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Abstract: Ambient atmospheric concentrations of isoprene and monoterpenes were measured at
two forest sites, one deciduous and one coniferous, over the year 2022. Both sites in a regional
area were sampled monthly between April and September. The samples were taken using sorbent
tubes and analyzed with thermal desorption—-gas chromatography-mass spectrometry. The highest
concentrations were determined in August at both sites. While isoprene is the most abundant
compound at the deciduous forest with an average concentration of 5.59 pg m~3 in August, o-pinene
and p-pinene dominate throughout the year at the coniferous forest with the highest concentrations
also in August (3.44 g m~3 and 1.51 pg m~3). Because other monoterpenes (camphene, sabinene,
3-carene, p-cymene and limonene) are also emitted in significant amounts, the total concentration
measured in the coniferous forest is higher (7.96 ug m~3 in August) in comparison to the deciduous
forest (6.08 ug m~3). Regarding the detected monoterpenes in the deciduous forest, sabinene is the
dominant monoterpene in addition to x-pinene and is sometimes present in higher (July) or equal
(August) concentrations. The seasonal and diurnal concentrations of all monoterpenes correlate very
well with each other at both sites. An exception is sabinene with a diurnal concentration profile
similar to isoprene.

Keywords: BVOCs; BVOC emissions; monoterpenes; isoprene; boreal forests; temporal variation

1. Introduction

Biogenic volatile organic compounds (BVOCs) have a significant influence on atmo-
spheric chemistry [1]. They are important precursors of ozone. BVOCs react with hydroxyl
radicals and form peroxy radicals, which undergo further reactions with nitric oxide form-
ing nitrogen dioxide, organic nitrate or alkoxy radicals. Ultimately, ozone is formed from
nitrogen dioxide via photolysis [2]. On the other hand, gas-phase reactions of BVOCs with
ozone, hydroxyl or nitrate radicals lead to the formation of oxygenated products. These
compounds have a lower vapor pressure in comparison to BVOCs, leading to condensation
and the formation of secondary organic aerosols (SOAs) [3]. SOAs represent a significant
fraction of atmospheric particulate matter which can influence air quality and climate
radiative forcing [4].

A dominant fraction of BVOCs originates from vegetation emissions. A total of 90%
of total global non-methane VOCs are attributed to this emission source [5]. Isoprene
and monoterpenes are compounds which are emitted in large amounts from forest ar-
eas. Different modelling approaches were developed for the prediction of BVOC flux [6].
Using these models, global emission rates of isoprene were postulated
with ~450-600 Tg C year~! [7], while global terpene emissions were estimated at
175 Tg C year ! [8].
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Isoprene and monoterpenes are formed within plants via two synthesis pathways:
the mevalonic acid pathway which takes place in the microsomes and cytoplasm and the
methylerythritol phosphate pathways which takes place in chloroplasts [9]. Isopentenyl
pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate (DMAPP) are formed as
intermediates in both pathways. Isoprene is produced by the elimination of pyrophosphate
from DMAPP. The formation of monoterpenes takes place via the formation of the precur-
sor geranyl diphosphate from IPP and DMAPP, and subsequent dephosphorylation [10].
Generally, some of the BVOCs are constitutively formed. They are already synthesized
and either stored in storage pools and resin ducts or directly emitted. Another part of
BVOCs, the inducible forest BVOCs, are synthesized de novo after herbivore attacks or
under abiotic stress [8].

The emission of the formed BVOCs from plants takes place in different ways. Light-
dependent or de novo biosynthesis emissions are those where the compounds are emitted
through the plant stomata shortly after their formation. Especially isoprene and some
monoterpenes are emitted in this manner, while most monoterpenes are volatilized from
storage pools or resin ducts of plants in a temperature-dependent manner [11].

Due to these different emission pathways, the seasonal and diurnal variation of con-
centration profiles of individual compounds varies. However, the temporal changes of the
concentration profiles are much more complex and variable, because other factors also have
a considerable influence on emission rates. The geographical location (tropical, temperate
or boreal forests), plant internal factors (tree species, tree age, and plant development
stage), site characteristics (soil properties, and nutrient availability), environmental fac-
tors (humidity, temperature, and solar radiation) and stress factors including biotic stress
(plant defense mechanisms against pathogens, herbivores or insect attacks) and abiotic
stress (drought stress, air pollution, and concentrations of carbon dioxide and ozone) are
parameters affecting the emission rates of BVOCs [5,9]. Furthermore, some monoterpenes
have high reactivities in the presence of atmospheric oxidants and therefore a limited
atmospheric lifetime [12].

For these reasons, modeling approaches for the prediction of emissions are difficult
and subject to very large uncertainties [13]. Also, measured atmospheric concentrations are
highly variable in the literature [14-16]. The seasonal and diurnal concentration profiles
are well investigated for only a few compounds. Data sets for the simultaneous study of
deciduous and coniferous forests in a regional area are not known from the literature.

Isoprene, which is emitted in a light-dependent manner, shows a strong daytime
emission with the highest concentration midday to late afternoon, while the nighttime
emission goes down to near zero. The atmospheric concentrations of monoterpenes, which
are emitted in a temperature-dependent manner, are often the greatest during the nighttime
hours due to the shrinking of the planetary boundary layer. Furthermore, the concentration
decreases during the day with a high intensity of incoming solar radiation due to oxidation
by photochemically formed radicals [17,18] or the reduction in enzyme activity when the
leaf temperature is too high. However, not all monoterpenes show a comparable emission
behavior and it is not completely clear in which way the individual monoterpenes are
emitted from vegetation [11]. Consequently, long-term measurements of BVOCs can assist
in understanding these different emission pathways.

Therefore, we investigated the seasonal and diurnal variations of the ambient atmo-
spheric concentrations of isoprene and monoterpenes over one year at two sampling sites, a
deciduous forest and a coniferous forest, using active sampling with multiphase adsorbent
tubes and subsequent analysis by thermal desorption—gas chromatography—mass spec-
trometry (TD-GC-MS). Our aim was to understand in which way the emission pathways
known from the literature correlate with the ambient BVOC concentrations. Therefore, the
measured concentrations were correlated with factors potentially affecting the concentra-
tion profile of isoprene and monoterpenes, such as temperature, photosynthetically active
radiation, relative humidity, windspeed, soil water content and soil temperature measured
during the sampling periods.
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2. Materials and Methods
2.1. Sampling Sites

The samples were taken monthly at the same time at two locations in Germany about
200 km away from each other. The sampling site Hohes Holz is located in a deciduous forest
while the site Tharandt is an extended coniferous forest area. Both sampling sites belong to
the European research infrastructure ICOS (Integrated Carbon Observation System).

The sampling site Hohes Holz is located in the German state of Saxony-Anhalt, ap-
proximately 35 km west of the state capital Magdeburg with the following coordinates in
WGS84 system (World Geodetic System 1984): Latitude 52.08656° N, Longitude 11.22235°
E. The elevation above sea level is 193 m. The dominant species of the forest are as fol-
lows: European beech (Fagus sylvatica L.), sessile oak (Quercus petraea (Matt.) Liebl.), silver
birch (Betula pendula Roth), common hornbeam (Carpinus betulus L.), and in afforestations,
European spruce (Picea abies (L.) H. Karst.) and European larch (Larix decidua Mill.).

The sampling site Tharandt is located in the German state Saxony about 25 km south-
west of the state capital Dresden. The site is an evergreen needleleaf forest in the lower
region of the Eastern Ore Mountains with the following coordinates: Latitude 50.96256° N,
Longitude 13.56515° E. The elevation of this site is 380 m above the sea level. The present
species are composed of 97% coniferous trees (72% European spruce (Picea abies (L.) H.
Karst.), 15% Scots pine (Pinus sylvestris L.), 10% European larch (Larix decidua Mill.) and 3%
deciduous trees (1% birches (Betula spec.) and 2% others).

The photosynthetically active radiation (PAR, 400 to 700 nm) was measured using a
quantum sensor (LI-190SZ, LI-COR, Lincoln, Dearborn, MI, USA) at both sites, and the air
temperatures using a PT100 temperature probe (FISCHER Mess- und Regeltechnik GmbH,
Bad Salzuflen, Germany).

2.2. Sampling

The samples were taken using multiphase adsorbent tubes (Bio-monitoring stainless-
steel tubes, Markes International Ltd., Bridgend, UK) consisting of Tenax TA and Carbo-
graph 5TD. A total of 32 tubes were positioned in the MTS-32 multi-tube sequential sampler
(Markes International Ltd., Bridgend, UK). The gas flow during the sampling was adjusted
to 80 mL min ! for 4 h, resulting in 19.2 L of preconcentrated air per tube. During each
measurement campaign, 32 tubes were sampled in sequence, giving a total observation
time of 5 days and 8 h. The samplers for automated air collection were placed mid-canopy
at a height of 13 m above ground level at the test site Hohes Holz, while the samples were
taken at a height of 2 m at Tharandt.

All tubes were conditioned before use according to the recommendation of the man-
ufacturer (2 h at 320 °C and 4 h at 330 °C) using a tube conditioner TC-20 (Markes Inter-
national Ltd., Bridgend, UK). As known from the literature, the sampling of isoprene and
terpenes can be influenced by ozone (O3). The O3 exposure during the sampling can lead
to the formation of artifacts from Tenax [19] or causes losses of target compounds [20,21].
Therefore, the use of O3 scrubbers is necessary. Since the filters had to be integrated
into the sampler, we developed compact O3 scrubbers based on potassium iodide, which
were placed directly on the tubes. In addition to sodium thiosulfate [22] and manganese
dioxide-coated copper nets [23], potassium iodide (KI) is a proven reagent for removing
O3 which was successfully applied in different configurations such as copper tubes coated
with KI [24], KI-impregnated glass wool [25] or in its crystalline form [26].

We impregnated sintered glass filter discs (ROBU Glasfilter-Gerdte GmbH, Hattert,
Germany) with KI (Merck KGaA, Darmstadt, Germany). The filter discs are made of
borosilicate glass having a diameter of 6 mm and a pore size between 40-100 um. A
10% aqueous KI solution was applied to the frits, dried and then integrated in self-made
scrubber housings. They are placed airtight on the diffusion-locking caps (DiffLok caps,
Markes International Ltd., Bridgend, UK) which seal the adsorption tubes. Between frit
and cap, approximately 0.5 g of copper wool (Carl Roth, Karlsruhe, Germany) was placed
for the reduction of reactive iodine products.
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2.3. Analytical Procedure

The analytical method was developed and optimized based on the procedure of Helin
et al. [27]. The loaded adsorbent tubes were desorbed using a TD100-xr multi-tube thermal
desorber unit (Markes International Ltd., Bridgend, UK). First, the tubes were dry purged
with a helium flow of 20 mL min~! for 2 min before desorption. They were then heated to
300 °C for 5 min. The flow rate of helium during this primary desorption was 50 mL min~!
without split. The desorbed compounds were transferred to the focusing trap which is
held at 20 °C. After finishing the primary desorption, the focusing trap is rapidly heated to
300 °C and held for 3 min. During this secondary desorption, the helium gas flow was 6 mL
min~!. Anamount of 1 mL min~! of this gas flow was transferred to the gas chromatograph
via a transfer line with a temperature of 200 °C. The split gas flow during the secondary
desorption was 5 mL min~!. The samples were transported within the transfer line via a
deactivated fused silica column which is connected to the gas chromatographic column
(HP-5ms capillary column, 30 m length, 0.25 mm inner diameter, 0.25 pm film thickness,
Agilent, Santa Clara, CA, USA). The oven temperature program was as follows: 35 °C
(3 min)—5 K min~!—100 °C—15 K min~'—180 °C—20 K min~!—300 °C (2 min). The
column flow rate of helium was 1 mL min~!.

The system was calibrated using external standards. The standard solution was
prepared by mixing commercial solutions (Terpenes MegaMix, Restek, Bad Homburg,
Germany) and weighed substances. A maximum of 20 microliters of methanolic solutions
were injected in a CIS injection system (Gerstel, Miilheim an der Ruhr, Germany) at a
temperature of 160 °C. The gas flow through the injector and adsorbent tube was realized
using an air sampling pump (AMA, Karlsruhe, Germany) with a flow rate of 100 mL min~!.
The sucked air was cleaned before the injector using charcoal filter systems.

2.4. Statistical Analysis

Statistical tests were performed in RStudio (v. 2022.12.0 + 353) using R (v.4.2.2) and
ggplot2 (v. 3.4.0) to evaluate correlations between concentrations of BVOCs and environ-
mental conditions during sampling. Spearman’s rank correlation was chosen since no
linear relationship between concentrations and environmental conditions was expected.

3. Results
3.1. Effectiveness of the Ozone Scrubber

Before the field trials started, we investigated the efficiency of our developed O3
scrubbers. As described above, the presence of O3 can cause losses of terpenes during the
sampling and degradation products can be formed from Tenax. Therefore, we investigated
the recovery of terpenes after the preconcentration with and without the O3 scrubber. The
liquid samples of target compounds were evaporated in a gas stream via permeation using
a reference gas generator [28]. The generated sample gas flow was guided through the
bio-monitoring tubes under the same conditions as used during the sampling in the field
(preconcentration of 19.2 L sample gas stream with 80 mL min~! for 4 h). The concentrations
were adjusted to approximately 3 ng L ™! for a-pinene, 6 ng L ™! for 3-carene and 4 ng L~}
for limonene. The relative humidity (rH) and the content of O3 were varied for the different
experiments. The preconcentration was performed with and without the scrubber under
the following conditions: with 0 ppb O3 and 30% rH and with 30 ppb O3 and 30% rH.
30 ppb O3, which were selected because these amounts correspond approximately to the
concentrations observed at the monitoring stations, short distances away from the sampling
sites. The average concentrations over the sampling periods were 25 ppb (Tharandt) and
32 ppb (Hohes Holz). The results are summarized in Figure 1A.
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Figure 1. Signal intensities of x-pinene, 3-carene and limonene after preconcentration of 19.2 L air
with defined concentrations produced in a reference gas generator with and without O3 scrubber
under different conditions (A) and signal intensities of O3 artifacts observed with and without
scrubber (B).

Using O3 scrubbers, no loss of target compounds was observed. The signal intensities
obtained at 30 ppb O3 were the same as observed under standard conditions without the
scrubber and without O3. Therefore, our O3 scrubbers do not adsorb any substances and
prevent the degradation of terpenes on the surface of sorbent material during the sampling.

Another task of the O3 scrubber is to prevent the formation of O3 artifacts from
Tenax. Typical compounds which are formed during the sampling with Oz-containing
air are benzaldehyde, acetophenone, 2,6-dimethylphenol or phenylmaleic anhydride [19].
Figure 1B shows the signal intensities of these compounds after the preconcentration with
and without the O3 scrubber with different humidities (0% and 30%) and O3 concentrations
(0 and 30 ppb). The results show that the formation of the O3 artifacts is drastically
reduced using the O3 scrubbers. A reduction of the signal intensities of these interfering
substances by at least 70% could be achieved at 30 ppb O3 and 30% rH in comparison to
the measurements without scrubber.

3.2. Seasonal Variation of Terpenes

In addjition to isoprene, the monoterpenes x-pinene, 3-pinene, sabinene, (+)-camphene,
limonene, p-cymene and 3-carene have been unambiguously identified at both sites. Fur-
thermore, an additional peak with low intensity and a mass spectrum with a typical
monoterpene pattern is observed in few chromatograms, appearing before the retention
time of a-pinene. Based on the comparison of boiling points among potential substances,
thujene is hypothesized to be the only monoterpene with a lower boiling point (152 °C)
than o-pinene (155 °C). However, the absence of a reference standard for thujene prevents
the definitive attribution of this peak.

The measured concentrations (average over the weekly sampling period) of isoprene
and monoterpenes for both sampling sites are summarized in Figure 2. The highest
concentrations were found in August at both forest sites when the temperatures were also
the highest. Average temperatures during sampling at Tharandt were as follows: April
5.9 °C, May: 12.4 °C, July: 19.0 °C, August: 21.5 °C, September: 15.6 °C. The same trend
was observed for the sampling site Hohes Holz, where the following temperatures were
measured during the sampling periods: April 9.4 °C, May: 12.7 °C, July: 19.5 °C, August:
23.1 °C, September: 16.8 °C.
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Figure 2. Average concentration (ug m~2) of isoprene and monoterpenes over the one-week mea-
surement campaigns at Tharandt (coniferous forest) and Hohes Holz (deciduous forest) in 2022.

In contrast to temperature, PAR attains the highest values at both sites in July (Tha-
randt: 203.6 umol m 2 s~ ! in April, 391.9 umol m~2 s~! in May, 516.9 umol m 2 s~ ! in
July, 396.9 umol m2s lin August and 229.8 umol m2s lin September; Hohes Holz:
325.6 umol m~2 s~ 1 in April, 379.0 umol m~2s !in May, 458.8 pmol m2s !in July,
393.2 umol m~2 s~ ! in August and 230.5 pmol m 2 s lin September).

Alpha-pinene was found to be the most dominant compound in the coniferous forest.
The concentration increases from April (0.35 ug m~3) to August (3.44 pg m~3) where the
maximum is observed. The second major compound is 3-pinene. Generally, conifers mainly
release monoterpenes with highest concentration of 7 pg m~3 in August. The maximum
concentration of isoprene was also observed in August with 0.95 g m 3, much lower in
comparison to monoterpenes.

Isoprene was detected as most abundant compound in the deciduous forest. The
average concentration increase from April (0.01 ug m~3) to August (5.59 ug m~3) where
the highest concentration was achieved before dropping to 1.6 pg m~2 in September.
Monoterpenes (sum of «-pinene, 3-pinene, (+)-camphene, sabinene, (+)-limonene, 3-carene
and p-cymene) are detected in much lower concentrations. The maximum concentration
was observed in July (1.04 pg m~3) and then decreased to 0.49 pug m~2 in August and
0.43 ug m~3 in September. The concentrations in April were near or below the detection
limits and increased with the onset of leaf growth and remained high until the end of
August. Between June and July, full leaf size is achieved depending on species and weather
conditions. Day length and higher temperatures help stimulate the metabolism until
August. In September, temperatures begin to drop and cooler temperatures can occur
which slows down metabolism and encourages a chemical change within the leaves,
resulting in the change in color and, in the end, the fall of leaves.

Considering the distribution of monoterpenes, notable differences can be seen between
both forest sites. Consistent with the existing literature data [29], the sampling site Tharandt,
characterized by the dominant species European spruce and Scots pine, emits mainly «-
pinene and B-pinene. More than 40% of detected monoterpenes can be attributed to
x-pinene, while 3-pinene vary between 18.9% and 21.1%. The remaining monoterpenes
are detectable at lower levels, peaking at a maximum of 15%. The detailed distribution of
monoterpenes is shown in Figure 3 including error bars. The distribution of monoterpenes
(measured at Tharandt) is comparatively constant over the year and the standard deviation
does not exceed 30% for x-pinene and (3-pinene. Much higher standard deviations were
found for the measurements at Hohes Holz site with European beech and Sessile oak
as dominant species. These uncertainties in the measurements result from the very low
concentrations of monoterpenes. For example, the highest concentration found in all
single measurements at Hohes Holz was only 1.17 pug m~2 in July for sabinene, while
«-pinene at the Tharandt site varies between 0.35 ug m 2 (April) and 3.44 ug m—3 with
a daily maximum of 7.67 pg m~3 in August. However, it is visible from Figure 3 that
sabinene, and partially p-cymene, were detected as dominant monoterpenes in addition to
a-pinene. These observations are consistent with those of Holzke et al. [30], where higher
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emission rates of sabinene from branches of European beech were also found using the
branch-enclosure technique. Especially in the summer months, the average concentrations
of sabinene are higher (0.41 pg m~2 vs. 0.25 pg m~3) in July or similar (0.13 ug m—3 vs.
0.15 pg m~3) in August in comparison to those of a-pinene. It should be noted, that the
standard deviation over all monthly measurements at the Hohes Holz site is more than
70%. The high percentage of p-cymene results from few samples where only p-cymene was
detectable at very low concentrations although the monthly average concentration is not
really higher in comparison to x-pinene and sabinene.

Tharandt Hohes Holz Bl o-Finene

701 [ 8-Pinene
[]sabinene
60 [_J(+)-Limonene
[ 3-carene
[ (+)-Camphene
50 [ p-Cymene

L bt

T T
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L

o

Figure 3. Average percentage distribution of monoterpenes during the one-week sampling periods.

As can be seen, the assessment of seasonal variability using average values and per-
centage distributions is subjected to high uncertainties. The reason for this is the temporal
variability of concentrations which may change within hours. Furthermore, individual
compounds are emitted from trees in different ways. In order to understand between which
substances the additional influencing factors lead to different concentrations, we correlated
the ambient air concentrations of all individual measurements (each measurement with a
temporal resolution of 4 h).

Figure 4 shows the correlation between the concentrations of x-pinene and the other
monoterpenes (with the exception of sabinene and p-cymene) observed at Tharandt (conif-
erous forest). Coefficients of determination above 0.85 indicate a comparable behavior of
a-pinene, B-pinene, limonene, 3-carene and camphene, driven by temperature-dependent
volatilization. McGlynn et al. [11] separated the contribution from both emission types
(light-dependent, and temperature-dependent types) on the basis of diurnal concentration
profiles observed in a mixed forest (oak, maple and pine trees). According to these calcu-
lations, more than 95% of concentrations of a-pinene and [3-pinene can be attributed to
temperature-driven emission while a strong light-dependency was found for limonene
(~60% and more). These differences, cannot be reproduced with our ambient air mea-
surements from the coniferous forest where a-pinene and limonene show a good corre-
lation. However, a deviating behavior was predicted for sabinene and cymene with a
light-dependent component of 100% and 86%, respectively. Also, isoprene belongs to the
light-dependent or de novo biosynthesis emitters.

Coefficients of determination of 0.0996 (between x-pinene and isoprene) and 0.1087
(between a-pinene and sabinene) confirm the negligible correlation of the concentration
profiles of these substances. If the different emission pathways should be the main driver
of temporal concentration profiles, an excellent correlation could be expected between
isoprene and sabinene, compounds which are mainly emitted in a light-dependent manner.
However, there is no strong correlation between the concentrations of both compounds
(R? = 0.4229). A deviating behavior was also found for p-cymene, which correlates neither
with isoprene (R? = 0.1407) nor with a-pinene (R? = 0.2213). Therefore, the concentra-
tion profiles of isoprene, sabinene, p-cymene and the other monoterpenes are not only
influenced by the emission path, but also by other parameters.
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Figure 4. Correlation of the concentrations (ug m~3) of monoterpenes (x-pinene vs. (A) 3-pinene,
(B) Limonene, (C) 3-Carene and (D) Camphene) observed during monthly measurements 2022 at
Tharandt (coniferous forest).

Figure 5 shows the correlation between the concentrations of a-pinene and sabinene
at the Tharandt site. In contrast to all the other correlations, the concentration profiles show
two different groups, one of them with a steep slope and the other one with a shallow slope.
The data points in Figure 5 are labeled with the sampling time (middle of the four-hour
sampling). While sabinene can be mainly detected during the day (sampling time between
6 am and 10 pm), x-pinene is preferentially detectable in the evening and over the night
(sampling time mainly between 8 pm and 8.30 am).

These correlations cannot really be reproduced for the samples from the deciduous
forest Hohes Holz. The main reason is, that with exception of isoprene, the concentrations
of all the other substances are near or below the detection limit (approximately 0.02 pg m >
per substance). The uncertainties of measurement increase with decreasing concentrations.
Furthermore, the correlation is not possible when one of the substances is not detectable.

Nevertheless, a correlation between the monoterpenes exists (x-pinene vs. 3-pinene:
R? = (0.8350; a-pinene vs. 3-carene: R? = 0.7795; a-pinene vs. limonene: R? = 0.3515
and a-pinene vs. camphene: R? = 0.4298). Similar to the other location, no significant
correlation can be found between the other substances, not even the grouping between the
concentrations of a-pinene and sabinene.

3.3. Diurnal Variation of Terpenes

As described, the concentrations vary over the day. The diurnal variation depends
on the emission pathway and the different environmental-influencing parameter. The
diurnal trends for our sampling sites are summarized in Figure 6 (coniferous forest in
Tharandt) and Figure 7 (deciduous forest Hohes Holz). These figures show the weekly mean
concentrations of isoprene, sabinene, x-pinene and 3-pinene as examples in dependence
on the sampling time over the day. The following conclusions can be drawn from our
data: The seasonal concentration trends can be confirmed as described above. Although
the concentrations of sabinene and isoprene obtained in the single measurements do not
significantly correlate, the diurnal trends are comparable and different from those observed
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for a-pinene and B-pinene. The latter two compounds also show a comparable diurnal

pattern. Generally, the diurnal concentration pr

ofiles of compounds are similar for both

sampling sites independent of the tree population. These trends are more evident when
the concentrations of the substances are higher, in our cases, isoprene and sabinene in
deciduous forests and the isomers of pinene in coniferous forests.

14 1

1.2 A

1.0 A 012

0.8 - 1450 ©20

Concentration of Sabinene [ug m~3]

Sampling mainly between 6 am and 10 pm

Sampling mainly between 8 pm and 8.30 am

Concentration of a-Pinene [ug m™]

Figure 5. Correlation of the concentrations (ug m~3) of

sabinene vs. a-pinene at Tharandt (coniferous

forest). The points in the diagram are labeled with sampling time (2 h).
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Figure 6. Seasonal and diurnal profile of measured concentrations of isoprene and monoterpenes

in dependence on sampling time. The average concentrations for the respective sampling time are

shown for the weekly samplings (Tharandt: coniferous forest).
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Figure 7. Seasonal and diurnal profile of measured concentrations of isoprene and monoterpenes
in dependence on sampling time. The average concentrations for the respective sampling time are
shown for the weekly samplings (Hohes Holz: deciduous forest).

Isoprene and sabinene emit in a light-depended manner. Their concentrations show a
strong day-time emission. The concentrations increase from the morning and attain their
maximum around midday to late afternoon. After that, the concentrations decrease and
the nighttime concentrations are near zero. These general trends for isoprene are consistent
with those reported in the literature [31]. The deviating behavior of sabinene among the
monoterpenes is also in accordance with the observations of McGlynn et al. [11], who found
a 100% light-dependent emission pathway for sabinene. Despite the light dependency, the
emissions of isoprene and sabinene increase over the day with temperature.

Although the other monoterpenes are emitted in a temperature-dependent manner,
different processes influence their detectable concentrations. Midday to afternoon, these
compounds are oxidized by photochemically formed radicals due to high solar radiation.
Therefore, their concentrations decrease at this time of the day. In contrast to isoprene and
sabinene, the concentrations of monoterpenes (with exception of sabinene) are greatest
during the night. Comparable diurnal trends for the emissions of monoterpenes from
boreal forests were described in the literature [17].

3.4. Correlation of Emissions with Meteorological Parameters

Temperature and photosynthetically active radiation (PAR) were identified as the main
drivers of terpene emissions [32]. Both parameters affect the synthesis rates of compounds.
Light intensity determines the availability of isoprenoid precursors. Temperature regulates
synthase activities and therefore the synthesis of isoprene and monoterpenes due to the
temperature-dependent activity of enzymes. Furthermore, temperature affects respiration
and influences the formation of isoprenoid intermediates (pyruvate) in the chloroplasts
during their biosynthesis [33]. Higher temperatures can also lead to increases in the volatil-
ity and diffusion rates of these compounds. As described above, environmental parameters
also have an influence on the detectable concentrations in addition to physiological and
physicochemical constraints.
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Figure 8 shows the temporal variation of the ambient atmospheric concentration
of a-pinene and PAR for the months with the highest concentrations of «-pinene (July,
August and September) for both sampling sites. As can be clearly seen from Figure 8, high

concentrations of x-pinene were found for periods where the PAR was low or zero.

1800
1600
1400 -
1200 -
1000 —

800 —

600

PAR (37 m) [umol m2 s7"]

400 +
200

0+

1600
1400
1200 +
1000

800 ~

600

PAR (37 m) [umol m2 s7"]

400

200

1A

vy)

LSS

—

Sampling [date-time]

Tharandt

Hohes Holz
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Figure 8. Profile of photosynthetically active radiation (PAR, 400 to 700 nm) taken at a height of

37 m and the concentration of x-pinene in the coniferous (A) and deciduous (B) forests. The figure

shows the acyclic behavior only for the sampling periods in July, August and September because the

measurable concentrations were high enough.

Although PAR was measured at a height of 37 m in Tharandt and the samples were
taken in a height of 2 m, an inverse relationship between both parameters is clearly visible.
The highest intensities of PAR can be observed midday to early afternoon. As described
above, the lowest concentrations of pinene isomers were found in these time periods. Again,
these relationships are more clearly visible for the coniferous forest with 10 times higher
concentrations of x-pinene.
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Further investigations on the correlation of the possible influencing parameters with
the concentrations of the separate substances were carried out using Spearman’s rank
correlation, which measures the strength and direction of a monotone relationship between
two variables without assuming linearity. The Spearman’s rank coefficient p can take values
between +1 and —1, where %1 indicates a perfect positive or negative correlation and zero
indicates no correlation. The closer p is to zero, the weaker is the correlation between the
variables. The p-value is a statistical measure of the probability that the observed correlation
is due to chance, with small p-values indicating a strong statistical significance. Figure 9
shows the correlation of the concentrations of isoprene, sabinene, x-pinene and 3-pinene
with temperature and PAR.
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Figure 9. Correlation between concentrations of selected compounds and temperature or photosyn-
thetically active radiation at the Tharandt site.

The left column in Figure 9 shows the correlations between concentrations and tem-
perature observed at Tharandt. The color of the data points indicates the intensity of PAR
(grey: weak, yellow: strong; see caption above the diagrams). Isoprene and sabinene tend
to result in the same trend, showing increasing concentrations with increasing tempera-
tures. However, concentrations vary considerably at higher temperatures. In the case of
isoprene, the highest concentrations can be observed at low PAR values (grey data points),
while concentrations observed at higher values of PAR (yellow) seem to be lower. The
variability of concentration at elevated temperatures is much higher for sabinene. There-
fore, Spearman’s rank correlation showed a very strong and significant positive correlation
between isoprene concentrations and temperature (p = 0.85, p < 0.01), while only strong
and significant positive correlations were detected between sabinene concentrations and
temperature at TW (p = 0.69, p < 0.01).

Deviating concentration trends in dependence on temperature were observed for o-
pinene and 3-pinene. The concentrations increase from about 10 °C to 20 °C and decrease
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at higher temperatures. Different processes determine this temperature dependence. As
shown in Figure 9, higher concentrations were mainly observed when the PAR is low
(grey data points). Furthermore, this temperature profile goes along with the activity
of flux-controlling enzymes [33]. It must be noted that the temperatures used for these
calculations are the air temperatures and not those of the leaf surface. In accordance with
the data shown in Figure 8, a negative correlation was observed between PAR and the
concentrations of x-pinene and -pinene. Also, no significant difference was observed
between PAR and isoprene or sabinene.

As shown in Figure 10, a very strong significant positive correlation between isoprene
concentrations and temperature (p = 0.85, p < 0.01) was also observed for the samples
from the deciduous forest site Hohes Holz, exactly with the same significance as observed
in the coniferous forest. Up to air temperatures of 15 °C, no emission of isoprene was
measured. The detectable concentrations increase with rising temperatures. In contrast to
the coniferous forest, high concentrations of isoprene are also detectable at high intensities
of PAR. The yellow data points indicate that the highest concentrations were found at
high temperatures and high light intensities. Therefore, a strong positive correlation was
determined between isoprene concentrations and PAR at Hohes Holz (p = 0.69, p < 0.01).
Similar to coniferous forest, sabinene shows a strong variability in detectable concentrations.
Both isomers of pinene show a very weak negative correlation with PAR. Due to the very
low concentrations, the temperature-dependent concentration profile as observed in the
coniferous forest cannot be seen for the deciduous forest site.
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Figure 10. Correlation between concentrations of selected compounds and temperature or photosyn-
thetically active radiation at the Hohes Holz site.

Table 1 summarizes the Spearman’s rank correlation coefficients for the relation-
ship between environmental parameters and the detectable concentrations. Very strong
(p > 0.8) and strong (p > 0.6) correlation degrees with a statistical significance (p < 0.01) [34]
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are marked. In addition to the above-mentioned correlations, a strong and significant
negative correlation between isoprene concentrations and relative humidity (p = —0.79,
p < 0.01 for Hohes Holz and p = —0.77, p < 0.01 for Tharandt) was established for both
sampling sites. Furthermore, a strong negative correlation was found between the concen-
trations of isoprene, x-pinene and sabinene and the soil water content while this correlation
is very weak for 3-pinene. The O3 concentrations were obtained from nearby public me-
teorological stations. Only the isoprene concentration in the deciduous forest seems to
correlate with the concentration of Os.

Table 1. Spearman’s rank correlation coefficients for the relationship between the concentrations of
isoprene, sabinene, isomers of pinene and different environmental parameters.

Parameter

Isoprene o-Pinene f3-Pinene Sabinene

Concentration (ug m—3)

Tharandt

PAR (umol m~2 s~ 1) 1
Temperature (°C)
Relative humidity (%)
Ozone (ug L1
Windspeed (m )
Soil temperature (°C) 1
SWC (%) !

p=0.34,p<0.01
p=0.85p<0.01
p=—0.77,p<0.01
p=0.46,p<0.01
p=-0.19,p=0.03
p=0.33,p<0.01
p=—0.67,p<0.01

p=-028p<0.01
p=0.57,p<0.01
p=-0.33,p<001

p=-0.09,p=0271

p=—0.26,p<0.01
p=0.50,p <0.01

p=—0.63,p <0.01

p=-0.35p<001
p=0.50,p <0.01
p=—024,p<0.01
p=—0.16,p =0.05
p=-024,p<0.01
p=0.50,p <0.01
p=-0.06,p<0.01

p=031,p<001
p=0.69, p <0.01
p=-041,p<0.01
p=0.126,p=0.14
p=-027,p<0.01

p=0.35p<0.01
p=—0.63,p <0.01

Hohes Holz

PAR (umol m~2s71) 1
Temperature (°C)
Relative humidity (%)
Ozone (ug L1
Windspeed (m s~1)
Soil temperature (°C) 1
SWC (%) !

p=0.69,p<0.01
p=0.85p<0.01
p=-—0.79,p<0.01
p=0.70, p < 0.01
p=0.00,p=0.97
p=0.01,p=0.92
p=-013,p=025

p=-0.08,p=049
p=-048,p<0.01
p=0.55p<0.01
p=-0.09,p<0.01
p=-021,p=0.08
p=-011,p=0.34
p=0.40,p<0.01

p=-013,p=0.26
p=-040,p<0.01
p=0.50,p<0.01
p=-022,p=007
p=-0.06,p=0.61
p=—0.25p=003
p=0.43,p<0.01

p=0.51,p<0.01
p=0.18,p=012
p=-0.09,p=046
p=0,15p=0.19
p=-0.07,p=055
p=-0.19,p=011
p=0.32,p<001

! The photosynthetically active radiation (PAR) was taken at a height of 37 m, the soil temperature and the soil
water content (SWC) were measured at a depth of 0.5 m (bold: significant correlations, green: strong and very
strong positive significant correlations, red: strong and very strong negative significant correlations).

4. Summary

The ambient air concentrations of isoprene and monoterpenes in a deciduous and a
coniferous forest under comparable meteorological conditions differ considerably. While
isoprene is the main compound detectable in the deciduous forest, the isomers of pinene
are the most abundant compounds in the ambient atmosphere of the coniferous forest. The
concentrations show a strong seasonal and diurnal variability. The identification of themain
drivers of variability is quite difficult due to the complexity of influencing parameters. The
temporal trends of the individual monoterpenes are quite similar with the exception of
sabinene. Our experimental data show that the different emission pathways determine
the detectable atmospheric concentrations despite the additional factors influencing the
concentration in the air. Sabinene is obviously emitted in a light-dependent manner
comparable with isoprene while all the other monoterpenes are emitted by volatilization
(in a temperature-dependent way). The detectable concentrations of monoterpenes show
a strong negative correlation with light intensity. A high intensity of photosynthetically
active radiation leads to reduced concentrations due to the reaction with photochemically
formed radicals. Sabinene also shows another behavior here: high concentrations can be
also observed at high intensities of light although the atmospheric lifetime of sabinene is
comparable with that of a-pinene [12]. The concentrations of the other monoterpenes do not
constantly increase with increasing temperatures. The detectable concentrations increase
up to an air temperature of approximately 20 °C, after that the concentrations decrease.
In addition to the volatilization from storage pools within the trees, the temperature-
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dependent synthase activities and subsequently the synthesis of most isoprenoids seems to
regulate the emissions of monoterpenes [33].
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