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Long-term dynamics of biogenic volatile organic compounds (BVOCSs) in
trees are rarely reported, despite environmental factors (such as climate
change) influencing their growth and the subsequent chemical
accumulation. For this, tree growth rings provide a promising biological
proxy for the long-time variation and correlation with environmental
changes. Therefore, tree rings from Pinus tabuliformis (two stem disks and
40 tree cores) were collected in the Taihang Mountain Macaque National
Nature Reserve of China. These samples were divided into seven 5-year
resolutions over the 34-year period 1985 to 2018. This enabled analysis
of multi-decadal variations of compounds and their correlation with climate
variability. A total of 292 BVOCs were detected; however, only 18
compounds were found together across all the 7 growth-periods. Temporal
analyses showed decreasing trends for monoterpenes (0.026%/yr) and
diterpenes (0.120%/yr), whereas alcohols and oxygenated monoterpenes
showed increasing trends at 0.031%/yr and 0.042%/yr, respectively.
Correlation analyses showed no obvious link to yearly precipitation, while
seasonal temperature had a negative effect on monoterpenes and
diterpenes but positive effects on alcohols and oxygenated monoterpenes
(all P < 0.05). The present study showed that dendrochronology is a
suitable method for re-establishing the biological effects from historical
climate variability on key tree species.
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INTRODUCTION

Biogenic volatile organic compounds (BVOCs), emitted by vegetation into the
atmosphere, have a large impact on atmospheric composition and air quality on both
regional and global scales (Chen et al. 2020). In some broad-leaved species (such as
Quercus ilex, Fagus sylvatica, and Hevea brasiliensis), emission of some BVOCs take
place directly after its production, without intermediate storage within the leaf (Dindorf et
al. 2006; Wang et al. 2007). Several recent studies suggest that short-term emission of
BVOCs from woody species are affected by temperature (Chen et al. 2019, 2020; Wang et
al. 2023). Diurnal and seasonal data show that both isoprene and monoterpene emissions
increase with increasing temperature for both coniferous and broadleaved species, which
reveal how BVOC emission rates are affected by temperature (Chen et al. 2019, 2020; Ge
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et al. 2020). Some studies also concluded that the constituents and emission magnitudes of
BVOCs and diversification of chemical constituents depend on the age of tree species.
Thus, age-dependent research is important to understand and conduct environmental
studies (Waliszewska et al. 2015; Cardoso et al. 2018; Vermeuel et al. 2023). One study
on seasonal emissions of two oak tree species (Quercus aliena and Quercus mongolica)
showed that younger trees have significantly higher isoprene emission rates than those
older ones (Lim et al. 2011). When the seasonal emissions from Chamaecyparis
formosensis of different ages were compared, higher total emissions were also seen in
saplings during cold seasons and adult trees during warm seasons (Chen et al. 2019).

Several other studies considered that some BVOCs (e.g. isoprene) are released
immediately after the synthesis, and others (e.g. monoterpenes) stored in specialist
structures in which emissions are affected by warming and age (Margarita et al. 2013;
Kivimdenpaa et al. 2022). Some previous studies confirmed that monoterpenes and other
less volatile compounds can be stored in cellular liquid in leaves (Niinemets et al. 2002),
or in specific storage organs such as resin ducts, resin canals (Niinemets et al. 2004;
Margarita et al. 2013; Peng et al. 2020; Kivimaenpéé et al. 2022), and glandular trichomes
(Turner et al. 2000). The release of stored monoterpenes of many species is mainly
determined by temperature. An algorithm was developed for estimating emission of
monoterpenes on leaf or canopy scale (Holzinger et al. 2006), and on global scale (Mu et
al. 2022). Because global warming affects temperature-dependent ecosystem processes in
forests (Parks et al. 2023), the measures of nutrient availability and diversity of plant
secondary compounds, including BVOCs, are becoming increasingly important. The
biomonitoring on dynamics of BVOCs is important to understand the change of ecosystems
and climate (Chen et al. 2019; Wang et al. 2023). The BVOCs studies are primarily
concentrated on diurnal and seasonal emissions (Chen et al. 2019, 2020; Ge et al. 2020).
Annual dynamics in monoterpene emissions are calculated by seasonal emission on a local
scale (Schurgers et al. 2009). However, little is known whether there are some long-series
BVOCs stored in long-lived tree species and how they change with climate and age. Thus
long-term proxy data are needed to assess the emission and storage of BVOCs in long-
lived trees. It can be hypothesized that the storage of BVOCs in wood with the passage of
time may increase or decrease, depending on the influences of tree age, climate, and other
factors such as environmental stress.

Environmental factors, such as temperature and precipitation, influence tree
growth. Dendrochronology can re-establish air pollution, secondary compounds and plant
biomass as a function of climate variability (Fritts 1976; Moullec et al. 2018; Hember et
al. 2019; Khoo et al. 2020). Some information from tree rings has long been acknowledged
for eco-physiological reconstruction of long-term climatic change (Cook et al. 1991; Grudd
et al. 2002; Schurman et al. 2019) and for wood-chemistry physiology (Khoo et al. 2020)
of long-time environmental pollution with heavy metals (Locosselli et al. 2018; Neto et al.
2023). Thus, the comparisons of chemical profiles in growth rings are helpful to allow
study of the long-term temporal variations of chemical constituents in long-lived species.
Moreover, some BVOCs from trees are important precursors for the generation of ozone
(Os) and secondary organic aerosols (SOA) that directly affect air quality (Ge et al. 2020).
In contrast, several forest BVOCs (especially pinene and limonene) can also be significant
sources of forest health and wellness by reducing mental fatigue, relieving anxiety, and
promoting relaxation (Barbieri et al. 2020). Many studies have confirmed the long-time
series climatic and ecological memory from tree ring data (Fritts 1976; Peltier et al. 2022).
However, little is known whether there is long-term memory about chemical composition
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stored in tree special organs. Therefore, BVOCs stored in tree ring response to climate
warming is essential to forecast the impacts of rising temperatures on wood compounds
availability and hence improve understanding the effects of global change on future BVOC
emission and forest ecosystem services (Yuan et al. 2017).

Chinese pine (Pinus tabuliformis) is an endemic coniferous tree species with a wide
natural distribution in northern China, reaching the southern limit of its natural range to
Qinling Mountains. The Taihang Mountain is the transition zone from warm temperate
zone to north subtropical zone (Yu et al. 2023). Studying tree growth dynamics of P.
tabuliformis in the Taihang Mountain not only can help to understand the growth response
with climate warming, but also can enable corresponding predictions about their future
change trends. Apart from some studies focusing on climate variability and tree-ring width
(Liu et al. 2013; Duan et al. 2016), only limited information of emission from needles of
P. tabuliformis is available in the literature (Chen et al. 2019, 2020). It is a main
afforestation species in China, hence it is important to know its relative dynamics of
BVOCs concentration and its correlation with climatic change. Therefore, the chemical
contents with annual growth rings over multiple decades were studied. The objectives of
this study were to: (1) assess the variation of BVOCs stored in tree rings, (2) investigate
BVOCs trend along growth stages, (3) study the climatic influence on BVOCs, and (4)
analyze the relationships among different BVOCs.

EXPERIMENTAL

Plant Materials Collection and Preparation

Pinus tabuliformis is a long-lived, shade-intolerant conifer, which mixes with
Quercus acutissima in the Taihang Mountains. In the summer of 2019, two stem disks were
sampled from fallen P. tabuliformis trees and 40 tree cores sampled from living P.
tabuliformis trees (two cores per tree) in Taihang Mountain Macaque National Nature
Reserve of China (35°250" N, 113°11" E). Climate data were obtained from the nearest
Jiaozuo meteorological station (35°13" N, 113°14' E) including the monthly mean
temperature and total precipitation.

The disks and core specimens were sanded and polished to enhance the visibility
of ring width structure. To determine the year of each growth ring, tree rings from stem
disks and tree cores were dated by COFECHA software (Rinntech, 1.0, Heidelberg,
Germany) and one previous tree-ring width chronology of P. tabuliformis in this study
zone (Peng et al. 2012). Then, the annual ring of disks was cut with a carving knife for
investigation into the variation of BOVCs in growth rings with increasing age. To have
enough samples for further experiments on each growth stages, all the accurate dated
subsample wood chips were divided into seven 5-year periods: Y1 (1986 to 1989), Y2
(1990 to 1994), Y3 (1995 to 1999), Y4 (2000 to 2004), Y5 (2005 to 2009), Y6 (2010 to
2014), and Y7 (2015 to 2018). Each sample was ground to powder with an electric blender
prior to extraction and then weighed as 10 g (accuracy was 1.0 mg) for the thermos-
desorption (TD)-gas chromatography (GC)/mass spectrometry (MS) analysis (Staudt et al.
1997).
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Thermo-Desorption GC/MS Analysis

TDS: The initial temperature was 30 °C, which was held for 1 min, then increased
at 10 °C /min to 100 °C, retained for 5 min, and then raised at 10 °C /min to 230 °C. The
transmission line temperature was 230 °C.

GC: The quartz capillary column used was HP-5MS (60 m x 0.25 mm x 0.25 pum),
starting at 40 °C without retention, followed by a rate of 8 °C /min up to 250 °C without
retention, and then finally at a rate of 5 °C /min to 280 °C, without retention. The column
flow was 1 mL/min, and carrier gas was helium.

MS: The ionization mode was El, the electron energy was 70 eV, the temperature
of ion was 230 °C, the temperature of quadrupole was 150 °C, the quality range was 30 to
600 m/z, and the wiley7n.1 standard spectrum and computer search qualitative were used
(Peng et al. 2011).

Climate-Chemical Components Associations

Monthly mean temperature and total precipitation were selected from the nearest
Jiaozuo meteorological station built in 1961 in this area. The temperature and precipitation
data were calculated into seasonal elements and then divided with a 5-year resolution to
analyze the possible influence factors on long-term variation of stored BVOCs from tree
rings of P. tabuliformis.

Statistical Analysis

Initially, data were checked and transformed to meet the requirements for
parametric analyses. First, the Mann-Kendall test was used to evaluate the significance of
the temporal trends of BVOCs from tree rings throughout the full growth stages (1985to
2018) of P. tabuliformis tree. Then, correlation between BVOCs and climatic factors were
used to discuss climatic influence on BVOCs concentration. The correlation matrix and
Spearman P-values were also employed to determine the relationships between the mean
trends of individual BVOC throughout the study period 1985 to 2018. All statistical tests
were computed using R statistical software (Lucent Technologies, 4.3.2, Paris, France) and
value of significance was set to P < 0.05.

RESULTS

Chemical Components in P. tabuliformis Tree Rings

The BVOCs from every 5-year-growth period were extracted. The total number of
extractive BVOCs reached 292 from tree rings of P. tabuliformis throughout all the seven
growth periods. The number of BVOCs accounted for 95, 116, 117, 112, 99, 113, and 115
in the seven different periods Y1 to Y7, respectively (Table 1). Among the tree rings of P.
tabuliformis, different periods shared similar BVOC profiles. The number of the same
BVOCs ranged from a minimum of 41 (Y1 vs. Y3) to a maximum of 73 (Y2 vs. Y4),
accounting for 35% to 65% of the total number in the respective periods (Table 1).
Compared with a total of 292 extractive BVOCs in the 3.5 decades between 1985 and 2018,
only 18 of the same compounds were found throughout the seven growth stages. The 18
most common BVOCs showed different concentration trends along increasing growth
periods (Fig. 1).
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Table 1. Numbers of BVOCs Among Growth Periods in Seven 5-year Tree Rings
from P. tabuliformis

Title 2 1985to | 1990to | 1995t0 | 2000to | 2005t0 | 2010to | 2015 +to
1989 1994 1999 2004 2009 2014 2018
Y1l 1985 to 1989 95 55 41 52 45 44 50
Y2 1990 to 1994 116 60 73 60 53 52
Y3 1995 to 1999 117 62 49 53 50
Y4 2000 to 2004 112 63 72 57
Y5 2005 to 2009 99 65 47
Y6 2010 to 2014 113 53
Y7 2015 to 2018 115
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Notes: The different BVOCs were identified as: C1: Acetic acid, C2: Hydroxyacetone, C3: 1,2,3,4-
Diepoxybutane, C4: 2-Nitro-1-butanol, C5: Furfural, C6: 2-Furanmethanol, C7: D-Limonene, C8:
Borneol, C9: 2-(4-Methylphenyl)propan-2-ol, C10: 4,6,6-Trimethylbicyclo[3.1.1]hept-3-en-2-one,
C11: 2-Octen-1-0l, 3,7-dimethyl-, isobutyrate, (Z)-, C12: Longifolene, C13: 1-Heptatriacotanol,
C14: Cembrene, C15: 1H-2,8a-Methanocyclopentala]cyclopropale]cyclodecen-11-
one,l1a,2,5,5a,6,9,10,10a-octahydro-5,5a,6-trihydroxy-1,4-bis(hydroxymethyl)-1,7,9-trimethyl-,[1S-
(1.alpha.,1a.alpha.,2.alpha.,5.beta.,5a.beta.,6.beta.,8a.alpha.,9.alpha.,10a.alpha.)], which will
here on be referred to as ‘Ac1mj3p2’, C16: 1,7,7-Trimethyl-3-phenethylidenebicyclo[2.2.1]heptan-
2-one, C17: Sandaracopimaral, C18: Methyl dehydroabietate

Fig. 1. Peak areas (%) of the 18 common BVOCs throughout the seven periods for seven 5-year
period tree rings from P. tabuliformis
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Temporal Trends of BVOCs

Of the 18 most common BVOCs, the contents of 9 increased and 9 decreased
throughout the growth periods of P. tabuliformis (Figs. 1 and 2, and Table 2).

Increasing concentrations with increasing growth stages were found for alcohol
BVOCs (e.g., 2-nitro-1-butanol, 2-furanmethanol), and oxygenated monoterpenes such as
2-(4-methylphenyl)propan-2-ol and 4,6,6-trimethylbicyclo[3.1.1]hept-3-en-2-one (P <
0.05). Most alkene, acid, aldehyde, and ketone type BVOCs showed decreasing
concentrations with increasing growth stages. Diterpene (e.g., sandaracopimaral) and
monoterpene (d-limonene) showed a significant decreasing trend (P < 0.01). Other BVOCs
including acetic acid, hydroxyacetone, furfural, cembrene, 1-heptatriacotanol, and methyl
dehydroabietate showed negative non-significant trends.

Terpenoid groups from BVOCs profile showed different trends in this study.
Monoterpenes and diterpenes showed significant decreased trends, while sesquiterpenes
and several oxygenated monoterpenes showed increased trends. With a significant
decreased trend along growth stages, sandaracopimaral showed higher concentrations
ranging from 7.73% (Y1) to 3.67% (Y7) and d-limonene had less concentration from
1.47% to 0.57% (Y1 vs. Y7). Longifolene showed an increased trend with a higher mean
concentration level as 0.759%/yr along the seven growth stages. In this study oxygenated
monoterpenes (such as 2-(4-methylphenyl)propan-2-ol and 4,6,6-trimethylbicyclo-
[3.1.1]hept-3-en-2-one) also showed significantly increasing trends with mean
concentration from 0.312% to 1.867% (Y1 vs Y7).

Table 2. Mann-Kendall Test Results of the 18 Common BVOCs from P.
tabuliformis 5-Year Tree Rings Throughout the Period 1985 to 2018

2-Sided p
Compound Name VIA tau Value
Acetic acid C1 -0.0476 1
Hydroxyacetone C2 -0.0476 1
1,2,3,4-Diepoxybutane C3 0.0476 1
2-Nitro-1-butanol C4 0.8095 0.0163**
Furfural C5 -0.0476 1
2-Furanmethanol C6 0.7143 0.0355**
d-Limonene Cc7 -0.6191 0.0715*
Borneol Cc8 0.4286 0.2296
2-(4-Methylphenyl)propan-2-ol C9 0.8096 0.0163**
4,6,6-Trimethylbicyclo[3.1.1]hept-3-en-2-one C10 1 0.0027***
2-Octen-1-ol, 3,7-dimethyl-, isobutyrate, (Z2)- Cl11 | 0.2381 0.548
Longifolene Cl12 | 0.3333 0.3675
1-Heptatriacotanol C13 | -0.0476 1
Cembrene C14 | -0.2381 0.548
Aclmj3p2 C15 | 0.4286 0.2296
1,7,7-Tr|methyl-3-pheneth)él:](leneblcyclo[2.2.1]heptan-2- C16 | -0.1429 0.7639
Sandaracopimaral C17 | -0.9048 0.0069***
Methyl dehydroabietate C18 | -0.1429 0.7639
*: P <0.1, *: P <0.05, **: P <0.01; Positive and negative tau values indicate positive and
negative trends, respectively
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Fig. 2. Total ion chromatograms of Pinus tabuliformis which was extracted by ethanol and
benzene/ethanol throughout the seven periods

BVOCs and Climate Parameters

With different growth stages of P. tabuliformis, there was a significant correlation
between BVOCs concentration and seasonal temperature, but not for precipitation (Fig. 3).
A significant positive correlation with warm seasonal temperature (spring, summer, and
fall) was found for alcohol BVOCs (e.g., 2-nitro-1-butanol, 2-furanmethanol) and several
oxygenated monoterpenes (e.g., 2-(4-methylphenyl)propan-2-ol and 4,6,6-
trimethylbicyclo[3.1.1]hept-3-en-2-one), while significant negative correlations were
found for terpenoids compounds such as d-limonene and sandara-copimaral. Except for the
effect from temperature in the warm season, temperature in winter also had an important
role on the storage of 2-furanmethanol and sandaracopimaral.
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Notes: The different BVOCs were identified as: C1: Acetic acid, C2: Hydroxyacetone, C3: 1,2,3,4-
Diepoxybutane, C4: 2-Nitro-1-butanol, C5: Furfural, C6: 2-Furanmethanol, C7: D-Limonene, C8:
Borneol, C9: 2-(4-Methylphenyl)propan-2-ol, C10: 4,6,6-Trimethylbicyclo[3.1.1]hept-3-en-2-one,
C11: 2-Octen-1-ol, 3,7-dimethyl-, isobutyrate, (Z)-, C12: Longifolene, C13: 1-Heptatriacotanol,
C14: Cembrene, C15: Aclmj3p2, C16: 1,7,7-Trimethyl-3-phenethylidenebicyclo[2.2.1]heptan-2-
one, C17: Sandaracopimaral, C18: Methyl dehydroabietate. Significance levels were indicated as
P <0.05

Fig. 3. Correlation coefficients between BVOCs and seasonal mean temperature total
precipitation throughout P. tabuliformis growth stages (1985 to 2018)

Association between BVOCs

Spearman correlation coefficients for the 18 most common BVOCs throughout the
seven 5-year growth periods are shown in Fig. 4. Among terpenoids, borneol and
longifolene showed significant negative correlations with acetic acid, hydroxyacetone, and
1,2,3,4-diepoxybutane, while they showed positive correlations with oxygenated
monoterpenes (e.g., 2-(4-methylphenyl)propan-2-ol and 4,6,6-trimethyl-bicyclo[3.1.1]-
hept-3-en-2-one). In contrast, d-limonene and sandaracopimaral showed significant
negative correlation (P < 0.05) with oxygenated monoterpenes (e.g., borneol, 2-(4-
methylphenyl)propan-2-ol, and 4,6,6-trimethylbicyclo[3.1.1]hept-3-en-2-one), whereas
they also had significant negative correlation (P < 0.05) with alcohol compounds (such as
2-nitro-1-butanol and 2-furanmethanol). Except for having a significant correlation with
most BOVCs, d-limonene and sandaracopimaral also showed non-significant correlation
with some other BVOCs such as hydroxyacetone and 1-heptatriacotanol.

Compounds belonging to the oxygenated monoterpene groups exhibited strong
positive correlations with each other, and they also showed significant positive correlations
with sesquiterpenes. In contrast, monoterpenes and diterpenes were significantly positively
related to each other, while they showed significant negative correlations with oxygenated
monoterpenes. However, sesquiterpenes (longifolene) showed different correlations with
other terpenoids. Sesquiterpenes showed significant positive correlation with oxygenated
monoterpenes, negative correlation for diterpenes (e.g., sandaracopimaral), and non-
significant correlation with monoterpenes (such as d-limonene).
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Notes: The different BVOCs were identified as: C1: Acetic acid, C2: Hydroxyacetone, C3: 1,2,3,4-
Diepoxybutane, C4: 2-Nitro-1-butanol, C5: Furfural, C6: 2-Furanmethanol, C7: D-Limonene, C8:
Borneol, C9: 2-(4-Methylphenyl)propan-2-ol, C10: 4,6,6-Trimethylbicyclo[3.1.1]hept-3-en-2-one,
C11: 2-Octen-1-0l, 3,7-dimethyl-, isobutyrate, (Z)-, C12: Longifolene, C13: 1-Heptatriacotanol,
C14: Cembrene, C15: Aclmj3p2, C16: 1,7,7-Trimethyl-3-phenethylidenebicyclo[2.2.1]heptan-2-
one, C17: Sandaracopimaral, C18: Methyl-dehydroabietate; Significance levels were indicated
as, *: P<0.05, *: P <0.01, **: P <0.001

Fig. 4. Spearman correlation matrix for BVOCs in P. tabuliformis across the seven 5-year growth
periods throughout 1985 to 2018

DISCUSSION

Temporal Change of Chemical Components

The dendrochronological study detected 292 extractive BVOCs throughout the
study period 1985 to 2018. Some of these compounds were found in every pair of different
growth stages, and only 18 of the most common BVOCs were found throughout the whole
multi-decadal periods. Increased concentrations along the seven growth periods were
found for alcohols (such as 2-nitro-1-butanol and 2-furanmethanol) and oxygenated
monoterpenes  (e.g.,  borneol,  2-(4-methylphenyl)propan-2-ol, and  4,6,6-
trimethylbicyclo[3.1.1]hept-3-en-2-one). In contrast, decreased concentrations were found
in monoterpenes (d-limonene) and diterpenes (sandaracopimaral) with increasing growth
stages. From this study, monoterpenes concentrations decreased with high emissions and
less concentration with increased growth periods in older plants. Sesquiterpenes and
oxygenated monoterpenes found in the present study had more storage and less emission
with increased growth stages.
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A previous study reported that emission rates from mature tree branches of Pinus
pinea were approximately twice that of young trees (Staudt et al. 1997). Emissions of trees
increased when leaves and branches reached maturity. Similar observations have been
found in studies of several coniferous species, such as Cryptomeria japonica and Pinus
koraiensis, in Korea, where emitted monoterpenes were higher for older trees than younger
trees (Kim et al. 2005). Recent studies on P. formis needles also suggest that BVOC
volatile oils were significantly influenced by tree age in which older tree needles had more
BVOC volatile oils (Duan et al. 2016). It was concluded that changes in chemical
composition were observed at different growth stages (Bendiabdellah et al. 2013).
Emission rates of trees were also affected by the developmental growth stage (Monson et
al. 1995). Moreover, some studies indicated that the production/emission behavior of
terpenes is correlated to synthase activities depending on plant growth stages (Holzinger et
al. 2006). After being synthesized during photosynthesis, monoterpenes were usually
stored in specialized storage structures, such as resin canals and secretory cells, and they
were partly emitted by leaves to the atmosphere (Niinemets et al. 2004; Chen et al. 2019).
One study in bark of Magnolia officinalis also showed that older trees held higher
sesquiterpenes and oxygenated monoterpenes than young trees (Huang et al. 2023). Some
compounds with increasing trend may hold more storage in special structures accompanied
with less emission along with growth stages of Pinus tabuliformis trees. BVOCs emissions
vary depending on the local biotic and abiotic factors in which the trees stand (Margarita
et al. 2013), to some extent, BVOC concentration in P. tabuliformis growth rings varied
depending on growth stages in this study.

Climate-Chemical Components Associations

Another important consideration that determines the rate of emission of BVOCs is
temperature. The seasonal temperature had a higher effect on BVOCs of P. tabuliformis
than precipitation in this study. A warmer environment decreased storage of monoterpenes
and diterpenes but increased alcohol compounds and oxygenated monoterpenes in P.
tabuliformis. Seasonal temperatures showed a negative correlation with BVOCs
concentration of monoterpenes and diterpenes, where significant correlations were found
for d-limonene in summer and sandaracopimaral in all seasons. Similar correlations were
found in studies of diurnal and seasonal monoterpene and isoprene emissions that increased
with increasing temperature (Chen et al. 2019, 2020). Monoterpene emissions were
suggested as a combination of stored and immediately synthesized compounds (Staudt et
al. 1997), in which emission peaked in warm summer (Peng et al. 2011; Bai et al. 2017;
Huang et al. 2023) along with low storage in a specific organ. Another study showed that
emissions of diterpenes were detected in different seasons (Chen et al. 2019), the seasonal
variations of temperature-related emission may be attributed to ecological functions
throughout plant development.

It was also found that seasonal temperature exerted a positive effect on BVOCs
accumulation of alcohol compounds and oxygenated monoterpenes in P. tabuliformis in
this study. Most terpenoids emissions were due to biosynthesis and temperature-dependent
release from leaf storage structures (Ge et al. 2020; Sanchez-Martinez et al. 2023). Some
terpenes, however, increased in plants in warmer environments, which was due to
improved plant growth and larger storage space for stored terpenes such as sesquiterpenes
and oxygenated monoterpenes (Sanchez-Martinez et al. 2023). The differences in emission
responses of monoterpenes, sesquiterpenes, and diterpenes to temperature in the present
study is likely related to their different temporal storage properties in needle surface waxes,
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and their temperature-dependent adherence and release (Joensuu et al. 2016). The
correlation between relative content of BVOCs and temperature in the present study
indicates that climatic variability could affect some temperature-dependent ecosystem
processes, such as emission and storage of BVOCs and nutrient availability in forests.
Temperature also affects the evaporation and emission of BVOCs from leaves to the
atmosphere, and the emission of BVOCs from plants substantially affects regional climate
change and global carbon budgets (Xu et al. 2015; Peng et al. 2020). When temperature is
above the threshold of the enzymes responsible for the synthesis, enzyme denaturation
might cause BVOCs releasing and spreading along a vapor pressure gradient in cellular
compartments from high concentrations outward (Margarita et al. 2013). With climate
warming, the more volatile compounds may be more likely to become evaporated and lost
from the wood into the air, whereas the more oxygenated compounds would be less
volatile, and that could explain their greater presence in the wood material after the passage
of time. However, this study was only conducted in compound variation of individual
species. Further studies on long-term emission and storage of BVOCs of different species
are needed to better investigate and understand the correlation between BVOCs variation
and climatic change.

Association between BVOCs

In this study, the BVOCs in P. tabuliformis showed complex and different
correlations with one another. Monoterpenes and diterpenes had significant negative
correlations with oxygenated monoterpenes, and sesquiterpenes (longifolene) showed
different correlation with monoterpenes (such as d-limonene), oxygenated monoterpenes
and diterpenes (e.g., andaracopimaral). Strong positive correlations between oxygenated
monoterpenes across age/periods suggested their formation might occur via the same
pathway (Chen et al. 2020). In the present study, longifolene significantly correlated with
borneol and showed similar correlation with other chemical components. It has been shown
that monoterpene, sesquiterpene, and oxygenated monoterpene originate from different
biosynthesis pathways and their synthesis and emission may largely influence storage in
tree stem (Pazouki and Niinemets 2016; Wang et al. 2023).

Limonene was one of the dominant monoterpenes in P. tabuliformis and increased
with growth periods in this study. Limonene showed a strong negative correlation with
oxygenated monoterpene storage while with a non-significant correlation with
sesquiterpene accumulation. This finding is similar to a recent study showing that the
emission of monoterpenes and sesquiterpenes were very different from oxygenated
monoterpenes, and the differences might originate from diverse biosynthetic pathways,
emission controls, and storage patterns (Kim et al. 2005; Chen et al. 2020).
Sandaracopimaral had a significant positive correlation with longifolene and showed a
similar correlation with monoterpenes, oxygenated monoterpenes, sesquiterpene, among
other compounds. Temporal changes and temperature associations of sandaracopimaral
were similar to limonene in this study, suggesting a strong influence from mean annual
temperature in this study zone.
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CONCLUSIONS

1. The biogenic volatile organic compounds (BVOCs) concentrations in P.
tabuliformis tree were different among the different growth stages with only 18 of
the same BVVOCs throughout the full growth periods.

2. Increasing trends were found for alcohols and oxygenated monoterpenes, whereas
decreasing trends were found for monoterpenes and diterpenes.

3. The contrasting trends of stored BVOC contents decreasing and increasing with
growth stages might be due to their responses to the changes in environmental
factors.

4, The present study showed that dendrochronology is a suitable method for re-

establishing the biological effects from historical climate variability on tree key
species, which is important to discuss forest ecosystem services and predict future
environmental effects of global warming.

ACKNOWLEDGMENTS

The authors are grateful for the support of the National Natural Science Foundation
of China (Grant No. 31270493) and the Mountain-river-forest-farmland-lake-grassland
Ecological Restoration Pre-Project of Henan Province (Jiyuan) (No. JGZJ-CAI-2019125).
The authors also would like to thank Jiaozuo City Forest Park and State-owned Yugong
Forest Farm of Jiyuan City for their support during the study.

REFERENCES CITED

Bai, J., Guenther, A., Turnipseed, A., Duhl, T., and Greenberg, J. (2017). “Seasonal and
interannual variations in whole-ecosystem BVOC emissions from a subtropical
plantation in China,” Atmos. Environ. 161, 176-190. DOI:
10.1016/j.atmosenv.2017.05.002

Barbieri, G., Antonelli, M., Donelli, D., Valussi, M., and Firenzuoli, F. (2020). “IJERPH
special issue cover: Forest volatile organic compounds and their effects on human
health: A state-of-the-art review,” Int. J. Env. Res. Pub. He. 17, 6506-6542. DOI:
10.3390/ijerph17186506

Bendiabdellah, A., Dib, M. E., Meliani, N., Muselli, A., Nassim, D., Tabti, B., and Costa,
J. (2013). “Antibacterial activity of Daucus crinitus essential oils along the vegetative
life of the plant,” J. Chem. 2013, article 149502. DOI: 10.1155/2013/149502

Cardoso, S., Ferreira, J., Miranda, 1., and Pereira, H. (2018). “Age variation of Douglas-
Fir bark chemical composition,” J. Wood Chem. Technol. 38(5), 385-396. DOI:
10.1080/02773813.2018.1513036

Chen, J., Bi, H., Yu, X,, Fu, Y., and Liao, W. (2019). “Influence of physiological and
environmental factors on the diurnal variation in emissions of biogenic volatile
compounds from P. tabuliformis,” J. Environ. Sci. 81, 102-118. DOI:
10.1016/j.jes.2019.01.020

Chen, J., Tang, J., and Yu, X. (2020). “Environmental and physiological controls on
diurnal and seasonal patterns of biogenic volatile organic compound emissions from

Li et al. (2024). “Climate vs. VOCs in tree rings,” BioResources 19(2), 3164-3179. 3175


http://dx.doi.org/10.1080/02773813.2018.1513036
http://dx.doi.org/10.1016/j.jes.2019.01.020

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

five dominant woody species under field conditions,” Environ. Pollut. 259, article ID
113955. DOI: 10.1016/j.envpol.2020.113955

Cook, E. R., Bird, T., Peterson, M., Barbetti, M., and Tans, P. (1991). “Climatic change
in Tasmania inferred from a 1089-year tree-ring chronology of huon pine,” Sci.
253(5025), 1266-1268. DOI: 10.1126/science.253.5025.1266

Dindorf, T., Kuhn, U., Ganzeveld, L., Schebeske, G., Ciccioli, P., Holzke, C., Kdble, R.,
Seufert, G., and Kesselmeier, J. (2006). “Significant light and temperature dependent
monoterpene emissions from European beech (Fagus sylvatica L.) and their potential
impact on the European volatile organic compound budget,” J. Geophys. Res-Atmos
111(D16), article ID D16305. DOI: 10.1029/2005jd006751

Duan, H., Fan, S., Wang, W., Liu, Z., and Cai, X. (2016). “Chemical constituent and
content of volatiles from pine needles of Pinus tabulaefornis Carr,” J. West China
For. Sci. 45(5), 24-30. DOI: 10.16473/j.cnki.xblykx1972.2016.05.005

Fritts, H. C. (1976). Tree Rings and Climate, Academic Press, London, England, pp. 567.

Ge, S., Mg, N. L., Jiang, S. C., Ok, Y. S., Lam, S. S,, Li, C., Shi, S. Q., Nie, X., Qiu, Y.,
Li, D. L., etal. (2020). “Processed bamboo as a novel formaldehyde-free high-
performance furniture biocomposite,” ACS Appl. Mater. Interfaces 12, 30824-30832.
DOI: 10.1021/acsami.0c07448

Geron, C. D., and Arnts, R. R. (2010). “Seasonal monoterpene and sesquiterpene
emissions from Pinus taeda and Pinus virginiana,” Atmos. Environ. 44, 4240-4251.
DOI: 10.1016/j.atmosenv.2010.06.054

Grudd, H., Briffa, K. R., Karlén, W., Bartholin, T. S., Jones, P. D., and Kromer, B.
(2002). “A 7400-year tree-ring chronology in northern Swedish lapland: Natural
climatic variability expressed on annual to millennial timescales,” Holocene 12(6),
657-665. DOI: 10.1191/0959683602hI578rp

Hember, R. A., Kurz, W. A., and Girardin, M. P. (2019). “Tree ring reconstructions of
stem wood biomass indicate increases in the growth rate of black spruce trees across
boreal forests of Canada,” J. Geophys. Res-biogeo. 124, 2460-2480. DOI:
10.1029/2018JG004573

Holzinger, R., Lee, A., McKay, M., and Goldstein, A. H. (2006). “Seasonal variability of
monoterpene emission factors for a Ponderosa pine plantation in California,” Atmos.
Chem. Phys. 6, 1267-1274. DOI: 10.5194/ACP-6-1267-2006

Huang, R., Zhang, T., Ge, X., Cao, Y., Li, Z., and Zhou, B. (2023). “Emission trade-off
between isoprene and other BVOC components in Pinus massoniana saplings may be
regulated by content of chlorophylls, starch and NSCs under drought stress,” Int. J.
Mech. Sci 24, article 1D 8946. DOI: 10.3390/1JMS24108946

Joensuu, J., Altimir, N., Hakola, H., Rostas, M., Raivonen, M., Vestenius, M., Aaltonen,
H., Riederer, M., and Bé&ck, J. (2016). “Role of needle surface waxes in dynamic
exchange of mono- and sesquiterpenes,” Atmos. Chem. Phys. 16, 7813-7823. DOI:
10.5194/acp-16-7813-2016

Kim, J. C., Kim, K. J., Kim, D. S., and Han, J. S. (2005). “Seasonal variations of
monoterpene emissions from coniferous trees of different ages in Korea,”
Chemosphere 59(11), 1685-1696. DOI: 10.1016/j.chemosphere.2004.10.048

Kiviméenpad, M., Riikonen, J., Valolahti, H., Elina, H., Holopainen, J. K., and
Holopainen, T. (2022). “Correction to: Effects of elevated ozone and warming on
terpenoid emissions and concentrations of Norway spruce depend on needle
phenology and age,” Tree Physiology 42, 1570-1586. DOI:10.1093/treephys/tpac019

Li et al. (2024). “Climate vs. VOCs in tree rings,” BioResources 19(2), 3164-3179. 3176


http://dx.doi.org/10.1016/j.envpol.2020.113955
http://dx.doi.org/10.1016/j.atmosenv.2010.06.054
http://dx.doi.org/10.3390/IJMS24108946
http://dx.doi.org/10.5194/acp-16-7813-2016
http://dx.doi.org/10.1016/j.chemosphere.2004.10.048

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Lim, Y. J., Armendariz, Son, Y. S., and Kim, J. C. (2011). “Seasonal variations of
isoprene emissions from five oak tree species in east Asia,” Atmospheric Environment
45(13), 2202-2210.

Liu, Y., Wang, Y., Li, Q., Sun, J., Song, H., Cai, Q., Zhang, Y., Yuan, Z., and Wang, Z.
(2013). “Reconstructed May-July mean maximum temperature since 1745 AD based
on tree-ring width of Pinus tabulaeformis in Qianshan Mountain, China,”
Palaeogeogr. Palaeocl. 388(19), 145-152. DOI: 10.1016/j.palae0.2013.08.011

Locosselli, G., Chacon-Madrid K., Arruda M. A. Z., de Camargo, E. P., Moreira, T. C.
L., de André, C. D. S., de André, P. A., Singer, J. M., Saldiva, P. H. N., and
Buckeridge, M. (2018). “Tree rings reveal the reduction of Cd, Cu, Ni and Pb
pollution in the central region of Sao Paulo, Brazil,” Environ. Pollut. 242, 320-328.
DOI: 10.1016/j.envpol.2018.06.098

Margarita, P., Karina, C., and Johanna, M. (2013). “Emission factors of biogenic volatile
organic compounds in various stages of growth present in the urban forest of the
metropolitan region, Chile,” Research Res. J. Chem. Environ. 17(11), 107-116.

Monson, R. K., Lerdau, M. T., Sharkey, T. D., Schimel, D. S., and Fall, R. (1995).
“Biological aspects of constructing volatile organic compound emission inventories,”
Atmos. Environ. 29, 3000-3002. DOI: 10.1016/1352-2310(94)00360-W

Moullec, M. L., Buchwal, A., van der Wal, R., Sandal, L., and Hansen, B. B. (2018).
“Annual ring growth of a widespread high-arctic shrub reflects past fluctuations in
community-level plant biomass,” J. Ecol. 436-450. DOI: 10.1111/1365-2745.13036

Mu, Z., Llusia, J., Zeng, J., Zhang, Y., Asensio, D., Yang, K., Yi, Z., Wang, X., and
Pefiuelas, J. (2022). “An overview of the isoprenoid emissions from tropical plant
species,” Front. Plant Sci. 13, Article 1D 833030. DOI: 10.3389/FPLS.2022.833030

Neto, T. C. C., Lousada, J. L. P. C., Fontana, C., Moreira, C. G., and Latorraca, J. V. D.
(2023). “The influence of rainfall and temperature on radial growth of urban trees
under the impact of steel industry pollution,” BioResources 18(3), 4771-4789. DOI:
10.15376/biores.18.3.4771-4789.

Niinemets, U., Loreto, F., and Reichstein, M. (2004). “Physiological and physiochemical
controls on foliar volatile organic compound emissions,” Trends Plant Sci. 9(4), 180-
186. DOI: 10.1016/j.tplants.2004.02.006

Niinemets, U., Reichstein, M., Staudt, M., Seufert, G., and Tenhunen, J. D. (2002).
“Stomatal constraints may affect emission of oxygenated monoterpenoids from the
foliage of Pinus pinea,” Plant Physiol 30, 1371-1385. DOI: 10.1104/pp.009670

Parks, S. A., Holsinger, L. M., Abatzoglou, J. T., Littlefield, C. E., and Zeller, K. A.
(2023). “Response to concerns raised about the likelihood of protected areas serving
as steppingstones for species responding to climate change,” Global Change Biol. 29,
e7-e8. DOI: 10.1111/GCB.16940

Pazouki, L., and Niinemets, U. (2016). “Multi-substrate terpene synthases: Their
occurrence and physiological significance,” Front. Plant Sci. 7, article ID 1019. DOI:
10.3389/fpls.2016.01019

Peltier, D. M. P., Anderegg, W. R. L., Guo, J. S., and Ogle, K. (2022). “Contemporary
tree growth shows altered climate memory,” Ecology Letter 25(12), 2663-2674.
DOI:10.1111/ele.14130

Peng, W., Lam, S. S., and Sonne, C. (2020). “Support Austria’s glyphosate ban,” Science
367(6475), 257-258. DOI: 10.1126/science.aba5642

Li et al. (2024). “Climate vs. VOCs in tree rings,” BioResources 19(2), 3164-3179. 3177


http://dx.doi.org/10.1016/j.palaeo.2013.08.011
http://dx.doi.org/10.1016/j.envpol.2018.06.098
http://dx.doi.org/10.3389/FPLS.2022.833030
http://dx.doi.org/10.1111/GCB.16940
http://dx.doi.org/10.1126/science.aba5642

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Peng, J. F., Yang, A. R., and Tian, Q. H. (2011). “Response of radial growth Chinese
pine (Pinus tabulaeformis) to climate factors in Wanxian Mountain of Henan
Province,” Acta Ecol. Sin. 31(20), 5977-5983.

Peng, W. X., Wang, L. S., Xu, Q., Wu, Q. D., and Xiang, S. L. (2012). “TD GC-MS
analysis on thermal release behavior of poplar composite biomaterial under high
temperature,” J. Comput. Theor. Nanosci. 9, 1431-1433. DOI:
10.1166/jctn.2012.2217

Sanchez-Martinez, P., Mencuccini, M., Garcia-Valdés, R., Hammond, W. M., Serra-
Diaz, J. M., Guo, W. Y., Segovia, R. A., Dexter, K. G., Svenning, J. C., and Allen, C.,
Martinez-Vilalta, J. (2023). “Increased hydraulic risk in assemblages of woody plant
species predicts spatial patterns of drought-induced mortality,” Nat. Ecol. Evol. 7,
1620-1632. DOI: 10.1038/541559-023-02180-Z

Schurgers, G., Arneth, A., Holzinger, R., and Goldstein, A. H. (2009). “Process-based
modelling of biogenic monoterpene emissions combining production and release
from storage,” Atmos. Chem. Phys 9, 3409-3423. DOI: 10.5194/acp-9-3409-2009

Schurman, J., Babst, F., Bjorklund, J., Rydval, M., Bace, R., Cada, V., Janda, P.,
Mikolas, M., Trotsiuk, T., Svoboda, M., et al. (2019). “The climatic drivers of
primary Picea forest growth along the Carpathian arc are changing under rising
temperatures,” Global Change Biol. 25(9), 3136-3150. DOI: 10.1111/gcb.14721

Staudt, M., Bertin, N., Hansen, U., Seufert, G., Ciccioli, P., Foster, P., Frenzel, B., and
Fugit, J. L. (1997). “Seasonal and diurnal patterns of monoterpene emissions from
Pinus pinea (L.) under field conditions,” Atmos. Environ. 31, 145-156. DOI:
10.1016/51352-2310(97)00081-2

Turner, G. W., Gershenzon, J., and Croteau, R. B. (2000). “Development of peltate
glandular trichomes of peppermint,” Plant Physiol. 124, 665-680. DOI:
10.1104/pp.124.2.665

Vermeuel, M. P., Novak, G. A., Kilgour, D. B., Claflin, M. S., Lerner, B. M.,
Trowbridge, A. M., Thom, J., Cleary, P. A., Desai, A. R., and Bertram, T. H. (2023).
“Observations of biogenic volatile organic compounds over a mixed temperate forest
during the summer to autumn transition,” Atmos. Chem. Phys. 23, 4123-4148. DOI:

Waliszewska, B., Pradzynnski, W., Zborowska, M., Stachowiak-Wencek, A.,
Waliszewska, H., and Spek-Dzwigala, A. (2015). “The diversification of chemical
composition of pine wood depending on the tree age,” Ann. Warsaw Univ. Life Sci.--
SGGW, For. Wood Technol. 91, 182-187.

Wang, L., Lun, X., Wu, J., Wang, Q., Tao, J., Dou, X., and Zhang, Z. (2023).
“Investigation of biogenic volatile organic compounds emissions in the Qinghai-
Tibetan Plateau,” Sci. Total Environ. 902, article ID 165877. DOI:
10.1016/J.SCITOTENV.2023.165877

Wang, Y. F., Owen, S. M., Li, Q. J., and Penuelas, J. (2007). “Monoterpene emissions
from rubber trees (Hevea brasiliensis) in a changing landscape and climate: Chemical
speciation and environmental control,” Global Change Biol. 13(11), 2270-2282. DOI:
10.1111/j.1365-2486.2007.01441.x

Xu, L., Guo, H., Boyd, M., Klein, M., Bougiatioti, A., Cerully, M., Hite, J. R., Isaacman-
VanWertz, G., Kreisberg, N. M., Knote, C., et al. (2015). “Effects of anthropogenic
emissions on aerosol formation from isoprene and monoterpenes in the southeastern
United States,” Proc. Natl. Acad. Sci. USA 112, 37-42. DOI:
10.1073/pnas.1417609112

Li et al. (2024). “Climate vs. VOCs in tree rings,” BioResources 19(2), 3164-3179. 3178


http://dx.doi.org/10.1166/jctn.2012.2217
http://dx.doi.org/10.1038/S41559-023-02180-Z
http://dx.doi.org/10.5194/acp-9-3409-2009
http://dx.doi.org/10.1111/gcb.14721
http://dx.doi.org/10.1016/J.SCITOTENV.2023.165877
http://dx.doi.org/10.1111/j.1365-2486.2007.01441.x
https://scholar.cnki.net/home/search?sw=6&sw-input=Isaacman-VanWertz%20Gabriel
https://scholar.cnki.net/home/search?sw=6&sw-input=Isaacman-VanWertz%20Gabriel
https://scholar.cnki.net/home/search?sw=6&sw-input=Kreisberg%20Nathan%20M
https://scholar.cnki.net/home/search?sw=6&sw-input=Knote%20Christoph
http://dx.doi.org/10.1073/pnas.1417609112

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Yu, C., Ren, S., Huang, Y., Wang, G, Liu, S., Li, Z,, Yuan, Y., Huang, X., and Wang, T.
(2023). “Biotic factors drive woody plant species diversity across a relative density
gradient of Quercus aliena var. acuteserrata Maxim. in the warm—temperate natural
oak forest, central China,” Forests 14, article 1956. DOI: 10.3390/F14101956

Yuan, X., Shang, B., Xu, Y., Xin, Y., Tian, Y., Feng, Z., and Paoletti, E. (2017). “No
significant interactions between nitrogen stimulation and ozone inhibition of isoprene
emission in Cathay poplar,” Sci. Total Environ. 601-602, 222-229. DOI:
10.1016/j.scitotenv.2017.05.138

Acrticle submitted: February 6, 2024; Peer review completed: March 23, 2024; Revised
version received: March 28, 2024; Accepted: March 31, 2024; Published: April 4, 2024.
DOI: 10.15376/biores.19.2.3164-3179

Li et al. (2024). “Climate vs. VOCs in tree rings,” BioResources 19(2), 3164-3179. 3179


http://dx.doi.org/10.3390/F14101956
http://dx.doi.org/10.1016/j.scitotenv.2017.05.138

