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Abstract Tree-ring width of Larix gmelinii (Rupr.)

Rupr., ratios of stable isotopes of C (d13C) and O (d18O) of

whole wood and cellulose chronologies were obtained for

the northern part of central Siberia (Tura, Russia) for the

period 1864–2006. A strong decrease in the isotope ratios

of O and C (after atmospheric d13C corrections) and tree-

ring width was observed for the period 1967–2005, while

weather station data show a decrease in July precipitation,

along with increasing July air temperature and vapor

pressure deficit (VPD). Temperature at the end of May and

the whole month of June mainly determines tree radial

growth and marks the beginning of the vegetation period in

this region. A positive correlation between tree-ring width

and July precipitation was found for the calibration period

1929–2005. Positive significant correlations between C

isotope chronologies and temperatures of June and July

were found for whole wood and cellulose and negative

relationships with July precipitation. These relationships

are strengthened when the likely physiological response of

trees to increased CO2 is taken into account (by applying a

recently developed d13C correction). For the O isotope

ratios, positive relationships with annual temperature, VPD

of July and a negative correlation with annual precipitation

were observed. The d18O in tree rings may reflect annual

rather than summer temperatures, due to the late melting of

the winter snow and its contribution to the tree water

supply in summer. We observed a clear change in the

isotope and climate trends after the 1960s, resulting in a

drastic change in the relationship between C and O isotope

ratios from a negative to a positive correlation. According

to isotope fractionation models, this indicates reduced

stomatal conductance at a relatively constant photosyn-

thetic rate, as a response of trees to water deficit for the last

half century in this permafrost region.
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Introduction

Studies of Siberian forests are important, because these

sensitive ecosystems are very responsive to climate changes

(Myneni et al. 1997; Vaganov and Shiyatov 1998; Briffa

2000; Sidorova et al. 2008). Recent reports about the impact

of the rapidly increasing atmospheric CO2 concentrations

suggest that northern forest ecosystems may be particularly

strongly affected by global warming (Keeling et al. 1996;

Vaganov and Shiyatov 1998; Serreze et al. 2000). Increased

C storage in phytomass (Körner 2000; Knorre et al. 2006;

IPCC 2001, 2007), changes in plant distribution and eco-

system biogeochemical cycles and degradation of perma-

frost (Osterkamp and Romanovsky 1999; IPCC 2001, 2007;

Sugimoto et al. 2002; Delisle 2007) are among the predicted

likely future consequences. Moreover, climate change and

increasing CO2 may have a combined effect on tree growth
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that does not always result in higher C accumulation for

high-latitude northern forests. A number of studies report

decreasing radial tree growth of white spruce (Picea glau-

ca) caused by drought stress associated with increasing

temperature at the northern tree line in Alaska during the

last century (Barber et al. 2000; D’Arrigo et al. 2004;

Wilmking and Juday 2005). However, the opposite pattern

showing increasing radial growth was observed for more

temperate regions, for instance the Swiss Central Plateau

(Saurer et al. 1997a), the White Mountains (Sierra Nevada,

US) (Graumlich 1991) and north-eastern France (Duquensnay

et al. 1998).

Tree growth is influenced by many factors such as solar

irradiance, temperature, precipitation, air humidity, soil

and ground water, nutrient availability as well as water

from melting permafrost (Schweingruber et al. 1996;

Vaganov et al. 1999; McCarrol and Loader 2004). Tree-

ring width and tree-ring isotope composition [ratios of

stable isotopes of C (d13C) and O (d18O)] are indicators for

both temperature and moisture regime changes, where

fractionation processes during CO2 uptake are important

for d13C, while for d18O changes in the soil and leaf water

isotope ratio are determining factors (Treydte et al. 2001;

McCarroll and Loader 2004; Saurer and Siegwolf 2007;

Leavitt et al. 2008).

The C isotopic ratio in tree rings reflects signals of water

availability and air humidity as a result of the impact of

climate on photosynthesis. During photosynthesis several

fractionation steps take place, first when CO2 from the

atmosphere diffuses into the intercellular spaces, and

second during CO2 fixation by the enzyme Rubisco. The

opening and closure of stomata determines the water con-

trol. Under dry conditions the stomata close to conserve

water, while under wet conditions the stomata open up to

optimize CO2 assimilation. Changes in the assimilation rate

of the needles will therefore influence the intercellular CO2

concentration (ci) through changes of the rate at which the

CO2 is utilized to form sugars and an increase or decrease

in stomatal conductance will affect the rate at which this

internal CO2 (ci) can be replenished (Farquhar et al. 1989).

Plants discriminate more strongly against 13C under con-

ditions of high ci, when stomata are relatively wide open or

photosynthesis is low. As trees respond to limited water

resources, particularly under low amounts of precipitation

and relatively warm and dry conditions by reducing the

stomatal conductance and photosynthetic rate, these result

in a diminished ci (Scheidegger et al. 2000; Saurer and

Siegwolf 2007).

O isotopes in tree rings contain isotope signals related to

temperature and precipitation, which represent the source

water for trees (Craig 1961; Dansgaard 1964; Saurer and

Siegwolf 2007). Water moves from the soil (ground water,

soil, snow melt water) via xylem to the leaves/needles,

where the lighter isotopes (16O) evaporate more easily than

heavier 18O, resulting in enriched leave/needle water

(Farquhar and Lloyd 1993; Scheidegger et al. 2000;

Cernusak et al. 2003). Enrichment in d18O may be

enhanced under drought conditions (Yakir and Sternberg

2000). Barbour et al. (2001) showed that d18O is mostly

negatively correlated with stomatal conductance, because

changes in transpiration influence the leaf water enrich-

ment by the replenishment of leaf water with unenriched

soil water. A mixed d18O signal of source and leave/needle

water enrichment is stored in the wood and cellulose of the

tree rings (Saurer et al. 1997b; Roden and Ehleringer

2000). During the biochemical transformations from CO2

to wood, the O isotope signal undergoes the following

major modifications: (1) it shifts by approximately 28%
during the formation of cellulose (Stenberg et al. 1986); (2)

the signal amplitude is smoothed (damping effect) (Saurer

et al. 1997b) by the exchange of d18O of source and xylem

water during cellulose synthesis (Roden and Ehleringer

2000). Accordingly the O isotope ratio signals reveal

environmental information as a response to changes in

temperature, CO2 and humidity. As stomatal conductance

decreases with increasing ambient CO2 concentration the

water vapor exchange between the leaf and the ambient air

is reduced leaving its fingerprint as outlined above (Drake

et al. 1997; Saurer and Siegwolf 2007).

The information on evaporative enrichment contained in

the d18O of organic matter is useful to distinguish whether

a change in the ci, calculated using d13C, is due to changes

in stomatal conductance or photosynthetic rate (Scheidegger

et al. 2000). C and O isotopes measured in the same tree

rings may, therefore, be a useful tool for better under-

standing the response of trees to both climate and changes

in CO2. Since trees assimilate atmospheric CO2, changes

in the atmospheric isotope composition will be reflected

in the tree-ring C isotope ratio. However, the concentra-

tion of CO2 can also influence photosynthesis and therefore

the isotope discrimination. Tree-ring d13C chronologies

showing a decline over recent decades, that is not

explained by a parallel change in the controlling climatic

variables, have been reported from several areas, including

the Swiss Alps (Saurer et al. 1997b; Treydte et al. 2001),

north-eastern France (Duquensnay et al. 1998) and Finland

(Gagen et al. 2007). McCarroll et al. (2009) suggest that

this is a threshold effect, with trees having reached the

limits of physiological adaptation to increasing CO2 levels

in the atmosphere. A study of both tree-ring width and

isotope data may therefore help to disentangle the effects of

climate and CO2 on the trees.

Studies of the isotopic composition of tree rings in the

northern regions of Eurasia have been primarily conducted

for C (d13C) (Kagawa et al. 2003; Gagen et al. 2007;

Kirdyanov et al. 2008; Sidorova et al. 2008) and rarely for
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O d18O (Saurer et al. 2002; Sidorova et al. 2008), but using

both isotopes could be very helpful in improving our

understanding of the forest response to environmental

changes of the past century.

In this paper we addressed the following questions:

1. Do Siberian larch [Larix gmelinii (Rupr.) Rupr.] trees,

which represent one of the main species in high-

latitude northern forests, show trends in tree-ring width

and stable isotope compositions for the recent period?

2. Which climatic factor (temperature/precipitation)

determines radial growth of larch trees growing on

permafrost during the recent climatic changes under

increasing CO2?

3. What kind of climatic signals can be extracted from

stable isotope data with and without applying de-

trending procedures?

To answer these questions we present a combined study

of tree-ring width and stable isotopic ratios (d13C, d18O) for

whole wood and cellulose from larch trees growing on

permafrost in the northern part of central Siberia (Russia)

for the period 1864–2006.

Materials and methods

Studied region and site description

The study was conducted 30 km north of the settlement of

Tura (64�320N–100�140E, 204 m a.s.l.) within the region of

continuous permafrost in the northern part of central

Siberia (Fig. 1). According to the Tura weather station

(64�270N, 100�230E, 168 m a.s.l.) the mean annual tem-

perature for the period 1928–2006 is -9.1�C. The growing

season length is approximately 70 days and lasts from the

end of May to the beginning of September (Abaimov et al.

1997). Mean monthly temperatures vary between ?16.6�C

in July (the warmest month) and -36.2�C in January (the

coldest month). Temperature extremes can range between

?36�C in summer and drop below -55�C in winter time.

The annual amount of precipitation is 368 mm (1936–

2006) with about 60% falling as a rain (June–September).

Samples of larch trees [Larix gmelinii (Rupr.) Rupr.]

were collected in pristine open canopy larch stands (canopy

closure is ca. 0.3) characterized by uneven-age structure

with some 300-year-old individuals (Fig. 1). The stands in

this region are common on flat terrains developed on deep

fluvial deposits (second and third river terraces). The soil

developed in such conditions is a Typic Haploturbel

(USDA 1998). The organic soil layer represents an acidic

mor-type forest floor of 10–20 cm thickness. The depth of

mineral soil is [1.5 m according to the soil survey con-

ducted in adjacent burned areas, and the soil texture is silty

loam. The depth of the active soil layer, defined as the part

of the upper soil that thaws in summer, reaches a maximum

in September up to 0.2–0.9 m depending on the micro-

topography (mounds and troughs) induced by cryoturba-

tion. The rooting depth in troughs is limited by the organic

layer when the upper mineral soil is over moistened

([90%) and cold (maximum temperature is 1�C). Rooting

depths in mounds reach up to 40 cm with 80% of roots

inhabiting the organic layer and upper 10 cm of mineral

soil, which dry out in July (ca. 20%). In general, the mature

trees in the region have a superficial rooting system with

lateral roots (which provide water and nutrients for the

mature trees under study) mainly expanded into the warmer

mounds and rarely into the colder (and sometimes ‘‘fro-

zen’’) trough (Kajimoto et al. 2003).

Spatial mosaics of moist troughs and dry mounds in the

studied terrains result in the lengthened fire intervals

[140 years vs. 60–80 years as an average for the region

(Kharuk et al. 2008)] and a higher survival of larch trees

after a fire leading to the co-occurrence of different gen-

erations of larches within the stand.

The ground vegetation is dominated by dwarf shrubs

(Ledum palustre L., Vaccinium vitis-idaea L.), mosses

[Pleurozium schreberi (Brid.) Mit., Aulocomnium palustre

(Hedw.) Schwaegr.] and lichens (Cladina spp. and Cetraria

spp.).

Wood material and data treatment

Tree-ring cores were collected from 20 trees at a height of

1.3 m with a 0.5-cm-diameter increment borer. The tree

cores were measured using semi-automatic devices (LIN-

TAB V-3.0; Germany) with a precision of 0.01 mm and

cross-dated for determining the exact calendar date for

each tree ring. The individual tree-ring width series were

standardized using a negative exponential curve orFig. 1 Photograph of the study site (photograph: A. V. Kirdyanov)
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regression line to remove age-related trends. The abso-

lutely dated standardized site chronology was constructed

using individual tree series within the 180- to 200-year age

class (Cook and Kairiukstis 1990; Schweingruber 1996;

Rinn 1996; Cook and Krusic 2008). The expressed popu-

lation signal (EPS) was calculated to define a threshold

level of common signal between tree-ring series in year-to-

year variations, i.e., the sensitivity of the tree-ring width

variabilities to changes of external factors, and is based on

the average correlation between the trees. Normally, an

EPS higher than 0.85 is considered as sufficient for climate

reconstruction (Wigley et al. 1984; Cook and Kairiukstis

1990). The running correlations were calculated for over-

lapping 20-year periods, while moving with an advance of

1 year through the whole calibration period. The correla-

tion coefficients are plotted as a function of the middle year

of each period.

For the isotope analyses, eight tree cores from eight

different trees from the same sample set were used. We

selected cores with tree rings wide enough for isotope

measurements and the highest correlation of individual

tree-ring width series with the site chronology. To exclude

the influence of the juvenile effect (McCarroll and Loader

2004; Gagen et al. 2008; Sidorova et al. 2008), we ana-

lyzed only tree rings with a cambial age greater than

40 years and at least 180 years, i.e., the isotope chronolo-

gies were constructed for the period after 1860. The d13C

and d18O were analyzed for pooled material (milling each

single annual tree ring from eight trees together) for both

whole wood and for cellulose. The two materials have been

shown to yield partly independent signals (Borella et al.

1998; Sidorova et al. 2008). Material of each annual ring

was milled to a fine powder and weighed into tin capsules

for the analysis (0.6–0.8 mg for 13C/12C and 1.1–1.3 mg

for 18O/16O). The pooling procedure yields a reliable

isotope chronology with a reduced number of samples

(Treydte et al. 2001). Although pooling prevents the calcu-

lation of the common signal strength in the isotope chro-

nologies (McCarroll and Loader 2004), other studies on

conifers have obtained very strong common signals with as

few as five trees (McCarroll and Pawellek 2001; Gagen et al.

2004, 2006), so the samples of eight as used here are likely

to be more than adequate. For a-cellulose extraction, a sub-

sample of the whole wood was enclosed in filter bags and

washed twice for 2 h in 5% NaOH to remove the remaining

lipids, resins and hemicellulose. A 7% NaClO2 treatment

was then performed for 36 h to remove the lignin (Loader

et al. 1997). The packets were dried for 24 h at 50�C.

The isotope ratios (d13C and d18O) were determined on

whole wood and cellulose using a Delta-S isotope ratio

mass spectrometer (Finnigan MAT, Bremen, Germany)

linked to two elemental analyzers (EA-1108, and EA-1110;

Carlo Erba, Italy) via a variable open split interface

(ConFlo-II; Finnigan MAT, Bremen, Germany) at the

stable isotope facility of the Paul Scherer Institute, Villi-

gen, Switzerland. The d13C was determined by combustion

under excess O at a reactor temperature of 1,020�C, whilst

samples for d18O measurement were pyrolysed to CO at

1,080�C (Saurer et al. 1998), both in continuous flow

mode. This guarantees a high sample throughput rate with

good precision for d13C (r ± 0.1%) and d18O

(r ± 0.2%). The isotopic values were expressed in the d
notation relative to the international standards:

dsample ¼ ðRsample=Rstandard � 1Þ � 1000;

where Rsample is the molar fraction of 13C/12C, or 18O/16O

ratio of the sample and Rstandard, of the standards Vienna

Pee Dee belemnite for C and Vienna standard mean ocean

water for O.

Fossil fuel and ‘‘pre-industrial’’ correction for d13C

Correction of tree-ring d13C is necessary because the

combustion of fossil fuels and biomass and land-use

changes have resulted in a decrease in d13C of the atmo-

spheric CO2 over the last 150 years. Changes in the

isotopic ratio of atmospheric CO2 are directly reflected in

the isotopic ratios of the products of photosynthesis. Cal-

culating the differences for each year to the pre-industrial

value (1850) for d13C of atmospheric CO2 obtained from

ice cores and direct atmospheric measurements at the

Mauna Loa Observatory, Hawaii (Francey et al. 1999;

http://www.esrl.noaa.gov/gmd/ccgg/globalview/co2c13/

co2c13_intro.html) we subtracted these differences from

the raw isotope series for C for each year. Because isotope

fractionation is additive, this completely removes the trend

due to decreasing atmospheric d13C from fossil fuel

emissions and land-use changes.

After this correction, both wood and cellulose d13C

series still show a steep decline after 1960 that cannot be

explained by any similar inflection in climate variables that

might control fractionation. McCarroll et al. (2009) have

argued that this is typical for the behavior of tree-ring d13C

series at many sites and that it represents a change in the

response of trees to the increased availability of CO2. As

the amount of CO2 in the air (ca) has increased, trees have

responded in an active way by increasing their water-use

efficiency so that the ratio of ci to ca has remained constant.

Since d13C values are a function of the ratio ci/ca they have

also remained stable over the industrial period (Saurer et al.

1997a, b). In recent decades, however, many trees seem to

have reached the limits of this plasticity in response and

they no longer maintain a constant ci/ca ratio, so that the ci

has increased, leading to a decline in d13C.

A ‘‘pre-industrial’’ (pin) correction taking account of

this change in behavior has been proposed by McCarroll
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et al. (2009). It is a constrained non-linear de-trending of

the d13C series after 1850 and the constraints are based on

the likely physiological response of trees to increased CO2.

The first constraint is that a unit increase in the ca cannot

directly cause more than the same unit increase in ci, and

the second constraint is that increases in water-use effi-

ciency are limited to maintaining a constant ci/ca ratio. The

extent of the correction depends on the difference between

an active response to increased CO2 (maintaining constant

ci/ca) and a passive response (allowing ci to increase in

parallel with ca, so that ca - ci, which represents effec-

tively water-use efficiency, remains constant). In the early

industrial period, when atmospheric CO2 was increasing

very slowly, it can only directly explain a small decline in

tree-ring d13C, so any steeper decline is not removed. In

more recent decades, when CO2 increased rapidly, it can

account directly for a more rapid rise in ci and so a steeper

decline in d13C can be removed.

When the pin correction of McCarroll et al. (2009) is

applied to the data herein it has no effect until about

1960 and after that it removes the decline in d13C in

both the whole wood and cellulose series completely.

This is because prior to 1960 the isotope series are ris-

ing, which reflects an increase in water-use efficiency

beyond that required to maintain a constant ratio ci/ca.

This implies not only an active response to the rise in

atmospheric CO2, but an additional environmental stress

causing the trees to restrict moisture loss. The steep

decline in both d13C series after 1960 probably repre-

sents a change from an active to a more passive response

and all of the decline could, in theory, be explained by

an inability to respond to the increasingly rapid rate of

increase in atmospheric CO2. In the discussion below the

first correction of d13C of atmospheric CO2 will be

termed ‘‘d13C’’ and the second (pin) correction (Mc-

Carroll et al. 2009) ‘‘d13C*’’.

Relation to climate

To analyze the influence of climate on tree-ring formation,

statistical analyses were performed with monthly temper-

ature and precipitation data from the nearest meteorologi-

cal station at Tura (30 km south of the study site). Pearson

correlation coefficients were calculated between tree-ring

width and isotope chronologies and meteorological mea-

surements for the period where data were available (1929–

2005). To investigate the stability of climatic signals over

time, the analyzed period was divided into two periods of

equal length (1929–1967 and 1967–2005). The vapor

pressure deficit (VPD) was calculated for 1958–2006 using

daily Tura weather station data assuming that Tdew =

a?bTmin, (where a and b were calculated using the avail-

able daily data for relative humidity). Tdew is the dew point

temperature and Tmin the minimum air temperature (Mur-

ray 1967).

Results

Tree-ring width, stable isotopes, climatic parameters

and their trends

The constructed larch tree-ring width index chronology

(TRW) covers the period 1751–2006 (Fig. 2). The mean

tree-ring width is 0.38 mm and the mean inter-series cor-

relation is 0.59. The EPS value is above the critical 0.85

level (EPS = 0.95) and indicates a high degree of common

variability between individual trees for the whole analyzed

period. The TRW is characterized by a strong increase

during 1864–1900. In the period 1900–1970, TRW

decreases, while after the 1970s, the TRW again shows a

slightly increasing trend (Fig. 2).

The stable isotope chronologies for d13C and d18O of

whole wood and cellulose were determined for the period

1864–2006 (Fig. 3a, b). The d13C series of both materials

(Fig. 3a) steadily increase from 1864 to 1960, decrease

afterwards when the d13C correction is used, but still

increased when the d13C* correction was applied (Fig. 3).

Before 1960, d13C and d13C* corrections show similar

results.

The mean d18O values in cellulose decrease from 1864

to about 1960. Afterwards no clear trend can be identified

(Fig. 3b). In contrast, the d18O values of whole wood show

a decreasing trend for the entire period (1864–2006). Wood

and cellulose isotope values in general show similar vari-

ations, with a correlation coefficient r = 0.75 (P \ 0.05)

for C and r = 0.61 (P \ 0.05) for O isotopes (1864–2006).

We observed a negative correlation between TRW and

d13C* of wood (r = -0.20, P \ 0.05) and cellulose
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(r = -0.36, P \ 0.05) but a positive correlation with d18O

of whole wood (r = 0.26, P \ 0.05) and cellulose

(r = 0.39, P \ 0.05) for 1864–2006. No significant cor-

relation between TRW and d13C of cellulose was found.

The climate data show a slightly decreasing trend for

July precipitation and an increasing trend for July air

temperature during 1929–2005 (Fig. 3c). Monthly average

temperatures and precipitation for each month were sepa-

rated into two equal periods, 1929–1967 and 1967–2005,

for a detailed climatological analysis. The average July

precipitation decreased from 66.24 mm between 1929 and

1967 to 54.96 mm for 1967–2005, whereas the annual

amount of precipitation increased from 304.49 to

308.83 mm, mainly due to an increase in winter precipi-

tation (January, February). The average July temperature

increased from 16.3�C between 1929 and 1967 to 16.9�C

between 1967 and 2005, and the annual temperature

increased by 0.2�C.

Relationships between C and O isotopic signals

Running correlations between d13C and d18O of cellulose

were calculated for the period 1929–2005 using a 20-year

window (Fig. 4). Furthermore, regression coefficients

between d13C and d18O of cellulose were calculated for the

split periods 1929–1967 and 1967–2005. We observed that

the relationship between the two isotopes was not constant

over time. While we found a negative regression between

d13C and d18O of cellulose (r = -0.55; P \ 0.05) for

1929–1967, this regression became significantly positive

from 1960 onwards (r = 0.38; P \ 0.05). No correlation

between d13C and d18O of whole wood was found for

1929–1967, while for 1967–2005 a positive correlation (up

to r = 0.37; P \ 0.05) was observed.

Climatic analysis

Correlation coefficients between TRW, isotope values and

Tura weather station data were calculated for the period

when climate data are available (1929–2005). For a more

detailed dendroclimatic analysis, we separated this period
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into two equal parts as discussed above (1929–1967 and

1967–2005) because different tendencies in the radial tree

growth were observed before (negative trend) and after

(positive trend) 1967 (Fig. 2). We found significant, but not

very strong positive correlations between TRW and tem-

peratures of May and June as well as July precipitation for

1929–2005 (Fig. 5). The d13C and d13C* values of cellu-

lose show a positive correlation with July air temperature

and a negative correlation with July precipitation (Fig. 5).

Similarly, positive correlations were found between d13C*

of whole wood and temperature but for June (r = 0.29;

P \ 0.05) instead of July, and a negative correlation with

precipitation of July (r = -0.37; P \ 0.05) for 1929–

2005. When considering only the most recent period

(1967–2005), we observed a negative correlation between

d13C* and the annual amount of precipitation (r = -0.26

and r = -0.35; P \ 0.05) for whole wood and cellulose,

respectively.

Regarding the d18O of cellulose, we did not find any

significant correlation with monthly values of temperature

and precipitation, but with annual temperature and pre-

cipitation for both periods 1929–2005 and 1929–1967

(r = 0.24 and r = 0.40; P \ 0.05, respectively). In con-

trast, d18O of wood was not correlated with annual tem-

perature and precipitation but a negative correlation with

the average minimum temperature of February (r =

-0.44; P \ 0.05) for the period 1967–2005 was observed.

Finally, we found positive correlations between d13C* of

whole wood and VPD for June (r = 0.42; P \ 0.05) and

between VPD of July and d13C* (r = 0.51, P \ 0.05) and

d18O (r = 041, P \ 0.05) of cellulose.

Discussion

The TRW developed for the Tura region has a pattern

common for chronologies of central Siberia, showing

periods of relatively low growth alternating with abrupt

growth increases (Fig. 2). Such a pattern is mostly

explained by post-fire tree-ring growth after low-intensity

forest fires (Kharuk et al. 2008). Early studies showed that

the mean interval between fires is 80–200 years depending

on exposure and vegetation (Arbatskaya 1998; Kharuk

et al. 2008), which is in the range the observed frequency in

our study for intervals between strong growth increases.

Forest fires destroy the moss-lichen layer, which provides

thermal insulation, and can remove up to 70% of the annual

ecosystem production (Abaimov et al. 1997; Knorre et al.

2006; Prokushkin et al. 2006). The enhanced radiation on

the soil leads to permafrost thawing and to an increase in

the active soil layer. The melting permafrost water is

highly depleted in 18O and could therefore result in

decreasing isotopic trends in tree rings (Fig. 3b). The

melting permafrost water, however, can not be conserved

for a long time and is lost due to evaporation and run-off to

streams and rivers, leading to drought in the active layer

and decreasing tree growth as was observed at our study

site for the period after 1900 (Fig. 2). In this case the rain

water, which is isotopically heavier than melting perma-

frost water, may play a key role as a source of water for the

trees. The exact position of the permafrost is critical for

tree growth and may be detrimental if either too low or too

high.

After a fire several years are needed for recovery

(Abaimov et al. 1997). As a consequence the permafrost

layer rises again and reduces the growth and functionality

of the tree root systems (Alvarez and Körner 2007). The

permafrost has an important role as a direct water source in

summer drought because it buffers water availability to

plants. Sugimoto et al. (2002) reported that the pine forest

in eastern Siberia might be seriously damaged by a water

deficit in summer droughts if the permafrost disappeared.

On the other hand, when the permafrost table rises, root

growth decreases. It was found that the rate of permafrost

rise is inversely proportional to the growth rate of the

mosses (Knorre et al. 2006).

The tree-ring indices curve shows an abrupt decrease in

radial tree growth for the periods 1790–1810 and 1840–

1849, and then a rapid increase up to 1901 followed by a

continuous decrease (Fig. 2). We assume that the periods

with reduced tree-ring growth were caused by shallow

permafrost resulting in low water and nutrient availability.

Regarding the declining growth trend over the 20th cen-

tury, our results are in agreement with Barber et al. (2000,

2004), who reported a decrease in radial tree growth with

increasing temperature as a consequence of drought stress.
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During drought stress stomata close in order to prevent

water loss. A slowly increasing ca and ci might further

reduce the stomatal conductance while maintaining pho-

tosynthesis and tree radial growth at the same level towards

the end of the 21st century. A reduced stomatal conduc-

tance is reflected in increased d18O values, because the leaf

water enrichment in H2
18O is reduced to a lesser degree by

the convective flow of depleted source water (via the

xylem) than at higher transpiration rates (Péclet effect;

Farquhar and Lloyd 1993). In fact, we observed a slight

increase in d18O of wood and cellulose for the period

1967–2005 in comparison with 1929–1967 that indicates a

drought (Fig. 3b).

The overall trends over the 20th century show a decrease

in d18O, tree-ring width, precipitation and an increase of July

air temperature, July VPD and d13C (Fig. 3). After separat-

ing the climatic data (1929–2005) into two equal parts,

however, we observed a slight decrease for the d18O in

cellulose between 1929 and 1967, while the d13C, d13C*,

temperature and precipitation of July were relatively con-

stant or slightly increased. After 1960s the d13C and d13C*

chronologies diverge, suggesting that this is the period where

increased atmospheric CO2 becomes most effective.

According to the theory outlined in the section ‘‘Fossil fuel

and pre-industrial correction for d13C’’, this indicates that the

trees are no longer able to maintain a constant ci/ca, but ci is

increasing resulting in lower d13C values. This is clearly a

non-climatic, physiological effect that will hamper correla-

tion analysis with climate for the last few decades. The d18O

of cellulose was relatively constant, as were tree-ring width

and the d13C*, whereas the d13C clearly decreased.

Declining tree-ring d13C trends in recent decades were

observed at other locations in interior Alaska (Barber et al.

2004) and northern Finland (Gagen et al. 2007). In Finland

(Laanila) a divergence between d13C and d13C* of cellu-

lose has been observed since 1880 but in central Siberia

(Tura) it was not observed before 1960. Such a variation in

the response of trees from these different regions could be

due to differences in climatic conditions, differences in

microbial activity and nutrient availability in the soil or

different responses of trees to elevated CO2 in the atmo-

sphere. Such differences in the timing and magnitude of

responses are predicted by McCarroll et al. (2009), who

argue that there is no reason to suggest that all trees should

respond in the same way. A previous stable isotope study

for Siberian Scots pine in Turuchansk (66�N) showed a

declining trend in D13Cc for the second half of the 20th

century. Arneth et al. (2002) explained the trend by tree

responses to increasing atmospheric CO2 concentration and

increasing water-use efficiency due to increasing soil water

deficit and declining air humidity.

Climatological analysis showed positive correlations

between C isotope chronologies and temperatures of June

and July in whole wood and cellulose. This is expected

because June and July are the warmest months and these

relationships indicate an increase in photosynthetic capacity

and VPD. The warm and dry conditions cause stomatal

closure and lower the isotopic fractionation, leading to less

negative d13C values. The VPD is related to a reduction in

stomatal conductance and a further increase in d18O

enrichment of leaf water. Even during the warmest month of

July, the soil water is still frozen at a depth of 20–30 cm. The

melting water is still cold and cannot be used by roots at

the low soil temperature (Kramer and Boyer 1995). Thus the

accessibility of water for trees is limited, which can lead to

drought.

In contrast, the monthly temperatures were not signifi-

cantly represented in the d18O values. The positive corre-

lations with annual temperature, VPD of July and the

negative correlation with annual precipitation were

observed only for d18O. In general we observed lower

statistical relationships compared to other studies (Gagen

et al. 2007) which could be due to the complex site con-

ditions with frozen soil.

Numerous papers have reported similarities between

whole wood and cellulose for d13C (Leavitt and Long 1991;

Borella et al. 1998), suggesting that similar climatic signals

are contained in both materials. However, our analysis of

d13C in whole wood reflects the June temperature signal and

d18O of whole wood correlates with monthly minimum

temperatures, while none of these signals were found in

cellulose (Fig. 5). One reason for the presence of different

signals in whole wood and cellulose could be the direct link

between chemical composition of needles and isotopic ratios

in whole wood (Loader et al. 2003). In contrast, initial cel-

lulose synthesis begins earlier in the season with a mixture of

predominantly stored (old) and freshly assimilated carbo-

hydrates (Helle and Schleser 2004). Another reason could be

that the changes of the environmental conditions alter the

ratio of the wood compounds, as was found for plants

exposed to elevated CO2 (Körner 2000). In our previous

study from a more northern and more eastern Siberian site,

we suggested analyzing both whole wood and cellulose if

sufficient material is available because they contain different

climatic signals (Sidorova et al. 2008), and that conclusion

seems to be supported by the data presented here.

The application of the d13C* correction removes the

strong decreasing trend in tree-ring d13C by taking the

increasing ca into account. This correction was developed

specifically for removing changes in the physiological

response of trees in order to clarify the influence of climate

and thus use stable C isotopes in tree rings to reconstruct the

climate of the past. Therefore, the d13C* values cannot be

used for the analysis of physiological responses to elevated

CO2; they can, however, indicate when the impact of rising

CO2 becomes physiologically relevant.
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A pronounced negative correlation between C and O

isotopes for 1929–1967 was observed (Fig. 4) and this

opposite behavior of the two isotopes could be explained

by a relatively constant stomatal conductance and

decreasing photosynthetic capacity according to the model

by Scheidegger et al. (2000). This period is characterized

by slightly increasing July precipitation. Under such con-

ditions the plant water loss is low and the stomata can be

open, which is reflected in a lower enrichment of d18O in

needle water. The application of the concept of Scheideg-

ger et al. (2000) to the isotope data therefore suggests a

decrease in photosynthesis, which is in line with the

observed declining tree-ring indices (Fig. 2).

In contrast, the period 1967–2005 is characterized by an

increase in the annual amount of precipitation, mainly

January and February. A lot of precipitation falling in

winter can lead to the delay of snow melt (because the

spring temperature did not change significantly for the last

50 years) and result in limited source water at the begin-

ning of the period of vegetative growth and a decrease in

wood production (Kirdyanov et al. 2003). Accordingly, we

observed a change from a negative to a positive correlation

between C and O isotope chronologies for this latter period.

An increase in d13C* indicates a decreasing ci. This is

either due to a reduced stomatal conductance at a constant

photosynthetic rate or a constant stomatal conductance

under an increased CO2 uptake. The observed slight rise in

d18O, however, indicates a reduction in stomatal conduc-

tance. Thus the relationship of the C and O isotope ratios

suggests a shift towards a drier climate during the growth

period (Scheidegger et al. 2000; Yakir and Sternberg

2000). Obviously the occurrence of drought depends

strongly on local soil conditions and a generalization based

on the results from one site applied to larger areas is

therefore difficult.

The stagnation in radial growth during the last 30 years,

similar to that observed for many sites in high latitudes of

the northern hemisphere (Briffa et al. 1998; Barber et al.

2000), and the strong impact of the correction for increased

CO2 at this time suggests that the trees there cannot utilize

the increasing CO2 concentration any further under the

given environmental conditions. The beginning of an

increasing drought and the limited access to nutrients in the

permafrost region strongly suggest CO2 saturation of these

trees. As the photosynthetic capacity can no longer be

enhanced the ci will increase along with the ca. Thus the
13CO2 discrimination will increase with increasing CO2

concentration resulting in a continuous decrease in d13C, in

spite of a reduction in stomatal conductance, which is

documented with an increase in d18O. Finally we conclude

that these unique data represent the response of larch trees

to a slowly developing water shortage in the most recent

half century, even in this cold permafrost region.
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