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Abstract

Key message Selective logging affects climate sensitivity

of Larix sibirica in the Mongolian forest–steppe medi-

ated by changes in age and stand structure.

Abstract Climate warming increasingly limits the produc-

tivity of boreal forests via increased drought stress, espe-

cially at the southern fringe of the biome. The

southernmost boreal forests are exposed to more intensive

human disturbance than most forests at more northern

latitudes. We asked the question of how forest use through

logging and moderate forest grazing interferes with the

climate response of the annual radial stem increment. We

conducted a case study in Larix sibirica stands of the

Mongolian forest–steppe involving two neighboring forest

regions (20 km distance) differing in logging and grazing

intensity. One site was subjected to heavy logging until

25 years ago and low intensity of livestock grazing;

another site was exposed to moderate selective logging and

higher, but still moderate livestock numbers. While the

differences in grazing had no detectable effect, former

heavy logging led to younger and more even-aged forest

stands. Forests at both sites showed recent increases in

missing-ring frequency, which probably indicated

increased drought vulnerability. Climate-response analysis

indicated that heavy logging 25 years ago was associated

with high sensitivity of stemwood formation to high sum-

mer (especially June) temperatures. These findings suggest

that: (1) recent logging under the conditions of climate

warming has increased the sensitivity of tree growth to

temperature in these southern boreal forests; (2) high

replication at the stand level is needed to avoid bias in

dendrochronological analyses in regions exposed to spa-

tially heterogeneous logging intensities.

Keywords Boreal forest � Forest management � Climate

response � Global warming � Drought limitation � Tree-ring

analysis

Introduction

The boreal forest region differs from other forest biomes of

the Northern Hemisphere by its cold climate and the lim-

ited amount of conversion of forest into agricultural land.

During the short growing season, the productivity of boreal

forests is usually limited directly by low summer temper-

atures, or indirectly via nutrient shortage due to slow

organic matter decomposition (Jarvis and Linder 2000).

Only recently, parts of the boreal forest turned from tem-

perature and nitrogen limitation to water limitation as a
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result of climate warming-induced drought (Buermann

et al. 2014). The forest–steppes at the continental southern

margins of the boreal forest in Inner Asia and at the

northern fringe of the Great Plains in North America differ

from most of the central boreal forest belt insofar that

drought has always been a key factor limiting tree growth

(Gunin et al. 1999; Huang et al. 2010). Moreover, the

forest–steppe located at the northern fringe of the temper-

ate grassland belt has a long tradition of human land use,

mainly by mobile and sedentary pastoralists in Inner Asia

(Outram et al. 2009) and a shorter history of livestock

management in North America (Johnston 1970). Tradi-

tional forest use in the forest–steppe ecotone is usually not

stand-replacing, as is modern forestry in most of the central

boreal forest belt (Östlund et al. 1997; Hansen et al. 2013).

Rather, timber harvest is dominated by haphazard selective

logging, a practice that is continued in large parts of Inner

Asia (Lkhagvadorj et al. 2013a; Dulamsuren et al. 2014).

Fire is an additional important factor that affects forest

stand dynamics and increases in significance due to rising

temperatures and increased human activities (Park et al.

2009; Hessl et al. 2012).

Woodlands at the southern edge of the boreal forest belt

have recently attracted increased attention in both Eurasia

(Dulamsuren et al. 2013; Liu et al. 2013) and North

America (Michaelian et al. 2011; Peng et al. 2011). This is

because global warming-related drought has progressively

reduced forest productivity and tree regeneration and is the

cause of elevated tree mortality in the majority of studied

places. Nonetheless, even within the southernmost fringe of

the boreal forest, contrasting examples have also been

found where forests perform increasingly better due to

climate warming, since temperature and not water is lim-

iting at high elevation (D’Arrigo et al. 2000; Chen et al.

2012) or due to local increases in precipitation (Dulam-

suren et al. 2010; Peng et al. 2011). The climatically

induced spatial variation in trends of forest productivity,

regeneration and tree mortality is additionally complicated

by changes in the stand structure due to logging and forest

grazing. These types of land use affect the competition for

light, water and nutrients between trees by reducing stand

density (Dulamsuren et al. 2014) and influencing the heat

transfer to the soil and thus trigger the melt of permafrost

(Park et al. 2009). Furthermore, reduced competition by the

ground vegetation as a result of high grazing pressure was

found to facilitate seedling establishment. However, live-

stock grazing suppresses sapling growth and increases the

saplings’ mortality due to mechanical damage and feeding

(Khishigjargal et al. 2013).

Tree-ring studies analyzing the climate response of

annual stemwood formation seek to eliminate as much of

the non-climatic variation from the tree-ring signal as

possible to identify the climatic key effectors for the trees’

productivity and to use this information for climate

reconstruction (Briffa et al. 1996; Briffa 1999). While this

practice is mandatory for the study of variations in climate,

it reduces the options for analyzing the effects of external

disturbances, including land use. We were interested in the

combined effect of climate, selective logging and forest

grazing on the age structure and stem increment of forests

in the forest–steppe ecotone and thus used a combined

approach with filtered and unfiltered tree-ring data.

Therefore, we carried out a case study in the Mongolian

forest–steppe ecotone at the southern edge of the Eurosi-

berian boreal forest to investigate the variability of age

structure, stem increment, and tree mortality at a small

spatial scale of some 20 km in stands of the same tree

species with known differences in land use history. At two

locations, stands of Larix sibirica forest were studied with

replicate plots differing in (1) the logging intensity until

Mongolia’s transition from planned to market economy in

1990, and (2) past and present density of livestock. The

first site (site A) was exposed to higher logging intensity

until 1990 as well as to lower past and present grazing

pressure by livestock than the second site (site B; Table 1).

At both sites, we distinguished plots at the lower forest

border adjacent to steppe grassland from plots in the forest

interior, since the forest edge is usually exposed to higher

intensities of selective logging and livestock grazing

(Khishigjargal et al. 2013; Lkhagvadorj et al. 2013a, b;

Dulamsuren et al. 2014). With our study, we tested the

hypotheses that (1) trees at the more heavily logged site A

are less evenly distributed across age classes than trees at

site B, (2) mean sensitivity of tree-ring series to climate is

higher at the less severely logged and thus less disturbed

site B, (3) stem increment at both sites is significantly

limited by summer drought, and (4) trees at both sites

exhibit increasing missing-ring frequency since the late

twentieth century. A major objective of these investigations

was to analyze how severely spatial heterogeneity in land

use practices interferes with the climate response of forest

productivity and forest health. As another outcome of our

study, we expected information on how strongly low

replication on the stand level might bias the conclusions

drawn from dendrochronological climate-response studies

in the forest–steppe ecotone.

Materials and methods

Study area

Our study was carried out at the southern fringe of the

Eurosiberian boreal forest in the forest–steppe of north-

western Mongolia, ca. 630 km west of Ulan Bator and

550 km southwest of Lake Baikal. Mongolia’s forest–
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steppe is strongly dominated by Siberian larch (Larix

sibirica Ledeb.); the species covers 75–80% of Mongolia’s

boreal forest (Tsogtbaatar 2004; MNE 2012). The study

was conducted in the northern Khangai Mountains, a large

mountain range of central and western Mongolia, which

represents a large proportion of Mongolia’s forest–steppe

landscape. The landscape is typically a vegetation mosaic

of forests on north-facing slopes and grasslands on south-

facing slopes and in dry valleys. The grasslands are home

to pastoral nomad families that hold mixed flocks of live-

stock, including goats and sheep (most animals), cattle,

yak, horses, and occasionally camels (Lkhagvadorj et al.

2013b). This livestock is not herded much and browses the

forest, particularly forest edges, in addition to the grass-

land. Grazing intensity can considerably vary with the

spatial distribution of nomad camps and water access,

which thus differentially affects biodiversity (Hauck and

Lkhagvadorj 2013; Hauck et al. 2014) and forest regener-

ation (Khishigjargal et al. 2013).

The climate in the Mongolian forest–steppe is highly

continental and is imprinted by the stable Siberian High

Pressure Cell in the cold winter and warm, short summers.

The maximum annual precipitation of roughly

200–300 mm in most forest–steppe regions is mostly

delivered in summer. The dominant bedrock type in the

study region is siliceous rock, including granite and

metamorphic rock (e.g., schist). The prevailing forest soils

are Cambisols and Leptosols. The study area is located in

the zone of discontinuous permafrost (Sharkhuu and

Sharkhuu 2012).

Study sites and sample plot selection

The study sites were located in the Zavkhan province of

Mongolia ca. 70–90 km southwest of the city of

Tosontsengel (48�450N, 98�160E, 1700 m a.s.l.) at the

border of the Tosontsengel and Ider administrative subunits

of the Zavkhan province. Site A was located at

48�29–310N, 97�52–540E with plots distributed over an

area of ca. 5 km2, whereas plots at site B were located at

48�20–220N, 97�41–470E and were distributed over an area

of ca. 10 km2 (Fig. S2; Table 1). The mean elevation of

sample plots at site A (2026 m a.s.l., range 1975–2109 m

a.s.l.) was 60 m higher than at site B (1966 m a.s.l., range

1917–2027 m a.s.l.). Climatically, the 60-m altitudinal

distance implies a mean annual temperature 0.4 �C lower

at site A if a temperature lapse rate of 6.5 �C km-1 is

assumed. Site A was exposed to high logging intensity

(selective logging and clear-cuts) due to a saw mill in

Tosontsengel which operated until 1990 and was then

abandoned as a result of the transformation of Mongolia’s

economy from planned to market economy. Afterward, site

A was subjected to unplanned occasional selective logging

by the local population, as was site B before and after 1990.

Site A was traditionally exposed to lower livestock grazing

pressure than site B, because site B is located within a

settlement area of pastoral nomads. There are no system-

atic differences in the fire regime of the two sites; variation

in fire history in the Mongolian forest–steppe is usually on

a small spatial scale due to the widespread logging and

grazing influence and the isolated character of forest

fragments (Hessl et al. 2012). Potential local variation in

the fire history is overcome by high replication in our

study.

A total of 17 plots per site or 34 plots for the entire study

were investigated. Eleven replicate plots were selected in

the forest interior at each site. Six of the 11 interior plots

were randomly selected for establishing six additional

neighboring plots occupying the forest edge position

(Fig. S1 in the Electronic Supplementary Material). The

plot size was 20 m 9 20 m. All data on the age and stand

structure provided in the paper refer only to the forest

stands where both forest interior and forest edge plots were

selected to allow direct comparison between habitats. On

these 24 plots (6 plots in the forest interior and 6 plots in

the forest edge per site), a total of 729 L. sibirica trees was

sampled. Plots in the forest interior were located 50–100 m

behind the forest line; plots at the forest edge had the outer

limit at the mostly sharp lower (not temperature driven)

forest line at the border to steppe grassland. Each plot (or

interior–edge plot pair, respectively) was located in a

separate forest. Forests were selected using the rather

Table 1 General characteristics of study sites A and B in the Khangai Mountains, near Tosontsengel, Mongolia

Site A Site B

Logging intensity High intensity until 1990 (selective logging and clear-cuts)

Low-intensity selective logging after 1990

Low-intensity selective logging until and after 1990

Livestock grazing Low Moderate

Latitude 48�29–310N 48�20–220N

Longitude 97�52–540E 97�41–470E

Elevation (m a.s.l.) 1975–2109 1917–2027
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regular distribution of forest and grassland in the Mongo-

lian forest–steppe with the forests occurring as isolated

patches on north-facing slopes. This way, neighboring

forests were selected within each site (Fig. S1). Plot loca-

tion within a forest was selected randomly. As an exception

from random selection, moist depressions were avoided,

because they differ in tree growth characteristics from

well-drained slopes.

Climate data

Air temperature and precipitation data were available from

two manual weather stations run by Mongolia’s meteoro-

logical agency. The weather station Ider (48�130N,

97�220E) is located ca. 30 km (site B) to 50 km (site A)

southwest of our sample plots, whereas the weather station

Tosontsengel is located ca. 80 km northeast of our plots.

The Ider station is thus closer to our plots, but the weather

station in Tosontsengel had a better data quality. Weather

data in Tosontsengel cover the period from 1964 (precip-

itation: 1968) to 2012, whereas data from Ider were

available from 1973 to 2010. In Tosontsengel, weather

recording was disrupted in 1971 causing 2.9% of missing

values in the data set. The quality of the data set in Ider was

much worse with 11.8 and 12.3% of missing values in the

temperature and precipitation data, respectively. While

missing temperature data for Ider could be reconstructed

with the data from Tosontsengel using linear regression for

monthly mean values (r = 0.67–0.92, P\ 0.001), this was

not possible for precipitation. We therefore used the data

from Tosontsengel for the analysis of the climate response

of tree-ring width. Mean annual, July, and January tem-

peratures in Tosontsengel were -5.8, 14.8, and -31.2 �C,

respectively, and mean annual precipitation was 224 mm.

The less reliable data from Ider suggested somewhat lower

precipitation and higher temperatures, especially in winter.

Field and laboratory work for tree-ring analysis

Fieldwork was carried out in August 2012. On the 34 plots,

which were all monospecific stands of L. sibirica, all trees

(ca. 1000 individuals) with a stem diameter (at 1.3 m

height) of C3 cm were included in wood-core sampling for

tree-ring analysis. In addition to these samples from the

20 m 9 20 m plots, living old trees located outside the

plots were sampled as reference samples to establish long

tree-ring chronologies. A total of 140 such trees were

additionally sampled; data from these trees were not

included in the analysis of age and stand structure. All

cores were collected with a 5-mm increment borer (inner

diameter). The cores were taken at 1.3 m above the ground

in a direction parallel to the contour lines of the mountain

slopes to avoid compression wood. Additional data, such as

trunk circumference, density of branches, dominance

(dominant, subdominant and suppressed), and fire traces,

were recorded in the field.

The wood cores were mounted on wooden strips and the

top of the core was shaved off with a microtome blade to

make the growth rings visible; the contrast between annual

tree rings was enhanced by dusting the surface with chalk

dust. The tree-ring width was measured with a precision of

10 lm on a movable object table (Lintab 5, Rinntech,

Heidelberg, Germany), the movements of which are elec-

tronically transmitted to a computer system equipped with

Time Series Analysis and Presentation (TSAP)-Win soft-

ware (Rinntech).

Evaluation of tree-ring data

The TSAP-Win software was also used for the evaluation

of the tree-ring data. Trees were categorized into four age

classes including ‘very old trees’ ([160 years), ‘old trees’

(101–160 years), ‘middle-aged trees’ (61–100 years), and

‘young trees’ (B60 years). Age specifications represent the

age of the cambium at 1.3 m above the ground. Tree age is

higher than cambial age at 1.3 m, since the tree needs

several years to reach that height. Based on the experience

from other studies, tree age can be roughly estimated by

adding 10 years to the cambial age (Körner et al. 2005;

Sankey et al. 2006). The age of the very old trees ([160

cambial years) is partly underestimated by our method

because in 4.6% of these trees the pith was rotten in the

center and the relevant wood cores were thus incomplete.

Nevertheless, we kept these very old trees in our analysis,

because this inaccuracy did not affect any of our

conclusions.

The tree-ring series were controlled for missing and

unrecognized false rings during cross-dating. Trees with

similar growth trends were pooled separately into groups

for calculating the mean values of annual increment.

Merging of tree-ring series to a chronology was based on

the coefficient of agreement [‘Gleichläufigkeit’ (GL),

Eckstein and 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. Cal-

culation of mean values was considered to be permitted for

series with GL[ 65% (P B 0.05) and t[ 3; with this

approach, ca. 95% of the individual tree-ring series could

be incorporated in mean curves for annual stem increment.

Trend lines were calculated using 5-year moving averages.

Tree-ring series were representative of the studied

stands as shown by the calculation of the expressed pop-

ulation 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 individual plots exceeded

1976 Trees (2017) 31:1973–1986
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the 0.85 threshold in all cases; in most forest edge plots,

however, this threshold was not reached before the late

twentieth century (Table S1).

Original tree-ring series were standardized to extract the

climate information and to remove the age-related trend in

the data, which is the result of declining productivity at

high tree age and the mere geometrical fact that, with

increasing stem diameter, the wood is distributed over a

larger circumference and thus leads to thinner tree rings

(Fritts 1976; Cook 1985; Bräuning 1999). Standardization

was achieved by calculating the annual tree-ring index (zi)

of year i, which was derived from the equation zi = wi/mi,

where wi is observed tree-ring width and mi is the moving

5-year average of year i (Dulamsuren et al. 2010). The

large sample size in our study reduced the effect of stand-

internal disturbances (e.g., the natural death of a neigh-

boring tree) and stand-external disturbances (e.g., insect

infestations, fire) or the influence of small-scale variation

of site parameters on the tree-ring index.

The relationships between the annual tree-ring index and

climate parameters (i.e., monthly mean temperature and

monthly precipitation in the year of and prior to tree-ring

formation) were analyzed separately for the different age

classes using multiple regression analysis and including the

complete period covered by the weather data record at the

weather station in Tosontsengel. Multiple regression anal-

ysis was computed with SAS 9.4 software (SAS Institute

Inc., Cary, North Carolina, USA). Standardized b coeffi-

cients were used to quantify the effect of temperature and

precipitation in individual months in the climate-response

analysis. Climate-response analysis was restricted to the

tree-ring series of such forest stands where pairs of plots

from the forest interior and forest edge were available

(N = 6) to enable direct comparison between these

habitats.

To detect long-term (low-frequency) trends in annual

radial stem increment as caused, for instance, by long-term

changes in climate, regional growth curves (RGC) were

established. In an RGC, the original (non-standardized)

annual stem increment is related to tree age instead of the

calendar year (Sarris et al. 2007; Dulamsuren et al. 2010).

This procedure removes the inter-annual (high-frequency)

variation in annual stem increment, but keeps the low-

frequency variability, including the age-related trend.

Changes in long-term site conditions that control the

annual wood production can be inferred from the RGCs

from different tree age classes by comparing the increment

at the same cambial age. Comparing data from the same

cambial age allows detecting long-term trends not related

to tree age. The RGCs were only calculated for the two age

classes that were occupied by most of the sample trees, i.e.,

old and middle-aged trees. Only subdominant trees were

integrated in the RGCs, as dominant trees usually have

better access to water than other trees. Suppressed trees

were excluded, because their productivity is strongly

affected by competition for light with other trees.

Mean sensitivity and autocorrelation coefficients (Fritts

1976) were calculated with TSAP-Win from raw increment

data over the whole lifespan of each sample tree. Mean

sensitivity is a measure for the inter-annual variation of

tree-ring width and thus the putative influence of climate,

which is usually the most strongly varying influential

parameter between consecutive years; mean sensitivity is

calculated as the difference in the tree-ring width of con-

secutive years divided by the mean tree-ring width of the

2 years. The first-order autocorrelation coefficient quanti-

fies the dependence of tree-ring width on the stem incre-

ment in the previous year; first-order autocorrelation is the

strength of the linear correlation of the tree-ring width in a

given year with the tree-ring width in the previous year

calculated for all consecutive years of a tree-ring series.

High mean sensitivity in combination with low first-order

autocorrelation coefficients is an indication of a large

influence of short-term climatic variability on stemwood

formation.

Statistics

Arithmetic means ± standard errors are presented

throughout the paper. Data were tested for normality with

the Shapiro–Wilk test. Pairwise differences (of non-nor-

mally distributed data) were tested for significance with

Mann–Whitney’s U test. Multiple comparisons were done

using Duncan’s multiple range test. Two-way analysis of

variance (ANOVA) was calculated to quantify the effect of

site location and habitat and the interaction between these

parameters on age and stand structure. Degrees of freedom

(df) for multiple tests are specified for model and error

(dfmodel,error). All statistical tests were computed with SAS

9.4 software.

Results

Temperature and precipitation trends

The mean annual temperature at the Tosontsengel weather

station has increased by 2.4 or 0.50 �C decade-1 from 1964

to 2012 (Fig. 1a). In contrast to the mean annual temper-

ature, the mean annual precipitation has remained

unchanged since the 1960s (Fig. 1b). Significant increases

in temperature occurred in all months except for December

and January (Fig. 1c). The increases in monthly mean

temperatures from February to November had slopes of

similar magnitude. However, the temperature trends in the

recent decades were of higher significance from July to

Trees (2017) 31:1973–1986 1977
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September (P B 0.001) than in the rest of the year and

most pronounced in July (r = 0.60), which is the warmest

month of the year. As with mean annual precipitation, most

months did not show any significant trend for change in the

amount of precipitation over time (Fig. 1d). Only in May,

at the start of the growing season, precipitation showed a

significant increase (r = 0.32, P = 0.01). This increase

was partly compensated by a weak insignificant trend for

decreasing precipitation in autumn, thus explaining the

constant mean annual precipitation (Fig. 1b).

The qualitatively less reliable data from the weather

station Ider showed an increase in temperature by 2.1 or

0.57 �C decade-1 from 1973 to 2010 (data not shown). For

monthly mean temperatures, significant increases

(P B 0.05) occurred from March to May and July to

November. As in Tosontsengel, the most significant tem-

perature trend over time was found for July (r = 0.70,

P\ 0.001). The mean annual precipitation remained con-

stant from 1973 to 2010 (not shown). In the individual

months, there were significant increases in precipitation in

May (r = 0.48, P = 0.002) and from December to

February (r = 0.40–0.56; P B 0.005). These increases

were associated with weak insignificant trends for declin-

ing precipitation from June to September and in April.

Age and stand structure of the Larix sibirica forests

Both the location (site A vs. B) and the habitat (forest

interior vs. edge) controlled the age structure, but not the

stand structure (in terms of basal area and stand density) of

the investigated larch forests (Table 2). Two-way ANOVA

revealed a significant effect of the location on the per-

centage of the trees on a plot occurring in the individual

age classes. The habitat had a significant effect on the

relative abundance of very old and middle-aged trees.

Middle-aged trees represented the largest group of all

sample trees (58%, 421 out of 729 trees), followed by old

trees (28%), very old (8%) and young trees (6%). In the

forest interior, very old trees were overrepresented and

middle-aged trees underrepresented at site B compared to

site A (Fig. 2). Furthermore, old trees showed an

insignificant trend for higher relative abundance at site B.

At the forest edges, the relative abundance of middle-aged

trees was higher at site A than site B, whereas there was an
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Fig. 1 Climate trends in

Tosontsengel (48�450N,

98�160E, 1700 m a.s.l.),

northwestern Mongolia:

a increase in mean annual

temperature (y = 0.05x -

104.55, r = 0.54, P B 0.001),

b mean annual precipitation (no

linear trend) and c, d trends for

monthly, c mean temperature

and d precipitation
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insignificant trend in the opposite direction for old trees.

Very old trees were very rare at forest edges of either

location. Young trees were completely absent in site A, but

contributed 10% (forest interior) and 17% (forest edge) to

the total tree population at site B. This difference between

sites was detected as being significant in the two-way

ANOVA (Table 2), but not in the subsequent Duncan’s

multiple range test (Fig. 2).

In terms of absolute numbers, most larch trees forming

the interior forest stands at site B have established

throughout the complete nineteenth and twentieth centuries

(Fig. 3b). Most trees growing at the more heavily logged

site A were established in the early twentieth century

(Fig. 3a); tree establishment also occurred throughout the

nineteenth century, but the number of tree individuals left

from that time in today’s forest stands at site A was small.

At the forest edges, most trees were established during the

first half of the twentieth century at both sites A and B

(Fig. 3c, d). At site B, some trees established earlier in the

second half of the nineteenth century, whereas trees that

germinated during the nineteenth century were virtually

absent from site A. Trees that established before the

nineteenth century are not included in Fig. 3, but occurred

at both sites (a total of 8 trees in A and 2 trees in B). The

oldest trees at sites A and B had a cambial age of at least

286 and 407 years, respectively.

Plot-wise mean and maximum ages were more strongly

influenced by the habitat than by the location (Tables 1, 2).

Trees tended to be younger at the edges than in the interior

of the forests, though this difference was only significant

for mean age at site B in Duncan’s multiple range test.

There was also a tendency for greater tree age at site B than

A, but this trend was only significant for the mean age of

trees growing in the forest interior.

Stand basal area and stand density did not differ between

sites A and B or between forest interior and forest edge

according to the results of both two-way ANOVA

(Table 2) and Duncan’s multiple range test (Table 3).

However, there were tendencies toward higher values for

both parameters at site A compared to site B and in the

forest interior compared to the forest edge.

Climate response of the tree-ring index

Climate-response analysis refers to the last part of our tree-

ring chronologies since 1964, in an interval of the

chronologies with high sample numbers (Fig. 4). Mean

sensitivity was higher and first-order autocorrelation was

lower at the less intensely logged site B than at site A

(Table 4). Trees from the forest interior that were more

than 100 years old had a tendency to be less sensitive than

other trees. Climate-response analysis revealed a trend to-

ward weaker correlation of the tree-ring index with

monthly mean temperatures and precipitation from middle-

Table 2 Results of two-way

ANOVA (dfmodel,error = 3, 20)

analyzing the effect of location

(site A vs. B) and habitat (forest

interior vs. edge) on the percent

of tree individuals in age classes

as well as on mean and

maximum tree ages, basal area

and stand density

Total Location Habitat Loc. 9 Hab.

R2 F P F P F P F P

Cambial age

[160 years 0.55 8.2 \0.001 4.2 0.05 14.8 0.001 5.5 0.03

101 - 160 years 0.28 2.6 0.08 5.2 0.03 2.5 0.13 0.0 1.00

61 - 100 years 0.60 10.0 \0.001 19.9 \0.001 13.4 0.002 1.5 0.23

B60 year 0.20 1.7 0.20 5.0 0.04 0.0 0.89 0.0 0.89

Mean age 0.47 6.0 0.005 2.9 0.10 13.4 0.002 1.5 0.23

Max. age 0.32 3.1 0.05 2.0 0.18 7.3 0.01 0.1 0.75

Basal area 0.12 0.9 0.46 2.4 0.14 0.4 0.54 0.0 1.00

Stand density 0.03 0.2 0.88 0.3 0.61 0.3 0.58 0.1 0.77
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Fig. 2 Distribution of sample trees in age classes (cambial age at

1.3 m) in the forest interior (FI) and at the forest edge (FE) of sites A

and B. Within the same age class, bars (±SE) sharing a common

letter represent means that do not differ significantly (P B 0.05,

Duncan’s multiple range test, dfmodel,error = 3, 20)
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aged trees (Table 5) to old trees to very old trees at site A

(Table S2), but not at site B (Table S3).

The climate-response analysis yielded similar, but

weaker correlations for temperature at site B than at site A

(Tables 4, S1, S2). The tree-ring index decreased with

increasing June and April temperatures of the current

growing season and with increasing December and January

temperatures at both sites. However, correlations in June

were weaker and fewer at site B than at site A and never

exceeded the level of marginal significance (P B 0.10).

Positive correlation with May temperature was widespread

at site A, but lacking at site B. Sporadic positive correlation

of the tree-ring index was found with August temperature

of the current year at both sites. On a few plots, stem

increment decreased with June and July temperature of the

previous summer.

Correlations between growing season precipitation and

the tree-ring index tended to be stronger and more fre-

quent at site B than A (Tables 4, S1, S2). Both sites

shared sporadic positive correlations of the tree-ring index

with July and August precipitation of the previous sum-

mer. At site B, positive correlations with June
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Fig. 3 Chronology of the

establishment of the present L.

sibirica populations during the

nineteenth and twentieth

centuries in a, b the forest

interior and c, d the forest edge

of sites A (a, c) and B (b, d).

The numbers of trees

established before 1800 are not

shown

Table 3 Mean and maximum

ages of L. sibirica trees as well

as basal area and stand density

in the forest interior and at the

forest edge of sites A and B

Site A Site B

FI FE FI FE

Mean age (years) 113 ± 4a 91 ± 3a 139 ± 14b 95 ± 11a

Max. age (years) 214 ± 18ab 136 ± 27a 272 ± 42b 172 ± 39ab

Basal area (m-2 ha) 62 ± 9a 57 ± 10a 47 ± 12a 43 ± 7a

Stand density (trees ha-1) 1196 ± 84a 1146 ± 238a 1154 ± 256a 992 ± 107a

Within a row, means (±SE) sharing a common letter do not differ significantly (P B 0.05, Duncan’s

multiple range test, dfmodel,error = 3, 20)
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Table 4 Mean sensitivity and

first-order autocorrelation

coefficients of L. sibirica trees

of different age classes from the

forest interiors (FI) and the

forest edges (FE) of sites A and

B

Mean sensitivity Autocorrelation

Site A Site B Pa Site A Site B P

All trees 0.34 ± 0.00 0.39 ± 0.00 *** 0.77 ± 0.01 0.73 ± 0.01 ***

[160 years, FI 0.26 ± 0.01 0.38 ± 0.01 *** 0.77 ± 0.02 0.73 ± 0.01 *

[160 years, FE - 0.35 ± 0.00 - 0.72 ± 0.02

101–160 years, FI 0.27 ± 0.01 0.39 ± 0.01 *** 0.81 ± 0.01 0.75 ± 0.01 ***

101–160 years, FE 0.28 ± 0.01 0.37 ± 0.01 *** 0.83 ± 0.02 0.76 ± 0.01 **

61–100 years, FI 0.36 ± 0.01 0.40 ± 0.01 * 0.78 ± 0.01 0.73 ± 0.02 **

61–100 years, FE 0.35 ± 0.01 0.40 ± 0.01 *** 0.75 ± 0.01 0.71 ± 0.01 **

B60 years, FI - 0.43 ± 0.02 - 0.62 ± 0.03

B60 years, FE - 0.44 ± 0.01 - 0.76 ± 0.01

a Level of significance: * P B 0.05, ** P B 0.01, *** P B 0.001, (U test)

Table 5 Response of the tree-

ring index of L. sibirica trees of

middle-aged trees (60–99 years)

from the forest interior and

forest edge at sites A and B to

monthly temperature and

precipitation of the year of and

the year prior to tree-ring

formation

Temperature Precipitation

Prior year Current year Prior year Current year

3 5 6 12 1 2 3 4 5 6 8 4 5 7 8 12 1 2 3 7 8

Site A:

FE1 d h s

FE2 s s j d s h

FE3 j d j d j s d s

FE4 h s j s j s d

FE5 h j h h d j d s s j

FE6 s h d h d h s

FI1 j h d s j

FI2 s s d

FI3 d s j j h j

FI4 h h h d h j s h

FI5 h s

FI6 s h j d s

Site B:

FE1 h d h j s

FE2 h h s d h s

FE3 j h j d

FE4

FE5

FE6 s j j h s h s

FI1 j s s

FI2

FI3 h d h d

FI4

FI5

FI6

Correlation significant (P B 0.05): filled circle positive, filled square negative correlation; marginally sig-

nificant (P B 0.10): open circle positive, open square negative correlation. Months are identified with

numbers 1–12. FE1–6 forest edge plots no. 1–6; FI1–6 forest interior plots no. 1–6
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precipitation of the summer prior to tree-ring formation

were also found. Further positive correlations were found

with April and May precipitation of the previous year,

which were, however, stronger at site B than at site A.

Precipitation of the current summer was more often cor-

related with annual stem increment at site B than A.

Positive correlation with current June precipitation

occurred, albeit sporadically, throughout all age classes at

site B, but was completely absent in the data from site A.

In a few cases, the tree-ring index was positively corre-

lated with July precipitation and negatively correlated

with August precipitation at both sites. In terms of winter

precipitation, tree-ring indices were inversely correlated

with December precipitation at both sites, whereas posi-

tive correlation of the tree-ring index with January and

February precipitation (mostly only marginally significant

at P B 0.10) was limited to site A.

Tree-ring width as being dependent on time and tree

age

Regional growth curves (RGC) revealed that middle-aged

trees grew more slowly than old trees at the same cambial

age at site A (Fig. S2a). The cumulative radial stem

increment differed by ca. 20 mm at a cambial age of

75 years (P\ 0.001, U test). At site B, middle-aged trees

grew even faster than old trees, though the difference

between age classes was less than 10 mm (P = 0.004,

U test). At both sites, trees at the forest edge grew faster at

the same cambial age than trees in the forest interior

(Fig. S3). The original tree-ring data plotted against the

calendar year for middle-aged trees representing the largest

age class, however, showed that the edge trees’ lead in the

annual increment has decreased since the 1970s at both

sites A and B (Fig. S4).

Frequency of missing rings

Missing-ring frequency increased dramatically at the end

of the twentieth century and in the early twenty-first cen-

tury at both sites A and B (Fig. 5). The highest percentage

of missing rings in the total tree-ring series was found in

2003.

Discussion

The larch forests at site A were situated merely some

20 km from neighboring site B. Though these sites shared

largely identical topography, elevation, climate, and

edaphic characteristics, they clearly differed in the age

structure of their forest stands. These differences are cer-

tainly the result of heavy logging during the twentieth

century at site A, but only sporadic timber harvest at site B.

Logging resulted in the removal of old (cambial age of

101–160 years) and very old ([160 years) L. sibirica trees

from site A. Decreasing numbers of old trees due to timber

harvest and deforestation are a global phenomenon and

critical for forest biodiversity (Lindenmayer et al. 2012).

The strong overrepresentation of middle-aged trees

(61–100 years) at site A is the direct consequence of the

removal of older trees, which opened space for the next

tree generation; the presently middle-aged trees were

obviously too small to be attractive for timber harvesting

during the period of heavy logging until 1990. The com-

plete lack of young trees (\60 years) at site A is probably

also the result of logging, since clear-cutting reduces seed

availability and in addition increases soil temperature and

reduces soil moisture both immediately by heat storage in

the more exposed soil surface and in the long term by the

melting of permafrost (Park et al. 2009). Since permafrost

is currently on retreat in the Inner Asian forest–steppe due

to climate warming (Jin et al. 2007; Sharkhuu and Shar-

khuu 2012), its regeneration is not likely under the present

climatic conditions. The germination success and seedling

survival of L. sibirica in the forest–steppe are hampered by

high soil temperatures and low soil moisture during the

growing season (Dulamsuren et al. 2008). Slower growth

of middle-aged relative to old trees at the same age

(Fig. S2) despite reduced competition due to logging at site

A is probably also the result of warmer and drier site

conditions. In contrast to site A, sporadic logging in recent

decades at site B led to growth releases (Fig. S4) and even

slightly higher cumulative increment at the same tree age

in middle-aged than in old trees. This finding indicates that

a dramatic deterioration of the water supply due to

increased heat transfer to the soil and permafrost melting

has apparently not occurred at the generally less intensely

logged site B.
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Despite the strong influence of timber harvest on the age

structure of the larch stands at site A, the past logging

intensity hardly exerted an effect on structural stand char-

acteristics. Although former intense logging has replaced

forest stands of heterogeneous age structure with more

evenly aged stands in agreement with our first hypothesis,

stand density and basal area were similar at the present

stage of forest development. The dominance of middle-

aged trees, however, increases homogeneity in the vertical

stand structure, which was not systematically analyzed.

The disturbance by former heavy logging activities was

reflected by a significant reduction of mean sensitivity and

an increase in first-order autocorrelation of tree-ring width.

This observation is consistent with our second hypothesis.

A reduction of climate sensitivity is likely to have occurred

after logging as a result of growth releases due to reduced

competition among the remaining trees (Martin-Benito

et al. 2011; D’Amato et al. 2013; Dulamsuren et al. 2014).

The results of climate-response analysis could substan-

tiate a high sensitivity of the tree-ring index to summer

drought only at the heavily logged site A, which is only

supportive of the third hypothesis for this site. Since global

climate warming has caused a strong recent increase of

temperature in the study area, which is, like in many

regions of semi-arid Inner Asia, far above the global

average (Batima et al. 2005; IPCC 2013), the susceptibility

of stem increment to summer drought has apparently

caused an increase in missing-ring frequency in the recent

past in support of our fourth hypothesis. In contrast to the

results of climate-response analysis, increased missing-ring

frequencies were found at both study sites. Increased

missing-ring frequency has already been observed else-

where in the Mongolian forest–steppe (Khishigjargal et al.

2014; Khansaritoreh et al. 2017) and other parts of Inner

Asia (Liang et al. 2016). Missing-ring frequency is not

related to tree age (Lorimer et al. 1999; Khishigjargal et al.

2014; Liang et al. 2016) and thus attributable to climate

warming. Missing rings evidence a marked reduction of

vitality in these forests and clearly suggest that L. sibirica

is primarily limited by water availability in this region and

thus not by low summer temperatures and probably also

not by low nitrogen availability (Chapin et al. 2010; Yarie

and Van Cleve 2010). Water limitation of forest produc-

tivity was to be expected given the position of the studied

forests in the forest–steppe ecotone, but this stressor is

increasingly shared by boreal forests even at higher lati-

tudes (Buermann et al. 2014; Tei et al. 2014). The observed

peak in the frequency of missing ring in 2003 after three

dry and warm years (Fig. 1) supports our conclusions.

An interesting detail concerning the putative increased

limitation of stem increment by increased summer drought

in our study area is the comparison of tree-ring series from

the interior and the edges of L. sibirica forests (Fig. S4).

Trees at both sites showed higher radial stem increment at

forest edges than in the interior in the mid-twentieth cen-

tury, but similar growth rates since the late twentieth

century when climate warming accelerated at the global

level (IPCC 2013). Apparently, the trees profited from the

lower stand density and thus lower intraspecific competi-

tion for resources at the forest edge through higher pro-

ductivity in the cooler mid-twentieth century, but are now

equally constrained by summer drought in both habitats.

This finding could indicate that the more light-exposed,

warmer and better nutrient-supplied forest edges (Dulam-

suren and Hauck 2008; Hauck et al. 2012) have recently

switched from the limitation by several site factors to

merely water-limited systems as a result of climate

warming (Chapin et al. 2010).

Although stem increment at both sites was limited by

summer drought, the sites exhibited a consistent difference

in the details of climate response of tree-ring width. Sen-

sitivity of stemwood formation to summer drought may

manifest in correlations of tree-ring width with both sum-

mer temperature (negative correlation) and precipitation

(positive correlation) (D’Arrigo et al. 2004; Wilmking and

Myers-Smith 2008; Dulamsuren et al. 2011; Tei et al.

2014). While the tree-ring index in the formerly heavily

logged site A decreased with June temperature, but was

never correlated with precipitation, the tree-ring index at

site B increased with June precipitation (Tables 4, S1, S2).

Correlations with June temperature occurred only sporad-

ically at site B and were merely marginally significant

(P B 0.10). Even the correlations of the tree-ring index

with June precipitation at site B were less frequent than the

correlation of tree-ring index of middle-aged trees with

June temperature at site A. Since the environmental con-

ditions were comparable between sites A and B and the

geographic separation between these sites was small, it is

plausible to assume that the different age structure of the L.

sibirica stands was the key factor that controlled the trees’

sensitivity to temperature and precipitation in summer.

Middle-aged tree populations are generally more produc-

tive than stands that are dominated by old and senescent

trees (Schulze et al. 1999; Bond-Lamberty et al. 2004;

Girardin et al. 2011). The higher productivity is usually

associated with higher water consumption (Bond-Lamberty

et al. 2009; Jassal et al. 2009) and constraints due to water

shortage increase with stand density (Smith and Long

2001). Therefore, it is plausible to assume that growth of

the dominantly middle-aged forests at site A is more sen-

sitive to increases in the atmospheric vapor pressure deficit.

Increased summer temperatures under the semi-arid cli-

mate of the Inner Asian forest–steppes cause elevated

saturation deficits and thus should lead to reduced stomatal

conductance and carbon assimilation (Li et al. 2006;

Dulamsuren et al. 2009). Correspondingly, increasing
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summer temperatures at constant precipitation were shown

to cause reductions in the annual stem increment in L.

sibirica forests in the forest–steppe of eastern Kazakhstan

(Dulamsuren et al. 2013). These findings from Kazakhstan

suggest decreasing wood formation and probably net pri-

mary production by a trend of increasing atmospheric

saturation deficits due to climate warming. The positive

correlations of the tree-ring index with June temperature

combined with a growing frequency of missing rings

suggests a similar mechanism in the forests at site A

dominated by middle-aged trees, especially since the most

relevant correlations were found for middle-aged trees.

The sporadic increases of the tree-ring index with

increasing June precipitation and decreasing June temper-

ature at site B with a higher share of old and very old (or in

other words overmature and thus less productive) trees

could be the result of weaker limitation of net primary

production by summer drought than at site A. The assumed

weaker drought impact is explicable by lower water con-

sumption of a less productive canopy. Furthermore, per-

mafrost degradation after clear-cut in the formerly more

heavily logged site A could cause the presently higher

susceptibility of the forests at site A to summer drought

than at site B, since soil layers influenced by permafrost

can reduce the susceptibility to summer drought by sup-

plying water in addition to the current precipitation

(Sugimoto et al. 2003; Li et al. 2006). Unfortunately, we do

not have data on the local permafrost distribution in our

study regions.

The positive correlation of the tree-ring index with the

mean temperature of May, the month when snowmelt typi-

cally takes place, at site A, but not at site B, could also be the

result of an improved water budget at site A, since high

temperatures at snowmelt foster wood formation by

increasing the trees’ water supply (Sugimoto et al. 2003; Tei

et al. 2014). On the other hand, high water consumption in

spring through evapotranspiration can also aggravate

drought stress later in summer, as the soil water reserves are

consumed earlier (Buermann et al. 2013; Parida and Buer-

mann 2014). Earlier rapid spring onset is often combined

with superficial snowmelt over the frozen soil and leads to

higher water loss by surface runoff than in late springs

(Barnett et al. 2005), thereby further aggravating summer

water shortage. Apparently, trees at site B were not severely

limited by summer drought until the recent decades. This is

suggested by the fact that presently middle-aged trees at site

B reveal faster growth than that formerly seen in the old trees

when they had the same age. In the recent past, the missing-

ring frequency as an indicator of drought-related stress has

increased, even at site B.

The existing differences in the livestock grazing pressure

between sites A and B were apparently not effective at

influencing the age structure of the studied L. sibirica stands,

since young trees were found at the more intensely grazed

site B, but not at site A. The impact of livestock grazing must

therefore be subordinate compared to the effect of timber

harvest. The livestock grazing pressure in our study region,

the western Khangai Mountains, is generally moderate

(Hauck and Lkhagvadorj 2013; Lkhagvadorj et al. 2013a, b).

Heavy livestock grazing can exert a significant influence on

the age structure of forest stands in the forest–steppe by

suppressing regeneration (Sankey et al. 2006). The effect on

the recent regeneration was not investigated in our study,

since a detailed analysis from a heavily grazed region of the

Mongolian forest–steppe already showed that grazing

facilitates seedling establishment through the reduction of

competition by opening gaps in the ground vegetation

(Khishigjargal et al. 2013). However, the abundance and

vitality of sapling-sized trees is reduced, since these trees are

the preferential food of goats (Khishigjargal et al. 2013),

which increasingly dominate the Mongolian livestock

(Lkhagvadorj et al. 2013a, b). Despite the proximity of the

study sites and the replicate plots, the effects of disturbances

(e.g., fire, insect infestations) might have differed between

individual plots in the centuries covered by our tree-ring

data. Such potential differences might explain parts of the

within-site variability found in the results of the climate-

response analysis.

Conclusions

Differences in the logging history of L. sibirica forests in

close proximity (ca. 20 km) with comparable site condi-

tions exerted strong influences on the age structure of these

forest stands. This difference was the probable cause of

deviations in the climate response of the tree-ring index

between site A that was heavily logged until 25 years ago

and site B that was continuously used for moderate selec-

tive logging. The more heavily logged site A was appar-

ently more susceptible to increased summer temperatures

and thus drought than site B. The observed differences in

the results of the climate-response analysis on a small

spatial scale demonstrate the importance of high replication

on the stand level for the generalizability of den-

drochronological results in the Inner Asian forest–steppe,

which is characterized by high spatial heterogeneity in

terms of forest structure and land use intensity. Our results

also suggest that heavy logging might aggravate the

detrimental impact of climate warming on forests in the

drought-prone forest–steppes of Inner Asia.
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