate. We utilize the conceptual model proposed by Cairns
and Moen (2004) as an organizing framework for the inclusion of animal activity with
existing hypotheses. Finally we suggest that the equivocal nature of treeline response to
climate change may be in part related to animal activity. [Key words: alpine treeline, her-
bivory, climate change.]

INTRODUCTION

The Earth’s climate is expected to change considerably in the near future. Global
temperatures are predicted to rise between 1.4°C and 4.4°C over the next century,
and precipitation patterns are also expected to be altered (Allen et al., 2000; Boer
et al., 2000; Dai et al., 2001). Changes are expected to be greatest near the poles
and more moderate in the tropics. Vegetation communities are thought to be in
quasi-equilibrium with climate; as climate changes, so should vegetation commu-
nities (Walther et al., 2002). Many vegetation communities may exhibit predictable
changes in location, species composition, biomass, and pattern on the landscape.
Such changes are expected to be most visible at ecotones between adjacent
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vegetation types, because at these locations small changes in environmental condi-
tions are likely to push vegetation communities from one stable state to another
(Hansen et al., 1988).

One ecotone of particular interest in this regard is the forest-tundra transition,
because it has the potential to be a sensitive bioindicator of climate change (Kupfer
and Cairns, 1996; Kullman, 1998; Burga and Perret, 2001) and it can be viewed as
an analog to other zonal biome transitions (Stevens and Fox, 1991). Transitions
between forest and tundra occur in both Arctic and alpine locations. In both cases,
as the thermal environment becomes more severe there is a switch from the arbo-
real growth forms of a low-latitude or low-elevation forest to short-stature tundra.
This transition may be gradual or sharp and may include an intermediate shrub-like
growth form of trees in a matrix of tundra. In this paper, we use the term “treeline”
to describe the ecotone between the timberline and the tree limit. The timberline is
the altitudinal or latitudinal limit of continuous forest, while tree limit is the altitu-
dinal or latitudinal limit of tree-forming individuals, which may be scattered among
tundra vegetation.

Predictions of how treelines will respond to changing climates routinely concen-
trate on the effects of climate (e.g., Cairns and Malanson, 1997; Bekker et al., 2001;
Moen et al., 2004) but rarely consider the influence of animals. Animal activity in
a wide range of environments has been hypothesized to have effects at least as
important as climate in the shifting of major ecotones (e.g., Zimov et al., 1995).
Niemela et al. (2001) argue that understanding the response of northern forests to
climate change can not be achieved without considering the effects of herbivores.
Payette et al. (2002) similarly urge that future research should concentrate on find-
ing nonclimatic factors that influence treeline migrations. Yet very little is known
about how animal activity may limit or augment contemporary treeline response to
climate change. Therefore, in this paper we discuss the importance of animal activ-
ity for each of the major treeline hypotheses currently being debated (K&rner,
2003a). Our discussion is based on the conceptual model proposed by Cairns and
Moen (2004) for treelines.

DETERMINANTS OF TREELINE POSITION AND PATTERN

There is no single accepted explanation for the formation of treelines. Treelines
occur worldwide under climatic conditions that are both seasonal and aseasonal,
thereby complicating the search for an explanation of their formation. Koérner
(2003a) proposed separating the drivers of treeline formation into two categories:
modulative (regional) and fundamental (global). The global drivers are those that
can be applied to worldwide treelines. Currently there are five general hypotheses
related to these global drivers that are being debated. The stress hypothesis holds
that repeated damage to trees such as from freezing, desiccation or phototoxic
effects limits the expression of the arboreal growth form above a certain elevation.
A related hypothesis focuses on disturbance and relies on mechanical damage,
pathogens, and herbivory to explain treelines. The key process in this hypothesis is
the removal of biomass from trees in amounts that are detrimental to tree survival.
The reproduction hypothesis focuses on the regeneration of trees. For this
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hypothesis, any or all stages between pollen production and seedling establishment
(including germination, dispersal, and seed development) are limited, thereby pre-
venting the recruitment of seedlings at high elevations. Carbon balance is also
hypothesized to control treeline elevation. The carbon balance hypothesis states
that treeline occurs where either the uptake of carbon or carbon uptake less losses
of carbon due to senescence and damage is not enough to support the maintenance
and growth demands of a tree (cf. Cairns and Malanson, 1998). Finally, treelines
may be due to growth limitations. Under this hypothesis, the amounts of photosyn-
thetic input to the tree are sufficient to keep the tree alive, but growth processes are
limited and do not meet the minimum growth requirements necessary to keep the
tree alive. Animal activity may act as a modulative driver under any of these hypoth-
eses.

CONCEPTUAL MODEL OF ANIMAL/TREELINE INTERACTIONS

Cairns and Moen (2004) proposed a conceptual model that summarizes the
modes of interaction of animals and arboreal vegetation at the forest tundra eco-
tone. Three types of interaction were proposed. Type 1 responses are those where
the field layer vegetation is more palatable to animals than the arboreal vegetation.
In these cases, when animal activity is low, growth of the field layer vegetation is
relatively unimpaired and competition between herbaceous plants and trees (espe-
cially seedlings) is high resulting in a low upslope migration potential of the
treeline. Type 2 responses occur when the relatively palatability of the vegetation at
treeline is shifted toward the trees. In these cases, animal populations preferentially
consume the foliage, buds and stems of trees rather than the field layer vegetation.
Growth may be limited in these cases due to a reduction of photosynthetically
active tissue thereby inhibiting the growth and reproduction of trees at all stages
from seedling to sapling to adult. Cairns and Moen (2004) also present an interme-
diate case (designated Type 3) in which the migration potential of treelines is high-
est at intermediate levels of animal activity. This last case represents tradeoffs
between the positive and negative impacts of animals with regard to migration
potential. At low levels of animal activity, migration is relatively low due to the lack
of site preparation either due to mechanical disturbance of the soil or because
under low animal activity the field layer plants outcompete the trees. Also, for spe-
cies that are dispersed by animals, low levels of animal activity would inhibit their
ability to migrate. At high levels of animal activity the consumption of foliage or
seeds by animals restricts their ability to grow, produce seeds, and disperse to new
sites thereby reducing their migration potential. Type 3 responses are likely influ-
enced by multiple animal species.

Cairns and Moen (2004) presented examples of Type 1 and Type 2 responses.
Deciduous treelines such as those found in northern Fennoscandia are expected to
exhibit Type 2 responses to animal activity due to reindeer herbivory. Pinus
sylvestris treelines were presented as an example of a treeline likely to show a Type
1 response.



422 CAIRNS ET AL.

THE HYPOTHESES

The hypotheses discussed below utilize terminology as put forth by Kérner
(2003a). The definitions of stress and disturbance are therefore somewhat different
from the standard definitions proposed by Grime (2001) where disturbance is
defined as any mechanism that limits plant biomass by causing its partial or total
destruction in contrast to stress which is defined as external constraints that limit the
rate of dry matter production. Because in this review we are concerned with the
hypotheses proposed by Kérner (2003a) we chose to utilize his terminology.

Stress Hypothesis

Trees at their upper elevational limit are living in a stressful environment where
small increases in the amount of stress that they endure may result in their demise.
The treeline could therefore be controlled primarily by these stresses. The stresses
most commonly cited as potential controlling factors at treeline are freezing and
desiccation. Freezing can kill large portions of the overwintering canopy due to
either extremely low temperatures (Wardle, 1981) or due to precocious de-
hardening (Hadley et al., 1991; Perkins et al., 1991; Strimbeck et al., 1995). Desic-
cation stress develops during the winter due to insufficient maturation of the cuticle
(DeLucia and Berlyn, 1984; Herrick and Friedland, 1991), cuticular abrasion by
wind-blown snow (Hadley and Smith, 1986), or stomatal damage (Grace, 1990;
van Gardingen et al., 1991). In all cases, the amount of damage sustained by the
trees is variable both within the canopies and within the broader forest—tundra
transition (Cairns, 2001).

The activity of animals within the treeline ecotone can influence the ability of
trees to survive these stresses. These effects can be either direct or indirect. Direct
effects of animals would be those in which the activity of the animal reduces the
vigor of the tree thereby predisposing it to damage and subsequent death. There are
cases where the feeding of an herbivore on a tree at treeline during one season
reduces the foliage quality in the subsequent growing season (e.g., Asshoff and
Hattenschwiler, 2006) but there are no reported cases where this reduction in foli-
age quality significantly affects the ability of foliage to survive harsh treeline winter
conditions.

A more likely pathway for animals to influence treeline position or pattern under
the stress hypothesis would be through some indirect route. For example, animal
activity may lead to an opening up of the ecotone due to consumption of foliage
either of the trees or the shrubs and field layer plants. More open vegetation would
have greater exposure to wind, hence would be more stressful. This would be most
evident when woody shrubs are major components of the ecotone. Shrubs have the
potential to trap blowing snow (Sturm et al., 2001; Mcguire et al., 2003; Sturm et
al., 2005) thereby providing protection from exposure to extremely cold tempera-
tures and desiccation stress. Cairns (2001) documented patterns of winter desicca-
tion damage in subalpine fir krummholz patches at treeline in Glacier National
Park, Montana and noted that desiccation was nearly always greatest on the wind-
ward side of krummholtz patches. While shrubs are not a particularly important



ANIMALS AT ALPINE TREELINE 423

component of the treeline in the Rocky Mountains, they are in other treeline envi-
ronments (e.g., Scandinavia) where their presence could significantly alter the pat-
tern of snow accumulation within the ecotone.

Disturbance Hypothesis

The disturbance hypothesis relies on the mechanical damage of trees to explain
the treeline. Under this hypothesis, the structure of the trees and their life history
traits are detrimental to survival above the treeline when disturbed. Disturbances
likely to have an effect on the trees are damage due to high winds and snow/ice
blasting (Marchand, 1991; Kullman, 2005), animal activities, fire (Noble, 1993;
Proctor et al., 2007), human activities (Baker and Moseley, 2007), disease outbreaks
(Arno and Hammerly, 1984; Shen et al., 2001; Holtmeier, 2003), and mass wasting
events such as avalanches and debris flows (Butler et al., 1992; Butler and Walsh,
1994; Walsh et al., 2003). The expression of such disturbances within the treeline
ecotone can be either ubiquitous or localized. For example, the presence of high
winds at the treeline may be a relatively ubiquitous disturbance within a region
whereas avalanches and debris flows would have a more limited expression.

We interpret animal activity to fit into this hypothesis when the damage to trees
is fatal, for example, when trampling breaks the primary stem of a tree, or when the
entire tree is consumed. Cases of animal damage or herbivory that do not kill the
tree directly are considered under the reproduction hypothesis and the carbon bal-
ance hypothesis below. Mortality-causing events are uncommon at treeline and in
the case of consumption of the entire tree are confined to the juvenile stages of the
trees” development. In Polylepis forests in the Andes, trampling of seedlings by cat-
tle was proposed as a possible explanation for treeline (Cierjacks et al., 2008).
However, no evidence existed for such an influence at the relatively low cattle den-
sities. Higher densities of cattle could, however, inhibit the growth of Polylepis at
treeline. Similarly, Pérez (1992) suggested that consumption of seedlings of an
Andean paramo rosette (Coespeletia timotensis) by cattle may inhibit the reproduc-
tion and survival of the species. Moreover, damage to larger C. timotensis plants by
cattle browsing and rubbing may contribute to mortality or reduced plant vigor.
Animals may contribute indirectly to tree mortality by slope failures, for example,
because of slope loading by large mammals or slope undermining by digging ani-
mals (Hall and Lamont, 2003).

Insect herbivory that causes the death of the trees is the most widely reported
mode of animal activity that fits within the disturbance hypothesis. The autumnal
moth (Epirrita autumnata) in Scandinavia attacks mountain birch (Betula pubescens
ssp. czerepanovii) at treeline, leaving behind stands of dead trees and a depressed
treeline (Nuorteva, 1963; Kallio and Lehtonen, 1973; Fig. 1). Over a more limited
spatial extent at a tropical coniferous treeline, Biondi et al. (2005) found that an out-
break of roundheaded pine beetle (Dendroctonus adjunctonus Blandford) killed
most of the trees at one of their study sites.

These treelines would be typical Type 2 treelines where higher densities of her-
bivores slow the migration rate of the treeline. Conversely, disturbance by animals
could favor trees by causing field layer mortality (i.e., Type 1 response). Animal
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Fig. 1. A mountain birch (Betula pubescens ssp. czerepanovii) treeline forest that has recently been
severely defoliated by the autumnal moth (Epirrita autumnata) near the border of Sweden and Norway
west of Abisko.

digging, trampling, and browsing have been demonstrated to kill tundra plants and
provide open sites (e.g., Butler, 1995; Tardiff and Stanford, 1998), which could be
colonized by trees.

Reproduction Hypothesis

In order for the treeline to advance upslope, tree seeds must be able to reach ups-
lope locations, germinate, and grow beyond the seedling and sapling stages into
mature trees. Smith et al. (2003) have stressed the importance of seedlings and pro-
cesses that affect them rather than adult trees as determinants of the treeline posi-
tion. All three treeline types proposed by Cairns and Moen (2004) are relevant for
reproduction limited treelines.

One mode of interaction between animals and the regeneration of trees occurs
when the animals act as dispersal agents for the tree seeds. This mode of interaction
would have the most impact on ecto- and endo-zoochorous species. Birds are the
primary agents of dispersal at treeline (Tranquillini, 1979).

When animals consume large numbers of seeds, the migration potential of a
treeline species would be limited due to the reduction of new immigrants to an
area. Seed predation has been hypothesized as a major control on the regeneration
of Scots pine (Pinus sylvestris) at Spanish treelines (Castro et al., 1999), but has been
shown to be negligible at Polylepis treelines in South America (Cierjacks et al.,
2008).
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The establishment of trees within the current treeline ecotone and above it may
be limited by competition between existing vegetation and invading seedlings
(Malanson and Butler, 1994; Hobbie and Chapin, 1998; Moir et al., 1999;
Dullinger et al., 2003). Camarero and Gutierrez (2007) attributed the lack of sub-
stantial expansion of Pinus uncinata treelines in Spain to competition between
existing herbaceous vegetation and tree seedlings. Competition by field layer vege-
tation can be reduced by grazing (Castro et al., 2002). If the relative palatability of
the field layer vegetation is greater than that of the trees, animals may increase the
migration rate of trees into the upslope tundra under a warmed climate, following
the Type 1 response proposed by Cairns and Moen (2004).

Large herbivores may inhibit the ability of seedlings to establish by compacting
the soil. Soil compaction by herbivores has been shown to influence establishment
in other vegetation systems (den Herder et al., 2003; Cuevas and Le Quesne, 2006),
but has yet to be demonstrated at alpine treeline. In some cases, the effect of large
animals in a system may be to reduce existing vegetation cover, thereby increasing
soil temperatures and facilitating vascular plant growth (van der Wal and Brooker,
2004). Digging and burrowing by both large animals (e.g., grizzly bears, Ursus
arctos horribilis) and small animals (e.g., northern pocket gophers, Thomomys
talpoides) also expose soils to higher insolation, which enhances soil temperatures
(Tardiff and Stanford, 1998; Sherrod and Seastedt, 2001). Korner (2003a) has pro-
posed that soil temperatures are important determinants of the treeline elevation
worldwide; higher soil temperatures due to animal activity above the present
treeline might foster increased tree establishment and accelerated upslope/
poleward migration of treeline. Further, these animal impacts on soils alter nutrient
availability, expose the soil to erosion, and contribute to redistribution of soil mass
and nutrients (e.g., Butler, 1995; Sherrod and Seastedt, 2001). For example, Tardiff
and Stanford (1998) found that nitrogen availability was higher in grizzly bear digs
than in undisturbed meadows. Such influences on soil condition could create sites
favorable for tree seedling establishment.

Finally, for many treelines, the primary mode of plant/animal interaction at the
seedling stage is through herbivory (Type 2 treelines). Coppiced forms of mountain
birch are common within the treeline ecotone in Fennoscandia where populations
of reindeer or sheep are high (Oksanen et al., 1995; Hofgaard, 1997). The form of
the mountain birch treeline (i.e., whether abrupt or gradual) has been linked to her-
bivory (Oksanen et al., 1995). In South America, guanaco (Lama guanicoe) her-
bivory can be high on seedlings of Nothofagus spp. and has been suggested to
prevent treeline advance under a warming climate (Cuevas, 2002). For Finnish
treelines, reindeer browsing has been associated with low seedling survival of
mountain birch in the 50-100 cm height range (Helle, 2001). At Pinus leucodermis
treelines in southern ltaly, the reduction in grazing pressure over the past 30 years
has contributed to an increase in the number of saplings (Todaro et al., 2007).

Carbon Balance Hypothesis

Carbon balance is defined as the difference between photosynthetic inputs to the
vegetation system and the balancing outflows of carbon due to respiration and



426 CAIRNS ET AL.

Fig. 2. Reindeer (Rangifer tarandus) browsing mountain birch (Betula pubescens ssp. czerepanovii)
at the treeline in northern Sweden.

tissue loss. The carbon balance hypothesis has been evaluated for treelines in
Montana using a simulation modeling approach (Cairns and Malanson, 1997,
1998). Under the carbon balance hypothesis, animals may influence carbon bal-
ance directly through the removal of tissue from the system (Fig. 2), or indirectly
due to a reduction of photosynthesis subsequent to the consumption of foliage.
Treelines controlled by carbon balance are Type 2 treelines (sensu Cairns and
Moen, 2004).

Because carbon balance is important in determining annual growth of trees, any
factors that reduce the ability of trees to sequester carbon through photosynthesis
should be evident as reduced growth. Annual tree-ring increment in treeline envi-
ronments is sensitive to a suite of climatic conditions (Innes, 1991; Lloyd and
Graumlich, 1997; Linderholm, 2002; Lloyd and Fastie, 2002). However, the influ-
ence of herbivory on tree growth can be strong (Trotter et al., 2002; Zhang and
Alfaro, 2002), and must also be considered when interpreting the dynamics of tree
growth at treeline.

Outbreaks of the autumnal moth occur on a cycle of approximately 10 years in
Scandinavian treeline environments (Sonesson and Hoogesteger, 1983;
Hoogesteger and Karlsson, 1992). These outbreaks usually occur at the beginning
of the growing season and can result in severe defoliation of mountain birch. Exper-
imental research has shown that simulated moth defoliation has a significant impact
on radial growth of mountain birch (Hoogesteger and Karlsson, 1992; Karlsson et
al., 2004). Annual ring-width in the year of defoliation is severely reduced, and the
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reduction continues to be evident for 2-3 years following the defoliation
(Hoogesteger and Karlsson, 1992). Growth release subsequent to outbreaks is also
evident in tree-ring records because of the increased amount of light available to
new foliage (Eckstein et al., 1991).

Growth Hypothesis

The growth hypothesis is the least affected by herbivory of all the major hypoth-
eses discussed here. Under the growth hypothesis, carbon balances at treeline are
positive, but growth limitations prevent the upslope advance of trees (Kérner, 1998).
These growth limitations usually are attributed to low temperatures preventing the
transformation of nonstructural carbon to structural carbon. These kinds of limita-
tion have been observed for treelines in the European Alps (Hoch et al., 2002;
Korner, 2003b), the Tibetan Plateau (Shi et al., 2006), and for the Andes (Hoch and
K&rner, 2005; Piper et al., 2006). Because the hypothesized mechanism of treeline
control is primarily related to the biochemistry of the growth process, there is little
opportunity for animals to play a role in treeline determination under this hypothe-
sis.

CONCLUSION

Korner (2003a) argues that the current position of the treeline reflects an integra-
tion of processes occurring over centuries and therefore is not in equilibrium with
contemporary climate. The consequence of this is that treeline position should be
used with caution as an indicator of climate change. Although Kérner does not con-
sider animal activities explicitly in his explanation of treelines, it is clear that ani-
mals may have modulatory effects on treelines in a variety of environments. This has
been particularly clear for managed ecosystems where the removal of animals has
led to an increase in seedling establishment above the current treeline (Stutzer,
2000) which will presumably lead to its upslope advance (Camarero and Gutierrez,
2007; Gehrig-Fasel et al., 2007; Todaro et al., 2007). When choosing monitoring
locations for the impacts of climate change, care should be taken to ensure that the
treeline is not controlled by factors, such as herbivory or other animal influences,
that are unrelated or only indirectly related to climate. This has previously been
noted for the Swedish and Norwegian Scandes (Hofgaard, 1997; Dalen and
Hofgaard, 2005), but our synthesis of the literature suggests that the issue of animal
activity at treeline is more widespread and may have both positive and negative
effects on the migration potential of treeline trees.
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