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Globally, treeline ecotones vary from abrupt lines to extended zones of increasingly 
small, stunted and/or dispersed trees. These spatial patterns contain information about 
the processes that control treeline dynamics. Describing these patterns consistently 
along ecologically meaningful dimensions is needed for generalizing hypotheses and 
knowledge about controlling processes and expected treeline shifts globally. However, 
existing spatial categorizations of treelines are very loosely defined, leading to ambigui-
ties in their use and interpretation. To help better understand treeline-forming pro-
cesses, we present a new framework for describing alpine treeline ecotones, focusing 
on hillside-scale patterns, using pattern dimensions with distinct indicative values: 1) 
the spatial pattern in the x-y plane: a) decline in tree cover, and b) change in the level 
of clustering. Variation along these dimensions results in more or less ‘discrete’ or ‘dif-
fuse’ treelines with or without islands. These patterns mainly indicate demographic 
processes: establishment and mortality. 2) Changes in tree stature: a) decline in tree 
height, and b) change in tree shape. Variation along these dimensions results in more 
or less ‘abrupt’ or ‘gradual’ treelines with or without the formation of environmental 
krummholz. These patterns mainly indicate growth and dieback processes.

Additionally, tree population structure can help distinguish alternative hypotheses 
about pattern formation, while analysing the functional composition of the ecotonal 
vegetation is essential to understand community-level processes, controlled by species-
specific demographic processes.

Our graphical representation of this framework can be used to place any treeline 
pattern in the proposed multi-dimensional space to guide hypotheses on underlying 
processes and associated dynamics. To quantify the dimensions and facilitate com-
parative research, we advocate a joint effort in gathering and analysing spatial patterns 
from treelines globally. The improved recognition of treeline patterns should allow 
more effective comparative research and monitoring and advance our understanding 
of treeline-forming processes and vegetation dynamics in response to climate warming.
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Introduction

Why is a globally consistent description of treelines 
useful and needed?

Recognizing globally recurrent vegetation physiognomies 
has organized our perception of the natural world and has 
facilitated communication among ecologists and biogeogra-
phers at least since the times of Alexander von Humboldt 
(von Humboldt and Bonpland 1807). It has enabled the for-
mulation of globally-applicable hypotheses about the factors 
and processes determining vegetation cover and has facili-
tated meaningful extrapolations of research finding across 
continents. Recognizing recurrent patterns in vegetation 
transitions or ecotones should provide similar advantages 
(Brown et al. 1996, Strayer et al. 2003). At vegetation bound-
aries, such as alpine treeline ecotones, spatial patterns may be 
a key to understanding the dynamic processes that determine 
the current and future distribution of species and ecosystems 
(Harsch and Bader 2011).

The spatial patterns of treeline ecotones vary greatly and, 
to some extent, every treeline ecotone is unique, reflecting 
ecological processes produced by particular combinations of 
climatic conditions, the topographic template, species com-
position and disturbance history (Brockmann-Jerosch 1919, 
Holtmeier 2009). However, some broad treeline ecotone pat-
terns are repeated globally. In this context, it is important to 
distinguish the treeline ecotone from the potential treeline, 
i.e. the highest elevation at which tree growth is possible in 
a region before thermal conditions become unsuitable. Due 
to different combinations of stochastic, ecological and climatic 
processes, the space downslope of the potential treeline is rarely 
filled completely with trees. The realized treeline, a line con-
necting the uppermost trees of a certain size (sizes reviewed in 
Holtmeier 2009), is located somewhere within the transition 
zone between forest and low-stature alpine vegetation, i.e. the 
treeline ecotone. This transition zone (also referred to here as 
‘treeline’ for simplicity) is the focus of this paper.

At the global scale, the predictability of treeline elevation 
has long been recognized (von Humboldt and Bonpland 
1807, Brockmann-Jerosch 1919, Hermes 1955) and can 
be captured well by the mean growing-season temperature 
and a minimum growing-season length (Körner and Paulsen 
2004). The global pattern in potential treeline elevation is 
therefore well explained by latitude and regional thermal 
modifiers such as mountain mass, continentality and cloudi-
ness (Paulsen and Körner 2014, Karger  et  al. 2019). We 
postulate here that spatial patterns of treeline ecotones may 
also be predictable globally, even if requiring more predictors 
than potential treeline elevation does. The reason we expect 
this predictability is that these patterns reflect a limited set of 

fundamental ecological processes that are repeated at treelines 
around the world. However, although some geographic pat-
terns in treeline ecotone structure have been recognized 
(Wardle 1965, 2008, Holtmeier 2009), the global distribu-
tion of these patterns is incompletely known and has not 
been systematically described, let alone explained. Mapping 
this distribution is useful, however, as it can form the basis 
for formulating hypotheses about controlling processes and 
for predicting treeline shifts once these hypotheses are suf-
ficiently tested.

Pattern–process relationships

Despite the large variation in treeline ecosystems, which occur 
in many different climate zones and biogeographic regions, 
treeline spatial pattern at the hillslope scale, or ‘treeline 
form’, exhibits globally recurrent characteristics that should 
be indicative of controlling processes and thus of expected 
dynamics under climate change (Harsch and Bader 2011, 
Treml and Veblen 2017). In individual-based models at this 
local scale, distinct treeline patterns (such as abrupt versus 
gradual) emerged only under certain combinations of pro-
cesses and parameters (Wiegand et al. 2006, Martinez et al. 
2011). The assumption is that these patter–process depen-
dencies in modelled ecotones reflect similar dependencies in 
real ecotones.

A meta-analysis of published studies suggested that 
treeline advance due to climate change differed among 
treelines with different spatial patterns, with abrupt treelines 
having advanced less than more gradual types (Harsch and 
Bader 2011). This difference can be explained theoretically 
by stabilizing positive feedback processes maintaining the 
abrupt boundaries (Armand 1992, Wilson and Agnew 1992, 
Bader  et  al. 2008), although other processes, like natural 
(Cairns and Moen 2004, Butler et al. 2009a) and anthropo-
genic (Miehe and Miehe 1994, Batllori and Gutierrez 2008) 
disturbances, offer alternative explanations. Such feedback 
processes are likely to also lead to temporal abruptness, i.e. 
stability potentially followed by fast changes (Armand 1992, 
Wilson and Agnew 1992, Bader et al. 2008). The abruptness 
is thus not the cause of the stability, but an indication of char-
acteristic processes that lead to spatial abruptness (e.g. posi-
tive feedback in spatial patterns of mortality). This indicative 
value is the main topic of this paper, while in some cases the 
spatial patterns can additionally be a cause of specific dynam-
ics, e.g. dispersed trees serving as seed sources and thus facili-
tating further tree establishment (Treml and Chuman 2015), 
or tree islands affecting snow redistribution and hence seed-
lings establishment (Hättenschwiler and Smith 1999).

One important impediment to drawing clearer connec-
tions between patterns and processes is the inconsistency in 
the descriptions of spatial patterns in the literature and the 
lack of clear definitions of treeline forms (e.g. gradual ver-
sus abrupt treelines). As a result, any grouping of treelines 
based on these descriptions is highly uncertain. To overcome 
this problem, we here propose a standardized description of 
treeline-ecotone spatial patterns at the hillslope scale based 
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on clearly identifiable axes (dimensions) of variation in spatial 
topology that allows for consistent identification of treeline 
types and their transitions. We then propose how these 
patterns could be linked to basic growth and demographic 
processes as hypotheses that can be further explored via mod-
elling and experimental research. We do not aim to force 
treelines into discrete categories (although the extreme exem-
plary treeline forms are of value for verbal description) but 
rather propose to capture different aspects of the spatial pat-
tern along continuous axes that allows to place each treeline 
into a multi-dimensional ‘pattern’ space. Additionally, we 
propose a standardized terminology to avoid confusion about 
the meaning of terms like ‘abrupt’, ‘gradual’, ‘diffuse’, etc.

Once we can consistently describe treeline patterns and 
link them to the proposed hypotheses about underlying 
processes, causal links to specific mechanisms can be elabo-
rated in subsequent research (Brown et al. 1996). Once we 
understand in more detail how specific spatial patterns relate 
to underlying processes, we will be better able to interpret 
changes in spatial patterns as changes in controlling factors 
or processes (Martinez et al. 2011), and to use our process 
knowledge to predict treeline dynamics in accordance to their 
spatial pattern.

What efforts have already been made to describe 
treeline form?

Although the origin of different spatial treeline patterns has 
been discussed for over 100 yr (Ellenberg 1966, Frankhauser 
1901 and Schröter 1926 in Tranquillini 1979, references for 
Russian research in Armand 1992), these patterns remain 
only loosely defined. This discrepancy is probably due to the 
great variety of patterns found in different parts of the world, 
making one overarching descriptive framework a difficult, 
but worthwhile endeavor.

Holtmeier (2009), on the basis of extensive research on 
treeline physiognomy and landscape patterns in different 
parts of the world, distinguished four types of treeline, based 
on their spatial structure: abrupt forest limit, transition zone 
(ecotone), ‘true krummholz belt’ and gradual transition from 
high-stemmed forest to crippled trees of the same species. 
Thereby, ‘true krummholz’ is used for genetic krummholz, 
i.e. species that can grow only as shrubs. This is in contrast 
to the more common definition of krummholz as environ-
mentally-induced stunted and crippled trees, which we will 
use here. To avoid confusion, we suggest referring to genetic 
krummholz as shrubs, as already practiced in recent literature 
(Mayr et al. 2019, Treml et al. 2019). Holtmeier (2009, p. 
17) does not further differentiate the ecotonal treeline type 
but describes it as ‘characterized by a mosaic of tree clumps, 
scattered groves, isolated, more or less deformed tree indi-
viduals and treeless patches covered by low shrubs, herbs and 
grasses’.

In Harsch  et  al. (2009) and Harsch and Bader (2011), 
ecotonal treelines are differentiated into diffuse and island 
forms, i.e. those with predominantly isolated tree individuals 
and those with tree clumps and groves. Apart from these two 

types, abrupt and krummholz treelines were distinguished. 
A main disadvantage of this classification into four treeline 
forms (abrupt, diffuse, island and krummholz) is that ‘dif-
fuse’ is defined as a mixture of gradual decrease in tree cover 
and a decrease in tree size, leading to ambiguous predictions 
about the importance of growth responses and population 
processes such as establishment and mortality (Harsch and 
Bader 2011, Treml and Veblen 2017). Additionally, the 
krummholz in ‘krummholz treelines’ has been interpreted 
both as environmentally-induced and as genetic krummholz, 
again leading to confusion about the processes related to 
these forms (Schickhoff et al. 2015, Treml and Veblen 2017). 
A third disadvantage lies in the suggested discreteness and 
simplicity of the classification, when in fact treeline forms 
are very variable and differ along more dimensions than can 
be captured by four classes. For this reason, we here promote 
the idea of capturing different aspects of the spatial pattern 
along continuous axes, each quantifying a different ecologi-
cally meaningful dimension of the treeline pattern.

Wiegand et al. (2006) described treeline spatial patterns 
along three dimensions: tree height, adult tree density and 
tree age. The pattern was defined by the abruptness of changes 
along the ecotone according to these dimensions, which 
could be either ‘abrupt’ or ‘smooth’, with the goal of compar-
ing them to patterns emerging in different parameterizations 
of an individual-based model. Only certain combinations 
of processes allowed for the emergence of different treeline 
types, suggesting a clear signal in treeline pattern that allows 
for inference of the underlying processes. Wiegand  et  al. 
(2006) illustrate well why defining patterns in a meaningful 
way is necessary for studying pattern–process relationships at 
treelines, a concept we here develop further.

Objectives

We propose a standardized, globally-applicable description of 
spatial patterns occurring at alpine treelines at the hillslope 
scale (i.e. treeline form sensu Harsch and Bader 2011) that is 
based on the main dimensions of pattern indicative of underly-
ing processes and that allows adequately analyzing the spatio-
temporal dynamics of these patterns. Specifically, we aim to: 
1) propose a framework for describing alpine treelines based 
on different dimensions of their spatial patterns, 2) propose 
a standardized terminology for these patterns and 3) develop 
hypotheses for the general mechanisms behind these patterns.

The recognition of spatial similarities within the wide 
physiognomic variety exhibited by treeline ecotones world-
wide is essential for addressing generalised hypotheses about 
the functioning and local dynamics of this fascinating global 
phenomenon.

Pattern dimensions

Here, we present a framework for describing different dimen-
sions of treeline spatial patterns, at the hillslope scale, that are 
informative of underlying processes and should thus allow for 
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a comparison of treeline sites that may show similar dynam-
ics at a particular point in time. A given treeline can take any 
position along these dimensions, although some combina-
tions are not possible. We provide labels for the far ends of 
the spectra to facilitate communication and we use these as 
examples to discuss the processes underlying the patterns (in 
general below, with examples in Box A).

We define the hillslope scale as an area a person would see 
when walking from the closed forest up into the alpine zone 
on a regular slope in moderately foggy conditions (sight of 
about 30 m). At this scale, the spacing of individual trees is 
of interest, and observable patterns include those related to 
surface microtopography, like trees established in the shelter 
of rocks (Resler et al. 2005), as well as self-organized patterns 
(Alftine and Malanson 2004, Bader et al. 2008, Zeng et al. 
2007). One scale level higher we will refer to as the ‘landscape 
scale’, i.e. the course of the ecotone through the topography 
(see below). At this scale, patterns like local north–south dif-
ferences and the effect of terrain concavity and convexity on 
ecotone elevation and form are described, as well as larger 
topography-related forest patches.

Two sets of pattern dimensions

The following scheme describes two types of pattern, each 
consisting of two pattern dimensions (axes in Fig. 1c, 2b), 
that describe treeline-ecotone form.

1) The spatial pattern of tree cover as seen from above (2-D 
in the x–y plane along the slope, Fig. 1). These patterns 
mainly indicate the demographic processes establishment 
and mortality (see below): demographic processes’). They 
can be described in the following two pattern dimensions:

a) Rate of change in tree density or cover from forest 
to alpine vegetation (Fig. 1c, x-axis): fastest if canopy 
cover does not decrease up to the tree-species line, i.e. 
the forest approaches the alpine in a closed front, so 
the treeline is discrete; slower if the canopy opens up 
into sparse cover at the tree-species line. Whether den-
sity (number of trees per area) or cover is evaluated will 
depend on the type of data available: remotely-sensed 
data will give a better image of tree cover, while field 
surveys often will be based on stem positions or num-
bers per area (i.e. densities). Both measures are valid for 
evaluating this dimension, but the interrelatedness of 
the two with tree size needs to be considered. If trees 
become smaller, the ratio between tree cover and stem 
density will decrease. Therefore, to maintain a stable 
tree cover, the stem density will need to increase.

b) If the canopy opens up towards the tree-species line, 
the level of clumping or dispersion of the trees (Fig. 
1c, y-axis) may stay similar to that in the forest (i.e. 
the treeline is diffuse) or trees may increasingly clump 
into islands (tree-islands or krummholz-islands).

2) Changes in tree stature and physiognomy (in a vertical 
cross-section across the ecotone, Fig. 2). These patterns 

mainly indicate growth and canopy dieback processes (see 
below). They can be described along the following two 
pattern dimensions:

a) Abruptness of the decline in maximum woody–plant 
height across the ecotone (Fig. 2b, x-axis): most abrupt 
if tall trees change directly to low-stature alpine veg-
etation or krummholz, most gradual if woody plants 
slowly decrease in size across the ecotone.

b) Deformation of the tree shape (Fig. 2b, y-axis): none 
if trees only get shorter, intermediate for e.g. multi-
stemmed or flagged upright trees, strong if tree species 
form environmental krummholz (Pereg and Payette 
1998). A species turnover into shrubs does not con-
stitute deformation, but if a belt of tall shrub species 
exists that changes into small prostrate shrubs (i.e. 
krummholz) of the same species, as seen sometimes 
in e.g. Pinus mugo or Rhododendron, this does consti-
tute deformation and this second transition should be 
noted.

For each of the dimensions we can quantify associated detailed 
measures and therefore formally place each treeline unambig-
uously into a multi-dimensional state space. Additionally, it 
is useful to attach to each treeline a name based on a simpli-
fied nomenclature (Table 1). For naming we suggest to use 
discrete and gradual as defaults, considering gradual discrete 
treelines (Fig. 3a) as our null model. We can thus distinguish 
gradual (gradual height and implied discrete density change; 
Fig. 3a), diffuse (implied gradual height and diffuse density 
change; Fig. 3b), abrupt diffuse (abrupt height and diffuse 
density change; Fig. 3e), abrupt (abrupt height and implied 
discrete density change; Fig. 3d), as well as e.g. tree-island 
treelines (implied gradual height change and tree islands; 
Fig. 3c), and abrupt krummholz-island treelines (abrupt 
height change with krummholz islands; Fig. 3l).

In many cases, treelines will not belong to the far ends 
of the pattern dimensions but will represent intermediate or 
mixed forms. These can be verbally described using the same 
terms, for example ‘diffuse with some islands’, or more pre-
cisely, e.g. ‘predominantly diffuse treeline with about 20% 
of trees clustered into islands (intermediate form) and with 
abrupt sections along ca 30% of its length (mixed form)’. The 
level of mixing will depend on the length of treeline that is 
described, e.g. one line transect along the slope (no mixtures, 
but intermediate forms possible) or a wider section of the 
treeline across a slope (mixtures and intermediate forms pos-
sible). With time, treeline form may also shift dynamically 
along the axes defined here from one form to another as the 
treeline-shaping processes change in relative importance due 
to population development or environmental change.

A simple theoretical framework for causes of 
treeline form

Treeline spatial pattern constitutes a snapshot in a potentially 
dynamic system and cannot replace a detailed monitoring 
of population processes and their drivers to fully understand 
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how a treeline develops. However, patterns can be a power-
ful and efficient proxy for inferring the ecological processes 
that control treeline dynamics. We here follow the hypothesis 
of Harsch and Bader (2011) that variation in treeline form is 
essentially driven by three general processes: growth limitation, 
dieback (aboveground biomass loss) and mortality (including 
establishment failure). Each treeline spatial pattern dimension 
is indicative of particular spatial gradients of these three ‘first-
level’ processes (Fig. 4, Table 1), while a more detailed analy-
sis of the patterns, combined with further empirical evidence, 
may reveal what underlying (‘second-level’) processes cause 
these gradients. ‘Third-level’ processes include species interac-
tions modifying the second-level processes, e.g. through shel-
tering or shading (Harsch and Bader 2011).

In terms of first-level processes, spatial patterns of all 
forest borders will indicate the same processes. Our frame-
work is thus potentially more widely applicable than at 
alpine treelines alone. For example, very abrupt boundaries 
are found between forest and grassland in the Indian Ghats 
(Joshi et al. 2019) and in fragmented Brazilian Atlantic forest 
(Silva and Anand 2011), indicating high tree mortality out-
side established forest, with the second-level processes vary-
ing from frost damage to fire.

Second-level processes, on the other hand, can vary widely 
among ecotones with similar spatial patterns. These processes 
can be physiological or mechanical, brought about by different 
environmental factors, like frost or fire in the example above, 
both leading to abrupt treelines. At this level, there is thus no 
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Figure 1. First set of dimensions of treeline spatial pattern: the 2-D pattern as seen from above. (a) Examples of treeline ecotone patterns as 
seen along elevational transects. (b) Changes in tree cover (black line) and the fraction of tree pixels with another tree pixel directly to their 
right (as a simple measure of clustering in the x direction; red dots) or to their top (clustering in the y-direction; blue crosses) across the 
ecotones shown in (a). The dark green arrows indicate the extent of the ecotones, which approaches a length of zero in the discrete treeline 
(left). (c) The two dimensions (axes) that define the 2-D pattern. The terms in the graphs denote the position of different treeline types at 
the far ends of the axes. The combination of a discrete treeline with increased clumping (top right of the graph) is not expected to exist.
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one-to-one relationship between ecotone patterns, at the scale 
and level of detail we defined them here, and underlying pro-
cesses, but these patterns can certainly guide the search for the 
controlling second-level processes. In alpine treeline ecotones, 
typical second-level processes include, for example, reduced 
cell formation (due to a lack of warmth or nutrients), loss of 
foliage (due to e.g. frost or wind), snow molds (under a long-
laying snow pack), desiccation (due to frozen soils or summer 
drought), fire damage (due to forest fires or alpine-vegetation 
burning), dispersal limitation (due to poor seed production or 
an absence of vectors) and germination failure (due to various 
stressors). Many of these processes and their controlling factors 

are not specific to treeline, but they are nonetheless important 
determinants of past and future dynamics. Although differ-
ent second-level processes can result in similar spatial patterns, 
in many cases they will also leave specific spatial signatures. 
For example, if dieback due to wind damage is important, 
longitudinal krummholz islands may be formed (Alftine and 
Malanson 2004) and exposed sites will have stronger krumm-
holz formation than sheltered sites (Holtmeier and Broll 2010). 
In contrast, if dieback is caused by snow molds (Barbeito et al. 
2013), trees will be more stunted in sites that accumulate snow 
due to their topographic position or due to neighboring veg-
etation (Holtmeier 2005).

Figure 2. Second set of dimensions of treeline spatial pattern: changes in tree stature. (a) Examples of treeline ecotones patterns in the verti-
cal cross section. All treelines shown here are discrete in terms of their 2-D pattern (Fig. 1) and vary in their tree stature pattern only. (b) 
The two dimensions (axes) that define the cross-section pattern of tree stature. The terms in the graphs denote the position of different 
treeline types at the far ends of the axes.

Table 1. Summary of the framework, with the terms (in bold) proposed for the far ends of the four dimensions that describe spatial patterns 
of alpine treeline ecotones, and a summary of the processes which they may indicate to be important. As seen here, the framework is hier-
archical, with options for the type of change depending on the rate of change.

a) Rate of  
change

b) Type of  
change

Controlling  
processes (first-level) Controlling processes (second- and third-level)

2-D pattern Discrete Mortality above  
but not in the ecotone

Any type of damage or stress. If gradual, growth 
limitation above the ecotone

Ecotone Diffuse Mortality within  
the ecotone

Environmental heterogeneity or stochasticity. And/or 
ongoing seed-limited colonization

Island Mortality within  
the ecotone

Environmental heterogeneity, clustered seed dispersal, 
clonal reproduction, or positive feedback tree cover 
– microclimate via wind and snow redistribution 
(abrasion, snow moulds, short growing-season)

Tree stature Abrupt Into alpine Seedling mortality Overheating, desiccation, photoinhibition, freezing 
damage, soil limitations

Into krummholz Dieback Winter desiccation, snow moulds, browsing, abrasion
Gradual No krummholz Growth Tissue formation (limited by a lack of heat)

Into krummholz Growth and dieback Tissue formation + winter desiccation, snow moulds, 
browsing, abrasion
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Seed rain and clonal reproduction are other important 
examples of second-level processes and can be strong drivers 
of spatial pattern. Although not technically a form of mortal-
ity (in contrast to e.g. seed predation and germination fail-
ure, Crofts and Brown 2020), a lack of seed rain or clonal 
dispersal is, at the very general first level, an alternative form 
of ‘mortality’, because both lead to an absence of trees. Many 
seed-dispersal types lead to spatial patterns that cannot be 
unequivocally distinguished from patterns caused by early-
stage mortality. For example, a decreasing tree density with 
distance above the forest line, indicating reduced establish-
ment success, can be caused by either a dispersal gradient 

or an environmental gradient causing a survival gradient. 
As another example, tight clumps of trees, if not related to 
topography, can indicate either seed caching by nutcrackers 
(Holtmeier 1966), layering (Laberge et al. 2000) or positive 
feedback between trees and their environment, all leading 
to a higher establishment in the clump and establishment 
failure outside of it. However, some specific spatial patterns 
almost certainly indicate an inhomogeneous seed distribu-
tion or clonal reproduction by layering or rhizomes, e.g. loose 
clustering of small trees around a larger focal tree indicat-
ing local seed dispersal or dispersal via rhizomes (Kullman 
2007). For most tree species, the reproductive strategies are 
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Figure 3. Variation in treeline form according to the dimensions presented in Fig. 1, 2: the 2-D spatial pattern (columns) and changes in 
tree size and shape (rows). The graphs show the hypothesized gradients in the first-level processes growth limitation (dotted orange), dieback 
(dashed orange) and mortality (including establishment failure, red line) leading to these patterns. Shown are simplified gradients and mini-
mal models, i.e. if a process is not needed to create the pattern, it is set to stay constant. Growth limitation is assumed to always occur, 
although sometimes it does not affect the pattern much (e.g. in d). The upper line indicates the most limiting process at any point along 
the elevational gradient. Sudden shifts in the stress severity (c, d, f, i–l) are due to positive feedback of the vegetation on environmental 
conditions: forest or krummholz ameliorating conditions for establishment (c, d, f, i, l) or trees escaping damaging conditions near the 
ground (j–l). Sinusoid lines (panels b, e, h, k) indicate environmental heterogeneity independent of the vegetation itself. The diffuse patterns 
in these panels could be caused by patchy environmental conditions or, especially in expanding populations, spatial and temporal stochas-
ticity in seed rain and mortality. This is a modification of the scheme in Harsch and Bader (2011), expanding it from four spatial types 
(abrupt, diffuse, island and krummholz) to twelve examples representing the extreme ends in a continuous space of pattern dimensions.
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sufficiently known to distinguish seed-based from clonal 
processes, although care should be taken with assumptions 
(e.g. assumed clonal tree islands turned out to be non-clonal 
after genetic analysis, and even local seed dispersal seemed to 
play a small role, so that the patterns may have been due to 
microclimate-based positive feedback, Johnson et al. 2017). 
However, to distinguish the importance of dispersal limita-
tion from that of other processes leading to establishment 
failure, spatial patterns are not sufficient and more detailed 
experiments are needed (Crofts and Brown 2020).

Identifying spatial patterns according to the suggested four 
dimensions, and inferring spatial gradients in the first-level 
processes from these patterns, is the first step to understanding 

the drivers of treeline dynamics (Wiegand  et  al. 2006, 
Martinez et al. 2011). For addressing site-specific hypotheses 
about the underlying second-level processes and controlling 
environmental factors, a more detailed analysis of spatial pat-
terns at particular treelines will be needed. A strong aid to 
such pattern analyses is the age distribution of the trees, which 
can be obtained using dendrochronological methods based 
on dating tree-rings or based on growth scars for younger 
individuals (Hagedorn  et  al. 2014, Camarero  et  al. 2015, 
Liang et al. 2016, Vitali et al. 2017). Although laborious to 
obtain (and impossible for regions lacking seasonal climate 
variation), such information is invaluable for reconstructing 
the population dynamics within an ecotone, thereby provid-
ing important additional indications about the processes that 
control it. Even stronger patterns can be obtained if such data 
are combined with tree-ring-based data on growth responses 
to climate (Elliott 2011, Liang  et  al. 2016, Jochner  et  al. 
2017b).

The following sections are intended to help the interpre-
tation of observed patterns, along the two pairs of pattern 
dimensions, in terms of the underlying first-level processes 
growth limitation, dieback and mortality (Fig. 3). Further 
examples are given in Box A.

Change in tree cover (discrete–diffuse–islands):  
demographic processes
The horizontal 2-D spatial pattern (the treeline as viewed from 
above) is mostly determined by the presence and absence of 
trees across space. The absence of trees indicates that estab-
lishment has failed (e.g. due to a lack of viable seeds or safe 
sites) or trees have died and disappeared. In other words, 
mortality (including establishment failure) is a major deter-
minant of these patterns (Fig. 3). In contrast, growth and 
canopy dieback should have stronger effects on the pattern of 
tree stature change and are less likely to be important for the 
2-D spatial pattern, except where they interact with mortality 
(see below). Indeed, a recent test of climate responses in dif-
ferent treeline forms showed that treelines defined by either 
a diffuse or discrete 2-D pattern did not differ much in their 
growth response to warming. Instead, the diffuse treelines 
were controlled mostly by population processes. In contrast, 
treelines defined by the formation of krummholz (dimension 
2b: deformation) had a stronger growth response than non-
krummholz forms (Treml and Veblen 2017).

a) If there is no decline in tree cover with elevation, i.e. if 
the treeline is a discrete, closed boundary between forest and 
alpine vegetation (formed either by tall trees or with trees 
gradually getting shorter, either with a closed or more open 
canopy, but without changing canopy cover with elevation), 
this indicates that establishment of trees up to the tree-species 
line is possible and not increasingly limited with elevation 
(Fig. 3a, d, g, j, left column). When gradual (see below), such 
treelines are caused either by increasing growth reduction 
with tree size, or additionally by dieback limiting tree stature, 
indicated by a decline in tree height with or without defor-
mation (Fig. 3a, g, j, see below). When abrupt, such treelines 
are caused by a recent disturbance or by establishment 

Figure 4. Functional diversity patterns. (a) Example of a two-species 
treeline, with a deciduous and an evergreen conifer tree species (Larix 
decidua and Picea abies), both able to colonize open space, in a grass-
land and dwarf-shrub matrix in the Swiss Alps (photo: Matthias 
Jochner). (b) Example of a multi-species treeline with a gradual spe-
cies turnover: transition from mixed podocarp-broadleaved forest 
with, amongst others, the trees Halocarpus biformis and Libocedrus 
bidwillii to the transition zone with, amongst others, the small trees/
shrubs Dracophyllum spp. and Olearia spp. (Wardle 2008), and then 
increasingly small shrubs and tussock grassland on the western slopes 
of the southern Alps of New Zealand (photo: M. Y. Bader).
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failure outside existing tree cover (in abrupt discrete treelines, 
Fig. 3d). Such an abrupt change in establishment chances is 
unlikely to be caused by underlying environmental gradients 
but more likely by a positive feedback between the vegeta-
tion and the microenvironment, which may include soil and 
microclimatic factors (Wilson and Agnew 1992).

Conversely, a decline in tree cover, be it into a diffuse or 
clumped (island) pattern, indicates that trees have not estab-
lished everywhere below the tree-species line or have been 
removed. Formulating this very basic interpretation is the 
first step towards explaining it. The following, not mutually 
exclusive, reasons may apply:

1) The treeline is advancing: the established trees are out-
posts and establishment is seed limited. If the number of 
dispersed seeds or the frequency of years in which estab-
lishment is possible is low, such an ‘advancing’ state can 
last very long.

2) Establishment is limited by the number of safe sites, 
which decreases with elevation and is related to: a) micro-
topographic features; or b) existing vegetation cover.

3) The established trees are remnants: the treeline has been 
opened up by disturbances, especially land use or the sur-
rounding trees have died due to climate deterioration.

These three reasons may result in superficially similar pat-
terns, but in a pure case of reason 1, the spatial pattern should 
be random or explainable by non-random seed rain patterns, 
the tree ages (not just sizes) should clearly decrease with ele-
vation, and outpost trees should be relatively young (Batllori 
and Gutierrez 2008, Elliott 2012). If outpost individuals do 
not reproductively mature, local establishment in the upper 
ecotone remains dependent on long-distance seed dispersal 
from lower-elevation source populations, slowing advance 
and maintaining this outpost-based diffuse pattern over long 
time periods (though long-distance dispersal appears to be 
common at some treelines Johnson et al. 2017). Such long-
lasting ‘advance’ patterns may also occur if, on top of limited 
seed availability, the number of years with climatic conditions 
allowing establishment is very low. In these two cases, outpost 
populations may be evenly or unevenly aged, depending on 
whether propagule dispersal upslope is sporadic or continu-
ous, and on the frequency of favorable years for establishment.

If reason 2 (also) applies, it should be evident that estab-
lishment patterns are associated to local vegetation cover 
(e.g. local cover of alpine shrubs facilitating establishment 
of woody species, Llambí  et  al. 2013, Bueno and Llambí 
2015), to topographic shelter (Batllori et al. 2009, Astudillo-
Sánchez  et  al. 2019), or to other, regionally-specific, types 
of microsites (Johnson and Yeakley 2019). In practice, these 
associations are not always easy to detect, as topography may 
become covered and vegetation replaced by developing trees. 
Reason 1 implies temporal heterogeneity combined with sto-
chasticity, while reason 2 implies spatial heterogeneity. In any 
case, of all spatial patterns, diffuse treelines are most charac-
terized by heterogeneity and stochastic processes.

The third reason may be suspected if the first two do not 
apply, i.e. if outpost trees are of high and well-distributed 

ages and if the soil and topography appear homogenous, 
and particularly if livestock grazing is apparent in the region 
(Ellenberg 1966). In many cases, an opening up due to land 
use will be accompanied by a recolonization (Vitali  et  al. 
2019). Similarly, current climate warming may lead to recol-
onization around climatic relict trees (Kullman 2007). In 
both cases current diffuseness would thus be due to a mix of 
reasons 1 and 3.

b) If the tree cover declines, trees can either thin out ran-
domly, over-disperse or cluster together. Random patterns 
or associations with microtopographic features indicate that 
safe sites (or seed rain patterns) are topographic or caused by 
interactions with alpine vegetation (Fig. 3b, e, h, k, middle 
column). In contrast, both over-dispersion and clustering 
indicate that, additionally, feedback processes involving exist-
ing tree cover shape and maintain these patterns, indicating 
negative and positive feedback respectively (Malanson 1997, 
Bader et al. 2008).

Over-dispersion could indicate that trees compete with 
each-other (e.g. for water), or otherwise negatively affect 
each other. Körner (1998) suggested that cooler soils under 
closely-spaced trees suppresses tree root growth, which would 
explain why isolated trees can be found at higher elevations 
than closed forest. Such shading could thus cause a negative 
feedback that could lead to over-dispersion. However, this 
mechanisms appears to affect tree spacing only in permafrost 
soils, so at some boreal treelines (Crawford 2008, Körner 
2012). At alpine treeline, soil cooling in the shade of trees 
does not appear to restrict tree root growth (Kubisch et al. 
2017). Other negative effects of soil cooling on tree estab-
lishment, e.g. via nutrient availability, might still lead to a 
negative feedback, but there is currently no evidence that 
such feedback affects tree spacing at alpine treelines. As far 
as we are aware, over-dispersed tree cover at alpine treeline 
can be observed only in arid mountains (Lauer 1978, Hoch 
and Körner 2005), indicating underground competition for 
water. However, here it is not specific to the treeline. If trees 
are already over-dispersed in the forest, such a treeline would 
only be considered diffuse if the cover of trees decreases fur-
ther towards the treeline, which could then be due either to 
increased competition (if there is an elevational gradient in 
precipitation or soil properties) or to decreased microsite 
availability. However, in a recent study at moisture-limited 
treelines in the Himalayas the opposite was observed: young 
trees at treeline tended to cluster together, and most strongly 
so in the drier sites (Sigdel et al. 2020).

Such clustering into rounded or elongated tree or 
krummholz islands likely indicates facilitative interactions 
(Germino  et  al. 2002, Batllori  et  al. 2009) among trees or 
krummholz (Fig. 3c, f, i, l, right column). This phenomenon 
has been extensively described, in particular in the literature 
from North America (Alftine and Malanson 2004, Bekker 
2005, Resler 2006, Zeng and Malanson 2006). Islands 
indicate that conditions outside are unfavorable for tree 
establishment, while the islands themselves ameliorate the 
conditions, resulting in positive feedback. Stabilizing posi-
tive feedback is particularly strong if the islands negatively 
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affect the conditions around the islands, which can occur if 
they redistribute wind or snow (Hättenschwiler and Smith 
1999). Clonal reproduction, e.g. via layering, can also play 
an important role in the formation and dynamics of tree and 
krummholz islands (Marr 1977, Benedict 1984). This, and 
local seed dispersal, are also processes with positive feedback, 
the presence of parent trees having a strong positive effect on 
the emergence of more stems.

Tree island shapes can range from rounded (isotropic) to 
strongly elongated (anisotropic), even forming ‘ribbons’ or 
‘fingers’ (Holtmeier 1982, Baker and Weisberg 1995, Allen 
and Walsh 1996, Bekker and Malanson 2008). Such more 
specific forms can help to identify second-level processes. For 
example, clustering into longitudinal krummholz islands has 
been attributed to direct wind effects (Marr 1977, Benedict 
1984, Alftine and Malanson 2004, Bekker 2005), while for-
est ribbons may be formed due to the redistribution of snow, 
resulting in snow cover that is too shallow or too deep on 
the windward and leeward side, respectively, of the ribbons 
(Holtmeier 1982, Hättenschwiler and Smith 1999).

Changes in tree stature (abrupt–gradual–krummholz):  
growth and dieback
a) Changes in tree stature can, of course, only occur where 
trees are present. If trees disappear before important decreases 
in tree stature take place, i.e. if the treeline consists of an 
abrupt change from tall trees to low-stature alpine vegetation, 
mortality must be more limiting than other first-level pro-
cesses (Fig. 3d–f ). If tree height declines gradually, this can 
be due to growth limitation or dieback, or a combination of 
both (Holtmeier 1985, Holtmeier 2009). Gradual treelines 
without signs of dieback can be considered the null-model of 
treeline form: growth is the only limiting factor. With eleva-
tion, growth must be increasingly limited by tree height (i.e. 
with coupling to the atmosphere), i.e. growth must cease at 
a certain tree size and this size must decrease with elevation, 
to produce a stable gradual treeline in which trees do not 
eventually, even if very slowly, grow tall. Alternatively, a size-
independent decrease in growth rate could also lead to a sta-
ble gradual treeline if tree longevity is limited. However, there 
are indications that trees near treeline can grow extremely 
old (LaMarche 1979, Laberge et al. 2000, Holtmeier 2009, 
Morales et al. 2012), although elevational trends in maximum 
tree ages are not known for most treelines and in species with 
enough data the oldest trees are not necessarily forming part 
of the treeline (Galvan  et  al. 2014). This may be due to a 
more recent establishment or a younger maximum age due 
to persistent stress or very frequent dieback. In practice, some 
level of dieback nearly always accompanies a strong growth 
decline, even if not necessarily leading to krummholz forma-
tion. Additionally, a gradual decline in tree height could be 
caused by species turnover across the treeline ecotone from 
tall tree species to small trees and treeline shrubs (see below).

b) If there is an abrupt change from tall trees to krummholz 
(environmental krummholz only, a change into shrub species 
implies very different mechanisms), this, in turn, indicates 
that mortality is not the most important process, but frequent 

dieback of shoots keeps trees crippled, unless they have man-
aged to grow beyond a critical height, after which growth is 
not a mayor limitation (Fig. 3j–l). These mechanisms may 
function at the level of forest versus a krummholz belt above 
(e.g. as individuals or islands, Fig. 3k–l), or at the level of 
individual trees, where single upright trees and krummholz 
may occur mixed throughout the ecotone (Fig. 3j).

Abrupt height declines from tall forest into alpine vegeta-
tion or krummholz indicate that positive feedback occurs, 
either between tree presence and seedling survival or between 
tree size and biomass maintenance. In the first case, this 
implies a positive feedback switch (Wilson and Agnew 1992) 
and a high temporal stability of the treeline (Armand 1992, 
Bader  et  al. 2008), while in the second case the escape of 
krummholz to upright trees is much more likely to occur 
and can lead to a fast treeline change through a rapid vertical 
growth of already established individuals (Pereg and Payette 
1998, Gamache and Payette 2004, Holtmeier and Broll 
2005, Devi et al. 2008, Kullman and Oberg 2009).

Similar to island shape, the directionality (anisotropy) 
of deformations can be an indication of the causal (second-
level) processes. An obvious example is wind deformation, 
but slope processes and radiation-related processes (e.g. win-
ter desiccation) can also cause directional damage patterns. 
In most cases, a detailed analysis of damage and regrowth 
patterns, including not only directionality but also e.g. the 
heights above the ground where damage starts and ends (pos-
sibly related to e.g. snow-depths or the reach of local brows-
ers), will give strong indications of the second-level processes 
at hand (Pereg and Payette 1998).

Applying the approach

Natural versus anthropogenic treelines

Do patterns indicate the same processes if a treeline form 
has an anthropogenic origin? We suggest here that the inter-
pretation of patterns in terms of first-level processes is inde-
pendent of the second-level causes. Still, in this framework, 
undisturbed and disturbed treelines should be clearly distin-
guished to facilitate the interpretation of patterns in terms 
of second-level processes, which of course is of interest. For 
example, abrupt treelines indicate a dominant role of mor-
tality. In many cases this will be caused by anthropogenic 
influences such as fires or agricultural disturbance in tropical 
mountains (Miehe and Miehe 1994, González  et  al. 2011, 
Bueno and Llambí 2015), but it can also be due to, or main-
tained by, natural processes such as seedling mortality due 
to frost or radiation intolerance (Bader et al. 2007b, Wardle 
2008) (Box A). Likewise, gradual diffuse treelines can indi-
cate that a treeline is advancing (i.e. trees are smaller because 
they are younger and the forest does not form a closed front 
because not all sites have been colonized yet, Batllori and 
Gutierrez 2008) and/or that there has been inhomogeneous 
mortality combined with a lack of warmth for growth. Again, 
this mortality might have happened naturally, most likely in 
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the establishment phase, or may have been caused by harvest-
ing or fire. The latter has been offered as an interpretation for 
some gradual diffuse treelines, e.g. in southern Andes or the 
Alps (Ellenberg 1966, Tranquillini 1979).

For predicting future treeline shifts based on spatial pat-
tern, understanding the land use history is certainly relevant. 
Historical reasons do not change the basic interpretation of 
the pattern in terms of primary causes, but with very recent 
anthropogenic disturbance, the current pattern will not 
give much information about future dynamics, unless dis-
turbances are continued. However, the recovery of patterns 
after disturbance is informative (Vitali et al. 2019). If no re-
invasion of deforested land at treeline takes place, the treeline 
will thus still be abrupt after many years, indicating that it is 
also less likely to respond to climatic change (González et al. 
2011). A diffuse re-invasion indicates that the harsh alpine 
conditions outside the forest do not prevent tree establish-
ment so that treeline shifts can be fast. The distinction of 
reinvasion from the presence of remnant trees requires esti-
mations of tree ages.

Multi-species treelines

Many treelines are formed by just one or two tree species 
(Fig. 4a), but some can be quite diverse, with 40 or more tree 
species at some tropical cloud-forest treelines (Ramírez et al. 
2009, Peters et al. 2014). Diverse treeline include those on the 
western slopes of the southern Alps of New Zealand and cloud 
forest treelines in the northern Andes (Fig. 4b, Bader  et  al. 
2007a, Wardle 2008, Ramírez et al. 2009, Peters et al. 2014, 
Sarmiento Pinzón and León Moya 2015). The causes of 
diversity patterns are related to large-scale biogeographic pro-
cesses that are outside the scope of this paper. Still, consider-
ing diversity patterns is important when describing treeline 
patterns, because through species-specific demographic and 
growth processes they determine community-level processes 
that may have important implications for treeline dynamics. 
Two important diversity aspects are the functional diversity in 
tree species and the type of non-tree vegetation in and above 
the ecotone. Among trees, particular relevance lies in the 
presence of colonizer tree species, resistant to alpine condi-
tions, which could facilitate the subsequent establishment of 
other species. Such facilitation is seen, for example, at some 
treelines where whitebark pine is present (Resler and Tomback 
2008, Pyatt et al. 2016, Tomback et al. 2016) and is expected 
between radiation-tolerant and shade-demanding species at 
tropical treelines (Bader et al. 2007b, Llambí et al. 2013).

The non-tree vegetation matrix can have both positive 
and negative effects on tree establishment in the ecotone, 
depending on its stature and cover (Akhalkatsi et al. 2006, 
Llambí  et  al. 2013, Dial  et  al. 2016, Liang  et  al. 2016, 
Loranger  et  al. 2017). Whereas low-stature vegetation is 
important mainly at the seedlings stage (Loranger et al. 2017, 
Frei et al. 2018), tall non-tree vegetation can affect trees much 
longer. Where present, small tree and large shrub species may 
take over the habitat above the closed forest, fundamentally 
altering the processes that prevent trees from establishing 

above their current elevational limit. Whereas environmental 
krummholz indicates that dieback is the dominant process 
preventing the establishment of upright trees, shrubs do not 
have to indicate this at all. It also does not preclude it, how-
ever. Shrubs can, in turn, become stunted and sometimes 
environmental krummholz can be found among the shrubs 
(Okitsu and Ito 1989).

Useful information about the species composition 
includes the richness in tree species and the presence of func-
tional groups among trees. In the context of treeline dynam-
ics, an important functional distinction is between pioneers/
colonizers/stress-tolerant/light-demanding versus late-suc-
cessional/shade-tolerant species. Other important properties 
are deciduousness, the ability for layering and seed dispersal 
mode. Describing the presence of such functional traits can 
be of great relevance for understanding treeline dynamics. 
Not only tree traits, but also the composition and structure 
of the non-tree ecotonal vegetation can affect the processes 
shaping the treeline ecotone. This can be summarized into 
vegetation types, e.g. lichen tundra, tussock grassland or tall 
shrub thicket, while additionally the presence, cover, height 
and spatial arrangement of functional groups (e.g. lichens, 
herbs, lawn grasses, tussock grasses, dwarf shrubs, tall shrubs) 
are of interest, as they can strongly affect the establishment 
chances for trees (Lett et al. 2016, Loranger et al. 2017) and 
can also point to changes in limiting abiotic conditions across 
the treeline (Arzac et al. 2019).

Additionally, functional groups of other biota, includ-
ing seed predators, seed dispersers, browsers, pathogens and 
decomposers, may strongly affect some ecological processes 
and thereby control or modify treeline dynamics and spa-
tial patterns (Holtmeier 1966, 2009, Hagedorn et al. 2019). 
Although not in focus in most treeline research projects, 
information about the distribution, diversity and activity of 
such groups is useful auxiliary information for understanding 
the vegetation patterns.

The landscape scale

At most treelines, except those on homogenous slopes, rec-
ognizing the described patterns in the field is a challenge 
because different patterns may occur at a site due to varia-
tion in local topography and disturbance history. Although 
it may be confusing, such heterogeneity is also an opportu-
nity, because it provides a ‘natural experiment’, indicating 
that different processes are important to a different degree at 
different landscape positions, with implications for expected 
dynamics (Allen and Walsh 1996, Elliottt and Kipfmueller 
2010, Holtmeier and Broll 2012, Greenwood  et  al. 2014, 
Bourgeron et al. 2016). Therefore, depending on the specific 
research questions, two good options are to map only the 
dominant treeline type in the area (noting what proportion 
of the landscape actually shows this pattern) or to map the 
patterns within relatively narrow vertical belt transects and to 
relate the patterns to landscape positions.

In particular in diffuse and gradual treelines, where pat-
terns of mortality and growth, respectively, should depend 
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most directly on climatic gradients (Fig. 3), steep slopes are 
likely to have narrower ecotones than gentle slopes. Of course, 
the ecotone width should thus be interpreted with respect to 
the slope angle. However, we suspect that there is no quali-
tative difference in the processes that cause medium-wide 
and very-wide diffuse, gradual or island ecotones, although 
differences in ecotone width may indicate that the processes 
vary in intensity. Accounting for slope angles is therefore 
mainly important when comparing treeline patterns quanti-
tatively, e.g. among regions or with respect to model output 
(Martinez et al. 2011).

Another scale-related question is how to interpret tree 
islands, or forest outposts, that are associated with specific 
topographic positions, e.g. depressions. This is a question 
not only of scale but also of the mechanisms that allow these 
islands to exist. Most tree islands are probably started in the 
protection of some topographic feature, even if it is just a 
small rock or topographic depression (Resler  et  al. 2005, 
Resler 2006, Llambí et al. 2013). For many islands, the forest 
patch can then expand from the protected site and maintain 
itself due to the protection it provides to establishing trees. 
This would thus be a true self-maintained island, even if it 
becomes rather large. If, however, the forest is restricted to 
topographic microsites without proliferating out of the abi-
otic protection zone, the outpost is unlikely to be indicative 
of treeline-forming processes and should not be considered a 
tree island. Instead, it may be interpreted as part of a land-
scape-scale pattern.

Landscape-scale patterns offer an additional window for 
gaining insights into treeline-controlling processes, ideally to 
be interpreted in conjunction with treeline form (Treml and 
Chuman 2015). The existence of recurrent patterns indicat-
ing controlling processes is suggested by comparative research 
by, for example, Friedrich-Karl Holtmeier (1973, 2005, 2009, 
Holtmeier and Broll 2017), several North-American geog-
raphers (Butler  et  al. 2009b), Peter Wardle (Wardle 1965, 
Wardle et al. 2001, Wardle 2008) and Georg Miehe (Miehe 
and Miehe 1994, 2000). A systematic analysis of described 
landscape patterns, accompanied by a GIS-based analysis of 
remotely-sensed patterns in tree cover in treeline landscapes 
globally, would likely reveal additional dimensions defining 
treeline types in terms of landscape-scale controlling pro-
cesses (Case and Hale 2015).

Data collection and analysis strategies

For some of the pattern dimensions, in particular the pat-
terns in deformation and species composition, field knowl-
edge is indispensable and transects along the slope are the 
most appropriate sampling method. To also allow an analy-
sis of population structure and spatial point patterns, such 
transects should be wide enough (at least 30 m, as a rule of 
thumb, to assure including enough trees also at the upper-
most low-tree-density end of the ecotone) and long enough 
to capture the entire ecotone width (Camarero and Gutiérrez 
2004, Liang  et  al. 2011, Wang  et  al. 2016, Vitali  et  al. 
2017, Sigdel  et  al. 2020). Thereby, it may be necessary to 

restrict seedling counts to smaller subplots, if regeneration 
is very prolific. Ideally, tree-ring-based growth and age pat-
terns would also be collected along such transects, at least 
in non-tropical regions where most tree and shrub species 
form annual rings. However, for characterizing growth forms, 
tree height changes and species compositions only, narrower 
transects or smaller plots in sequence along the ecotone can 
be sufficient and may be preferable under budget or time 
constraints. Other patterns, like spatial clumping in the 
x–y plane, may be described more efficiently using remotely 
sensed data (Chhetri and Thai 2019). Because of the small-
scale patterns addressed, high-resolution (< 1-m resolution) 
aerial or satellite-based images are best suited. Such images are 
available for an increasing portion of Earth’s surface, includ-
ing remote treeline areas, although data availability may still 
be limited for very cloudy or very remote sites. Additional 
very promising technologies include Airborne Laser Scanning 
(Coops et al. 2013, Hauglin and Næsset 2016, Bolton et al. 
2018) and drone-based stereo-photography (Jochner  et  al. 
2017a), both allowing the creation of surface models that 
may allow determining the height of even relatively small 
trees, depending on the alpine vegetation matrix. A combina-
tion of field and remote-sensing methods, focusing precious 
field-work time on those pattern dimensions that cannot 
be obtained remotely, may be the most efficient method to 
obtain information on all pattern dimensions needed to fully 
characterize a site. Importantly, even if not all patterns can 
be fully mapped, e.g. in remote areas, detecting at least some 
dimensions of the patterns can allow inferences about the 
associated processes, which can be an important improve-
ment in site-specific knowledge, allowing better predictions.

The observed patterns indicate what processes have acted 
upon the ecotone in the past, up to the present date and our 
best-informed prediction is therefore for these processes to 
continue to act in the future. However, treeline ecotones are 
dynamic systems. Some are more dynamic than others, as 
indicated by their spatial pattern, but this may also change, 
in particular in times of environmental and land-use change. 
Multi-temporal datasets could allow analyzing the dynamics 
of the patterns and mapping these dynamics using the con-
ceptual diagrams proposed here (e.g. trajectories from abrupt 
to gradual or discrete to diffuse treelines). Re-evaluation of 
spatial patterns can serve to validate previous assumptions 
and model predictions about pattern–process relationships 
and to detect changes in controlling processes.

 Therefore, it is strongly recommended to revisit treelines 
regularly, the frequency depending on the expected dynamics 
and the purpose of monitoring the treeline. If the purpose is 
a detailed monitoring of population processes, yearly revis-
its with a resampling of population parameters can be very 
useful (Kullman 2007), though at very stable treelines like 
the abrupt Nothofagus treelines in New Zealand, resampling 
every ten years may be sufficient to capture any dynamics 
(Harsch et al. 2012). If the purpose is to validate predictions 
of treeline dynamics, revisits can be more widely spaced, 
though preferably not by more than ca five years, to not miss 
out on unexpected changes (e.g. abrupt treelines turning 
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diffuse and shifting upwards due to sudden tree establish-
ment after passing a climatic threshold – Danby and Hik 
2007a, Elliott 2012, Camarero et al 2015 – or after a change 
in land use – Vitali et al. 2017). Thereby, revisits do not need 
to imply resampling, or even field visits, but could also be 
based on high-resolution remote-sensing (aerial or ground-
based) images, including images from the past (Danby and 
Hik 2007b, Lutz et al. 2013, Greenwood et al. 2014, Travers-
Smith and Lantz 2020).

Having mapped the tree and forest cover, a next step is 
a visual interpretation of the spatial pattern based on the 
examples and descriptions provided in this paper. For height 
decline and deformation gradients we recommend a manual 
interpretation, as automated edge detection and description 
algorithms consistently perform worse than the human brain 
(Bader  et  al. 2007a). However, for the 2-D cover patterns 
we recommend a quantitative interpretation, describing gra-
dients in cover intensity and the level of clustering. For this 
type of analysis, spatial statistics can be applied. Depending 
on the data type, a point-pattern analysis, which represents 
trees as points (x–y coordinates) with associated variables as 
tree size or age (care should be taken to not confuse stem 
density and cover), could be applicable. In such an analysis, 
the pattern dimensions can be described using the measures 
intensity and clumping, complemented with measures like 
anisotropy (Camarero et al. 2000, 2005, Illian et al. 2007, 
Wiegand and Moloney 2013). A second interesting option 
is an analysis of tree cover based on patch-based metrics, 
e.g. using FRAGSTATS (Allen and Walsh 1996, Alftine and 
Malanson 2004, McGarigal et al. 2012).

The conceptual framework presented here, in which con-
trasting treeline forms or patterns are predicted to occur as 
a result of different first-level processes, could be formalized 
via individual based models in which these pattern–pro-
cess links can be explicitly explored (Wiegand  et  al. 2006, 
Martinez et al. 2011), and the outputs of these models tested 
against empirical data derived from different treelines. Models 
could also be elaborated to include second-level processes and 
their environmental drivers. As different processes can result 
in similar patterns, this approach will require a multi-pattern 
evaluation of the results (i.e. using pattern-oriented model-
ling, Wiegand et al. 2003). Thereby, the more patterns (spa-
tial, temporal, demographic and compositional) the model 
can correctly predict, the more likely is it a realistic repre-
sentation of the processes involved. Such models could also 
be used as a framework to explore the dynamics of treeline 
spatial patterns (e.g. island formation and expansion, shifts 
from abrupt to gradual treelines, etc.) as a result of changes 
in the underlying drivers. However, it should also be clear 
that spatial patterns cannot tell us everything, and in some 
cases pattern analysis will need to be complemented by fur-
ther experimental or observational studies evaluating the role 
of specific processes and mechanisms (e.g. ecophysiological 
constraints, dispersal patterns, neighbor interactions).

Conclusions

Alpine treeline ecotones can exhibit many different spatial 
patterns, but within this variation there is order that can 
help to recognize treelines with similar controlling processes 
and expected dynamics. Important dimensions to describe 
these patterns are the rate of change in tree cover and the 
strength and shape of clustering of this cover, and changes in 
tree height and tree shape. These pattern dimensions could 
be complemented by additional information about tree age 
distributions, the functional composition of the ecotone veg-
etation and environmental conditions to distinguish second-
level processes in more detail. Describing and ordering the 
variation in the four main pattern dimensions systematically 
should help to maximize the use of the information gained in 
treeline studies beyond the particular sites studied. Stratifying 
treeline research and monitoring efforts according to spatial 
types should also help to cover the full range of dynamics 
expected at different treeline types. These advantages should 
allow us to more efficiently gain the necessary understand-
ing to predict treeline shifts in response to climate and land-
use changes. We encourage all treeline researchers to try to 
quantify the dimensions presented here and to work towards 
validating this qualitative scheme with a quantification of 
patterns and model- and field-based tests of pattern-process 
relationships.

Invitation

Discussing and sharing spatial data and pattern descriptions 
is possible via the following website: <www.alpine-treelines.
net>, one of its aims being the creation of a world map of 
treeline spatial patterns, the other to provide a network envi-
ronment for treeline researchers interested in these issues. 
Treeline pattern detection, analysis and classification tools 
will be made available on this website as they are developed.
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Box A. Examples

A1 Gradual treelines

Controlling processes: growth only (null-model of treeline form). Growth declines with elevation, but must also increasingly decrease 
with tree height (i.e. with coupling to the atmosphere) with elevation. Alternatively, in the case of multi-species treelines, a gradual 
height decline may also be due to species turnover, from tree-forming species to small trees and shrubs. Thus, possibly in addition to 
decreased growth, inter-specific interactions and species-specific establishment chances play a role in forming such patterns.

Examples:
We are not aware of the existence of pure cases of single-species gradual treelines in nature, as some level of deformation is always 
observed in the smallest trees. It appears that very small tree individuals at treeline, which may be several decades years old and only 
50-cm tall (Camarero and Gutierrez 1999), will always experience some level of damage during their long exposure to the alpine 
climate. Even if they are not strictly krummholz, such small trees are very likely to lose their main meristems and to experience stem 
bending at one or several occasions during their lifetime, making them grow as multi-stemmed, bushy and/or twisted individuals. 
However, the level of deformation varies, and if light, treelines may be considered as gradual discrete without krummholz.

Multi-species gradual treelines are more common and are known from very wet mild-temperate to tropical mountains, like the west 
coast of the southern Alps of New Zealand (Wardle 1965) and the eastern cordillera of the Andes in southern Ecuador (Bader et al. 
2007a).

Figure A1a. Hypothesized first-level controls on gradual single-species treelines. Growth limitation (dotted orange line) is the strongest 
limitation at such treelines.

Figure A1b. Schematic example of a gradual discrete treeline.
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A2 Krummholz treelines

Controlling processes: this type of treeline is considered by some authors as being typical for a natural treeline (Ellenberg 1966, 
Tranquillini 1979), growth and biomass maintenance of tree species being increasingly limited by a combination of low growth tem-
peratures and other stress factors like wind and frost, but tree cover being closed, i.e. mortality not limiting tree occurrence, up to the 
tree-species line.

As explained above for gradual treelines, the level of deformation in gradual treelines can be quite variable, ranging from none 
(in theory) to very strong deformation leading to krummholz. In multi-species treelines, the turn-over from trees to shrubs may be 
accompanied by an additional environmental stunting of both trees and shrubs, in which case a gradual multi-species krummholz 
treeline would emerge. This is the case e.g. on very wet and windy ridges in southern Ecuador (Bader et al. 2007a).

Examples:
Examples of single-species gradual discrete krummholz treelines include natural treelines formed by Erica trimera on the Bale moun-
tains of Ethiopia (Miehe and Miehe 1994), and a Fuscospora cliffortioides (previsouly known as Nothofagus solandri var. cliffortioides, 
Heenan and Smissen 2013) treeline described for a wind-exposed, shallow-soil or snow accumulating position in the southern Alps of 
New Zealand (Wardle 1965, Norton and Schönenberger 1984), and some sections of Nothofagus pumilio treelines in southern South 
America (Holtmeier 2009). In both cases, nearby treelines tend to be abrupt, which sometimes appears to be a sign of disturbance, e.g. 
by fire in the Bale Mountains. In these mountains, natural treelines are actually something in between a discrete and a diffuse form, 
with shrubby Erica being about 1.6 m tall at the discrete transition from closed scrub to alpine dwarf shrubs, while above that single 
dome-shaped Erica shrubs occur that decrease gradually to about 0.5 m in height (Miehe and Miehe 1994).

The case study from New Zealand is particularly interesting, because the dominant treeline form of F. cliffortioides as well as other 
Nothofagaceae in New Zealand and in southern South America is abrupt and discrete, tall forest giving way to alpine tussock grassland 
(Cuevas 2000, Wardle 2008, Case and Hale 2015). The difference between the gradual and the abrupt Nothofagaceae treelines indi-
cates that different processes shape these treelines. While establishment is more limited than growth at the abrupt treelines, gradual 
Nothofagaceae treelines tend to occur in situations where trees are damaged by wind or excess snow cover, causing the strong deforma-
tion and the gradual decline in tree height so unusual for this part of the world (Wardle 1965).

Figure A1c. Gradual discrete multi-species treelines in the temperate zone (left) and the tropics (right): mixed broadleaf-Podocarp 
forest grading into tussock grassland, Kelly’s Saddle, west slope of the southern Alps, New Zealand (photo: M. Y. Bader) and mixed 
evergreen cloud forest, Podocarpus National Park, Ecuador (photo: M. Y. Bader).

Figure A2a. Hypothesized first-level controls on gradual discrete krummholz treelines. Dieback (orange dashed line) is the strongest 
limitation, while growth limitation (dotted orange line) also plays an important role at such treelines.
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A3 Diffuse treelines

Diffuse treelines without krummholz
Controlling processes: growth is limiting (gradual size decline is implied for diffuse treelines if an abrupt size decline is not explicitly 
mentioned) and survival (especially during establishment) is restricted to increasingly few microsites. This interpretation is especially 
likely in heterogeneous terrain. Alternatively, even on a hypothetical homogenous slope a diffuse pattern can arise if the treeline is 
actively advancing and the spread-out trees are thus young outposts, or if it has had one or more advance episodes in the past, implying 
temporal heterogeneity combined with spatial stochasticity in establishment chances.

Examples:
In dry areas, like the example of Sajama in Bolivia (Fig. A3d), the forest is already open also at lower elevations. Such treelines are 
considered diffuse only if the spacing becomes more open towards higher elevation in the ecotone.

Gradual discrete treelines are found in many mountains, though an absolute absence of dieback is rare, and this appears to be a 
natural pattern, although in some cases it may be the result of land use opening up the forest at formerly discrete treelines (Tranquillini 
1979). For example, among typically discrete Nothofagus treelines in southern South America, some diffuse ecotones composed of the 
same species can also be found. For this, people and their livestock have been held responsible (Ellenberg 1966).

Diffuse treelines with krummholz
Controlling processes: dieback limits tree stature, likely in combination with reduced growth, and survival is restricted to increasingly 
few microsites (spatial heterogeneity) or controlled by spatial stochasticity combined with temporal heterogeneity (see above).

Examples:
Diffuse krummholz treelines are a rather common treeline form, as single trees above the closed forest are prone to wind damage and 
to winter desiccation (Tranquillini 1979).

As discussed above (A2), some relatively undisturbed Ethiopian Erica treelines form a combination of discrete and diffuse krumm-
holz treeline, the forest being closed down to a tree size of about 1.6 m, followed by a zone of dispersed Erica shrubs/krummholz.

In situations where existing krummholz is the main source of sheltered sites it is likely that krummholz islands emerge (A7).

Figure A3a. Hypothesized first-level controls on gradual diffuse treelines without (left) and with (right) krummholz formation. 
Mortality (red line), including establishment failure outside of safe sites, controls the spacing of trees, while growth limitation (dotted 
orange line) controls the size of existing trees in the case without krummholz (left), while additionally dieback controls the size of trees 
in the case with krummholz (right).

Figure A3b. Schematic example of a gradual diffuse treeline without (left) and with krummholz (right).
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Figure A3c. Gradual diffuse treeline: Natural treeline in the Alps composed of Larix decidua, Stavel Crastu, Bosco/Gurin, Switzerland 
(photo: Matthias Jochner).

Figure A3d. Gradual diffuse krummholz treeline composed of Polylepis tarapacana, Sajama, Bolivia (photo: M. Y. Bader).

Figure A3e. Gradual diffuse krummholz treeline composed of Pinus uncinata, Ordesa, Pyrenees, Spain (photo: M. Y. Bader).
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A4 Abrupt treelines

Controlling processes: survival outside existing forest is limited at an elevation where growth is not yet much limited. This may be due 
to low establishment in the harsh alpine conditions, especially for shade-dependent tree species, or to disturbance, e.g. recurrent burn-
ing of the alpine vegetation. At multi-species abrupt treelines, it is more likely that their origin and maintenance are anthropogenic, 
because with multiple species present it is unlikely that none would be able to establish in the alpine zone.

Examples:
The Nothofagaceae (southern beech) treelines in New Zealand and southern South America are the most well-known abrupt treelines, 
and the only ones for which an anthropogenic origin of this pattern is unlikely. No fossil tree wood charcoal has ever been discovered 
above treeline in New Zealand (McGlone 2004) and fire is unlikely to cause the regular landscape-scale pattern observed for most 
New Zealand treelines. It is instead suggested as an explanation for the unusually irregular treelines in the Tararua and Ruahine Ranges 
(Wardle 1965). How the regular and abrupt treelines in New Zealand came to be, is a puzzling question still awaiting an answer. 
However, their maintenance can be explained by the shade-dependence and frost-intolerance of the tree seedlings (Wardle 1965, 
1985, Harsch et al. 2012), causing a positive feedback between tree establishment and microclimate that maintains the abrupt bound-
ary (Wilson and Agnew 1992). A similar reasoning applies to Nothofagus treelines in South America (Cuevas 2000).

Abrupt discrete treelines are also found in Fagus sylvatica (European beech) in southern Europe, but here it appears to be mostly a 
result of historic land use in this long-inhabited region, combined with the difficulty of this species to re-establish outside shade. The 
anthropogenic nature of the abrupt F. sylvatica treelines is indicated by the existence of more gradual and diffuse F. sylvatica treelines 
in the Apennines, located at higher elevations than the abrupt treelines of this species (Bonanomi et al. 2018).

Abrupt treelines can also be composed of quite open forests, as found on e.g. Tenerife (Canary Islands) and the volcanos of central 
Mexico (Wardle 1965, Lauer 1978), with treelines of Pinus canariensis and Pinus hartwegii, respectively. As these forests are quite open 
also at lower elevations, these treelines, apart from being abrupt in terms of tree stature change, are not diffuse but discrete (Leuschner 
1996). However, at least for P. hartwegii some sections of the treeline may also be more diffuse (Lauer 1978, Astudillo-Sánchez et al. 
2019). In both regions, the treeline has been strongly affected by land use and fire, which may prevent tree establishment (Lauer 
1978), so that the abrupt discrete shape is maintained.

Many multi-species tropical cloud-forest treelines are also very abrupt, which is probably due to fire in the alpine tussock grass-
lands, possibly combined with the difficulty of many tree species to establish outside forest cover (Bader et al. 2007b, Llambí et al. 
2013, Rehm and Feeley 2015). Although tall shrub species are usually present that can tolerate the high radiation in the alpine zone 
and that could start a succession towards forest, this process is rather slow and, at many treelines, additionally hindered by frequent 
burning (Bader et al. 2007a, Ramírez et al. 2009, Llambí et al. 2013, Bueno and Llambí 2015). At many abrupt cloud-forest treelines, 
a fringe of such shrubs (e.g. Diplostephium spp., Hesperomeles spp., Miconia spp.) lines the abrupt treeline forest border (Bader et al. 
2007a, Ramírez et al. 2009).

Figure A4a. Hypothesized first-level controls on abrupt discrete treelines. Mortality (red line) controls these treelines, the strong 
change in the gradient caused by the change in microclimatic conditions between forest and alpine zone, leading to a positive feedback 
switch (Wilson and Agnew 1992).
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Figure A4b. Schematic example of an abrupt discrete treeline.

Figure A4c. Abrupt discrete single-species treeline composed of Lophozonia menziesii (Nothofagaceae), southern Alps, New Zealand 
(photo: M. Y. Bader).

Figure A4d. Abrupt discrete treeline of mixed cloud forest bordering tussock-grass paramo in the Guandera reserve of northern 
Ecuador. Although not currently used for livestock grazing, this paramo is regularly burned. A recent fire is clearly indicated by the 
charred stems of the Espeletia stem rosettes in the foreground, and burnt young growth of the small tree Gaiadendron punctatum show-
ing dark orange in the background (photo: M. Y. Bader).
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A5 Abrupt diffuse treelines

Controlling processes: survival is restricted to increasingly few microsites and becomes impossible where growth is not yet much lim-
ited. In the case of a dense shrub cover between the trees, competition is a likely cause of establishment limitation (Liang et al. 2016, 
Schwab et al. 2016).

Examples:
Two examples: ‘Several Juniper species occurring from fairly dense stands to very open woodlands and finally to single isolated indi-
viduals’ on south-facing slopes in the eastern Himalayas (Schickhoff 2005), or treeline in Bhutan (Miehe et al. 2015), where trees also 
spread out (Fig. A5c). In both cases the trees grow in a matrix of tall Rhododendron shrubs, which probably prevents small trees from 
persisting. This likely leads to the pattern that only well-grown trees are found, but fewer and fewer of these with increasing elevation, 
as the competition balance shifts from trees to shrubs. Coupling to the atmosphere, which is related to plant height, should not differ 
between small trees and tall shrubs of the same height. Advantages of shrubs may lie in a more homogenous canopy, raising the bound-
ary layer and presenting strong competition to establishing trees, and/or in their thinner stems, requiring a shorter growing season 
(Treml et al. 2019). However, the conceptual difference between the treeline and the (tall) shrubline has not been fully explored so far.

Examples of abrupt diffuse treelines without a competing shrub belt include sections of P. hartwegii treelines in Mexico (see also 
above under A4). In this system, tree establishment indeed appears to be restricted to certain microsite types (causing a diffuse pat-
tern, Astudillo-Sánchez et al. 2019), while the abruptness, i.e. the absence of small trees, may be related to mortality due to fire (Lauer 
1978, Robles-Gutiérrez et al. 2016).

Figure A4e. Close-up of an abrupt discrete treeline of mixed cloud forest bordering tussock-grass paramo in the Guandera reserve of 
northern Ecuador. Note the fringe of tall shrub species like the bluish Diplostepium and Blechnum tree ferns (photo: M. Y. Bader).

Figure A5a. Hypothesized first-level controls on a diffuse treeline on a slope with spatial or temporal heterogeneity in mortality (left) 
or in a matrix of shrubs or other non-invasible vegetation (right). Mortality (red line) controls the positioning of trees, either due to 
heterogeneity or due to competition from the shrubs. Growth limitation and dieback (orange lines) do not directly determine this 
pattern, although growth does determine the competitive strength of trees versus shrubs, in particular after disturbances.
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A6 Tree-island treelines

Controlling processes: survival depends on existing trees and becomes impossible away from these. In abrupt tree-island treelines, islands 
form at elevations where growth is not yet much limited and dieback does not play a large role. In gradual tree-island treelines, islands 
are additionally increasingly limited in size by growth limitation and/or dieback (then grading into krummholz-island treelines). One 

Figure A5b. Schematic example of an abrupt diffuse treeline in a shrub matrix, which is mostly gradual discrete itself.

Figure A5c. Natural treeline in Bhutan composed of Abies densa trees in Rhododendron lanatum thickets with Sorbus shrubs (photo: 
Georg Miehe).

Figure A6a. Hypothesized first-level controls on abrupt tree-island treelines. Mortality (red line) controls the positioning of trees and 
depends on the presence of trees, leading to a positive feedback switch (Wilson and Agnew 1992). Growth limitation and dieback 
(orange lines) are not important for this pattern.
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possible feedback mechanism is reproduction through layering, allowing tree establishment where establishment from seed is not 
possible (Holtmeier 2009), or, similarly, growth into multi-stemmed trees from previously prostrate individuals (Devi et al. 2008). 
Feedback mechanisms involving establishment from seed include reduced seedling mortality near existing trees due to shading, shel-
tering or snow redistribution (Germino and Smith 1999, McIntire et al. 2016). Where tree performance is controlled by positive 
feedback, it is partially decoupled from external drivers and, for example, growth responses of trees to macroclimatic variation may 
be reduced (Elliott 2011).

Examples:
Examples of treelines with islands composed of tall trees are located in the Teton and Medicine Bay Mountains (Wyoming, USA) and 
in the Altai Mountains of Russia. In these sites, tree islands characterize the upper parts of the montane forest, thus creating a very long 
ecotone according to our definition. In the Tetons, trees continue to form islands towards the top of the ecotone and do get smaller and 
show signs of damage. Although we did not observe real krummholz, this may be because the slopes did not exceed the ecotone. In the 
Snowy Range (Medicine Bow Mountains), such forest islands (in that case ribbon-shaped) grade into krummholz islands, thus making 
that a gradual krummholz-island treeline (Germino and Smith 1999). Treelines with tree islands that are in fact multi-stemmed trees 
can be found, for example, in the Polar Urals, but also here krummholz formation occurs (Devi et al. 2008). Purely abrupt tree-island 
treelines may thus not exist in these mountains except where disturbances have removed the krummholz-island belt (perhaps in Fig. A6d).

In some cases, multi-species tropical treelines can have distinct forest tongues and islands that tend to be dominated by small tree and 
tall shrub species characteristic of the treeline (Fig. A6e). They can border the paramo vegetation quite abruptly or via a wider border 
ecotone. These tongues and islands can result from the presence of local topographic features (e.g. boulders, small depressions) but could 
also be promoted by a nucleation process resulting from initial facilitation of woody plant establishment by alpine shrubs (Ramírez et al. 
2009, Llambí et al. 2013). Such varied treelines are hard to typify but can be described in terms of intermediate and mixed forms.

Figure A6b. Schematic example of an abrupt tree-island treeline.

Figure A6c. Tree islands in a treeline ecotone composed of Abies lasiocarpa, Picea engelmannii and Pinus albicaulis, Tetons, USA 
(photo: M. Y. Bader).
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A7 Krummholz-island treelines

Figure A6d. Abrupt diffuse treeline ecotone with tree-islands, composed of Abies lasiocarpa and Picea engelmannii, Medicin Bow 
Mountains, USA (photo: L. M. Resler).

Figure A6e. Treeline ecotone bordering the paramo of Iguaque, Colombia. In this case the ecotone is quite wide and has a gradual 
decrease in plant size from trees to small shrubs among tussock-grass paramo, with a mixture of diffuse, discrete and island sections, 
plus strong topography-related patterns (photo: M. Y. Bader).

Figure A7a. Hypothesized first-level controls on gradual (left) and abrupt (right) krummholz-island treelines. Mortality (red line) 
controls the positioning of trees and depends on the presence of trees, leading to a positive feedback switch (Wilson and Agnew 1992). 
Dieback (dashed orange line) is the strongest control on size and shape of existing tree-species islands and either increases gradually 
(left) or abruptly as a result of leaving the shelter of the forest (right), implying another positive feedback mechanism.
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Controlling processes: dieback limits tree stature more strongly than growth and tree survival depends on existing trees or krummholz, 
creating a positive feedback.

Examples:
This type of treeline is very common in North-American mountains (Marr 1977, Pereg and Payette 1998, Butler  et  al. 2009b, 
Holtmeier 2009). Positive feedback, with stimulation of tree growth inside or on the lee of islands combined with suppression on 
the sides and windward side of the island due to wind and snow redistribution, maintains and shapes such islands (Malanson 1997, 
Alftine and Malanson 2004). Island shapes can range from rounded patches to stripes or fingers, and islands have also been observed 
to ‘walk’ across the tundra, growing on the lee side and shrinking on the windward side (Marr 1977). Often, these islands are com-
posed of two to three species, with the hardiest species establishing first (e.g. Pinus albicaulis), followed by species requiring more 
shelter (e.g. Abies lasiocarpa or Picea engelmannii).

Because the processes leading to krummholz formation are most pronounced at a height just above the average snow depth, while 
further from the ground these stresses decrease again, trees tend to get trapped as krummholz below this height. If able to escape the 
stressful layer, they may grow into tall trees. As a result, the height transition from trees to krummholz can be quite abrupt, with few 
or no intermediately-sized individuals.

Figure A7c. Krummholz islands composed of Abies lasiocarpa and Pinus albicaulis, Lee Ridge, Glacier NP, USA (photo: M. Y. Bader).

Figure A7b. Schematic example of a gradual krummholz-island treeline.


