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ARTICLE INFO ABSTRACT

Keywords: The carbon sequestration potential of forest ecosystems is expected to play a crucial role in mitigating global
Forestry warming, depending on how climate change will affect tree growth under various local environmental condi-
Biomass

tions. Here, we investigated the climatic limiting factors for forest tree growth and future carbon sequestration
potential for eight economically important forest tree species in Zhongtiao Mountains of Shanxi Province in
China. Specifically, we test if moisture limitations compromise annual radial increments (ARI) and a carbon
sequestration index (I¢), based on tree-rings and wood density. A bootstrapped response function analysis of
historical detrended ARIs, reveals statistically significant moisture limitations in two or more summer months for
half of the species investigated. Using a custom heat:moisture index based on these seasonal growth limitations,
we predict I¢ under multi-model CMIP6 climate change projections for the region. Under moderate future climate
scenarios for the period 2041-2070, the carbon sequestration potential for most species is likely to increase
significantly. This is because under current climate only some species experience moisture limitations, and a
projected increase in seasonal precipitation mitigates these growth limitations. We conclude that model pro-
jections are favorable for carbon sequestration and future commercial forestry potential in the Zhongtiao
Mountain forestry region.

Heat moisture index
Response function analysis
Tree ring

Wood density

temperature may increase evapotranspirative demand, possibly exac-
erbated by trends of decreasing precipitation, and leading to drought
stress reducing tree growth (Williams et al., 2020). A common response

1. Introduction

The Sixth Assessment Report of the Intergovernmental Panel on

Climate Change indicates that global temperatures will almost certainly
exceed 1.5 °C during the 21st century, and possibly breach the 2 °C limit,
which is widely viewed as tipping point, where irreversible ecological
impacts are expected (IPCC, 2021). Forest ecosystems belong to the
largest terrestrial carbon sinks on the planet that can sequester large
amounts of carbon annually and therefore contribute to climate change
mitigation by removing CO, from the atmosphere (Bonan, 2008; Pan
et al., 2011). However, the response of future forest growth to climate
change is uncertain: increasing COy could increase leaf-scale photo-
synthesis (Walker et al., 2021) and a warmer climate could prolong the
vegetation period, but positive growth responses to climate warming
may be transitory (D’Orangeville et al., 2018) or could be negative if
limited by water availability (Babst et al., 2019). Specifically, increasing

of trees to a drought year is a reduced annual radial increment during
the year in which the drought occurred (Chen et al., 2010; Hipler et al.,
2020; Larysch et al., 2022), and depending on the drought severity also
in the following years as a legacy effect (Sang et al., 2019; Miller et al.,
2023). Tree ring analysis in combination with historical climate data is
therefore useful to determine limiting climate factors, such as moisture
deficits. In combination with projected climate change, this information
can inform forecasts of forest growth and carbon sequestration potential
of forest ecosystems under climate change.

Tree ring analysis usually relies on evaluating annual radial incre-
ment from a wood core, taken at 1.3 m stem height. However, this
approach does not necessarily provide the best estimate of growth and
carbon sequestration potential through secondary growth along the
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whole stem. Somenguem Donfack et al. (2023) found for Fagus sylvatica
L. that in managed stands diameter increment was greater at breast
height compared to at crown base height, while the opposite was the
case in unmanaged stands. Sprengel et al. (2018) compared den-
drometer data from different pruning treatments at two different stem
heights of Acer pseudoplatanus L. and Prunus avium L. and found an
earlier growth onset for both tree species at the higher dendrometer
location. Also, a higher annual radial increment could be observed at the
higher dendrometer location in a selective pruning treatment for
P. avium. On the other hand, Van der Maaten-Theunissen and Bouriaud
(2012) found for Abies alba Mill. and Picea abies (L.) Karst. that basal
area increment at three different stem heights are highly correlated.
Nevertheless, correlations of annual radial increment at different stem
heights are species-specific, and increments at multiple heights should
be examined for reliable representation from increments at 1.3 m stem
height.

Carbon sequestration of natural and planted forests in China is
potentially of global relevance. China has the largest afforestation and
reforestation programs in the world, with over 50 million hectares of
farmlands and grasslands restored to forests over the last four decades,
driven by the objective to raise forest cover from 5 to 15 % in northern
China (Liu, 2014; Xu et al., 2019). China is also the largest emitter of
CO4 by country due to its population size, and is nevertheless aiming to
be carbon neutral by 2060 (Mallapaty, 2020). To reach this ambitious
goal, species-specific projections of climatic factors that limit forest
growth and carbon sequestration potential plays a crucial role. In order
to realize the long-term benefits for carbon sequestration through trees,
natural and planted forests must remain healthy and productive over
many decades. Therefore, afforestation and reforestation efforts need to
focus on species selections and on regions that will support healthy and
productive forests in the medium- and long-term under projected
climate change.

Here, we contribute to the required knowledge base by investigating
the climatic limiting factors for growth and carbon sequestration of eight
economically important forest tree species in the Zhongtiao Mountain
forestry region of Shanxi Province. This region is situated on the Loess

(A)
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Plateau of northeast China, where temperature and potentially also
water deficits are expected to increase significantly by the end of the
21st century (She and Xia, 2018; Sun et al., 2019). Our specific objec-
tives are to (1) quantify seasonal climatic limiting factors of tree growth
for eight forest tree species, testing the working hypothesis that growth
of some or all species may be seasonally restricted by moisture limita-
tions; (2) derive a regionally relevant heat:moisture index that can be
used as a predictor variable to forecast tree growth and carbon seques-
tration potential, and (3) use annual radial increments and wood density
values to develop an annual carbon index to predict relative changes of
carbon sequestration under future climate change scenarios.

2. Material and methods
2.1. Study area

The research area is located at the Zhongtiao Mountains in the
southern Shanxi province of China (Fig. 1). According to the updated
climate classification from Kottek et al. (2006), which is based on the
Koppen (1918) system, the climate is classified as Monsoon-influenced
hot-summer humid continental climate (Dwa). The region is subject to
the East Asian Summer Monsoon, characterized by distinct hot and semi-
humid summers and cold and dry winters (Li et al., 2013).

The area is dominated by coniferous forests, with Pinus tabuliformis
Carriere as dominant tree species. For this study, we included three
commercially important conifers: P. tabuliformis, Pinus armandii Franch.
and Larix principis-rupprechtii Mayr, as well as five broadleaved tree
species: Quercus liaotungensis Koidz., Quercus variabilis Blume, Quercus
aliena Blume, Quercus baronii Skan and Betula platyphylla Sukaczev. Tree
species names are according to the Tropicos data base (Missouri
Botanical Garden, 2022).

2.2. Tree ring data

Trees were sampled representing a range of elevations found in the
study area, from 750 m to about 1950 m. Trees selected for the collection
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Fig. 1. (A) Map of China and surrounding eastern Asia. The red rectangle indicates the study area in southern Shanxi province; (B) Elevation map of southern Shanxi
province (provincial boarders as black lines) showing the location of each sampled tree. Tree species are coded as PT for P. tabuliformis, PA for P. armandii, LP for L.
principis-rupprechtii, QL for Q. liaotungensis, QV for Q. variabilis, QA for Q. aliena, QB for Q. baronii and BP for B. platyphylla. Red dashed rectangles depict grid
cells for which historical climate variables were used. The maps were produced with Natural Earth data and Amazon Web Services Terrain Tiles using the packages
rnaturalearth (South, 2017), elevatr (Hollister et al., 2021), furrr (Vaughan and Dancho, 2022), raster (Hijmans, 2021) and sf (Pebesma, 2018). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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of cross sections were taken exclusively from the predominant and
dominant canopy layer, following recommendations by Kraft (1884).
Samples were taken from monospecific stands that were not affected by
gaps, skid trails or forest roads. Additionally, sample trees had healthy
and evenly shaped crowns and no visible injuries, damages or infections,
so that variability in growth over time was most likely caused by
interannual variability in climate. Sample trees were felled and cross
sections were sampled at 1.3 m, 3 m and 5 m stem heights. Sampling
took place during the growing season of 2018. Additional information
on selected trees by tree species is presented in Table 1.

Cross sections were air dried and sanded with a belt sander. Mea-
surements of annual radial increment (ARI) were carried out with the
software WinDENRO™ (Régent Instruments Inc. 2012), where images
of stem discs were digitally measured after obtaining high-resolution
scans using a flatbed scanner (Microtek G10000). To obtain cross
sectional averages of ARI arithmetic means from multiple radii— 8 at 1.3
m stem height and 4 at 3 m and 5 m stem height, respectively — were
calculated. Crossdating for each tree species was carried out using the
corr.rwl.seg function in the dplR package (Bunn, 2010). Each cross
sectional average of ARI was detrended (Iag;) using a smoothing spline
utilizing the detrend function in dplR (Bunn et al., 2021). For subsequent
climatic response function analyses, a relatively flexible smoothing
spline was used with a flexibility parameter expressed in the number of
years set to 15 years (nyrs = 15) whereas for calculating annual corre-
lations and linear models with the heat:moisture index (H:MI) a rela-
tively stiff smoothing spline was used staying at default of 67 % of each
series length while in both cases the frequency response f was left at the
default value of 0.5. After detrending for each tree species and each stem
height a chronology of Iag; was calculated using the chron function in
dplR.

2.3. Wood density variations

To measure wood density variations high-frequency (HF) densi-
tometry was applied (Schinker et al., 2003). Here, relative density var-
iations along a straight line on the surface of a sample was measured
utilizing the dielectric properties of the wood measured with a dielectric
probe of 175 um integration width (Torgovnikov, 1993). For each tree
species a subsample of 5 cross sections at 1.3 m stem height were cut into
4 bars corresponding to the radii of the cardinal points and prepared for
HF measurement using a diamond fly-cutter with air bearings to produce
smooth surfaces (Spiecker et al., 2000). The relative density measured in
volt is directly related to the ratio of cell wall to air filled lumen and is
converted to air-dry volumetric mass density with approximately 12 %
moisture content (p,,) using daily updated calibration functions (Was-
senberg et al., 2014). These linear calibration functions are obtained
using samples of known p;, from tropical diffuse porous tree species
with little density variations (average R? > 0.98). Tree wise annual
variations of p,, were also detrended towards index values (I p;,) in the
same approach as ARI with the detrend function in dplR setting nyrs to
30 and the frequency response to 0.5.

Table 1
Tree species specific information of sample trees and of sampled stem heights.
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2.4. Climate data

We used gridded monthly and annual air temperature averages and
precipitation sums from Matsuura and Willmott (2018a, 2018b) for the
historical time period 1900-2017. The data is provided on a 0.5 degree
by 0.5 degree latitude/longitude grid with grid nodes being centered at
the 0.25 degree. Monthly and annual averages were calculated based on
all grid cells, where sample trees were located in (Fig. 1B).

For the annual correlation analyses, a heat:moisture index (H:MI)
was calculated by dividing average air temperature in °C by precipita-
tion sum in m, following Chen et al. (2010) and Rehfeldt et al. (1999).
This index increases with increasing air temperature and decreasing
precipitation and has the advantage that it can be calculated for different
months of temperature and precipitation. In general, this approach can
identify direct climate effects as well as legacy effects of precipitation in
prior months through water stored in soils. We also tested for legacy
effects of monthly climate from the prior growing season, through
storage of photosyntates, but no significant effects were found (data not
shown). Here, we used the average monthly air temperature of the
current growing season for the months May-June and the precipitation
sum of the months March-July. This monthly selection was informed by
the response function analyses of multiple candidate H:MIs over
different consecutive monthly periods for temperature and precipita-
tion. The final H:MI metric for further analysis was selected based on the
strength of the correlation between all tree species and each candidate
H:MI.

For future predictions of the carbon index (I¢) for the climate normal
2041-2070, future monthly mean air temperature and precipitation
sums from ClimateAP_v3.00 (Wang et al., 2017) were used to calculate
H:MI. To cover the same area as for the historical climate data, we ob-
tained future climate data for 32 evenly distributed locations within
each grid cell, as the future climate data is provided in a 4 x 4 km
downscaled resolution. The future climate data is based on an ensemble
of 8 General Circulation Models (GCM) of the most recent iteration of
the Coupled Model Intercomparison Project phase 6 (CMIP6) (Eyring
et al., 2016) proposed by Mahony et al. (2022) using the emission sce-
nario SSP2-4.5 (see Fig. 2 for a climate chart of this data). Future climate
projections were added to the historical climate data that we used for
tree ring analysis from Matsuura and Willmott (2018a, 2018b). Match-
ing of the two data sets was carried out with the delta-method for a
common 30-year climate normal period that is used as reference value.
This reference period is typically chosen for a 30-year average where
temporal and spatial weather station coverage is best and/or prior to a
significant warming signal. In our case we chose the 1961-1990 period.
All other layers (i.e. annual historical data and future projections) are
then expressed and interpolated as anomaly (delta) from this long term
climate mean. The approach has the advantage to be robust against
missing values in weather station records for earlier periods, and it
provides an effective bias correction of coarse scale projections to future
climate.

tree species sampled trees (n) elevation (m a.s.L.)

tree rings (n)

1.3m 3m 5m

mean sd mean sd mean sd
P. tabuliformis 28 1187-1677 61 15 55 13 48 13
P. armandii 27 1338-1897 48 12 43 12 38 12
L. principis-rupprechtii 27 1191-1916 29 7 26 7 24 7
Q. liaotungensis 27 1283-1956 65 30 58 29 51 28
Q. variabilis 27 750-1223 51 13 49 14 44 13
Q. aliena 27 932-1350 57 15 50 14 44 13
Q. baronii 30 822-1459 46 18 38 19 25 15
B. platyphylla 27 1519-1927 38 18 36 17 31 15
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Fig. 2. Climate chart of the study area. The red and blue solid lines are showing
monthly average air temperature and precipitation sums in the period
2041-2070, respectively, both averaged over the whole study region and with
standard deviations as dashed lines. The light blue and light brown solid lines
are showing the monthly average air temperature and precipitation sums in the
period 1961-1990, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

2.5. Statistical analysis

To identify relationships between monthly climate and Iag; we
applied static bootstrapped response function analyses (Guiot, 1991)
using the function dcc in the package treeclim (Zang and Biondi, 2015),
where principal components of climate data are calculated and are
related to Ingy at 1.3 m stem height by multiple regression. Stationary
bootstrapping (1000 iterations) was applied to obtain significance levels
and confidence intervals. The analyses were carried out for each tree
species using the monthly air temperature averages and precipitation
sums averaged over all grid cells of the months January-October,
although shorter periods were subsequently used in the derived H:MI.

For the assessment of annual climate on tree growth and carbon
sequestration for each tree species Spearman’s p as non-parametric
correlation coefficient was calculated between H:MI and ARIL, Iag; and
p12 at 1.3 m stem height, respectively, using the cor.test function.
Additionally, I¢ was calculated, where for each tree species Ixgyat 1.3 m
stem height was multiplied by I p;,. This carbon index is a simple
function of Iag; as a proxy for annual variations in tree growth and I p;,
to estimate annual variations in woody biomass growth. It is assumed
that a content of 50 % of the woody biomass is carbon (Lamlom and
Savidge, 2003), thus I¢ can be used as a proxy for true variations in
annually sequestered carbon. This Ic was also correlated with H:MI
using the cor.test function.

To predict I for the future climate normal period 2041-2070, for
each tree species a model using generalized least squares with a first-
order temporal autocorrelative structure (AR(1)) was calculated using
the gls function in the package nlme (Pinheiro et al., 2022):

yi =Py +pixit+e e = ey

where y; is the i th value of variable I¢ at predictor variable x; as H:MI
and ¢ is the residual error term including the AR(1) model ¢; at obser-
vation time t with correlation parameter ¢ and the previous observation
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at t-1. Based on the generalized least squares I was predicted for future
H:MI for the 2041-2070 climate period using the predictSE.glm function
from the package AICcmodavg (Mazerolle, 2023), where standard errors
of predictions are approximated based on the delta method.

All statistical analyses, calculations and graphical outputs were
produced in R (R Core Team, 2021).

3. Results
3.1. Climatic limitations

Dentrended annual radial increment (Ipr;) of most tree species is
significantly positively related to precipitation in June of the current
growing season (Fig. 3). This is true for P. tabuliformis, P. armandii,
Q. variabilis, Q. aliena and Q. baronii. Additionally, P. tabuliformis,
P. armandii, Q. liaotungensis and Q. aliena relate also significantly posi-
tive to precipitation in May and only P. armandii in addition is signifi-
cantly positively related to precipitation in July. Nevertheless, a clear
common trend in all tree species but B. platyphylla can be seen, where for
all or at least some summer months precipitation is positively influ-
encing radial growth, even though not necessarily significantly at an
a-level of 0.05.

A corresponding temperature effect is also apparent: Significant in-
verse relationships for air temperature in June were observed for
P. tabuliformis, P. armandii, Q. liaotungensis and Q. aliena (Fig. 3). Addi-
tionally, P. tabuliformis, Q. liaotungensis and Q. aliena relate also signif-
icantly negatively to air temperature in May and Q. aliena is additionally
significantly negatively related to air temperature in July. Also, for air
temperature a clear common trend, even though not always significant
at an a-level of 0.05, in all tree species was observed, where for all or at
least some summer months temperature is limiting radial growth.

Based on the identified months, where precipitation and air tem-
perature relate to and limit radial growth, multiple candidate heat:
moisture indices (H:MIs) were derived and tested whether they correlate
with Ipg; of each tree species. Candidate H:MlIs based on mean air
temperature for May-June and May-July as well as precipitation sums
for March-June, March-July, February-June and February-July,
respectively, were inspected for their Spearman’s correlation coeffi-
cient p. The selected H:MI for further analyses based on its best corre-
lation averaged over all tree species is derived from mean air
temperature in May-June and precipitation sum in March-July (Table 2).

3.2. Stem-level biomass and carbon estimation

Detrended Iag; of all 8 tree species at 1.3 m, 3 m and 5 m stem heights
were compared within each species by superimposition (Fig. 4). It is
evident that within all tree species interannual patterns are similar at
different stem heights. Only at earlier years, where sample size is
decreasing towards fewer trees, deviations from common synchronicity
can be observed.

Also, H:MI and Ipg; at all stem heights are highly synchronous
(Fig. 4). Especially in years of less annual radial increment, H:MI is
greater than the average of 78.47, demonstrating the suitability of the
derived H:MI for further climate analyses. Pronounced warm and dry
summers can be observed in the years 1900, 1920, 1929, 1941, 1955,
1986 and 1997.

With regards to biomass and carbon sequestration potential, the re-
sults further show pronounced differences in average air-dry volumetric
mass density of stems with approximately 12 % moisture content (p;,)
between different tree species (Fig. 5). Of all investigated tree species,
the ones with highest average p, , are Q. baronii (0.931 g cm™>), Q. aliena
(0927 g cm3) and Q. variabilis (0.872 g cm’3), tree species with in-
termediate p,, are Q. liaotungensis (0.754 g em™3) and L. principis-rup-
prechtii (0.652 g cm™>) and with in average least p,, are B. platyphylla
(O.5§7 g crn’3), P. tabuliformis (0.557 g cm ) and P. armandii (0.462 g
cm 7).
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Fig. 3. Species wise coefficients of response function analyses at 1.3 m stem height for the months January-October of the current growing season. Blue solid lines
and points represent coefficients related to monthly precipitation sums, red solid lines and points represent coefficients related to monthly air temperature averages.
Dashed lines indicate the bootstrapped 95 % confidence intervals. Asteriscs in the corresponding color indicate significant results also based on bootstrapping. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2

Spearman’s correlation coefficient p between indices of annual radial increment (Inry) at 1.3 m stem height for each tree species derived using a relatively stiff spline
and best candidate heat moisture indices (H:MI) for different monthly time periods expressed as simplified formulas. Strongest average negative correlation indicated

in bold.

tree species Tws Tw Twy Ty Ty Ty T Ty

- Pyamy Pymamn Pevamy Pevamis Pyamy Pymamn Prvamy Prvamy
P. tabuliformis —0.421 —0.403 —0.421 —0.403 —0.422 —0.393 —0.422 —0.393
P. armandii —0.376 —0.452 -0.378 —0.454 —0.381 —0.449 —0.383 —0.451
L. principis-rupprechtii —0.52 —0.438 —0.535 —0.445 —0.517 —0.423 —0.533 —0.43

Q. liaotungensis —-0.223 —0.292 —0.18 —0.264 -0.217 —0.276 —0.173 —0.249
Q. variabilis —0.299 —0.316 —0.295 —0.322 —0.304 -0.31 -0.3 —-0.316
Q. aliena —0.544 —-0.59 —0.546 —0.596 —0.549 —0.58 —0.551 —0.587
Q. baronii —0.293 —0.212 —-0.272 —0.196 —0.295 —0.208 —0.274 —0.192
B. platyphylla —0.059 —-0.126 —0.062 —-0.129 —0.059 -0.119 —0.062 —-0.122
average —0.342 —0.354 —0.336 —0.351 —0.343 —0.345 —0.337 —0.342
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Fig. 4. Species wise indices of annual radial increment (Ixgy) derived using a relatively stiff smoothing spline; the bold colored curves represent Ingy at 1.3 m stem
height, the thin colored curves represent I,g; at 3 and 5 m stem height, respectively. Black curves in each plot depict the same heat moisture index (H:MI).

Species wise annual synchronicity between detrended p,, (I p;,) and
H:MI is not as evident as between H:MI and Iag; (cf. Figs. 4 and 5). This
can also be seen from Spearman’s p, were correlation coefficients be-
tween H:MI and ARI and Iag;, respectively, are highly negative for all
investigated tree species but B. platyphylla, and close to 0 between H:MI
and p,, (Fig. 6). However, species wise carbon indices (I¢) derived from
Iagr and I p;, shows also relatively high synchronicity and negative
correlations for all investigated tree species but B. platyphylla, demon-
strating the potential of H:MI as predictor to model I as a proxy for
carbon sequestration.

3.3. Predicting future I

Based on the latest CMIP6 multimodel projections, water stress is not
expected to increase for the study area. The H:MI estimate relevant for
tree growth is predicted to decrease from 78.47 + 23.04 in the used
historical time period 1900-2017 to 65.9 + 18.96 for the 2041-2070
future period. Species-wise generalized least squares with dependent
variable I¢ and predictor H:MI show highly significant negative

relationships for P. tabuliformis, P. armandii, L. principis-rupprechtii,
Q. liaotungensis, Q. variabilis, Q. aliena and Q. baronii. Therefore, I for
these 7 tree species is predicted to increase in the climate normal period
2041-2070. For B. platyphylla no significant relationship was observed
and no increase or decrease of H:MI in the climate normal period
2041-2070 is expected (Table 3).

4. Discussion

The results generally indicate that forest tree growth and carbon
sequestration in the study region are trending near neutral or slightly
positive. While we could find water limitations during the growing
season that were consistent across all species, and statistically signifi-
cant for all but one species, future climate change projections for the
2041-2070 period do not predict that water limitations will increase in
the medium-term future. Based on species wise bootstrapped response
function analyses we identified the climatic months in regard to pre-
cipitation sums and mean air temperature to which detrended annual
radial increments (Iory) had the strongest responses. Coefficients show
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Fig. 5. Species wise annual variations of wood density index with 12 % moisture content (I p;,) at 1.3 m stem height are depicted as grey curves, annual values of
carbon index (I¢) at 1.3 m stem height are shown as colored curves. Black curves in each plot depict the same heat moisture index (H:MI).

common patterns for all tree species but B. platyphylla: these are in
general a positive response of radial increment to summer precipitation
and a limitation from summer air temperature. Responses are more
obvious for P. tabuliformis, P. armandii and Q. aliena, and less so for
L. principis-rupprechtii, Q. liaotungensis, Q. variabilis and Q. baronii. In the
case of L. principis-rupprechtii error bars are relatively wide so that co-
efficients are not significant. This is due to the short observation length
for this tree species dating back only until 1978 (Fig. 4C). However, as
the overall pattern is similar to that of the other conifer tree species it
can be expected that an increase in observation length would turn co-
efficients of the summer months at least partly towards significance.
More in general, our results from the response function analyses are
in line with results from Hipler et al. (2020), where for P. tabuliformis
precipitation in June is positively related to Iag; and air temperature in
June is limiting. For Larix gmelinii (Rupr.) Kuzen., a species of which
L. principis-rupprechtii was classified as variety in the past (Puhua and

Lihuan, 1994), air temperature in May and June is significantly limiting
Iprp, Substantiating our assumption that an increase in observation
length would turn observed patterns in coefficients partly into signifi-
cance. Furthermore, for Quercus mongolica Fisch. ex Ledeb., a close
relative with whom Q. liaotungensis is hybridizing in areas of sympatry
(Zeng et al., 2010), also June precipitation is promoting and June air
temperature is limiting Iag; significantly, as is observable for
Q. liaotungensis in our analyses.

To ensure comparability between tree species for further analyses we
formulated a single heat:moisture index (H:MI) identical to all tree
species, even though in Table 2 different candidate H:MlIs are correlating
best with Iag; of different tree species. Therefore, the in average best
correlating H:MI was used for further analyses. The simple H:MI we
selected here has the advantage that in general it can be calculated for
different monthly periods of air temperature and precipitation sums
(Hamann and Wang, 2005; Chen et al., 2010). This characteristic makes
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Fig. 6. Spearman’s p between the same heat:moisture index (H:MI) and annual radial increment (ARI), indices of ARI derived using a relatively stiff smoothing spline
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Table 3

Results of species wise linear models with the carbon index (Ic) as dependent
variable and the heat moisture index (H:MI) as predictor. Estimates and standard
errors of the carbon index for the historical period, and for the projected change
in I for the climate normal period 2041-2070 as well as p-values for the slope
are shown.

tree species historical I¢ 2041-2070 p-value
predicted I¢
P. tabuliformis 1.001 +0.146 1.026 + 0.021 <0.001
P. armandii 0.999 4+ 0.198 1.045 £ 0.025 <0.001
L. principis-rupprechtii 0.994+0.173 1.032+0.021 <0.001
Q. liaotungensis 0.994 + 0.164 1.024 +0.02 <0.001
Q. variabilis 0.9794+0.148 1.021 £ 0.024 <0.001
Q. aliena 0.991 + 0.234 1.063 +0.027 <0.001
Q. baronii 0.987 +0.125 1.004 +0.019 0.003
B. platyphylla 0.976 + 0.181 0.991 + 0.037 0.151

it superior for our approach compared to more common climate indices
such as the Thornthwaite (1948) Index.

Fig. 4 well demonstrates the suitability of Iog; at 1.3 m stem height to
represent annual radial growth patterns of the entire stem for all 8
investigated tree species. However, this result does not indicate that
average annual radial increment (ARI) is similar at different stem
heights as detrended index values do not represent absolute values.
Nevertheless, for the tree species in this study relative interannual
changes at different stem heights can be retrieved from 1.3 m stem
height.

To measure inter- and intra-annual wood density variation high-
frequency densitometry is a common approach (Montwé et al., 2014;
Wassenberg et al., 2015; Sprengel et al., 2020). Measured relative
density based on dielectric properties is calibrated to volumetric mass
density of air-dry wood with approximately 12 % moisture content
(p12)- P12 itself may already be useful to serve as a proxy for biomass and
carbon sequestration. However, the amount of carbon stored in the
woody biomass depends also on the volume. Simple biomass indices
have therefore been calculated by including for example basal area
increment (BAI) as a simple proxy for volume (Soro et al., 2022). In our
approach to calculate a carbon index (I¢) we include Ig; instead of easy
to calculate BAI, as BAI is increasing with age by a function to the power
of 2, and detrended p;, (I p;,) as standardized annual variations of
annual wood density. Our I¢ based on Iag and I p,, therefore is sta-
tionary over time and can be used to identify annual relationships to H:
MI, which are not masked by an age-trend.

Our species specific averages of p;, are matching well values from
the literature, in general basic wood density (oven-dry mass divided by
green volume, p,), a more common value in the literature, more difficult
to obtain and always less than p,,: Cheng (1985) gives for P. tabuliformis
a p, of 0.36 g cm ™3 and for Q. liaotungensis 0.61 g cm™>; Cheng (1992)
states for P. armandii a p;, between 0.35 and 0.409 g cm ™3, for L. gmelinii
between 0.528 and 0.599 g cm >, for Q. variabilis between 0.719 and
0.795 g cm >, for Q. aliena between 0.627 and 0.756 g cm™> and for
B. platyphylla between 0.489 and 0.546 g cm > (all values from the
Global wood density database (Zanne et al., 2009). Our correlation
analysis is showing that p,, is not systematically covarying with climatic
variables for any tree species. This is typically more the case for the
climate sensitive annual maximum latewood density of a variety of
different tree species (e.g. Schweingruber et al., 1993; van der Maaten-
Theunissen et al., 2012).

For the future climate variables monthly mean air temperature and
precipitation sums we used an ensemble of 8 GCMs based on the most
recent CMIP6 iteration. This ensemble is in line with IPCC’s recent
assessment of the very likely range of Earth’s equilibrium climate
sensitivity (Mahony et al., 2022). Also, 4 different emission scenarios
following the major shared socioeconomic pathways marker scenarios
are available: SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. We judged
that SSP2-4.5, commonly called the “middle of the road” where trends
do not shift noticeably compared to the past, was the most realistic
scenario to select.

5. Conclusion

This study contributes evidence that forest tree growth and carbon
sequestration of P. tabuliformis, P. armandii, L. principis-rupprechtii,
Q. liaotungensis, Q. variabilis, Q. aliena, Q. baronii and B. platyphylla in
Zhongtiao Mountains of Shanxi Province are trending near neutral or
slightly positive. While we could find water limitations during the
growing season that were consistent across all species, and statistically
significant for all but one species, future climate change projections for
the 2041-2070 period do not predict that water limitations will increase
in the medium-term future, which should allow for productive forestry
operations and carbon sequestration throughout the next generation of
planted and naturally regenerated forests in the Zhongtiao Mountain
forestry region of Shanxi Province, which will likely be representative of
comparable ecological regions of north-eastern China. The results sup-
port the viability of continued afforestation and reforestation efforts in
the study area, and are likely applicable to comparable forestry regions
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of north-eastern China as well.
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