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Abstract: Numerous studies have reported that 
treelines are moving to higher elevations and higher 
latitudes. Most treelines are temperature limited and 
warmer climate expands the area in which trees are 
capable of growing. Hence, climate change has been 
assumed to be the main driver behind this treeline 
movement. The latest review of treeline studies was 
published in 2009 by Harsch et al. Since then, a 
plethora of papers have been published studying local 
treeline migration. Here we bring together this 
knowledge through a review of 142 treeline related 
publications, including 477 study locations. We 
summarize the information known about factors 
limiting tree-growth at and near treelines. Treeline 
migration is not only dependent on favorable growing 
conditions but also requires seedling establishment 
and survival above the current treeline. These 
conditions appear to have become favorable at many 
locations, particularly so in recent years. The review 
revealed that at 66% of these treeline sites forest cover 
had increased in elevational or latitudinal extent. The 
physical form of treelines influences how likely they 
are to migrate and can be used as an indicator when 
predicting future treeline movements. Our analysis 
also revealed that while a greater percentage of 

elevational treelines are moving, the latitudinal 
treelines are capable of moving at greater horizontal 
speed. This can potentially have substantial impacts 
on ecosystem carbon storage. To conclude the review, 
we present the three main hypotheses as to whether 
ecosystem carbon budgets will be reduced, increased 
or remain the same due to treeline migration. While 
the answer still remains under debate, we believe that 
all three hypotheses are likely to apply depending on 
the encroached ecosystem. Concerningly, evidence is 
emerging on how treeline migration may turn tundra 
landscapes from net sinks to net sources of carbon 
dioxide in the future. 
 
Keywords: Treeline advance; Treeline migration; 
Forest dynamics; Alpine forests; Ecosystem carbon 
storage; Carbon sequestration; Global meta-analysis.  

1    Introduction  

Climate change has caused a rapid change to the 
distribution, composition, and function of many 
species and ecosystems on a global scale (Pecl et al. 
2017). With climatic boundaries shifting, species will 
often have to migrate to track their suitable 
environment. The ability of a species to do so largely 
determines what novel species combinations we are 
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likely to see in the future. Tracking species migration 
is important as competition from novel species can 
make the survival of endemic species difficult and can 
force continued upwards migration (Warszawski et al. 
2013; Jake et al. 2015). High alpine plant 
communities face a disproportional risk from species 
migration, as range-restricted species have limited 
abilities to locate new suitable habitats and also face a 
reduction in the area of suitable climate (Dirnbock et 
al. 2011). The risk posed to these communities will 
largely depend on the ability of lower elevation 
species to migrate upwards (Jake et al. 2015). High 
alpine forests, which are mainly temperature 
restricted, have already started intruding into 
sensitive alpine communities (Dirnbock et al. 2011). 
Understanding the movement of treelines is essential 
to better identify areas where endemic species may be 
at higher risk under future climate change. In 
addition, large-scale vegetation changes can also 
affect ecosystem services such as carbon sequestration 
and storage (Epstein et al. 2012). 

Climate-limited treelines are found on the edge of 
habitats where the life form of ‘trees’, regardless of 
species, are no longer capable of growing past a 
certain elevation or latitude due to a lack of 
physiological tolerance to the local conditions 
(Jørgensen 2009). Treelines can occur either as 
abrupt boundaries between forest and non-forest 
vegetation or as transition zones where trees 
progressively become smaller and can be scattered 
with a combination of young trees and old dwarf trees 
(Grace et al. 2002; Jørgensen 2009). Treelines are 
predominantly located in cold areas of high elevation 
or latitude and are often restricted by cold 
temperatures during the growing season (Paulsen and 
Körner 2014). They can also be restricted by other 
climatic and non-climatic factors, such as a lack of 
moisture, fires, rock falls or human land use, although 
these factors diminish in importance at global scales 
(Paulsen and Körner 2014). In this review, we focus 
on climatically limited treelines. These can be 
categorised into two main groups; elevational 
treelines, which are those existing at higher elevations 
created by climate gradients up the slope of a 
mountain, and latitudinal treelines, which indicate 
the uppermost latitudinal threshold of where trees are 
capable of establishing.  

Treeline ecosystems have experienced more rapid 
rates of warming compared to the global average due 
to polar amplification and the above-average warming 

experienced in the world’s mountain ranges (Catalan 
et al. 2002; Grace et al. 2002; Walker et al. 2006; 
Nogués-Bravo et al. 2007; Bhatt et al. 2010; IPCC 
2014). Being primarily limited by cold temperatures, 
improved growing conditions associated with climate 
change could trigger a rapid advancement of treelines 
(Grace et al. 2002). Treeline ecosystems have 
previously shown changes in composition, density 
and extent of species distribution as temperatures and 
patterns of precipitation have been altered by climate 
change (Grace et al. 2002; Harsch et al. 2009). The 
rapid increase in temperature across these ecosystems 
is believed to be the primary driver as to why more 
than half of the worlds studied treelines have shown 
signs of elevational and latitudinal expansion during 
the past decades (Harsch et al. 2009).  

Global warming is expected to have a significant 
impact on treelines even under a moderate warming 
scenario, as an increased global average temperature 
of 2°C has been linked to an expansion of the extent of 
forest in the arctic by up to 55% (Kaplan and New 
2006). Models of future treeline advances are strongly 
influenced by paleoclimatic records and their 
correlation to historic treeline positions (Feurdean et 
al. 2016; McGlone et al. 2019). Several of these 
records show that treelines have historically been 
located at higher elevation compared to their current 
positions, and that the upward migration of forests 
correlate with periods of warmer climate (Salzer et al. 
2013; Feurdean et al. 2016). Studying treeline 
positions during longer timescales, such as 
throughout the Holocene, is important not only to 
better predict the response of treelines to modern 
climate change (McGlone et al. 2019), but also as they 
may be capable of capturing treeline advances or 
depressions occur at longer timescales (Salzer et al. 
2013). 

The advancement of treelines can have negative 
consequences for adjacent high alpine and arctic 
vegetation (which are typically inherently restricted in 
their geographic range) and could potentially cause 
significant changes to the carbon dynamics of these 
ecosystems (Epstein et al. 2012). With vegetation 
shifts occurring at such a large scale it is essential to 
better understand the patterns of these movements as 
well as the climatic factors at play, as knowledge of 
these drivers will assist in predicting how treelines 
will respond to future climate change. In this review 
we only consider changes to the treeline and not 
changes to either the timber- or forest-line. There is 
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an important distinction between these in that the 
treeline delineates the upper limit of where trees exist, 
while the timber- and forest-line delineates the upper 
edge of closed montane forests (Jørgensen 2009). 
Several definitions have been utilized in the literature 
to describe the treeline, and while some base the 
definition purely on the height of the tree (usually 2-
3m) (Baker 2007; Ward 2016), others use multiple 
parameters such as height, cover and crown size 
(Körner 1998).  

In this review we consider all treeline studies 
regardless of the definition used by the respective 
author as long as the authors are referring to 
established adult trees and not young seedlings. The 
review contains both a qualitative and quantitative 
review of modern treeline migration. The specific 
aims of this review are to (I) identify the biophysical 
characteristics of treelines, (II) map where treeline 
migration has occurred during the past century, (III) 
assess what drives treeline migration, and lastly (IV), 
identify the potential implications treeline migration 
may have on ecosystem carbon storage. Our review 
reveals that the majority of studied treelines around 
the world are moving to higher elevations and 
latitudes. In addition, some of these treelines are 
expanding at a rapid rate. We furthermore discuss 
what implication these changes have on the local 
carbon budgets and the potential role of treeline 
migration as a positive feedback effect for future 
climate change. 

2    Methods and Material 

2.1 Literature review 

To ensure a high-quality review of the literature 
on modern treeline migration we conducted a 
comprehensive search of peer-reviewed journals. The 
search was conducted in Scopus, Web of Science, 
Google Scholar as well as the University of 
Queensland Library service. Key search terms, such as 
“treeline” and “treeline” migration, advance, 
movement, encroachment, recession and change were 
used, as well as various grammatical suffixes of these 
words. The reference section for each article was 
scanned to identify additional articles that were not 
identified in the database search. Lastly, book and 
thesis chapters were used sparingly where there was a 
lack of published peer-reviewed information on a topic.  

2.2 Database creation  

Treeline studies were identified using the journal 
search tool in Scopus applying the following search 
key: TITLE-ABS-KEY (treeline* OR tree-line* OR 
"tree line" AND migrat* OR advanc*) AND (LIMIT-
TO (SUBJAREA, "AGRI") OR LIMIT-TO (SUBJAREA, 
"ENVI") OR LIMIT-TO (SUBJAREA, "EART")). This 
search yielded 533 search results, for which abstracts 
were perused to identify relevant literature. In 
addition to the search in Scopus the reference list of 
all relevant publications was reviewed to identify 
additional literature of interest. The literature search 
was conducted between June 2018 to March 2019. 
This review only concerns changes in the upper 
treeline positions as such changes represent a shift in 
the distribution of ecosystems rather than a change in 
ecosystem composition.  

Hence, this review includes all identified articles 
examining the changes to the upper treeline, 
regardless of the definition of the treeline used by the 
authors. Articles measuring other changes such as 
tree-density, seedling establishment, radial growth or 
expansion of species which does not make up the 
upper treeline were excluded. Furthermore, papers 
describing a timber- or forest-line were excluded from 
this review. A significant number of articles identified 
by Harsch et al. (2009) were also incorporated in our 
database, on the basis that they fit our selection 
criteria. From the Scopus search and the review of 
reference lists a total of 142 published articles were 
selected to be included in the database. These 142 
journal articles included a total of 477 locations where 
treeline positions have been measured. 

Tree growth can respond quickly to favorable 
changes in temperature and precipitation and may 
in addition cause seedlings to establish high above 
the existing treeline. However, a few adverse 
summers have the potential to kill new re-growth 
achieved over favorable preceding seasons (Körner 
and Riedl 2012). These changes do not necessarily 
represent a change to the treeline, and seedlings 
above the treeline may therefore not indicate a 
climatic shift in treeline position but may simply be 
the result of short-term changes in temperature or 
precipitation. Treeline studies were therefore only 
included if the trees at the upper limit had matured 
to at least 2m unless they were of krummholz 
structure. Treelines were identified as advancing if 
they increased either in an elevational or latitudinal 
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direction while receding treelines (1.69%) were 
listed as not advancing. Overall, 66% of studied 
treelines had increased in either elevational or 
latitudinal extent, while 32% were either unchanged 
or receding.   

A range of different information was recorded in 
the database such as the method of measurement, 
timeframe of study, and longitudinal and latitudinal 
location of treeline (where data was not explicitly 
available, Google Earth was utilised to indicate an 
approximate location of the site). We also recorded 
elevation, aspect, total and/or annual change in 
elevation or latitudinal extent, treeline form, the 
family of tree species, the period of most significant 
change of movement, country of study and recorded 
disturbances. These data were presented as recorded 
by the authors and cells were left blank in the 
database when this information was not reported in 
the publication. The duration of the study was 
measured in different ways depending on the type of 
study: (1) for repeat photography measured between 
the first and last photography taken; (2) for transect 
studies measured as the first and last year of the 
survey; and (3) for dendrochronology measured as the 
age of the oldest tree indicating a past treeline and the 
age of the oldest tree at the current treeline position. 
Age was left blank where no information in age was 
provided.  

The rate of change or total shift in elevational or 
latitudinal position was noted for studies where 
information was provided (49.52%), as well as for a 
few studies that measured the reduction of forest 
openings at the treeline (1.21%). The methods to 
present such data varied significantly between studies, 
and while some studies only reported an average 
increase (usually for larger areas), others exclusively 
reported the maximum change in elevation or latitude. 
Where both these values were presented only the 
average change in elevation was included under the 
total change in elevation, while the maximum value 
was entered as the maximum change in treeline 
position. Aspects were recorded for each datum point 
as this has the potential to influence other parameters 
that affect growth, such as precipitation, temperature, 
solar insulation and the presence of snow and 
permafrost (Danby and Hik 2007). These were after 
that classified as Neutral (E&W), Cold (N in Northern 
hemisphere and S in Southern hemisphere) or Warm 
(S in Northern hemisphere and N in Southern 
hemisphere). 

3    Results and Discussion 

3.1 Biophysical environment of treelines 

A strong correlation has been identified between 
seasonal mean air temperatures and tree growth near 
the treeline (Gehrig-Fasel 2007). Tree-growth 
requires a minimum growing season length of 94 days, 
defined as all days having a mean daily temperature 
of >0.9°C with the mean reaching at least 6.4°C 
across all days (Paulsen and Körner 2014). Three 
elements support the widely accepted theory of 
temperatures being the primary control for treeline 
positions: (1) the global relationship between 
temperature isotherms and treeline positions (Körner 
and Paulsen 2004); (2) the correlation between 
historical changes in treeline positions and 
temperature change (Lloyd and Graumlich 1997; 
Carrara and McGeehin 2015); and (3) recent 
advancement of treelines associated with global 
warming (Harsch et al. 2009).  

Treelines appear at different elevations and 
latitudes depending on the local climatic 
characteristics. In the northernmost Sweden (68°N) 
the treeline can be found at 700m above mean sea 
level (a.s.l) (Körner and Paulsen 2004). In the Swiss 
Alps (46°N), the treeline are located at a considerably 
higher 2200m elevation (Coops et al. 2013). In 
countries closer to the equator, such as Nepal (28°N) 
and Mexico (19°N), the treelines are instead located at 
a much higher elevation of around 4000 m a.s.l. 
(Körner and Paulsen 2004). Treelines in the southern 
hemisphere are situated at overall lower elevations 
compared to their northern equivalent latitudes, and 
where treelines at around 35°N are found at 
approximately 3000-3500 m elevation the southern 
equivalent treeline (≈35°S) is located at an elevation 
of about 2000 m (Cieraad et al. 2014). There is, 
however, no clear evidence that the thermal threshold 
is lower in the southern hemisphere, as treelines 
across the world (including the Southern hemisphere) 
appear at around the same annual mean growing 
season temperature (Körner and Paulsen 2004; 
Cieraad et al. 2014) 

It is not only the average temperatures that can 
influence treeline position; the timing of the onset 
and end of the growing season is also critical (Coops 
et al. 2013). Several additional biotic and abiotic 
factors have been identified to limit the growth of 
trees near the treeline, including both inadequate 
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snow protection (Esper and Schweingruber 2004) 
and too heavy snow loads (Autio 2006), insufficient 
effective temperature sum and length of the growing 
season (Autio 2006), lack of precipitation (Aune et al. 
2011), competition (Treml and Chuman 2015), 
incoming solar radiation (Bader et al. 2007), 
permafrost and depth of the active soil layer 
(Wilmking et al. 2012), extreme soil temperatures 
(Autio 2006), moisture availability (Andersen and 
Baker 2006; Autio 2006), fires (Butler and Dechano 
2001), frost events occurring during the growing 
season (Autio 2006; Coop and Givnish 2007), high 
wind speeds (Autio 2006; Dinca et al. 2017), and 
insect outbreaks (Hofgaard et al. 2013). A recent 
study by Tingstad et al. (2015) conducted in southern 
Norway found seedlings planted in alpine areas above 
the current treeline establish at a significantly higher 
rate compared to seedlings planting in boreal regions, 
indicating competition may be a more significant 
determining factor of tree establishment than low 
temperatures. Competition may, however, not always 
be purely negative, as the shade provided by 
neighboring trees can protect seedlings from high 
incoming solar radiation experienced at near-
equatorial treelines and thereby outweighing the 
competitive effects (Bader et al. 2007). 

While there are several published studies of 
vegetation shifts in treeline regions, there are many 
aspects of these dynamics that are still not well 
understood. Trees located in the same area can, for 
example, exhibit a different growth response when 
exposed to the same change in climatic factors 
depending on the local biophysical setting. As an 
example, Bunn et al. (2007) identified that trees in 
the same location responded differently to trends in 
precipitation and temperature depending on the local 
soil moisture availability. Trees experiencing greater 
water stress reacted more strongly to rainfall while 
trees with ample water supply showed a higher 
response of growth with temperature changes. This 
highlights that while temperature may be the limiting 
factor for most treelines an increase in temperature 
may cause reduced growth and survival rates in 
already water-stressed sites (Lloyd and Fastie 2002; 
Wilmking and Juday 2005). Hence, increased 
temperatures may potentially only accelerate tree-
growth in areas with sufficient moisture availability. 
The influence of increased temperatures will have on 
tree-growth may, therefore, be dependent on the local 
topography (Nicklen et al. 2016) and moisture 

availability (Bunn et al. 2007), as warmer 
temperatures may exacerbate moisture stress. Other 
relationships, such as snow cover, are somewhat more 
challenging to understand and may present a fine line 
between promoting tree establishment and limiting it. 
While seedlings can benefit from an increase in snow 
cover, as some snow can offer protection by insulating 
the seedlings (Kharuk et al. 2009), too much snow 
can increase the risk of physical damage to fragile 
young trees (Autio 2006). 

Recent warming trends have not only increased 
the average and maximum recorded temperatures but 
also increased the length of the growing season 
(Zhang et al. 2018), resulting in an extension of the 
growing season by up to 20 days in some regions 
(Linderholm 2006; Blinova and Chmielewski 2015). 
The increase in temperature is strongly correlated to 
the growing degree day (GDD), which is a heat index 
based on the annual sum of daily temperatures above 
a pre-defined threshold, often set at the minimum 
growth temperature for the species. The GDD has 
increased rapidly in some areas, with GDD increasing 
by up to 233 degree days in Finland since the 1960s 
(Kauppi et al. 2014). Such an increase can lead to 
several changes to the phenology of trees, such as 
earlier leaf unfolding, earlier spring bloom and later 
leaf fall, as well as changed elevational and latitudinal 
positions of treelines (Linderholm 2006). While 
warmer temperatures have the potential to increase 
the length of the growing season, an earlier transition 
from snow to rain increases the risk of frost damage 
to plants. An increase in the frequency of days with 
sub-zero temperatures during early spring growth 
might outweigh many of the positive effects 
associated with earlier snowmelt (Wipf et al. 2009).   

3.2 Mapping recent treeline migrations 

The analysis presented here builds on the most 
recently published meta-analysis of global treeline 
movements by Harsch et al. (2009). A database was 
created based on 142 published papers, containing a 
total of 477 treeline sites from 24 countries, spanning 
across both the northern and southern hemisphere 
(Figs. 1 - 3). Overall, there was a sharp skew towards 
treeline studies in the northern hemisphere, with only 
16 treelines in the database located in the southern 
hemisphere (Table 1). We noted that 66% of all 
studied treelines have shown increased elevational or 
latitudinal positions.  Only 1% of treelines were 
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recorded to be receding. For the majority of receding 
treelines identified in this study the recession can be 
attributed to a reduction in stem height caused by 
foliage loss and stem breakage of the uppermost tree 
making up the treeline (Öberg and Kullman 2012). In 
instances where tree-height is used to define the 
treeline a reduction in height of the uppermost tree 
has the potential to reduce the elevation of the 
treeline even when the past treeline marker is still 
alive. There is a range of different factors that could 
cause a decline in the health of individual trees which 
can eventually lead to a treeline retreat. These may be 
driven by the onset of drought conditions (Öberg and 
Kullman 2012) or other non-climatic factors such as 
beetle or moth outbreaks (Van Bogaert et al. 2011). 

The vast majority of recorded treeline sites (n = 
438) addressed elevational treeline advances (trees 
moving up a mountain or hill to higher elevations), 
while 39 addressed latitudinal advances (trees having 
an increased upper latitudinal range regardless of 
their elevation) (Table 1). While elevational treelines 
were more prone to migrate compared to latitudinal 
treelines (67% vs 56%), latitudinal treelines moved 
significantly further, on average increasing by 
47±82.4 meters per year compared to 1.42±2.44 
meters per year for elevational treelines. This is likely 
due to easier dispersal of latitudinal trees across 

landscapes, as well as the sharp temperature 
isotherms occurring over shorter temporal distances 
in mountain regions as well as the elevational 
gradient acting as a barrier for seedling dispersal. 
Apart from the apparent difference in movement 
between elevational and latitudinal treelines, there 
was little to indicate that trees at a certain latitude or 
elevation were more likely to migrate. While a 
considerably lower percentage of treelines showed 
movements in the southern hemisphere (31%) 
compared to the northern hemisphere (67%) (Table 1), 
the lack of samples from the southern hemisphere 
means that no definitive conclusion can be made as to 
if the external validity of these results. 

There are still a substantial number of treelines 
that have not migrated to higher elevation or latitudes. 
This could partially be due to time-lags in the response 
of trees to warmer temperatures, as many species are 
not capable of moving at the same rate that 
temperatures are increasing (Svenning and Sandel 
2013). We found that a higher proportion of treeline 
studies monitoring changes occurring during the past 
50 years failed to find signs of treeline movements 
compared to those studying treeline movements over a 
longer timeframe. In our database, the duration of 
monitoring was therefore recorded, as this may influence 
the detected treeline response to climate change. 

Table 1 Summary of recorded treeline movements and associated parameters influencing the probability of treeline 
migration. 

Category  Sub-category Total number 
(n, % of total) 

Has moved 
(n, %) 

Has not 
moved (n, %)  

Total data  477 (100%) 316 (66%) 161 (34%) 

Hemisphere 
Northern 461 (97%) 311 (67%) 150 (33%) 
Southern 16 (3%) 5 (31%) 11 (69%) 

Treeline type 
Elevational 438 (92%) 294 (67%) 144 (33%) 
Latitudinal  39 (8%) 22 (56%) 17 (44%) 

Treeline form 
Abrupt 38 (8%) 18 (47%) 20 (53%) 
Diffuse 190 (40%) 132 (69%) 58 (31%) 
Krummholz 66 (14%) 33 (50%) 33 (50%) 

Aspect 

Warm 122 (26%) 77 (63%) 45 (37%) 
Neutral 65 (14%) 40 (61%) 25 (39%) 
Cold 108 (22%) 72 (67%) 36 (33%) 
All 71 (15%) 60 (85%) 11 (15%) 

Vascular seed 
plant group 

Angiosperms (a) 164 (34%) 91 (55%) 73 (45%) 
Gymnosperms (g) 303 (64%) 217 (72%) 86 (28%) 
Combination of Angiosperms and Gymnosperms 4 (1%) 4 (100%) 0 (0%) 

Tree family 
(vascular 
seed plant 
group) 

Betulaceae (a) 131 (27%) 75 (57%) 56 (43%) 
Cupressaceae (g) 2 (0%) 2 (100%) 0 (0%) 
Ericaceae (a) 2 (0%) 2 (100%) 0 (0%) 
Fagaceae (a) 6 (1%) 1 (17%) 5 (83%) 
Nothofagaceae (a) 15 (3%) 4 (27%) 11 (73% 
Pinaceae (g) 300 (63%) 215 (72%) 85 (28%) 
Salicaceae (a) 3 (1%) 3 (100%) 0 (0%) 
Combination of families or unknown family 18 (4%) 12 (67%) 4 (33%) 
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Treelines were also classified based on their 
physical properties, as the structural characteristic of 
treelines can influence how they respond to climate 
change (Harsch et al. 2009; Compostella and 
Caccianiga 2017). The type of treeline was recorded as 
either: abrupt, indicating a sharp transition between 
tree and non-tree vegetation; diffuse where gradual 
transition zones occurred, or krummholz where trees 
have a stunted growth form (Harsch et al. 2012). 
Krummholz trees are often found at higher elevations 
than trees of standard growth form and can be an 
indicator of very harsh growing conditions. These 
trees may not be representative of true tree-growth 
temperature restrictions as they create their own local 
micro-climate, which is warmer than that of other 
treeline situations (Körner and Paulsen 2004). It 
could, therefore, be argued that krummholz trees 
should be excluded when studying treelines as they do 
not necessarily follow the growing temperature limit 

as defined by Paulsen and Körner (2014). However, 
these trees were still included in our database, 
because while the temperature of the treeline may 
differ, they are still primarily climate restricted, and a 
change in the uppermost position of these trees will 
still represent a change in the limiting growing 
conditions.  

We found that diffuse treelines are more likely to 
migrate as compared to abrupt and krummholz trees 
(Table 1). Diffuse treelines can be caused by a gradual 
transition in suitable climate for tree-growth. A sharp 
boundary between tree and non-tree vegetation may 
be due to other factors that limit the establishment or 
survival of seedlings above the present treeline. 
Examples of this would be in cases where poor 
seedling dispersal in combination with topographic 
barriers limit upwards establishment (Shiyatov et al. 
2005), or where there are ecological requirements for 
sheltered microsites (i.e., frost protection) to enable 

 
Fig. 2 Treeline movements in Europe. Green icons display where treelines have migrated, while red indicate where 
treelines have remained stationary. 
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successful seedling survival (Harsch et al. 2012).  
The aspects of the treelines were also recorded in 

our analysis, as this will influence the amount of 
sunlight a site receives, which in turn will affect 
moisture availability, microclimate, and direct energy 
input. As sites were located both in the northern and 
southern hemisphere the location was classified either 
as cold when facing away from the sun, warm when 
directly oriented to the sun, or neutral if in an eastern 
or western aspect. Some studies measured and 
reported movement on all sides of a mountain rather 
than per aspect, and these were then classified as 'all'. 
In areas where all aspects were studied, treelines were 
significantly more likely to show signs of expansion. 
Treelines measured on all aspects advanced in 85% of 
cases, compared to those measured at a single aspect 
which advanced between 61%-67% (Table 1).  This 
result is expected as the more extensive the area 
studied the more likely evidence of change would be 
detected. Treelines appear to have reacted to warming 
in a similar manner regardless of aspect. Our result 
does, however, highlight that movements may be 
overlooked if only one aspect of a mountain is 

considered. The dominant tree family composing the 
treeline was also recorded, with most trees belonging 
to either the Betulaceae or Pinaceae families. There is 
no measurable difference as to how these two tree 
families have responded to climate change, however, 
there is a clear difference if classifying samples as 
angiosperms and gymnosperms. While only 55% of 
angiosperms have increased in extent, 72% of 
gymnosperms have increased in elevation or latitude. It 
is here important to point out the overrepresentation of 
gymnosperms in the dataset, with angiosperms only 
representing 34% of measured treeline sites compared to 
the 64% of gymnosperm sites.  

Despite temperatures increasing at a global scale, 
treeline advancement has not occurred uniformly 
across the world. This may be due to the substantial 
seasonal and spatial variability of global temperature 
changes (Anderson 2012). Considering treeline 
positions are primarily determined by the 
temperature during the growing season (Paulsen and 
Körner 2014), it would be expected for summer 
temperatures to be the main parameter affecting 
treeline advance. Despite this, Harsch et al. (2009) 

 
Fig. 3 Treeline movements in North, and South (insert A) and Central (insert B) America. Green icons display where 
treelines have migrated, while red indicate where treelines have remained stationary. 
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found no relationship between increased summer 
temperatures and treeline advance. Instead, from 
their analysis, it seems that increased winter 
temperatures were the more influential variable in 
determining treeline movement. These results may be 
explained by the fact that treeline movement is caused 
by the survival of seedlings above the present tree-
limit rather than by overall tree-growth, for which 
milder winter temperatures may be a more critical 
factor (Weih and Karlsson 2002). While 
consideration was taken to elevation, treeline species 
and distance to the ocean, changes in precipitation 
were not analyzed by Harsch et al. (2009), which 
could potentially be an essential factor if warmer 
temperatures are combined with a reduction in 
moisture availability. A lack of available water may 
prevent trees from establishing (Mamet and Kershaw 
2012; Öberg and Kullman 2012), hence limiting the 
potential of treelines to migrate.  

3.3 Drivers of treeline migration 

Advances of treelines are primarily dependent on 
the successful survival of new seedlings, which can be 
influenced by a range of factors (Holtmeier and Broll 
2007). Climate change can affect the rate of seedling 
success through warmer summers which can improve 
seed viability and emergence of seedlings, and by 
increased winter temperatures which cause reduced 
mortality rates of trees (Kullman 2007). A 
relationship between the advance of treeline positions 
and increased winter temperatures have been 
observed at a global scale, where treelines located in 
areas experiencing a high level of warming during 
winter being observed to be more likely to advance 
than other treelines (Harsch et al. 2009). In addition 
to an increased upwards and latitudinal extent of 
trees, forests have shown changes such as increased 
radial growth (Paulsen and Weber 2000), more 
successful seedling recruitment and thereby also 
increased forest densities (Danby and Hik 2007). 
Some of these changes may be due to the general 
trend towards earlier onset of spring-thawing across 
the Arctic, causing an earlier start of the growing 
season (Sitch et al. 2007).  

The patterns of tree establishment are, however, 
not homogenous. In some locations, there has been 
an overall increase in tree establishment during the 
past century, but the rate of that change has slowed 
down in more recent decades (Alftine et al. 2003; 

Holtmeier and Broll 2011). This again indicates that 
despite the relationship between treelines and 
temperature identified by Körner (1998) 
temperatures is still only one of several parameters 
influencing treeline migration. The complexity of the 
relationship between temperature and growth has 
been highlighted by some treelines displaying an 
overall a negative growth-trend when exposed to 
increased temperatures (Lloyd and Fastie 2002; 
Wilmking et al. 2004; Kullman 2005). Treelines 
around the world are, besides, comprised of a range of 
different species, whose successful regeneration and 
survival of young may be influenced to a varying 
degree by increased temperatures (Holtmeier and 
Broll 2007).  

Trees are not expected to migrate uniformly to 
higher latitudes and elevations with increased 
temperature. Factors like topography, local site 
conditions and the influence of natural and 
anthropogenic disturbances may override the positive 
effects caused by increased temperatures (Holtmeier 
and Broll 2007). Warmer temperatures may, in some 
instances also lead to increased snowfall, causing 
increased snow load and potentially destroying the 
crown and branches of trees (Autio 2006). In addition 
to these findings some studies argue that non-climate 
related factors, such as anthropogenic disturbances, 
grazing activity, geomorphological processes and 
moth outbreaks may be more influential on patterns 
of treeline establishments in certain areas than recent 
temperature changes (Gehrig‐Fasel et al. 2007; Van 
Bogaert et al. 2011; Ameztegui et al. 2016). Local 
landforms and small-scale differences in topography 
control site-specific conditions, which may be 
detrimental to predicting future tree establishment. 
Rugged mountain terrain may for example limit tree-
establishment due to debris slides and avalanches, 
while convexities in steep eroded terrains may offer 
safe sites where trees can establish up to the 
climatically induced treeline (Fig. 4) (Holtmeier and 
Broll 2012). Identifying microsites facilitating tree-
establishment can, therefore, be an essential predictor 
of tree-growth in topographically rough terrains 
(Holtmeier and Broll 2012). 

As already summarized by Harsch et al. (2009) 
there are multiple reasons as to why treelines may not 
respond linearly to warmer temperatures, such as the 
time-lag between warming and response of movement, 
past disturbances or internal variations in  
temperatures. Determination of treeline movement 
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can also be limited by the coarse scale of some remote 
sensing data which may prevent detection of 
advancement. Several attempts have been made at 
modelling the response of treeline movements under 
future climate change. Vegetation modelling is 
dependent on accurately being able to identify 
parameters that are important for seedling 
establishment and survival. Treeline modelling is 
therefore based on a broad spectrum of climatic and 
non-climatic parameters (Dullinger et al. 2004). 
Accurately identifying climatic drivers of treeline 
migration may be difficult in areas subject to heavy 
human disturbance, such as the European Alps. Many 
treelines are still located below their climatic limit, 
and it can be difficult to separate advancement caused 
by climate change from re-establishment of trees after 
the cessation of clearing and intense grazing 
(Camarero and Gutiérrez 2004, Ameztegui et al. 
2016). Capturing the wide range of influencing 
climatic parameters in models can also be difficult 
due to the many local variations in climatic 
parameters which may be important for seedling 
establishment and survival. For example, Dullinger et 
al. (2004) modelled treeline migration of Pinus mugo 
in the Austrian alps only using only water balance in 
August. In contrast, in the nearby Swiss Alps Vittoz et 
al. (2008) identified rainfall in October to have a 
significant influence on treeline migration of Pinus 
cembra.  Similarly, while Holtmeier and Broll (2010) 
identified strong and persistent wind to limit treeline 
migration in many areas of both the Alps, North 
America and the European Subarctic several treeline 
models exclude this important parameter (Moen et al. 
2004, Zhang et al. 2013). 

Treelines moving into tundra landscapes may 
also be restricted by other parameters, such as the 
presence of permafrost and the ability of the soil to 
drain (Lloyd 2005). While models predict occurrence 
of permafrost near these high-latitudinal treelines 
(Wania et al. 2009, Bonnaventure and Lewkowicz 
2012) this type of information is not always taken into 
account when predicting future distributions of 
forests (Pearson et al. 2013, Zhang et al. 2013). Again, 
it is important to consider the individual species 
response to climatic and non-climatic parameters, as 
some taxa are highly tolerant to the presence of 
permafrost, which in those cases need to be taken into 
account when modelling future distributions (Kruse et 
al. 2016). In addition to variation in climatic influence 
between species and locations past human influence 
has proven to be an important parameter to consider 
in treeline modelling in areas of anthropogenic 
disturbance (Wallentin et al. 2008, Ameztegui et al. 
2016). Extrapolation of treeline distribution models 
therefore has to be done with care.  

Knowledge of past response of treelines is crucial 
as this allows for testing the accuracy of treeline 
modelling. Combining this with detailed analyses of 
species response to climatic factors and potential for 
dispersal is required to improve the selection of 
climatic parameter. Due to the often-slow nature of 
treeline migration and the more recent capabilities of 
complex vegetation modelling it is still too early to say 
how accurate these predictions will prove to be. While 
all the parameters influencing treeline movements 
make it challenging to model treeline advancement at 
a global scale, more precise data on the drivers and 
limitations of treeline movements are crucial. Not 

 
Fig. 4 Treelines existing at various elevations in Arthurs Pass, New Zealand. Treelines can be found below their 
climatic threshold in areas where topography and rockfalls prevent trees from establishing further upslope. 
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only will rates of treeline advance influence the extent 
to which sensitive alpine and arctic ecosystems are 
reduced or lost due to increased competition from 
vascular plants (Dirnböck et al. 2011), they could also 
have a significant influence on global carbon budgets. 

3.4 Implications for carbon storage 

With latitudinal treelines moving at a faster rate 
than elevational treelines, forests have started to 
extend into what was previously tundra landscape. 
The total above-ground biomass tends to decrease 
rapidly as the vegetation transitions from forest to 
non-forest (Schmid et al. 2006; Coops et al. 2013). 
This can significantly influence the carbon stored in 
an ecosystem, as more aboveground biomass can lead 
to greater carbon sequestration. Nevertheless, while 
an expansion of forests is likely to increase carbon 
sequestration, some believe that this increased carbon 
absorption will be offset by other feedback 
mechanisms (Field et al. 2007). This is primarily due 
to the range of effects trees can have on the soil 
dynamics, which can furthermore influence the 
carbon storage potential of soils. These processes can 
become to be of particular importance for tundra 
landscapes, which typically act as great sinks of 
carbon. These can convert to become net sources of 
carbon dioxide when vascular plants establish 
(Cahoon et al. 2012, Parker et al. 2015).  

Numerous physical and biological drivers have 
the potential to influence the carbon balance of 
ecosystems (Celis et al. 2017). Physical drivers causing 
alterations to the CO2 flux include snow cover 
dynamics influencing the length and onset of the 
growth season (Hobbie and Chapin 1998; Groendahl 
et al. 2007; Euskirchen et al. 2012; Lund et al. 2012); 
changes in temperature (Bergeron et al. 2007; 
Groendahl et al. 2007; Cahoon et al. 2012; Lund et al. 
2012), altered moisture conditions (Sitch et al. 2007; 
Euskirchen et al. 2012; Natali et al. 2015) resulting in 
oxidation of soil carbon; and changed nutrient 
availability (Christensen et al. 1997; DeMarco et al. 
2014; Salmon et al. 2016). Biological drivers causing 
alterations in the carbon balance include changes in 
plant communities (Cahoon et al. 2012, Epstein et al. 
2012; Parker et al. 2015); grazing activity (Kelsey et al. 
2016), soil fungi composition (Fernandez and 
Kennedy 2016); and changes in species performance 
(Oberbauer et al. 2013).  

It remains unclear how treeline expansion will 

influence ecosystem carbon budgets in tundra regions. 
Soil carbon stocks are strongly influenced by the 
above ground vegetation composition, with the 
species carbon input and litter quality being 
associated with the carbon dynamics (Djukic et al. 
2010). Three main hypotheses have been suggested: 
(1) increased above-ground biomass will lead to 
greater carbon sequestration and storage (Hobbie and 
Chapin 1998; Sturm et al. 2001; Epstein et al. 2012), 
with more litter increasing both soil and above-
ground carbon storage (Qian et al. 2010); (2) shrub 
expansion will cause a net release of carbon, as shrubs 
increase the rate of respiration and cause more rapid 
soil carbon turnover (Wilmking et al. 2006; Cahoon et 
al. 2012; Parker et al. 2015); or (3), these changes will 
balance themselves out, leading to no change in the 
overall carbon storage of the ecosystem (Hobbie and 
Chapin 1998; Ziegler et al. 2017). The net effect of 
carbon storage in tundra ecosystems will be 
dependent on interactions amongst climate change, 
shrub canopy development, and the soil 
microclimate (Cahoon et al. 2012). The increase of 
trees in tundra ecosystem often causes a reduction in 
plants associated with tundra landscapes, such as 
grasses, mosses and lichens (Dawes et al. 2015). 
Changing vegetation composition from tundra to 
forest affects both the overall carbon storage 
potential as well as the proportion of above and 
below ground carbon pools.  

A shift from generally low-productive tundra 
heath to deciduous shrubs with higher productivity 
may lead to a loss of soil carbon (Parker et al. 2015). 
For example, studies in Sweden and Alaska have 
shown that tundra landscapes store significantly 
greater amounts of carbon compared to adjacent 
forests (Wilmking et al. 2006; Hartley et al. 2012). 
Shrubs and forests do in general have greater above 
ground biomass compared to tundra. However, they 
also have significantly lower below-ground carbon 
storage, with the below ground storage capacity being 
low enough for forest ecosystems to hold overall less 
carbon (Wilmking et al. 2006; Parker et al. 2015; 
Sørensen et al. 2017). The reduction in below ground 
carbon is likely due to carbon stocks under forests and 
shrubs being metabolised and returned to the 
atmosphere through respiration at a substantially 
faster rate, resulting in lower levels of carbon 
sequestration in the soil (Hartley et al. 2012; Parker et 
al. 2015). This response is referred to as a positive 
priming effect, and primarily occurs during the middle 
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of the growing season when the high plant productivity 
stimulates decomposition of old soil organic matter 
(Hartley et al. 2012). An equally powerful effect is 
transpiration of water by trees that lowers soil water 
tables (e.g., Woodward et al. (2014)) and thereby 
permits oxidation of soil carbon.  However, it is still 
unclear how the net carbon pool reacts to these 
vegetation changes as an increase in the above-ground 
biomass will amplify the potential above-ground carbon 
pool of alpine areas (Epstein et al. 2012). In addition, 
novel plant communities caused by species migration 
may react differently to climate stressors, which can alter 
the carbon sequestration capacity of the vegetation (Au 
et al. 2020). 

Several recent publications examining changes in 
carbon dynamics caused by a shift in vegetation 
composition indicates that expansions of shrubs and 
trees are in some areas creating a net loss of carbon 
pools, as the increase in above-ground biomass is not 
sufficient to compensate for the loss of carbon 
occurring from the soil (Wilmking et al. 2006; Iain et 
al. 2012; Parker et al. 2015). The carbon dynamics of 
ecosystems are however complex, and the same 
ecosystem can act both as a source and a sink of CO2 

depending on the mostly seasonally determined 
climatic conditions prevalent when carbon dynamics 
are measured (Grogan and Chapin III 1999; 
Euskirchen et al. 2012; Celis et al. 2017). There are 
still debates for how the transition from net 
sequestration to net emissions of these ecosystems 
can be predicted. Grogan and Chapin III (1999) 
observed an almost direct positive relationship 
between soil temperatures and ecosystem respiration, 
supporting the theory that warmer soil temperatures 
during winter promote an increased release of soil 
carbon. This relationship may not be universal as 
Euskirchen et al. (2012) found the number of growing 
degree days in early spring to be the strongest 
determiner of CO2 flux, indicating spring 
temperatures to be significant in predicting when 
ecosystems will shift from acting as a carbon sink to 
source. The added complexity of vegetation changes 
makes this prediction even more complicated, 
meaning the net effect treeline migration and global 
warming have on overall ecosystem carbon dynamics 
becomes near impossible to quantify, and in 
particular so at larger scales. 

4    Conclusion 

The majority of the worlds measured treelines are 
showing signs of increased elevational and latitudinal 
extent. These movements are important both due to 
the influence they have on ecosystem composition 
and increased pressure on high-alpine species as well 
as the implications they have on carbon storage 
potential. Warming is occurring at a more rapid rate 
at higher elevation and latitude, meaning we are likely 
to continue seeing forest expansions occurring in 
these areas. However, these trends have not been 
uniform, with more than 30% of treelines remaining 
stationary or even declining. While treelines may be 
overall temperature-limited advancement of trees is 
only possible when seedlings are capable of 
establishing and surviving at higher elevation or 
latitude than the current treeline. These sites offer 
less protection, and other factors such as strong winds, 
frost injuries or physical damage from snow cover 
may significantly reduce the chance of seedling 
survival. In addition, as temperatures are warming 
trees located in dryer areas may face more frequent 
and intense water stress. Hence, a warmer climate 
may not be positive for all treelines. Treeline 
movement is likely to alter the ecosystem carbon 
storage capacity, although the exact impact this will 
have is yet to be established. Treelines migrating into 
high alpine ecosystems with thin soils and little 
vegetation may increase the overall storage capacity 
while treelines migrating into carbon rich tundra may 
significantly reduce the soil carbon storage. Hence, 
the impact is likely to vary depending on the local 
ecosystem. One of the main questions that remain is if 
the forest expansion occurring across the alpine 
landscapes is capable of absorbing and storing 
sufficient amounts of carbon to offset the potentially 
significant loss of carbon dioxide expected to occur 
from the loss of arctic tundra landscapes. 
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