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Summary

e Atmospheric mineral dust is a critical nutrient supplier to marine ecosystems, but its role in
terrestrial plant nutrition remains underexplored due to the assumption that nutrients are
acquired solely from soils via roots.

e Here, we demonstrate that plants directly acquire nutrients from dust through leaves,
revealing an unrecognized terrestrial uptake pathway. In a Mediterranean field study simulat-
ing dust events, dust application markedly increased plant macro and micronutrient concen-
trations, facilitated by the mildly acidic, organic-acid-rich leaf microenvironment that
enhances dust dissolution and nutrient release.

¢ By integrating field observations with dust deposition estimates and soil nutrient data from
different regions, we find that annual dust-derived inputs through leaves can account for up
to 17% of soil-derived iron fluxes in the Western United States and up to 12% of phosphorus
fluxes in the Eastern Amazon. During Mediterranean dust events, daily nutrient inputs can
match or exceed soil-derived fluxes.

e Our findings suggest the major plant nutrition role of foliar dust uptake in nutrient-poor
and dust-affected ecosystems. Such a foliar absorption pathway may become increasingly
important as dust emissions and transport shift under future climate change and should be

accounted for in vegetation, nutrients, and carbon-cycle models.

Introduction

Every year, billions of tons of mineral dust particles are lifted by
winds from arid, unvegetated areas and transported across the
globe (Kok ez al., 2021, 2023), where they impact atmospheric
processes and global climate (Kok er al, 2017; Adebiyi &
Kok, 2020; Barr ez al., 2023; Villanueva et 2., 2025) and redistri-
bute life-sustaining elements thousands of kilometers from their
source (Chadwick er al, 1999; Pett-Ridge, 2009; Brahney
et al., 2024; Molina Catricheo et al, 2024). After deposition,
dust particles can fertilize marine and terrestrial ecosystems by
supplying macronutrients such as phosphorus (P), potassium
(K), and magnesium (Mg), along with micronutrients like iron
(Fe), manganese (Mn), copper (Cu) and nickel (Ni) (Chadwick
et al., 1999; Pete-Ridge, 2009; Gross e al, 2016; Mahowald
et al., 2018; Lu et al., 2024). Most research on dust fertilization
has focused on marine ecosystems, where episodic dust events
deliver pulses of P and micronutrients that are otherwise scarce in
seawater, triggering immediate impacts on biological productivity
(Jickells ez al, 2005; Westberry er al, 2023; Matzenbacher
et al., 2024; Weis ez al., 2024). Experimental dust additions have
shown rapid nutritional responses in marine life, altering nutrient
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status, growth rates, and physiology of phytoplankton and coral
communities (Rubin et 4/, 2011; Guieu et al., 2014; Blanckaert
et al., 2022). On land, soil is classically viewed as the sole nutrient
source to plants, and dust deposition impacts are considered rele-
vant only over the millennial time scale, influencing long-term
soil development and physicochemical properties while slowly
replenishing soil nutrient stocks (Chadwick er al, 1999; Pett-
Ridge, 2009; Arvin ez al, 2017; Palchan ez al., 2018; Brahney
et al., 2024). The direct nutritional role of dust pulses to terres-
trial vegetation is challenging to detect, especially against the
large background of soil nutrients and the difficulty of distin-
guishing fresh dust inputs from existing soil pools. However, a
substantial fraction of deposited dust does not immediately reach
the soil, but is intercepted by plant foliage due to its large surface
area and complex leaf architecture, which amplifies the intercep-
tion of atmospheric particles over the ecosystem by several orders
of magnitude (Blanusa ez 2/, 2015; Uni & Katra, 2017; Bauters
et al., 2021). Although some dust may ultimately be washed from
the leaf surface to the soil, its prolonged and direct contact with
foliage concentrates deposition onto plant tissues, bypassing
soil-mediated immobilization and reducing interspecific compe-
tition. Additionally, leaf surfaces create a distinct chemical
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environment (slightly acidic, with organic acids) that enhances
the dissolution of nutrients that are otherwise poorly soluble in
soils (Fernandez & Eichert, 2009; Gross et al., 2021; Golan
et al., 2025). Consequently, the actual availability of dust-borne
nutrients to plants may be greater than previously assumed, parti-
cularly if considering direct foliar uptake. While foliar uptake is
widely recognized as an effective nutrient feeding strategy in
crops (Bukovac & Wittwer, 1957), the link between the foliar
pathway and ecology is overlooked, and no field study has
demonstrated its significance in natural ecosystems or quantified
its contribution globally. Our work fills this gap, overturning the
soil-centric paradigm of terrestrial plant nutrition. In previous
studies, we identified and quantified foliar uptake of dust-borne
nutrients by various tree species and crop plants in controlled
conditions (Gross et al, 2021; Starr et al, 2023; Lokshin
et al., 2024a, 2025).

To investigate the contribution of mineral dust to plants’
nutrition and the role of the foliar uptake, we conducted an in
situ dust application experiment in a natural Mediterranean
shrubland (Alon & Sternberg, 2019). The site receives high
annual mineral dust deposition from the Arabian and Sahara
deserts (c. 100 gm72 yrfl) (Ganor et al., 2010; Kok ez al., 2021)
and lies on alkaline and well-aerated soil that restricts nutrient
bioavailability due to low solubility under high pH and redox
conditions (Supporting Information Tables S1, S2). On an
annual basis, dust-derived nutrient inputs are often obscured by
dominant soil nutrient fluxes, but because dust deposition is epi-
sodic and confined to a limited number of intense events per year
(typically 15-30 d; Ganor ez 4l., 2010), the flux of bioavailable
nutrients during dust days can potentially match other sources
(Gross et al., 2016). We experimentally simulated dust events
during the regional dust season by applying three discrete dust
pulses onto the foliage of Cistus creticus, Salvia fruticosa, and Teu-
crium capitatum, three widespread plant species at the study site
(Alon & Sternberg, 2019). Dust was applied as dry deposition,
the dominant mode in the Eastern Mediterranean. To trace the
nutritional contribution of dust to plants and distinguish
between dust-derived and soil-derived nutrient uptake, we used
volcanic mineral dust with a unique Rare Earth Element signa-
ture (REEs), distinct from local soils (Lokshin ez 4/, 2025).

Materials and Methods

Study site

The experiment was conducted at the Matta Long-Term Ecologi-
cal Research (LTER) station in the Judean Hills, Israel (Fig. 1;
31°42'N, 35°03’E; 620 m asl; Alon & Sternberg, 2019). The site
experiences a Mediterranean climate with warm, dry summers
and mild, wet winters, receiving an average annual precipitation
of 540 mm (Adar & Sternberg, 2026). The mean annual tem-
perature is 17.7°C. The soil is classified as terra rossa, formed on
hard limestone and chalk, with 5.2% organic carbon, 0.43% total
nitrogen, and 6.8 mg kg_1 available P (Olsen P), and an average
pH of 7.85 (Table S1). The site receives ¢. 100gm ™ >yr ' of
atmospheric dust deposition, mostly as dry deposition, primarily
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sourced from the Sahara and Arabian deserts via synoptic-scale
transport events (Ganor & Foner, 2001; Ganor e al., 2010; Kok
et al., 2021). To assess the relatively mobile nutrient reservoirs in
the soils, surface soils were digested with 1 M HNOj. These ana-
lyses revealed relatively high concentrations of P and of micronu-
trients such as Fe, Mn, Ni, and Cu
diethylenetriaminepentaacetic acid (DTPA) and Olsen extrac-

However,

tions, which are considered a representation of the readily bioa-
vailable fractions of micronutrients and P, respectively (Lindsay
& Norvell, 1978), indicate that their availability to plants is lim-
ited (Tables S1, S2). This is consistent with global-scale patterns
of low micronutrient availability in Mediterranean alkaline soils
(Moreno-Jiménez et al., 2019; Ochoa-Hueso ez al, 2023). For
the chemical and elemental data of soils and dust used in this

study, see Tables S4 and S5.

Plant species selection

The local vegetation in the study site is a species-rich Mediterra-
nean dwarf-shrubland dominated by Sarcopoterium spinosum (L.)
Spach and Cistus creticus L., interspersed with seasonal herbac-
eous species that flourish during the rainy season. Over 250 plant
species were identified within the experimental plots, with her-
baceous annuals covering up to 90% of open areas at peak bio-
mass (March to April) and contributing to ¢. 50% of the annual
net primary productivity (Tielbdrger er al., 2014; Alon & Stern-
berg, 2019). Mediterranean shrub species are generally reported
to be hypostomatous, with stomata predominantly located on the
abaxial leaf surface, a common trait associated with adaptation to
seasonal drought (Galmés ez 4/, 2006). Within this community,
three widespread Mediterranean perennial shrubs, Cistus creticus
L., Salvia fruticosa Mill., and Teucrium capitatum L., were
selected for the study. These species are well represented at the
site and are known for their distinctive leaf surface traits, such as
dense pubescence, which enhances dust particle adherence and
may promote nutrient solubilization through the secretion of
organic acids (Mo ez al, 2015; Gross et al., 2021; Lokshin
et al., 2025).

Dust type

Dust of volcanic origin was used in this study as a natural dust
analog to enable controlled and reproducible application under
field conditions. Also, the volcanic dust REE pattern is composi-
tionally distinct from dust sources with sedimentary or granitic
origin, and from the pattern of soils in the study site, which exhi-
bit a characteristic signature shaped by the long-term accumula-
tion of Saharan dust at the site (Moreno et al, 2006; Palchan
et al., 2018). Although volcanic dust can differ in mineralogy and
elemental ratios from sedimentary-derived dust, our previous
work demonstrated that both volcanic and non-volcanic dust
produce comparable effects on plant nutrient uptake and biomass
accumulation when applied to leaves under controlled conditions
(Lokshin ez al., 2024a, 2025). Moreover, the macro- and micro-
nutrient concentrations of the dust analog fall within the range
reported for Saharan and Arabian desert dusts (Gross ez al., 2015;
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Fig. 1 Study site and experimental setup. (a) Regional map of the Eastern Mediterranean. (b) Location of the field site in the Judean foothills, Israel. (c)
Natural plot with protective enclosures around selected plants. (d) Overhead view of Salvia fruticosa inside a dust-exposure structure.

Zhang et al., 2015), as shown in Table S4. Natural dust events
are variable in composition, difficult to replicate, and often insuf-
ficient in quantity for large-scale field application experiments.
The use of a naturally occurring dust analog provided a consis-
tent, uncontaminated source free from atmospheric processing
and industrial pollutants encountered during long-range trans-
port. To produce the dust analog, we followed common proce-
dures described previously (Stockdale er al, 2016; Gross
et al., 2021; Starr et al., 2023; Lokshin et /., 2025). The dust
was generated from surface soils collected near the upper cable
car station of Mount Etna, Italy (37°42'N, 14°60’E), and pro-
cessed through a setup of sieves to achieve a particle size smaller
than 63 pm (size subjected to wind erosion). The mineralogical
composition of the dust was determined using X-ray powder dif-
fraction with a Panalytical Empyrean diffractometer and analyzed
via MATCH! software with the PDF-2 library. Elemental com-
position was analyzed by X-ray fluorescence using a Panalytical
Axios spectrometer equipped with a rhodium anode X-ray tube
and multiple analyzing crystals. Elemental concentrations were
determined by an ICP-MS Agilent 8900cx at the Hebrew Uni-
versity of Jerusalem following a concentrated acid extraction pro-
cedure (Lokshin ez al., 2024a, 2025).

Experimental design

The experiment was conducted over 3 months, from February 3
to April 25, 2025, coinciding with the main dust season in the
region, with March typically experiencing the highest dust
deposition (Ganor & Foner, 2001; Ganor ez al., 2010). Each of
the three selected plant species (C. creticus, S. fruticosa, and T.
capitatum) was represented by 12 individual plants (z= 36), with
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six receiving dust applications directly on their foliage (‘foliar
dust application treatment’) and six serving as untreated controls.
To assess the potential for root-mediated uptake, an additional
12 individuals of C. creticus were included, with six receiving dust
applications directly to the soil surface near their roots (‘root
application treatment’), and six serving as controls, yielding a
total of 48 experimental plants.

On the first day of the experiment, before the first dust appli-
cation, protective structures were installed around all plants,
including both dust-treated and control groups, to ensure identi-
cal exposure to microenvironmental conditions and to minimize
disturbances from wind, rain, and wildlife. Each enclosure was a
40 cm diameter, 80 cm high cylinder of flexible skeletal fencing
wrapped in transparent agricultural film, permeable to sunlight
and left open at the lower 20 cm to allow air circulation (Fig. 1).
The design allowed for good light penetration and airflow, and
no differences in plant appearance or condition were observed
between control and dust-treated plants that could be attributed
to the enclosures. Since most of the dust deposition occurs in a
limited number of dust storm days from the Sahara (Ganor
et al., 2010), dust was applied in three pulses, on February 5,
March 1, and March 30, timed to coincide with peak regional
dust storm activity and designed to mimic natural seasonal
deposition (Ganor & Foner, 2001; Gross et al., 2021; Lokshin
et al., 2025). Application rates were based on documented regio-
nal dust deposition and standardized to 30 gm™> per pulse,
which represents the monthly deposition in March (Ganor &
Foner, 2001; Dayan ez al., 2008). Based on plant-specific leaf
area estimates for each species, which were determined in parallel
trials, the corresponding total application in the foliar dust appli-
cation treatment was adjusted for the specific canopy area of each
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plant (Gross e al., 2021; Lokshin ez al., 2025). Larger individuals
received 2-3 g of dust per pulse, while smaller individuals
received c. 2 g per pulse, resulting in a total application per plant
of 6-9 g (Table S5). Over the course of the experiment, a small
portion of the material applied to the leaves naturally fell from
the leaf surfaces to the underlying soil due to environmental fac-
tors such as gravity and wind. The root application treatment
group of C. creticus received a single pulse of 6 g dust application,
concurrent with the foliar application treatment. To track the
effects of dust on plant development and growth, four branches
were tagged on each plant before the first dust application,
enabling repeated growth measurements throughout the experi-
ment (Holzapfel ez al., 2006).

Soil analyses, plant growth, and elemental analysis

After 3 months of dust exposure, the experiment was terminated.
Before the plants were harvested, growth and biomass parameters
were recorded for all individuals. These included average branch
length, number of leaves per tagged branch, and the relative bio-
mass of the tagged branches, adjusted for each plant’s size
(Figs S3, S4). Afterward, the plants were harvested, separated into
roots and shoots, and taken to the lab for further analysis. The
tagged branches used for growth measurements were returned to
their original plants before harvesting. The plants were thor-
oughly washed with 0.1 M HCI, followed by three rinses with
deionized water to remove externally adhered particles to mini-
mize contamination (Gross et al., 2021; Lokshin et al., 2024b,
2025). Shoots and roots were dried at 60°C, weighed for biomass
determination, and ground into fine powder. Samples were then
ashed at 550°C for 4 h and digested in 1 M HNOj. Roots and
shoots’ elemental composition was determined using an ICP-MS
Agilent 8900cx at the Hebrew University of Jerusalem.

Soil samples were collected from beneath each of the studied
plants to assess nutrient availability, pH, and elemental composi-
tion in order to monitor the impact of dust deposition on soil
geochemistry (Fig. S5). Acid-extractable nutrient pools were
determined by extracting 0.5 g of soil with 20 ml of 1 M HNO;
for 1 h at room temperature, followed by shaking, centrifugation,
and ICP-MS analysis (Lokshin e @/, 2025). This acid extraction
targets acid-labile nutrients from primary minerals (e.g. apatite)
and Fe/Mn oxides, representing a reservoir that can become avail-
able over longer timescales, as shown by (Nezat ez a/., 2007).

To rule out contamination from residual dust particles on leaf
surfaces, we modeled a worst-case scenario assuming 10% of the
applied dust remained adhered to the shoots of C. creticus, S. fru-
ticosa, and T. capitatum. Based on measured elemental concentra-
tions in both dust and plant digests, we calculated the predicted
nutrient content if passive contamination (without uptake) had
occurred. Actual leaf retention was not measured in our study,
and the 10% value is an assumed estimate; field-derived retention
data from Uni & Katra (2017) who measured dust deposition on
foliage during natural dust events, reported values ranging
between 8.1 and 9.2 gm™ %, which, depending on dust loading
and leaf area, broadly supports our assumption. Controlled
laboratory studies by Gross e al. (2021) and Golan ez /. (2025)
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further examined leaf retention under experimental conditions,
providing complementary evidence for the plausibility of our
estimate. For instance, in C. creticus, 0.7 g of residual dust on a
23 g shoot equates to ¢. 3% of the sample mass. Predicted con-
centrations for Fe, Mn, Cu, and Ni were compared to measured
values in dust-treated plants. Observed concentrations substan-
tially exceeded predictions and deviated from expected dust-plant
mixing lines (Fig. S6a), supporting active uptake.

REE analysis further supported this interpretation (Fig. S6b).
Most REEs, including La, Ce, Nd, Sm, and Gd, were enriched
beyond contamination-based expectations. This pattern suggests
selective uptake and fractionation during foliar assimilation.
Together, these results confirm that nutrient enrichment reflects
biologically mediated foliar uptake rather than passive surface
contamination.

Rare earth element (REE) tracing

The REE:s are a group of trace metals comprising the lanthanide
series (atomic numbers 57-71) that exhibit similar, though not
identical, chemical properties. These characteristics make REEs
widely used as tracers in geosciences, environmental, and biologi-
cal studies (Elderfield et al, 1988; Liang et al, 2008), and for
mineral dust source tracing specifically (Laveuf & Cornu, 2009;
Palchan ez 4l., 2018; Guinoiseau ez al., 2022). Particularly, the
unique heavy-to-light REE ratios of volcanic dust can be used to
differentiate between soil and dust-derived inputs in plants
(Censi et al., 2017; Yusupov et al., 2020) and provide a tool for
tracing dust-borne nutrient fluxes. REE concentrations were
measured in all 48 plant samples using inductively coupled
plasma mass spectrometry (ICP-MS) following closed-vessel acid
digestion with concentrated HNO3 and HCI. Elemental concen-
(Barrat
et al., 2012), enabling comparison of REE distribution patterns

trations were normalized to Cl-chondrite values
across samples and detection of source-specific signatures. The
raw (non-normalized) REE provided
(Tables S4, S6). La: Lu ratios were calculated to assess light-to-
heavy REE fractionation, a sensitive indicator of differences

concentrations are

between dust and soil sources. The REE composition of the local
Terra Rossa soil was based on published values (Palchan
et al., 2018). In this system, volcanic dust and local soils exhibit
distinct REE patterns and light REE-enriched (LREE)/HREE
distributions, supporting their use as geochemical tracers of nutri-
ent origin (Lokshin ez al., 2024a).

Leaf surface pH and organic acids

Leaf surface pH was measured using a portable flat-surface pH
electrode (HI-1413; HANNA Instruments, Woonsocket, RI,
USA) on five leaves per plant across treatments (Golan
et al., 2025; Lokshin ez al.,, 2025). For organic acid analysis, c.
10 g of fresh leaves was manually shaken with 10 ml of deionized
water and 10 ml of methanol for 10 min to extract surface meta-
bolites (Gross ez al., 2021; Golan ez al., 2025). Extracts were fil-
tered and spiked with 50 pl of ribitol (0.2 mgml™"), used as an

internal standard due to its absence in plant tissues. Extracts were
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then stored at —80°C until analysis. Before analysis, samples were
vacuum-dried overnight to eliminate residual solvents that could
interfere with derivatization. Dried residues were resuspended in
40 pl of methoxamine hydrochloride (20 mgml™" in pyridine)
and incubated at 37°C for 90 min to stabilize carbonyl groups.
Then, 70 pl of MSTFA (N-methyl-N-(trimethylsilyl) trifluoroa-
cetamide) was added and incubated at 37°C for 30 min to silylate
hydroxyl, carboxyl, and amine groups, rendering them volatile
and suitable for gas chromatography. One microliter of deriva-
tized extract was injected in splitless mode into a GC-MS system
(Agilent 7890A GC coupled to a 5975C mass selective detector),
using helium as carrier gas (0.6 ml min~") and an HP-5M$S capil-
lary column (30 m X 0.25 mm X 0.25 pm). Mass spectra were
recorded at m/z 50-550 and analyzed using MassHunter soft-
ware. Metabolites were identified using certified plant standards
(Sigma-Aldrich) and the NIST 14 MS spectral library. A
six-point 2-fold serial dilution calibration curve of ribitol (start-
ing at 0.05 mg ml™!) was used to validate quantification. Organic
acid abundances were normalized to ribitol and expressed as rela-
tive peak area or pg per gram fresh leaf weight. The analysis
focused on acids known to enhance macro- and micronutrient
solubility, including malic and citric acids (Yoshida ez al., 1997;
Tiwari et al., 2022). This two-step derivatization method (meth-
oximation followed by sialylation) is widely used for the compre-
hensive profiling of plant-derived polar metabolites (Gross
et al., 2021).

Leaf surface and rhizosphere microenvironment simulation
experiments

An artificial solution was prepared to simulate the leaf surfaces
and the rhizosphere microenvironments. The solution was made
from a potassium phosphate buffer adjusted to pH 6, the average
pH of the leaf surfaces of the three plant species in our study
(Fig. 4a) and chosen to approximate the localized acidification
that can occur in rhizosphere zones even within alkaline soils
(Lindsay & Norvell, 1978; Jones, 1998). The buffer solution
contained oxalic, malic, and citric acids, which are present in the
leaf surfaces of the studied plants (0.005 M each, 1:1:1 ratio)
(Yoshida et al., 1997; Tiwari et al., 2022) and in a typical rhizo-
sphere (Jones, 1998). For the leaf surface simulation, two repli-
cate samples of 0.5g of dust were placed onto an artificial
polyethylene leaf-like surface (0.1 m by 0.1 m). Then, 2 ml of the
artificial solution was uniformly sprinkled on the dust to achieve
a solid-to-liquid ratio of 1:4, which resembles natural leaf sur-
face exudation volume. To simulate evaporation from the leaf
surface, the samples were incubated at 25°C to continuously eva-
porate the solution until completely dry (c. 3 d). The application
and evaporation cycle were repeated twice. After 1 wk, the dust
was rinsed from the artificial surface with 10 ml of double-
distilled water (DDW), centrifuged, and the supernatant ana-
lyzed using ICP-MS. The exact same experimental setup was per-
formed with DDW instead of the leaf solution, as a control. The
rthizosphere microenvironment simulation experiments represent
dust dissolution in soil, where the ratio of exudation volume to
dust mass is much lower than on the leaf surface. Two replicate
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samples of 5 g of soil collected from the study site were placed in
50 ml tubes and amended with 0.5 g of dust. The dust-to-soil
ratio (10%) represents an extreme case of dust deposition at the
site (¢. 0.01-0.1% of soil mass), chosen to maximize the potential
dissolution signal under experimental conditions. While higher
than natural loading, this ratio allows for a clear comparison with
the leaf surface scenario, and the qualitative contrast between leaf
and root uptake pathways is expected to hold at lower, more typi-
cal dust deposition rates. Then, the soil-dust mixture was injected
with 4 ml of artificial solution, matching that used for the leaf
surface simulation, using a syringe to simulate root exudation.
This volume was selected to reflect typical differences in moisture
availability and exudation volumes between the rhizosphere and
leaf surface, where root environments maintain higher water con-
tent, in contrast to the limited, thin moisture films present on
leaves (Yoshida et 2/, 1997; Smith, 2007). The soils were incu-
bated for 1 wk under the same conditions as the leaf surface
experiment, with a second injection after 3 d, mirroring the leaf
simulation protocol. In parallel, two additional soil-only samples
(5 g each) were injected with 4 ml of the artificial solution to
assess its effect on background soil nutrient levels in the absence
of dust. In addition, control treatments included four soil-only
and soil-plus-dust samples that received DDW instead of the arti-
ficial solution. Nutrient solubility was compared between the
artificial leaf surface or rhizosphere solutions and the DDW con-
trols. In the rhizosphere experiment, the initial soil nutrient solu-
bility subjected to the rhizosphere artificial solution (the soil-only
experiment) was subtracted from that of the soil plus dust
treatment.

Global geospatial analysis of dust nutrient contributions to
plants

A global geospatial analysis was conducted to quantify the nutri-
tional contribution of dust inputs to vegetation world-wide and
identify high-dust-impact regions. The analysis combines field-
derived measurements of dust nutrient uptake fractions with
published data of global dust deposition, source-region elemental
composition, and global soil bioavailable nutrient fluxes (Paytan
et al., 2009; Zhang et al., 2015; Kok ez al., 2021). All geospatial
analyses were performed using QGIs (v.3.16.15), and final global
maps were rendered at a spatial resolution of 1.875° latitude
% 2.5° longitude.

Estimation of dust-borne nutrient uptake fractions from the
field experiment

The fraction of nutrients in dust that are available for plant
uptake was derived from our field experiment data. For Fe, Mn,
and Cu, we calculated species-averaged changes in shoot tissue
concentration (pg gfl) following foliar dust application, relative
to untreated controls. These values were used to estimate the effi-
ciency of uptake, which is the proportion of each nutrient that
was taken up by plants relative to its total concentration per gram
of deposited dust (Table S5). To calculate the uptake efficiency,

the following equations were used:
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A CX = CX,treated_ CX,control (Hg g ) Eqn 1
= net increase in the concentration of element ue to dus
AGk t th t f el X due to dust
application, G reared = concentration of element X in treated
plants, Cx control = concentration of element X in control plants.

Ux =ACx X myef (g) Eqn 2
Uy = total amount of nutrient X taken up, 7e,r= dry mass of
aboveground biomass (g).
AX = Mdust X fx,dust (mg) Eqn 3
Ay = total amount of nutrient X present in the applied dust,
Mdus: = mass of dust applied per plant (g), f; 4us = concentration

of element X in the dust used in this study (mg g71 or %)
(Table S4).

Ux

]:X,plant = E qu’l 4

F plane = fraction of nutrient X taken up by the plant.P posed a
unique challenge due to its high mobility and rapid redistribution
within plant tissues (Fernindez & Brown, 2013; Page &
Feller, 2015), which limited the detection of consistent concen-
tration changes in the field. As a result, the uptake efficiency for
P was based on measurements from a previous glasshouse experi-
ment on P-deficient crop plants (Lokshin ez 4/, 2025), yielding a
conservative estimate of 8.33%.

Annual deposition fluxes

The uptake efficiencies (£ plane Eqn 4) were applied globally to
compute spatially resolved fluxes of plant-available P, Fe, Mn,
and Cu from dust deposition (mg m* yrfl), using a grid resolu-
tion of 1.875° latitude X2.5° longitude. Global annual dust
deposition rates were derived from an ensemble model (Kok
et al., 2021), and regional dust nutrient concentrations were
based on source-specific measurements (Paytan et al, 2009;
Zhang et al., 2015). To calculate the annual nutrient deposition
fluxes, we used the following equations:

DX = DdUSt X fx,dustz Eqn 5
Dy = annual total deposition flux of nutrient X (mg m Zyr )
Dy, =annual dust deposition flux (g m *yr ") derived from
(Kok ez al., 2021); £ qusiz = the average concentration of nutri-
ent X in dust (mg g_l), taken from (Zhang ez al., 2015) for Fe,
Mn, and P, and from (Paytan ez al., 2009) for Cu.

This deposition flux was multiplied by the experimentally
derived plant uptake efficiency to obtain the bioavailable fraction:
FX,bioD = DX X FX,plant Eqn 6
Fpiop = annual bioavailable flux of nutrient X from dust
(mg m > yrfl).
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Comparison with soil nutrient fluxes

To evaluate the relative contribution of dust-derived nutrient
deposition to the vegetation, plant-available dust nutrient fluxes
were compared with bioavailable nutrient fluxes from soils on an
annual basis, using the global dataset compiled by (Ochoa-Hueso
et al., 2023). This dataset reports bioavailable fluxes of Fe, Mn,
Cu, and P from jon-exchange membrane deployments across a
large number of plots world-wide, covering a wide range of eco-
systems. We focused only on untreated, non-agricultural plots,
resulting in a total of 133 plots world-wide (Fig. S7). Nutrient
flux values, based on a mean membrane exposure time of 58 d,
were scaled to annual rates by multiplying by 6.88 (365 + 58).
The contribution of annual nutrient deposition from dust relative
to soil fluxes was computed for each grid cell only in regions
where soil nutrient flux data were available, as:

~ FbioD
Sx

Ry Eqn 7

Ry = ratio of dust-derived flux to soil-derived flux of nutrient X,
Sx = annual flux of nutrient X
(mg m~? yrfl).

Soil nutrient flux data were spatially matched to the dust
model grid using a nearest-neighbor approach. At each site
(where soil nutrient fluxes were available, Fig. S7), the ratio of

soil-derived bioavailable

dust-to-soil nutrient fluxes (Rx; Eqn 7) was calculated by dividing
the modeled dust-derived bioavailable flux by the corresponding
annual soil-nutrient-derived flux, enabling a direct comparison of
dust and soil contributions to plant nutrition.

Atmospheric nutrient contribution per dust event

Nutrient inputs from atmospheric dust occur in sporadic, high-
intensity deposition events, whereas soil nutrient fluxes are more
continuous, driven by slower biogeochemical processes. To
enable a realistic comparison between these pulse-driven fluxes
and daily soil nutrient fluxes, we normalized the modeled annual
dust nutrient fluxes to individual dust events and compared them
to the average daily nutrient supply from soils. The analysis was
focused on the Mediterranean region only. The number of
annual dust deposition days (Ny,,) was assumed to be 28 based
on long-term observations in the region (Ganor ez al., 2010). Soil
nutrient fluxes were averaged over 365 d.
The per-event (dust-day) nutrient flux was calculated as:

FX,bioD/Ndust days

Eqgn 8
Sx/365 an

RX,daily -

RX daily = ratio of daily dust-derived flux to the soil-derived flux
of nutrient X; Nyys days = Number of dust deposition days per
year (assumed 28).

Due to limited Mediterranean soil flux data, which was
restricted to two reference sites in Spain (Ochoa-Hueso
et al., 2023), soil nutrient fluxes were extrapolated across the
Mediterranean climate zone (Peel et al, 2007). This
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extrapolation was supported by measurements from other Medi-
terranean sites (Rashid & Ryan, 2004; Navarro-Pedrefio
et al., 2018; Moreno-Jiménez et al., 2019) and by our own site-
level measurements (Table S2), all showing similar nutrient
concentrations.

Uncertainty estimation

To explore variability in our global nutrient flux model, we per-
formed a bounding uncertainty analysis, applying £1 SD to each
input variable to estimate the upper and lower limits of possible
outcomes. This approach provides a possible range of extremes
rather than a probabilistic confidence interval. These extremes do
not correspond to statistical confidence intervals or probability of
occurrence. Dust deposition uncertainties (£1 SD) were taken
from (Kok ez al., 2021). To represent natural variation in nutri-
ent uptake, we used SD values from replicate plants (z=18) in
the field experiment (Table S5), which reflect variability between
plant species, traits such as plant size, dust retention capacity on
leaves, microenvironmental conditions, health, and growth stage
of each individual plant. Dust elemental concentrations of P, Fe,
and Mn were taken from (Zhang et al, 2015), which compiled
data from multiple studies. Due to inconsistent reporting, SD
values for these elements were not systematically available, and
concentrations were treated as fixed inputs. The same applies to
Cu, which was based on (Paytan er a/, 2009). Gridded global
estimates of bioavailable nutrient fluxes, along with their upper
and lower bounds based on the bounding uncertainty analysis in
model inputs, as described above, are provided in the supplemen-
tary data files.

Statistical analysis

All statistical analyses were performed using GRAPHPAD Prism
v.10.0.1 (GraphPad Software, San Diego, CA, USA) and custom
scripts in Python. Treatment effects on foliar elemental concen-
trations and plant biomass were evaluated using one-way
ANOVA followed by Tukey’s multiple comparisons test
(t=0.05). Principal component analysis was applied to rare
earth element (REE)profiles to distinguish between foliar uptake
and external surface contamination. Linear regression was used to
examine relationships between dust-induced biomass responses,
elemental enrichment in foliage, and background soil nutrient
availability. To minimize spatial autocorrelation and avoid
pseudo-replication, plants were randomly assigned to treatments
and interspersed within plots, ensuring that treated and control
individuals experienced comparable microsite conditions and
could be considered independent replicates.

Results

In situ foliar dust uptake

Foliar dust application significantly increased shoot micronutri-
ent concentrations across all three species (Fig. 2a), with mean
dust-to-control fold increases averaged across species of 4.02 for

© 2026 The Author(s).
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Fe, 1.88 for Mn, 3.3 for Ni, and 1.47 for Cu. A moderate
increase in Mg (1.32-fold) was also observed in S. fruticosa
(Fig. S1). Nutrient enrichment was confined to shoots; root con-
centrations remained mostly unchanged across all species
(Fig. §2). To assess the role of dust-borne nutrient uptake from
roots, we applied dust directly to the soil near the roots of C. cre-
ticus in a separate treatment. Only modest (but significant)
increases in shoot Fe and Ni were observed (Fig. 2b), suggesting
limited root-mediated uptake.

Tracing dust nutrient uptake using rare earth elements
analyses

Rare earth elements can serve as geochemical tracers for nutrient
sources due to their low background levels in plant tissues and
their characteristic source-specific patterns (Yusupov ez al., 2020;
see the Materials and Methods section). Concurrently with the
observed increases in nutrients, plants that received foliar dust
applications showed a clear and significant increase compared to
controls (Fig. 3a), with consistent shifts from soil-like to dust-like
REE patterns across all three species (Fig. 3b,c). Given the
source-specific signatures of REEs and their low natural abun-
dance in plant tissues, the shift from soil-like to dust-like patterns
supports foliar uptake of dust-borne elements. By contrast, root-
applied dust in C. creticus led to a modest (yet significant)
increase in total REE concentration in shoot tissue, substantially
lower than that observed in foliar-applied plants, further under-
scoring the importance of the foliar uptake pathway.
Lanthanum-to-lutetium (La:Lu) ratios in foliar-dusted plants
were markedly elevated compared with the control plants and
shifted toward the value of the applied dust, where the control
plants show only a slight elevation from the value of the local
soils (Fig. 3b). The signature in the control plants is slightly ele-
vated from the soil due to a minor fractionation (Liang
et al., 2008), but the signature in the foliar-dusted plants is signif-
icantly elevated both from the soils and from the control plants,
suggesting foliar dust contribution to plants. By contrast, root-
applied plants caused no change in their La: Lu ratios, further
supporting the dominance of direct foliar uptake. While La: Lu
ratios in foliar-dusted plants approached those of the dust itself,
they remained slightly lower, likely due to the mixing of two
sources — the local soils and applied dust. Furthermore, the REE
pattern of foliar-dusted plants also shows a LREE profile that
mirrors the applied dust source, while the control plants align
more closely with the soil composition (Fig. 3c¢), indicating a
clear foliar uptake contribution, corroborating a previous study
(Lokshin

using radiogenic neodymium

et al., 2025).

isotope  tracing

Mechanism of foliar nutrient uptake from dust

All three species we studied exhibited mildly acidic leaf surfaces,
with mean pH values near 6, substantially lower than the sur-
rounding alkaline soil (Fig. 4a). Malic and citric acids were
detected on leaf surfaces across all species (Table S3). In a con-
trolled incubation experiment, we mimicked dust interaction
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Fig. 2 Foliar and root uptake of micronutrients from dust in Mediterranean shrub species. (a) Concentrations of Fe, Mn, Ni, and Cu in the shoots of Cistus
creticus, Salvia fruticosa, and Teucrium capitatum following foliar application of mineral dust in three monthly pulses (February to April). Control plants are
shown in brown; dust-treated plants are in purple. (b) Shoot concentrations of the same micronutrients in C. creticus after root application of mineral dust.
Control plants are shown in pale brown; dust-treated plants in pale purple. Data are presented as boxplots with individual biological replicates (n = 6 plants
per treatment). Asterisks denote statistically significant differences relative to controls (*, P < 0.05; **, P < 0.01; ***, P < 0.001; two-sided t-test).
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Fig. 3 Rare earth element (REE) signatures in dust, soil, and plants. (a) Total REE concentrations (£REE) in shoot tissue of Cistus creticus, Salvia fruticosa,
and Teucrium capitatum following foliar dust application (purple) or in control plants (brown). Purple and brown lines represent dust and soil values,
respectively. An additional root application treatment experiment for C. creticus is shown on the right (light colors). (b) Chondrite-normalized La : Lu ratios
in the same plants and treatments. The purple line represents the dust value, and the brown line represents the soil value. (c) Chondrite-normalized REE
patterns in shoot tissue following foliar dust application (purple) and controls (brown) compared to the applied dust (light purple) and local soil (light
brown) (Palchan et al., 2018). Plant values are averaged per treatment and plotted against the left y-axis; dust and soil values are plotted on the right y-
axis. Each boxplot shows the median, interquartile range, and individual values (n = 6 per plant treatment; n = 6 for soil; n = 2 for dust). Asterisks indicate
significant differences relative to the corresponding control (**, P < 0.01; *##*, P < 0.001; one-way ANOVA with Tukey's post hoc test).

with the leaf surface microenvironment by exposing mineral dust
to an artificial leaf surface solution that mirrors the chemical
composition of the studied plants, embedded on a leaf-like struc-
ture. The artificial leaf surface solution increased the dissolution
of dust Fe, Mn, Zn, Mg, Ni, and Cu by several orders of magni-
tude in comparison to dissolution in water. By contrast, exposing
dust to the soil root zone microenvironment by injecting an arti-
ficial solution of a typical rhizosphere to dust-amended soil from
the study site yielded significantly lower dissolution in compari-
son to the leaf simulation (Fig. 4b). These results suggest that the
unique chemical environment of leaf surfaces plays a key role in
mobilizing otherwise poorly soluble nutrients from atmospheric
dust, driven by the relatively high ratios of dust mass-to-leaf
solution volumes. We attribute the reduced nutrient solubility in
the rhizosphere simulation to the lower ratios of dust mass-to-soil
volume and to secondary chemical interactions with soil
minerals.

© 2026 The Author(s).
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Global spatial analysis of dust contribution to plant
nutrition

The experimentally determined foliar uptake fractions of dust-
borne micronutrients (Fe, Mn, Cu) were combined with global
dust deposition fluxes (Kok ez 4/, 2021) and total dust elemen-
tal concentrations from major source regions (Zhang
et al., 2015) to estimate the world-wide contribution of dust to
plant nutrition and identify regions where dust supplies a sig-
nificant flux of bioavailable nutrients to vegetation. For P, the
uptake fraction from dust was derived from previous glasshouse
experiments rather than the current field study (Lokshin
et al., 2025; see the Materials and Methods section). We calcu-
late the annual deposition of plant-available Fe and P to reach
up o 17mgm “yr !, while Cu and Mn amounts up to
0.1mgm “yr ' (Fig. 5). The highest fluxes emerged near

major dust source regions in Africa, the Mediterranean, the
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group). (b) Effect size of dust
solubilization for Mg, Mn, Fe, Ni, Cu,
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and rhizosphere (brown) solutions in
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deionized water; values are shown on a
logarithmic scale (n = 2).
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Western United States and Central and Eastern Asia. Non-
vegetated areas were excluded from the analysis using the
Képpen climate classification by masking regions lacking per-
sistent vegetation cover, including deserts, tundra, and ice-
covered zones (i.e. BWh, BWk, ET, and EF classes; Peel
et al., 2007). These spatial estimates highlight regions where
foliar uptake of dust-borne nutrients may constitute a substan-
tial component of plant nutrient supply under current deposi-
tion patterns. While these geographic patterns highlight the
potential scale of the process, actual uptake efficiency will
depend on plant and environment-specific factors. We com-
pared the annual contribution of dust-derived micronutrients
to vegetation relative to soil bioavailable nutrient fluxes in
world-wide locations (Ochoa-Hueso ez 4/, 2023) and identified
two hotspots of high contribution (up to 17% annually for Fe,
and smaller extent for Mn and Cu, Fig. 6a,c,d): the Mediterra-
nean region and the Western United States, both situated in
areas of high dust deposition. For P, a notable hotspot of
annual dust contribution appears in the Eastern Amazon rain-
forest (up to 12% annually, Fig. 6b) supplied by Trans
Atlantic Saharan dust (Bristow ez al., 2010; Gross et al., 2016),
which compensates for exceptionally low soil P bioavailabilicy
in that region (Van Langenhove ez al, 2020).
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0.001 by a factor of 100 (x10), as indicated in the title.
aad White areas represent regions excluded from the
analysis.
Discussion

This study provides the first experimental evidence that dust
deposition can substantially support plant nutrition via direct
foliar uptake, a trait potentially prevalent across many plant spe-
cies. The actual uptake efficiency is likely influenced by plant-
specific traits such as trichome density, cuticular composition,
and stomatal distribution, as well as by vegetation type and local
climatic conditions (e.g. humidity and rainfall). Recent studies
have shown considerable interspecific variation in foliar nutrient
uptake across both crop species and trees, highlighting the impor-
tance of such trait-based variation (Gross ez al, 2021; Starr
et al., 2023). Incorporating targeted experiments across diverse
ecological zones will be essential for refining global estimates of
dust-derived foliar nutrient acquisition. Atmospheric processes
during dust transport, such as acid exposure, photochemical
alteration, and wet deposition via rain or fog, can enhance nutri-
ent solubility and uptake (Stockdale ez 4, 2016; Li ez al., 2017;
Mahowald et al., 2018; Baker et al, 2021; Dam ez al., 2021).
Similarly, non-rainfall moisture inputs such as dew may act as
important facilitators of foliar nutrient uptake (Matos
et al., 2022), as the temporarily available moisture promotes both
dust retention and nutrient dissolution. Dewfall is common in
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contribution.

Mediterranean and semiarid regions, occurring on up to 50-70%
of nights during the dry season, with typical water inputs ranging
from 0.05 to 0.5 mm per event (Pina er al, 2016). These pro-
cesses were not included in the present study, which was designed
to apply large, compositionally consistent quantities of dust with
minimal atmospheric alteration. As such, the reported values
likely underestimate the true bioavailability of dust-deposited
nutrients.

The dust-derived nutrient deposition hotspots that appear in
the Western United States and the Mediterranean result from
high dust loads. By contrast, the emergence of a dust P deposi-
tion hotspot in the Eastern Amazon (Fig. 6d) reflects the extre-
mely low bioavailable P fluxes in these highly weathered tropical
soils (Cunha et al., 2022; Reichert et al., 2022). Under such con-
ditions, even relatively small dust inputs become ecologically sig-
nificant. The contribution of dust-derived P (¢. 12% annually
relative to soil-available fluxes) may help explain the large uncer-
tainties in net primary productivity across parts of the eastern
and central Amazon, where P limitation is known to be critical
(e.g. Turner et al, 2018; Cunha e al, 2022; Nakhavali
et al., 2022; Goll ez al., 2023).

The contrasting responses between foliar and root—dust appli-
cation indicate that nutrient uptake occurred primarily through
direct foliar absorption. Limited root uptake can be attributed to
the small dust-to-soil mass ratio, the low solubility of dust-borne
nutrients under alkaline soil conditions, restricted root—dust con-
tact, and potential competition with microorganisms or
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neighboring plants (Vitousek ez 2/, 2010; Marschner ez al., 2011;
Arsic et al., 2025). The pronounced increase in shoot micronutri-
ent concentrations following foliar application, together with
minimal changes in root nutrient levels and weak responses to
root-applied dust, supports this interpretation and is consistent
with previous glasshouse and controlled-environment studies
demonstrating a dominant foliar uptake pathway for dust-derived
nutrients (Gross et al, 2021; Starr et al, 2023; Lokshin
et al., 2024b, 2025).

To understand how dust-derived nutrients access internal leaf
compartments, we next consider the physical and chemical path-
ways available for foliar uptake. Dissolution at the leaf surface fol-
lowed by diffusion across the cuticle represents an important
pathway for foliar nutrient uptake, as the cuticle, although largely
hydrophobic, contains dynamic aqueous domains that permit the
transport of dissolved solutes, particularly under humid condi-
tions (Eichert & Ferndndez, 2023). Stomata may additionally
provide access points for hydrophilic solutes or very fine particles;
however, their effective contribution depends on particle size,
pore geometry, and stomatal opening. Atmospheric mineral dust
in Israel and the Eastern Mediterranean is dominated during dust
events by particles within the PM size fraction, with substantial
contributions from locally deposited coarse material (Ganor
et al., 2009), while the dust applied here (< 63 pm) represents a
broad range of wind-transportable particles. Mediterranean shrub
species typically exhibit predominantly abaxial stomatal distribu-
tions, as reported for Salvia and other Mediterranean taxa
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(Galmés et al, 2006; Bercu et al, 2012; Christodoulakis
et al., 2014), which may reduce the likelihood of direct particle
entry from the usually dust-exposed adaxial surface. In addition
to cuticular and stomatal pathways, leaf surface morphology
likely plays a key role in foliar uptake: trichomes can enhance
dust retention and prolong particle—leaf contact time, while
structural discontinuities such as cracks at the trichome base may
serve as localized entry points facilitating solute access to internal
tissues, as previously suggested by Gross ez al. (2021). Together,
these pathways indicate that foliar nutrient acquisition from dust
is governed by a combination of surface-mediated chemical pro-
cesses and structural access points, whose relative contributions
remain unresolved and warrant targeted mechanistic investiga-
tion.

Beyond entry into the leaf, the nutritional relevance of dust-
derived elements depends on their subsequent fate within plant
tissues. Our field experiment quantifies the fraction of dust-
derived elements that becomes plant-associated relative to the
total elemental content of the deposited dust, thereby demon-
strating that atmospheric dust can provide a substantial and
nutritionally meaningful contribution to plant nutrient supply.
Although this approach does not resolve the detailed intracellular
fate of individual elements, it clearly shows that a measurable
proportion of dust-derived nutrients is mobilized from particles
and retained by plant tissues.

The subsequent partitioning of these nutrients between extra-
cellular compartments and metabolically active pools cannot be
resolved here and represents an important direction for future
research. Importantly, for metal micronutrients such as Fe, Mn,
and Cu, nutritional effectiveness depends not only on uptake
from dust but also on chemical speciation, as oxidized phases
such as Fe’ oxides may require further mobilization or com-
plexation before metabolic utilization. Notably, the element-
specific responses observed in this study, where certain nutrients
increased more strongly than others rather than all elements
increasing uniformly (Fig. S4), indicate that foliar acquisition
from dust is not indiscriminate, but instead reflects selective and
regulated processes at the leaf level.

Phosphorus deposition

Phosphorus deposition is hypothesized to play a critical role in
stimulating ecosystem productivity, depending on location and
plant traits (Yang er al, 2025). Although we did not detect
changes in leaf P concentrations following dust application, this
is consistent with the high mobility of foliar-absorbed P, which is
rapidly redistributed within plant tissues and does not accumu-
late at the site of uptake (Arsic ez al., 2025), unlike micronutri-
ents that are typically immobile in shoots (Page & Feller, 2015).
To place these uptake patterns in a mechanistic chemical context,
we examined leaf surface chemistry. Consistent with previous
findings that plants actively modulate leaf surface chemistry via
organic acid exudation (Yoshida ez al., 1997; Gross ez al., 2021;
Tang et al., 2021; Golan et al., 2025; Lokshin et al., 2025), we
detected organic acids on leaf surfaces across all species
(Table S3). These compounds, including malic and citric acids,
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are known to promote the dissolution of micronutrients such as
Fe, Mn, and P (Jauregui & Reisenauer, 1982; Hinsinger, 2001).
The combination of moderately acidic leaf surfaces and the secre-
tion of nutrient-solubilizing organic acids represents a widespread
trait among many diverse plant species across ecosystems
(Yoshida e al, 1997; Gilbert & Renner, 2021; Tang
etal, 2021).

In earlier studies, foliar dust application enhanced total plant P
uptake primarily through increased biomass production (Gross
et al., 2021; Starr et al., 2023; Lokshin et al,, 2025). In the cur-
rent study, however, elevated micronutrient concentrations and
likely increased P uptake did not lead to measurable changes in
biomass, root-to-shoot allocation, or leaf production (Figs S3,
S4). Because plants in the field started from different initial sizes
and grew under heterogeneous conditions, variation among indi-
viduals likely masked potential growth responses that were
detectable under controlled laboratory experiments. Thus, while
nutrient uptake clearly occurred, it did not translate into consis-
tent biomass changes within the timeframe of this study. Detect-
able responses in plant physiology or growth to dust inputs may
emerge later in the season or become more evident after multiple
years of repeated deposition.

Dust deposition can also have a detrimental impact on plant
physiology and growth through photosynthetic inhibition,
caused by surface shading or partial stomatal occlusion, which
may offset some of the observed nutritional benefits. Previous
studies have reported minor reductions in carbon assimilation
under heavy dust deposition (Moradi er al, 2017; Starr
et al., 2023; Lokshin e al., 2024a). While no signs of chlorosis
or visible physiological stress were observed in the foliar-dusted
plants in this study, indicating that dust application did not eli-
cit strong negative effects on photosynthetic function, our
study focused primarily on nutrient uptake. Future work
should include targeted physiological measurements such as
photosynthesis, stomatal conductance, and Chl fluorescence to
directly quantify and mechanistically resolve potential trade-
offs between foliar nutrient acquisition and photosynthetic per-
formance.

Dust nutrient contribution per dust event basis

To further contextualize dust nutrient fluxes and given the episo-
dic nature of dust events that occur in sporadic, high-intensity
pulses, we also calculated the contribution of deposited nutrients
on a per-event basis, defined here as a single dust deposition day
(‘dust day’) based on regional dust climatology and event fre-
quency (Ganor ez al., 2010). This allows estimation of nutrient
inputs during discrete, high-deposition periods, rather than
annual averages alone, and comparison to soil nutrient fluxes,
which are more continuous and governed by slower biogeochem-
ical processes. Our analysis focused on the Mediterranean region,
which encompasses our study site and emerged as a hotspot for
dust nutrient deposition (Fig. 5). We found that dust deposition
can contribute up to 1000% of the daily bioavailable fluxes of Fe
and P relative to soil fluxes, and up to 50 and 5% for Cu and
Mn, respectively. These contributions exhibit a pronounced
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Fig. 7 Dust contribution to total bioavailable nutrient input on dust-event days across the Mediterranean. Maps show, for each nutrient, the dust-borne
contribution expressed as the percentage of that day's total bioavailable nutrient flux on dust-event days. (a) Dust Fe contribution. (b) Dust P contribution.
(c) Dust Mn contribution. (d) Dust Cu contribution. Warmer (reddish) colors indicate areas where episodic dust events account for a larger percentage
contribution of dust relative to the combined dust and soil supply for each nutrient.

south-to-north impact gradient, reflecting proximity to major
dust sources in the Sahara and Arabian deserts (Fig. 7a—d). While
these event-scale fluxes clearly demonstrate the potential for dust
deposition to dominate plant nutrient supply during dust days,
the subsequent fate and physiological availability of dust-derived
nutrients following foliar entry, including their retention in extra-
cellular compartments and transport into metabolically active
pools, remain important topics for future investigation.

Overall, our spatial analysis shows that the relative contribu-
tion of dust to plant nutrition varies regionally, following gradi-
ents in dust deposition and soil nutrient availability. In regions
where dust deposition is high or soil nutrient bioavailability is
particularly low, dust-borne nutrient fluxes during dust events
may exceed those from the soil by orders of magnitude.

Given the projected changes in dust-emitting events driven by
climate change, land degradation, and desert expansion (Kok
et al., 2023), dust nutrient deposition is likely to shape plant
nutrition, terrestrial nutrient cycles, and ecosystem structure.
However, important data gaps currently limit the accurate para-
meterization of atmospheric nutrient deposition in models.
These include limited empirical measurements of leaf surface
chemical composition and morphology across biomes, poor con-
straints on dust residence time on foliage under field conditions,
and a lack of comparative data on plant functional traits that
influence foliar nutrient uptake, such as trichome density, cuticle
properties, and surface acidity. Canopy structures may further
amplify dust deposition on foliage, as shown for fire-derived ash,
where interception strongly increases with canopy complexity
(Bauters ez al., 2021). Such amplification is likely to be particu-
larly important in tropical forests (Hinko-Najera Umana &
Wanek, 2010), where high leaf area and architectural complexity
enhance particle trapping and where P limitation makes atmo-
(Goll

spheric nutrient inputs disproportionately valuable

© 2026 The Author(s).
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et al., 2023). Addressing these gaps will require coordinated field
campaigns across diverse ecosystems, targeted experiments
manipulating dust characteristics and canopy traits, and standar-
dized protocols to measure dust retention and uptake efficiency.
Despite these limitations, our findings provide a mechanistic
foundation for integrating dust-derived nutrient inputs into
models of nutrient acquisition, species interactions, and ecosys-
tem productivity (Jiang er al., 2019). For example, state-of-the-
art C-N-P models (e.g. JULES-CNP and CLM5-CNP) impose
P or micronutrient limitation by routing all atmospheric inputs
to the soil, where most nutrients are rapidly immobilized, leading
to strong CO,-fertilization damping (Fleischer et al., 2019), espe-
cially in P-poor ecosystems such as the Amazon. Our results show
that plants can bypass the soil bottleneck by directly absorbing
dust-borne P (and co-deposited micronutrients) through their
leaves, a pathway ignored in current modeling frameworks. To
capture this overlooked feedback, models should treat dust
deposition as a canopy resource as well as a soil input, allowing a
fraction of deposited nutrients to enter the plants based on dust
chemistry, leaf surface chemical and morphological traits, and
residence time. This could ease nutrient shortfalls under elevated
CO,, improve predictions of productivity, and bring terrestrial
carbon—nutrient feedback closer to observed ecosystem behavior.
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