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ABSTRACT

Streams and rivers are biogeochemical hotspots that contribute substantially to inland water CO, emissions. However, their role
as sources of biogenic volatile organic compounds (BVOCs) remains poorly understood. We quantified terpenoid emissions from
two boreal rivers in peatland and upland mineral soil catchments in Finnish Lapland based on monthly observations over two
growing seasons. Both rivers were significant sources of terpenoid emissions, with predicted mean annual emissions of mono-
terpenes and sesquiterpenes around 4.9 +2.8 and 1.2+0.8 mgm~2year~!, respectively. The emissions were comparable to those
from the boreal forest floor and other ecosystems, and they varied seasonally. The emission composition of the clear water river
exhibited unclear seasonal variability and a greater diversity of compounds, while emissions of a-pinene and p-cymene showed

distinct temporal trends in the brown water river. Dissolved organic carbon concentrations, SUVA, . ,, and air temperature were

254
the main drivers of seasonal variation in emissions. Our study revealed that boreal lotic ecosystems are a significant source of

terpenoid emissions, which should be considered in the estimations of global ecosystem BVOC emissions.

1 | Introduction

Biogenic volatile organic compounds (BVOCs) are a large group
of molecules, varying in size and physicochemical proper-
ties, along with metabolic origins (Pefiuelas and Staudt 2010;
Kesselmeier and Staudt 1999; Laothawornkitkul et al. 2009).
Importantly, they affect the radiative forcing of the atmosphere
by contributing to cloud formation through the formation of sec-
ondary organic aerosols (SOA) and by reducing the oxidation
capacity of the atmosphere, prolonging the lifetime of methane
(Guenther et al. 2012; Boy et al. 2022). Annual global BVOC
emissions from 2001 to 2020 were estimated at approximately
835Tgyear~!, with terpenoid emissions comprising 556 Tg year—!
(Wang, Wang, et al. 2024) and accounting for 70% of the total
global volatile organic compound (VOC) emissions (Guenther
et al. 2012, 1995; Wang, Wang, et al. 2024). Vegetation is a major

source of diverse BVOCs, with terpenoid emissions (isoprene,
monoterpenes, and sesquiterpenes) being the dominant classes.
BVOC emissions from vegetation in terrestrial ecosystems have
been particularly well characterized (Wang, Wang, et al. 2024;
Guenther et al. 1995; Sakulyanontvittaya et al. 2008; Isidorov
et al. 1985). Beyond aboveground foliage, BVOCs can also orig-
inate from plant roots and the microbial breakdown of plant
litter or organic matter in the soil (Tang et al. 2019; Greenberg
et al. 2012; Svendsen et al. 2018; Lin et al. 2007).

Marine ecosystems also contribute significantly to global BVOC
emissions. Isoprene, dimethyl sulphide, and volatile halocarbons
are the major BVOCs released by marine phytoplankton (Zhao
et al. 2023). These observations demonstrate that aquatic ecosys-
tems are important for the global BVOC budget. Freshwater eco-
systems, such as lakes, rivers, and streams, represent dynamic
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interfaces between terrestrial and marine environments, play-
ing a critical role in the global carbon (C) cycle and serving as
sources of carbon dioxide (CO,) and conduits for lateral C trans-
port from land to ocean (Battin et al. 2023). However, current
BVOC studies are primarily limited to lacustrine ecosystems
and lab observations. The contribution of streams and rivers to
BVOC emissions is unknown, and information regarding their
sources and underlying mechanisms in lotic systems is lim-
ited (Rathbun 2000). Previous studies on other types of VOCs
have highlighted the role of rivers and streams as important
emitters of pollutant VOCs (Wang, Liu, et al. 2024; Terracciano
and O'Brien 1997; Delzer et al. 1996). This gap in knowledge
hampers a complete understanding of the impacts of BVOC
emissions on the climate. The importance of exploring BVOC
emissions from aquatic subarctic and boreal ecosystems arises
from arctic rivers draining ~15% of the global land surface (Feng
et al. 2021), having a drainage area of 22.1 million km?.

The importance of lateral C transport from terrestrial to aquatic
ecosystems has already been recognized. The proportion of lateral
dissolved organic carbon (DOC) flux is estimated to be signifi-
cant of the total C budget (10%-30% of catchment net ecosystem
exchange, NEE), especially in peatland-dominated catchments
(Olefeldt et al. 2013). On a global scale, the lateral transport of C
from terrestrial ecosystems to inland waters is ca. 2.95+0.54Pg C
year~! (Regnier et al. 2022). Part of this C is processed in aquatic
ecosystems, ending up as greenhouse gases (GHGs) and other
gases; part is buried in sediments; and finally, approximately
0.95+0.25Pg ends up through estuaries into the oceans (Regnier
et al. 2022). Despite covering only a small proportion of the Earth'’s
surface, rivers act as “biogeochemical reactors” that metabolize
organic C (OC) to GHGs (Battin et al. 2023). This highlights their
potential importance also in the fluxes of other climate-relevant
gases, such as BVOCs. We believe that due to low aquatic biomass
in the boreal rivers (Schindler 1998), aquatic degradation of DOC
by photochemical and microbial processes can be a source of
BVOCs. Sunlight breaks down DOC into smaller, volatile mole-
cules, while microbes consume DOC and release BVOCs as a met-
abolic byproduct. Recent research has identified a new process:
the heterogeneous oxidation of dissolved organic matter (DOM)
at the sea surface produces carbonyl-containing VOCs. However,
the overall importance of this process is not yet understood (Zhou
et al. 2014; Ciuraru et al. 2015).

The partitioning of terpenoids between the atmosphere and water
is largely governed by Henry's law volatility constants (H, ), which
reflect the balance between volatility and solubility and drive their
emission rates from aquatic ecosystems. Terpenes are poorly sol-
uble in water and highly volatile (Kesselmeier and Staudt 1999;
Fichan et al. 1998; Martins et al. 2017; Weidenhamer et al. 1993),
while sesquiterpenes have much lower volatility and solubilities
compared to monoterpenes due to their larger size (Copolovici and
Niinemets 2015; Hui et al. 2023). Volatilization of terpenes is also
strongly temperature-dependent; the H, of monoterpenes increases
by 1.3-1.8-fold for every 10°C rise in temperature (Copolovici and
Niinemets 2005), while that of sesquiterpenes increases by about
1.5-fold for a 10°C increase (Copolovici and Niinemets 2015). The
transport, fate, and behavior of terpenoid emissions from aquatic
ecosystems are governed by a complex interplay of physical, chemi-
cal, and biological processes (Rathbun 2000). Seasonality, changes
in environmental factors, such as microclimatic conditions of the

catchment soil, vegetation patterns, and associated abiotic factors
like temperature, humidity, and photosynthetically active radia-
tion (PAR) determine local BVOC emissions in terrestrial ecosys-
tems (Aaltonen et al. 2011). However, so far, BVOC emissions and
their seasonal variation in lotic systems in boreal ecosystems have
not been quantified or characterized, leaving a critical gap in un-
derstanding their role in climate feedback mechanisms.

Arctic and boreal regions are undergoing rapid environmental
changes due to climate warming, which alters hydrological pro-
cesses, DOC export, microbial activity in aquatic systems, and
temperature-sensitive BVOC fluxes (Wrona et al. 2016; Baggesen
et al. 2021; Faubert et al. 2010; Lindwall et al. 2016). Differences
between catchment types are another defining feature that can
further influence BVOC emissions because of the differences in
the quantity and quality of DOC input from the catchment area.
Therefore, the connection of aquatic systems to the surround-
ing catchment area should be considered due to their strong in-
fluence on water quality. Peatland-based catchments are often
characterized by large amounts of organic matter, which makes
them capable of storing large water quantities, but despite this,
they are poor suppliers of baseflow to streams and rivers (Holden
and Burt 2003). This is because peatlands are usually diplotelmic,
which means they have an upper peat layer consisting of roots and
recently decomposing plant material above a more decomposed
peat layer that is denser, more decomposed, and has poor hydrau-
lic conductivity (Ivanov 1981). By contrast, the water in upland
mineral soil rivers is usually discharged from groundwater sources
with smaller variation in seasonal flow conditions. Furthermore,
alkaline soil tends to retain more BVOCs than acidic soils (Tang
et al. 2019), and both organic matter and pH together affect VOC
emissions (Abis et al. 2018). These contrasting catchment types
provide a natural framework for exploring how BVOC emissions
in rivers are influenced by lateral C transport, soil type, and hydro-
logical dynamics.

Addressing these knowledge gaps is vital because BVOC
emissions from lotic systems could contribute to regional
atmospheric chemistry and climate impacts, particularly in
high-latitude ecosystems that are highly sensitive to environ-
mental change. Here, we report for the first time the terpenoid
emissions from boreal rivers measured in two catchments
dominated by contrasting soil types (peat and mineral soil)
in the high-latitude boreal region. The river from the peat-
land catchment is hereafter referred to as the brown water
river (BW), while the river from the mineral catchment will
be called the clear water river (CW). We quantify and iden-
tify the varying BVOC compounds, focusing on terpenoids,
mainly C, H, . (monoterpenes (MT) and sesquiterpenes
(SQT), whereas isoprene was always below the detection
limit), that were released from these two catchments over a
span of 2 years (2022-2023). We also investigated the impact of
seasonal variation in river flow rate, DOC concentration, and
other environmental variables on the emissions. Furthermore,
we predicted both monthly and annual MT and SQT emis-
sions using multiple linear regression modeling to compare
the scale of river emissions.

We address the following research questions: (i) how much
MT and SQT are emitted by the BW and CW rivers, (ii) what
are the chemical compositions of these emissions, (iii) which
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FIGURE1 | Map of study site showing the extent of peat (green area) and mineral (blue area) catchment coverages, site 1 is a brown water river
(Yli-Nuortti River) and site 2 is a clear water river (Kotkakurunoja River), map credit to Jari-Pekka Nousu. Map lines delineate study areas and do not

necessarily depict accepted national boundaries.

environmental and hydrological parameters drive the emis-
sions, and (iv) how do emission rates from rivers compare with
other boreal ecosystems.

2 | Materials and Methods
2.1 | Study Sites

The study areas were a BW river, Yli-Nuortti (67°46’8" N,
29°12'43” E), located on a peatland-dominated catchment, and
a CW river, Kotkakurunoja (67°78'44” N, 29°68'93"” E), located
on an upland mineral soil catchment (Figure 1). Yli-Nuortti
River catchment has an approximate peatland coverage of
20%, consisting mainly of open aapa mires with minerotro-
phic fen vegetation (Saarela et al. 2024); Kotkakurunoja

River flows through an upland mineral soil catchment with
a peatland coverage of <1%. Catchment area soil mainly
consists of glacial till (Saarela et al. 2024). Based on visual
observation, the rivers had different dominating aquatic sub-
merged macrophytes. Mare's-tail (Hippuris vulgaris) was the
most abundant aquatic plant growing in the BW river, while
brook moss (Fontinalis sp.) (Figure S1) was abundant in the
CW river. However, we did not carry out biomass inventory
in the rivers. The measurement campaign was spread out
between July 2022 and October 2023 and was carried out a
total of eight times. Both rivers are accessible via the Virrio
subarctic research station, managed by the University of
Helsinki, Finland. The Vérrio region is defined by its subarc-
tic climate characteristics, has no underlying permafrost, and
the topsoil in the region is mainly haplic podzol on glacial till
(Saarela et al. 2024). Peatlands in the area are mainly aapa
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mires or forested peatlands. The average annual precipitation
is 592mm, the average yearly air temperature is —1.0°C, and
snow cover duration ranges between 200 and 225days/year.
The growing season is restricted to 105-120days (Saarela
et al. 2024). Meteorological conditions consisting of contin-
uous PAR, air humidity, precipitation, and air temperature
are shown in Figure S4 and were acquired from the contin-
uous measurement database at the SMEAR research station
(https://smear.avaa.csc.fi/) run by the University of Helsinki.

2.2 | BVOC Measurement From Sampling Sites

Quantification of BVOC emissions was conducted using the dy-
namic headspace chamber technique. During each individual
sampling campaign, four chamber measurements were taken
from each site. A total of 64 samples and 32 blanks were col-
lected over the entire sampling period 2022-2023. BVOC col-
lection was performed with the aid of sampling chambers that
consisted of an aluminum collar (diameter =22 cm) and a cham-
ber frame (height=27cm). To form a dome-shaped chamber, a
transparent polyethylene terephthalate bag (PET bag), with di-
mensions of 45X 55cm and providing a total volume of 6 L, was
inserted over the chamber frame. The bags were preconditioned
and sterilized prior to use by placing them in the oven at 120°C
for 1 h. We used chambers that were always placed in the same
position in the middle of each river. This approach was chosen
for two key reasons:

1. It ensured consistent sampling conditions across differ-
ent seasons and flow rates, allowing for a direct compar-
ison between the two rivers. This was crucial for isolating
the effects of water quality and catchment type on BVOC
emissions and avoiding the potential differences between
the rivers resulting from different water flow rates and
turbulence.

2. Itwas a logistical necessity, as the long measurement times
would have caused the chambers to drift to the riverbanks,
and the challenging terrain made a large-scale spatial sam-
pling design impossible.

Furthermore, these fixed locations were equipped with long-
term monitoring stations for DOC concentration, water tem-
perature, and flow rate (e.g., Zhu et al. 2021, 2022), providing
valuable background data. The measurements were made
throughout the day, from morning until evening. The chambers
were flushed with filtered air with the help of carbon filters
and were scrubbed with ozone at a flow rate of 230 mL min~!
for 30min. Adsorbent tubes (Markes International Ltd.,
Llantrisant, UK) were attached to the headspace of the cham-
ber. Air samples were collected by sucking air through the ad-
sorbent tube at a 210 mLmin~! flow rate for 120 min. For the
mixing of chamber air during both the flushing and sampling
processes, an electric fan was used inside the chamber (diame-
ter =5cm). A total of four blanks per measurement were con-
ducted by placing the chamber inside the PET bags, with the air
being flushed for 20 min, followed by the collection of air sam-
ples from the headspace of the chamber into adsorbent tubes
for a period of 30 min.

During these measurements, the air temperature and relative head-
space humidity were measured via a thermohygrometer (Testo
605-H1-Mini Thermohygrometer, Testo Ltd., Alton Hampshire,
UK). The water temperature in the river bodies was monitored
through a portable probe (P 300w, Dostmann Electronic GmbH,
Germany). An oxygen sensor (Fibox 4 Trace, Oxygen Meter,
Precision Sensing, Germany) was utilized for measuring the ox-
ygen concentrations of the river water in the designated sampling
sites. PAR above the chamber was measured using the Delta-T
Quantum sensor (Delta-T Devices Limited, Cambridge, UK).

2.3 | CO, Flux Measurements

The CO, fluxes from the two streams were measured using
the manual floating chamber technique. Four replicate cham-
ber measurements were performed at both sites (Bastviken
et al. 2015). The floating chambers were made of polypropyl-
ene plastic buckets (Orthex, Espoo, Finland), with floats and
sampling outlets made of cellular plastic (Galfalk et al. 2013).
The lower edge of each chamber was submerged 3cm under
water, and the height of the chamber above the water surface
was 13 cm. The surface area of each chamber was 0.12m?, and
the headspace volume was 0.009m3. Air sampling from the
chamber headspace was conducted at 0, 3, 7, 14, and 21-min
intervals using a 60-mL BD PlastipakTM syringe connected to
a BD Connecta 3-way stopcock valve (Becton, Dickinson and
Company, NJ, USA). A 24-mL air sample was injected into 12-
mL Labco Exetainer vials (Labco Ltd., Lampeter, Ceredigion,
UK) that were flushed with nitrogen (N,) and pre-evacuated
prior to use. An Agilent 7890B gas chromatograph (Agilent
Technologies, Palo Alto, CA, USA) equipped with a Gilson lig-
uid handler GX271 autosampler (Gilson Inc., Middleton, WI,
USA) was used to analyze the collected gas samples for CO,
concentrations.

2.4 | DOC and Total Nitrogen (TN) Measurements
and Optical Analyses

Water samples were collected from the water surfaces of the
river up to a 10-cm depth near our BVOC measurement spot in
50-mL Falcon tubes (Thermo Scientific, MA, USA) and stored
at —18°C until further analysis. A standardized method (SFS-EN
1484) using the total organic carbon (TOC) analyzer (Shimadzu
TOC-VCPH, Shimadzu Corp., Kyoto, Japan) was followed to de-
termine the DOC and TN concentrations in the collected sam-
ples. Absorbance measurements from the water samples were
conducted at 254 nm using a 1-cm quartz cuvette Shimadzu UV-
2401 (Shimadzu Co., Kyoto, Japan) and a laboratory benchtop
spectrophotometer (UV1800, Shimadzu, Kyoto, Japan). SUVA .,
was calculated by dividing the absorbance at 254 nm by the DOC
concentration. The DOC concentration and turbidity values in
both rivers were also continuously monitored in situ using real-
time spectral absorbance in situ portable multiparameter UV-
Vis probes (spectro:lyzer, s::can Messtechnik GmbH, Austria)
installed in both rivers (Zhu et al. 2022).

Every month, water samples were collected twice a week from
both rivers, and they were analyzed for DOC concentration, pH,
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https://smear.avaa.csc.fi/

EC, and SUVA,,, in the lab. Later, the continuous DOC mea-
surements were calibrated using lab DOC data from laboratory
measurements.

2.5 | Water Chemistry Analysis

Concentrations of chloride (CI7), sulphate (SO,~%), phosphate
(PO;"), nitrite (NO,"), and nitrate (NO,~) were measured using
ion chromatography (Dionex ICS-2100, Thermo Scientific). Prior
to the analysis, filtration was conducted by passing the samples
through a membrane filter with a pore size of 0.45um (Minisart
(R) cellulose acetate filters NML, Sartorius). A pH meter (WTW,
pH340) and an EC meter (WTW pH/cond 340i) were subse-
quently used to measure the pH and electrical conductivity (EC)
of the water samples.

BVOC concentration [ug L] =

Following this, the TA tubes were then injected with commer-
cial standard mixtures from pure compounds in methanol,
using a calibration solution loading rig (Markes International
Ltd., Llantrisant, UK) using N, asa carrier gas. We identified the
most abundant BVOCs and those belonging to MTs and SQTs.
Isoprene was present, but we were unable to quantify it, as the
peaks were under the detection limit.

Those detected compounds that were excluded from the stan-
dard compound mixtures were recognized via the mass spectra
in the Wiley and NIST data library and were later quantified on
similar chemical compound structures (c-pinene for MTs). The
chromatograms were identified using the Enhanced ChemStation
software (G1701EA Revision E.02.01 on 19 April 2017; Agilent
Technologies, Santa Clara, CA, USA). For this, the following equa-
tions were used for calculating BVOC concentrations and emis-
sions, respectively (Zhang-Turpeinen et al. 2020):

(BVOC mass in the ATD tube [,ug] —average BVOC mass in the ATD tubes used for blank measurements [ug] ) Q)

(Sampling time of 120 [min ] x Air flow through ATD tube 0.2 [L min ~!])

where ATD represents the Adsorbent Tenax TA tube used.

BVOC emission [ug BVOC m ™ ground areah™"] =
(BVOC concentration [ug L™"| x (Air flow pumped into chamber [L min ~!| X60 min ) )

(Surface area of collar [m?|)

2.6 | Water Flow Rate Measurements

Throughout the sampling campaign, water depth was constantly
monitored in 30-min intervals using pressure sensors that mea-
sured the hydrostatic pressure (Levelogger, Solinst, Georgetown,
Canada). These sensors were located on the riverbed, with the hy-
drostatic pressure measurements being corrected by barometric
pressure measurements (Barologger, Solinst, Georgetown, Canada).
The measurements of the rivers' flow rates were carried out using
a manual flow rate meter (Schiltnecht MiniAir2, Schiltnecht
Messtechnik, Switzerland). The continuous flow rates of each river
were calculated by regression analysis with water depth and man-
ual flow rate measurements during the BVOC measurements.

2.7 | Laboratory Analysis and Data Processing
for BVOC Emissions

Samples collected in the Tenax TA Tubes were analyzed for the
quantification and characterization of BVOCs using a scan mode
Thermodesorption instrument (ATD400; Perkin Elmer, Wellesley,
MA, USA). This was connected to a gas chromatography-mass
spectrometer (GC-MS) (Hewlett-Packard 6890, MSD 5973;
Hewlett-Packard, Palo Alto, CA, USA). Thermal desorption of the
sample took place at a temperature of 325°C for a total timespan of
3min. The sample was then cryofocused at a temperature of 30°C.
In an HP-5 capillary column (film thickness=60mXx0.25mm,
0.25 um), the compounds were divided with the aid of helium (He)
acting as a carrier gas. During the analysis, the oven temperature
was initially kept at 40°C for 6 min and then gradually increased to
125°C at a rate of 5°C min~!, with the final temperature increased
to 260°C at a steady rate of 10°C min~!.

2.8 | Statistical Analysis

We did not attempt to distinguish differences between rivers in
general but restricted our analysis to identifying statistical dif-
ferences between the two specific rivers in our study. We there-
fore considered the individual chamber measurements carried
out (n=4) during each sampling campaign as independent rep-
licates. Differences between the two rivers were assessed using a
Mixed Effects Model (MEM) with river specified as a fixed effect
and sampling event as a random effect. To evaluate interannual
differences, a separate model was employed that included river
and year as fixed effects and month as a random effect. To test
for differences between rivers at individual sampling events, a
t-test was performed. To identify differences between sampling
events, a two-way ANOVA was conducted with river and sam-
pling events as independent factors. Post hoc comparisons were
then made using a Tukey HSD test (Table S4). Prior to statisti-
cal tests, the available variables underwent normality assessment
using the Shapiro-Wilk test. Log transformations were conducted
when the variables violated assumptions of normality, and the
Kruskal-Wallis test with a post hoc Dunn test was used in such
cases. Furthermore, the standard deviation (SD) of the measured
emission values was calculated. In addition, the differences in the
BVOC emission profiles between the rivers and various sampling
times and their relationships with environmental variables (CO,
fluxes from the river, PAR, air temperature, water temperature,
pH, EC, DOC, SUVA,,,, TN, CI-, SO, ™%, PO,~, NO,~, and NO,"~)
were characterized using RDA analysis. Data for RDA were scaled
and centralized and included BVOC compounds and environmen-
tal variables. The graphical representation and statistical analysis
for this research were created on the R version (RStudio Team,
2024, with RStudio utilizing version 12.1, Posit Software, PBC).
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2.9 | Linear Regression Model and Predictions

The factors affecting the variation in BVOC emissions were
studied using a multiple linear regression (MLR) model, where
the BVOC emissions in both rivers were used as dependent
variables (Tables S2 and S3 present the model structure in
tables). Air temperature, water flow rate, river water DOC
concentration, EC, PAR, and SUVA ., were used as indepen-
dent variables. Model fitting was performed using stepwise
removal. The Akaike information criterion (AIC), generalized
variance inflation factor (GVIF), and the adjusted R? were cal-
culated for each model, and the models with the lowest AIC
were regarded as the best models. We also considered p-values,
GVIF, and adjusted R?> when the models were simplified.
Multicollinearity was addressed during model refinement, en-
suring reliable results. The best models, i.e., model 10 for MT
emissions and model 9 for SQT emissions (Table 1), incorpo-
rated all significant components, which ensure no overfitting
issues. The MLR was carried out using the R package “Im.”
The predictions of MT and SQT emissions during the open-
water period were calculated using MLR models 10 and 9, re-
spectively, and continuous data from DOC concentration and
air temperature.

Further, we examined the relationship between terpenoid
emissions and two environmental factors: flow rate and wind
speed using linear regression. The analysis was conducted sep-
arately for each site (BW and CW). The R script for models
and figures is available at https://doi.org/10.6084/m9.figshare.
28919453).

3 | Results
3.1 | Emission Patterns

Both rivers acted as sources of terpenoids to the atmosphere.
The overall average terpenoid emissions were (mean =+ SD)
1.2+1.1and 1.6 +1.1ugm=2h! in the BW and CW rivers, re-
spectively. The emissions in the CW river were higher, leading
to a significant statistical difference between the emissions of
the two rivers (mixed effects model (MEM) p-value =0.008)
(Figure 2a). There were also differences in the emissions be-
tween both studied years (p-value, rivers =0.003, year =0.01
and interaction =0.11) (Figure 2b). Seasonally, the emissions
from BW and CW rivers showed distinct differences between
months (t-test shown as asterisks in Figure 2c, p-value ranging
from =0.02-0.001). MTs were the most abundant VOC group
in the emissions in both rivers. The MT emissions from the
BW river exhibited distinct maxima during July in both years
(2.2+1.4 and 2.9+09ugm=—h7!, respectively), being two
times higher than emissions from the CW river, whereas the
MT emissions from the CW river were highest during shoulder
seasons (October 2022 and May-June 2023), when they were
nearly twice as high as those in the BW river during autumn
and earlier summer, respectively (Figure 2c). Throughout the
whole measurement period, SQT emissions from the CW river
were usually higher (except May and October 2023) compared
with the BW river (Figure 2c).

3.2 | Emissions Composition

MT emissions accounted for 80% of the total terpenoid emis-
sions. Only a few SQTs (20%) were present in the emission
profile, with junipene being the most abundant SQT com-
pound (Figure 3). Overall, a-pinene was the dominant emitted
terpenoid compound in both rivers, followed by camphene,
B-pinene, and junipene. In the BW river (Figure 3a), a-pinene
emissions were proportionally largest in summer (July-August)
and lowest in spring (May-June). p-cymene emissions showed
an opposite temporal pattern to a-pinene, with higher emissions
in early summer than in late summer. Junipene emissions, the
only observed SQT in the BW river, were proportionally higher
during the early summers (Figure 3a). Emission profiles from
the CW river showed no clear seasonal trends and displayed
high variability throughout the years (Figure 3b). The most di-
verse compound profile was emitted in October 2022; out of 17
compounds detected in our campaigns, 14 were present in the
CW river compared with 7 in the BW river. Camphene and f3-
pinene contributed to the emission profiles consistently in both
rivers, while p-cymene and tricyclene were stable, contributing
to the emission profiles in 2023.

3.3 | Drivers of Emissions

The BW river showed higher DOC concentration than the CW
river, and DOC concentration varied with flow rate in both rivers
(Figure 4a). The flow rate peaks in both rivers occurred concur-
rently, but the flow was lower and had less temporal variation
in the CW river than in the BW river (Figure 4b). Occasionally,
with an increase in DOC concentration, an increase in ter-
penoid emissions was also observed, particularly MT emis-
sions (Figure 4a). In the BW river, DOC concentrations were
high in July 2022 (16 +2mgL™1) and July 2023 (8 +0.3mgL™)
(Figure S2), and terpenoid emissions were also the highest
during those months only. The aromatic characteristic of DOC,
represented by SUVA,.,, exhibited different patterns. For the
BW river in 2023, SUVA,,, increased from summer until late au-
tumn, whereas in 2022 it decreased. The CW river, on the other
hand, showed a decreasing trend (Figure S3). The annual max-
imum flow rate peak was observed in May during the freshet,
while the autumn peak varied, occurring in August in 2022 and
October in 2023. Also, water temperature was higher in the BW
river than in the CW river until September, after which the CW
river had a higher temperature. The highest water temperatures
in both rivers were measured in July, and the seasonal variabil-
ity in temperature mostly followed PAR (Table S1, Figure 4c).

The differences in terpenoid emission profiles between the riv-
ers and different sampling times and their relationships with
environmental variables were analyzed using redundancy
analysis (RDA). Seasonality rather than river influences the
terpenoid emission profiles. The included variables explained
62% of the variation in terpenoid emissions among the two main
components. The terpenoid emission peaks in summer (mainly
comprised of MTs) were highly associated with temperatures,
EC, DOC concentration, SUVA,.,, and CO, flux, sorted in the
negative extreme of the first component (Figure 5a). Terpenoid
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FIGURE2 |

Overall emission profile from two rivers, (a) Terpenoid emissions in the brown water and clear water river and (b) in different years.

Box plot showing lower and upper quartiles, median (thick black line), smallest and largest values with outliers (thin line), and circle in (a) and (b)

represents individual observation from the studied river. Mixed effects model (MEM) for difference between the emissions of the two rivers and

years. (¢) Average monoterpene (MT) and sesquiterpene (SQT) emissions in the measurement campaigns with SD shown as error bars; n=4 dots in

(c) represent the average of replicates at each studied river during a single campaign. T-test for differences between rivers during individual sam-
pling events and Two-way ANOVA with rivers and sampling event as independent factors followed by a Tukey HSD post hoc test (shown by letters).
Significant codes for statistical test outputs for -test, mixed effect model shown by: ***p <0.001, **p <0.01, *p <0.05.

emissions during the early summers were positively correlated
with PAR, except for the terpenoid emissions in July, when the
emissions were influenced by flow rate. The ordination plot
(Figure 5b) indicated a strong correlation between junipene, cy-
mene, and SUVA,.,. Many MTs were positively correlated with
temperature and PAR (Figure 5b).

We further evaluated the most influential variable(s) and their
related coefficients on MT and SQT emissions using a multiple
linear regression model (MLR) analysis (Table 1). MLR analysis
showed that the best model for explaining MT emissions was
model 10 (Table 1). Model 9 featured both river, air temperature,

and river water DOC concentration as explanatory factors, ex-
plaining 64% of the variation in MT emissions. The MT emis-
sions were most sensitive to changes in DOC concentration,
while the effect of air temperature was not significant; see the
simplified model (model 10), with only river and river water
DOC concentration as explanatory variables.

For explaining SQT emissions, the model (model 8) included air
temperature and SUVA,,, as explanatory variables. It explained
60% of the variation in SQT emissions, 40% of which was ex-
plained by air temperature alone (Table 1). A further simplified
model (model 9) shows a significant effect of air temperature
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on SQT emissions. More detailed MLR models are shown in
Tables S2 and S3.

3.4 | Emissions Estimated Over
the Open-Water Period

We predicted the monthly and annual MT and SQT emissions
using the best MLRs. The total MT emissions estimated for
the BW river over the open-water period were 3.4+2.0mgm™
in 2022 and 3.2+1.8mgm™ in 2023 and 6.3+3.8mgm™2 in
2022 and 6.7+3.8mgm~2 for the CW river in 2023, respec-
tively (Figure 6). The estimated total SQT emissions were

0.9+0.6mgm~2 for the BW river in both 2022 and 2023 and
1.5+ 1.0mgm~2 for the CW river in both years.

4 | Discussion
4.1 | Emission Patterns and Composition

We compared MT and SQT emissions from two boreal rivers
located in northern Finland in catchments with different soil
and vegetation types over two growing seasons. Our study
demonstrated that boreal rivers act as sources of terpenoids to
the atmosphere. The overall emissions from the BW river, which
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was in a peatland catchment area, were lower compared to the
CW river, which was in a mineral catchment area (1.2+1.1 and
1.6 +1.1pgm~2h'). In a study conducted near our sampling site
in Virrio, Zhang-Turpeinen et al. (2021) found that the average
monthly forest floor emissions (per m?) were slightly higher
than the river emissions reported here. They also observed sim-
ilar compounds on the boreal forest floor as we detected from
the river emissions (Zhang-Turpeinen et al. 2021). The MT emis-
sions from the river surface were slightly lower than the emis-
sions from a minerotrophic fen in southern Finland (Médnnisto
et al. 2023) and were lower than the emissions from the eutro-
phic ponds in a Danish peatland forest (Qin et al. 2025). Also,
since the river is a flowing water system, its emissions could be
lower because it has a shorter retention time, which reduces the
accumulation of BVOCs compared to the stagnant conditions
in ponds.

Vegetation and peat both contribute to terpenoid emissions in
the boreal ecosystem (Minnist6 et al. 2023). Vaccinium vitis-
idaea, a common dwarf shrub species in boreal forests, has been
shown to emit MTs (Vedel-Petersen et al. 2015). Also, Empetrum
nigrum and Rhododendron tomentosum, other common dwarf
shrub species in this area, emit MTs and SQTs (Mofikoya
etal. 2018; Schollert et al. 2015). During both years, the emissions
in July were highest in the BW river, when maximum vegetation
growth occurred. BVOCs synthesized by plants contribute to
soil emissions through root exudates in the rhizosphere and leaf
compounds stored in the litter (Pefiuelas et al. 2014). Plant litter
decomposition is another important source of BVOCs (Faubert
et al. 2010; Wester-Larsen et al. 2020). The BVOCs originating
from litter in boreal forests are primarily composed of MTs
(Aaltonen et al. 2011; Hakola et al. 2003), and this could also
be reflected in the chemical composition of the water draining
from these catchments, as the terpenoids can be released during
decomposition.

The terpenoid emission patterns can also be influenced by
changes in the activity of vegetation in the catchment areas
and possibly by the productivity of aquatic plants. BVOC
emissions from Scots pine (Pinus sylvestris) and other boreal
species are partially associated with recent photosynthetic
carbon assimilation (Ghirardo et al. 2010). The gross primary
productivity (GPP) in both forest canopy and forest floor veg-
etation in Virrio forests peaks in early July and declines to
zero by the end of October (Kulmala et al. 2019). The seasonal
dynamics of GPP closely follow the intensity of PAR. We did
not measure the GPP of aquatic vegetation in the rivers, but
based on visual observation, the peak in the aquatic vegeta-
tion biomass occurred in July-August, as in the forest floor
vegetation.

The mobility of BVOCs in soils and streams is primarily gov-
erned by their solubility. Beckmann and Lloyd (2001) reported
that in bog peat profiles, BVOC concentrations in the water
phase were substantially higher than in the gas phase; thus,
the BVOC concentrations within peat, especially dissolved in
water, may exceed atmospheric levels and be transported into
rivers. Terpenoids, due to their hydrophobic and volatile na-
ture, have a high kinetic potential to emit from surface water.
Moreover, terpenoid emissions may be constrained by the high
abundance of less degradable peatland-derived DOM in the BW

river (Saarela et al. 2024), or BVOCs can adhere to the organic
matter in water and sediment (Rathbun 2000). Furthermore,
lower emissions of SQTs compared to MTs could be attributed to
their lower solubility and volatility, and less microbial transfor-
mation into other compounds due to their larger molecular size,
resulting in greater retention (Copolovici and Niinemets 2015;
Hui et al. 2023). This typically reduces their transfer from the
water into the air, which could explain their lower overall emis-
sion rates.

Throughout both years and in both rivers, a-pinene was the
most abundant compound. Its dominance suggests a consistent
and prolific source, whether from the surrounding terrestrial
vegetation or from within the river's biological community.
While its thermodynamic properties, such as its more nega-
tive solubility value (AH_,) (-21.0kJmol™') compared to other
MTs like B-pinene (AH_, —15.8kJmol™) and myrcene (AH_,
—15.4kJmol?) (Copolovici and Niinemets 2005), indicate that
its solubility is highly sensitive to temperature fluctuations, the
emissions of a-pinene are not solely dependent on temperature.
The absence of a-pinene during the warmer months (June and
July 2023) in the rivers (Figure 3) can suggest a different deg-
radation pathway for DOC. This is further supported by the
corresponding changes in SUVA, ., PAR, and temperature con-
ditions, suggesting that the response of the DOC degradation
process to environmental factors during this period was differ-
ent compared to other months.

Seasonality can be explained further by the seasonal changes
in the hydrological flow paths within the peatland. The peat
soil acts as a dynamic biogeochemical reservoir, with water
flow shifting between different layers throughout the year
(Holden 2006; Holden and Burt 2002; Jiao et al. 2023). During
the wet seasons of spring and autumn, the high-water table
leads to significant surface flow through the upper, less de-
composed layers of the peat. These layers, rich in organic
matter and living moss, likely serve as the primary source
for certain terpenoids. In the dry summer months, the water
table drops. The dominant flow path shifts to the deeper, more
decomposed peat layers and the underlying mineral soil. The
extremely low hydraulic conductivity of this decomposed peat
may limit the release of certain compounds, while the flow
from the mineral soil acts as a chemical buffer, leading to a
more stable composition of dissolved compounds. In contrast,
the CW river showed less pronounced seasonal variability.
The consistent flow from the underlying mineral soil provides
a buffered and more stable chemical signature, which could
partly explain the different temporal dynamics between these
two catchments. The observed difference between the two
rivers suggests a potential link between a catchment's unique
physical and hydrological characteristics and the temporal dy-
namics of BVOC emissions.

Due to an absence of studies, BVOC sources within lotic eco-
systems are not well known. Many MT compounds found in
our observations, such as camphene, limonene, a-pinene, and
B-pinene have been reported to be produced from phytoplank-
ton (Meskhidze et al. 2015). The aquatic plants growing abun-
dantly in marine ecosystems were reported to mainly release
aldehydes, alkenes, alkanes, alcohols, arenes, ethers, furans,
ketones, and phenol compounds. Microalgae in freshwater
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ecosystems were a source of VOCs containing sulphur, hal-
ogens, terpenoids, and oxygenated VOCs (Pozzer et al. 2022;
Fink 2007; Peng et al. 2024). Algae and cyanobacteria are
the primary producers of BVOCs, including terpenoids in
aquatic systems (Saha and Fink 2022). However, the rivers in
our study were oligotrophic, where the biomass of free-living
phytoplankton and microbes is extremely small, as indicated
by the low turbidity values. (< 2) (Figure S5). Periphytic algae
dominated these rivers, but to date, no information is avail-
able regarding the BVOC emissions of periphytic algae grow-
ing in subarctic environments.

4.2 | Drivers of Emissions

In both rivers, DOC concentration was the most important fac-
tor explaining the MT emissions. DOC concentration was highly
variable and responded to higher river flow rate and rain events.
Water table increase is the most important variable explaining
the DOC concentrations in peatlands (Rosset et al. 2020). In
pristine peatland, as in our study, seasonal hydrological flow
paths and precipitation events can raise the water table (Holden
and Burt 2002) and flush DOM and BVOCs from peat decompo-
sition and root exudation into the river, leading to greater sea-
sonal variation in BVOC emissions from the BW river compared
with the CW river.

Changes in air temperature are frequently seen as a key fac-
tor influencing DOC concentrations in peatland catchments
(Billett et al. 2006; Clark et al. 2008; Dawson et al. 2011;
Koehler et al. 2009). Higher temperatures directly increase
DOC production by boosting plant and microbial activity
in the terrestrial environment (Kalbitz et al. 2000; Pastor
et al. 2003), with consequences to the DOC discharged from
the soil to streams. In this study, as in an earlier study on
the same rivers, they observed that spring-exported DOM
was highly aromatic and could be a source of VOCs (Saarela
et al. 2024; Shaw et al. 2020). These differences in DOC con-
centration and quality can explain higher terpenoid emissions
during the early summer than late summer in the BW river, as
the higher SUVA ., values in spring indicated higher aroma-
ticity (Figure S3). Although SUVA,,, values remained high in
August and October, the low degradability of peatland-derived
DOM (Saarela et al. 2024) was associated with reduced DOC
concentrations, which could have led to decreased terpenoid
emissions during late summer and early autumn.

However, overall higher terpenoid emissions were observed
in the CW river, even though it had a lower DOC concentra-
tion than the BW river. This mismatch between spatial and
temporal patterns of terpenoid emissions highlights the cru-
cial role of DOC quality in addition to its quantity. Our MLR
model confirms that while DOC concentration has a positive
influence on MTs emissions within each river, the stronger
determinant of overall emission rates is the inherent differ-
ence between the river types. Saarela et al. (2024) observed
higher microbial degradation of DOM in the CW river com-
pared to the BW river, which coincided with significantly
lower aromaticity (SUVA,.,) in the CW river compared to the
BW river. In addition, in the study of Saarela et al. (2024), the
Fourier-transform ion cyclotron resonance mass spectrometry

(FTICR-MS) measurements indicated a higher proportion of
aliphatic and peptide-like compounds in the CW river com-
pared to the BW river, which is associated with high bio-
availability and microbial activity in fluvial systems (Behnke
et al. 2021; Begum et al. 2023). Also, the aliphatic-rich signa-
ture in the CW river observed by Saarela et al. (2024) could
indicate DOM of algal origin, which is associated with higher
bioavailability compared to terrestrial or plant-derived DOM
(Guillemette et al. 2013), and it supports a greater growth ef-
ficiency of bacteria (Kritzberg et al. 2005). Higher aromatic-
ity (i.e., SUVA,., values) indicates that the degradability of
peatland-derived DOM was more limited compared to min-
eral soil-derived DOM (Saarela et al. 2024). The varying DOM
composition and its susceptibility to breakdown between
spring and autumn could be attributed to a shift in the pri-
mary source of DOM, from surface runoff during spring thaw
to groundwater during baseflow conditions (Guo et al. 2007;
Neff et al. 2006; Spencer et al. 2008).

Both air and water temperatures regulate DOC decomposi-
tion and BVOC solubility. Higher temperatures enhance mi-
crobial and enzymatic activity, accelerating organic substrate
decomposition and increasing BVOC emissions like isoprene
and monoterpenes (Pefiuelas and Llusia 2001; Isidorov and
Zaitsev 2022). Air temperature increases BVOC vapor pres-
sure and volatility, facilitating their diffusion from plant
tissues and soils to the atmosphere (Niinemets et al. 2010).
Martins et al. (2017) showed an increase in the solubility of
some terpenes with temperature. While the emissions of both
terpene classes are temperature-dependent, the effect is more
apparent for SQTs, as shown by our MLR model. Firstly, SQTs
have higher boiling points and lower volatility than MTs
(Copolovici and Niinemets 2015). This means that a given in-
crease in air temperature causes a much greater proportional
increase in SQT volatility. Secondly, emissions from the river
surface potentially originate from terpenoids produced by ter-
restrial and aquatic vegetation, as well as DOM inputs from
the surrounding catchment. SQTs are typically not stored in
large quantities in plants; instead, they are often produced
via de novo synthesis in response to environmental stressors
like temperature changes (Grote et al. 2019). This produc-
tion process is highly temperature dependent, making it an
important factor for SQT emissions. Lastly, the slow thermal
response of a large river due to the high heat capacity of water
means that air temperature may serve as a better proxy for
the instantaneous thermal conditions influencing biological
and chemical production in the surrounding catchment, from
which a portion of these compounds likely originates. These
processes suggest that warming stimulates BVOC production
and release, limiting their retention in aqueous phases and po-
tentially altering their transport and atmospheric reactivity.

Also, the turbulence has been shown to influence air-water gas
exchange (Miettinen et al. 2015; Klaus et al. 2019). However, we
did not observe any correlation between the terpenoid emissions
and river water flow rate during the chamber measurements
(BW: p-value =0.8; CW: p-value =0.9, Figure S6). Furthermore,
according to our measurements, there was also no correlation
between the terpenoid emissions and wind conditions either
(BW: p-value=0.2; CW: p-value=0.4) (Figure S6), suggesting
that the different seasonal patterns observed in the terpenoid
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emissions in these rivers were not related to these two factors.
This could indicate that the differences between the emissions
of these two rivers were more driven by aquatic terpenoid con-
centrations rather than differences in transfer velocities from
river surface to atmosphere.

4.3 | Emissions Estimated Over
the Open-Water Period

Global annual BVOC emissions are estimated to be 1200 Tg C
using the MEGAN framework (Guenther et al. 2012). Global
estimates of MT emissions range between 89 and 160Tg C
year~!, while SQT emissions are estimated at around 30Tg C
year~ (Acosta Navarro et al. 2014). These estimates primarily
account for terrestrial emissions, excluding contributions from
aquatic ecosystems such as rivers and lakes. Using the MLR
model, we estimated the river surface MT emission to range
from 3.0 to 3.5mgm2year™! in the BW river and from 6.3 to
6.7mgm~2year”! in the CW river, respectively, for 2years.
Similarly, the SQT emissions ranged from 1.0mgm=2year~
in the BW river and 1.5mgm~2year~! in the CW river. These
findings represent one of the first attempts to quantify riverine
emissions of terpenes, highlighting the importance of includ-
ing aquatic systems in biogenic VOC budgets. To contextual-
ize these results, we compared them with emissions reported
from other ecosystems. For instance, modeled annual mean MT
emissions from arctic plant ecosystems are approximately 8 mg
C m~2year~!, which is almost in a similar range to riverine es-
timates, suggesting river emissions are a significant source of
BVOC emissions (Tang et al. 2016).

VOC emissions in a subarctic peatland and lake show that
fens emitted higher levels of MTs during the growing season,
while the lake primarily emitted methanol and acetone; no ter-
penoid emissions were reported from the lake (Seco et al. 2020).
Their findings highlight the importance of both terrestrial and
aquatic ecosystems in BVOC budgets, with fen emissions driven
by temperature and light, and lake emissions linked to micro-
bial activity (Seco et al. 2020). By contrast, forest floors emit a
wide range of MTs and SQTs, with emissions varying signifi-
cantly based on vegetation type and environmental conditions
(Zhang-Turpeinen et al. 2025). Forest floors have been shown
to emit between 2% and 93% of the MT emissions observed from
the canopy, depending on plant species. However, they were
significantly lower than the summertime daytime MT emis-
sions from the canopy of Scots pine trees in Hyytidld forest,
southern Finland, which have been reported to range from 60
to 100ngm~2s~! (Rantala et al. 2015). This corresponds to ap-
proximately 220-360 ugm~2h"!, two orders of magnitude higher
than the emissions reported here. In the same forest, Aaltonen
et al. (2011) measured MTs emission of 5.04ug m~2h~! on the
forest floor, which was in a similar magnitude as compared to
our river emission. We found no other reports of terpenoid emis-
sions from rivers.

Our observed total riverine MT emission rate of
49+2.8mgm~2year! during the open-water period falls
within the emission range reported for forest floors and
plant emissions and is lower than those observed in wet-
lands, permafrost-affected peatland landscapes, and tundra

ecosystems (Vettikkat et al. 2023; Hellén et al. 2020a, 2020b;
Li et al. 2023; Jiao et al. 2023). Similarly, the SQT emissions of
1.2+ 0.8 mgm~2year~! during the open-water period are compa-
rable to those reported from other ecosystems (Jiao et al. 2023;
Duhl et al. 2008; Wang et al. 2017) and lower compared to
the Amazon rainforest, vegetated pond, and thaw slumps
(Bourtsoukidis et al. 2018; Jiao et al. 2023). These comparisons
suggest that river surface emission rates are generally slightly
lower or equal to boreal forest floor, eutrophic ponds, and arctic
plant ecosystems but much lower than the emissions from Scots
pine tree canopy. However, it is important to note that terpenoid
emissions are influenced by factors such as vegetation type, tem-
perature, light availability, and seasonal variations (Pefiuelas
and Staudt 2010; Vettikkat et al. 2023; Guenther et al. 1993;
Niinemets et al. 2004; Laothawornkitkul et al. 2009; Peron
et al. 2021). Therefore, direct comparisons across ecosystems
should consider these variables to fully assess the contribution
of rivers and other waterbodies to global BVOC budgets.

While our river emission rates per unit surface area were compara-
ble to those reported for terrestrial ecosystems, it is crucial to con-
sider the substantial disparity in global surface area between these
systems. Rivers cover substantially smaller surface area than ter-
restrial ecosystems, approximately 0.6% of the global land surface
area (Allen and Pavelsky 2018). When expressed per unit catch-
ment area, riverine BVOC emissions are likely to be much smaller
than terrestrial emissions. Therefore, when assessing the overall
contribution of different ecosystems to global BVOC budgets, it is
essential to account for their respective surface areas. Future re-
search should focus on upscaling both river and terrestrial BVOC
emissions to the catchment or regional scale to provide a more
comprehensive understanding of their relative contributions.

5 | Conclusions

This study highlights that rivers are a source of terpenoid emis-
sions. Our results suggest that these emissions are controlled by
a combination of factors that include the transport of compounds
from terrestrial runoff and drainage, and the degradation of
DOC within the rivers themselves. Furthermore, our findings
indicate that river hydrology, water quality, and weather condi-
tions play key roles in regulating both the quantity and chemical
composition of terpenoid emissions. Additionally, our findings
show that rivers with different catchments (peat vs. mineral)
have distinct compound emission profiles. Using multiple lin-
ear regression modeling, we found that the drivers of terpenoid
emissions are different for each class. MTs were primarily
driven by DOC, while SQTs were driven by air temperature
and SUVA . Our study highlights the importance of including
river emissions when estimating landscape-level BVOC budgets,
as aquatic systems can be a significant source. Furthermore,
for a comprehensive assessment of their contribution to global
BVOC budgets, emission comparisons across different ecosys-
tems must also account for their respective surface areas. Our
observations over 2years from two rivers adjacent to peatland
and mineral catchments provide the first estimate for terpenoid
emissions from boreal rivers and the effects of weather condi-
tions, as well as physicochemical and hydrological conditions in
the rivers on these emissions. Given the importance of BVOCs
in influencing atmospheric composition and subsequent events,

Global Change Biology, 2025

13 of 17

85U8017 SUOWOD AITe1D) 8|t jdde ay) Aq peusenob 8. 9o VO ‘88N JO S9N 10} AeIq1T8UIUO AB]1/MW UO (SUORIPUOD-PUR-SLLIBI WD A8 |im" AReIq 1 jpulU0//SANY) SUORIPUOD pue swie | 8y} 8es *[6Z0z/0T/8z] Uo Akidiauluo A8 |IM ‘sxseseeAuouuon Aq 0G0, GoB/TTTT OT/I0p/W00 A8 M Ale.q1puluoy/:Sdny Wiy pepeojumoq ‘0T ‘SZ0Z ‘987ZSIET



there is an urgent need to conduct more extensive studies on riv-
ers to formulate conclusions regarding the impact of the quantity
and spatiotemporal distribution of BVOC emissions and sources
on atmospheric chemistry and climate models.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: The dominant aquatic
plant species: (a) Hippuris vulgaris in the brown water river and (b)
brook moss (Fontinalis) in the clear water river. Table S1: The sam-
pling dates and environmental conditions (i.e., river dissolved oxygen
(0,%) concentrations, pH, electric conductivity, air temperature, and
water temperature) were manually measured during the sampling oc-
casions. Figure S2: DOC concentration of water samples. Figure S3:
Suva,., concentration throughout the sampling campaign. Figure S4:
Meteorological data for the site from April 2022 to December 2023. Air
temperature (°C), precipitation (mm day!), PAR (umolm=2s71), and
humidity (%). Figure S5: Turbidity continuous data from both rivers.
Figure S6: Regression line of terpenoid emission with flow rate (left)
and wind speed (right). Table S2: Final linear regression model of the
monoterpene emissions, examining the relationship between environ-
mental predictors and MT emissions. Table S3: Final linear regression
model of the sesquiterpene emissions, examining the relationship be-
tween environmental predictors and SQT emissions. Table S4: Post
hoc pairwise comparisons of month and years using Tukey's Honestly
Significant Difference (HSD) test.
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