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Abstract: Fine-resolution studies of stem radial variation over short timescales throughout the year can
provide insight into intra-annual stem dynamics and improve our understanding of climate impacts
on tree physiology and growth processes. Using data from high-resolution point dendrometers
collected from Platycladus orientalis (Linn.) trees between September 2013 and December 2014,
this study investigated the daily and seasonal patterns of stem radial variation in addition to the
relationships between daily stem radial variation and environmental factors over the growing season.
Two contrasting daily cycle patterns were observed for warm and cold seasons. A daily mean air
temperature of 0 ◦ C was a critical threshold that was related to seasonal shifts in stem diurnal cycle
patterns, indicating that air temperature critically influences diurnal stem cycles. The annual variation
in P. orientalis stem radius variation can be divided into four distinct periods including (1) spring
rehydration, (2) the summer growing season, (3) autumn stagnation, and (4) winter contraction.
These periods reflect seasonal changes in tree water status that are especially pronounced in spring
and winter. During the growing season, the maximum daily shrinkage (MDS) of P. orientalis was
positively correlated with air temperature (Ta ) and negatively correlated with soil water content
(SWC) and precipitation (P). The vapor pressure deficit (VPD) also exhibited a threshold-based control
on MDS at values below or above 0.8 kPa. Daily radial changes (DRC) were negatively correlated with
Ta and VPD but positively correlated with relative air humidity (RH) and P. These results suggest that
the above environmental factors are associated with tree water status via their influence on moisture
availability to trees, which in turn affects the metrics of daily stem variation including MDS and DRC.
Keywords: Platycladus orientalis (Linn.); stem radial variation; daily and seasonal patterns; growing
season; environmental factors

1. Introduction
A complete assessment of the response of tree growth to climates over different time scales is critical
for understanding the physiological mechanisms of tree growth and their response to environments
in the context of global climate change [1]. Long-term relationships between tree radial growth
and climatic variables have been evaluated in recent decades by mostly using dendrochronological
approaches that are based on the statistical relationships between tree-ring widths and meteorological
factors at monthly, seasonal, and annual scales [2,3]. However, these approaches do not allow one to
study the effects of short-term environmental changes on tree growth at intra-annual scales. Thus,
studies applying fine-resolution growth data complement longer-term, tree ring-based studies [4–6].
Variation in tree stem diameter results from irreversible growth due to new cambial cell formation
only during the growing season and reversible stem shrinkage and swelling associated with water
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balance within the stems [7,8]. Generally, a stem contracts during the daytime when tree transpiration
exceeds water absorption via the roots and expands at night due to excess absorption from the
roots with respect to transpiration [9]. Dendrometers continuously and automatically monitor
intra-annual stem radial variation at a high temporal resolution of minutes to hours without invasive
sampling [10–12]. Such technology has provided opportunities to study stem radial variation and
its response to environmental factors on daily and seasonal scales [3,7]. Consequently, this method
has been widely used in recent years to investigate intra-annual stem radial variation and evaluate
growth-climate relationships in various ecosystems [8,13–16]. At the daily scale, two opposing patterns
of diurnal cycles of stem radial variations are observed in warm and cold seasons that are related to the
physiological processes of transpiration and water uptake, and freeze-thaw cycles, respectively [17–19].
Nevertheless, it is unclear which environmental factors affect seasonal shifts of stem diurnal cycle
patterns and what the corresponding thresholds are. Turcotte et al. [20] identified the stem radial
variation corresponding to three seasonal periods for black spruce in the southern boreal forest of
Quebec, Canada. These periods were related to winter shrinkage, spring rehydration, and summer
transpiration. Other studies have shown that intra-annual stem radial variation exhibits a bimodal
distribution in Mediterranean trees [21] and S-shaped curves in tropical regions [22]. These observations
reflect that seasonal patterns of intra-annual stem radial variation are differentiated among different
climatic regions. The widely used metrics, daily radial change (DRC) and maximum daily shrinkage
(MDS), are provided by dendrometer measurements and yield valuable data to determine seasonal
tree growth and tree water status, thereby allowing the investigation of relationships between stem
radial variation and environmental variables [23–26]. Liu et al. [5] reported that the MDS values of
Larix principis-rupprechtii in northern China are mainly influenced by air temperatures over the entire
growing season. In addition, Oberhuber et al. [27] observed that DRC values of Pinus sylvestris (L.)
Karst., Larix decidua Mill., and Picea abies L. trees were directly correlated with relative air humidity
and precipitation and indirectly correlated with vapor pressure deficit (VPD) and air temperatures.
Platycladus orientalis (Linn.) is an evergreen tree species that originated in China and exhibits
well-developed root systems and long lifespans [11]. The trees are able to endure severe drought
and persist on barren soils and are thus commonly used for ecological restoration in arid mountain
landscapes of northern China [28]. The environment–growth relationships of P. orientalis have been
investigated by several recent dendroclimatological studies within northern China at the annual
scale [29,30]. However, investigations of intra-annual stem radial variation in P. orientalis over a yearly
cycle are scarce. In one such study, Jiang et al. [8] investigated the response of P. orientalis daily stem
radial increments to environmental factors during the growing season. Investigation over this shorter
timescale cannot however reflect the seasonal rhythm of stem radial variation over the whole year.
To address this knowledge-gap, we evaluated the P. orientalis intra-annual stem radial variation and
response of stem radial variation to weather in northern China using high-resolution point dendrometer
data collected from September 2013 to December 2014. The main objectives of the study were to (1)
determine the daily and seasonal patterns of stem radial variation in P. orientalis; (2) identify the major
factors controlling seasonal shifts of stem diurnal cycle patterns; and (3) evaluate the relationships
among DRC, MDS, and environmental factors over the growing season.
2. Materials and Methods
2.1. Study Area
This study was conducted in the Huailai Basin of the Hebei province in North China (Figure 1),
which is one of the main distribution areas of the natural secondary forest of P. orientalis and is also
located in the transition zone between arid and humid regions. P. orientalis is the dominant tree
species within the forests at the study site and is commonly found on the tops and slopes of hills [11].
The regional climate is classified as temperate continental monsoonal and is characterized by cold
and dry winters and hot and rainy summers. The average annual precipitation is 376 mm, of which
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2.3. Meteorological Measurements
2.3. Meteorological Measurements
An automated weather station (HOBO, Onset, Pocasset, USA) was also installed on the north
An automated weather station (HOBO, Onset, Pocasset, USA) was also installed on the north
slope, where the local region was relatively flat, near the research site to collect weather data including
slope, where the local◦ region was relatively flat, near the research site to collect weather data
air temperatures (Ta , C), relative air humidity (RH, %), and precipitation (P, mm) at 2 m height.
including air temperatures
(Ta, °C), relative air humidity (RH, %), and precipitation (P, mm) at 2 m
The volumetric soil water content (SWC, %; Em50, Decagon, Pullman, WA, USA) and soil temperature
height.
The volumetric soil water content (SWC, %; Em50, Decagon, WA, USA) and soil temperature
(T , ◦ C; Em50, Decagon, Pullman, WA, USA) were monitored at 20 cm depth close to the experimental
(Tss, °C; Em50, Decagon, Washington, USA) were monitored at 20 cm depth close to the experimental
trees. Environmental factors were recorded at 30 min intervals to correspond with the dendrometer
trees. Environmental factors were recorded at 30 min intervals to correspond with the dendrometer
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measurements. The vapor pressure deficit (VPD, kPa) was calculated from Ta and RH using the
Magnus equation [32]:


17.08×Ta
RH
.
(1)
VPD = 6.10 × e 234.2+Ta × 1 −
100
2.4. Data Analysis
The daily stem mean value (R) was calculated as the average of 48 values of four sample trees
measured by the dendrometers over one day. The DRC was defined as the difference between the mean
values of two consecutive days (i.e., the “daily mean approach” [33]) and represents a combination
of water- and growth-induced radius changes [34]. This method is simpler than the previously
suggested cycle approach [35]. Moreover, Deslauriers et al. [33] determined that the daily mean
approach provides results that are consistent with those from the stem cycle approach. The cumulative
stem radial variation (CRV) was calculated as the cumulative DRC sum and represents seasonal
variation patterns [20]. As for CRV, four sample trees have similar synchronous changes, and the
regression determination coefficient (R2 ) between any two sample trees is as high as 0.97. The MDS
was calculated as the differences between the daily maximum and minimum values [19] and reflected
the diurnal rhythms of water-storage depletion and replenishment [35]. On rare days when the stem
size monotonically increased or decreased, no MDS values were assigned [18]. To investigate the stem
diurnal cycles, the overall growth trend was removed from the data by calculating the daily means for
each sensor and subtracting it from the measurements [18]; air temperature data were also processed
in the same way. The stem’s mean diurnal curve for stages 1 and 2 was a mean over the four trees and
the days within stages 1 and 2, respectively.
Kolmogorov–Smirnov tests were used to evaluate the normal distributions of environmental
variable data [27] and indicated that the SWC and P data were not normally distributed. Thus,
Kendall’s rank correlation (τ) was calculated between the SWC and P factors with MDS or DRC
during the growing season, while the Pearson correlation coefficients (r) were calculated between
other environmental factors (Ta , Ts , RH, and VPD) and MDS or DRC during the growing season [27].
Statistical analyses were conducted using the SPSS 17.0 software (SPSS Inc., Chicago, IL, USA).
3. Results
3.1. Environmental Conditions
Daily air temperature means (Ta ) varied between −10.6 ◦ C and 30.6 ◦ C over the study period
(Figure 2). Soil temperature (Ts ) also closely followed air temperature, albeit with smaller amplitudes.
The total precipitation was 304.4 mm in 2014, and frequent rainfall events in June and September
resulted in high SWC values. The drought period occurred in mid–late May and July–August,
with SWC generally below 10% and Ta above 20 ◦ C. The VPD varied widely with strong fluctuations,
and the highest value (3.0 kPa) occurring in late May. Daily RH varied between 17.6% and 100%,
with an average of 56.3%.
3.2. Diurnal Stem Cylces
The diurnal cycles of stem radius for P. orientalis were compared against the within-day air
temperatures from 1 September 2013 to 31 December 2014 (Figure 3). The correlation coefficients clearly
changed over time, with two distinct stages. During stage 1, the daily mean air temperature was <0 ◦ C,
and diurnal stem cycles were primarily positively correlated with air temperatures. The negative
relationships during stage 1 were related to large increases in air temperature reaching approximately
0 ◦ C. However, stage 2 was characterized by negative relationships between the two above values,
when daily mean air temperatures were >0 ◦ C. Positive relationships during stage 2 were related
to large stem increases due to precipitation. The threshold between the two stages corresponded
with the timing of daily mean air temperatures, reaching 0 ◦ C. Due to instrument failures, the stem
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3.2. Diurnal Stem Cylces
The diurnal cycles of stem radius for P. orientalis were compared against the within-day air
temperatures from 1 September 2013 to 31 December 2014 (Figure 3). The correlation coefficients
clearly changed over time, with two distinct stages. During stage 1, the daily mean air temperature
was <0 °C, and diurnal stem cycles were primarily positively correlated with air temperatures. The
negative relationships during stage 1 were related to large increases in air temperature reaching
approximately 0 °C. However, stage 2 was characterized by negative relationships between the two
above values, when daily mean air temperatures were >0 °C. Positive relationships during stage 2
were related to large stem increases due to precipitation. The threshold between the two stages
corresponded with the timing of daily mean air temperatures, reaching 0 °C. Due to instrument
failures, the stem radial variation in December 2013 was unfortunately not entirely recovered when
daily mean air temperatures were 0 °C.
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The stem mean diurnal curve was generally synchronous with air temperature during stage 1
The stem mean diurnal curve was generally synchronous with air temperature during stage 1
(Figure 4), although stem changes were slightly delayed by 2–3 h. During stage 2, the diurnal stem
(Figure 4), although stem changes were slightly delayed by 2−3 h. During stage 2, the diurnal stem
cycle curve exhibited an opposing trend as the temperature change curve, albeit with a 1 h lag time.
cycle curve exhibited an opposing trend as the temperature change curve, albeit with a 1 h lag time.
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Figure 4. Mean diurnal cycles of stem radius and air temperature changes over stages (a) 1 and (b) 2.
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3.4. Relationships between the Daily Stem Radial Variation and Environmental Factors during Growing Season
The daily stem radial variation (MDS and DRC values) of P. orientalis was investigated in relation
to environmental factors during the growing period (Figures 6 and 7). MDS was linearly related to
Ta (r = 0.25 p < 0.001) and inversely related to SWC (τ = −0.12 p < 0.05) and P (τ = −0.19 p < 0.01).
The relationship between MDS and VPD was somewhat complex, necessitating a piecewise regression
based on the R package “Segmented” to identify a threshold value of 0.8 kPa along the VPD gradient.
When VPD was below and above 0.8 kPa, the correlation coefficients between MDS and VPD were 0.54
(p < 0.001) and −0.30 (p < 0.01), respectively. Relationships were not significant between MDS and Ts
and RH. In contrast, DRC was linearly correlated with P (τ = 0.32 p < 0.001) and RH (r = 0.38 p < 0.001).
Significant inverse relationships were also observed between DRC and Ta (r = −0.23 p < 0.01) and VPD
(r = −0.43 p < 0.001). Correlations between DRC and Ts and SWC were not statistically significant.
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3.4. Relationships between the Daily Stem Radial Variation and Environmental Factors during Growing
Season
The daily stem radial variation (MDS and DRC values) of P. orientalis was investigated in relation
to environmental factors during the growing period (Figures 6 and 7). MDS was linearly related to Ta
(r = 0.25 p < 0.001) and inversely related to SWC (τ = −0.12 p < 0.05) and P (τ = −0.19 p < 0.01). The
relationship between MDS and VPD was somewhat complex, necessitating a piecewise regression
based on the R package “Segmented” to identify a threshold value of 0.8 kPa along the VPD gradient.
When VPD was below and above 0.8 kPa, the correlation coefficients between MDS and VPD were
0.54 (p < 0.001) and −0.30 (p < 0.01), respectively. Relationships were not significant between MDS and
Ts and RH. In contrast, DRC was linearly correlated with P (τ = 0.32 p < 0.001) and RH (r = 0.38 p <
0.001). Significant inverse relationships were also observed between DRC and Ta (r = −0.23 p < 0.01)
and VPD (r = −0.43 p < 0.001). Correlations between DRC and Ts and SWC were not statistically
significant.
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4. Discussion
4. Discussion
4.1. Patterns of Diurnal Stem Cycle
At the daily scale, stem radial variation is closely linked to stem water status [10]. Two opposing
daily cycle patterns were observed for P. orientalis during warm and cold seasons (Figure 4). A normal
diurnal cycle is observed during the warm period (i.e., stage 2, Ta > 0 ◦ C). During the daytime, as air
temperature rises, tree transpiration increases, and stems shrink due to tree transpiration exceeding
water absorption via roots, with internal water reserves in the stem used in transpiration. Following
the afternoon, as air temperature decreases, tree transpiration weakens, and stems swell due to excess
absorption of water by roots relative to transpiration and refilling of stem water [36]. During the cold
period (i.e., stage 1, Ta < 0 ◦ C), the rhythm of diurnal stem radial variation exhibits inverted cycles,
with night-time shrinkage and daytime swelling. during this stage, transpiration is no longer the
primary driver of winter circadian stem cycles [18]. In particular, Zweifel and Hasler [17] proposed
a mechanism of “frost shrinkage and thaw expansion” cycles owing to the transport of water between
bark and wood that is primarily dependent on air temperatures. In our study, a daily mean air
temperature of 0 ◦ C is the critical threshold related to seasonal shifts in stem diurnal cycle patterns.
This observation is consistent with a study by Wang [37] within a semi-arid area of northwestern
China. The latter study observed that the partitioning between two phases of seasonal stem radial
variation for Sabina przewalskii Kom. trees was strongly linked to the occurrence of 0 ◦ C daily mean
air temperatures.
The daily mean and minimum air temperatures are closely related. When daily mean air
temperature fluctuates around 0 ◦ C, daily minimum air temperatures also fluctuate around −5 ◦ C.
King et al. [18] proposed that the “frost shrinkage and thaw expansion” cycles are attributable to
osmotic water movement due to temperature changes around the freezing point of sap. When air
temperatures are below approximately −5 ◦ C, extra-cellular water in the xylem begins to freeze, thereby
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inducing the osmotic withdrawal of intra-cellular water from living cells (e.g., mainly bark cells),
followed by frost-induced stem shrinkage [18]. Consistent with our results, Zweifel and Hasler [17]
also found that normal diurnal cycles of Picea abies are quickly replaced by “frost shrinkage and thaw
expansion” cycles when daily minimum air temperatures drop below −5 ◦ C.
4.2. Seasonal Patterns of Stem Radius Variation
Clear seasonal variation in patterns of P. orientalis stem changes was observed and was affected
by environmental factors and especially temperature changes. During spring rehydration (phase A),
soil temperatures increase above 0 ◦ C, and frozen soils and snow cover begin to melt. Both of these
processes lead to increases in SWC values. During water deficits due to winter rehydration, stem tissues
complete water recovery via water absorption with roots [20]. Using dendrometer measurements,
Zweifel et al. [38] and Wang et al. [37] defined the growing season onset as when stem diameters
exceed the maximum value of the previous year, and the season ends when stems exhibit the maximum
diameter of the current year. Accordingly, the summer growing season (phase B) is estimated in our
study as the period from late-March to late-September. As temperatures gradually increase, trees enter
an active growth period under relatively good soil water conditions, wherein obvious stem contractions
are mainly influenced by drought. These results are consistent with those of Jiang et al. [11], suggesting
that P. orientalis stem diameters reach maximum values in late September and then plateau. During
autumn stagnation (i.e., phase C), when temperatures decrease, plant transpiration decreases, and
stem tissue moisture remains relatively stable. Trees thus enter a stable plateau period in autumn,
although lignification of stem tissue cell walls may still occur during this time. However, such processes
contribute very little to radial variation [39]. During winter contraction (phase D), when air and soil
temperatures drop below 0 ◦ C, trees cannot absorb water from frozen soils, and the water stored in
stem tissues is used for transpiration, resulting in continuous stem shrinkage [37]. Dehydration and
contraction of stems in winter increase cytoplasm concentrations within tissue cells, thereby improving
the ability of tissue cells to resist damage from freezing and represent a self-protection survival strategy
of trees [17]. Consistent with our results, Wang et al. [37] and Wang et al. [19] also observed that
the stem radial variation of Sabina przewalskii Kom. and Picea crassifolia Kom. enters relatively stable
plateaus in autumn and then clearly contracts when the air temperatures drop below 0 ◦ C.
Similar seasonal patterns of stem radial variation that are consistent with those of the present study
have been previously observed [20,38]. Turcotte et al. [20] defined three distinct seasonal stages of
seasonal stem radial variation of black spruce that included winter shrinkage, spring rehydration, and
summer transpiration. Zweifel et al. [38] also reported that the stem stagnation period after the growing
season is relatively short in alpine treeline areas and that it enters a long-term dehydration stage when
air temperatures drop below 0 ◦ C in autumn. However, other results contrast with those reported
here. For example, the seasonal stem radial variation of Pinus pinaster Ait. in Mediterranean climates
exhibits a bimodal distribution, and the stems exhibit sustained contraction in summers due to high
temperatures and drought [21]. Furthermore, stem radial variation of Callitris intratropica R.T. Baker and
H.G. Smith in tropical regions exhibits typical “S” curves due to relatively good soil moisture conditions
and the lack of an obvious shrinkage period during the year [22]. The discrepancies among results
of this study and others are related to the different climatic conditions of the study areas. Dynamic
changes in environmental factors, and especially temperature, influence soil water characteristics of
habitats and stem water status that in turn affects the seasonality of stem radial variation.
4.3. Environmental Factors That Influence Daily Stem Variation during Growing Season
During the growing season (phase B), the MDS of P. orientalis was positively correlated with
Ta . High air temperatures lead to increases in transpiration and required more stem tissue water for
transpiration [24], thereby increasing MDS. MDS has been observed as directly correlated with air
temperatures in Fino-lemon trees [40], Douglas-fir trees [24], and Norway spruce trees [41]. In addition,
MDS was negatively correlated with SWC in this study. These results could be explained by the increase
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of water absorption by roots for plant transpiration under higher soil moisture conditions, thereby
reducing the amount of stem tissue water required for transpiration and a concomitant reduction in
MDS [5,42]. Garnier and Berger [43] observed similar results, wherein drought caused an increase in
stem shrinkage. However, the results of Devine and Harrington [24] contrast with ours via the lack of
correlation between diurnal stem contraction and SWC during the growing season. These differences
may be related to differences in soil water conditions among sites. In the latter study, soil water
availability remained relatively high throughout the growing season, and stem tissue water was
relatively stable. In contrast, drought in mid–late May and July–August in our study resulted in SWCs
generally below 10%, which would cause increased internal stem water to be used for transpiration
and consequent MDS increases.
The control of VPD on MDS occurred at a threshold of 0.8 kPa (Figure 6). MDS linearly increased
by increasing VPD below the threshold and decreased with increasing VPD above this threshold.
Such results could be explained by stomatal closure to limit water loss, given that stomatal conductance
is affected by the combined control of VPD and soil moisture [43–45]. The relationship between SWC
and VPD in our study was described by exponential functions (Figure 8). When VPD was below
0.8 kPa, plant transpiration enhanced with VPD increases while SWC rapidly decreased, and root water
absorption also decreased, leading to the use of more stored stem water for transpiration and therefore
increases in MDS. When VPD was above 0.8 kPa, the soil moisture decreased to <10%. With increases
in VPD, trees undergo severe water stress and stomatal conductance decreases to prevent excessive
water loss, thereby leading to weakening of transpiration and MDS decreases. This process has been
observed in some study systems [44,46] but not in many others [24,47,48] that instead observed linear
and positive increases of MDS with VPD. These differences primarily depend on the level of plant
water stress that is experienced [49], wherein the positive relationships between MDS and VPD were
almost always observed under non-limiting soil water availability.
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wherein P and RH positively affected the stem growth of Qinghai spruce in a semi-arid area of
northwestern China, as observed by dendrometer measurements. Liang et al. [53] also used a
dendrochronological approach and observed that monthly P and relative air humidity during the
growing season were the primary environmental factors that affected the growth of Pinus
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promoting radial growth [18]. These results coincide with those of Wang et al. [19] wherein P and RH
positively affected the stem growth of Qinghai spruce in a semi-arid area of northwestern China, as
observed by dendrometer measurements. Liang et al. [53] also used a dendrochronological approach
and observed that monthly P and relative air humidity during the growing season were the primary
environmental factors that affected the growth of Pinus tabulaeformis trees in semi-arid areas of northern
central China.
4.4. Limitations
Based on the 1-year dendrometer monitoring data of four sample trees located on a northern
slope, this study illustrated the intra-annual stem radial variation of P. orientalis in northern China.
The selection of sample trees mainly focused on the average growth but did not relate to differences
in age. Oberhuber et al. [41] and Li et al. [54] suggested that there are differences in stem radial
variation between trees of different ages. In future research, the number of selected trees should be
increased to reveal the difference in stem radial growth of different ages. Using 1 year dendrometer
data, the seasonal patterns of stem radius variation obtained in this paper must be verified in the future
using long-term monitoring data, because the changes in environmental factors between years will
affect the tree growth process. Different habitats, such as different slopes and aspects, have different
environmental conditions, which may cause differences in tree radial growth, which should also receive
attention in future research.
5. Conclusions
Based on the dendrometer data, this study revealed the daily and seasonal patterns of the stem
radial variation of P. orientalis in northern China. The diurnal stem cycles were mainly controlled by
air temperature, and a daily mean air temperature of 0 ◦ C was a critical threshold that was related to
seasonal shifts in stem diurnal cycle patterns, which is only an external phenomenon. The physiological
mechanism of air temperature affecting the diurnal cycle patterns must be studied in the future
based on a combination of control experiments and field plot monitoring. The environmental factors
determined the seasonal patterns of stem radial variation by affecting the seasonal changes of stem
water status. During the growing season, daily stem variations (MDS and DRC) were closely related to
the water status of stem tissues. Environmental factors, such as Ta , RH, VPD, and SWC, influenced
the stem growth by affecting stem water condition. As the temperature rises, the climate in northern
China will show a trend of drought in the future [55]. P. orientalis will face more severe drought stress,
and the radial growth of trees could be inhibited. Some regions may not be suitable for the survival of
P. orientalis. Under increasingly dry conditions, how the stem water content changes on the daily and
seasonal scales will have an impact, and thus affect stem growth. Thus, in future research, it will be
necessary to strengthen the monitoring of stem water status of trees, including MDS, sap flow, leaf
water potential, and other indicators related to tissue moisture. Meanwhile, combined with long-term
dendrometer monitoring data, studying the response of radial growth for P. orientalis to climate change
is necessary for the management of ecological restoration in the arid regions of northern China.
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