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Summary
Mongolia’s Larix sibirica forests at the southernmost fringe of the Siberian taiga forest belt border
on the semi-arid Eurasian steppe belt. Thus, forest distribution is increasingly fragmented and the
woodland consists of a forest-steppe ecotone, which is sensitive to varying environmental
conditions. In addition, Mongolia is subject to recent climate warming reflected by a pronounced
temperature increase, clearly above the global average, during the last decades which was
accompanied by changes in the precipitation regime. Furthermore, land use activities, including
logging and livestock grazing in forest, has strongly changed related to the transition from planned
to market economy since 1990.
This thesis presents research results from isolated larch forest islands at high altitude (ca. 2300 m
a.s.l.) in the Altai Mountain, which are used for mobile livestock husbandry. In addition,
investigations from the central Mongolian forest-steppe ecotone (Mt. Bogd Uul) are included. Mt
Bogd Uul is an officially protected area since the 13th century. We were especially interested in the
questions how climate warming and land use by the local herder populations influence the annual
stem growth, stand structure, forest regeneration and the wood anatomy.
Our study from Mt. Bogd Uul in the Mongolian forest-steppe ecotone shows that increased
summer droughts are the key factor in reducing radial stem growth of L. sibirica in the past
decades. Tree-ring width increases with increasing June precipitation of the current year (June) and
increasing late summer precipitation of the previous year. In >100-year old trees, also a negative
correlation of tree-ring width with the July temperature of the year prior to tree-ring formation was
found. The most significant change in wood anatomy was the decline of wide latewood, which is
attributable to the increase of summer days with a mean temperature >15 °C and drought periods
in summer without any precipitation. Increasing summer droughts are also thought to have caused
the repeated occurrence of missing rings since the 1960s, which were not observed in the late 19th
and early 20th century.
The results from Altai Mountains show that trees benefit from the increased temperatures.
Climate-response analysis revealed that radial stem increment was promoted by the temperature in
early summer, but also high precipitation in spring in the year before tree-ring formation. Forest
dynamics is also strongly influenced by human activities. In addition to the natural forest

dynamics, logging resulted in divergent growth trends within given age classes and habitats (forest
interior and forest edge); overall, 22 groups of trees with different characteristics in the annual
radial stem increment were identified. A tree-ring series-based reconstruction of logging intensity
since 1935 suggests that moderate selective logging occurred throughout the study period.
However, selective logging was strongly intensified after 1990. Because tree stump densities
showed that the ratio of felled to live trees was 2:1 in the interior or 0.9:1 at the edges of the forests
and most logging occurred during the past 20 years, it must be concluded that the forests of the
Mongolian Altai are presently exploited far beyond the level of sustainability. A close correlation
of the ratio of felled to live trees with the density of summer camps of pastoral nomads in the
vicinity suggests that trees are primarily felled by the local population.
Past regeneration was reconstructed from tree rings and present regeneration was analyzed by
surveying seedlings, saplings and the occurrence of viable larch seeds in the soil seed bank. Forest
regeneration occurred throughout the 20th and the early 21st centuries in the forest interiors, but
ceased after the late 1970s at forest edges. The density of larch saplings decreased with livestock
density following a linear slope in the interior and an exponential decline at the edge. Most
saplings had visible damage from livestock browsing, which was also manifested in woodanatomical anomalies. Near-consistency of the correlations of total livestock and goat densities
with sapling and seedling densities suggests that the control of larch regeneration is primarily
hampered by goats. In contrast to saplings, larch seedlings were positively correlated with
livestock density, indicating that grazing apparently promote seedling emergence by reducing
competition from the ground vegetation.
Overall, the present investigations of the response of larch forest to changes in climate,
unplanned logging and livestock grazing provides new insights for the discussion of potential
future responses to climate warming climate and land use intensification in Mongolia's foreststeppe. We assume that, in the near future, the retreat of larch forests from the the lower tree lines
to the steppe is likely at many places, partly because of increased aridity, but at places with
favorable climate for tree growth and regeneration due to recent increases in the population of
cashmere goats.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Influences of global warming, climate change and human activities on coniferous forests

Coniferous forests are of particular interest and are dominating high-latitude forest ecosystems.
They cover approximately 3.6 x 109 ha, or 24 % of the terrestrial surface of the globe. Conifers
include approximately 625–700 species worldwide and they are important to the world's landscape
and ecology. In addition, about a third of all species (186 species) are threatened or vulnerable
throughout their geographic ranges. More than 60% of conifer species and 90% of the genera may
be found between 500m and 1.500m elevation (Eckenwalder, 2009). A significant shift in the distribution and extent of coniferous forests may release large amounts of carbon into the atmosphere
due to climate change (Goodale et al., 2002; Kimmins, 2004).
Nowadays, the concern about global warming and its impact on ecosystems is a central issue in science and policy decision making. The temperature increase has been reached up to
0.64°C between 1950 and 2000 (IPPC, 2001, 2007). Warming trends are t highest in the northern
boreal latitudes, about 1-2°C, since 1970 (Boisvenue & Running, 2006). In 2007, Saeger et al. reported that future climate change is likely to further increase by 2-4°C globally with significant
reductions in annual precipitation in certain regions, as well as an increase in the frequency of
droughts and heat waves under conservative predictive scenarios.
The climate change has various positive and negative effects on forests at local and global levels.
The more obvious effects are through a change in phenology (growing season lengthening), tree
growth rates (forest growth trends reduction or increase), and the frequency and extent of disturbances (wildfire, epidemics of pathogens and windstorms).
The most obvious dynamic of forest biogeographical boundaries with current warming
trends is an upward shift in the timberline and northward migration of boreal forests (Warning &
Running, 2007). On average, wherever conifers grow, they favor cooler sites than nearby flowering plants so that warming trends may tip the balance toward angiosperms, however low nutrient
status of soils and a landscape-level fire regimen are other environmental factors favorable to conifers (Eckenwalder, 2009). Research results based on global overall climate change have shown
recent tree mortality incidents attributed to drought and heat stress (Allen et al., 2010). For example: Russian Federal Forest Agency show that the climate effects in coniferous forests in Russia
can be divided as 3.38 x 106 ha “low threat”, 2.6 x 106 ha “medium” threat, and 0.76 x 106 ha “high
threat” predominantly in southern parts of the country with mapped zones of forest health risk
10
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(“threat”) (Kobelkov, 2008). The same situation has been seen in northern American coniferous
forests, where background mortality rates have increased in recent decades (Guarin & Taylor,
2005). Furthermore, recent tree ring studies in northern forests have described generally positive
response to warming (Jacoby et al., 1996; Hasenauer et al., 1999; Joos et al., 2002). At the same
time, some research show contrasting patterns with a reduction of forest growth (D.Arrigo et al.,
2008; Dulamsuren et al., 2010 b, 2011)
Forests always have been important resources for humans, but have been extremely affected by land-use change Foley at al. (2005) estimate 7 x 106 to 11 x 106 sq. km of forested area land
have been converted mostly to agriculture in the last 300 years. Especially temperate coniferous
forests have been cleared for farming and building communities which led to the decline and loss
of these forests in many parts of the world.

1.2 Climate and forests in Mongolia.
Mongolia is situated in the east and central part of Asia (45° 00N; 105°00E). It has a total area of
1.565.000 sq.km and is one of the largest landlocked countries in the world. The topography of
Mongolia consists mainly of a plateau with the elevation ranging from 914 m to 1.524 m, broken
by mountain ranges in the north and west. Its fragile ecosystems, pastoral animal husbandry and
rain-fed agriculture are extremely sensitive to climate change (Tsegmid, 1969; National Atlas.,
1990). The climate change poses great challenges to Mongolia which is one of the most vulnerable
countries in the world to adverse impacts of climate change due to its geographical location,
weather and climate conditions as well as specific features of socio-economic development.
In the last 70 years, the annual mean temperature of Mongolia increased by 2.17° C according to the records of 48 meteorological stations distributed across the country. This is significantly
above the global average and it is projected to increase up to 5°C by the end of the 21st century.
Since 1940, the average winter temperature has been noticeably increasing as compared to summer
temperature (Batima et al., 2005). Clearly, the number and duration of hot days were dramatically
increased during the last decades (Batima et al., 2005; Nandintsetseg et al., 2007). There were no
significant changes in the precipitation amount during last 70 years. However, winter precipitation
increased, whereas warm season precipitation change is increased by number of thunderstorms
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during the growing season. Instead of long lasting rains, short heavy rains on small areas are
becoming more frequent (Sarantuya & Natsagdorj, 2010).
It is widely agreed that a reduced precipitation trend has been observed over land areas in the
Northern Hemisphere, especially over northern Eurasia, including Mongolia since the mid-1950s
(Dai et al., 2004).
Studies show that in the last 40 year’s climate change has caused great damage not only to
the livestock sector but also to the ecology and socio-economic sectors in Mongolia (Campi, 2011;
Lhagvadorj et al., 2013). In the coming century, climate change will radically affect the traditional
way of living which was established in Mongolia for more than thousands of years (Sarantuya &
Natsagdorj, 2010).
Mongolia, long known for its vast steppe and nomadic culture, is also one of democracy’s
most recent converts. The post-soviet transition has slowly fed a growing economy based upon
development and extractive industry. In association with its high latitude and continental location
merging steppe, desert and forest ecosystems, Mongolia is also expected to bear an inequitable
share of global climate-change-related impacts (MacDonald et al., 2008; Jones et al., 2009).
The area classified as forest (including certain non-forested areas) is estimated at 17.8 x 106
ha (11.4% of the land area), the area of closed forest at 12.8 x 106 ha. The most prevalent forest
tree species is Siberian larch (Larix sibirica), consisting of 80% of total forested area (Tsogtbaatar,
2004; Gunin et al., 1999). Siberian Larch distributed in widespread taiga zone of north-central
Eurasia from northwestern Russia across western Siberia to the Yenisei River in the north-and near
Lake Baikal in the south, with outliers in mountains of Mongolia and northwestern China. Forming
pure, open stands or mixed with other boreal conifers and hardwoods on great variety of sites and
substrates but reaching its best development on warm, sandy sites, generally at higher elevations
southward from 0-2400 m a.s.l. (Eckenwalder, 2009).
Larch forests occupy a leading position among other forests of Mongolia and they display
important resources and ecological functions. The forests are the southern-most fringe of the
Siberian taiga and bordered with grassland steppe creating numerous forest-grassland ecotones
(Dugarjav, 2006). The growth rate of Mongolian forests is slow due to the harsh continental
climate in Mongolia, which is much harsher than in other countries within a similar latitudinal
zone and characterized by extremes in both temperature and its fluctuations (MET, 2009-2010).
Preciptation, concentrated during the summer period, is low with annual average about 300 mm in
12
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northern forest zones. As a result of the harsh climate, these northern forests are easily influenced
by fire, insects and human activities (Dugarjav, 2006). Also the borderline of forest and steppe has
been modified by human activities and the lack of conifers which is due to drought (Gunin et al.,
1999; Dulamsuren et al., 2010b, 2011)
Forests in Mongolia have been severely degraded by forest fire, illegal logging and
inadequate management. During the last decades, Mongolia has lost approximately 4 x 106 ha of
forests averging 40.000 ha annually. Between 1990 and 2000, the rate of deforestation increased to
60.000 ha per year. As a result, this ongoing loss and degradation has been negatively affected also
the environment of neighboring countries such as Korea, (Tsogtbaatar, 2004; Park et al., 2007).
Moreover, 383.6000 hectare forested area of Mongolia disappeared due to fire, illegal logging and
pest insects’ invasion from 2008 to 2010 (MET, 2009-2010; Ykhanbai, 2010). Nomadic herding
with free-roaming animals is a major factor influencing forest regeneration in the central Asian
forest-steppe ecotone (Treter, 2000; Sankey et al., 2006). Grazing pressure is high on grassland
area, and it has been increased since 1990. Moreover, forests are strongly affected by increasing
grazing pressures (Hauck et al., 2011; Lkhagvadorj et al., 2013). Herders reported less desirable
grazing areas which are used during drought or other disasters precludes grazing in grasslands
(Ykhanbai, 2010).
Other uses of the forest include firewood, materials for fencing, timber, berries, pine nuts,
and wide variety of food and medicinal plants. Some materials are used locally, while others are
transported to urban centers, notably Ulaanbaatar. Export of plant materials, fungi and animal parts
for traditional Chinese medicine is concerned as a serious problem in Mongolia resulting in forest
degradation (Adyasuren, 1998; Davgadorj et al., 2009). Pressure on these resources has increased
since the end of the Soviet era (Erdenechuluun, 2006; MET, 2009-2010; Lkhagvadorj et al., 2013).
Ykhanbai, (2010) there increased unsustainable harvesting of some non-timber forest products,
were described.

1.2.1 Intra-annual tree-ring anomalies

In conifers, a tree ring is composed of two (more or less distinct) bands of cells. The earlywood, it
is a light-coloured band and laid down in the spring and early summer.. The xylem cells produced
13
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by the cambium are then rather large in diameter and have noticeably thin walls (1.5-3µm). Latewood is produced later on in the summer and in the early fall. Latewood cells are somewhat
smaller than the early wood cells and have a much thicker cell wall (which can reach up to 7-8
µm) and much smaller lumen, accounting for the darker colour of the latewood. At the end of the
growing season, wood production shuts down until the following spring, when large, thin-walled
cells are again produced by the cambium, making a very sharp contrast with the previous year's
dark, tight latewood in conifer trees (Schweingruber, 1988; Vagonov et al., 2011). In conifer and
deciduous trees, intra annual and inter annual anatomic heterogeneity are mainly based on the variability of shape of the fiber tissue elements and cell wall thickness.
Short term extreme events that occur during the growth periods cause anomalies within tree
rings or growth zones (intra-annual variability) such as collapsed cells, reaction wood and increased resin ducts. Seasonal climate changes, such as cold or dry periods in connection with a
variable diurnal cycle, are often expressed as tree rings (inter-annual variability), whereas changing site conditions give rise to periodical structural changes of several years duration
(Schweingruber, 2007). Therefore, tree rings contain an image of the time when the ring was
formed, projected onto the ring's size, structure, and composition as well as climatic events of the
particular year. Tree rings thus are natural archives of past environments and contain records of the
past climate (Carlquist, 2001; Shweingruber, 2007; Wimmer et al., 2002).
Generally, most tree rings of conifer trees look more or less the same and some rings
known as marker rings (or pointer years) may be conspicuously different from their neighbours.
Such rings are useful for cross-dating; some of them even represent localized or widespread disturbance events such as frost, insect epidemics, and droughts. Tree-ring anomalies are often reflective of short term events such as early summer drought that may not be recorded in ring width data
and thus it could provide for reconstructing climatic events occurring prior to the advent of meteorological records (Wimmer et al., 2002; Tardif et al., 2011).
Narrow rings are the most useful of all marker rings. A series of narrow rings may indicate
a few years of unfavourable growing seasons (Meko et al., 2001; Schweingruber, 2007). It may
also indicate an insect outbreak causing intense defoliation and therefore little growth; if that is the
case, the series of narrow rings will only be present in the species that are affected by the defoliator, and other species will not show that insect signature (Schweingruber, 1988).
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Only few studies focused on the effect of climate on intra-annual wood anatomical features
in Mongolia. These former studies represent frequency and cause of frost rings by D'Arrigo et al.
(2001) and false and light rings by De Grandpré et al. (2011) in the forest-steppe ecotone. In our
study, eleven different intra-annual and inter-annual wood anatomical features (IAWAF) were
analyzed on core samples which were collected from Mt. Bogd Uul. In addition, four different
IAWAF, were analyzed on small cross-sections from Altai Mountains. Our wood anatomy studies
mainly focused on the frequency of narrow rings, wedging and missing rings (Fig. 1.1) under significant climate change and intensive grazing pressure throughout recent decades.

Fig. 1.1. (a) Rings with extremely narrow late wood in previous years on core samples from Mt. Bogd. (b) Narrow
and wedging rings on the cross-section samples from Altai Mountains during last decades. (Photos: M.Khishigjargal)

1.2.2 Tree radial and annual growth changes in Mongolia

The growth of a tree ring is the result of periclinal divisions of cells and their differentiation in the
cambial zone. The growth rate depends on the number of cells in the cambial zone and their rate of
division. In coniferous species, the growth of tree rings during growing season is always accompanied by a change in the number of cambial cells, which has characteristic dynamics that are general
for all species (Antonova & Stasova, 1997; Schweingruber, 2007). Tree-ring analysis or dendrochronology, is defined as the study of the pattern in sequence of annual growth rings in trees
through time. Over the past decades, dendroecological techniques have become an important tool
in the studies of stand dynamics and ecological history (Fritts, 1976), such as species recruitment
15
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patterns, periodicity and intensity of disturbances, and influences of climatic variation and extreme
weather events (Oberhuber, 2004; Dang et al., 2008)
Mongolian forests have been popular study objects for climate reconstructions. Several
dendrochronological studies have been carried out in Mongolia within the Mongolian-American
Tree-Ring Project (Matrip) led by G.Jacoby since 1995. These studies mainly focused on regional
climate reconstruction which reveal the effect of global climate change on Mongolia using
relatively few samples (Jacoby et al., 1999; D’Arrigo et al., 2001; Pederson et al., 2001). The
main results can be summarised as evidence of climate changes occuring in Mongolia, whereby the
increasing temperature trends are in agreement with the hemispheric trend towards warming in the
20th century. For example, increased annual increment of Pinus sibirica were revealed at an Alpine
forest line (Jacoby et al., 1999) and precipitation and streamflow were reconstructed more than 300
years by D’Arrigo et al. (2000). Recently, assumptions regarding the consistency of treetemperature sensitivities have been challenged by findings that have detailed diverging signals
(Wilmking et al., 2004; D’Arrigo et al., 2008) and indirect relationships. Whereas most published
literature documents showed a positive correlation between temperature and radial growth at
northern latitudes (Jacoby et al., 1999; D’Arrigo et al., 2001). Some other studies analyze relationships of climate with the annual stem increment to detect global warming responses of the forest
ecosystems which partly also include the study of trends in forest regeneration (Jacoby et al., 1996;
Dulamsuren et al., 2010a, b; De Grandpré et al., 2011). Both the stimulation and inhibition of annual stem increment have been reported along with rapidly changing climate in Mongolia.
Changes including reduced stem growth and regeneration have been observed in Mongolian larch
forests (Dulamsuren et al., 2010b, 2011), where these parameters either remained constant or even
increased from region to region.

1.2.3 Forest natural regeneration
Forest natural regeneration is defined as ‘the renewal of a forest crop by self-sown seed or by coppice of root suckers, which is the act of renewing tree cover by establishing young trees naturally’,
promptly the previous stand, responses to climate warming with various land use effects.
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Forest growth and natural regeneration are differing significantly within regional climate
variations; especially forest regeneration was shown to be strongly hampered by increased aridity
(Dulamsuren et al., 2009, 2010a, b) including ecology and economy conditions in northern Mongolia. The increased drought during the growing season due to the simultaneous increase in summer temperature and decrease in precipitation has the greatest detrimental effect on Larch forests,
whereas the growth is significantly reduced and the reproduction fails to occur. These effects have
been observed in the north western Khentii province. In contrast, increased annual precipitation at
constant summer temperature has been observed in south eastern Khentii province and resulted in
constant or even improved growth and regeneration. The increased temperature during the growing
season at constant precipitation led to reduced growth and regeneration in south western Khentii
province and the Eastern Khangai Mountains.
Livestock breeding is a major factor that influencing forest regeneration in the central Asian foreststeppe ecotone (Sankey et al., 2006). The livestock primarily grazes on grasslands, but it does significantly affect tree regeneration at forest lines and even penetrates into the forest interior (Fig.
1.2). The research area in Altai Mountains are subject to intensified livestock grazing and timber
cutting (Lhagvadorj et al., 2013).

Fig. 1.2. Livestock, including sheep and goat herd, grazing in larch forest (a) and forest edge (b) of forest interior
(Photos: M.Khishigjargal)

1.3

Methodology– Research design

The main research site was located at the Altai Mountains (48°27’N, 88°90’E) in north western
Mongolia, where the forested area is remarkably isolated from surrounding conifer forests (Fig.
17
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1.3). The second research site was located in Mt. Bogd Uul, which was one of the previous research sites studied by Dulamsuren et al. 2010a in northern Mongolia (Fig. 1.3).
Climate warming was more pronounced in the high mountains (1.9° C- 2.28°C) and less in
the Gobi desert (1.6° C-1.7° C) in Mongolia (Sarantuya & Natsagdorj, 2010). Climate trends were
analyzed from the nearest metrological stations in both research areas, in which annual mean temperatures have significantly increased but annual precipitation remained constant during past decades. The available climate data covered a time period of 70 years.
Three sample plots (20m x 20m) were established in the forest interior, 50-100 m inside from
the forest lines avoiding edge effects. Another plot was established at the forest edge, which was at
the border between the steppe grassland and forest lower line (Fig. 1.4). The main plots in the forest interior and at the forest edge included five sub plots (1m x 1m) for seedling counting and for
taking seed samples from soil organic layer (Fig. 1.4).
Totally, 1826 tree wood-core samples and 521 cross section samples were used for tree ring analysis from Altai Mountains based on applied methods or techniques by Dulamsuren et al. (2010
a,b,c) using TSAP (Time Series Analysis and Presentation)-Win software (Rinntech, Heidelberg,
Germany). Annual tree-ring width was measured with a precision of 10 µm on amovable object
table (Lintab 5). Crossdating was measured based on the use of two parameters: coefficient of
agreement ('Gleichläufigkeit' [GL]) (Eckstein & Bauch, 1969) and standard t-values and also detect the years when no tree ring was formed (Fritts, 1976; Schweingruber, 1988).
The temporal development of the establishment of larch trees was analyzed in all 24 plots in
Altai Mountains. The years of establishment (i.e., germination) of the individual tree was inferred
from the wood-cores taken at 1.3 m above the ground by adding 10 years to the oldest tree ring.
Samples including tree cores (174) from Mt. Bogd Uul (47°46′N, 107° 07′E.) (Fig.3) and small
cross sections from Altai Mountains for wood anatomy analysis were prepared using microtome
preparations. Microtome sections and other special prepared surfaces of small cross sections were
scanned with the microscope tree-ring wise. Images for detailed wood anatomy counting and
analysis were done with Stereo Discovery V20 dissecting microscope (Carl Zeiss, Jena, Germany).
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Fig. 1.3. Location of the study region in northern Mongolia. (blue) Altai Mountains research area. (red) Bogd Mountain research area (Map sources: http://maps. Google.de; http: //www.Globaltrade.net.map Mongolia.html & Forest
distribution map of Mongolia; Ministry of Environment and Green development)

Fig. 1.4. Schematic overview of the plot design. Three research plots in forest interior and one plot in forest edge.
Sample plots (20m x 20m) (gray) and sub plots (1m x 1m) (blue) for seedling counting.
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1.4 Characterization of the study area
Siberian larch (Larix sibirica L.) is a deciduous conifer tree species, which is strongly dominating
the forests in northern Mongolia and of high ecological as well as economic value. The timber line
is about 1800 m a.s.l at the Mt. Bogd Uul and about 2000 m a.s.l at the Altai Mountains. Forests
usually occur in relatively small patches (Fig. 1.5) in Altai Mountains, which is a high elevation
landscape. Mt. Bogd Uul is the most southern part of the Khentii Mountains, which are surrounded
by the Mongolian-Daurian steppe in the west and south and by the Eastern Mongolian steppe in
the east (Dulamsuren et al., 2005).
Local socio-economy conditions are different in the studying areas. Nomads first moved to
the Altai Mountains 2000-3000 years ago (Ruday et al., 2008). Livestock numbers have dramatically increased during recent decades after the Communist system was replaced by a parliamentary
democracy in 1990 and the economy was transformed into market economy (Lhagvadorj et al.,
2013). As a result, the research area is subject to intensive human activities. By contrast, Mt. Bogd
Uul is protected from grazing and other human activities. This region is one of oldest officially
protected areas as it was declared a National Park in the 13th century and now also part of the
UNESCO world heritage list (UNESCO world heritage List., 1996; De Grande et al., 2011).

Fig. 1.5. Larch forest in Altai Mountains. (a) Studied forest distribution in north facing slope of Mountains. (b) forest
edge and (c) forest interior (Photos: M.Khishigjargal)
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1.5 Study objectives and hypotheses

Although research progress has been made in recent years, main questions remain as how to forests are affected under significant climate changes as well as various intensive human activities
such as livestock grazing and selective logging (as a result of the political and economic transformation process). The thesis is based on tree ring analysis and surveys of the presence for regeneration. This dissertation is subdivided into three studies.
In chapter 2, we quantify intra-annual and wood anatomy variability including climate response and growth trends of larch forest in Mt. Bogd Uul. We focus specifically on frequency of
intra annual wood anatomy features and growth of middle and old aged larch trees in the forest
interior and at the forest edge during recent decades.
In the chapter 3 and 4, recent trends in temperature and precipitation, tree radial stem increment;
past and current regeneration as well as selective logging and intensive grazing influences on larch
forest from Altai Mountains were analyzed.
The objective of these study were to analyze (1) climate effects on the trends of radial stem
increment, (2) potential effects of logging on stem increment, (3) regeneration of Siberian larch
and (4) livestock grazing on forest regeneration.

To achieve our objectives, we aimed to test the following hypotheses:
(1) Annual stem increment is primarily limited by summer drought (Chapter 2)
(2) The frequency of anomalies in wood anatomy has recently increased (Chapter 2)
(3) Climate warming has exerted an effect on the annual stem increment in the cold high- elevation environment of the Mongolian Altai (Chapter 3)
(4) Selective logging is influencing tree growth (Chapter 3)
(5) Present climate is not a major constraint for tree regeneration in the Mongolian Altai
(Chapter 4).
(6) The density of tree seedlings and saplings decreases with increasing livestock density
(Chapter 4).
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Abstract

Climate response of tree-ring width and intra-annual wood anomalies were studied in stands of
Siberian larch (Larix sibirica) on Mt. Bogd Uul in the forest-steppe ecotone of Mongolia. Climate
on Mt. Bogd Uul is characterized by an increase of the annual mean temperature by 1.5 K between
1965 and 2007 at constant annual precipitation and, with it, an increase in aridity. Tree-ring width
increases with increasing June precipitation of the current year (June) and increasing late summer
precipitation of the previous year. In >100-year old trees, also a negative correlation of tree-ring
width with the July temperature of the year prior to tree-ring formation was found. Decreasing
tree-ring width with increasing snowfall in December can be explained with the protection of the
frost-sensitive eggs of gypsy moth by snow cover, which is a major herbivore for larch in the
Mongolia and causes reduction in the annual stem increment. The most significant change in wood
anatomy was the decline of wide latewood, which is attributable to the increase of summer days
with a mean temperature >15 °C and drought periods in summer without precipitation. Increasing
summer drought is also thought to have caused the repeated occurrence of missing rings since the
1960s, which were not observed in the late 19th and early 20th century.

Keywords: Global warming, forest-steppe, Larix sibirica, drought stress, latewood, missing rings
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2.1 Introduction

Forest-steppe ecotones of semiarid Central and North-Eastern Asia have recently attracted
increased attention, because the forests in this biome respond sensitively to changes in temperature
and precipitation. Therefore, Mongolian forests have been popular study objects for climate
reconstructions (Jacoby et al., 1999; D'Arrigo et al., 2000; Pedersen et al., 2001; Davi et al., 2010).
Tree-ring chronologies from the Mongolian forest-steppe derived from live conifers cover more
than 660 years (Davi et al., 2006); combined with conserved deadwood the oldest chronology
includes a period of 1700 years (D'Arrigo et al., 2001a). Tree-ring widths were correlated with
temperature, precipitation and streamflow. Some other studies analyze relationships of climate
with the annual stem increment to detect global warming responses of the forest ecosystems and
partly also include the study of trends in forest regeneration (Jacoby et al., 1996; Dulamsuren et
al., 2010a,b; De Grandpré et al., 2011). Both the stimulation and the inhibition of annual stem
increment along with Mongolia's rapidly changing climate have been reported.
Only few studies conducted in Mongolia's forest-steppe ecotone addressed the effect of
climate on intra-annual wood-anatomical features. D'Arrigo et al. (2001b) found the occurrence of
frost rings to be a more sensitive indicator of temporary climate cooling than tree-ring width. De
Grandpré et al. (2011) established that false rings were correlated with summer drought and light
rings were indicators of a cold late summer. This background motivated us to analyze the effect of
temperature and precipitation on tree-ring width and the occurrence of intra-annual woodanatomical features in trees of Siberian larch (Larix sibirica Ledeb.), which is Mongolia’s most
widespread tree species covering 80 % of the country's forested area (Tsogtbaatar, 2004). The
study objective was to test the hypotheses that (1) annual stem increment is primarily limited by
summer drought and (2) the frequency of anomalies in wood anatomy has recently increased. A
limiting effect of summer drought on tree-ring width would suggest that tree radial growth should
be sensitive to increasing aridity in the course of climate warming, given the semiarid climate of
the study area, while a recent increase in the occurrence of striking wood-anatomical features
would suggest that climate warming already has resulted in anomalies in wood formation.
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2.2 Material and methods

2.2.1 Study area

The study was carried out on Mt. Bogd Uul, which represents the most south-westerly extension of
the Khentei Mountains and covers an altitudinal range between 1400 and 2268 m a.s.l. The study
sites (Fig. 2.1) were located on the eastern flank of the Mt. Bogd Uul massif west of the Shajin
Khurkh valley at 1800 to 1900 m a.s.l. (47°46' N, 107°7' E), 12 km southeast of Ulan Bator. More
than half of the total area of Mt. Bogd Uul (i.e. 230 km2) is forested with Siberian larch (Larix
sibirica) which dominates at lower elevation on 57 % of the forested area (Adiyasuren, 1997). At
the studied elevations of Mt. Bogd Uul, north-facing slopes are generally covered with larchdominated forest, whereas the south-facing slopes are vegetated with grasslands (Hilbig et al.,
2004). On its southern flank, the Mt. Bogd Uul massif abruptly adjoins to the central Mongolian
steppe; Mt. Bogd Uul harbors the southernmost forests in this region of Mongolia.

Fig. 2.1. Map of the study area on Mt. Bogd Uul in the southern Khentei, Mongolia. The study areas is marked with an
asterisk.

Forests in Mongolia's forest-steppe ecotone have been affected by persistent selective logging,
fuel-wood collection, anthropogenic fire and livestock grazing over long periods (Hessl et al.,
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2012; Lkhagvadorj et al., 2013). Mt. Bodg Uul is one of the world's oldest formally protected
conservation areas (established in 1778 when the nearby city of Ulan Bator became the Mongolian
capital); the conservation area was established after Mt. Bogd Uul had been subjected to protection
by the Mongolian Khans (kings) already since the 13th century (Barkmann, 2000). Conservation
included the banning of logging, fuel-wood collection and hunting. Approximately since the time
of formal protection in the late 18th century, forest fires ceased to occur on Mt. Bogd Uul, which
are otherwise frequent in the Mongolian forest-steppe (Hessl et al., 2012). Hessl et al. (2012)
explained the nonappearance of fire since the late 18th century with increased fuel-wood collection
and increased forest grazing due to the increasing human population of Ulan Bator, an explanation
which is in conflict with the conservation status but might be correct. An alternative explanation
would be effective fire suppression.

2.2.2 Wood core sampling and laboratory work for tree-ring analysis

Field work was carried out in October 2007. Five sample plots of 20 m x 20 m were selected with
a minimum distance from one another of 1 km. The plots were selected non-randomly to represent
typical larch forest stands on north-facing slopes and for avoiding moist depressions. All plots
were located at least 50 m distant from the forest edge in the forest interior. To analyze differences
between the forest interior and the forest edge, south-exposed forest edges, which bordered to the
steppe, were additionally studied. In case of the forest edge plots, the nearest forest line to the
respective forest interior plot was selected. Here, trees growing directly at the forest line were
selected in a 50 m-long section. Wood-core samples were collected from all trees on the sample
plots using an increment borer with an inner diameter of 5 mm. The borer was driven into the
wood parallel to the contour lines of the slope at 1.3 m height above the ground. Additional treerelated data, including the social rank within the forest stand, were recorded in the field.
In the laboratory, wood cores were mounted on grooved wooden strips and cut lengthwise
by hand using scalpels. The contrasts between annual tree-rings were enhanced with chalk. Data
recording and their evaluation was conducted with TSAP (Time Series Analysis and Presentation)Win software (Rinntech, Heidelberg, Germany). Annual tree-ring width was measured with a
precision of 10 µm on a movable object table (Lintab 5). The quality of the measurements was
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controlled and missing rings were detected, by crossdating, among others by identifying local
pointer years (Meyer, 1999). Crossdating allows the exact age dating of each tree ring, as it not
only helps to identify overlooked hardly distinguishable tree rings, but also detects the years when
no tree ring was formed (Fritts, 1976; Schweingruber, 1988). Crossdating was based on the use of
two parameters: coefficient of agreement ('Gleichläufigkeit' [GL]) (Eckstein & Bauch, 1969) and
(standard) t-values. The GL- and t-values measure the similarity between tree-ring series in the
high- and low-frequency domain, respectively. Standardization of the tree ring series was achieved
by applying the equation zi = wi/mi with zi being the standardized ring width, wi the absolute treering width, and mi the 10-yr moving average of year i; moving averages keep much of the
interannual (high-frequency) variation and remove much of the long-term (low-frequency)
variation. Two age classes were distinguished and included in the analysis, separating 'middleaged' trees with the oldest tree ring being between 60 and 100 years old from 'old' trees with the
oldest tree ring being >100 years old. Younger trees were excluded from the analysis. About 10 (at
most 20) years should be added to deduce tree age from the presented specification of cambium
age at sampling height (Körner et al., 2005; Sankey et al., 2006). Tree-ring series were
representative of the studied stands as shown by the calculation of the expressed population signal
(EPS) using sums of squares of within-core variation and error sums of squares calculated in a
two-way analysis of variance (ANOVA) (Wigley et al., 1984). The EPS calculated separately for
the age group and the habitat (forest interior vs. edge) clearly exceeded the 0.85-threshold in all
groups of trees, as can be taken together with other simple descriptive statistics of the tree-ring
series from Table 2.1. Year-to-year variability of tree-ring width was expressed as mean
sensitivity, as was the influence of the increment in the previous year on the increment of the
current year as first-order autocorrelation coefficient (Fritts, 1976). Mean sensitivity and
autocorrelation coefficients were calculated over the whole lifespan of each sample tree.

Table 2.1. Descriptive statistics of the tree-ring series from the interior and edge of Larix sibirica forests on Mt. Bodg
Uul including the total number of sample trees (N), the cambial age, the mean ring width and the expressed population
signal (EPS).
Habitat
Interior
Interior
Edge

Age class (yr)
>100
60-100
60-100

N
65
67
42

Cambial age (yr)
Mean
Min.

Max

119±2
73±1
75±0

146
80
93

100
63
64
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Mean ring width (mm)

EPS

1.06±0.05
1.25±0.10
1.52±0.12

0.97
0.99
0.98
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2.2.3 Study of wood-anatomical features

The individual tree rings (N=14922) of all sample trees with a cambial age of at least 60 years
(N=174) were analyzed for anomalies in wood anatomy. Since the frequency of some woodanatomical features changes with age (Meko and Baisan, 2001; Crawford, 2012), we mostly
restricted the study interval for analyzing changes in the frequency of wood anatomical-features
over time to the period from 1957-2007, thereby including 8874 tree rings. Changes in the
cumulative frequency of any kind of wood-anatomical features was even limited to the period from
1997-2007. Only for few wood-anatomical features where there is indication that they are little
dependent on tree age, we refer to a longer period from 1870-2007; these cases are explicitly
mentioned in the Results and justified in the Discussion. The potential age bias was further
controlled by analysis wood-anatomical features separately for different age classes. Woodanatomical features were classified following the concepts of Leuschner and Schweingruber
(1996). Definitions for and putative causes of the studied wood-anatomical anomalies are compiled
in Table 2.2. The wood cores were studied with a Stereo Discovery V20 dissecting microscope
(Carl Zeiss, Jena, Germany) at a magnification of up to 60. For photographs, wood microsections
were cut with a microtome, stained with astra blue and safranine and studied with a compound
microscope.
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Table 2.2. Definition and putative causes of studied intra-annual wood-anatomical features (after Leuschner and
Schweingruber, 1996).

Anomaly
Frost ring

Resin ducts in
earlywood

Symptoms
Deformed tissue, not arranged in
regular rows in the earlywood
Intra-annual layers of varying
wood density due to variations in
cell size and cell wall thickness
High density of latewood with
thick cell walls causing a dark
coloration
Low density of latewood with
thin cell walls and light
coloration
Exceptionally narrow latewood
(at least 70 % narrower than
average)
Exceptionally wide latewood (at
least 70 % wider than average)
Ring with collapsed cells,
completely compressed cells in
the earlywood
Occurrence of several resin ducts
in the earlywood

Resin ducts in
latewood

Occurrence of several resin ducts
in the latewood

Reaction wood

Thick-walled tracheids and thinwalled parenchyma

Missing ring

Tree-ring completely absent
(identified by crossdating)

Density
fluctuations
Dense latewood

Light latewood

Narrow
latewood
Wide latewood
Collapsed cells

Causes
Damage of the cambium or growing
earlywood due to frost
Periodic stress during the growing season,
especially drought stress
Above-average carbon assimilation during
the mid-growing season due to favorable
growth conditions
Reduced carbon assimilation during the midgrowing season due to unfavorable growth
conditions
Extremely unfavorable growing season

Growing season with favorable weather
conditions
Extreme sudden changes in temperature
during the beginning of growing season
Response to mechanical damage, late frost or
otherwise unfavorable weather conditions in
the early growing season
Response to mechanical damage or
unfavorable weather conditions in the midgrowing season
Response to changes in the position of the
tree which have influenced gravity balancing
(e.g. due to landslide or storm) or to changes
in the light climate
Lack of cambial activity due to extremely
unfavorable growth conditions

2.2.4 Climate data and climate-response analysis

Climate data for the climate-response analysis were used from the two nearest weather stations
Ulan Bator (47°50' N, 106°46' E; 1360 m a.s.l) and Zuunmod (47°48′ N, 106°48′E; 1520m a.s.l.),
which are located 30 km northwest and 15 km southwest of the studied forest stands, respectively.
Data from Ulan Bator are available since 1940 and from Zuunmod since 1965. The weather station
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Zuunmod is located south of the forested area of Mt. Bogd Uul and is much more influenced by
the central Mongolian steppe climate than the weather station Ulan Bator, which is located in the
broad valley of the Tuul River within the forest-steppe zone. Nevertheless, correlations of tree-ring
width or the frequency of wood-anatomical features turned out to be stronger with the climate data
from the closer weather station Zuunmod than from Ulan Bator. Therefore, the data from Ulan
Bator were only used to analyze climate trends, but not for climate-response analysis. Thus, all
climate-response analyses refer to Zuunmod and the period from 1965 to 2007.
The relationship of tree-ring width with annual mean temperature and monthly
precipitation of the current year and the year prior to tree-ring formation was analyzed calculating
Pearson's correlation coefficients. The frequency of specific wood-anatomical features was
correlated with the frequency of days or periods with certain climate conditions in individual
months. These climate characteristics included (1) the total number of days with a mean
temperature <0 °C, (2) a mean temperature <-5 °C, or (3) a mean temperature >15 °C, (4) the
number of days with daily mean temperature exceeding the long-term (1965-2007) mean
temperature of the relevant month, (5) the number of continuous 5-day periods without
precipitation, and (6) the number of continuous 15-day periods without precipitation. The effect of
these climate parameters on the frequency of wood-anatomical features was analyzed with
multiple regression analysis.

2.2.5 Statistics

Means, which are presented ± standard errors throughout the paper, were tested for statistically
significant differences using Duncan's multiple range test, after testing for normal distribution with
the Shapiro-Wilk test. These analyses and the above-mentioned ANOVAs for calculating the EPS
and regression analyses were calculated with SAS 9.13 software (SAS Institute Inc., Cary, North
Carolina, U.S.A.).
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2.3 Results

2.3.1. Climate trends

The annual mean temperature was -2.5±0.2 °C at the weather station Ulan Bator and 1.3±0.2 °C at
the weather station Zuunmod between 1965 and 2007. The mean July temperature was 17 °C in
Ulan Bator and 16 °C in Zuunmod between 1965 and 2007, whereas the mean January
temperatures amounted to -26 °C and -20 °C, respectively. The warmer winters in Zuunmod
explain the higher annual mean temperature despite of the higher altitude than in Ulan Bator.
Assuming a temperature lapse rate of 6.5 K km-1, the 160 m-altitudinal distance would result in a
by 1.0 K higher annual mean temperature in Ulan Bator than in Zuunmod The mean annual
temperature has increased by 1.5 K at both weather stations between 1965 and 2007 (Fig. 2.2a),
while the temperature increase in Ulan Bator between 1940 and 2007 was 2.5 K.
The mean annual precipitation (1965-2007 period) in Zuunmod (271±14 mm) exceeded that in
Ulan Bator (179±11 mm) by 92 mm. The considerable interannual variation of precipitation is
reflected by annual totals ranging from 72 to 321 mm in Ulan Bator and from 161 to 450 mm in
Zuunmod. No significant change in annual precipitation was detected in the period covered by
climate data in Ulan Bator and Zuunmod (Fig. 2.2b).
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Fig.2.2. Climate trends at the weather stations Ulan Bator (1360 m a.s.l.) and Zuunmod (1520 m a.s.l.). (a) Mean
annual temperature in Ulan Bator (since 1940; r=0.75, P<0.001) and Zuunmod (since 1965; r=0.63, P<0.001). (b)
Mean annual precipitation (P>0.05).

2.3.2 Tree-ring chronologies and climate response of tree-ring width
The oldest trees included in the analysis established in the mid 19th century (Fig. 2.3). Trees at the
forest edge were younger than in the forest interior; trees more than 100 years old were even
absent on the edge. The mean sensitivity of tree-ring width was higher at the forest edge than in the
forest interior and, in the forest interior, higher in middle-aged than old trees (Table 2.3). The
higher mean sensitivity at the forest edge than in the forest interior corresponded to higher
correlation coefficients at the forest edge in the climate-response analysis (Fig. 2.4) and higher
first-order autocorrelation coefficients in the forest interior. In all analyzed tree collectives (old and
middle-aged tress in the forest interior, middle-aged trees at the forest edge), June precipitation of
the current year and the precipitation in the late growing season of the year prior to tree-ring
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formation were positively correlated with tree-ring width. Pertaining to the previous year,
significant correlations with precipitation were partly found with the precipitation in August and
partly with that in September or of both months. The December precipitation was negatively
correlated with tree-ring width in all tree collectives, though the correlation was closer at the forest
edge than in the forest interior. At the forest edge, tree-ring width also decreased with increasing
July temperatures of the previous year.
Table 2.3. Mean sensitivity and first-order correlation coefficients for Larix sibirica from the forest interior and forest
edge.a

Habitat
Interior
Interior
Edge

Age class (yr)
>100
60-100
60-100

Mean sensitivity
0.45±0.01 a
0.53±0.01 b
0.62±0.02 c

Autocorrelation
0.75±0.01 a
0.76±0.01 a
0.62±0.02 b

a

Within a column, means followed by the same letter do not differ significantly (Duncan's multiple range test, P0.05,
dfmodel=2, dferror=171).
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Fig.2.3. Tree-ring chronologies for Larix sibirica trees from the forest interior and the forest edge (a) Tree-ring width.
(b) Tree-ring index. (c) Number of samples. FI-O, forest interior, old trees (>100 yr), FI-M, forest interior, middleaged trees (60-100 yr), FE-M, forest edge, middle-aged trees (60-100 yr).
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Fig. 2.4. Response of tree-ring width in Larix sibrica to monthly means of temperature and precipitation of the year of
and the year prior to tree-ring formation. (a) Forest interior, >100-yr old trees. (b) Forest interior, 60-100-yr old trees.
(c) Forest edge, 60-100-yr old trees. Pearson's correlation coefficients; *P  0.05, **P  0.01.

2.3.3. Wood-anatomical features

The eleven wood-anatomical features defined in Table 2 could well be recognized in the studied
wood cores of L. sibirica (Fig. 2.5). The wood of nearly all 174 analyzed trees revealed intraannual wood-anatomical anomalies (Table 2.4). One-third of the tree-rings from middle-aged trees
and 26 % of the tree-rings from old trees showed intra-annual features. Narrow latewood, which
occurred in 12 % of the studied tree rings, was the most frequent wood-anatomical feature. All
other wood-anatomical features were found in less than 5 % of the tree rings; these wood40
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anatomical features included wide latewood (4 %), dark latewood (3 %), resin ducts in latewood or
earlywood, density fluctuations, light latewood, and missing rings (all 2 %). Even less frequent
were collapsed cells, reaction wood and frost rings.

Fig.2.5. Examples of intra-annual wood-anatomical features in the wood of Larix sibirica from Mt. Bogd Uul: (a)
narrow latewood, (b) light latewood, (c) frost ring, (d) density fluctuations, (e) collapsed cells, (f) dark latewood, (g)
resin ducts in earlywood, (h) resin ducts in latewood.
Table 2.4. Percentage of intra-annual wood-anatomical features of the analyzed tree-rings in old and middle-aged
larch trees from the forest interior and the forest edge.

Forest interior
>100 yr
100 %

60-100 yr
100 %

Forest edge
60-100 yr
98 %

7133

5027

2762

Narrow latewood
11
Wide latewood
2.6
Dense latewood
2.4
Resin ducts in latewood
2.0
Density fluctuations
1.2
Light latewood
1.6
Missing ring
1.6
Resin ducts in earlywood 1.3
Collapsed cells
0.5
Reaction wood
1.3
Frost ring
0.9

14
4.6
3.6
2.8
2.8
2.8
2.4
1.7
1.9
1.1
0.8

15
7.4
4.0
2.5
3.4
2.1
0.6
1.7
2.0
0.9
0.0

Trees with intra-annual
features
Total number of
analyzed tree rings
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Recently (period 1997-2007), the frequency of intra-annual wood-anatomical features has
increased (Fig. 2.6). Analysis of time-dependent changes in individual wood-anatomical features
for the interval from 1957-2007 showed an increase in narrow latewood frequency (Fig. 2.7a-c).
This increase was observed both in the forest interior and the forest edge as well as in old and
middle-aged trees; it was thus not dependent on tree age. In the multiple regression analysis, the
occurrence of narrow latewood was correlated with elevated temperatures in June and July (daily
mean >15 °C) and periods of low precipitation in June (Table 2.5). In contrast to narrow latewood,
the frequency of wide latewood has remained unchanged (Fig. 2.7a-c); in the periods from 19771991 and since 1998, wide latewood did not occur. Trees in the forest interior tended to form more
often wide latewood than trees at the forest edge; patterns were independent of tree age. The
formation of wide latewood was correlated with low May temperatures, a low number of hot days
(daily mean >15 °C) in June and the scarcity of drought periods >5 consecutive days in April or

Cumulative relative frequency

August, respectively (Table 2.5).

160
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20
0
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007
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Fig. 2.6. Number of intra-annual wood-anatomical features in trees from the forest interior (FI-O, old trees; FI-M,
middle-aged trees), from the forest edge (FE-M, middle-aged trees), and all trees. Linear regression results: FI-O,
r=0.61, P<0.05; FI-M, r=0.77, P<0.01; Total, r=0.71, P<0.01.
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Table 2.5. Results of multiple regression analyses for explaining the stabilized frequency of intra-annual woodanatomical features in the middle-aged trees from the forest interior (FI) and the forest edge (FE) by temperature and
precipitation parameters.a

Narrow latewood
Wide latewood
Dense latewood
Resin ducts in
latewood
Light latewood
Missing ring
Resin ducts in
earlywood
Collapsed cells

Habitat
FI
FE
FI
FE
FI
FE
FI
FE
FI
FE
FI
FE
FI
FE
FI
FE

R2
0.34
0.46
0.31
0.27
0.35
0.46
0.25
0.17
0.24
0.33
0.22
0.30
0.28
0.35
0.15
0.29

P
0.002
<0.001
0.01
0.01
0.002
<0.001
0.02
0.09
0.04
0.008
0.03
0.02
0.02
0.001
0.12
0.02

Modelb
T15JUN, TAJUN (-), P15JUN
T15JUN, T15JUL, TAJUN (-)
T-5MAY, T15JUN (-), TAJUN, P5AUG (-)
T-5MAY, T15JUN (-), P5APR (-)
T15AUG (-), TAAPR (-), P5JUN
TAJUL (-), P5JUL, P5AUG
T15JUN, TAMAY, TAJUL (-)
T-5APR, P5MAY (-), P5AUG (-)
T0MAY, T-5MAY (-), T15AUG, TAAUG (-)
T0MAY, T-5MAY (-), T15AUG, TAAUG (-)
T15JUN, TAJUN (-), P5AUG
T15JUN, TAJUN (-), TAJUL, P15MAY
T15MAY, TAJUN (-), P5JUN (-), P15MAY (-)
T15MAY, P5AUG (-), P15MAY (-)
T0MAY, T-5MAY (-), P5AUG (-)
T0MAY, T-5MAY (-), T15MAY (-), P5AUG (-)

a

Analysis refers to the period from 1965-2007 due to the limited availability of climate data. Features which were only
(frost rings) or primarily (density fluctuations) recorded in the tree rings formed prior to 1965 were omitted from the
table.
b
T-5, days with mean temperature <-5 °C; T0, days with mean temperature <0 °C; T15, days with mean temperature
>15 °C; TA, days with the daily mean temperature exceeding the long-term (1965-2007) mean temperature of the
relevant month; P5, total number of continuous 5-day periods without precipitation; P15, total number of continuous
15-day periods without precipitation; (-), negative correlation (= negative beta value).
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Fig. 2.7. Frequency of (a-c) narrow and wide latewood, (d-f) missing rings, (g-i) dense and light latewood in (a, d, g)
old trees (FI-O) and (b, e, h) middle-aged larch trees (FI-M) from the forest interior as well as (c, f, i) middle-aged
trees from the forest edge (FE-M). Linear regression results: narrow latewood, FI-O, r=0.29, P<0.01; FI-M, r=0.40,
P<0.01; FE-M, r=0.36, P<0.01; dense latewood, FI-O, r=-0.38, P<0.01; FI-M, r=-0.32, P<0.01; FE-M, r=-0.24,
P<0.01.
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The frequency of missing rings did not change between 1957 and 2007 (Fig. 2.7d-f). They
occurred synchronously in old and middle age trees, but were less frequent at the edge than in the
interior of the forests. However, missing rings were virtually absent between 1870 and 1960 (data
not shown). The occurrence of missing rings was positively correlated with the frequency of hot
days in June (daily mean >15 °C) and drought periods during the growing season (Table 2.5).
Dense latewood has decreased in frequency from 1957-2010 (Fig. 2.7g-i). Frequencies and
trends were very similar in middle-aged trees from the forest interior and the forest edge, but dense
latewood was much rarer in old than middle-aged trees. Dense latewood frequency decreased with
the frequency of hot summer days and increased with the number of short periods in summer
without precipitation. The frequencies of resin ducts, reaction wood, density fluctuations, and
collapsed cells (Supplemental Fig. 2.S1) did not show significant trends for increase or decrease
between 1957 and 2007. Light latewood was often formed in years with frequent days with light
frost in May (temperature <0 °C, but >-5 °C) and August temperatures >15 °C. Light frost in May,
combined with the scarcity of drought periods in late summer, was also typical for the formation of
collapsed cells.
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Supplemental Fig. 2.S1. Stabilized frequency of (a-c) density fluctuations and reaction wood, (d-f) resin ducts in
earlywood and latewood, (g-i) dense and light latewood in (a, d, g) old trees (FI-O) and (b, e, h) middle-aged larch
trees (FI-M) from the forest interior as well as (c, f, i) middle-aged trees from the forest edge (FE-M).
Frost rings were absent from tree rings formed since the 1950s (data not shown). However, they were frequent in the
19th and the early 20th centuries. In old trees frost rings were regularly found until the 1910s and only occasionally
afterwards, whereas middle-aged trees regularly formed frost rings between 1920 and 1940, suggesting the
contribution of a tree age-related effect.
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2.4 Discussion

The present results suggest that increased aridity resulting from increased temperatures at constant
precipitation has imprinted on the wood formation of L. sibirica in the forest-steppe ecotone of Mt.
Bogd Uul. The correlation of tree-ring width with high precipitation and partly also low
temperatures in summer clearly suggests that the forests in the study area are limited by summer
drought. This agrees with other findings from the Mongolian forest-steppe ecotone obtained at
elevations below 2000 m a.s.l. (Jacoby et al., 1999; Pederson et al., 2001; Dulamsuren et al.,
2010b, 2011; De Grandpré et al., 2011), but contrasts with results from higher elevations of 2450
m a.s.l. in west-central Mongolia (Jacoby et al., 1996) and 2300 m a.s.l. in the Mongolian Altai
Mountains (Dulamsuren et al., 2013) where the radial stem increment is primarily limited by low
temperatures during the growing season. The limitation of wood formation by summer drought
makes the forests on Mt. Bogd Uul susceptible to the increasing temperatures in that region (Fig.
2.2). Temporal variations in temperature and precipitation have led to shifts in the forest-steppe
distribution in Mongolia throughout the Holocene (Gunin et al., 1999). The present increase in
aridity at Mt. Bogd Uul might not be unprecedented within the last centuries (Pederson et al.,
2013), but the predicted future increases in temperature certainly are beyond any increase at least
after the medieval warm period (Sato et al., 2007). The higher mean sensitivity of the trees at the
forest edge than in the forest interior is attributable to the lower intraspecific competition for water
of the trees at the forest edge (Dulamsuren et al., 2009), which results in higher peak stem
increment rates in favorable years as compared to trees from the forest interior (Fig. 2.3a).
The study of wood-anatomical features allows for a more precise analysis of climate
warming effects on wood formation. The strong increase in the frequency of narrow latewood is
doubtlessly the result of increased summer drought, as indicated by positive correlations with the
frequency of days with the mean temperature exceeding 15 °C in June and July and with drought
periods from May to August. The results for the narrow latewood agree well with results of De
Grandpré et al. (2011), who published a wood-anatomical study from Mongolia, where narrow
latewood was increasingly found with decreasing late summer precipitation. The dominance of
narrow latewood among the observations of wood-anatomical anomalies suggests that latewood
responds more sensitively to the recent increase of aridity in the Mongolia forest-steppe than
earlywood. This is explainable with the fact that the formation of earlywood is more dependent on
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the consumption of stored resources, while latewood formation is to a larger extent supported by
photosynthetates from current assimilation (Rigling et al., 2001). Increased summer drought is also
the putative cause of the absence of missing ring before 1960 and their regular formation
afterwards. Missing ring formation is not much influenced by tree age, but by the canopy position
(Lorimer et al., 1999). Thus, it is unlikely that the increased occurrence of missing rings in the past
50 years (in both old and middle-aged trees) is an effect dependent on tree age. The decline of
dense latewood might be the result of less favorable growing seasons with ample water supply.
However, since old trees formed dense latewood less often than middle-aged trees, an age-related
effected might also be involved.
The lack of frost rings since the 1950s might indicate that the rising temperature itself also
had an effect on wood formation, probably by reducing the severity of spring frosts. However,
trees are known to become less susceptible to frost when the bark gets thicker with age (Gurskaya
and Shiyatov, 2006). Therefore, ageing might have contributed to the the decline in frost rings.
The negative correlation of tree-ring width with December precipitation is surely not the
result of a direct effect of snowfall, but results from the protective effective snow cover is exerting
on hibernating herbivores. In Mongolia, this primarily refers to gypsy moth (Lymantria dispar L.),
the eggs of which mostly overwinter in rock outcrops in the steppe near forest margins. Gypsy
moth larvae infest trees at the forest edge more intensely than in the forest interior and cause
growth reductions in the stemwood due to defoliation (Hauck et al., 2008; Dulamsuren et al.,
2010c). This explains why the correlation between snowfall and tree-ring width was strongest in
the trees from the forest edge. With respect to direct effects of climate on radial stem increment,
gypsy moth infestations are likely to cause some distortion (Trotter et al., 2002), since both
summer drought and gypsy moth attacks reduce tree-ring width (Dulamsuren et al., 2010c).
However, as drought increases the susceptibility to herbivores (Mattson and Haack, 1987), this has
the character of a positive feedback and does generally doubt the limitation of radial stem
increment by dry summers.
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2.5 Conclusions

Our study from Mt. Bogd Uul in the Mongolian forest-steppe ecotone shows that increased
summer drought is the key factor which has already reduced radial stem growth of L. sibirica in
the past decades. This is line with published tree-ring studies from the Mongolian forest-steppe
(Jacoby et al., 1999; Pederson et al., 2001; Dulamsuren et al., 2010b; De Grandpré et al., 2011).
Furthermore, it agrees with the result of the wood-anatomical studies that the most significant
changes in association with climate warming were observed in the latewood, which is mainly
formed during summer, and with regard to the occurrene of missing rings.
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Abstract
Aims
The Mongolian Altai is an old settlement area, which is populated by pastoral nomads since 20003000 years. Forests in this region (at ca. 2300 m a.s.l.) are highly fragmented and border on steppe
and alpine grasslands, which are used for mobile livestock husbandry. The climate in Central Asia
is warming to levels clearly above the global average, which affects the vegetation. Furthermore,
the transition from planned to market economy and the decollectivization of livestock 20 years ago
has strongly changed land use practices in Mongolia, especially resulting in an increase in recent
logging activities. We were interested in the question how climate warming and selective logging
influence the annual stem growth and the stand structure.

Methods
The impact of climate and land use by the pastoral nomads on the annual stem increment of more
than 1800 trees of Siberian larch (Larix sibirica) was analyzed. Different groups of trees with
divergent growth trends depending on the social position and stand history were identified by nonmetric multidimensional scaling and analysis of similarities. Long-term trends in the annual stem
increment were analyzed by establishing separate regional growth curves for trees of different age
classes.

Important Findings
Instrumental climate data substantiate an increase of temperature by 2.1 °C since 1940 at constant
precipitation. Trees benefit from the increased temperatures. Climate-response analysis revealed
that radial stem increment was promoted by the temperature in early summer, but also high
precipitation in spring and in the year before tree-ring formation. Forest dynamics is also strongly
influenced by anthropogenic activities. In addition to the natural forest dynamics, logging resulted
in divergent growth trends within given age classes and habitats (forest interior and forest edge);
overall, 22 groups of trees with different characteristics in the annual radial stem increment were
identified. A tree-ring series-based reconstruction of logging intensity since 1935 suggests that
moderate selective logging occurred throughout the study period. However, selective logging was
strongly intensified after 1990 as the result of the breakdown of the Communist regime in
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Mongolia and the transition from centrally planned to market economy. Because tree stump
densities showed that the ratio of felled to live trees was 2:1 in the interior or even 0.9:1 at the
edges of the forests and most logging occurred during the past 20 years, it must be concluded that
the forests of the Mongolian Altai are presently exploited far beyond the level of sustainability. A
close correlation of the ratio of felled to live trees with the density of summer camps of pastoral
nomads in the vicinity suggests that trees are primarily felled by the local population.

Keywords: climate change, forest management, forest-steppe ecotones, Central Asia, Larix sibirica

56

CHAPTER 3

RESPONSE TO CLIMATE WARMING AND LOGGING

3.1 Introduction
Forest trees in Central Asia's forest-steppe ecotones live their lives on the edge, as they are
exposed to an extreme climate with water shortages during the growing season and low
temperatures in winter. Low temperatures limit the tree growth at high elevations and control the
position of alpine treelines (Jacoby et al., 1996). As for precipitation, trees have to cope with a
considerable interannual variability (Davi et al., 2010; Fang et al. 2010; Yatagai and Yasunari
1995) which stresses them during drought periods (Dulamsuren et al., 2009). Thus, the drought
tolerance of many trees in Central Asia is regularly driven to the limit. This entails that they are
susceptible to any change in the climatic conditions that deteriorates the water supply or increases
the water consumption by increased evaporative demand of the atmosphere. This explains the
repeated northward or southward migrations of the taiga forest biomes in Central Asia's foreststeppe ecotones with oscillations of climate during different periods of the Holocene (Gunin et al.,
1999; Tarasov et al., 2006, 2007). The recent responses of Central Asian forests to changes in
climate are highly variable because the increase in temperature in the scope of global warming and
even more trends for precipitation varies between regions. Li et al. (2009) classified Mongolia as
an area of stable moisture between 1951 and 2005 and northwestern China, including Xinjiang,
and the Tibetan Plateau as an area of increased moisture during the same period. These, however,
are rather global assessments. Batima et al. (2005) and Dulamsuren et al. (2010a) emphasized that
the precipitation trends in Mongolia show a strong spatial variability, sometimes with contrasting
trends even across distances of only a few hundred kilometers. Depending on the regional climate
trend, the growth and regeneration of trees are promoted by climate warming in areas with
favorable moisture conditions (D'Arrigo et al., 2000; Dulamsuren et al., 2010a), but sharply
reduced in regions with increasing frequency and severity of drought events during the growing
season (Allen et al., 2010; Dulamsuren et al., 2010b). The high spatial heterogeneity of moisture
trends in Mongolia and other areas of Central Asia demands for the study of regional tree growth
responses to climate variation.
The Mongolian Altai is a high-elevation landscape mosaic of coniferous forest, steppe and
alpine tundra. Forests that are dominated by Siberian larch (Larix sibirica Ledeb.) are remnants of
more widespread forests in the Middle Holocene. Since that time, the forested area has strongly
declined due to reduced precipitation (Rudaya et al., 2008). Today, forests usually occur in
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relatively small patches on north facing slopes where they are usually restricted to the middle part.
The footslopes and adjacent valleys are dominated by steppe that is inhabited by pastoral nomads
and their livestock; sporadically occurring larch trees in the river valleys suggest a considerable
anthropo-zoogenic influence on the present position of the lower forest line. The Altai was
colonized by humans in the Paleolithic and the presently prevailing lifestyle of pastoral nomadism
was probably adopted 2000-3000 years ago (Rudaya et al., 2008; Schlütz and Lehmkuhl, 2007).
Even forests and alpine meadows above the upper treeline are regularly grazed by livestock, albeit
less intensely than the valleys.
Forests in forest-steppe ecotones are usually highly fragmented. In addition to climate, they
are subject to land use, mostly not in the form of systematic forestry, but as unplanned activities of
the local population. These activities include selective logging, collection of fuelwood, forest
grazing, the collection of edibles like mushrooms and berries, and hunting (Lkhagvadorj et al.,
2013). In Mongolia and the countries of the former Soviet Union, the political and economic
frameworks that officially and unofficially regulates land use has strongly changed due to the
transition from planned economy during Communist times to the present market economy. This
primarily concerns the decollectivization of agriculture, unemployment and the sometimes reduced
willingness of the population to obey rules and laws (Griffin, 1995; Sneath, 2004). At many places,
these changes were the cause of increased (often illegal) timber harvest (Erdenechuluun, 2006;
Kushlin et al., 2004).
Changes in climate and land use by pastoralists have influenced the forests of the
Mongolian Altai already for millennia. This study was conducted to analyze the impact of the
rapid changes that recently have become effective with regard to climate (late 20th century
warming) and land use (as a result of the political and economic transformation process). Our
target parameter was tree-ring width in stems of larch trees, which is suited to detect climate
signals and rapid changes in stand density as caused by selective logging. The objectives of our
study included to analyze recent trends in temperature and precipitation as well as in the radial
stem increment. With our study, we aimed at testing the hypothesis that climate warming has
exerted a beneficial effect on the annual stem increment in the cold high-elevation environment of
the Mongolian Altai, whereas the increment was increasingly influenced by selective logging in
the past decades.
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3.2 Material and methods

3.2.1 Study area

Field work was carried out in the Mongolian Altai in the Altai Tavan Bogd National Park in the
Dayan administrative subunit (‘bag’) of the province (‘aimag’) of Bayan-Ulgii, western Mongolia,
110 km southwest of the city of Ulgii (Lkhagvadorj et al., 2013). The vegetation of the study area
is dominated by alpine meadows, relatively moist true steppe and dry mountain steppe. Forests
occur on north-facing slopes between an elevation of ca. 2000 and 2500 m a.s.l. in contact with
true steppes and alpine meadows. Forests usually grow only on the upper, or if an alpine treeline is
present, on the central parts of the mountain slopes. The lack of forests on the slope base is
assumed to be the result of the long-standing human influence in the Altai Mountains. The flanks
of the central chain of high peaks of the Mongolian Altai (up to 4734 m a.s.l.) are also covered by
forests at their base. Most forests are only formed by Siberian larch, whereas Siberian spruce
(Picea obovata Ledeb.) and Siberian cedar (Pinus sibirica Du Tour) rarely contribute to the forest
assemblages at the foot of the high peaks (Beket, 2009). Geologically, the Mongolian Altai is
dominated by siliceous rock, including granite and schist. The prevailing forest soils are Leptosols.
The study area is located in the zone of continuous permafrost (Sharkhuu and Sharkhuu, 2012).

3.2.2 Sample plots

Field work was carried out in July 2010. Six forested sites were selected on the northern flank of a
mountain ridge located 2-7 km south and south south east of Lake Dayan Nuur (48°23' N, 88°55'
E). The geographical position and elevation of these sites are compiled in Table 3.1. The distance
between neighboring sites amounted to 2.2±0.5 km. Site selection was a non-random procedure,
but included all available forest islands on the studied mountain range; thus, the selection
procedure largely excluded the subjective choice of sites. Relatively moist depressions that occur
locally on the mountain slopes were deliberately avoided to improve the comparability between the
sites. At each site, four plots each of 20 m x 20 m size were selected. One of them was located at
the forest edge with the lower boundary of the plot being identical with the forest line to the
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steppe. The three other plots were located at 50 to 100 m distance from the edge in direction of the
forest interior. The distance of the three interior plots from one another was ca. 20 m; these three
plots were statistically not independent and should provide a broader basis for the data from the
forest interior. In addition to the trees on the sample plots, 99 additional trees were sampled in the
vicinity of the plots in the >160 year age class to boost replication (Table 3.1). For the analysis of
potential effects of the human population density on logging intensity, the total number of summer
camps of pastoral nomads in a distance within 1 km from the sample plots was surveyed by
determining the geographical coordinates of the individual camps; the distance from the sample
plots consistently refers to the forest edge plots. This mapping was done once during the mid of the
growing season; the nomads in the study area do not move much during the growing season, and
there is little interannual variation in the moving habits (Lkhagvadorj et al., 2013).

3.2.3 Analysis of climate trends from weather data

Climate data used in this study were available from the village of Altai (station 'Yalalt', 48°17' N,
89°31' E, 2150 m a.s.l.), 40 km east of Lake Dayan Nuur, since 1970. Temperature was
reconstructed for a longer interval (namely since 1940) with the help of data from the weather
station at Ulgii City (1960 m a.s.l.). This was done by means of linear regression analysis using the
equation y = 0.997x – 3.89, which resulted from correlating the monthly temperature data from
Altai with those from Ulgii City across all months (r=0.995, P<0.001). The calculated versus the
recorded temperature data are displayed in Fig. 3.1a. Reconstructing precipitation data the same
way turned out to be less reliable, considering inter-annual variation, whereas the long-term trend
is rather well estimated (y = 0.65x + 3.54, r=0.79, P<0.001). Comparison of calculated and
recorded data shows that years with extremely low and high precipitation are not sufficiently
detected with the reconstruction (Fig. 3.1b). Therefore, the calculated precipitation data were not
used for climate-response analysis of tree-ring width, but merely for reconstructing the trend for
the annual totals of precipitation, whereas relationships of tree-ring width with climate were
analyzed with the instrumental data from Altai. Temperature in Dayan is overestimated by ca. 1 °C
and precipitation is underestimated relative to the weather data from Altai, as the elevation of this
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weather station is ca. 150 m below that of Dayan. Furthermore, Altai is located in the lee of a
mountain ridge, which rises east of Dayan.

3.2.4 Field and laboratory work for tree-ring analysis

On the total of 24 plots, all larch trees with a stem diameter of at least 3 cm were included in
wood-core sampling for tree-ring analysis. This way, a total of 1826 trees was sampled (Table 3.1).
If conspicuously older trees were available outside the plots, they were additionally sampled as
reference samples to establish long tree-ring chronologies, but not included in plot-related
calculations. The total of such additionally sampled trees was 114; the total numbers of these trees
are given in brackets in Table 3.1. Wood cores were collected at this height using an increment
borer of 5 mm inner diameter. The borer was driven into the wood parallel to the contour lines of
the mountain slopes to avoid compression wood. Additional data, including trunk diameter,
dominance type (dominant, subdominant and suppressed) and intraspecific competition (close
neighbors [at <1 m distance], intermediate distance to nearest neighbor [ca. 1-2m], relatively large
gap to neighboring trees [> 2m], were recorded in the field. Furthermore, the total number of tree
stumps was counted on every plot to assess the extent of recent logging activities. Annual tree-ring
width was measured with a precision of 10 µm on a movable object table (Lintab 6, Rinntech,
Heidelberg, Germany), the movements of which are electronically transmitted to a computer
system equipped with TSAP (Time Series Analysis and Presentation)-Win software (Rinntech).

3.2.5 Evaluation of tree-ring data

Evaluation of tree-ring data was, like data recording, conducted with TSAP-Win software. Four
age classes (Table 1) were distinguished in the analyses including ‘very old trees’ which included
all trees older than 160 years, ‘old trees’ (101 - 160 years old), ‘middle-aged trees’ (60 - 100 years
old) and ‘young trees’ (<60 years old). Age is generally specified as the age of the oldest tree ring
(‘cambial age’) at the sampling height of 1.3 m; ca. 10 (at most 20) years should be added to
deduce tree age from these age specifications (Körner et al., 2005; Sankey et al., 2006). In the case
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of the >160-year old trees, age was partly underestimated by our methods, because in 13 % of
these trees the core was rotten and incomplete. Nevertheless, we preferred to include these
incomplete cores, because we did not perform any extensive interpretation on the absolute age of
the very old trees.
Table 3.1. Age structure of the sampled Larix sibirica trees with sample size (N) and mean cambial age for the
individual study sites.

Cambial age (yr)a
Age class (yr)b
N
Mean Min.
Max.
>160
101-160
c
Site 1 (48°14'39" N, 88°57'0" E, 2375 m a.s.l, N=220+27 trees)
FI 1
68
65
26
270
8 (16)
2
FI 2
67
76
56
101
0
1
FI 3
21
73
59
95
0
0
FE
64
64
41
77
0 (11)
0
Site 2 (48°15'16" N, 88°54'25" E, 2335 m a.s.l, N=278 trees)
FI 1
46
70
27
150
0
13
FI 2
69
64
24
259
1
13
FI 3
83
64
22
254
7
7
FE
80
67
40
225
1
0
Site 3 (48°15'35" N, 88°54'11" E, 2300 m a.s.l, N=303 trees)
FI 1
82
100
39
434
8
16
FI 2
113 74
40
307
3
9
FI 3
62
102
42
435
5
22
FE
46
68
54
76
0
0
Site 4 (48°16'3" N, 88°51'35" E, 2320 m a.s.l, N=324+34 trees)
FI 1
87
104
39
288
10 (14)
31
FI 2
78
100
36
281
9
17
FI 3
80
56
31
230
7
0
FE
79
74
32
268
7 (10)
4 (2)
Site 5 (48°15'12" N, 88°50'17" E, 2375 m a.s.l, N=322+25 trees)
FI 1
84
100
30
340
13 (10)
3
FI 2
104 95
49
348
7
0
FI 3
57
69
27
153
0
12
FE
77
70
38
314
2 (15)
1
Site 6 (48°14'59" N, 88°55'57" E, 2305 m a.s.l, N=379+28 trees)
FI 1
130 73
36
322
7 (15)
0
FI 2
95
36
318
47
15
3
FI 3
118 79
32
276
8
3
FE
36
63
30
280
2 (8)
0
a

60-100

<60

6
62
19
37

52
4
2
27

1
5
14
61

32
50
55
18

41
55
19
41

17
46
16
5

21
23
0
29 (8)

25
29
73
39

60
95
20
49 (1)

8
2
25
25

70
30
73
30 (5)

53
47
34
4

Additional trees sampled outside the sample plot are excluded from the age statistics
Number of trees additionally sampled outside the plots are given in brackets
c
Sites with total number of sample trees (plus additional trees sampled outside the plots. Geographical coordinates and
altitude refer to the sample plot at the forest edge. Plots: FE, forest edge; FI, forest interior with replicate 1-3.
b
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Tree-ring series were controlled for missing rings and false rings during crossdating because
especially missing tree rings can be relatively common in the semiarid environment of Mongolia at
the drought limit of forests. In the 60-year period from 1951 to 2010, the frequency of missing
rings (in percentage of the total tree rings) in our samples was 1.0 % (forest edge: 0.2 %) in >160year old trees, 0.9 % (0.0 %) in 101- to 160-year old trees, 2.6 % (1.2 %) in 60- to100-year old
trees and 0.6 % (1.0 %) in <60-year old trees. Trees were pooled separately for the forest interior
(but across the three interior plots of each site) and the forest edge by calculating mean values of
annual increment. Tree-ring series used for the calculation of means had 'Gleichläufigkeit' (GL)
values >60 % (P≤0.05) and t-values >3; this applied to ca. 90% of the tree-ring series. Trend lines
were calculated using moving 5-year averages because this method is a good compromise between
the need to estimate a trend and the aim of keeping as much of the inter-annual (high-frequency)
variation as possible.
Standardized tree-ring series were used in correlation analyses with climate parameters.
The annual tree-ring index (zi) of year i was calculated with the equation zi = wi / mi with wi being
the observed tree-ring width and mi being the 5-year moving average of year i. In addition to the
age classes, tree-ring series were systematically checked for differing growth trends within each
age class in the raw series and grouped accordingly based on GL and t-values into a total of 22
groups (named as groups A to V). Furthermore, the grouping of trees was controlled by non-metric
multidimensional scaling (NMDS) of the tree-ring series and by one-way analysis of similarities
(ANOSIM) with 9999 permutations (Clarke, 1993).
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Fig. 3.1. Trends in (a, c) air temperature and (b) precipitation as well as (d) climate chart for the weather station Altai
(48°17' N, 89°31' E, 2150 m a.s.l.), western Mongolia from 1940 to 2010 (71 years). (a) Annual mean temperature. (b)
Annual precipitation. (c) Trends of monthly mean temperatures (only regression lines are plotted). Calculated values
(a, b) are based on linear regression across all months with data from the weather station Ulgii City.

Slopes of linear regression lines calculated for intervals (from 1960 to 2010) of the tree-ring series
to analyze differing growth trends were compared with a one-way analysis of covariance
(ANCOVA); this was done to reduce subjectivity in the assessment of the importance of increases
or decreases of the annual stem increment relative to other groups of trees. Except for differences
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between individual regional growth curves (RGC; see below), these results are not presented, but
positive tesing (P0.05) was incorporated in the characterization of the divergent growth
behaviour of different tree groups. Tree-ring series were representative of the studied stands as
shown by the calculation of the expressed population signal (EPS) using sums of squares of
within-core variation and error sums of squares calculated in a two-way analysis of variance
(ANOVA) (Wigley et al., 1984). The EPS calculated separately for the age group and the habitat
(forest interior vs. edge) exceeded the 0.85-threshold in most groups of trees united to a group with
synchronous growth characteristics, except for 4 out of 22 groups, where EPS was >0.80 (Table
3.S1, see online supplementary material). Mean sensitivity and autocorrelation coefficients were
calculated from raw increment data over the whole lifespan of each sample tree and for shorter
intervals (varying between 13 and 21 years). The lengths of the individual intervals were
constituted by considering striking changes in the growth rates of individual groups of trees.
Relationships of tree-ring width with climate were analyzed in multiple regression
analyses, which were carried out separately for the different age classes. The climate data were
related to standardized tree-ring chronologies. Monthly mean temperature and monthly
precipitation of the current and the preceding year of tree-ring formation were included in the
climate-response analysis. The regression analysis covered the period 1941-2009 for temperature
and 1970 to 2009 for precipitation. Standardized β coefficients were used to quantify the influence
of individual months in the climate-response analysis. The effects of long-term (low-frequency)
climate trends were deduced from RGC by comparing tree-ring series from trees of different age;
RGC were calculated for the largest tree groups of each age class. These groups were also
subdominant trees, which are more strongly influenced by climate than dominant or suppressed
trees.
The frequency of selective logging over time in the six sites was assessed by controlling all
individual tree-ring series from the 1826 growing on the sample plots for sudden increases of treering width. Such sudden increases that exceeded the usual variation by warm and cold years were
interpreted as an indicator for the removal of trees from the direct neighborhood of the given tree.
The disappearance of trees can theoretically result from natural mortality or natural or
anthropogenic disturbance. Today anthropogenic disturbance in the form of logging clearly
exceeds all other possible causes, at least according to our experiences after 2 years of field work
in the study area and the results of interviews to forest use with 92 nomad families having their
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summer camps near our study sites. Sharp increases of tree-ring width which were interpreted as
the removal of tree individuals of direct neighbors were separately analyzed for the six sites and
for the forest interior versus the forest edge. The analysis was conducted for the periods from 1935
to 2010 in the forest interior and from 1963 to 2010 at the forest edge where trees were younger.
The occurrence of sharp increases in >1 % of the trees was taken as an indicator for moderate
selective logging (of single or few tree individuals), whereas sharp increases of the annual
increment in >10 % of the trees was interpreted as an indicator of heavy selective logging (of many
tree individuals). Potential errors by overestimating logging due to the classification of natural tree
mortality as selective logging is inherent to the method, but as stated above this error is considered
to be low at least in the recent past.

3.2.6 Statistics

Arithmetic means ± standard errors are presented throughout the article; the use of weighted
averages considering the different sample sizes of individual tree groups in some cases is noted in
the text. The Wilcoxon two-sample test (U-test) was applied for testing the statistical significance
of differences between two samples after negatively testing for normal distribution with the
Shapiro-Wilk test. Multiple comparisons of normally distributed data were made using Duncan's
multiple range test. Spearman rank correlation coefficients (rs) were calculated to analyze
relationships between stump and tree densities and human population density. Four-way ANOVA
was calculated to analyze the effect of the dominance type, the intraspecific competition class, tree
age and the plot on mean tree-ring width for two alternative periods (1970-2010 and 1990-2010).
The ANCOVA, ANOSIM and NMDS were calculated using PAST 2.15 software (Ǿ. Hammer,
Natural History Museum, University of Oslo, Norway). All other statistical analyses, including the
multiple regression analyses and the above-mentioned ANOVAs for calculating the EPS, were
calculated with SAS 9.13 software (SAS Institute Inc., Cary, North Carolina, U.S.A.). Degrees of
freedom for all analyses which include an F test are specified as df=dfmodel, dferror.
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3.3 Results

3.3.1 Climate trends

Annual mean temperature in the period from 1940 to 2011 was -3.4±0.1 °C, with a July
temperature of 12.9±0.1 °C and a January temperature of -21.2±3.4 °C (Fig. 3.1d). The annual
mean temperature has increased by 2.1 °C from -4.4 to -2.3 °C since 1940 (r = 0.57, P < 0.001, y =
0.03x – 57.2) (Fig. 3.1a). Temperature has been subjected to a significant increase in all months,
except for January and March (Fig. 3.1c). Annual precipitation was highly variable and ranged
from 78 to 211 mm in the reconstructed data from 1940 to 2010 and from 52 to 207 mm in the data
instrumental between 1970 and 2010. The mean from 1940 to 2010 amounted to 120±3 mm (and
124±6 mm in the instrumental data from 1970 to 2010); 54 % of the total precipitation was
received from June to August (Fig. 3.1d). There was no significant trend for changes in
precipitation, neither with respect to annual (Fig. 3.1b) nor monthly values. This applied for both
the instrumental data from 1970 to 2010 and the reconstructed data from 1940 to 2010.

3.3.2 Radial stem increment

Tree-ring width series varied between the habitats (forest interior vs. edge), age classes and even
within age classes. Seven percent of the total of 1826 trees growing on the sample plots belonged
to the very old trees with a cambium age >160 yr and 9 % to the old trees (101-160 years), whereas
the majority of trees was middle-aged (60-100 years; 47 %) or young (<60 years; 38 %; Table 3.1).
The very old trees have established in the late 17th century and have a cambium age at sampling
height of up to 330 years (Fig. 3.2).
Within each age class and habitat (forest interior, forest edge), we could establish groups of trees
with different trends in the annual stem increment. These groups were established not only based
on classical t- and GL-thresholds, but also with calculating NMDS (Fig. 3.3) and ANOSIM (Table
3.2). The different groups of trees within age class and habitat differed in the mean annual
increment and in trends for decrease or increase in tree-ring width over time (Tables 3.2 and 3.S2,
see online supplementary material). ANOVA showed that the mean tree-ring width (for the two
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alternatively studied intervals from 1970 to 2010 and from 1990 to 2010) was significantly
influenced by the dominance type (dominant, subdominant and suppressed) of the tree and to a
lower degree by the distance to the next competing tree, the age or the plot (Table 3.S3, see online
supplementary material). Repeatedly groups of trees were found, which gradually or more often
suddenly started to exhibit strongly increased annual stem increment contrary to the usually
observed long-term trend for declining tree-ring width with increasing tree age (Tables 3.2 and
Table 3.S2, see online
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Fig. 3.2. Tree-ring chronologies for the very old trees (cambial age > 160 years) from the interior (groups A, B) and
the edge (groups C, D) of the forest including different growth trends in the forest interior during the past 100 years
and at the forest edge during the past 130 years. (a) Tree-ring width. (b) Tree-ring index. (c) Number of samples.

68

CHAPTER 3

RESPONSE TO CLIMATE WARMING AND LOGGING

supplementary material), as is shown in the tree-ring chronologies of the different groups of old
(Fig. 3.4) and middle-aged (Fig. 3.5) trees from the forest interior. Sudden increases in tree-ring
width were especially found after 1990 (groups J, N, O, R, T and U; Fig. 3.6).

3.3.3 Mean sensitivity and first-order autocorrelation

The individual groups of trees differed in mean sensitivity and first-order autocorrelation
coefficients even within the same age class (Table 3.S1, see online supplementary material).
Furthermore, mean sensitivity and autocorrelation strongly differed between different time
intervals (Table 3.S4, see online supplementary material). In most groups of trees, mean sensitivity
was higher between 1941 and 1961 and in the recent past (1998-2010) than in the period from
1962 to 1997. Temporal patterns of autocorrelation were less regular than for mean sensitivity.
Across all age classes, high mean ring width was mostly related with low mean sensitivity and
high autocorrelation. This was valid for dominant trees with permanently high tree-ring widths
(mean tree-ring width > 1 mm; groups G, L and S) and for trees with sharp increases in the annual
increment (e.g. groups F, I, J and N-P) (Tables 3.S1 and 3.S3, see online supplementary material).
In the >160-year-old trees, this trend became only visible when decades with particularly high
increment are isolated (group B in Table 3.S4), as otherwise the effects of the increased ring
widths is blurred by the long period with lower growth rates.

3.3.4 Climate-response analysis

Except for the young (<60-year-old) trees, tree-ring width in almost all groups increased with June
temperature of the current year. This was valid both for trees from the forest edge and the forest
interior (Table 3.3). In the >160-year-old trees, tree-ring width in three out of four groups
decreased with the June temperature of the year prior to tree-ring formation in addition to the
increase with the June temperature of the current year; in group C and D (forest edge), the decrease
was with June and July temperatures.
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Figure. 3.3. NMDS ordination of tree-ring series from different age classes in the forest interior or the forest edge. (a)
Very old trees (>160 years) from the forest edge. (b) Old trees (101-160 years) from the forest interior. (c, d) Middleage trees (60-100 years) from the (c) forest interior or (d) the forest edge. (e, f) Young trees (<60 years) from the (e)
forest interior or (f) the forest edge.
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In the 101-160-year-old trees of group F, the annual increment increased with increasing
temperature in May and June. Across tree groups of different age classes, negative correlations of
tree-ring width with January temperature and positive correlations with February temperature and
March precipitation of the current year were found. Positive correlation with precipitation during
the growing season of the year prior to tree-ring formation were found in groups D (>160-year-old
trees) and L (60-to 100-year-old trees) from the forest edge. Although young trees differed from
the older trees by the lack of significant correlations with the June temperature of the current year,
they showed more (positive or negative) correlations with monthly temperatures both of the
current and the previous year than the trees of the other age classes.
Table 3.2. Characterization of groups of trees differing in their annual radial stem increment (RSI) behavior within
ages classes and habitats.

Group Habitat N
A
B

FI
FI

92
7

Ring width
(mm)
0.84±0.01
0.86±0.02

C
D
E
F

FE
FE
FI
FI

21
20
64
14

0.90±0.01
0.88±0.02
0.35±0.01
0.58±0.03

G
H
I
J
K

FI
FI
FI
FI
FI

35
245
17
80
37

1.18±0.03
0.41±0.01
0.48±0.04
0.45±0.05
0.33±0.01

L
M
N
O
P
Q
R
S
T
U
V

FE
FE
FE
FE
FE
FI
FI
FE
FE
FE
FE

80
38
10
14
28
224
24
9
14
31
10

1.27±0.05
0.39±0.02
0.70±0.06
0.48±0.04
0.46±0.02
0.50±0.02
0.58±0.05
1.46±0.08
0.47±0.03
0.59±0.03
0.98±0.07

Characterization

ANOSIMa

Reduced RSI since c. 100 years
Constant high, recently slightly
declining RSI
Constant high RSI
Reduced RSI since c. 100 years
Constant low RSI
Higher RSI than E in the late 19th
century, increase in the 1970s
Very high RSI until c. 1940, high RSI
Constant modest RSI
Low RSI, strong increase c. 1970
Low RSI, strong increase c. 1997
Constant decline, low RSI since the
1960s
Constant high RSI
Constant low RSI
Modest RSI, increase since 1995
Modest RSI, increase since 1999
Constant decline, today low RSI
Constant modest RSI
Modest RSI, increase since 1998
Constant high RSI
Low RSI, gradual increase c. 1990
Modest RSI, increase since 1997
Modest RSI, increase since c. 1980

***

***

***

***

***
***

FI=forest interior; FE=forest edge.
a
ANOSIM was calculated to test for significant differences between groups with a given age class and habitat
(***P0.001).
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Figure. 3.4. Tree-ring chronology for old trees (cambial age 101-160 years) from the forest interior with three groups
of trees (G, E and F) with different growth characteristics. (a) Tree-ring width. (b) Number of samples.
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Figure. 3.5. Tree-ring chronology for middle-aged trees (cambial age 60-100 years) from the forest interior with four
groups of trees (H, I, J and K) with different growth characteristics. (a) Tree-ring width. (b) Number of samples.

72

CHAPTER 3

RESPONSE TO CLIMATE WARMING AND LOGGING

Figure 3.6. Tree-ring width in middle-aged trees at site 1 showing a sudden increase in the annual stem increment in
1995 at the forest edge (group N trees) and time delayed in 1997 in the forest interior (group J trees): (a) tree-ring
width, (b) number of sample trees (N).

Although the negative correlation of tree-ring width with June temperature of the previous year
was only statistically significant in the very old trees, there was a concurrent, but insignificant
trend in the old trees. The β value for this correlation with June temperature of the year prior to
tree-ring formation decreased along with tree age (Fig. 3.7). This decline coincided with a decline
of the first-order autocorrelation coefficient and mean sensitivity with tree age (Fig. 3.7).

3.3.5 Regional growth curves

RGCs show that old trees grew generally more slowly when they were young than presently young
trees did in the recent past at the same age (Fig. 3.8). The slope of linear regression lines calculated
for the age interval for which data are available from all age classes differed significantly from one
another in the ANCOVA (P<0.001). Characteristic of the RGC for old and middle-age trees is that
they have an inverse sigmoid shape with the inflection point 40 to 60 years ago.
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3.3.6 Tree stump densities and logging frequency
The total number of tree stumps found in the sample plots was 2079±282 ha-1 in the forest interior
and 1629±197 tree stumps per ha at the forest edge (Fig. 3.9a). The ratio of tree stumps to live
trees was generally high and significantly higher at the forest edge than in the interior (Fig. 3.9b).
At the forest edge, there were more stumps than living trees (1.17±0.23), whereas approximately
two living trees came on each stump in the forest interior (0.48±0.05). The ratio of stumps to live
trees increased significantly with the number of nomad summer camps within a radius of 1 km
from the plot in the forest interior (rs=0.94, P=0.005), but not at the forest edge (rs=0.61, P=0.20).
Estimates of selective logging intensity and frequency based on sharp increases of
individual tree-ring series are compiled in Fig. 3.10. Early heavy selective logging was observed at
few sites during the 1960s and the 1970s at the forest edge and in the 1970s in the forest interior.
After a break from the mid-1970s to the late 1980s, heavy selective logging across all sites started
in 1990. The highest intensity was found in the 1990s; in the first decade of the 21st century
evidence of heavy selective logging was significant, but reduced compared with the decade before.
Moderate selective logging occurred throughout the observation period starting in 1935, but was
increasingly detectable since the mid 1950s.

3.4 Discussion

Both climate and the sociopolitical framework for land use have strongly changed in the recent
past and have thereby influenced forest growth in the Mongolian Altai. The strong increase in
temperature by 2.1 °C within 70 years at constant precipitation has increased the productivity of
Siberian larch, as is evident from recently increased tree-ring widths, which becomes apparent
when the natural trend for steadily decreasing annual stem increment with tree age is filtered from
the data (Fig. 3.8). In the largest tree groups from the forest interior among the old (group E, N=64;
Fig. 3.4) and middle-aged (group H, N=245; Fig. 3.5) trees, the gradual increase in the annual
increment since the mid 20th century even overcompensated for the age-related trend in the
absolute tree-ring widths. The high altitude of the study area (ca. 2300 m a.s.l.) and the subzero
annual mean temperature cause that the radial stem increment of Siberian larch is primarily limited
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by low temperature (Table 3.3). Thus, the investigated forests in the Mongolian Altai show the
typical behavior of a forest at the alpine treeline (Jacoby et al., 1996). Because temperature
increases with decreasing altitude, it cannot be the cause of the lower forest line to the steppe at the
footslope of the studied mountains. At lower elevations in central Mongolia, tree-ring width at
these lower forest lines is limited by summer drought (Dulamsuren et al., 2011). In the Mongolian
Altai, the position of the forest line is apparently not controlled by climate, but largely
anthropogenic.
Although not controlling the forest lines, precipitation also plays a significant role for the
stem increment of Siberian larch in the Mongolian Altai. Precipitation in the summer of the current
year was less relevant than that in spring before foliation and, more rarely, that during the growing
season of the previous year. The correlation with spring precipitation (which is received as snow)
or sporadically with the precipitation of the previous year suggests that soil water replenishment
before the growing season is significant for earlywood formation (Nikolaev et al., 2009). The
lacking correlation with summer precipitation of the current year, combined with the low annual
precipitation indicates that the active layer of the permafrost is of great importance for the water
supply of the forests in summer.
The active layer prevents the infiltration of the precipitation in deep soil layers and supplies
the vegetation by thawing during the summer with water, which adds to the current precipitation.
The contribution of the uppermost permafrost layer to the water supply of boreal forests is well
studied in other areas (Kenneth et al., 1995; Iwahana et al., 2005; Sugimoto et al., 2002;), but data
from the Mongolian Altai are lacking (Sharkhuu and Sharkhuu, 2012). However, the existence of
coniferous forests in the study area at a level of annual precipitation near 120 mm is (even though
the figure may be somewhat underestimated) not conceivable without a major contribution of the
active permafrost layer to the water supply. In the forest-steppe of central and northern Mongolia,
the annual precipitation in larch forests at lower elevation varies roughly between 230 and 400 mm
(Dulamsuren et al., 2010a; Nandintsetseg et al., 2007). In these forests, the water status of Siberian
larch trees has been found to depend much more on the current precipitation than in the Altai
Mountains (Dulamsuren et al., 2009; Li et al., 2006, 2007).
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Table 3.3. Response of tree-ring width in the individual tree groups A to Y (as defined in the text) to monthly
temperature and precipitation of the year of and the year prior to tree-ring formation.

Temperature
Prior year
5 6 7 8 9 11
12
Very old trees (>160 years):
A
■
B
C ● ■ ■
D
■

1 2

4

5

●

6

7

8

●
●
●
●

□
■

Old trees (101-160 year):
E
F
G

9

5

6

7

8

10

● ○ ○

○
■

●

●

○

●
○

□
●
○
■

Current
year
3 4

■

●
■ ● ○
●

Middle-aged trees (60-99 years):
H
I
J
●
K
L
M
N
■
O
P
Young trees (<60 years):
Q
R □
□
S □
● ■ ■
T
○
U
○
V
○
■

Precipitation
Prior year

Current year

●
●

□
● ●

●
●
□ ○
□
●

●

○

■
○

□ ○
■
□ ●

□
○

■ ●

●
■ ●

○
●
○

Beta values resulting from multiple regression analysis (cf. Table 3). Correlation significant (P  0.05): ● positive, ■
negative correlation; marginally significant (P  0.10): ○ positive, □ negative correlation. Months are identified with
numbers 1 to 12.

The positive correlation of tree-ring widths with early summer (i.e. June), rather than midsummer,
temperatures across all tree groups of the middle-aged, old and very old trees matches with the
results from larch forests of the Russian Altai (Ovchinnikov, 2002) and the Siberian Subarctic,
where cell sizes and cell wall thickness of both earlywood and latewood increased with June, but
not July and August temperatures (Kirdyanov et al., 2003). The correlation of tree-ring width in
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the very old trees with low June temperature of the previous year (and high June temperature of the
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Fig. 3.7. Influence of tree age on first-order autocorrelation, mean sensitivity and the beta value for the correlation of
the June temperature of the previous year with tree-ring width in >60-year old larch trees. Dots represent weighted
arithmetic means.
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Fig. 3.8. Cumulative regional growth curve (a) with number of samples (b) for the largest groups of old (group E),
middle-aged (group H) and young (group Q) trees from the forest interior of sites 1 to 6. The slopes of linear
regression lines calculated for the individual tree-ring series differ significantly (ANCOVA, P<0.001, F=381, df=2,
155). Filled dots mark inflection points.
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carbohydrates in years with cold early summers because wood formation is more readily inhibited
by low temperatures than photosynthesis (Hoch and Körner, 2003). The stored non-structural
carbohydrates could then be used to produce wider tree rings than usual in the following year. The
fact that trees tend to store more non-structural carbohydrates with increasing size (Sala et al.,
2012)
4000
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Fig. 3.9. Total numbers of tree stumps per hectare (a) and ratio of stumps to live trees (b) in the forest interior and the
forest edge. Asterisk indicates significant difference (U-test, P0.05).

agrees with our result that a significant negative correlation of tree-ring width with June
temperature of the previous year was only found in the oldest year, whereas a similar insignificant
trend occurred in the old trees, but no such correlation existed in the middle-aged or young trees.
Higher pools of non-structural carbohydrates allow the large trees to buffer climatic influences and
other forms of stress more effectively (Sala and Hoch, 2009; Sala et al., 2012). This would explain
the decrease of mean sensitivity and first-order autocorrelation from the middle-aged to the very
old trees (Fig. 3.7), because cold early summers, which we identified as the key limiting factor for
stem growth in the Mongolian Altai in the climate-response analysis (Table 3.3), would not cause
negative aftereffects on tree-ring width in the following year.
The trend for increased radial stem growth in the Mongolian Altai agrees with other areas
from western Mongolia where annual stem growth was found to be primarily temperaturedependent (D'Arrigo et al., 2000; Jacoby et al., 1996). It disagrees with the responses to late 20th
century warming in most larch forests of central Mongolia where relevant studies were published.
Decreasing tree-ring width along with increasing aridity was observed in the western and southern
Khentei and the eastern Khangai Mountains (Dulamsuren et al., 2010a, b).
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The identification of several tree groups with different growth trends in each age class of
larch trees in the Mongolian Altai suggests that factors other than climate are also effective at
influencing the annual stem increment. One reason for the differentiation of different groups is the
dominant versus suppressed social rank of trees within the same stand. Groups G, L and S are
examples of dominant trees that might have better access to resources than the other trees.
(Aussenac, 2000). The access to water and other resources is apparently less affected by the interannual variation of climate because the mean climate sensitivity in the dominant tree groups is
lower than in the other trees of the same age group (Table 3.S1, see online supplementary
material).
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Total number of sites

6
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a
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4

4

3

3

2

2

1

1
0

0
1940

Total number of sites

6

b

1950

1960

1970

1980

1990

2000

1940

2010

c

6

5

5

4

4

3

3

2

2

1

1

0

1950

1960

1970

1980

1990

2000

2010

d

0
1970

1980

1990

2000

2010

1970

Year

1980

1990

2000

2010

Year

Fig. 3.10. Cumulative distribution plot of heavy (a and c) and moderate (b and d) selective logging in the six study
sites in the forest interior (a and b) and the forest edge (c and d). Note that the analysis for the forest edge only covered
the period from 1963 to 2010 because the tree age distribution differed from the forest interior.

Competition also explains why trees at the forest edge grew on average faster than trees in the
forest interior (Dulamsuren et al., 2010b).
Sudden increases of the annual stem increment, which were repeatedly observed in the data
set, are the result of singular disturbance events, including windfall or selective logging, which
79

CHAPTER 3

RESPONSE TO CLIMATE WARMING AND LOGGING

reduce the competition for the remaining trees. Selective logging on a moderate level took place
throughout the 20th century. However, the strong increase of the frequency of sharp (permanent or
temporary) leaps in tree-ring width in the 1990s is doubtlessly attributable to intensified selective
logging. The high number of stumps in the sample plots (Fig. 3.9) and examples of leaps in the
tree-ring series from the forest interior, which occur time-delayed from those in the series from the
corresponding forest edge (Fig. 3.6), provide strong support for this explanation. The transition
from centrally planned to marked economy with the displacement of the Communist system in
1990 considerably increased the demand for timber and fuelwood in Mongolia and was the
breeding ground for unsystematic, often illegal logging and trading activities (Erdenechuluun,
2006). During Communist times, intense selective logging was only detectable from the mid-1960s
to the early 1970s at the edges and in the early and mid-1970s in the interior of the forests, but
these activities were much less widespread than those after 1990. Sharp increases were observed
especially after cold years, which are likely to result both from the interannual temperature
variation and intensified selective logging in cold periods with high fuelwood consumption. The
rarity of sharp increases in the tree-ring series, which are likely to indicate selective felling, from
the mid-1970s to the late 1980s suggests that the numerous tree stumps, which are presently found
in the forests of the Mongolian Altai, predominantly derive from logging activities during the past
20 years. Given a ratio of live to felled trees of 2:1 in the forest interior or even 0.9:1 at the forest
edge to the steppe, this conclusion means that the forests of the Mongolian Altai are presently
exploited far beyond sustainability. The fact that the ratio of live to felled trees is correlated with
human settlement density indicates that trees are primarily logged by the local population.

3.5 Conclusions

The larch forests of the Mongolian Altai have been subjected to significant increases in
temperature since the mid-20th century and in the intensity of selective logging since the 1990s.
Because the Altai Mountains are a cold high-elevation environment with a subzero annual mean
temperature, the increase in temperature has promoted the growth of the Siberian larch trees.
Notwithstanding the increased productivity due to improved climatic conditions, the forests have
not benefitted from this development, as changed customs for forest utilization have increased the
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anthropogenic pressure on the forests after the breakdown of the Communist regime in 1990
(Lkhagvadorj et al., 2013). The present practice of unplanned selective logging by the local
population of pastoral nomads will lead to a decline of forest area in the Mongolian Altai in the
near future. The high degree of fragmentation of the forest sites, where the forests occur in isolated
patches within the grassland, is an unfavorable precondition which is likely to promote a rapid
decline of forested sites given the presently high land use pressure by pastoral nomads in the area
(Lkhagvadorj et al., 2013).

Supplementary data
Supplementary Tables S1–S4. (available at Journal of Plant Ecology online)
Table 3.S1. Mean tree-ring width, mean sensitivity, first-order autocorrelation coefficient and expressed population
signal (EPS) in the trees of A to V (as defined in the text) from the forest interior (FI) or the forest edge (FE).
Group
Habitat
N
Ring width (mm)a
Mean sensitivitya
Autocorrelationa
EPS
Very old trees (>160 years; df=3, 136):
A
FI
92 0.84±0.01
0.32±0.01 a
0.77±0.01 a
0.96
B
FI
7 0.86±0.02
0.31±0.02 b
0.65±0.05 b
0.76
C
FE
21 0.90±0.01
0.27±0.01 c
0.63±0.03 c
0.86
D
FE
20 0.88±0.02
0.29±0.01 d
0.76±0.03 d
0.84
Old trees (101-160 years; df=2, 115):
E
FI
64 0.35±0.01
F
FI
14 0.58±0.03
G
FI
35 1.18±0.03

0.42±0.01 a
0.38±0.01 b
0.28±0.01 c

0.68±0.02 a
0.80±0.01 b
0.77±0.08 b

0.90
0.67
0.94

Middle-aged trees (60-100 years; df=8, 540):
H
FI
245 0.41±0.01
I
FI
17 0.48±0.04
J
FI
80 0.45±0.05
K
FI
37 0.33±0.01
L
FE
80 1.27±0.05
M
FE
38 0.39±0.02
N
FE
10 0.70±0.06
O
FE
14 0.48±0.04
P
FE
28 0.46±0.02

0.42±0.01 ab
0.39±0.02 a
0.39±0.01 a
0.42±0.01 ab
0.29±0.01 c
0.39±0.02 a
0.33±0.01 d
0.45±0.02 b
0.44±0.01 b

0.65±0.01 a
0.78±0.02 bc
0.83±0.02 b
0.73±0.03 c
0.65±0.01 ad
0.57±0.03 d
0.76±0.02 bc
0.74±0.03 c
0.78±0.03 bc

0.97
0.97
0.95
0.90
0.98
0.91
0.91
0.83
0.85

Young trees (<60 years; df=5, 399):
Q
FI
224 0.50±0.02
0.38±0.01 ac
0.58±0.02 a
0.82
R
FI
24 0.58±0.05
0.39±0.03 ac
0.66±0.05 abc
0.88
S
FE
9 1.46±0.08
0.25±0.01 b
0.71±0.04 bc
0.84
T
FE
14 0.47±0.03
0.40±0.02 a
0.75±0.03 c
0.81
U
FE
31 0.59±0.03
0.33±0.01 c
0.62±0.02 ab
0.94
V
FE
10 0.98±0.07
0.34±0.02 c
0.67±0.04 abc
0.82
a
Within a column, but separate for the individual age classes, means followed by different letters, differ significantly
(Duncan's multiple range test, P0.05).
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Table 3.S2. Mean tree-ring width, mean sensitivity, first-order autocorrelation coefficient and expressed population
signal (EPS) in the trees of A to V (as defined in the text) from the forest interior (FI) or the forest edge (FE).

Group Habitata Treesb

Mean ring width (mm)c

N
%
1991
Very old trees (>160 years; df=3, 136):
A
FI
92
93
0.38
B
FI
7
7
0.59
C
FE
21
51
0.98
D
FE
20
49
0.41

Year of
increased

1971 1951

1931

1911

1891 1871

0.38
0.65
0.93
0.44

0.43
0.78
0.92
0.54

0.51
0.93
1.02
0.58

0.54
0.79
0.89
0.63

0.57
0.51
0.88
0.67

0.62
0.76
0.86
0.71

0.45
0.65
0.71

0.33
0.21
0.78

0.23
0.29
1.11

0.28
0.51
1.40

0.45
0.70
1.89

0.35
0.85
1.83

Middle-aged trees (60-100 years; df=8, 540):
H
FI
245
65
0.39 0.43
I
FI
17
5
0.87 0.71
J
FI
80
21
0.51 0.16
K
FI
37
10
0.14 0.19
L
FE
80
47
1.11 1.25
M
FE
38
22
0.42 0.37
N
FE
10
6
0.83 0.52
O
FE
14
8
0.33 0.27
P
FE
28
17
0.15 0.31

0.33
0.26
0.35
0.32
1.56
0.41
0.83
0.68
0.77

(0.42)
(0.44)
(0.71)
(0.65)
(0.94)
0.26
(0.31)
(0.70)
(0.87)
(0.74)

Young trees (<60 years; df=5, 399):
Q
FI
224
90
0.44
R
FI
24
10
0.70
S
FE
9
14
1.22
T
FE
14
22
0.63
U
FE
31
48
1.22
V
FE
10
16
1.29

(0.40)
(0.59)
(1.94)
0.35
(0.70)
0.56
(0.58)
0.76
(0.76)

Old trees (101-160 years; df=2, 115):
E
FI
64
57
0.40
F
FI
14
12
0.87
G
FI
35
31
0.66

0.64
0.46
1.46
0.50
0.63
1.30

a

1965

1970
1997

1995
1999

1998
1990
1997
1980

Forest interior (FI) or forest edge (FE).
Absolute number of sample trees (N) and percentage of the total trees of the same age ground and in the same habitat
(%).
c
Mean ring width in 20-yr intervals starting with the given in the headline; values in brackets refer to parts of the 20yr period.
d
Year of strong increment in tree-ring width.
b
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Table 3.S3: Results of four-way ANOVA analyzing the effect of the dominance type (dominant, subdominant,
suppressed), the intraspecific competition class (nearest neighbor at <1 m, 1-2m, >2 m distance), tree age and the plot
on mean tree-ring width in the forest interior and at the forest edge for two alternative periods (1970-2010, 19902010).a

Total (df=36)
Dominance
Competition
Age
Plot
Dominance  competition
Competition  age
a

Forest interior
1970-2010
17.1***
(R2=0.43)
81.7***
27.8***
30.6***
13.5***
1.0
4.1**

Forest edge
1970-2010
16.0***
(R2=0.56)
62.2***
43.5***
20.0***
4.1**
0.8
4.3**

1990-2010
15.0***
(R2=0.40)
65.5***
25.6***
23.3***
13.1***
0.8
2.5*

1990-2010
10.7***
(R2=0.46)
46.7***
17.6***
17.8***
3.3**
1.2
2.2

Given are F values and P levels (*P0.05, **P0.01, ***P0.001).

Table 3.S4: Mean sensitivity (Sens.) and first-order autocorrelation coefficients (AC) calculated for different time
intervals between 1941 and 2010 for selected groups of trees from the forest interior. a

1941-1961
Sens.
AC
Very old trees (>160 years):
A 0.41±
0.04±
0.01 a
0.04 A
B 0.30±
0.09±
0.04 a
0.08 A

1962-1981
Sens.
AC

1982-1997
Sens.
AC

1998-2010
Sens.
AC

0.29±
0.01 b
0.22±
0.03 a

0.30±
0.03 B
0.31±
0.17 A

0.31±
0.02 b
0.25±
0.04 a

0.40±
0.02 C
0.34±
0.13 A

0.46±
0.02 c
0.42±
0.05 b

0.20±
0.05 D
0.10±
0.12 A

0.32±
0.01 b
0.32±
0.03 b
0.22±
0.01 b

0.51±
0.03 B
0.78±
0.03 B
0.36±
0.07 B

0.32±
0.01 b
0.28±
0.02 b
0.24±
0.05 b

0.54±
0.04 B
0.50±
0.08 A
0.27±
0.02 B

0.45±
0.02 c
0.41±
0.04 a
0.39±
0.03 c

0.39±
0.04 A
0.44±
0.01 A
0.30±
0.05 B

Middle-aged trees (60-100 years):
H 0.47±
0.40
0.38±
0.01 a
±0.05 A
0.01 b
I 0.52±
0.45
0.37±
0.09 a
±0.09 A
0.01 b
J 0.39±
0.56
0.36±
0.01 a
±0.05 A
0.01 a
K 0.42±
0.39
0.37±
0.02 a
±0.05 A
0.02 b

0.46±
0.02 B
0.77±
0.03 B
0.43±
0.03 B
0.39±
0.06 A

0.34±
0.01 c
0.25±
0.01 c
0.39±
0.02 a
0.39±
0.02 ab

0.48±
0.02 B
0.36±
0.07 B
0.36±
0.05 B
0.30±
0.05 A

0.42±
0.01 d
0.47±
0.04 a
0.39±
0.02 a
0.50±
0.02 c

0.64
±0.01 C
0.34
±0.06 B
0.71
±0.02 C
0.40
±0.04 A

Old trees (101-160 years):
E 0.52±
0.35±
0.01 a
0.05 A
F 0.47±
0.35±
0.03 a
0.09 A
G 0.33±
0.13±
0.02 a
0.07 A

a

Within a row, means followed by different letters, differ significantly (Duncan's multiple range test, P0.05); separate
testing for mean sensitivity (lowercase letters) and autocorrelation (capital letter).
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Abstract

The past and present regeneration of Siberian larch (Larix sibirica) was studied in the forest-steppe
of the Mongolian Altai, an area which has experienced an increase in annual mean temperature by
2.1 °C since 1940 and is subjected to grazing by mixed herds of livestock owned by pastoral
nomads. Past regeneration was reconstructed from tree rings and present regeneration was
analyzed by surveying seedlings, sapling-sized trees and the occurrence of viable larch seeds in the
soil seed bank. Forest regeneration occurred throughout the 20th and the early 21st centuries in the
forest interiors, but ceased after the late 1970s at forest edges. The density of larch sapling-sized
trees decreased with livestock density linearly in the interior and exponentially at the edge. Most
sapling-sized trees had visible damage from livestock browsing, which also manifested in woodanatomical anomalies. By contrast, the densities of 1- and 2-yr old seedlings increased with
livestock density at the forest edge, suggesting that seedlings in this habitat benefitted from the
reduction in competition intensity due to livestock grazing. This relationship also suggests that
larch seedlings, in contrast to sapling-sized trees, were avoided by the livestock, as otherwise
removal by the herbivores should have counteracted the promotion due to reduced competition.
Near-consistency of the correlations of total livestock and goat densities with sapling and seedling
densities suggests that the control of larch regeneration is primarily a function of goat density,
which have tripled in the Mongolian livestock during the past 20 years for economic reasons.

Keywords: Forest regeneration, tree establishment, herbivory, goats, forest grazing, climate
warming
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4.1 Introduction

Forests in Central Asia are currently subjected to increasing temperatures and changed land use
patterns at many places (Tsogtbaatar, 2004). The productivity of boreal forests is promoted by
climate warming at many high-latitude and high-altitude sites in the northern hemisphere
(D'Arrigo et al., 2000; Keyser et al., 2000). This includes the high-elevation conifer forests (at c.
2000–2500 m a.s.l.) of the Mongolian Altai, which belong to the southernmost occurrences of
Eurosiberian taiga forests (Dulamsuren et al., 2013a). Other boreal forests at the southern fringe of
the Eurosiberian taiga in Central Asia, in contrast, have declined in productivity because rising
temperatures, in several places reinforced by decreasing precipitation, have increased drought
stress (Dulamsuren et al., 2010, 2013b). While most forests in the circumboreal vegetation belt are
either remaining pristine old-growth stands or, more widespread, used for industrial logging
(Östlund et al., 1997; Luyssaert et al., 2008), many forests in Central Asia, in the transition of the
Eurosiberian taiga to the Eurasian steppe, are subjected to various kinds of utilization by the local
population, including unsystematic timber harvest, fuel-wood collection, the collection of fruits
and medicinal herbs, and forest grazing (Lkhagvadorj et al., 2013a). In comparison with the effects
of climate warming, the impact of the widespread wood and non-wood forest use in the Central
Asian forest-steppe ecotone is less intensely studied.
In the Mongolian Altai, Dulamsuren et al. (2013a) showed that warming by 0.5 °C per
decade since 1940 stimulated the radial stem increment in the dominant tree species, Siberian larch
(Larix sibirica Ledeb.). However, changed land-use practices of the pastoral nomads residing in
the Mongolian Altai counteracted this gain in productivity. Changes in the socio-political
framework associated with the transition from planned to market economy in the early 1990s and
the extension of the snow-free period resulted in reduced mobility of the pastoralists (Lkhagvadorj
et al., 2013a). The longer annual residence time near the forests, combined with an increased
demand for construction and fuel wood due to altered customs, led to the rapid and unsustainable
increase of logging activities, which could be traced by tree-ring analysis and analysis of the stand
structure (Dulamsuren et al., 2013a).
In the present paper, we were interested in how forest grazing influences the larch forests
of the forest-steppe of the Mongolian Altai. Ecological effects of forest grazing have been
extensively studied in selected regions of Central Asia (especially Kyrgyzstan; Buttoud and
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Yunusova, 2002) and Southern Asia (especially Bhutan; Buffum et al., 2009), but have been little
addressed in Mongolia (Sankey et al., 2006; Ishii and Fujita, 2013), although pastoral livestock
keeping is widespread in the forest-steppe and is an important branch of the Mongolian economy
(Janzen 2005). Relevant studies are scarce despite of a strong increase in the number of cashmere
goats in the Mongolian livestock (Fernández-Giminéz et al. 2012), which graze the vegetation
more thoroughly and cause more damage in woody plants than other species of livestock (Hughes
and Thirgood, 1982; Fujita et al., 2013). In contrast to logging, livestock grazing is primarily
affecting forest regeneration. We therefore analyzed the present and past regeneration of Siberian
larch forests in the Mongolian Altai, assessed the damage of seedlings and sapling-sized trees by
livestock grazing and related the present seedling and sapling density to the density of livestock
around the sample plots. With our investigation, we tested the hypotheses that (1) the present
climate is not a major constraint for tree regeneration in the Mongolian Altai and (2) the density of
tree seedlings and sapling-sized trees decreases with increasing livestock density.

4.2 Materials and methods

4.2.1 Study area

Field research was carried out in the Mongolian Altai in the Altai Tavan Bogd National Park in the
administrative subunit Dayan (48°27’N, 88°90’E), 110 km southwest of the capital city Ulgii of
the Bayan-Ulgii province (Fig. 4.1). Dayan is located at relatively high elevation (above 2000 m
a.s.l.). The vegetation consists of a mosaic of conifer forests at c. 2000-2500 m a.s.l. on northfacing slopes and at the flanks of the central central chain of high peaks of the Mongolian Altai (up
to 4734 m a.s.l) as well as grasslands in the valleys, on south-facing slopes and above the alpine
treeline. Most forests are dominated by Siberian lach (Larix sibirica). Siliceous rock, including
granite and schist, is the dominant bedrock. The prevailing forest soils are Leptosols under
continuous permafrost influence (Sharkhuu and Sharkuu, 2012). The forest-steppe of the Dayan
area is inhabited by more than 80 families of pastoral nomads during summer, which house in the
valleys in front of the forests (Lkhagvadorj et al., 2013a). Some of the families stay in the area
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whole year. The nomads keep sheep, goats, yaks, horses, and few camels, which are all not or little
herded and graze in both the grasslands and the forests.

Fig. 4.1. Location of the study area in the Mongolian Altai in westernmost Mongolia. Black areas represent the
distribution of L. sibirica forests (distribution in Russia where L. sibirica occurs everywhere within the map section is
not shown). Gray areas are lakes

4.2.2 Climate

Climate data from the study area since 1940 were recently analyzed by Dulamsuren et al. (2013a)
using instrumental data from the weather station Altai-Yalalt (48°17' N, 89°31' E, 2150 m a.s.l., 40
km east of Dayan for the period 1970-2010. This data were extended by calculated values from
1940-1969 using linear regression analysis and weather data from the weather station in Ulgii City
(1960 m a.s.l.). Temperature is Dayan is overestimated by c. 1 °C and precipitation is
underestimated compared to Altai-Yalalt, as the elevation of the latter is 150 m below that of
Dayan. Annual, July, and January temperatures between 1940 and 2010 were -3.4 °C, 12.9 °C, and
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-21.2 °C, respectively. Annual mean temperature has increased by 2.1 °C (P<0.001) in this period.
Annual precipitation (120 mm) has remained constant; it is highly variable between years (range
78-211 mm) and has a clear peak from June to August (54 % of the annual precipitation).

4.2.3 Sample plot design

Field work was carried out in July 2010. Six forested sites (monospecific L. sibirica forests) were
selected on the northern flank of a mountain ridge located 2 to 7 km S and SSE of Lake Dayan
Nuur (48°23' N, 88°55' E). Site selection included all available forest islands on the studied
mountain range; thus the selection procedure largely excluded the subjective choice of sites.
Relatively moist depressions, which occur locally on the mountain slopes, were deliberately
avoided to improve the comparability between the sites. The distance between neighboring sites
amounted to 2.2±0.5 km. At each site, four plots each of 20 m × 20 m size were selected. One of
them was located at the forest edge with the lower boundary of the plot being identical with the
forest line to the steppe. The three other plots were located at 50 to 100 m distance from the edge
in direction of the forest interior. The distance of the three interior plots to one another was ca. 20
m; these three plots were statistically not independent and should provide a broader basis for the
data from the forest interior. The plots were located between 2300 and 2440 m a.s.l.

4.2.4 Reconstructing past tree establishment from tree rings

Tree-ring data were used to reconstruct past tree establishment. Wood cores from all trees with a
diameter at breast height (DBH) >3 cm growing in the sample plots were collected at breast height
using an increment borer with an inner diameter of 5 mm. The borer was driven into the wood
parallel to the contour lines of the slope. In this way, a total of 1826 larch trees were sampled (220379 trees per site). Stand density varied between 525 and 2950 trees ha-1 as did the stem basal area
between 14 and 58 m2 ha-1 (Table 4.1). In addition, tree stump density was assessed by counting; it
varied between 450 and 4500 stumps ha-1 (Table 4.1). In the laboratory, wood cores were mounted
on grooved wooden strips and cut lengthwise by hand using scalpels. The contrasts between annual
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tree-rings were enhanced with chalk. Data recording and evaluation were conducted with TSAP
(Time Series Analysis and Presentation)-Win software (Rinntech, Heidelberg, Germany). Annual
tree-ring width was measured with a precision of 10 µm on a movable object table (Lintab 5). The
quality of the measurements was controlled and missing rings were detected by crossdating among
others by identifying local pointer years. Crossdating was based on the use of two parameters:
coefficient of agreement ('Gleichläufigkeit' [GL]) (Eckstein & Bauch, 1969) and (standard) tvalues. The GL- and t-values measure the similarity between tree-ring series in the high- and lowfrequency domain, respectively. The years of establishment (i.e., germination) of the individual
trees were inferred from wood core samples taken at 1.3 m above the ground by adding 10 years to
the number of tree rings counted (cambium age at breast height) (Körner et al., 2005; Sankey et al.,
2006). The reconstruction of tree establishment from tree-ring series was restricted to the period
1900-2010, since the information for older trees is too incomplete because many trees of that age
are likely to have already died from natural mortality or have been felled. The oldest larch trees on
the sample plots were >300 years old (Dulamsuren et al., 2013a).
Table 4.1. Stand characteristics and livestock densities of the six sites in the forest interior and at the forest edge

Habitat

Site
1

2

3

4

5

6

Interior
Edge
Interior
Edge
Interior
Edge

1300
1600
1583
1850
1.2
1.2

1650
2000
608
4225
0.4
2.1

2142
1150
2242
1625
1.0
1.4

2042
1975
1083
1025
0.5
0.5

2042
1925
1167
1350
0.6
0.7

2858
900
925
1075
0.3
1.2

Interior
Edge
Interior
Edge
Interior
Edge

26
28
29
29
1.1
1.0

36
39
30
52
0.8
1.3

40
33
66
39
1.2
0.5

39
62
30
20
0.8
0.3

42
33
61
57
1.4
1.7

49
37
36
27
0.7
0.7

494
164

277
85

403
153

57
20

144
73

174
75

103
34

111
38

106
37

48
18

29
11

110
37

-1

Stand density (ha )
Mature trees
Tree stumps
Ratio trees : stumps
Basal area (m2 ha-1)
Mature trees
Tree stumps
Ratio trees : stumps
Livestock within 1 km radius
(animals km-2)
Total livestock
Goats
Livestock within 5 km radius
(animals km-2)
Total livestock
Goats
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4.2.5 Survey of sapling numbers, age and grazing damage
Trees with a DBH 3 cm (and height 4 m) are defined as 'saplings', or more precisely 'saplingsized trees' because many trees of this age were several decades old, throughout the paper, whereas
trees with larger stem diameter are termed 'mature trees'. Larch saplings were grouped in five
height classes (0.5, 0.6-1, 1.1-2, 2.1-3, 3.1-4 m) and counted. Moreover, browsing damage was
assessed for every sapling-sized trees in the field by estimating the degree of defoliation in six
classes, viz. class 0, no damage (defoliation 0 %); class 1, 1-25 % defoliated; class 2, 26-50 %
defoliated; class 3, 51-75 % defoliated; class 4, 76-99 % defoliated; class 5, dead (defoliation 100
%, tree dry). In each plot, randomly selected sapling-sized trees of each height class were
harvested for collecting a stem cross-section above the root collar; totally 521 cross-sections were
collected. The cross-sections were prepared with scalpels to count rings with the Lintab 5
measuring table and TSAP software as described for the wood cores. However, some crosssections were too small or the rings were too narrow for proper identification with this method. For
these samples, we prepared microtome sections, which were stained with Euparal solution, and
counted the rings using a Stereo Discovery V20 compound microscope (Carl Zeiss, Jena,
Germany) at a magnification of up to 60. Cross-sections of 235 randomly selected sapling-sized
trees were analyzed for the frequency of wood-anatomical anomalies under the compound
microscope. In particular, we controlled the samples for wedging rings (i.e. the tree ring is not
formed over the whole stem circumference due to local injury) and reaction wood (i.e. additional
wood that is formed at one side of the stem to compensate for alterations in the stem position, e.g.,
after the sapling was stamped down by livestock) (Schweingruber et al., 2006).

4.2.6 Assessing seedling numbers and survival
In every forest-edge plot and in one plot in the forest interior per site, five 1 m  1 m subplots were
randomly selected to count seedlings. One-year old or older seedlings were counted separately.
Counting in the same subplots was done in summer 2010 and repeated in summer 2011 to assess
seedling survival over winter.
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4.2.7 Analyzing relationships of sapling and seedling density and vitality with livestock densities

The pastoralists' livestock in the study area is free-roaming and grazes in mixed herds on common
pasture (Lkhagvadorj et al., 2013a). It is therefore not possible to assessed fixed stocking rates of
livestock for individual areas. Rather, we recorded the geographical position of 82 nomad camps
during summer 2010 and surveyed the numbers of livestock kept by the individual families in
herder interviews (Lkhagvadorj pers. comm.). These data were used to calculate livestock densities
(Table 1) in a radius of 1 km or 5 km, respectively, from the sample plots following Hauck and
Lkhagvadorj (2013). These livestock densities were correlated with seedling and sapling numbers
of different height and vitality. The position of the pastoralists' campsites in the Mongolian foreststeppe is remarkably stable across consecutive years (Lkhagvadorj et al., 2013a, b).

4.2.8 Soil seed bank

The seed bank of Siberian larch in the sample plots was studied by sampling of the soil organic
layer (upper 5 cm or less if thinner) in randomly selected subplots of 10 cm  10 cm. Five of these
subplots were studied in each forest-edge plot and in one forest-interior plot per site. Seeds were
separated from the soil and plant roots in the field. Broken or empty seed capsules were separately
counted. Visually intact seeds were taken to the laboratory. To break dormancy, seeds were kept in
moist sand at 4 °C in the dark for 4 weeks. Afterwards seeds were put on filter papers in Petri
dishes with nutrient solution (Evans and Nason, 1953). The Petri dishes were stored in a growth
chamber and exposed to a relative humidity of 60 % at 20 °C and a photosynthetic photon flux
density (PPFD) of 300 µmol m-2 s-1 at day time (13 h) and 15 °C at night time. The samples were
kept in the growth chamber for 16 days and germinated seeds were counted daily.
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4.2.9 Statistics

Arithmetic means ± standard errors are presented throughout the paper. Data were tested for
normality with the Shapiro-Wilk test. The Mann-Whitney U-test was used for pairwise comparison
of not normally distributed data. These analyses were conducted with SAS 9.13 software (SAS
Institute Inc., Cary, North Carolina, U.S.A.). Linear regressions and non-linear regressions using a
model for exponential decline were calculated with Xact 8.03 software (SciLab, Hamburg,
Germany). The α-level is 0.05, but given the small sample size of N=6, P values >0.05, but 0.10
are considered as 'marginally significant'.

4.3 Results

4.3.1 Tree establishment between 1900 and 2010

Based on the tree-ring data, there was a striking difference in the recent tree establishment between
the forest interior and the forest edge, as the successful establishment of larch trees ended at the
forest edge in the mid 1970s, whereas it continued until present in the forest interior (Fig. 4.2). In
contrast to the forest edge, tree establishment was frequent in the forest interior also in recent
decades. Remarkably, sapling-sized trees with a DBH 3 cm were not necessarily younger than
trees with a DBH >3 cm established between 1900 and 2010. Parts of the sapling-sized trees
established as early as in the 1910s at the forest edge and in the 1920s in the forest interior. Among
the trees that have established between the 1930s and the 1980s, the number of sapling-sized
individuals exceeds that of mature trees, i.e. many trees had not reached mature size.
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Fig.4.2. Years of establishment of the present L. sibirica populations (a) in the forest interior and (b) at the forest edge,
including live and dead mature trees (DBH >3 cm) and sapling-sized trees (DBH 3 cm)

Live sapling-sized trees occurred with a higher density in the forest interior than at the forest edge
(Table 4.2). About 7 % of the live saplings in the interior, but only 3 % at the edge, were
completely undamaged. The number of undamaged sapling-sized trees in the interior exceeded that
at the edge by the factor of 2.7. In both habitats, two thirds of the live sapling-sized trees showed
moderate defoliation by livestock browsing of up to 50 %. In 13 % of the sapling-sized trees of
either habitat, defoliation was between 51 and 75 %. Heavy damage (76-99 % defoliation) was
found in 16 % (interior) and 20 % (edge) of the saplings. Up to 75 % of defoliation, sapling-sized
trees showed a trend for higher abundance in the interior than at the edge (P<0.10), whereas it was
the other way round for sapling-sized trees with heavy defoliation (76-99 %).
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Table 4.2. Sapling numbers (±SE, followed by minimum and maximum values in brackets) of different damage
classes in the forest interior and at the forest edge

Damage classa
0%
1-25 %
26-50 %
51-75 %
76-99 %
Sum live saplings
Dead saplings
a
b

Saplings (ha-1)
Interior
458±100
(217-908)
2147±833
(675-4792)
2392±688
(408-5342)
883±247
(167-1808)
1131±221
(558-2017)
7011±1586
(3033-14017)
2954±1041
(375-6900)

Pb
Edge
167±115
(0-675)
1842±1609
(0-9850)
2196±1724
(0-10750)
825±680
(0-4200)
1233±999
(0-6175)
6263±5054
(0-31300)
1038±389
(0-2500)

0.04
0.09
0.06
0.07
0.09
0.05
0.09

Percentage of defoliation by browsing
Result of U-test

Sapling numbers strongly varied between the individual study sites. While there was a minimum
sapling density of 3033 individuals’ ha-1 in the forest interior, there was a site without any live
sapling-sized trees at the forest edge. In addition to defoliation, sapling-sized trees often suffered
from injuries of the wood (Fig. 4.3a, b).
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Fig. 4.3. Examples of wood-anatomical anomalies in stem cross-sections of L. sibirica sapling-sized trees: (a)
unclosed injury due to browsing, (b) enlarged section of (a), (c) narrow and wedging rings. Bars represent (a) 250 µm,
(b, c) 100 µm.

These injuries were usually several years to a few decades old. Wedging rings (Fig. 4.3c), where a
tree ring is not formed around the full stem circumference, and reaction wood were also frequently
found. The frequency of wedging rings has strongly increased in the forest interior (Fig. 4.4a;
r=0.62, P<0.001 for linear regression) and even more at the forest edge (Fig. 4.4b; r=0.91,
P<0.001) since c. 1990. The frequency of reaction wood has also increased in both the interior
(Fig. 4.4c; r=0.80, P<0.001) and the edge (Fig. 4.4d; r=0.77, P<0.001).
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Fig. 4.4. Frequency of (a, b) wedging rings and (c, d) reaction wood in sapling-sized trees from the (a, c) interior and
(b, d) edge of larch forests. Percentages refer to the number of sapling-sized trees available in the relevant year

Height classes were increasingly occupied by fewer tree individuals with increasing tree height
(Fig. 4.5a). While this result comes up to expectations, it is remarkable that the lack of
regeneration after the 1970s at the forest edge (Fig. 4.2b) did not result in fewer small-sized
saplings at the edge than in the interior (Fig. 4.5a) giving evidence of the weak or missing heightage and diameter-age relationships, which are already inferable from Fig. 4.2. Trees with a height
between 2 and 4 m were virtually absent from the forest edge (Fig. 4.5a). The relative frequency of
damage classes was remarkably stable across height classes (Fig. 4.6). Less than 10 % of the
sapling-sized trees were devoid of any browsing damage. While 8 % of the saplings in the lowest
height class (0.5 m) were undamaged in the interior, there were no undamaged sapling-sized trees
of this height class at the edge. Damage distribution for saplings >2 m from the forest edge has
little meaning because of the rarity of individuals of this height.
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Fig. 4.5. Distribution of (a) live and (b) dead sapling-sized trees in different tree height classes in the forest interior
and at the forest edge
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Fig. 4.6. Relative frequency of damage classes in sapling-sized trees of different height classes (a) in the forest interior
and (b) at the forest edge
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In addition to the live sapling-sized trees, nearly 3000 dead sapling-sized trees per ha occurred in
the interior; at the edge this number was c. 1000 individuals ha-1 (P=0.09; Table 4.2). While the
density of dead sapling-sized trees of 0.5 m height was the same in the interior and at the edge,
much more dead sapling-sized trees of 0.6-2.0 m height occurred in the interior than at the edge
(Fig. 4.5b).

4.3.2 Correlations between browsing damage in saplings and livestock density

The density of sapling-sized trees decreased with livestock density, with the densities of total
livestock (including goats, sheep, yaks, horses, camels) and goats alone yielding very similar
correlations with sapling density (Table 4.3; Fig. 4.7a,b). Sapling-sized trees at the forest edge
responded more sensitively to increasing livestock density than saplings in the forest interior (Fig.
4.7).
At the edge, sapling density followed an exponential decline with increasing livestock
density, whereas this decline was linear in the interior. For strongly damaged saplings (defoliation
>50 %) and dead sapling-sized trees, no significant correlation was found with livestock density in
the forest interior (Table 4.3; Fig. 4.7e, f). The densities of moderately to severely damaged
saplings (defoliation >25 %) and dead saplings were correlated with the livestock densities within
1 km radius from the investigated forests (Table 4.3). By contrast, the density of undamaged
seedlings decreased with livestock densities within 5 km radius, but not those within 1 km radius
from the plot (Table 4.3; Fig. 4.7a, b).
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Fig. 4.7. Densities of sapling-sized trees in the forest interior and at the forest edge as a function of livestock density:
(a) total of live saplings and total livestock within 1 km radius, (b) total of live saplings and goats within 1 km radius,
(c) undamaged saplings (0 % defoliation) and total livestock within 5 km radius, (d) saplings with 26-50 % defoliation
and total livestock within 1 km radius, (e) saplings with 76-99 % defoliation and total livestock within 1 km radius, (f)
dead saplings and total livestock within 1 km radius. Linear regression for forest-interior data and non-linear
regression (exponential decline) for forest-edge data; for r and P values see Table 3
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Table 4.3. Correlation between livestock densities within 1 or 5 km radius from the studied L. sibirica stands (forest
interior and edge) and the density of saplings (in trees ha -1) in browsing damage classes.

Damage classa
0%

L.b

T
G
1-25 %
T
G
26-50 %
T
G
51-75 %
T
G
76-99 %
T
G
Sum live saplings T
G
Dead saplings
T
G

Livestock within 1 kmc
Interior
Edge
-0.72 (0.05) 1.00 (<0.001)
-0.66 (0.08) 1.00 (<0.001)
-0.87 (0.01) 1.00 (<0.001)
-0.88 (0.01) 0.99 (<0.001)
1.00 (<0.001)
1.00 (<0.001)
1.00 (<0.001)
0.99 (<0.001)
-0.87 (0.01) 1.00 (<0.001)
-0.88 (0.01) 0.99 (<0.001)
0.94 (0.02)
0.87 (0.05)

Livestock within 5 km
Interior
Edge
-0.85 (0.02)
1.00 (<0.001)
-0.86 (0.02)
1.00 (<0.001)
-0.98 (<0.001) -0.98 (<0.001) -0.75 (0.05)
-0.73 (0.05)
-

a

Percentage of defoliation by browsing
Livestock density (in animals km-2) included in the regression models: T, total livestock (goats, sheep, yaks, horses,
camels); G, goats
c
Pearson correlation coefficients from linear regression for the forest interior and correlation coefficients from nonlinear regression with model for exponential decline [y=a+e(-c(x-b))] for forest-edge data; P values in brackets. Data for
P>0.10 are not shown
b

4.3.3 Recent seedling emergence and correlations with livestock density
In 2010, 46±17 1-yr old seedlings per m2 of L. sibirica were found in the forest interior and 64±19
1-yr old seedlings per m2 were found at the forest edge (P=0.11, U-test). In 2011, 9 % of these
individuals (5.5±1.3 seedlings m-2) in the interior and 12 % of the individuals (5.3±2.6 seedlings
m-2) at the edge were recovered as 2-yr old seedlings, when the same subplots were revisited. In
contrast to the sapling-sized trees, the density of the 1 and 2-yr old seedlings increased with
livestock density following a linear relationship (Fig. 4.8). The correlation coefficients for total
livestock density within 1 km radius from the sample plot (Fig. 4.8) were close to those for the
density of goats (1 yr: r=0.78, P=0.03; 2 yr: r=0.88, P=0.01). No relationship was found between
seedling density and livestock density within a radius of 5 km.
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Fig. 4.8. Densities of (a) 1-yr old and (b) 2-yr old L. sibirica seedlings in the forest interior and at the forest edge as a
function of total livestock density within 1 km radius. In contrast to the interior, significant linear correlations occur at
the edge: (a) r=0.76, P=0.04, (b) r=0.84, P=0.02

4.3.4 Soil seed bank
A total of 3464 seeds were counted in the 1 m  1 m subplots. Forty percent of them were
classified as not viable in the field, because they had empty seed capsules. Two percent of the
seeds had germinated, but seedling emergence had been unsuccessful. The remaining 58 % of the
seedlings looked intact and were taken to the growth chamber. The densities of viable looking
seeds in the field were 182±43 seeds m-2 in the forest interior and 154±51 seeds m-2 at the forest
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edge. At good climatic condition for L. sibirica germination, only 14 % of these seeds germinated.
Cutting the seeds which had not germinated in the growth chamber showed that these seeds, albeit
looking intact from outside, were empty and dry inside. Based on the germination success in the
laboratory, the density of viable seeds in the field is roughly estimated to be 26 seed m -2 in the
interior and 22 seeds m-2 at the edge.

4.4 Discussion

Rich regeneration of L. sibirica until present in the interior and the presence of viable seeds in soils
in the interior and the edges of the forests of the Mongolian Altai show that tree establishment is
not limited by recent changes in climate. Together with the finding that tree-ring width has
increased with increasing temperatures in the high elevation forests of the Mongolian Altai
(D'Arrigo et al., 2000; Dulamsuren et al., 2013a), this result attests the forests of this region a
promising perspective in terms of the climatic growth conditions. Thereby, the forests of the
Mongolian Altai differ from many other, but not all, L. sibirica forests at the southern fringe of the
Eurosiberian boreal forest, where rising temperatures have deteriorated tree water relations and
have reduced rejuvenation (Dulamsuren et al., 2010, 2013b).
The favorable climatic conditions for the regeneration of L. sibirica in the Mongolian Altai
are counteracted by the high local livestock densities around the small forest patches of this area.
Exponential decline of sapling density with increasing livestock density at the forest edges and
linear decline in the forest interiors shows that the livestock, which mainly grazes the steppe and
the forest edges, but also regularly penetrates inside the forests (Hauck and Lkhagvadorj, 2013;
Lkhagvadorj et al., 2013a), has a strong potential to inhibit forest regeneration. The failure of tree
establishment at the forest edge after the 1970s is an indicator of apparently increased local
livestock densities. The small variation of damage severity across sapling height classes suggests
that saplings do not fully recover from damage through livestock browsing with age. This
conclusion agrees with the results of our wood-anatomical studies, where decades-old open
injuries were found in the tree stems. Stem injuries and defoliation, which result in reduced wood
production and the frequent occurrence of narrow rings, are likely to be a key factor that has
prevented many small tree individuals for decades from growing out of sapling size (Brander et al.,
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1990). However, livestock is certainly only one cause for the suppressed growth of many
individuals of L. sibirica. Suppression and finally the death of trees as the consequence of an
unfavorable carbon balance is also the natural consequence of competition for light, water and
other resources in forests without systematic silvicultural thinning (Kubota and Hara, 1996; Wright
et al., 2000; Duchesneau et al., 2001). Intraspecific competition clearly played a role in the forest
interior, where the density of highly damaged and dead sapling-sized trees was decoupled from
livestock density. By contrast, there were close negative correlations between livestock density and
sapling densities of all damage classes at the forest edge, where the competition between trees for
light and water is less and livestock densities are higher. The decrease even of the density of dead
sapling-sized trees with increasing livestock density reflects the strong control of livestock density
on the density of live sapling-sized trees.
Remarkably, seedling density responds to livestock density in right the opposite way than
sapling density does. The increase of seedling density with increasing livestock density at the
forest edge suggests that tree establishment is inhibited here in the seedling stage by competition
from the ground vegetation (Castro et al., 2002). This conclusion agrees with the fact that the
promoting effect of fire on the regeneration of L. sibirica and L. gmelinii forests in Siberia is
primarily due to the creation of free space for the seedlings as the consequence of the combustion
of parts of the ground vegetation and organic matter (Matveev and Usoltzev, 1996). The beneficial
effect of livestock grazing on seedlings at the forest edges of the Mongolian Altai suggests that L.
sibirica in the seedling state is apparently not a preferred diet of the livestock, as otherwise the
promotional effect of grazing should be neutralized by the consumption of seedlings by the
livestock.
The very similar correlations of seedling and sapling densities, on the one hand, with total
livestock and goat densities, on the other hand, suggest that goats are mainly responsible for the
livestock effect on forest regeneration. This is consistent with both our field observations and the
known aptitude of goats to consume woody plants (Sankey et al., 2006). The dominant influence
of goats even on seedling density can be explained with the fact that their interest in woody plants
drives them more often than other species of livestock to the forest edge (Lkhagvadorj et al.,
2013a) and that the seedlings might also benefit from the removal of larch sapling-sized trees.
Unfortunately, goats are economically more important than all other species of livestock in the
Mongolian forest-steppe, because they produce cashmere which is much in demand on the world
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market (Lecraw et al., 2005). In our study area in the Mongolian Altai, the pastoralists earn 70 %
of their cash income from livestock husbandry from the sale of cashmere (Lkhagvadorj et al.,
2013a). Owing to its economic importance, the number of goats in Mongolia has tripled between
1990 and 2011 (Lkhagvadorj et al., 2013b). This increase in goats explains the strong increase in
the frequency of wedging rings (resulting from injuries of the stem) and reaction wood (resulting
from tree deformations due to trampling and feeding) in the sapling-sized trees after 1990. Wild
herbivores, like deer, have become very rare in the forest-steppe of the Mongolian Altai and are
unlikely to play a significant role in the damage observed in the young larch trees.

4.5 Conclusions

Climate is presently not the key factor limiting the regeneration of L. sibirica forests in the
Mongolian Altai. Rather, livestock browsing, especially of goats, owned by local pastoralists,
reduces forest regeneration. This influence is stronger at the forest edges, where since the late
1970s no larch individuals have established and grown beyond seedling size. The apparent
promotion of larch seedlings by livestock through the reduction of competition by the vegetation
suggests that seedling survival and perhaps also emergence is decisively reduced by competition at
the forest edges to the grasslands. However, since the promotion of seedlings is followed by
feeding damage in the sapling stage, this beneficial effect of livestock grazing in the earliest stage
of tree establishment is more of scientific than practical interest. High livestock densities, reduced
mobility of the local pastoralists (Lkhagvadorj et al., 2013a) and sharply increased logging
activities during the past 20 years (Dulamsuren et al., 2013a) raise concern on the future of the
forests in the Mongolian Altai, which have established in this region c. 10700 years ago (Rudaya et
al., 2008).
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Synthesis
The previous chapters described the tree growth responses to climate change and stand structure
including regeneration under numerous land use activity of Siberian larch (Larix sibirica L.) in
forest- steppe ecotone of northern Mongolia. While, the forest-steppe landscapes are generally
not only formed by the semiarid, strongly continental climate, but are also the result of the longlasting pastoral land use, which affects both grasslands and
Climate of the research sites are characterized by an increased annual mean temperature
of 1.9°C at constant annual precipitation in Mt. Bogd Uul since, 1965 (chapter 2), and the same
climate trend substantiated an increase of temperature by 2.1°C at constant precipitation in Altai
Mountains (chapter 3 and 4). Thus, increase in aridity in both areas occurred, and it agrees with
observed strong drying trend in northern hemisphere, since mid-1950, affecting Mongolia (Dai et
al., 2004; Batima et al., 2005).
Field research was conducted in high altitude (2300 m a.s.l.) Altai Mountains, that is
subject to intensive land use activity, particularly selective logging and livestock grazing in
forested area. By contrast another research area Mt.Bogd Uul (1800 m a.s.l.), is one of the oldest
protected area from direct human activity, and is well preserved.
The following chapter sections integrate the information from our studies and put to wider
context of climate change and numerous land use influences for forest management in local and
regional level as well as forest-steppe ecology research in Mongolia.

5.1 Climate responses of tree-ring width and wood anomalies in larch forest

Numerous studies have investigated effects of climate factors on tree-ring width from larch
forest growing in forest-steppe ecotone of northern Mongolia (Dulamsuren et al., 2010a.b, 2011;
De Grandpré et al., 2011). However, assumptions regarding the consistency of tree-temperature
sensitivities have been challenged by findings that detail diverging signals and climate trends
within regions (D’Arrigo et al., 2008; Dulamsuren et al., 2010a) and indirect relationships.
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Given this background, we investigated climate responses of increasingly isolated mosaic
larch forest in Altai Mountains, which was not systematically studied before and Mt. Bogd Uul,
which is the southernmost forest in the Khentei province.
In Altai Mountains, climate-response analysis revealed that radial stem increment was promoted
by the temperature in early summer, but also high precipitation in spring and in the year before
tree-ring formation. Therefore, trees benefit from the increased temperatures. While Altai
Mountains are a cold, high-elevation environment with a subzero annual mean temperature, the
increase in temperature has promoted the growth of the Siberian larch trees.
Our study from Mt. Bogd Uul shows that increased summer drought is the key factor
which has already reduced radial stem growth of L. sibirica in the past decades. While, tree-ring
width increased with increasing summer precipitation during current and previous year. This
findings support the observed growth reductions dependent on the recent drought stress in
Mongolia (Jacoby et al., 1999; Dulamsuren et al., 2010b.c; De Grandpré et al., 2011).
The most significant change in wood anatomy was the decline of wide latewood, which is
attributable to the increase of summer days with a mean temperature >15 °C and drought
periods. Increasing summer drought is also thought to have caused the repeated occurrence of
missing rings since the 1960s, which were not observed in the late 19th and early 20th century.
The threat of climate change poses the risk that many stands and landscapes may become
unhealthy because they are no longer adapted to the climate and the associated disturbance
regimes (Kimmins, 2004).

5.2 Influences of logging and livestock grazing on larch forest regeneration
The Mongolian Altai is not only experiencing an increase of annual mean temperature but is also
under the influence of long-lasting pastoral land use, which affects both grasslands and forests.
During recent decades, research area has been subjected to intensive livestock grazing and
selective logging by local nomadic herders (Lhagvadorj et al., 2013).
A tree-ring series-based reconstruction of logging intensity since 1935 suggests that
moderate selective logging occurred throughout the study period. However, selective logging
was strongly intensified after 1990. Tree stump densities showed that the ratio of felled to live
trees was 2 : 1 in the interior or even 0.9 : 1 at the edges of the forests and most logging occurred
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during the past 20 years. A close correlation of the ratio of felled to live trees with the density of
summer camps of pastoral nomads in the vicinity suggests that trees are primarily felled by the
local people.
Forest regeneration occurred throughout the 20th and the early 21st centuries in the forest
interiors, but ceased after the late 1970s at forest edges. Remarkably, most of larch saplings had
visible damage from livestock browsing and their density decreased with livestock density
following a linear slope in the interior and an exponential decline at the edge. In addition,
beneficial effect of livestock grazing on seedlings along the forest edge were described, however
it surely was not result of a direct effect of grazing, instead was result of inhibited competition
from vegetation as well as seedlings state which is apparently not a preferred diet of the
livestock.
Near-consistency of the correlations of total livestock and goat densities with sapling and
seedling densities suggests that the control of larch regeneration is mostly exerted by goats,
which is main income source from livestock husbandry to local herders. It accompanied those
high livestock densities, reduced mobility of the local pastoralists after 1990 in Altai Mountains.
These findings support the results of an abrupt decline of larch forest establishment, which
coincide with locally increased grazing pressure during the 20th century in northern Mongolia
(Sankey et al., 2006). Additionally, the present practice of unplanned selective logging by the
local population of pastoral nomads will lead to a decline of forest area in the Mongolian Altai in
the near future (Lkhagvadorj et al., 2013).
One thing about the present warming, that differs from conditions during the repeated
abandonment and reoccupation of Canada, northern US, and northern Eurasia is that human land
use covers much of the surface needed for plant migration and establishment. Even, if today´s
conifers are capable of establishing new populations by northward dispersal of propagules
generation after generation, there may be few available places for the seeds to germinate
(Eckenwalder, 2009).
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5.3 Concluding remarks.

The present work gave detailed regional information on climate and land use responses
presumably drought-affected Siberian larch (Larix sibirica L.) forests in forest steppe ecotone in
Mongolia. The analysis of the present situation of the forests in Mongolia is a precondition for
the discussion of potential future responses to a warming climate including intensive forest
utililization.
The results revealed strong negative consequences for the forest-steppe ecotone in the
Mt. Bogd Uul due to increasing aridity. By contrast, in the Altai Mountain the increasing
temperature has promoted the growth of the Siberian larch trees, but stand dynamics is
increasingly affected and regeneration hampered due to unplanned intensive forest utilization.
A retreat of the forest borderline in the future is very likely. As per Mongolia, the reduction of
the forested area would have strong negative impact on biodiversity and options for land use, as
the country has already subjected to limited forest resources. Moreover, it will have far reaching
socio-economic consequences as the country is forested very sparse and locals strongly depend
on the forests as natural resources.
Further investigations should include the experimental research, using enclosure from
intensive grazing pressure on forest natural regeneration, including seed germination, seedling
survival rate, and saplings annual growth and survival rate in larch forest. A comparison of the
conditions at enclosure and open area would provide additional information on the present
situation of grazing pressure, like everywhere in Mongolia, and the probable future development
of larch forest. In addition, investigations partly focusing on larch forest annual seed production
frequency (seed rain years) and seed germination condition may be included for further research.
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