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Abstract

In the past few decades, the East Asian summer monsoon (EASM) has experienced an unprecedented weakening, exacerbat-
ing drought in northern China, especially in the monsoon margin area. Improving our understanding of monsoon variability
will benefit agricultural production, ecological construction, and disaster management. Tree-ring is widely used as proxy
data for extending the monsoon history. However, in the East Asian monsoon margin, the tree-ring width were mostly formed
before the rainy season, thus may have limited ability to indicate the monsoon variability. Intra-annual density fluctuations
(IADFs) can provide higher resolution information on tree growth as well as evidence of short-term climate events. Here, we
used Chinese pine (Pinus tabuliformis Carr.) samples from the eastern edge of the Chinese Loess Plateau (CLP), where the
climate is deeply affected by monsoon, to investigate the response of tree growth and IADFs frequency to climate variation.
We show that tree-ring width and IADFs record significantly different climatic signals. The former was mainly affected by
moisture conditions at the end of the previous growing season and the current spring. While the latter was common in years
when severe droughts occurred in June and July, especially in June. This period coincides with the onset of the EASM, so
we further analyzed the relationship between IADFs frequency and the rainy season. Both correlation analysis and the GAM
model suggest that the frequent occurrence of IADFs may be related to the late start of the monsoon rainy season, meaning
that we have found a new indicator in tree-ring records that can capture monsoon anomalies. Our results provide further
insight into drought variation in the eastern CLP, which also implicates the Asian summer monsoon dynamic.
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Introduction

As one of the most active components of the Northern Hem-
isphere summer climate system, the variability of the East
Asian summer monsoon (EASM) deeply affects the lives and
well-being of more than one billion people. Since the 1970s,
the EASM has shown an obvious weakening trend (Wang
2001; Yu et al. 2004), resulting in later and less precipita-
tion in northern China (Ding et al. 2008; Li 2013). Under
the combined effect of rapid warming in the past decades,
the drought in northern China, especially in the margin of
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EASM, has been further aggravated (Dai et al. 2003; Ma
and Dan 2005; Ma and Fu 2006), which has greatly affected
agricultural production and ecological construction (Qin
et al. 2014; Bo et al. 2015; Zhang et al. 2016; Zhao et al.
2019). Improved knowledge of monsoon variability would
benefit risk management in the agricultural, ecological, and
hydrological. However, instrumental climate data are gener-
ally limited in length, which hamper our full understanding
of monsoon dynamics. Therefore, exploring possible proxy
of monsoon variability is critical.

As a high-resolution proxy data, tree-ring has unique
advantages in paleoclimate research. However, tree radial
growth is driven not only by current year’s climatic condi-
tions, but also by prior years (Kagawa et al. 2006), thus insuf-
ficient to reflect short-term climate events. Besides tree-ring
width, many xylem anatomical features at the cellular scale are
able to record intra-annual climate variation (Eilmann et al.
2009; Fonti et al. 2010; Cuny et al. 2014; Zhu et al. 2017),
such as common intra-annual density fluctuations (IADFs).
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Environmental stress during the growing season makes trees
enter the dormant period prematurely, thus resulting in the
formation of latewood-like cells in earlywood, and when this
stressor disappears or is alleviated, the trees resume normal
physiological activity with the appearance of earlywood-like
cells, which is reflected in TADFs and commonly called false
ring (De Micco et al. 2016). IADFs is an abrupt changes in
xylem anatomy caused by trees’ adjustment strategy to short-
term climate change (Campelo et al. 2007; De Micco et al.
2016), and thus can provide climate-ecological information at
seasonal scales as well as evidence of extreme climate events
(Panayotov et al. 2013; Battipaglia et al. 2016). The Mediter-
ranean climate zone is currently the main focus of IADFs
research, which provides useful information on the effects of
summer drought on intra-annual tree growth (Zalloni et al.
2019; Piermattei et al. 2020). However, there are fewer IADFs
related studies in East Asia to date, such as northern China,
because the region has fewer summer droughts and shorter
tree growing seasons than the Mediterranean.

The Chinese Loess Plateau (CLP) lies in the transition
zone between a semi-humid monsoon climate and an inland
arid and semi-arid climate, where seasonal precipitation is
highly uneven and variable due to the monsoon’s advance
and retreat, and seasonal drought is common due to asyn-
chronous summer rain and heat. Moreover, this character-
istic is becoming increasingly prominent in the context of
global warming and monsoon decline. Accordingly, many
tree-ring-related studies (Song and Liu 2011; Li et al. 2022)
have been conducted in the CLP in recent years. However,
regional tree-ring records mostly reflect the drought vari-
ability in spring and summer before monsoon onset, thus
providing limited information on monsoon dynamics. The
end of the dry season in this area is clearly marked by the
onset of the rainy season, so the short-term drought signal
contained in IADFs may also imply a monsoon anomaly.
Related studies in other monsoonal regions have pointed out
this possibility (Singh et al. 2016; Babst et al. 2016). Chi-
nese pine (Pinus tabuliformis Carr.), a main native species
of the CLP, is prone to IADFs based on xylem anatomy (Gao
et al. 2021a). However, no IADFs chronology for Chinese
pine or CLP has been reported so far.

Since IADFs and tree-ring width are driven by climatic
conditions at different time scales, we hypothesize that they
record different climatic signals. Besides, late monsoon may
result in drought during growing season and thus increased
the possible of IADFs occurrence; therefore, IADFs fre-
quency may provide information on monsoon dynamics. In
this study, we established ring width and IADFs frequency
chronologies of Chinese Pine in the east edge of the CLP,
clarified the climate signal recorded by IADFs and tree-ring
width, and explored the possible influence of the EASM on
IADFs frequency.
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Materials and methods
Study area

This study was carried out in a semi-humid forest in the east-
ern edge of the CLP (Fig. 1(a)). According to the observation
records of the Zuoquan Meteorological Station (37° 4’ 48"
N, 113° 21" E, 1091.4 m a.s.l., 1959-2014 CE), the closest
meteorological station to the sampling site (32 km), the aver-
age annual total precipitation is 233 mm, and the seasonal
distribution is uneven (Fig. 1(c)). The concentrated precipita-
tion brought by the monsoon from June to September accounts
for about 72% of the whole year. The annual average tem-
perature is 7.8 °C, with the coldest January averaging—7.9 °C
and the hottest July averaging 21.4 °C. Over the last 56 years,
the regional climate has experienced significant warming
(Fig. 1(d)), while the trend for precipitation is insignificant
(Fig. 1(e)).

Tree-ring data

In the summer of 2019, a pure Chinese pine forest (37° 01’ 35"
N, 113°41' 55" E, 1230-1330 m a.s.1., Fig. 1(b)) was selected
from Zuoquan County, Shanxi Province. One or two cores per
tree in different directions at the DBH (1.2—1.5 m) were sam-
pled from healthy, mature, undisturbed trees with increment
borer. A total of 49 cores from 26 trees were collected, and
then the samples were brought back to the laboratory. Accord-
ing to the international standards (Stokes and Smiley 1968),
all cores were fixed on grooved wooden strips to dry naturally,
and polished with 200, 400, and 600 grit sandpaper accord-
ingly, until the xylem cell structure was clearly visible under
the microscope. Visual dating was carried out under a binocu-
lar microscope, and the tree-ring (TRW), earlywood (EW),
and latewood width (LW) were measured using the Velmex
Measuring System with an accuracy of 0.001 mm. The cross-
dating quality was checked with TSAP-Win and COFECHA
programs (Holmes 1983). The non-climatic signals caused by
tree age and stand dynamics were removed by fitting linear and
negative exponential curves (with a few poorly fitted selected
spline functions) using the ARSTAN program (Cook 1985).
The de-trended TRW, EW, and LW indices were averaged
using the biweight robust means to create three standardized
(STD) chronologies. In addition, the strong linear correlation
between EW and LW was removed with the method proposed
by Meko and Baisan (2001), to obtain an adjusted latewood
width series (LW, dj).

a

Intra-annual density fluctuations

We identified IADFs in 43 cores (excluding six cores that
did not reach the pith) and divided them into two groups
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Fig. 1 Location of the study area (a), sampling site and meteorologi-
cal station (b). Intra-annual distribution of monthly mean, maximum,
minimum temperature and precipitation (c), and inter-annual trends

(E-IADFs and L-IADFs), according to the relative position
of IADFs within the tree rings. E-IADFs are characterized
by a band of latewood-like cells appearing in the earlywood,
while L-IADFs are characterized by a band of earlywood-
like cells appearing in the latewood (Fig. S1).

A large number of studies show that IADFs appear more
frequently in younger trees, and this age trend may inter-
fere with our understanding of the climate signals recorded
in IADFs chronology (Novak et al. 2013; De Micco et al.
2016). In order to eliminate the influence of cambium age
on IADFs frequency, we used binomial logistic model to
fit the age trends of 43 series of statistical IADFs, with the
independent variable being cambium age and the depend-
ent variable being the presence or absence of IADFs (1
for presence and O for absence) (Zalloni et al. 2016). The
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of annual mean temperature (d) and annual precipitation (e) at Zuo-
quan meteorological station from 1959 to 2014

residuals of each logistic model were then averaged over the
corresponding years to finally obtain an IADFs frequency
index chronology without age trend. It should be noted that
the cambium age at the time of the occurrence of IADFs
ranged from 2 to 201 years.

Climate data

Monthly average maximum temperature, average tempera-
ture, and precipitation data from the Zuoquan station, as
well as the standardized precipitation-evapotranspiration
index (SPEI, Vicente-Serrano et al. 2010) at a 1-month scale
calculated from this station data, were used to determine
the effects of climatic factors on tree growth. SPEI repre-
sents the water surplus and deficit by the monthly difference
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between precipitation and potential evapotranspiration, and
its value can be used to assess the dry and wet states of the
regional climate (Vicente-Serrano et al. 2010). SPEI was
calculated using the R package “SPEI” based on the Thorn-
thwaite equation (Begueria et al. 2017).

To explore the possible association between the IADFs
frequency and the monsoon rainy season, we calculated the
start date of single-station rainy season by referring to the
method proposed by Li and Guo (2015). The daily precipita-
tion data used in the calculation are also from the Zuoquan
station. The calculation method is detailed in supplementary
materials.

Statistical analysis

The Pearson correlation coefficients between tree-ring width
chronologies and climate variables were calculated to inves-
tigate the climate signals recorded by tree growth. As the
residuals of the logistic regression model do not obey a normal
distribution, the Spearman correlation coefficients between
the IADFs frequency index chronology and climate variables
and the start date of the rainy season were computed. Climate
variables include monthly average maximum temperature, aver-
age temperature, precipitation, and SPEIL. The monthly climate
data from previous May to current September and from current
March to September were used for the ring width chronologies
and the IADFs chronology, respectively.

We defined the years with IADFs frequency index greater
than its third quartile (1.075) from 1959 to 2014 as “high
IADFs” (HI) years. Superposed epoch analysis (SEA) was
used to examine whether the monthly average maximum
temperature, average temperature, precipitation, and SPEI
from March to September in 14 HI years were statistically
different from other years chosen randomly. One thou-
sand Monte Carlo simulations were performed to test the
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statistical significance of monthly climate anomalies in HI
years. The SEA was computed using the R package “sea_
dbl” (Rao et al. 2019).

The generalized additive model (GAM) was used to ana-
lyze the relationship between the start date of the rainy sea-
son and IADFs frequency index. The GAM model, as a non-
parametric extension of the traditional generalized linear
model, can effectively deal with the complex nonlinear and
non-monotonic relationship between explanatory variables
and response variables, and does not need to make too many
assumptions about the relationship between variables. The
GAM was fitted using the R package “mgcv”’ (Wood 2006).

Results
Tree-ring width and IADFs chronologies

The four tree-ring width chronologies are shown in Fig. 2. The
trends and extreme values of TRW, EW, and LW are very simi-
lar, but LW differs in some years (e.g., 1877, 1887, 1935, 1976).
In the period from 1959 to 2014, for which meteorological data
are available, the maximum value of the chronologies occurred
in 1964 and the minimum value in 2009. In 1964, meteorologi-
cal records showed much higher precipitation during the grow-
ing season, resulting in a wide ring. In 2009, a severe drought
occurred in the previous autumn and winter and the current
growing season, generating a narrow ring. The descriptive sta-
tistics in Table 1 indicate that all three chronologies have high
sensitivity, with mean sensitivity (MS) ranging from 0.56 to
0.68. They also have strong and consistent common signals,
with EPS from 0.94 to 0.96 and RBAR from 0.44 to 0.55.

A total of 5299 tree rings were involved in IADFs sta-
tistics, and 1068 rings had IADFs (20%), of which 952
E-TADFs, 28 L-IADFs, and 88 E- and L-IADFs co-occurring
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Table 1 Descriptive statistics of the tree-ring standard chronology

Basic statistics TRW EwW LwW

RBAR 0.553 0.559 0.358
EPS 0.959 0.96 0.914
SNR 23.51 24.065 10.594
MS 0.421 0.49 0.376
ACl1 0.384 0.286 0.494

RBAR correlation of mean intersections, EPS expressed population
signal, SNR signal-to-noise ratio, MS mean sensitivity, AC/ first-order
autocorrelation

in a single ring. As there were too few L-IADFs, only
E-TADFs (including E-IADFs occurring alone and co-occur-
ring with L-TADFs, 1040 in total) were selected for subse-
quent analysis. Figure 3 shows the IADFs frequency index
chronology obtained by calculating the mean of the logistic
model residuals to remove the age trend. We observed that
the IADFs frequency index was not significantly related to
TRW, EW, and LW, but significantly positively correlated
with LW, (r=0.36, p <0.001).

Climate responses of ring width and IADFs
chronologies

The climate signals reflected by TRW, EW, and LW are quite
similar, with only slight differences in the correlation coeffi-
cients (Fig. 4). The correlations with temperature are gener-
ally negative, with significant correlations observed between
average maximum temperature in September of the previous
year and April and May of the current year (Fig. 4(a)), while
correlations with average temperature are all insignificant
(Fig. 4(b)). The correlations with precipitation are signifi-
cantly positive in July and September of the previous year
and in April of the current year (Fig. 4(c)). LW,i shows a
significantly positive correlation with average temperature

in June of the current year and precipitation in January and
September of the current year (Fig. 4(b) and (c)).

A negative correlation with temperature and a positive
correlation with precipitation, indicating a typical drought
response pattern, so we further analyzed the relationship
between chronologies and SPEI. The correlations between
TRW, EW, LW, and SPEI are mostly significantly positive
in July and September of the previous year and April of the
current year, while LW, and SPEL is only significantly posi-
tive in September of the current year (Fig. 4(d)). This means
that the growth of Chinese pine is mainly influenced by the
moisture conditions at the end of the growing season of the
previous year and in April of the current year.

The Spearman correlation analysis shows that the IADFs
frequency index is mainly positively correlated with aver-
age maximum temperature in April, June, and July, average
temperature in June, and negatively correlated with precipi-
tation and SPEI in June (Fig. 5). SEA shows not exactly the
same results. HI years are associated with high temperatures
in June and July and low precipitation and SPEI in June
(Fig. S2). This suggests that IADFs tend to occur in years
with climate anomalies in June and July, especially in June,
when high temperatures, low precipitation, and abnormal
droughts are observed.

Relationship between IADFs frequency and rainy
season

The precipitation of the CLP is highly concentrated from
June to August, which was deeply affected by the EASM.
The regional rainy season usually starts from late June to
early July, and delayed onset may lead to early summer
droughts, which occur at the same time as the abnormal
drought in the high frequency years of IADFs. Therefore,
there may be a possible linkage between monsoon activity
and IADFs.
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We calculated the rainy season onset time based on daily
precipitation from the Zuoquan station, and examined its
relationship with the IADFs frequency. The results dem-
onstrate that there is a strong positive correlation between
them (Fig. 6, r=0.44, p<0.001), and this correlation

@ Springer

is significant in two time periods: 1959-1986 (r=0.4,
p <0.05) and 1987-2014 (r=0.43, p <0.05). GAM further
evaluated the impact of the start date of the rainy season
on the IADFs frequency. In the model, the total devia-
tion explained by the prediction factors is 22.5%, and the
adjusted R?is 0.21. Therefore, the onset time can be con-
sidered a significant factor affecting the IADFs frequency.
Moreover, according to the estimated degree of freedom
of the smoothed variable (EDF=1), the two are linearly
dependent, that is, the later the rainy season starts, the
higher the IADFs frequency appears (Fig. 7).

Based on the above relationship, we speculate that
the EASM variability before instrumental data may be
greater. For example, the IADFs values in 1886, 1899,
and 1910 were very high, so the monsoon may be abnor-
mally late. The values in 1877, 1881, and 1885 were very
low, the monsoon may have arrived much earlier. In addi-
tion, since the late 1970s, the years with a high frequency
of IADFs have increased (such as 1985, 1986, 1991, 1992,
1993, 2005, 2008), which corresponds to the weakening
trend of EASM.

Discuss

Ring width and IADFs record different climate
signals

In this study, tree growth was mainly influenced by the mois-
ture conditions at the end of the previous growing season
and in the spring of the current year (Fig. 4), in line with
many tree-ring studies in the CLP (Fang et al. 2012; Chen
et al. 2014; Li et al. 2022). In autumn, the division activity of
tree cambium is close to the end, but photosynthesis is still
vigorous if temperature and soil moisture are appropriate, the
synthesis and storage of non-structural carbohydrates will
have a “lagging” effect on earlywood growth in the following
spring (Rolland 1993; Larsen and MacDonald 1995). Wood
anatomy and experimental studies have shown that soil water
availability is a key driver of xylogenesis, affecting all stages
of tracheid development, with cell production and expansion
stages considered to be the most sensitive (Hsiao 1973; Peters
et al. 2021). The cambium of Chinese pine became active in
late spring, the number of cambium cells peaked between
May and June, and cell enlargement peaked in June (Gao
et al. 2021b). However, precipitation in the CLP is highly
concentrated in summer, and low soil moisture before the
rainy season may shorten the time of cambium activity (De
Luis et al. 2011), reduced cell production (Swidrak et al.
2011), and limit cell expansion (Abe and Nakai 1999; Gru-
ber et al. 2010), eventually leading to less radial growth and
abnormal anatomical characteristics (Eilmann et al. 2011;
Martin-Benito et al. 2013). For example, Gao et al. (2021a)
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monitored the cambium activity and wood formation of
Chinese pine in Helan Mountain, northwest of the CLP, and
found that the drought in June restricted the cell production
of cambium, resulting in only 36% xylem cells formed at that
time. And led to unfavorable conditions for cell expansion,
the lumen contracted to a narrow latewood cell size, forming
E-IADFs. In the rings without IADFs, 68% of the cells were
produced in June, and these cells completed cell expansion,
showing a faster xylem formation process, which may be due
to more late spring and summer precipitation.

Wood formation monitoring demonstrates that E-IADFs
are closely associated with climate stress during the grow-
ing season on the microscopic scale, while the frequent and
stable occurrence of IADFs in the tree rings may indicate
common climate signals on the macroscopic scale (Vieira
et al. 2017; Arzac et al. 2018; Pacheco et al. 2020). The
IADFs in this study were triggered by climate anomalies in
June and July, especially in June when the temperature was
higher and the precipitation was less (Fig. 5, Fig. S2). In

Start date of rainy season

addition, the average maximum temperature in April also
showed a significant impact. High temperature in the early
growing season may advance cambium activity and increase
transpiration, exposing trees to longer and stronger droughts
(Begum et al. 2013). Under persistent high temperatures and
severe water deficits in June and July due to delayed rainy
season, soil moisture and xylem water potential decreased
further (Nonami and Boyer 1990). When the water pres-
sure inside the cell exceeds that outside, the cell expands
(Lockhart 1965). Under low turgor pressure, trees form
latewood-like cells with small diameter and thick cell wall
to minimize the risk of xylem embolism by drought (Abe
and Nakai 1999; Olano et al. 2014; Schreiber et al. 2015;
Lu et al. 2018), but at the cost of lower water conduction
rates (Puchi et al. 2019). After the monsoon arrives, stimu-
lated by a significant increase in precipitation, the cambium
becomes active again, and the lumen diameter first increases
slightly and then decreases again in latewood, eventually
leading to fluctuations in wood density (Abe et al. 2003;
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Vieira et al. 2010). This is consistent with the IADFs forma-
tion of Chinese pine in the Helan Mountains, as revealed by
cambium activity monitoring (Gao et al. 2021b).

Tree-ring width synthesizes the complex signals of
long-time scales in the previous year and the current year,
while IADFs only respond to climatic events at a seasonal
scale. The two are driven by different time-scale climatic
conditions and record significantly different climatic sig-
nals. This conclusion is supported by other studies. For
example, Olano et al. (2015) compared the response of
Juniperus thurifera L. ring width and IADFs to climate
in semi-humid and semi-arid regions of Spain, and found
little overlapping climate signals between them. Pacheco
et al. (2016) found that the growth of Juniperus thurifera
L. and Pinus halepensis Mill. in the Mediterranean region
was supported by humid and cold conditions from late
winter to early spring, while the formation of L-IADFs
was due to the wet conditions from late summer to early
autumn and the heavy rainfall in midsummer.

Emergence of IADFs associated with the rainy
season

Soil moisture fluctuations affect the generation and differen-
tiation of xylem cells, thereby affecting the anatomical char-
acteristics of tree rings (Vaganov et al. 2006). After a slow
depletion and strong evaporation from early spring to summer,
soil moisture in the study area reaches its lowest value of the
year before the onset of the rainy season. Subsequently, the
soil moisture content increases considerably due to monsoonal
precipitation and remains high for a considerable period of
time, its intra-annual dynamics showing a low—high-low trend
similar to precipitation. However, when the rainy season is
abnormally delayed, the severe deficit period of soil moisture
in early summer will be prolonged. At this time, the number
of cambium cells and enlarged cells reached their maximum,
but the aggravation of drought forced the cambium activity to
slow down and limited the cell enlargement, resulting in the
emergence of IADFs (Rossi et al. 2009). Thus, the later the
rainy season starts, the more IADFs appears (Fig. 6, Fig. 7).
Similar relationships can be found in findings from other mon-
soon regions in Asia and North America. For example, Singh
et al. (2016) attributed the formation of E-IADFs in Pinus kes-
iya in northeast India to dry conditions in the early growing
season caused by insufficient monsoon rainfall. Babst et al.
(2016) suggested that seasonal moisture limitation caused by
the weak North American monsoon and favorable external
conditions at the end of the growing season were important
reasons for the emergence of E-IADFs at the end of earlywood
of Pinus ponderosa in southern Arizona.

Drought in early summer causes IADFs while also pro-
moting the transformation of earlywood to latewood (Arzac
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et al. 2018; Putz et al. 2021). The intermittent thunder-
storms in the rainy season cause strong fluctuations in soil
moisture, stimulate the reactivation of the cambium and
increase the proportion of latewood (Camarero et al. 2010).
This is why the IADFs in this study resemble the E + type
formed in the transition zone between earlywood and late-
wood (E-IADFs were subdivided into E and E + based on
their different positions in earlywood) (De Micco et al.
2016), and the IADFs frequency is significantly positively
correlated with LW, 4. It should be pointed out here that our
TIADFs are generated in the middle and late growing sea-
sons, which is different from the IADFs that appear in the
early growing season, but they are all abnormal structures
that occur in sectors that are supposed to grow earlywood,
so we tend to classify them as E-type. Our conclusion is
consistent with previous studies (De Micco et al. 2016;
Zhang et al. 2020; Gao et al. 2021b), that the negative
effects of summer drought on tree growth are reversible
and can be partially compensated by short-term growth
recovery triggered by rainfall events.

Conclusion

The growth of Chinese pine in the eastern margin of the CLP
correlated with the soil moisture at the end of the growing
season of the previous year and in the spring of the current
year, whereas IADFs responded only to intra-annual climatic
events, and they record distinct climatic signals. The forma-
tion of IADFs in Chinese pine is coupled with drought stress
during early summer, which may be related to the late start
of the rainy season. Suitable conditions after water deficit
resulted in anomalous changes in latewood density, mak-
ing the E-IADFs look more like E+, and the frequency of
IADFs was significantly positively correlated with LW, ;.
This reflects the trade-off between xylem hydraulic security
and water transport rate for trees to adapt to seasonal fluctua-
tions in water, thus forming a bimodal growth pattern similar
to trees in the Mediterranean climates. The seasonal growth
dynamics of Chinese pine in the eastern edge of the CLP
provide useful insights for regional climate change as well as
the possibility of quantifying long-term monsoon variability.
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