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Plant leaves and water drops residing on them interact with atmospheric oxidants, impacting the deposition

and emission of trace gases and mediating leaf damage from air pollution. Characterizing the chemical

composition and reactivity of the water-soluble material on leaf surfaces is thus essential for improving

our understanding of atmosphere-biosphere interactions. However, the limited knowledge of sources

and nature of these chemicals challenges sampling decisions. This work investigates how sampling

variables and environmental factors impact the quantity and composition of water-soluble material

sampled from wet leaves and proposes a flexible protocol for its collection. The ratio of solvent volume-

to-leaf area, the solvent-to-leaf contact time, and environmental parameters – including the occurrence

of rain, plant location and its metabolism – drive solute concentration in leaf soaks. Despite minor

variations, UV-vis absorption spectra of leaf soaks are comparable to authentic raindrops collected from

the same tree and share features with microbial dissolved organic matter – including overall low

aromaticity, low chromophore content, and low average molecular weight. In addition to guiding the

development of a sampling protocol, our data corroborate recent hypotheses on the amount, origin,

nature, and reactivity of water-soluble organics on wet leaves, providing new directions of research into

this highly interdisciplinary topic.
Environmental signicance

Plant leaves occupy an area larger than the total land surface on Earth and are in constant contact with atmospheric oxidants. Although abundant evidence
indicates that chemical reactions occur on these surfaces (especially when wet), the limited availability of empirical data on leaf surface chemicals hinders our
understanding of these processes. In part, this knowledge gap stems from the absence of clear guidelines for collecting this material in an environmentally
relevant manner. In this work, we develop a robust protocol to collect water-soluble chemicals from wet leaves that can be adapted to varying experimental needs
and plant species. We hope these guidelines will favor comparability among studies and contribute to advancing this rapidly evolving eld.
Introduction

Plant leaves occupy an area larger than the total land surface on
Earth1 and are in permanent contact with atmospheric oxidants
– yet, for the most part, the atmospheric chemistry community
has overlooked their role as multiphase reaction sites. Histori-
cally, leaf surfaces have only been considered in the bi-
directional exchange of water-soluble gases such as sulfur
dioxide and ammonia.2–5 This process involves gas uptake by
leaf surface wetness and is controlled by pH and the co-
occurrence of inorganic species.2,3,6 However, recent evidence
niversity, 80523, Fort Collins, Colorado,

mj.riches@colostate.edu

tion (ESI) available. See DOI:

cts, 2024, 26, 1008–1021
has suggested that organic compounds also mediate the
exchange of gas-phase chemicals.

Ozone (O3) is a striking example of atmospheric gases reacting
with leaf surface organics. A recent review highlighted that more
than 50% of observed dry ozone deposition on lands may be
caused by non-stomatal uptake7 – that is, uptake through leaf
surfaces other than stomata, pores that mediate plant-gas
exchange. Ozonation of organic chemicals onto or within the
leaf cuticle, the outermost layer of the leaf, is one of the most
convincing explanations for this phenomenon.7 Two recent
studies observed particularly high contributions of non-stomatal
O3 uptake in plants with capitate glandular trichomes,8,9 and
attributed it to ozonation of low-volatility organics produced by
these structures and excreted onto the leaf. However, non-
stomatal O3 uptake has also been described in Acer rubrum12

and Quercus ilex,13 plant species without glandular trichomes.14,15

In this case, O3 uptake was observed only in the presence of leaf
This journal is © The Royal Society of Chemistry 2024
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wetness12,13 and, in Q. ilex, was explicitly associated with organic
compounds.13 Beyond O3, surface reactivity may also help explain
the bi-directional exchange of organic acids,16–20 nitrous acid,21

and peroxyacetyl nitrate22–24 from wet leaves.
The literature provides ample evidence for the presence of

organic compounds that may participate in leaf surface reac-
tions.25 These chemicals can be produced by the plant (endog-
enous) or deposited from the surrounding environment
(exogenous). Examples of endogenous compounds include
metabolites produced by glandular trichomes,10,11 resins,26

guttation uids,27 and phyllosphere biolms.1,28,29 Exogenous
compounds include particulate matter,30,31 persistent organic
pollutants,32,33 and chemicals delivered onto leaves through
precipitation.34 A recent synthesis of the literature suggests that
phyllosphere biolms and particulate matter contribute 2–200
mg cm−2 of organic material on plant leaves, while other classes
are less abundant or highly plant- and/or environment-
specic.25 In addition, wet leaves may leach low-molecular-
weight chemicals through cuticular water pores,35,36 a yet
unrecognized (and thus unquantied) supply of organic matter
on leaves.25 Our current knowledge of the amount and compo-
sition of leaf surface organics relies primarily on literature and
indirect empirical data,25,37 highlighting the need for experi-
mental evidence supporting their identity, concentration, and
involvement in atmospherically relevant processes.

The rst step in characterizing potentially reactive material
on leaves is developing a protocol for its collection. The litera-
ture shows a rich variety of approaches that include, among
others, infusing detached plant leaves into water,38,39 collecting
water droplets or lms from living leaves,12,37 or washing leaf
blades with a small volume of water.13 Although these protocols
are conceptually similar, sampling details vary considerably,
with unforeseen impacts on chemical composition and envi-
ronmental relevance. For instance, some authors created arti-
cial wetness by spraying water or depositing water drops onto
leaves,12 some obtained “leaf washes” by simply running water
onto leaf blades,13,40–42 and others collected natural dew or rain
drops using various tools (e.g., metal spatulas,37 small vacuum
pumps,12,40 syringes43) or approaches (e.g., by dripping the
liquid into a container40). Some authors immersed entire
leaves,39,44,45 while others carefully kept the petiole out of the
water.38,46 Additional considerations include the volume of
liquid in contact with the leaves (e.g., 5 to 500 mL),44,46,47 the
solvent-to-leaf contact time (e.g., “rinse” to 6 h),13,39,45,46 and the
ionic strength of the sampling solvent (e.g., deionized water vs.
brine).13,44 Within this list, potentially relevant but uncon-
strained variables include the timescale of leaf-to-wetness
interactions, the chemical composition of the solvent, the use
of different collection equipment and strategies, and variations
in leaf handling. Although we do not expect all variables to be
relevant for every research question, ignoring their potential
impact may cause one to collect and use material that is not
environmentally relevant. Furthermore, this lack of knowledge
makes it challenging to synthesize results from multiple
studies.

To ll this gap, we tested how methodological choices
impact the chemistry of material collected from wet leaves and
This journal is © The Royal Society of Chemistry 2024
developed a robust, repeatable, and exible sampling protocol
for its collection. This protocol mimics the conditions associ-
ated with non-stomatal O3 uptake at high relative humidity and
the bi-directional exchange of water-soluble gases but mini-
mizes confounding factors caused by variations in natural
wetness and does not rely on precipitation. We rst provide
a general workow for collecting and storing samples, including
guidelines for selecting the most appropriate equipment and
ensuring it is free of contaminants. We then evaluate the role of
several sampling and environmental variables on the chemistry
of the resulting sample. By analyzing authentic raindrops, we
conrm that our protocol yields environmentally relevant
material appropriate for leaf surface reactivity studies. Although
we focus on a single ponderosa pine (Pinus ponderosa) to limit
the number of uncontrolled variables, our ndings agree well
with the literature, making us condent of the general appli-
cability of our guidelines. In the nal section, we discuss how
some of our data corroborate recent predictions on the quantity,
nature, origin, and reactivity of leaf surface organics, high-
lighting potential directions of future research.

Materials and methods
Materials

Falcon tubes were purchased from Fischer Scientic (15 mL,
339650), Nalgene bottles from Thermo Scientic (60 mL, 16062-
040), and syringe lters from Tisch Environmental (SF18238
and SF18249). All falcon tubes for sample collection were “pre-
leached” by sitting lled with MilliQ water for $3 days at room
temperature. The tubes were then thoroughly rinsed with new
MilliQ water, air-dried, capped, and stored until use. Nalgene
bottles were soaked for 3 hours in 1.2 M HCl, thoroughly rinsed
with MilliQ water, air-dried, capped, and stored until use. Mil-
liQ water used for tests, material cleaning, and dilution prepa-
ration for analyses was obtained from a Synergy Water
Purication System (Millipore Sigma).

Field sites

We obtained most needle soaks and all raindrops from the
lowest branches (#3 m above ground level) of a single, mature
ponderosa pine located at the North-East corner of the Colorado
State University (CSU) Arboretum (Table S1†). The weather
during the sampling period (May 22 to June 27, 2023) was wet
until June 17 (172 mm of rain) and summer-like from June 18
onward (Text S1 and Fig. S1†). To evaluate plant-to-plant and
spatial variability, we collected additional needle soaks from
ponderosa pines in the CSU Mountain Campus (Fig. 1A), the
Horsetooth Mountain Open Space, and the CSU Main Campus
(outside the Arboretum). To limit day-to-day variability, these
samples were obtained within 24 hours between June 18 and
June 19. GPS coordinates, estimated tree age, and needle
characteristics of all sampled specimens are in Table S1.†

Sample collection and handling

A typical needle soak was prepared by rst selecting 20 healthy
needles in close proximity and bundling them together with
Environ. Sci.: Processes Impacts, 2024, 26, 1008–1021 | 1009
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Fig. 1 Ponderosa pine specimen from sampling at the CSU Mountain
Campus on June 19, 2023 (A). In a typical soak, healthy needles
growing in proximity were bundled together (B) and soaked for 5 min
in 10 mL of MilliQ water in a pre-leached falcon tube (C).
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cotton string (Fig. 1B). The bundle was then soaked for 5 min in
a pre-leached falcon tube containing 10 mL of MilliQ water
(Fig. 1C). Variations of this protocol allowed us to investigate
the effect of specic sampling variables – e.g., we modied the
number of needles from 5 to 20, the soaking time from 5
seconds to 1 hour, and used natural rain instead of MilliQ water
as the solvent (details in ESI†). In addition to soaks, we collected
authentic raindrops during three rain events (Text S2 and Table
S2†). In all cases, we handled needles with gloves to minimize
contamination.

For each test, we collected one to ve replicate samples that
were either analyzed immediately (i.e., within 4 hours) or frozen
until analysis (maximum 2–3 weeks). For each sample, we
measured total organic carbon (TOC), UV-vis absorbance,
conductivity, and pH; samples for TOC analyses were diluted to
match the instrument's volume requirements (details below).
Before removing aliquots, falcon tubes sat vertical for at least
10 min to allow large particles to sediment (not analyzed).
Although recommended in our nal guidelines, samples were
not ltered because we found negligible differences in bulk
chemistry in ltered vs. unltered soaks (details below) and
needed to optimize for a large number of samples rather than
storage conditions.

Experimental blanks were obtained by lling pre-leached
falcon tubes with MilliQ water; these tubes were prepared at
the same time as the experimental soaks and treated as
authentic samples. In selected tests, control soaks were
prepared to evaluate specic hypotheses (details in ESI†).
Analytical methods

Conductivity. Conductivity was measured with a compact
conductivity meter (LAQUAtwin-EC-22, Horiba Scientic).
Before measurements, we conditioned the probe for at least 1 h
with the manufacturer's solution before calibrating with 1.41
and 12.1 mS cm−1 standards. We then washed the sensor with
MilliQ water, dried it gently with a Kimwipe, and rinsed it with
120 mL of analyte. An additional 120 mL of sample was placed
onto the sensor, the lid was closed, and the sensor was allowed
to stabilize before recording the measurement. The sensor was
generally unresponsive (i.e., giving readings of 0 or 1 mS cm−1)
1010 | Environ. Sci.: Processes Impacts, 2024, 26, 1008–1021
below 5 mS cm−1, which we set as our “background” conduc-
tivity. Every 5–10 samples, we measured a 0.5 mmol L−1

potassium chloride solution to estimate precision (0–2.4%) and
measurement error (sKCl z ±0.8 mS cm−1). All solutions were
allowed to equilibrate to room temperature before analysis.

UV-vis absorbance. Absorption spectra of needle soaks were
acquired with a Spark Tecan multimode microplate reader
equipped with a UV transparent 96-well plate (UV-Star 96-well
microplate, VWR, 82050-778). Each run included at least three
MilliQ water blanks, one reference sample, and the analytes (each
200 mL, lled with a calibrated pipettor; Fig. S2†). The plate
reader was programmed to read spectra in triplicate between
200–800 nm at 1 nm steps using GRE 96- plates. All solutions
were equilibrated to room temperature before analysis.

Raw data was processed in Matlab as detailed in Text S3 and
Fig. S2–S3.† Briey, for each run, we rst obtained amean blank
spectrum (Ablank) by averaging all blank replicates. We then
calculated the average of measurement triplicates, subtracted
Ablank from the resulting value, performed baseline correction,
and divided by pathlength (‘) to obtain the decadic absorption
coefficient (a, in cm−1). ‘ was determined from the reference
sample's absorbance measured with the plate reader vs.
a benchtop spectrophotometer equipped with a 1 cm path-
length quartz cuvette.

Each spectrum was further processed to yield metrics related
to organic carbon quantity and quality – namely, the integrated
absorption coefficient between 200 and 400 nm (

P
a200–400,

in cm−1), two absorption coefficient ratios (a215/a200 and a260/
a200), the specic ultraviolet absorbance at 254 nm (SUVA254, in
L mgC

−1 m−1), and the spectral slope between 275 and 295 nm
(S275–295). Details on these calculations and meaning of these
parameters are in Text S3.†

Total organic carbon. TOC (non-purgeable total organic
carbon) was quantied with a Shimadzu TOC-L analyzer (Shi-
madzu Scientic Instruments, Inc.). We injected 100 mL sample
aliquots in duplicate or triplicate with sparge ow of 80, sparge
time of 1 : 30 min, and 1.5% HCl addition. At the beginning of
each run, we measured multiple calibration solutions (0.1–10
mgC L

−1), while every 5–10 samples we injected at least oneMilliQ
water blank and a control solution (exactly 2 mgC L

−1 in 2%HCl).
We used the standard deviation of the blanks (sblank) to calculate
limits of detection (LoD = 3sblank) and quantication (LoQ =

10sblank), yielding LoD= 0.08–0.18 mgC L
−1 and LoQ= 0.25–0.59

mgC L−1 (ranges are derived from multiple runs). Accuracy and
precision were assessed via replicate measurements of the
control solution, with respective values of 1.9% and 2.7%.

As the instrument required $20 mL of liquid, all samples
were diluted gravimetrically in 40 mL acid-cleaned glass vials
using new pipettor tips, acid-cleaned glassware, and an
analytical balance (±0.1 mg). Controls conrmed that our
dilution protocol neither introduced contamination, nor
increased the measurement error.

Other methods. In samples above background conductivity,
we quantied the solution pH with a portable probe. In the test
investigating material leaching from stomata, we quantied
stomatal conductance, a metric of stomata openness,48 with
a portable photosynthesis system (LI-COR 6800). Due to volume
This journal is © The Royal Society of Chemistry 2024
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limitations, absorption spectra of authentic raindrops were
measured using a Tecan NanoQuant plate rather than a 96-well
plate. Details on these methods are in Text S4 and Fig. S4.†
Fig. 2 Proposed workflow for sample collection and storage. The text
in the shaded squares outlines typical conditions for collecting pon-
Data treatment

Averages and standard deviations are from three to ve sample
replicates collected over the same or multiple days. These values
were used as inputs for unpaired t-tests,49 which helped us iden-
tify statistically signicant variations between treatments (p <
0.05). When samples were collected over multiple days, we also
evaluated normalized averages to uncover potential trends over-
shaded by day-to-day variability. Normalized averages were ob-
tained by rst computing yRi/yref

Ri for each replicate (yref
Ri is the

reference value of a generic variable y in the replicate Ri) and then
calculating average and standard deviation of the three or ve yRi/
yref

Ri values. The reference sample varied from test to test as
detailed in the ESI.† In this case, changes are considered
substantial when the average yRi/yref

Ri value ± its standard devia-
tion is different from 1. In the “solvent volume-to-leaf area ratio”
and “solvent-to-leaf contact time” tests, parameters are consid-
ered constant when they show no consistent trends as a function
of needle number or soaking time, respectively (i.e., R2 < 0.5 and/
or value within the average range for needle soaks; details in ESI†).
derosa pine needle soaks. Filtration can be skipped if sample volume is
insufficient or experiments require unfiltered material. An ideal
sampling strategy involves collecting$5 replicates over the same day.
Results

General workow for sample collection and storage

Sample type selection. This work aims to develop a exible
protocol to collect material naturally present in leaf wetness for
atmosphere-biosphere interaction studies. We focus on water-
soluble organics due to their anticipated role in mediating the
dry deposition of ozone and other trace gases onto wet plant
leaves. To this end, we collected “soak” samples – i.e., we
immersed living leaves into a xed volume of MilliQ water for
a few minutes (Fig. 1). This approach is analogous to the stan-
dard way to collect leaf-adsorbed particulate matter (e.g., Ris-
torini et al.39) but differs in that we minimize plant damage by
not detaching the leaves. Furthermore, it mimics the “long”
wetness residence time observed under natural settings without
requiring the occurrence of precipitation – thereby overcoming
the limitations of other two approaches, namely “washing”
living leaves with water13 (too short contact time relative to
natural conditions, which involve water interacting with
surfaces for minutes to hours50) and collecting dew or rain-
drops12,37 (relies on meteorological conditions and requires an
understanding of rain/dew chemistry). As we clarify in the
discussion, our protocol additionally allows one to increase
sample volume and/or concentration to meet experimental
needs, which is hard to achieve with the latter two methods.

Workow for soaks collection and storage. Fig. 2 proposes
a workow for the collection and storage of soak samples that
maximizes sample lifetime while minimizing potential
contamination from containers or sample handling. We
recommend using different containers for collection and
storage – the former chosen to optimize the ratio of solvent
volume-to-leaf area, the latter selected to limit contamination
This journal is © The Royal Society of Chemistry 2024
from the vial itself when samples are le for long periods of
time. We also recommend ltering samples right aer collec-
tion to improve preservation and limit measurement artifacts.
All material used throughout the process should be tested for
potential interferences with any analyses beyond those
described herein.

In this work, we focused on ponderosa pines, common
conifers of the Colorado Front Range characterized by long
(z10–20 cm) and thin (1.2–2.2 mm in diameter) needles (Fig. 1
and Table S1†). Because of the unique leaf morphology, we
found 15 mL falcon tubes were ideal sampling containers for
this species (Fig. 1B–C). In general, we soaked 5–20 living nee-
dles in 10 mL of solvent, equivalent to z1.3–5.3 cm2 mL−1. As
we show below, the resulting samples are in appropriate
concentration ranges for our chosen analytical methods. The
rationale for selecting needle number, solvent type, soaking
time, number of replicates, and sampling conditions is dis-
cussed below.

While conveniently shaped for ponderosa pine needles,
brand new falcon tubes leached a measurable amount of
organic carbon when in contact with water ([TOC]= 0.7 mgC L

−1

and
P

a200–400 = (6.2 ± 0.8) cm−1 aer 14 days of being lled
with MilliQ water at room temperature; Fig. S5A†). Although
this quantity is small compared to a typical needle soak (Table
S3†), “pre-leaching” the tubes – i.e., letting them sit for >3 days
lled with MilliQ water – reduced this contamination consid-
erably ([TOC] < LoQ and

P
a200–400 = (1.1 ± 0.9) cm−1 for MilliQ

water placed in tubes for 1 month aer an initial pre-leaching;
Environ. Sci.: Processes Impacts, 2024, 26, 1008–1021 | 1011
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Text S5†). For this reason, we collected needle soak samples
solely in pre-leached containers.

As soon as possible aer collection, we recommend ltering
the sample into a storage container with 0.2 mm pore lters to
remove most microorganisms and thus preserve the chemical
composition of the organic matter present.51,52 If ltration is not
viable and the sampling vessel is not entirely free of contami-
nants, we still advise transferring the sample into a storage vial.
We found syringe ltration with 1.3 mm diameter lters to be
ideal for low sample volumes (#10 mL), as this lter size
requires#0.5 mL for priming (Text S5†). If relevant, the >0.2 mm
fraction can be recollected from lters (e.g., through back-
ushing53) and stored for further use. The ltrate should be
collected into a contaminant-free container for storage. High-
density polyethylene (Nalgene) or polycarbonate bottles are
ideal for both organic and inorganic components; if focusing on
organics, pre-combusted glass containers are an excellent
alternative.54 Storage containers should be tested for both
leaching and wall adsorption before use. According to our tests,
storing the ltered and unltered soaks in the fridge or freezer
(for over two months and ve freeze-thawing cycles) works
equally well in preserving bulk sample properties (Text S5†).
Bulk chemistry of needle soaks and comparison with
authentic raindrops

Before discussing the details of the sampling protocol, we give
an overview of the chemistry of ponderosa pine needle soaks to
clarify their environmental relevance and provide context for
discussion. For simplicity, the average data presented below is
based on 20-needle soaks from the specimen in the Arboretum –

though these trends were consistently observed throughout the
dataset (Text S6 and Fig. S6†).

We found a remarkable similarity in bulk chemical proper-
ties among samples. Both organic and inorganic water-soluble
species were always present in concentrations of 1.6–74 mgC
L−1 and 1–27 mS cm−1, respectively (Table S3†), with sporadic
outliers as high as 150 mgC L−1 (Fig. S6A†) and 70 mS cm−1.
Absorption spectra were always distinct from the blanks, with
P

a200–400 = 3.2–38 cm−1 (Table S3†). We observed a signicant
positive correlation between conductivity and

P
a200–400 (R2 =
Table 1 Qualitative organic matter parameters for soaks prepared with
same tree, and Suwannee River natural organic matter (NOM). Data for
Arboretum using 20 needles, 5 min soak time, and MilliQ water as solven
SRNOM are obtained as outlined in Text S2 and Text S3, respectively

Needle soaks

a215/a200 0.56 � 0.02
a260/a200 0.12 � 0.04
SUVA254 (L mgC

−1 m−1) 1.0 � 0.5
S275–295 (nm

−1) 0.024 � 0.006
N 28

a Average of 3, not 8 values (see Table S2). b TOC was quantied only once,
mgC

−1 m−1. c Statistically different from soaks (p = 0.0025). d Statistically
from soaks and raindrops (p < 0.0004).
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0.84; Fig. S6B†), while the trend was less strong for TOC –

primarily due to a few samples with exceptionally high organic
carbon content (Fig. S6A†). All samples were slightly acidic (pH
of 5.7 ± 0.5) and contained nitrogen, primarily in its organic
form (z70%; Table S3 and Text S6†). Both total and organic
nitrogen correlated strongly with conductivity and

P
a200–400 (R

2

> 0.74; Fig. S6C and D†). In general, we did not detect particu-
late matter, although we observed insoluble residues in some
samples. These residues sedimented within minutes when
tubes were le vertical and were never included in further
analyses. Although overall more concentrated (e.g., [TOC] z 10
to >900 mgC L

−1; Table S2†), authentic raindrops collected from
the needles of the same ponderosa pine also contained organic
carbon, nitrogen, and inorganic species and their pH was
comparable to needle soaks (Text S2 and Table S2†).

All needle soaks were remarkably similar in terms of spectral
properties and overall comparable to authentic raindrops
collected from the same tree while being statistically different
from Suwannee River Natural Organic Matter (SRNOM), a dis-
solved organic matter (DOM) sample from terrestrial aquatic
environments (Table 1 and Fig. 3). In particular, needle soaks
and raindrops collected from the same ponderosa pine had
lower aromaticity (i.e., lower SUVA254) and lower average
molecular weight (i.e., higher S275–295) than SRNOM (p < 0.0004
for all parameters) – in fact, they were comparable to microbial
and/or open-ocean DOM (SUVA254 < 2 L mgC

−1 m−1, S275–295 >
0.020 nm−1).55–57 Authentic raindrops appeared slightly more
aromatic than needle soaks, potentially because of the lag
between raindrop deposition and collection (>3 hours; details in
Text S2†). We note that also DOM in throughfall (i.e., bulk rain
collected below tree crowns; also referred to as tree-DOM) is
more aromatic (SUVA254 = 1.6–3.3 L mgC

−1 m−1) and has
a lower spectral slope (S275–295= 0.014–0.017 nm−1) than needle
soaks, features that have been associated with chemical
processes occurring between deposition to the biosphere and
sample collection.58,59 In <10% of the soaks, we noticed discrete
absorption features at 245 and 275 nm (Fig. 3) that are consis-
tent with a signicant abundance of one (or a few) individual
compound(s). A peak at 275 nm was also observed in the
composite raindrop sample with the highest a260/a200 and
SUVA254 values (Table S2†). We suspect these features
living ponderosa pine needles, authentic raindrops collected from the
soaks are averages of all samples collected from the specimen in the
t (details in Text S6). Absorption spectra parameters for raindrops and

Raindrops collected
from needles Suwannee river NOMe

0.58 � 0.04 0.84 � 0.04
0.17 � 0.03c 0.46 � 0.06
1.40 � 0.06a 4.2b

0.018 � 0.003d 0.014 � 0.001
8 12

thus the error is not reported. For the t-test, we assume an error of 0.5 L
different from soaks (p = 0.010). e All parameters statistically different

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Absorption spectra (normalized by their absorption at 200 nm)
highlighting differences between SRNOM (grey) and ponderosa pine
needle soaks (green). The grey trace is the average of all SRNOM
samples used as reference in 96-well platemeasurements (Fig. S3A,†N
= 12). The light green trace is the average of all 20-needle, 5 min soaks
in MilliQ water that we collected from the Arboretum specimen during
this project (N = 28; details in Text S6†); shading represents the
standard deviation. Qualitative organic matter parameters associated
with these two spectra are in Table 1. The dark green trace is one of the
two soaks (out of the 28) where the discrete absorption features were
evident. The grey vertical lines identify the two absorption ratio
parameters that we describe in the text.
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correspond to needle damage (see below). In all other cases, the
absorption spectrum showed a smooth bi-exponential decay.

Sampling variables

A central objective of this work is to identify and subsequently
optimize the sampling parameters that will yield an accurate
Table 2 Investigated sampling variables and their effect on soak needle
a variation is significant or not are outlined in the Materials and methods
correcting for day-to-day variability (see Text S7 for details)

Var

Quantity

Solvent
Solvent volume-to-leaf area ratiob TOC,

P
a200–400, cond

Rain vs. MilliQ water Nof

Sampling approach
Solvent-to-leaf contact timea TOC,

P
a200–400, cond

Sonicationac (
P

a200–400)
Filtrationb No
Freezinga No

Leaf
Healthy vs. damagedad

P
a200–400, cond, (TOC)

Living vs. deada No
On-plant vs. detacheda No
Open vs. close stomata No

a Sample replicates collected over different days. b Using samples and/or da
needles are in Table S5. d Living needles, detached. e SUVA254 may decreas
fully justied by solvent chemistry.

This journal is © The Royal Society of Chemistry 2024
mimic of natural leaf wetness in terms of bulk composition.
Taking inspiration from the literature, we compiled a list that
includes variables related to the solvent, the soaking approach,
and features of the leaf (Table 2). In general, we found only the
ratio of solvent volume-to-leaf area and the solvent-to-leaf
contact time to signicantly inuence the amount of organic
and inorganic species in needle soaks; leaf damage and treat-
ment like sonication may additionally impact needle soak's
chemistry both qualitatively and quantitatively. All other tested
variables had negligible or no effects. Below, we describe in
detail the most signicant ndings; a full report of each test is
in Text S7.†

Solvent volume-to-leaf area ratio. The solvent volume-to-leaf
area ratio impacted the mass of material extracted during the
soak. Fig. S7A–C† shows the correlation between TOC,

P
a200–

400, and conductivity as a function of needle number (i.e., leaf
area) for samples collected between June 6 and 8 in the context
of other experiments (Text S7†). Despite large error bars, this
correlation is excellent for the three parameters (R2 $ 0.994),
showing that more organic and inorganic species were released
in solution as leaf area increased. This linearity further indi-
cates that soak data can be normalized to surface area,
providing a pathway forward for comparing measurements
across studies. The type of organic material did not vary with
needle number, as evidenced by the lack of change in a215/a200,
a260/a200, and S275–285 (R2 = 0.0004–0.086; Fig. S7D and F†).
SUVA254 was the only qualitative parameter that varied signi-
cantly (Fig. S7E†) – but given the limited data, large error bars,
and the fact that all values were within the average SUVA254 for
ponderosa pine needles, differences in aromaticity were minor.

We attribute the large replicate uncertainty to varying envi-
ronmental conditions. This fact is particularly evident when
considering the three 20-needle soak replicates, two of which
chemistry (dissolved species only). The criteria used to assess whether
; variables in parenthesis were found to change substantially only after

iations in …

Reference dataQuality

Noe Fig. S7
No Table S4

(a260/a200, SUVA254) Fig. 4, S8 and S9
a260/a200, (SUVA254) Fig. S10 and Table S5
No Table S6
No Table S7

a260/a200 Table S8
S275–295 Table S9
No Table S10
No Table S11

ta collected for other tests. c Only results for living needles; data for dead
e slightly with leaf area; see main text. f The difference in conductivity is

Environ. Sci.: Processes Impacts, 2024, 26, 1008–1021 | 1013
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were collected on June 6 and one on June 8 – approximately 14
and 62 h, respectively, aer the last rain event (Text S1†).
Notably, all quantitative parameters were substantially lower for
the June 6 as compared to the June 8 replicates (i.e., −69% in
TOC, −67% in

P
a200–400, and −27% in conductivity).

Solvent-to-leaf contact time. The amount of organic and
inorganic material released during soaking rst increased and
then plateaued (or decreased slightly) as a function of time
(Fig. 4 and S8A–C†), while organicmatter quality and pH did not
change considerably (Fig. S8D, E and S9†). The non-linear role
Fig. 4 Changes in TOC (A),
P

a200–400 (C), and conductivity (E) as
a function of solvent-to-leaf contact time. Datapoints are averages of
five replicates collected on three different days (May 22, June 6, and
June 26) and error bars are standard deviations. The boxplots on the
right highlight the large day-to-day variability in all parameters (panels
(B, D and F)). Fig. S8A–C† show the same data corrected for day-to-
day variability. Qualitative organic matter parameters and pH are in
Fig. S8D–F and S9.†

1014 | Environ. Sci.: Processes Impacts, 2024, 26, 1008–1021
of soaking time in impacting concentration carries implications
for comparing data across studies.

Error bars for solvent-to-leaf contact data are large, which we
interpreted as reecting day-to-day variability rather than lack
of signicance in the experimental trends. Two observations
justify this conclusion. First, the two replicates collected on
June 6 (∼14 h aer rain) had consistently lower integrated
absorbance, conductivity, and TOC than those taken on other
sampling days (>80 h aer rain; Fig. 4B, D, and F). Second, when
normalized by the daily 5 seconds data, all error bars decreased
consistently but the trends remained the same (Fig. S8A–C†).

The existence of trends as a function of soaking time further
suggests that distinct pools of chemicals are released on
different timescales and that reactions may occur aer leach-
ing. Indeed, all 5 seconds soaks contained more material than
MilliQ blanks, indicating that chemicals are released in solu-
tion within extremely short contact times. According to UV-vis
absorption data, the loosely associated organic species
leached in rapid soaks are slightly different from those released
in prolonged dips, which appear slightly more aromatic (i.e.,
they have slightly higher daily-normalized a260/a200 and
SUVA254 values than 5 seconds soaks; Fig. S8D and E†). Once in
solution, organics may undergo rapid reaction, as suggested by
the decreasing TOC (Fig. 4A) but constant integrated absor-
bance (Fig. 4B) for soaking times >15 min. This result hints that
aliphatic species absorbing <200 nm (i.e., not visible in the
absorption spectrum) degrade aer prolonged soaks, which we
speculate is due to the phyllosphere feeding on these
compounds. This degradation process may be enhanced by
water abundance and, potentially, temperature increases
caused by hand-holding the sampling tubes. An alternative (yet
untested) hypothesis is that aliphatic compounds get prefer-
entially adsorbed onto the test tube walls during long dips.

Other sampling variables. Although the solvent volume-to-
leaf area ratio and soaking time were the two most relevant
sampling variables, leaf damage and sonication also inuenced
needle soak chemistry. To evaluate the impact of leaf damage,
healthy needles were collected, their tips were broken off, and
the bulk chemistry of the resulting soak was compared to
a control prepared with unbroken needles. Soaks from
damaged needles had signicantly higher

P
a200–400 (p <

0.0001) and lower a260/a200 (p = 0.008) than healthy ones (Table
S8†). Aer correcting for day-to-day variability, we found that
also TOC was substantially higher in damaged needles (Table
S8†), hinting that they release more, and potentially different,
organics as compared to healthy ones. All ve replicates ob-
tained with damaged needles had an absorption feature at
275 nm that was never observed in the controls – although it
was occasionally seen in soaks from the same tree (Fig. 3) and
authentic raindrops (Table S2†).

We found that sonication increased dissolved organics at the
expense of needle integrity (Text S7†). This effect was particu-
larly evident for dead needles, for which we detected a signi-
cant increase in

P
a200–400 and a215/a200 (p = 0.014 and 0.038,

respectively; Table S5†), the occasional presence of absorption
features at 245 and 275 nm, and visual evidence of needle
damage (Fig. S10†). Although less evident, changes in
This journal is © The Royal Society of Chemistry 2024
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absorption spectra were also observed in sonicated living nee-
dles (Table S5†).

Using natural rain instead of MilliQ as solvent (Table S4†),
employing living (detached) vs. dead needles (Table S9†) or on-
plant vs. detached (living) needles (Table S10†), keeping
stomata closed during sampling (Table S11†), and storing
detached needles in the freezer before preparing a soak (Table
S7†) had no or negligible effects on needle soak chemistry.
Environmental variables

While investigating the role of sampling variables, we noticed
a systematic trend in soaks collected from the same tree and
location but on different days. This observation prompted us to
analyze how environmental variables – i.e., meteorological
conditions, location, and plant-to-plant variability – impact
soak chemistry.

Meteorological conditions. Meteorological conditions
impacted the amount – and potentially type – of organic and
inorganic species in needle soaks. Daily samples from the
Arboretum ponderosa pine showed dened trends with mete-
orology for TOC,

P
a200–400, and conductivity (Fig. 5A and S11†),

while absorption spectra parameters and pH remained overall
constant (Fig. S12†). Further data processing unraveled corre-
lations with time aer the last signicant precipitation event
(i.e., >0.5 mm; Dtrain) for almost all variables, at least for Dtrain#
215 h (z9 days). This correlation was most signicant for TOC
(R2 = 0.56; Fig. 5B), while for

P
a200–400 and conductivity, we

only detected a tendency for minimum values to increase with
Dtrain (Fig. S13A and B†). The mismatch between TOC and
P

a200–400 indicates this trend to be driven by aliphatic organics
absorbing <200 nm. Additionally, most qualitative parameters
consistently decreased with Dtrain, including SUVA254 (R2 =

0.42), pH (R2 = 0.36), a215/a200 (R
2 = 0.25), and a260/a200 (R

2 =

0.24; Fig. S13C–E†). This decrease was always within the range
of typical needle soak values (Table 1), strengthening the idea
that meteorological conditions are important drivers of needle
soak chemistry. Notably, rainfall was also found to inuence the
Fig. 5 (A) Correlation betweenmeteorological conditions and chemistry
June 8 and June 27 (20 needles in 10 mL of MilliQ water for 5 min). The
irradiance (yellow). The bottom presents variation in TOC (green) and
P

a200–400 follows the same trend as conductivity (R2 = 0.90) and is sho
tree for different tests. Datapoints are individual sample replicates and e
S8.†Meteorological data was from the Fort Collins Weather Station locate
rain (>0.5 mm; Dtrain). Data representation is the same as panel A; the dash
last datapoint (shaded and marked with an asterisk) is excluded from the

This journal is © The Royal Society of Chemistry 2024
molecular composition of dew and frost samples collected from
leaf blades37 and the leaching of nutrients from tree canopies.60

Location and plant-to-plant variability. Lastly, we investi-
gated how soak chemistry varies across locations and among
individual plants. To this aim, we sampled various plants in the
CSUMountain Campus, Horsetooth Mountain Open Space, and
CSU Main Campus in Fort Collins, which lie along a remote-to-
urban gradient within z50 km radius (Fig. 6A). All samples
were collected within 24 hours between June 18 and 19, which
were dry weather days in all locations (Text S1†).

The concentration of organic and inorganic solutes
increased signicantly from pristine to urban sites (Fig. 6 and
Table S12†). This enhancement was especially marked for TOC
(Fig. 6B; p # 0.0003), which we attributed to aliphatic organics
absorbing <200 nm released only by individuals in urban areas –
as

P
a200–400, also a proxy for organics, did not show a similarly

conspicuous increase. The average SUVA254 was signicantly
lower in the unmanaged urban trees ((0.20 ± 0.17) L mgC

−1

m−1) than specimens in other locations (>0.7 L mgC
−1 m−1, p#

0.0003; Table S12†) – including the reference tree in the Arbo-
retum, which is urban but well managed ((1.0 ± 0.5) L mgC

−1

m−1, p < 0.0001; Table 1). S275–295 was low in unmanaged urban
specimens ((0.012 ± 0.004) nm−1 vs. >0.020 nm−1; Tables 1 and
S12†) although probably due to organics associated to needle
damage, not due to an increase in average molecular weight.
Indeed, 33% of the samples collected in this location showed
a clear peak at 310 nm that impeded spectral slope calculation.
While sampling at the unmanaged urban site, we also noted
aphid-like insects (and/or their eggs) and had more difficulty in
nding bundles of healthy-looking needles (i.e., without brown
tips and/or yellow spots) than in other sites, including the
nearby Arboretum. Insect infestations affect plant physiology,
emission of volatile biogenic organics,62 and organic carbon
content in tree-DOM,59,63 and it is perhaps unsurprising that
they impact leaf soak chemistry. Together, these observations
lead to the hypothesis that the unmanaged urban trees were less
healthy than those sampled at rural or managed urban sites.
of soaks collected from the ponderosa pine in the Arboretum between
top shows trends in relative humidity (RH; grey; only value >80%) and
conductivity (brown) overlaid to cumulative precipitation (light blue).
wn in Fig. S11.† Filled dots are 20-needle soaks collected on the same
rror bars are estimated from average relative errors as outlined in Text
d on campus (Text S1†).61 (B) Variation in TOC as a function of time after
ed line is a regression using all values with Dtrain < 215 h (R2= 0.56). The
analysis. Similar plots for other variables are in Fig. S13.†
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Fig. 6 Overview of sampling locations ((A); map obtained from
Google My Maps). Descriptive statistics for TOC (B),

P
a200–400 (D),

and conductivity (F) for ponderosa pine needle soaks (20 needles in
10 mL of MilliQ water for 5 min). Filled data and asterisks are outliers
and far outliers, respectively (data plotted with Igor 8). Averages for
each parameter in each location are in Table S12.† Panels (C), (E), and
(G) report average and standard deviation for TOC,

P
a200–400, and

conductivity, respectively, for individual ponderosa pines; the insert in
panel (C) is a zoomed view for trees in L1. Here, asterisks denote
individual sample replicates in trees that presented at least one sample
outlier (as identified by the descriptive statistic on the left panels). As
a comparison, the ponderosa pine in the Arboretum had [TOC] = 8.4
mgC L−1,

P
a200–400 = 21 cm−1, and conductivity = 14 mS cm−1 (data

from Fig. 5 and S11,† average for June 18 and 19, 2023).

1016 | Environ. Sci.: Processes Impacts, 2024, 26, 1008–1021
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The difference between managed and unmanaged pines
growing only tens of meters apart is particularly striking and
suggests that plant health is more relevant than background
pollution in driving needle soak properties.

Further supporting this last statement, individual trees
showed variability within each location. For example, the rst
plant sampled in the remote site is an outlier for all three
quantitative parameters (Fig. 6C), in addition to having a215/
a200 and a260/a200 substantially higher than the reference pine
and other plants at the same location (Fig. S14A†). While
sampling, we noticed that this pine was sprouting new needles,
which is known to impact leaf physiology64,65 and the leaching of
nutrients from wet leaves.60 At the Horsetooth Mountain Open
Space, we found the second plant to be an outlier for TOC and
conductivity, while in the urban site, it was the third pine that
was an outlier for conductivity (Fig. 6). Thus, both plant-to-plant
and needle-to-needle variability is present, underscoring the
importance of taking an adequate number of replicates for
high-quality data.

Discussion
Guidelines for sampling leaf surface chemicals

Given the impact of the solvent volume-to-leaf area ratio and
solvent contact time on soak chemistry, using a consistent
sampling approach is essential for creating intercomparable
datasets. We recommend following the general workow in
Fig. 2 if interested in collecting water-soluble material as the
one found in authentic leaf wetness. As collection parameters,
soaking 20 needles (z50 cm2) in 10 mL of solvent for 5 min in
a falcon tube was an ideal combination for our selection of plant
species, analytical methods, and experimental needs. This
recipe may need adjustments to meet different research goals. If
interested inmore concentrated soaks, one can increase the leaf
area while keeping the solvent volume constant or perform
“sequential soaking” – i.e., soak several groups of 20 needles
into the same tube. The soaking time can be varied to access
different pools of chemicals – though organics may undergo
reactions aer 15–20 min of soaking (under our sampling
conditions; Fig. 4). Furthermore, while falcon tubes may be
appropriate for other plants with long leaves (e.g., some Euca-
lyptus or grass species), other morphologies may require
a different container that optimizes the solvent volume-to-leaf
area ratio. The sampling vessel should be tested for suit-
ability, contamination, and wall loss beforehand. In general,
solvent volume-to-leaf area ratio and soaking time are two
parameters that must be specied to assure replicability.

In addition to sampling variables, environmental conditions
affect soak chemistry. We recommend collecting $5 sample
replicates to condently parse apart minor differences in
chemical properties – fewer replicates are generally insufficient
due to high prevalence of outliers. One should be mindful of
meteorological conditions, especially occurrence of rain and/or
other factors that may induce natural formation of leaf wetness,
and season.59 Soak chemistry changes among plants growing
nearby (Fig. 6) – thus, depending on the specic research
question, one may want to collect replicates from the same
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00065j


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

5/
02

/2
02

6 
16

:2
7:

13
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
plant or from different individuals, within one day or across
several days, within a short time span or throughout the year.

Specic variants of the protocol in Fig. 2 will yield soaks with
the same bulk chemistry as described in this work. Notably,
samples prepared in the lab with detached needles (right aer
collection or aer storage for up to 2 days at −20 °C) were
undistinguishable from those obtained with living needles in
the eld (Tables S7 and S10†). Thus, if plant damage is not an
issue, one can collect leaves and manipulate them in the lab,
where soaking conditions (e.g., solvent temperature) are more
reproducible and leaf area can be more accurately assessed.

While we are condent of our ndings, our work has two
important caveats. First, our conclusions are based on bulk
analyses and may not be directly translatable to individual
species. For example, as some ions are more efficiently released
than others from wet leaves (e.g., Mn2+ vs. Na+),66,67 the use of
rain as soaking solvent (instead of MilliQ water) may be advis-
able in specic cases.60 Thus, research questions that focus on
selected organic or inorganic species may require adjustments
to the general protocol. Second, our conclusions are based on
samples collected from a single plant species. While the overall
behavior of ponderosa pine needle soaks ts well with the
literature (see below), specic details (e.g., soaking time and
sampling container) may require prior testing and/or adjust-
ments when investigating different species.
Insights into the origin and reactivity of chemicals in leaf
wetness

Although not our primary research objective, the experiments
described in this work provided valuable insights into the
nature and reactivity of leaf-surface chemicals. Below, we
summarize our main results and provide directions for future
studies.

A substantial amount of chemicals is available for leaf
surface reactions. We unambiguously showed that dissolved
species are released from leaves in contact with water. For
organics, we estimated this amount to be 0.6–28 mg cm−2, with
peaks as high as 57 mg cm−2 (Text S6†) – numbers within liter-
ature ranges for total and non-particulate organics on leaf
surfaces (2–200 and 1–90 mg cm−2, respectively).25 Particles >2.5
mm are posited to dominate the mass of non-soluble organics
on leaves;25 consistently, we observed insoluble deposits in our
sampling tubes but failed to detect suspended particles bigger
than 0.2 mm (Table S6†). Although unquantied, these “large”
particles are likely to bring sizeable contributions to the total
leaf surface mass of organics, potentially making the 2–200 mg
cm−2 range an underestimate.

Dissolved chemicals in needle soaks are primarily endoge-
nous. Several pieces of evidence indicate that dissolved chem-
icals in ponderosa pine needle soaks come from phyllosphere
biolms, cuticular water pores, or both – thus, as recently
hypothesized,25 they are primarily endogenous (mature conifers
do not have glandular trichomes68 and we expect guttation to be
negligible under our sampling conditions;69 these contributions
are thus neglected in the discussion below). First, the amount of
soluble organics in needle soaks matches well with estimated
This journal is © The Royal Society of Chemistry 2024
inputs from extracellular polymeric substances (EPS; 1–90 mg
cm−2),25 major non-particle components of phyllosphere bio-
lms.70,71 Second, our trends in quantitative chemistry param-
eters as a function of soaking time (Fig. 4) agrees surprising well
with the kinetics of water absorption from isolated cuticles,72,73

the rst step to create cuticular water channels.35,74 Due to the
polymeric structure, leaching of individual chemicals from EPS
may also require a lag time, e.g., to allow monomers to hydro-
lyze or small molecules to diffuse out of the polymer. Third,
absorption spectra parameters reliably indicate needle soaks to
contain “microbial-like” organics of low average molecular
weight (Table 1). The presence of “microbial-like” features
strength the phyllosphere hypothesis, while low average
molecular weight is a requisite for material leached through
water pores35,36 – hinting again that both routes may bring
soluble chemicals into leaf wetness. We note that a rare study
on leaf surface organics found mass spectrometry evidence of
sugars in dew and frost collected from grass and bush;37 like-
wise, sugars are oen listed as the metabolites having the
potential to leach through water pores due to their small
molecular size.36,75 The primarily endogenous origin and the
signicant content of sugars and carbohydrates also agree with
the current understanding of tree-DOM chemistry.58–60

A series of additional observations disprove alternative
delivery routes and sources. The lack of variation in soak
chemistry as a function of stomatal conductance (Table S11†) is
a clear sign that endogenous chemicals are not released
through open stomata. Likewise, the general decrease in
quantitative soak parameters following rain (Fig. 5) reinforces
the idea that hydrometeors act as cleansing agents rather than
contributing surface matter.25 The mass of water-soluble
chemicals delivered through dry deposition appears minimal
compared to endogenous sources, as indicated by the signi-
cant plant-to-plant variability among trees growing within
meters of each other's and thus exposed to the same exogenous
sources (Fig. 6). Although abundant evidence points to a preva-
lence of endogenous chemicals, dedicated studies relying on
speciated chemical analyses are needed to corroborate this
view.

Dissolved chemicals in leaf wetness may undergo “rapid”
chemistry. Last, we collected a few pieces of evidence support-
ing the occurrence of “rapid” (i.e., within tens of mins to hours)
reactions of soluble organics following their release in water,
due to biotic and/or abiotic processes. First, we noticed
a depletion of aliphatic compounds for soaking times >15 min
(Fig. 4), which we tentatively attributed to consumption by
phyllosphere microorganisms. Although we may have arti-
cially sped up this process by handholding (thus, warming) the
sampling tubes, the ubiquitous presence of phyllosphere
microbes1 makes biotic reactions highly probable, especially
when water is abundant. Second, we detected minor but
consistent differences in organics' quality between soaks and
authentic raindrops (Tables 1, S2 and Text S2†). This observa-
tion led to the hypothesis that raindrops are more processed
than soaks (but less than tree-DOM), possibly due to exposure to
atmospheric oxidants and/or microbial processing between on-
canopy deposition and collection (generally, 3–5 hours; Table
Environ. Sci.: Processes Impacts, 2024, 26, 1008–1021 | 1017
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S2†). Remarkably, partial processing of organics has also been
hypothesized in the tree-DOM literature – though based on
a different set of observations.59,76 This difference becomes
particularly evident in drops collected aer ambient humidity
drops below 80%. One can expect these conditions to favor
concentration processes and/or condensation reactions,25

which is what we observed experimentally (Text S2†). While only
preliminary, this data underscores the potential role of tran-
sient meteorological conditions as drivers of leaf surface
chemistry.25

Conclusions

The surging interest in elucidating multiphase chemistry on
plant leaves makes it essential to establish robust sampling
methodologies for collecting material from these surfaces.
Here, we developed a exible sampling protocol that mimics
natural wetness while minimizing the drawbacks of collecting
authentic samples – i.e., reliance on meteorological conditions,
prior knowledge of wetness chemistry, limited sample volume,
and uncontrolled chemical processing between deposition and
collection. Our experiments highlighted a few variables that
signicantly impact leaf soaks' chemistry and must be
controlled while sampling: (1) the ratio of solvent volume-to-leaf
area, (2) the solvent-to-leaf contact time, and (3) environmental
conditions. Several other methodological details were found to
be secondary or irrelevant in impacting bulk chemistry prop-
erties, which can be exploited to develop variants of the protocol
and compare data across studies.

The data presented in this work also provide new insights
into leaf surface processes. We conrmed that a substantial
quantity of water-soluble material is available for multiphase
reactions on wet leaves (for organics, 0.6–57 mg cm−2) and that
this amount is highly heterogeneous, both spatially and
temporally. Characterizing this heterogeneity across multiple
plant species, seasons, and locations is a clear research need.
Relying on several lines of evidence, we further hint that organic
compounds in ponderosa pine needle soaks and authentic
raindrops from the same plant originate from phyllosphere
biolms, the leaf interior (through cuticular water pores), or
both – thus, they are primarily endogenous. While still
requiring empirical conrmation, this hypothesis may, in part,
explain why some atmospheric trace gases display surface
reactivity only in the presence of leaf wetness.7,12,13 Last, we
presented preliminary data supporting the occurrence of
“rapid” biotic and/or abiotic processing of organic chemicals
aer they are released into leaf wetness. These reactions appear
to be triggered by changing meteorological conditions (e.g.,
rapid changes in humidity or temperature) and may represent
hot moments for biogeochemical processing at the plant-soil-
water continuum.77

Author contributions

R. O. and M. R. conceived the project with contributions from
all authors. R. O., C. O., R. K. R., and M. R. collected samples
and performed UV-vis, conductivity, and pH measurements. R.
1018 | Environ. Sci.: Processes Impacts, 2024, 26, 1008–1021
O. developed the method for plate reader measurements,
carried out TOC and nitrogen analyses, performed most data
analysis, and wrote the rst dra, which was read and com-
mented by all authors. R. O., M. R., and D. F. acquired funding.

Conflicts of interest

The authors declare no conicts of interest.

Acknowledgements

This project was supported by the Swiss National Science
Foundation (R. O.; grant number P500PN_206690), the National
Science Foundation (M. R.; grant number AGS-2306215), the
CSU EcoCore Facility (grant number 1609900), and the NOAA
Climate Program Office's Atmospheric Chemistry, Carbon
Cycle, and Climate program (D. F. K., R. R., C. O.; grant number
NA21OAR4310133). The authors thank Guy Beresford (EcoCore)
for support on TOC/TN and inorganic nitrogen measurements
and acknowledge James Henriksen for access to the Tecan
Spark microplate reader and Tecan NanoQuant plate, as well as
support during method development. We additionally thank
Rae Pooley, Audrey Lawrence, and Emily Barnes Franklin for
their help with sampling.

References

1 J. A. Vorholt, Microbial life in the phyllosphere, Nat. Rev.
Microbiol., 2012, 10, 828–840.

2 J. W. Erisman and D. Baldocchi, Modelling dry deposition of
SO2, Tellus B, 1994, 46, 159–171.

3 C. R. Flechard, R.-S. Massad, B. Loubet, E. Personne,
D. Simpson, J. O. Bash, E. J. Cooter, E. Nemitz and
M. A. Sutton, Advances in understanding, models and
parameterizations of biosphere-atmosphere ammonia
exchange, Biogeosciences, 2013, 10, 5183–5225.

4 R.-S. Massad, E. Nemitz and M. A. Sutton, Review and
parameterisation of bi-directional ammonia exchange
between vegetation and the atmosphere, Atmos. Chem.
Phys., 2010, 10, 10359–10386.

5 M. A. Sutton, J. K. Burkhardt, D. Guerin, E. Nemitz and
D. Fowler, Development of resistance models to describe
measurements of bi-directional ammonia surface–
atmosphere exchange, Atmos. Environ., 1998, 32, 473–480.

6 J. N. Cape, in Nitrogen Deposition, Critical Loads and
Biodiversity, ed. M. A. Sutton, K. E. Mason, L. J. Sheppard,
H. Sverdrup, R. Haeuber and W. K. Hicks, Springer
Netherlands, Dordrecht, 2014, pp. 139–146.

7 O. E. Clion, A. M. Fiore, W. J. Massman, C. B. Baublitz,
M. Coyle, L. Emberson, S. Fares, D. K. Farmer, P. Gentine,
G. Gerosa, A. B. Guenther, D. Helmig, D. L. Lombardozzi,
J. W. Munger, E. G. Patton, S. E. Pusede, D. B. Schwede,
S. J. Silva, M. Sörgel, A. L. Steiner and A. P. K. Tai, Dry
deposition of ozone over land: processes, measurement,
and modeling, Rev. Geophys., 2020, 58, e2019RG000670.

8 W. Jud, L. Fischer, E. Canaval, G. Wohlfahrt, A. Tissier and
A. Hansel, Plant surface reactions: an opportunistic ozone
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00065j


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

5/
02

/2
02

6 
16

:2
7:

13
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
defence mechanism impacting atmospheric chemistry,
Atmos. Chem. Phys., 2016, 16, 277–292.

9 S. Li, T. Tosens, P. C. Harley, Y. Jiang, A. Kanagendran,
M. Grosberg, K. Jaamets and Ü. Niinemets, Glandular
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66 A. G. Ponette-González, J. T. Van Stan II and D. Magyar, in
Precipitation Partitioning by Vegetation: A Global Synthesis,
This journal is © The Royal Society of Chemistry 2024

https://www.graphpad.com/quickcalcs/ttest1/?format=SD
https://www.graphpad.com/quickcalcs/ttest1/?format=SD
https://climate.colostate.edu/%7Eautowx/fclwx_about.php
https://climate.colostate.edu/%7Eautowx/fclwx_about.php
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00065j


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

5/
02

/2
02

6 
16

:2
7:

13
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ed. I. Van Stan, John T., E. Gutmann and J. Friesen, Springer
International Publishing, Cham, 2020, pp. 71–88.

67 J. Burkhardt and P. Drechsel, The synergism between SO2

oxidation and manganese leaching on spruce needles — A
chamber experiment, Environ. Pollut., 1997, 95, 1–11.

68 J. M. Celedon, J. G. A. Whitehill, L. L. Madilao and
J. Bohlmann, Gymnosperm glandular trichomes: expanded
dimensions of the conifer terpenoid defense system, Sci.
Rep., 2020, 10, 12464.

69 A. Cerutti, A. Jauneau, P. Laufs, N. Leonhardt, M. H. Schattat,
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