
145Ann. For. Sci. 60 (2003) 145–152
© INRA, EDP Sciences, 2003
DOI: 10.1051/forest:2003007

Original article

The extreme drought in the 1920s and its effect on tree growth deduced 
from tree ring analysis: a case study in North China 

Eryuan Lianga,b*, Xuemei Shaoa, Zhaochen Kongb and Jinxing Linb

a Institute of Geographical Sciences and Natural  Resources Research, Chinese Academy of Sciences, 100101, Beijing, P.R. China
 b Institute of Botany, Chinese Academy of Sciences, 100093, Beijing, P.R. China

(Received 14 October 2001; accepted 24 June 2002)

Abstract – Using tree-ring analysis coupled with historical records, we investigated the possibility of developing a tree-ring network in North
China, and the possible disturbance for the dieback of Meyer spruce (Picea meyeri) forest in typical steppe. Four tree-ring chronologies were
employed: one for Meyer spruce and Korean spruce (Picea koraiensis) in eastern Inner Mongolia, and two for Chinese pine (Pinus
tabulaeformis) in central Inner Mongolia. Significant parallel behaviour between the chronologies revealed the possibility of developing a large-
scale tree-ring network in North China. In addition, the coincident growth decline in the 1920s in Chinese pine and Korean spruce chronologies
revealed the most severe drought period for more than 200 years in North China, which was confirmed by converging lines of historical events.
A clear correspondence between a peak in the age distribution (1933–1935) and a persistent drought event from 1922 to 1932 implied that the
extreme drought in the 1920s was probably the underlying cause of Meyer spruce mortality. 
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Résumé – La sécheresse extrême des années 1920 et son effet sur la croissance des arbres : une étude dendrochronologique en Chine du
Nord. La dendrochronologie et l’analyse de documents historiques ont été utilisées d’une part pour évaluer le potentiel d’une base de données
dendrochronologiques régionale et d’autre part pour vérifier l’existence d’une perturbation responsable du déclin des forêts d’Épicéa de Meyer
(Picea meyeri) dans la steppe typique. Quatre séries dendrochronologiques ont été construites : une pour l’Épicéa de Meyer et l’Épicéa de Corée
(Picea koraiensis) dans l’Est de la Mongolie intérieure et deux pour le Pin chinois (Pinus tabulaeformis) en Mongolie intérieure centrale. Les
tendances observées dans ces quatre séries dendrochronologiques sont significativement comparables. Ainsi, ces quatre séries suggèrent un fort
potentiel pour une base de données dendrochronologiques applicable aux échelles locale et régionale en Chine du Nord. De plus, le Pin chinois
et l’Épicéa de Corée ont tous deux montré un déclin de leur croissance dans les années 1920, ce qui indique une période de sécheresse sévère
et soutenue inégalée depuis 200 ans en Chine du Nord. Ceci est confirmé par des événements historiques synchrones. Une nette correspondance
entre un pic dans la distribution des âges (1933–1935) et une sécheresse soutenue de 1922 à 1935 impliquent que la sécheresse des années 1920
était probablement une des causes de la mortalité de l’Épicéa de Meyer, espèce particulièrement sensible à la sécheresse.
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1. INTRODUCTION

A small area of Meyer spruce (Picea meyeri Rehd. et Wils)
forest in the Xilin River Basin, in sharp contrast to the
dominant typical steppe, is considered to be a remnant
community of a larger forest established during the forest
optimum period in the early Holocene [10]. Meyer spruce
forest is currently restricted to cold wet mountainous regions
in north-central China, and is clearly out-of-phase with the
semi-arid climates in the Xilin River Basin. For this reason,
this relict conifer site represents an exceptional opportunity to
study ecological features of the natural forest still present in

the typical steppe. Although this area of Meyer spruce forest
has been mentioned in previous research [10, 13, 58], few
studies have focused on this forest stand. Only recently have
Liang et al. [30] evaluated climate-growth relationships of
Meyer spruce using tree-ring analysis at this site. Preliminary
investigations showed that almost all trees were less than 60
years old [30]. The question was therefore raised as to why this
forest stand, as a remnant element of a natural spruce forest
from early Holocene, displayed such a young age structure. 

Tree-ring analysis, including age structure and dendroecol-
ogy, proved to be a useful tool in the study of stand dynamics
and ecological history of forests [1, 7, 14, 31, 44]. Despite the
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absence of dead trees, stumps, and few old trees dating back to
the 1920s in the Meyer spruce forest stand in the typical
steppe, other old conifer forest stands can be found around the
typical steppe. Thus, a tree-ring database covering a broad
range of spatial and temporal scales may provide an alterna-
tive approach to assess and understand the stand dynamics of
the remnant Meyer spruce forest based on the comparison
between the chronology of Meyer spruce and other tree-ring
chronologies.

The steppe occupies a large area in northern China, but it
has only a restricted distribution of natural forest. Moreover,
intensive human activity due to increasing population density,
inappropriate land clearing for agriculture and economic
pressure in recent centuries have increased the loss of the
forest in the semi-arid steppes of northern China, and the
forest has become much more fragmented [12]. To date, only
disjunctive patches of forests exist as remnants scattering
throughout their native range. Remarkably, the steppe in North
China represents a large geographic gap with regard to tree-
ring data. In addition to Meyer spruce chronology (XLPI) in
the typical steppe of the Xilin River Basin, eastern Inner
Mongolia, three other chronologies have been constructed in
the remnant forest stands, including two Chinese pine (Pinus
tabulaeformis Carr) chronologies in Jungar Banner (JGB) and
Huhhot (HHT) in an agro-pastoral ecotone of central Inner
Mongolia, and one Korean spruce (Picea koraiensis Nakai)
chronology (BYAB) from a forest-steppe ecotone in eastern
Inner Mongolia. Thus, another question arose as to whether
the gap of tree-ring data in the steppe can be bridged by linking
the XLPI chronology in typical steppe with the three other
chronologies from more distant areas. This connection is
crucial for an adequate understanding of the stand history of
the Meyer spruce forest in the typical steppe.

The aims of the current study are (i) to make a preliminary
assessment of the possible development of a large-scale tree-
ring network to fill the gap of tree-ring data in north China; and
(ii) to investigate the synchronous disturbances responsible for
the young age structure of Meyer spruce in typical steppe by
using tree-ring analysis in conjunction with historical records.

2. MATERIALS AND METHODS

2.1. Sampling sites

The Xilin River Basin (figure 1), located in eastern Inner
Mongolia, lies at an altitude varying from 900 m above sea level
(a.s.l.) in the northwestern lower reaches of Xilin River to
1400 m a.s.l. in the eastern hilly region [6]. A sandy belt with a mean
width of 10 km is situated along the middle reaches of the Xilin River.
Perennial and annual grasses are dominant in this region and form a
typical steppe landscape. A patch (about 2 ha) of natural Meyer
spruce forest (43° 42’ N, 116° 54’ E, 1315 m a.s.l.) is located in the
core zone of the UNESCO/MAB (United Nations Educational,
Scientific and Cultural Organization/Man and the Biosphere
Programme) Xilingol Grassland Nature Reserve in typical steppe of
the Xilin River Basin. This patch of conifers contains less than 100
individual trees and grows on the shady slope of an eolian sandy dune
situated in the western part of the sandy belt. In August 1994, 42 cores
from 21 trees were taken and analyzed [30]. 

Both Chinese pine forest stands in Huhhot (HHT) and Jungar
Banner (JGB) in central Inner Mongolia (figure 1) are also considered
to be remnant elements of forests from the early Holocene [12]. The
Chinese pine forest (JGB) is adjacent to Agui temple and is located
on the north-facing slopes along an east-west loessic hill (39° 29’ N,
110 °42’ E, 1347 m a.s.l.) about 1000 m long. The HHT forest stand
is located around Lamadong temple and is restricted to the southern
hillside (40° 48’ N, 111°17’ E, 1300 m a.s.l.) of Da Qingshan (Mts)
(the summit is about 2300 m in elevation). Because of their religious
beliefs, the residents tend to protect the temple and the environment
surrounding it. Thus, the forests around the temple have escaped
logging and other anthropogenic damage, and have persisted
throughout the centuries due to the shield-effect of nearby temples.

Korean spruce forest (BYAB) is situated in Baiyunaobao Nature
reserve (43° 30’–43° 36’ N, 117° 04’–117° 16’ E, 1300–1500 m a.s.l.),
in the foothills of Da Hinggan Ling (Mts) (figure 1). This forest stand
belongs to the forest-steppe ecotone of eastern Inner Mongolia. The
residents believe that these trees are supernatural beings, which
prevents the forest from being logged [56]. The taxonomy of this
species remains questionable. In this study, Korean spruce was used
according to Zhang [57] and Zhao et al. [58].

The samples in HHT and BYAB sites were taken in 1991 and
1988, and the chronologies were constructed in 1994 by Zhang [57].
XLPI and JGB samples were taken in 1994 and 1999 by the authors
of this paper.

2.2. Climatic data

Climatic data in the Xilin River Basin were obtained from the
nearby Xilin Hot Meteorological Station (43° 57’ N, 116° 04’,
991 m a.s.l.), about 72 km northwest of the sampled Meyer spruce
stand. This meteorological station provided daily precipitation and
temperature data recorded continuously since 1951. A typical
continental and semiarid temperate steppe climate predominates in
the Xilin River Basin [6]. Winter is cold and dry, while summer is
warm and wet. The mean annual temperature was about –0. 4 °C from
1951 to 1994, with mean monthly minimum (January) and maximum
(July) temperatures of –19.5 °C and 20.8 °C, respectively. The annual
precipitation was about 350 mm for the period 1951 to 1994 with
70% of rainfall occurring from June to August. The peak precipitation
occurs in July. The average frost-free period is 105 days. Moreover,
this region is characterized by a large variation of annual
precipitation, which fluctuates between 180 mm and 500 mm. The
annual evaporation varies from 1600 mm to 1800 mm. Prevailing
winds are from the north and northwest. 

The meteorological stations near HHT and JGB stands are located in
Hhhot (40° 49’ N, 111° 41’, 1063 m a.s.l.) and Dongsheng (39° 50’ N,
109° 59’, 1460 m a.s.l.), respectively. Annual rainfall in Huhhot and
Jungar Banner in central Inner Mongolia is about 400 mm with 60%
occurrence from June to August. The highest precipitation occurs in
August, with one-month lag compared to the eastern region of Inner
Mongolia. The annual temperature is around 6–8 °C, mean monthly
minimum in January and maximum temperature in July are about
11.8 °C and 23.3 °C, respectively. 

The meteorological station near Baiyunaobao is in Linxi
(43° 36’ N, 118° 04’, 799 m a.s.l.). The annual rainfall in Baiyunaobao
is about 450 mm with 68% occurring from June to August. Monthly
precipitation shows a pronounced maximum in July. Mean annual
temperature is about –1.4 °C; the minimum temperature occurs in
January and the maximum in July with monthly means equal to
–23.4 °C and 14.7 °C, respectively. The relatively wet and cold
climate in this site is more favorable for the growth of spruce than the
climate of the typical steppe. 
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2.3. Methods

The cores were visually crossdated on the basis of ring-width
patterns [11, 16, 46]. Annual radial increments were measured to the
nearest 0.01 mm using a digitizing tablet interfaced with a computer.
The absolute ring dating was subsequently assessed by using a
COFECHA computer program [20]. This procedure resulted in the

elimination of 12 cores for the JGB site (out of a total of 62 cores from
30 dominant trees) and 60 cores for the HHT site (out of a total of
98 cores from 48 trees). Twenty-two cores from 11 trees in the
BYAB site remained and 3 short cores were eliminated in the XLPI
site (out of a total of 42 cores from 21 trees). 

Ring width series were further standardized using the cubic
smoothing spline to eliminate tree specific growth trends that resulted

Table I. Site description and general characteristics of the four tree-ring width standardized chronologies. RS and SNR represent the signal to
noise ratio and the correlation between the series (See Liang et al. 2001, for a description of these statistics).

Chronology Species Elevation m a.s.l. Time span Trees/cores RS SNR

BYAB Korean spruce 1400 1863–1988 11/22 0.519 11.35

HHT Chinese pine 1300 1622–1991 19/38 0.503 17.68

JGB Chinese pine 1347 1850–1998 24/50 0.748 67.67

XLPI Meyer spruce 1315 1930–1994 21/39 0.467 14.44

Figure 1. Map of the study area showing the meteorological stations and tree-ring sampling sites in the Xilin River Basin, Baiyunaobao Nature
Reserve, Loess Plateau and Da Qingshan (Mts). Meyer spruce site (XLPI) is located on sandy land in the typical steppe of the Xilin River Basin;
Korea spruce site (BYAB) is from the forest-steppe ecotone in eastern Mongolia. Chinese pine site (JGB) in Jungar Banner is close to Mu Us
and Kubuqi deserts on the Loess Plateau; Chinese pine site (HHT) is in the Da Qingshan, near the margin of Loess plateau. The two Chinese
pine sites (JGB and HHT) are located in the agro-pastoral ecotone in central Inner Mongolia. 
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from age, size difference and competition [9]. Thus, ring-width
measurements of each core were divided by the fitted spline values to
produce a standardized tree ring series for each core. These
dimensionless index series were then averaged for each site by using
the biweight robust mean to develop a standardized chronology for
each site. Site description and general characteristics of the four tree-
ring width standardized chronologies were summarized in table I.

The age structure of Meyer spruce in the typical steppe was
investigated in the field, and the analysis of increment cores from the
breast height of 21 trees among the oldest was performed in the
laboratory in 1999. The harvesting of seedlings and older trees to
estimate growth to breast height was not allowed in the core zone of
the natural reserve, the ages of seedlings within the forest boundaries
were identified by counting terminal bud scars along the stems in the
field. Five additional cores taken at the base of the stem and going
close to the pith gave the date of germination of 5 Meyer spruce trees
among the oldest, though the earliest collar of the trees and the tree
ring formed during the first year of life cannot be identified. After
comparing the number of tree rings at the base of the trees and at
breast height, the actual age of trees was calculated by adding 10
years to the pith age at breast height.

The synchronization among the four chronologies was checked by
the student’s t-test to determine the degree of correlation between the
four chronologies [16]. The correlation between the chronologies was
calculated for a common period (59 years) and a maximum overlap
period. Since the existence of a statistically significant correlation
was the first step for establishing a tree-ring network and for
evaluating the similarity of tree growth patterns, all statistical
procedures were evaluated at P < 0.05 level of significance (t-test).

The percentage of identical growth trends from one year to
another was registered as slope equivalence or “Gleichäufigkeit” [5,
47]. This statistical method was frequently applied to evaluate the
similarity between the site chronologies [5, 47]. In this study, the
“Gleichäufigkeit” values between the four chronologies were
calculated.

Response functions were used to identify the response of radial
growth to the precipitation variance [16]. The precipitation data were

from the nearby meteorological stations mentioned above. Thirteen
months from August of the year n–1 to August of the year n were
used. A common period in 41 years (XLPI, JGB and HHT) and 37
years (BYAB) between the precipitation records and the chronologies
was calculated.

3. RESULTS 

3.1. Age structure of Meyer spruce forest 

Seedlings of Meyer spruce from 1 to 10 years old can be
observed in the field by counting the terminal bud scars. The
age structure of the 21 old trees showed a good community
succession (figure 2). Only one tree was established in the
1920s and a peak in the age distribution was an evident from
1933 to 1935. 

3.2. The correlation between the four tree-ring 
chronologies 

Significant correlations existed between adjacent chronolo-
gies HHT and JGB (P < 0.001), and remote chronologies
BYAB and HHT, XLPI and JGB, XLPI and BYAB (P < 0.01)
(table II), whereas BYAB and JGB chronologies showed a rel-
atively weaker correlation (P < 0.05). Similarly, the highest
year-to-year consistency in the tree-ring patterns was found
between adjacent chronologies HHT and JGB (80.51% G),
XLPI and BYAB (70.69% G). Also, a higher than 60%
Gleichäufigkeit existed between XLPI and two remote chro-
nologies (HHT and JGB).

3.3. The growth anomalies in the 1920s and early 1930s  

A similar tree-ring width pattern was observed in JGB,
BYAB and HHT chronologies in the 1920s. JGB chronology
exhibited abnormally narrow rings in 1922, 1924–1926
and 1928–1932 compared with other periods (figure 3).

Figure 2. Age distribution of 21 Meyer spruce trees with a diameter
above 20 cm. The increment cores were sampled in August 1994.
Tree ages represented here are the possible germination age of trees,
which was estimated by adding 10 years to the pith age at the breast
height.

Table II. Cross correlations between the four tree-ring width chro-
nologies. R and r are the correlation coefficients calculated for the
maximum overlap periods and a 59-yr common period, respectively.
G is the slope equivalence (given as % Gleichläufigkeit). Signifi-
cance (Student’s t-test) at P = 0.05, P = 0.01, and P = 0.001 levels
are respectively indicated by one, two, and three asterisks. 

Chronology BYAB HHT JGB XLPI

BYAB - R=0.263 **
 r=0.345 *
G=55.08%

R=0.198 *
 r=0.227
G=50.85%

R=0.401 **
 r=0.401 **
G=70.69%

HHT R=0.263 **
 r=0.345 *
G=55.08%

- R=0.567 ***
 r=0.661 ***
G=80.51%

R=0.214
 r=0.235 
G=61.29%

JGB R=0.198 *
 r=0.227
G=50.85%

R=0.567 ***
 r=0.661 ***
G=80.51% 

- R=0.316 **
 r=0.342 **
G=60.94% 

XLPI R=0.401 **
 r=0.401 **
G=70.69%

R=0.214
 r=0.235 
G=61.29%

R=0.316 **
 r=0.342 **
G=60.94%

-
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13.11% missing rings were dated from 1922 to 1932 among all
50 cores. Although no missing rings in BYAB chronology
were found, a remarkable below-average growth in the years
1922–1924 and 1927–1932 appeared clearly (figure 3).
Likewise, Chinese pine chronology (HHT) also exhibited a
significant growth decrease in the years 1922–1932 (figure 3),
with 46.08% missing rings from 1928 to 1931. 

The re-analysis of tree-ring data showed that about 65%,
58% and 70% of the year-to-year variability in ring-width
index of XLPI, BYAB and JGB chronologies could be respec-
tively explained by monthly precipitation for the period rang-
ing from August (year n–1) to August of the current year (n).

4. DICUSSION

4.1. The implication of age structure of Meyer spruce 
forest

As this patch of forest has received little attention, no writ-
ten records on the stand history are available. The investiga-
tion carried out by the Chinese Academy of Science in 1996
confirmed the existence of good community succession in this
relict forest stand. A recent study also reported that the young
age (less than 70 years) of this forest stand was evident [13].
The shape of the histogram of stand age-classes can yield

Figure 3. Tree-ring width patterns for the four standardized chronologies considered. Three chronologies (JGB, HHT and BYAB) display a
significant growth decline from 1922 to 1932: this period is delineated by two vertical lines. The sample depth and the amount of precipitation
from August of the year n–1 to August of the year n were plotted against the chronologies. Here, the seasonal precipitation was divided by a
long-term mean values to produce standardized data.
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insights into the nature of the disturbance regime [31]. Few
older Meyer spruce trees dating before 1930 and a static age
structure from 1933 to 1935 seems to have been facilitated by
a series of major disturbances to this forest stand in the 1920s
and early 1930s [25].

4.2. Correlations among the four tree-ring chronologies

The parallel behaviour of relatively close chronologies
(BYAB and XLPI, HHT and JGB) indicated a general regional
synchronization of tree-ring variations. BYAB and HHT
forest stands were probably affected by mountainous climates,
while XLPI and JGB forest stands were more exposed to a
semi-arid climate than the two other stands. The significant
teleconnection between BYAB and HHT, XLPI and JGB, and
the relatively low correlation between BYAB and JGB, HHT
and XLPI suggested the influence of a different topography
and local microclimate on tree growth. 

The statistically significant correlation between tree-ring
chronologies also gives us a high degree of confidence in the
reliability of chronological crossdating. These forest stands
have not been heavily disturbed nor subjected to high
pollution levels [12]. Thus, it seems reasonable to use these
chronologies as an important resource for examining climate
disturbance events. The spatially coherent pattern of tree-ring
series among XLPI, JGB and BYAB chronologies suggested
that large-scale climate changes over North China were a
major determining factor in the tree-ring variations. 

4.3. The 1920s drought in North China revealed 
by tree rings  

High-frequency of missing rings in two Chinese pine stands
and low-average growth in the Korean spruce stand indicated
the incidence of large and deep depressions in the 1920s and
the early 1930s. For trees growing in semiarid regions, the
width of annual rings is primarily limited by available
moisture [4, 15, 19, 26, 27, 34–36, 42, 43, 51, 53]. In this
study, a high percent of chronology variance accounted for by
the precipitation in the four chronologies also revealed the
nature of susceptibility of forest stands to drought disturbance.
Thus, the comparatively synchronized growth shocks
exhibited by Chinese pine and Korean spruce were probably
the outcome of the large-scale severe sustained drought which
occurred in the 1920s and early 1930s in North China. 

A variety of historical and proxy records provided a
reference framework for assessing climatic extremes in the
1920s in North China, although few meteorological records
can cover this period. The extreme drought severity in the
1920s was also reported in the reconstruction of precipitation
fluctuations using tree rings of Pinus armandi in north-central
China [21, 48], and of Pinus sibirica and Pinus sylvestris in
Mongolia [23, 41]. The gagged-flow record of the Yellow
River in Shanxian showed an 11-yr low-flow period from
1922 to 1932, corresponding to a 7-yr low-flow interval from
1926 to 1932 in Yongding River in Beijing [54]. Daihai Lake
in central Inner Mongolia had a surface area of 50 km2 from
1927 to 1929, compared to a normal area of 134 km2 in 1988
[54]. It was noteworthy that drought-induced famines and
disease led to the death of a total estimation of 4 million

residents in five provinces including Gansu, Shaanxi, Inner
Mongolia, Ningxia Qinghai [54], demonstrating to the
intensity and severity of the drought in the 1920s in North
China. Archives also demonstrated that this extraordinary
drought caused a heavy mortality among old trees, and a
substantial loss of domestic livestock in the steppe of eastern
Inner Mongolia [57], indicating the extensive influence of the
severe persistent drought on the forest and grassland. Overall,
converging lines of evidence confirmed the phenomenon
deduced from tree-ring analysis that a “worst-case” drought
scenario did hit North China in the 1920s and the early 1930s.
The 1920s drought has never been exceeded since 1642 [8]. 

4.4. The probable cause of Meyer spruce mortality

The paucity of trees dating from the 1920s in this stand and
the immediate forest recruitment in the early 1930s was in
accordance with the extreme drought event which occurred in
the 1920s and with the following drought release in 1933,
suggesting that the severe sustained drought was probably the
triggering factor for the dieback of the remnant Meyer spruce
forest. There were also numerous reports on drought-induced
forest mortality [3, 24, 28, 32, 33, 37, 39, 40, 52].

However, tree mortality may result from multiple factors,
including human activity, fire suppression, competition, insect
infestation, or a combination of these disturbances [22, 45].
Prior to 1950, the Xilin River Basin was still a virgin territory,
implying that no direct relationship existed between human
activity and forest dieback in the 1920s. Fire is considered to
be an important disturbance factor modelling the modern
boreal landscape [49]. Sustained drought coinciding with high
temperatures was generally conductive to the occurrence of
fire [18]. However, one important limitation for fire recon-
struction is the inability to detect fire-related information in
fixed sandy land. Moreover, fire always occurs in early spring,
when the wind is extremely strong. Assuming that fires
occurred in the 1920s or early 1930s, the postfire debris in this
relatively high elevation stand would have been removed by
strong winds. On the other hand, wild fires in semiarid steppe
are frequent, but no fire-scarred trees were observed in this
forest stand. A concurrent insect attack during a drought
period may also predispose the forest to eventual dieback [2].
Surrounded by typical steppe, this patch of Meyer spruce for-
est showed no evidence of insect infestation in recent decades,
though insects attacked the adjacent BYAB site in the 1960s
[56]. It is possible that the microclimate and topography in a
such isolated forest stand have contributed to the protection of
this patch of forest from the interference of fire and insects in
the mortality process. Basically, Meyer spruce mortality was
most likely to have been driven by extreme drought.

Chinese pine, Meyer spruce and Korean spruce in different
forest stands may show considerably different responses to the
1920s drought. Chinese pine presents strong drought adapta-
tions, including deep roots, xeromorphic leaves, low transpira-
tion caused by a high ratio of bound water to free water in the
leaves, and early stomata closure in response to drought stress
[55]. It covers a wide ecological spectrum from the Loessic
hills and semi-arid sandy lands to 1000–2600 m (a.s.l.) moun-
tains in North china [55]. Although Chinese pine in JGB site
displayed an apparent growth reduction and high-frequency of
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missing rings in response to extreme drought in the 1920s and
early 1930s, the prolonged drought did not preclude its sur-
vival and recovery. On the contrary, the relatively wet and
cold climate at BYAB site may mitigate the impacts of a
severe drought on the radial growth of Korean spruce. As a
remnant species in the typical steppe, Meyer spruce trees are
at their limit of survival owing to general low precipitation,
which may determine the sensitivity and vulnerability of relic
forests to regional precipitation regimes, even of relatively
small magnitude and short duration of drought. The dendroclimatic
investigation for Meyer spruce carried out in this stand dem-
onstrated that the radial growth of Meyer spruce was signifi-
cantly correlated with the precipitation from August to Octo-
ber (year n–1), and with the precipitation of the current May
[30]. Short-term drought from August 1982 to June 1983 had
contributed to the formation of extremely narrow rings in 1983
[30]. A severe sustained drought for 7 or 11 consecutive years
in the 1920s and the early 1930s would have exacerbated the
problems caused by the inherent scarcity of water in the typi-
cal steppe. Physiologically, the prolonged soil moisture deple-
tion in combination with generally high temperatures might
reduce carbohydrate reserves, increase fine root mortality,
cause the defoliation and cessation of cambial activity [1, 29],
and eventually predispose drought-sensitive Meyer spruce
trees to death. This also implies that tree growth responses to
the drought are dependent on tree phenotype and ecological
distribution [1, 7, 17, 38, 50]. 

The strong linkage between tree-ring chronologies sheds
light on the perspective of developing a large-scale tree-ring
network in North China. Tree-ring analysis with reference to
historical records also indicated that the severe sustained
drought in the 1920s was the basic cause of the mortality of the
drought-sensitive remnant Meyer spruce in typical steppe. The
death of trees was the ultimate stage of a positive feedback
process triggered by extreme drought. This research provides
new insights into the vulnerability and sensitivity of remnant
forests to climate change, and is the first step towards
understanding the effects of a potential drought induced by
global warming on the remnant forest in typical steppe. 
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