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Abstract. Mineral nutrient uptake from soil through the roots
is considered the main nutrition pathway for vascular terres-
trial plants. Recently, desert dust was discovered as an alter-
native nutrient source to plants through direct uptake from
dust deposited on their foliage. Here we study the uptake of
nutrients from freshly deposited desert and volcanic dusts by
chickpea plants under ambient and future elevated levels of
atmospheric CO2 through the roots and directly through the
foliage. We find that within weeks, chickpea plants acquire
phosphorus (P) from dust only through foliar uptake under
ambient conditions and P, iron (Fe), and nickel (Ni) under el-
evated CO2 conditions, significantly increasing their growth.
Using an additional chickpea variety with contrasting leaf
properties, we show that the foliar nutrient uptake pathway
from dust is facilitated by leaf surface chemical and phys-
iological traits, such as low pH and trichome densities. We
analyzed Nd radiogenic isotopes extracted from plant tissues
after dust application to assess the contribution of mineral
nutrients that were acquired through the foliage. Our results
suggest that foliar mineral nutrient uptake from dust is an
important pathway that may play an even bigger role in an
elevated-CO2 world.

1 Introduction

Vascular plants obtain carbon (C) from the atmosphere and
most of their mineral nutrients mainly from the soil. Hence, it
is generally thought that mineral nutrients such as phospho-
rus (P), potassium (K), iron (Fe), and other macro- and mi-
cronutrients are acquired predominantly through the plant’s

root system (Marschner et al., 1997). Evidence gathered in
recent decades demonstrates that the atmosphere is an im-
portant source of mineral nutrients to terrestrial ecosystems
via dust deposition (Chadwick et al., 1999; Goll et al., 2023;
Gross et al., 2015; Van Langenhove et al., 2020; Okin et al.,
2004; Palchan et al., 2018; Kok et al., 2021). The concentra-
tion of P (and other nutrients) in mineral atmospheric parti-
cles such as desert dust and volcanic ash are enriched relative
to most soils and are important plant nutrient sources, espe-
cially when soil fertility is low or in dusty regions (Arvin et
al., 2017; Bauters et al., 2021; Ciriminna et al., 2022; Eger
et al., 2013; Gross et al., 2016b). In a montane environment
in California, dust P contribution to plants was documented
to outpace the contribution from weathering of host bedrock
(Arvin et al., 2017). In a recent study, we discovered that
certain crop plants can gain P directly from the atmospheric
dust via particles that accumulate on their leaves (Gross et
al., 2021; Lokshin et al., 2024b). Over short timescales, fo-
liar uptake was found as the only P uptake pathway from
biomass fire ash particles (while the roots played a negligible
role; Lokshin et al., 2024a, b). These recent findings high-
light the need to better understand the role of the contribu-
tion of nutrient uptake from dust through the foliage (i.e., di-
rect foliar nutrient uptake), a process that has been tradition-
ally overlooked and has never been quantified before, even
though foliar fertilization has been a well-known agricultural
practice for many decades (Fageria et al., 2009; Ishfaq et
al., 2022; Bukovac and Wittwer, 1957; Wittwer and Teub-
ner, 1959). Foliar nutrient uptake occurs through two primary
pathways: cuticle penetration and stomatal uptake. The cuti-
cle, while largely hydrophobic, contains aqueous pathways
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that allow for the diffusion of small, polar molecules, par-
ticularly under high-humidity conditions (Schonherr, 2006).
Stomata, which regulate gas exchange, can also act as entry
points for hydrophilic solutes and small particles when they
are open (Fernández and Eichert, 2009). These pathways can
expand or contract dynamically in response to environmen-
tal factors, enabling, at times, solute penetration. Minerals
are solid nutrient particles and hence need to partially dis-
solve into the aqueous film on the leaf surface before uptake
by the plant. This dissolution can be facilitated by surface
moisture, leaf exudates, and microbial activity in the phyl-
losphere, which enhances the solubility and bioavailability
of nutrients (Burkhardt et al., 2012; Fernández et al., 2014;
Eichert and Fernández, 2022; Parasuraman et al., 2019).

In the context of climate change, the foliar pathway may
be even more pronounced for plants that will grow under el-
evated CO2 (eCO2) conditions because of two documented
phenomena: the “dilution” effect, where accumulation of C
exceeds that of mineral nutrients, which can lead to stoichio-
metric imbalance (Loladze, 2014), and partial inhibition of
key root uptake mechanisms (Gojon et al., 2023) together
with soil fertility degradation (Lal, 2009; St.Clair and Lynch,
2010). These changes may lead to the selection of plant traits
that facilitate alternative nutrient uptake pathways. The use
of the foliar pathway under eCO2 may offset the alarming
phenomenon where an increasing production of carbohy-
drates dilutes the concentration of macro- and micronutrients
such as P, Fe, calcium (Ca), magnesium (Mg), K, zinc (Zn),
copper (Cu), nickel (Ni) and others that are vital for the floral
ecological systems (Clarkson and Hanson, 1980).

In this work, we design two experiments to study both the
principal mechanisms and biological functions in the plants
that benefit from foliar nutrient uptake from dust retained
on the foliage and the chemical composition of the nutri-
ents transferred in this process. Furthermore, we utilize Nd
isotopes to attempt quantification of the ion flux from the fo-
liage to the plant. Then we discuss the larger aspect of this
newly discovered pathway and its importance.

2 Materials and methods

2.1 Experimental design

To study the impact of dust deposition on plant nutrition, we
selected two contrasting chickpea genotypes (Cicer) from the
Hebrew University of Jerusalem chickpea collection. These
genotypes were chosen based on previous studies (Gross et
al., 2021) that demonstrated differences in their response to
foliar dust application. The first genotype, CR934, is a non-
responsive genotype of the wild progenitor C. reticulatum,
sampled near Savur, Türkiye, showing minimal physiologi-
cal or nutritional changes following dust application. In con-
trast, the second genotype, Zehavit, is a modern high-yield
cultivar widely used by Israeli growers, which exhibits a

pronounced response to foliar dust application, such as in-
crease in biomass and total P content. For further biogeo-
chemical analysis of foliar nutrient uptake, the responsive
genotype Zehavit was used. Experiments were conducted
at the Gilat Research Center in southern Israel (31°21′ N,
34°42′ E) in two separate glasshouse rooms. Temperature
was fixed at 25±3 °C and relative humidity at 40 %–50 %. In-
side the glasshouse, the pots were subjected to natural light-
ing partially concealed by transparent white walls and roof.
Overall, the Photosynthetically Active Radiation (PAR) lev-
els were typical of the southern part of Israel during the
months of September to November. In one room, we set
the CO2 concentration to the ambient 412 ppm (aCO2) and
in the other room to elevated 850 ppm (eCO2), simulat-
ing current and future Earth CO2 concentrations based on
a high-emission scenario (business as usual, SSP8.5; IPCC,
2021). Following germination, plants were cultivated in 72
pots containing inert media (perlite 206, particle size of
0.075–1.5 mm; Agrekal, HaBonim, Israel). The pot size was
3 L, with sufficient room for root growth during the ex-
perimental period. All the pots were supplied with a nutri-
tion solution (fertigation) containing the following elements:
nitrogen (N) (50 mg L−1), P (3.5 mg L−1), K (50 mg L−1),
Ca (40 mg L−1), Mg (10 mg L−1), Fe (0.8 mg L−1), Mn
(0.4 mg L−1), Zn (0.2 mg L−1), boron (B) (0.4 mg L−1), Cu
(0.3 mg L−1), and molybdenum (Mo) (0.2 mg L−1). The min-
eral concentrations were achieved by proportionally dis-
solving NH4NO3, KH2PO4, KNO3, MgSO4, and NaNO3.
The micronutrients were applied as EDTA (ethylenedi-
aminetetraacetic acid) chelates as commercial liquid fertil-
izer (Koratin, ICL Ltd). The location of each pot within the
glasshouse was randomized at the beginning and changed ev-
ery 2 weeks over the course of the experiment. The plants
were drip-irrigated four times per day for 5 min via an au-
tomated irrigation system from the germination stage. Once
14 d passed after germination, when plants were early in
the vegetative phase (two or three developed leaves), we
changed the nutrient solution of 60 out of the 72 pots to P-
deficient fertigation (P concentration of 0.1 mg L−1) to cre-
ate P starvation (−P treatment). Preliminary tests showed
that our −P-deficient media allow chickpea plants to con-
tinue their growth cycle and increase their responsiveness to
dust application, reflected in physiological, morphological,
and biochemical changes and eCO2 condition (Gross et al.,
2021; Lokshin et al., 2024a). The remaining 12 pots contin-
ued to receive the full P sufficient nutrient media (+P treat-
ment). Plants fertigated with −P solution started to show P-
deficiency symptoms such as the chlorosis of mature leaves,
the slight symptoms of necrotic leaf tips, and an overall de-
crease in biomass accumulation at 35 d after germination. At
this stage, we applied desert dust and volcanic ash on the−P
plants.

Of a total number of plants (72), 48 were treated with dust
and 24 served as untreated control group. Dust was applied to
the foliage of 24 plants by manually sprinkling dust through a
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63 µm sieve in proximity to the foliage and 24 plants received
root treatment by applying dust through a 63 µm sieve on the
surface of the pot followed by gentle mixing of the surface to
sink the dust particles deeper to enhance the physical contact
between the roots and the particles, thereby increasing the
chances of having a more significant impact. The experimen-
tal design is a three-factor design, considering the effects of
dust type (desert or volcanic dust), application method (foliar
or root), and CO2 concentration (412 or 850 ppm). This in-
formation is further explained in Table 1, which summarizes
the treatments and experimental groups.

To mimic dust deposition which typically occurs during a
few major desert storms or volcanic eruptions each year, we
applied the dust in two equivalent doses between 35 and 42 d
after germination. We calculated the average foliar area of the
chickpea pots, taking into consideration the planting density
and correcting values for the area covered by an individual
plants. These values were used to determine the total appli-
cation mass. In total, the average application mass was 3 g
per pot, simulating the total dust deposition per square meter
over the growing season in southern Israel. This method was
based on our previous studies (Gross et al., 2021; Starr et al.,
2023; Lokshin et al., 2024a). The dust treatments were done
directly on either the foliage while covering the pot, prevent-
ing the dust from touching the roots, or the roots, where the
pots were subsequently covered with nylon to equalize con-
ditions with the foliage-treated plants. Afterwards, the plants
were left undisturbed, with the settled dust particles on their
foliage or surface of the root area.

Among the control plants, 12 plants received the +P fer-
tigation, and 12 additional plants received −P fertigation.
Each treatment group was divided into two CO2 levels, with
36 plants in each CO2 growing room. The plants were har-
vested 10 d after the last dust application (55 d after germi-
nation). To ensure that nutrients from dust particles were not
washed by the irrigation during the experiment, we moni-
tored the total P (i.e., P that dissolves in strong acid) in the
water that drained from the pots (Longo et al., 2014; Gross
et al., 2015) throughout the experiment.

We performed a parallel experiment under aCO2 where
we grew six additional plants, in larger 5 L pots, filled with
soil, to test whether our findings also apply to natural soil
conditions (Fig. S1 in the Supplement).

2.2 Mineral dust material

We applied plant foliage and the area near plants’ roots, with
desert dust and volcanic ash, the two main mineral dust types
in the atmosphere (Langmann, 2013). To achieve enough
mass for our experiment, we produced dust analogs from sur-
face desert soil and surface volcanic ash soil following pro-
cedures described by others (Gross et al., 2021; Stockdale et
al., 2016). The desert dust analog surface soil was collected
from the southern Israel Negev Desert (30°320 N, 34°550 E)
(Gross et al., 2021). Chemical and mineralogical proper-

ties of the resulted dust are comparable to dust collected
in the Sahara and other places in the Middle East (Gross
et al., 2016a; Palchan et al., 2018). The volcanic ash ana-
log was collected from Mount Etna (Sicily, Italy) 2 months
after the eruption of 21 February 2022. The ash was taken
from the upper cable car station Funivia dell’Etna (37°704 N,
14°999 E). The samples were then processed through a setup
of sieves to achieve a particle size smaller than 63 µm which
classifies them as windblown (Guieu et al., 2010). The chem-
ical and mineralogical properties of the dust analogs are pre-
sented in Table 2.

2.3 Plant biomass and elemental analysis

After harvesting, the plants were separated for roots and
shoots, washed in 0.1 M HCl, and rinsed three times in dis-
tilled water to remove dust particle residue (Gross et al.,
2021; Lokshin et al., 2024a). To ensure that the washing
procedure removed all the applied dust particles from the
leaf surfaces, we scanned surfaces of randomly selected
dusted and washed leaves with scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy (SEM-
EDS), which combines scanning electron microscope and
energy-dispersive X-ray spectroscopy to detect and analyze
materials. After washing, plant tissue was dried and weighed,
and root and shoot biomass was recorded. Afterwards, the
dry shoot material was ground to powder and dry ashed at
550 °C in a furnace for 4 h (Tiwari et al., 2022). Approxi-
mately 1g of the ashed material was subsequently dissolved
using 1 mL of concentrated HNO3 to achieve a clear solu-
tion. To prepare the dust types for elemental analysis, the
samples were dissolved on a hotplate by sequential disso-
lution using concentrated HNO3, HF, and HCl, resulting in
clear solutions (Palchan et al., 2018). The elemental com-
position of the plants, dusts, and nutrient solution was an-
alyzed at the Hebrew University using inductively coupled
plasma mass spectrometry (ICP-MS) (Agilent 8900cx; Ag-
ilent Technology). Prior to analysis, the ICP-MS was cal-
ibrated with a series of multi-element standard solutions
(1 pg mL−1–100 ng mL−1 Merck ME VI) and standards of
major metals (300 ng mL−1–3 mg mL−1). Internal standard
(50 ng mL−1 Sc and 5 ng mL−1 Re and Rh) was added to ev-
ery standard and sample for drift correction. Standard ref-
erence solutions (USGS SRS T-207 and T-209) were exam-
ined at the beginning and end of the calibration to determine
accuracy. The calculated accuracies for the major and trace
elements are 3 % and 2 %, respectively.

2.4 Leaf surface pH

Leaf surface pH was measured by manually attaching a
portable pH electrode designed for flat surfaces (HI-1413;
HANNA pH instruments) onto the surface of three leaves
from each plant. The measurements were performed four
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Table 1. Experimental design summarizing treatments, P concentrations, dust application, CO2 conditions, and replicates.

Treatment group P concentration Dust application method CO2 Replicates
Condition (n)

−P treatment (P-deficient) 0.1 mg L−1 Foliar (desert dust) 412 ppm 6
−P treatment (P-deficient) 0.1 mg L−1 Foliar (volcanic ash) 412 ppm 6
−P treatment (P-deficient) 0.1 mg L−1 Root (desert dust) 412 ppm 6
−P treatment (P-deficient) 0.1 mg L−1 Root (volcanic ash) 412 ppm 6
+P treatment (P-sufficient) Full P No dust 412 ppm 6
−P control (untreated) 0.1 mg L−1 No dust 412 ppm 6
−P treatment (P-deficient) 0.1 mg L−1 Foliar (desert dust) 850 ppm 6
−P treatment (P-deficient) 0.1 mg L−1 Foliar (volcanic ash) 850 ppm 6
−P treatment (P-deficient) 0.1 mg L−1 Root (desert dust) 850 ppm 6
−P treatment (P-deficient) 0.1 mg L−1 Root (volcanic ash) 850 ppm 6
+P treatment (P-sufficient) Full P No dust 850 ppm 6
−P control (untreated) 0.1 mg L−1 No dust 850 ppm 6

times throughout the growing season (19, 24, 35, and
40 DAG) in the morning, 2 h after sunrise.

2.5 Trichome density

Trichome density was determined in four young, fully de-
veloped leaves from four different plants per variety in the
−P treatment only (n= 16). Leaves were scanned in a scan-
ning electron microscope (VEGA3; Tescan, Czech Repub-
lic). From each leaf, three photos of a 1 mm2 field were taken,
and glandular and regular trichomes were counted.

2.6 Leaf exudates

For analysis of the organic exudates, 2 g of fresh leaves
were sampled randomly from the +P and −P treatments
before harvesting. The leaves were rinsed in 2 mL of dis-
tilled water and methanol (50 : 50) for 10 s. The extracted
surface metabolites were supplied with 50 µL of internal
standard (ribitol, 0.2 mg mL−1) and stored at −80 °C until
analysis. Before analysis, the extracted samples were vac-
uum dried overnight at 35 °C. The dried material was re-
dissolved in 40 µL of 20 mg mL−1 methoxamine hydrochlo-
ride (CH3ONH2HCl) in pyridine (C5H5N) and deriva-
tized for 90 min at 37 °C, followed by a spike of 70 µL
MSTFA (N-methyl-N (trimethylsilyl) trifluoroacetamide
(CF3CON(CH3)Si(CH3)3) at 37 °C for 30 min. The dis-
solved metabolites were then introduced to a mass spectrom-
etry gas chromatograph (MS-GC; Agilent 6850 GC/5795C;
Agilent Technology) for analysis. The metabolites were de-
tected by a mass spectrometer, where 1 µL of each sam-
ple was injected in splitless mode at 230 °C to a helium
carrier gas at a flow rate of 0.6 mL min−1. GC process-
ing was carried out using an HP-5MS capillary column
(30 m, 0.250 mm, 0.25 µm), and the spectrum was scanned
for m/z 50–550 at 2.4 Hz. The ion chromatograms and mass
spectra obtained were evaluated using the MSD CHEMSTA-

TION (E.02.00.493) software, and sugars and amino acids
were identified via comparison of retention times and mass
spectra with certified GC plant metabolite standards (Sigma
Aldrich).

2.7 Nd isotopes

We characterized the radiogenic Nd isotope compositions of
desert dust, volcanic ash, and different treated and control
plants to evaluate the ion flux from the foliage into the plant.
The use of Nd isotopes is common in fingerprinting stud-
ies in various fields (Aciego et al., 2017; Arvin et al., 2017;
Chadwick et al., 1999) as it is a refractory element that has
virtually no fractionation and reflects the composition of its
source. In our experiments, the control plants reflect the orig-
inal composition of the plant, and deviation from it can only
occur if ions were supplemented through nutrient uptake.
Nd was extracted by ion chromatography using specialized
resins: first, the TRU resin to separate the REEs, followed by
LN-spec resin to separate Nd from Sm (following Palchan et
al., 2013). The isotope ratios were measured using a Thermo
Neptune multi-collector ICP-mass spectrometer at the Weiz-
mann Institute of Science. Along with the samples we mea-
sured several standards to ensure quality and accuracy of
the measurements. Standard JNdi bracketed every five sam-
ples, resulting with 143Nd / 144Nd value of 0.512035± 10
(2σ , n= 60). We normalized the data to 143Nd / 144Nd =
0.512115 (Tanaka et al., 2000). Standard BCR-2 was dis-
solved and analyzed along with the plant and dust samples
yielding a 143Nd / 144Nd value of 0.512628± 6 (2σ , n= 3)
that agrees with 143Nd / 144Nd= 0.512637± 13 (Jweda et
al., 2016). We present the Nd isotope ratios in epsilon no-
tation:

εNd =


(

143Nd
144Nd

)
sample(

143Nd
144Nd

)
CHUR

− 1

× 10000, (1)
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where the value of 143Nd / 144Nd = 0.512638 in CHUR
(Wasserburg et al., 1981). A sample isotopic characterization
is given in Table S1. We calculated the percentage of foliar
contribution using a simple mixing equation of two compo-
nents:

% Foliar contribution=
εNdsample− εNdcontrol

εNdend member− εNdcontrol
·100, (2)

where εNdsample refers to plants that were treated either
with desert dust or volcanic ash, εNdcontrol refers to the un-
treated control plants, and εNdendmember is the measured end-
member values of −10.3 for desert dust or 4.5 value for vol-
canic ash (Table S1 in the Supplement and Fig. 4). The cal-
culation was done separately for the two different treatments
(i.e., desert dust and volcanic ash).

2.8 Mineralogical analysis

Mineralogical composition of the dusts was determined
with an X-ray powder diffraction (XRD) using a Pana-
lytical Empyrean powder diffractometer equipped with a
position-sensitive X’Celerator detector. Cu Kα radiation
(k = 1.54178 Å) was used at 40 kV and 30 mA. Scans were
done over a 2 h period, between 5 and 65° with an approxi-
mate step size of 0.033°.

2.9 Statistical analysis

Treatment comparisons for all measured parameters were
tested using post hoc Tukey honest significant difference
(HSD) tests (P <0.05). The significant differences are de-
noted using different letters in the figures. The standard er-
rors in the mean in the vertical bars (in the figures) were cal-
culated using GraphPad Prism version 9.0.0.

3 Results

3.1 Plant biomass and total P under aCO2 and eCO2

Shoot biomass of the +P plants is significantly larger than
that of −P plants. Among +P plants, those grown under el-
evated eCO2 conditions are significantly larger than those
grown under ambient aCO2 conditions (p<0.001; Table 2).
In contrast, −P plants grown under eCO2 exhibited similar
biomass to−P plants grown under aCO2 (p = 0.99; Table 2).
Foliar desert and volcanic dust application increased plant
biomass and total P content, primarily through shoot biomass
gain rather than changes in shoot P concentration. As such,
the P contribution in the dusted plants was expressed in in-
creased aboveground plant biomass rather than in increased
P concentrations in tissues (Table 2), probably as plants dis-
tributed the extra P to support growing biomass. Thus, the
treatment effects are reflected by changes in total plant P
(concentration multiplied by shoot biomass). Under aCO2
conditions, desert dust application increased shoot biomass

and total P content by 35 % and 21 %, respectively, while
volcanic ash application led to increases of 28 % and 35 %,
respectively (Fig. 1d, f). Root-treated plants showed no in-
crease in shoot biomass or total P content (Fig. 1c, e). These
trends were also observed under eCO2 conditions (850 ppm).
Desert dust application increased shoot biomass and total P
content by 29 % and 20 %, respectively, while volcanic ash
application led to increases of 62 % and 51 %, respectively
(Fig. 2d, f). Similarly, root-treated plants showed no increase
in shoot biomass or total P content (Fig. 2c, e). Unlike shoots,
root biomass did not change significantly across treatments.
Thus, changes in the root-to-shoot ratio reflected variations
in shoot biomass rather than root biomass (Table 2).

3.2 Biochemical properties of chickpea varieties

The domesticated variety Zehavit showed a strong response
to the foliar treatment with up 35 % increased biomass com-
pared to the control group, whereas the wild variety CR934
showed increases of up to 5 % compared with the control
group (Fig. 3a). The leaf pH of the Zehavit was 1.15, and of
the CR934, it was 2.7 (Fig. 3b); trichome density, both glan-
dular and non-glandular, was higher in the Zehavit compared
to the CR934 (Fig. 3c–e). The exudates of oxalic, malic, and
citric acids were significantly higher at the Zehavit in com-
parison to CR934 (Fig. 3f). The results indicate increased
biomass, lower pH, higher trichome density, and higher exu-
date levels in the Zehavit variety.

3.3 Shoot nutrient status under eCO2 conditions

To quantify the impact of elevated eCO2 conditions on plant
nutrient status, we compared the ionome of chickpea plants
grown under aCO2 and eCO2 with and without foliar dust
and ash treatments. To this end, the nutrient content of plants
under eCO2 was expressed relative to the average of the
aCO2 treatment. We observed that eCO2 conditions led to
a reduction in the concentrations of Mg, K, Ca, Mn, Zn, Cu,
Fe, and Ni ranging from 29 % (Fe) to 90 % (Ni). The foliar-
desert-dust- and volcanic-ash-treated plants indicate a signif-
icant increase in the concentration of Fe and Ni (Fig. 5).

3.4 Nd isotopes

Volcanic ash and desert dust εNd values are 5 and −11, re-
spectively; these values indeed reflect the compositions of
young volcanism and local desert dust (Palchan et al., 2018).
Control plants show a εNd value of−0.3; this reflects the in-
heritance value (i.e., arising from the seed Nd isotope compo-
sition). Desert-dust-treated plants were characterized by val-
ues of −8.8 to −5, and the volcanic ash-treated plants were
characterized by values of 3.4 to 4 (Fig. 4). Both treated plant
groups are significantly different than the inheritance value
of −0.3 characterizing the control group.
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Figure 1. (a–f) Biomass and total P content increases due to dust ap-
plication treatments at aCO2 of 412 ppm. (a) Image of experiment
setting of the root treatment. Image was taken immediately after the
dust application. (The actual amount of dust remaining on the plant
leaves at the end of the experiment was significantly smaller than
what is depicted in the picture image.) (b) Image of experiment set-
ting of foliar treatment. (c) Shoot biomass of root-treated plants.
(d) Shoot biomass of foliar-treated plants. (e) Shoot total P con-
tent of root-treated plants. (f) Shoot total P content of foliar-treated
plants. The red color represents control plants, orange desert dust
treatment, and purple volcanic ash treatment. Asterisks represent
statistically significant differences in response to foliar application
of desert dust and volcanic ash (P <0.05, one-way ANOVA with
Tukey’s post hoc test). The box and whisker plots represent the dis-
tribution of the data. The central line indicates the median, the edges
of the box correspond to the 25th (Q1) and 75th (Q3) percentiles,
and the whiskers span from the minimum to the maximum values.
Individual data points (n= 5) are overlaid on the plot to illustrate
the full distribution.

Figure 2. (a–d) Biomass and total P content increases due to dust
application treatments at eCO2 of 850 ppm. (a) Shoot biomass
of root treated plants. (b) Shoot biomass of foliar-treated plants.
(c) Shoot total P content of root-treated plants. (d) Shoot P con-
tent of foliar-treated plants. The biomass and total P content in the
root-treated plants do not show increases compared with the con-
trol groups. The red color represents control plants, orange desert
dust treatment and purple volcanic ash treatment. Asterisks repre-
sent statistically significant differences in response to foliar appli-
cation of desert dust and volcanic ash (P <0.05, one-way ANOVA
with Tukey’s post hoc test). The box and whisker plots represent
the distribution of the data. The central line indicates the median,
the edges of the box correspond to the 25th (Q1) and 75th (Q3)
percentiles, and the whiskers span from the minimum to the maxi-
mum values. Individual data points (n= 5) are overlaid on the plot
to illustrate the full distribution.

4 Discussion

4.1 Foliar mineral-nutrient uptake

In our experiments, we simulated desert dust and volcanic
ash deposition by manually applying them to chickpea plants
(Cicer arietinum ‘Zehavit’). The dust was applied separately
to either the surface of the pot near the roots or its foliage
(Fig. 1), while control plants were not treated with dust. After
several weeks, a significant impact of the foliar treatment was
already noticeable where shoot biomass and total P content
in the foliage-treated plants had increased, following dust
treatment, compared with the control group. In contrast, the
root-treated plants did not show any increases in the biomass
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Figure 3. (a–f) Comparison of two chickpea varieties – CR934 (dotted pink) and Zehavit (yellow) and their leaf properties under dust foliar
fertilization. (a) Biomass and P uptake response to foliar dust P. Each column indicates the difference1 (%) between the foliar dusted plants
and the control untreated plants (n= 6). (b) Leaf surface pH. Each value indicates an average of five measurements on a plant throughout
the growth season in control treatment (n= 90) and two measurements in foliar dust treatment (n= 10). Three asterisks indicate significant
differences between treatments using a T test and a one-way ANOVA (P ≤ 0.001). (c) Leaf non-glandular (black column) and glandular
(white column) trichrome density in CR934 and Zehavit control plants (−P and+P). Different letters indicate significant differences between
varieties and treatments using the Tukey HSD test (P ≤ 0.05) (n= 12). Capital letters refer to non-glandular trichomes, and small letters
refer to glandular trichomes. (d) SEM scans of non-glandular (red circles) and glandular (yellow circles) trichomes of a typical Zehavit leaf.
(e) SEM scans of leaves of CR934 (left) and Zehavit (right) varieties. (f) Exudates of organic acids. Each column indicates the average of
leaf washing from four plants in −P control treatment (n= 4). Values are normalized to an internal standard (ribitol) for comparability. Two
asterisks indicate significant differences between treatments using a T test and a one-way ANOVA (P ≤ 0.01). Values are concentrations
compared with an internal standard.

or P content, suggesting that over short timescales (i.e., sev-
eral weeks), foliar uptake is the only nutrient uptake pathway
from freshly deposited dust (Fig. 1c, e). These results were
then replicated when a similar experiment was conducted
with plants grown on sandy soil, in bigger pots (Fig. S1),
emphasizing that our observations are not limited to the spe-
cific artificial experimental conditions in perlite (which may
bias root behavior) but also applied for real soil conditions
(Fig. S1).

4.2 Foliar mineral-nutrient uptake mechanisms

Most of the P in dust is incorporated in the mineral lattice
of minerals such as apatite (Dam et al., 2021; Nakamaru et
al., 2000), which is largely insoluble under the natural rhizo-
sphere pH range (Hinsinger, 2001). Hence, P in volcanic or
desert dust has low bioavailability for root uptake as was also
shown in Lokshin et al. (2024a) with fire ash. On the leaf sur-
face, however, chemical, morphological, and microbial mod-
ifications may promote nutrient solubility and bioavailabil-
ity and thus enable uptake through the leaf surface (Gross et
al., 2021; Muhammad et al., 2019). Examining two chick-
pea varieties with contrasting responses to dust application,
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Figure 4. Quantification of dust mineral-nutrient flux from foliage.
Radiogenic isotopic ratios of 143Nd / 144Nd in the different sam-
ple groups (x axis) expressed in εNd values. Diamonds represent
the two applied mineral fractions of volcanic ash and desert dust;
circles represent plants treated with the desert and volcanic dusts
and the control groups. Large circles represent plants growing in
the 850 ppm eCO2, and small circles represent the 412 ppm aCO2.
The color scale reflects the percent contribution of Nd originating
from the dusts via the foliage, which was calculated using a two-
component mixing model. The control plants’ Nd signature reflects
the inheritance value from the seed, where a value of εNd=−0.3
is set as the control, εNd=−10.3 as the desert dust value, and
εNd= 4.6 as the volcanic ash value. A foliar contribution of more
than 60 % is evident in the plants applied with desert dust and more
than 70 % in the plants applied with volcanic ash. Standard errors
in the isotopic values are all smaller than the depicted data points.

wild variety CR934 and common domesticated variety Ze-
havit, we found a few properties that facilitate foliar P ac-
quisition from dust (Fig. 3). These include structural, mor-
phological, and chemical modifications that are comparable
to those reported in the rhizosphere (Hinsinger, 2001). The
foliar-uptake-efficient variety Zehavit has significantly more
acidic leaf surface (pH∼ 1, Fig. 3b) and thus promotes both
dissolution and mobility of P from the pH sensitive mineral
apatite (Gross et al., 2015) as well as other mineral nutrients
in the dust (Bradl, 2004; Gross et al., 2021; Muhammad et
al., 2019). Nutrient uptake through the leaf is mediated by
two primary pathways: the cuticle and stomata (Eichert and
Fernández, 2022). The cuticle, while a hydrophobic barrier,
contains dynamic aqueous pathways that allow solutes to dif-
fuse, particularly under high humidity. Stomata act as regu-
lated pores, facilitating the direct uptake of hydrophilic so-
lutes and dissolved nutrients. These mechanisms likely com-
plement the observed properties in Zehavit, where acidic ex-
udates, such as oxalate and malate, further facilitated P up-
take by promoting the dissolution of insoluble P forms (Lam-
bers et al., 2019; Tiwari et al., 2022). Similarly, increased
sugar levels, such as glucose and sucrose (Figs. 3f, S2), likely

Figure 5. (a–b) Comparison of the percentage change in plant nutri-
ent concentration under eCO2 and aCO2 control plants. The dashed
line represents the average values of the control plants grown un-
der aCO2 levels; the values below the dashed line indicate a de-
cline in the respective nutrient under eCO2 levels. (a) The effect
of foliar treatment of desert dust (orange triangles). (b) The effect
of foliar treatment of volcanic ash (purple squares). Asterisks indi-
cate statistically significant differences in response to foliar appli-
cation of desert dust and volcanic ash (P <0.05, one-way ANOVA
with Tukey’s post hoc test). Error bars represent standard deviations
(n= 5).

stimulated the activity of nutrient-solubilizing microbes on
the phyllosphere (Shakir et al., 2021). Additionally, Zehavit
displayed higher trichome density on both leaf axial and leaf
adaxial surfaces (Fig. 3c, d, e). These trichomes not only en-
hance metabolite release but also improve dust adhesion, in-
creasing the contact time for nutrient solubilization and up-
take (Gross et al., 2021) (Fig. S3). Together, these traits align
with established foliar uptake pathways and highlight the
synergistic roles of chemical, morphological, and microbial
modifications in facilitating nutrient acquisition from dust.
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We postulate that other plant species share comparable leaf
traits that enhance dust capture and solubility, such as wheat
and various tree species that showed strong responses to fo-
liar dust fertilization (Gross et al., 2021; Starr et al., 2023).
Overall, our results suggest that the combination of leaf sur-
face acidification, secretion of organic acids, and additional
exudations combined with an increased trichome density en-
hance foliar dust capture and nutrient uptake in chickpeas.

4.3 Dust shading, photosynthesis, and elevated CO2
effects

Desert dust deposition on plant foliage exhibits both ben-
eficial and harmful effects, influenced by its physical and
chemical attributes as well as environmental conditions. Starr
et al. (2023) demonstrated that dust application can impact
trees both positively and negatively: while it increased phos-
phorus (P) concentrations in some species, total plant P con-
tent showed only mild or stagnant increases, suggesting lim-
ited P utilization due to antagonistic dust–leaf interactions.
On the harmful side, dust reduced final biomass across tree
species, likely through disruptions in photosynthesis, stom-
atal conductance, and other physiological processes. Species-
specific responses were noted, such as significant reductions
in carbon assimilation and biomass in Schinus and a notable
58 % biomass reduction in Quercus. Similarly, Lokshin et
al. (2024b) observed an initial reduction in carbon assimila-
tion following dust application, likely due to shading effects
or stomatal occlusion. However, the increased content of rare
earth elements (REE) resulting from foliar dust application
subsequently contributed to improving carbon assimilation.
In contrast, Gross et al. (2021) found no significant impact on
plant biomass when using inert silica dust, suggesting that the
effects of dust strongly depend on its chemical composition.
They also proposed that negative impacts might be mitigated
by plants’ increased internal P demand.

4.4 Dust impact on plant nutrient status under eCO2

Numerous studies reported that eCO2 conditions reduce the
concentrations of several nutrients in plant tissues such as Fe,
Zn, Cu, Mn, Ni, and others (Loladze, 2002; Fernando et al.,
2012; Myers et al., 2014; Gojon et al., 2023). The reduction
in shoot nutrient concentrations was also observed in our ex-
periments (Fig. 5). In accordance with previous knowledge
(Loladze, 2002; Lowe, 2021), plants that were grown un-
der eCO2 in our experiment showed a significant reduction
in the concentrations of nutrients (Fig. 5). Although we did
not observe statistically significant differences in biomass be-
tween control plants grown under aCO2 and eCO2 conditions
(P = 0.4), the reduction in essential macro- and micronutri-
ent concentrations may be partly explained by the effect of
nutrient dilution. Another potential reason for the nutrient
decline under eCO2 could be related to reduced efficiency in
mineral nutrient absorption through the root system (Gojon et

al., 2023). We found that foliar application of both volcanic
and desert dust on plants that were grown under eCO2 re-
plenished their Fe and Ni concentrations (both essential mi-
cronutrients for plant growth and in the human diet) com-
pared with the control group (Fig. 5a, b). Desert-dust-treated
plants showed increases in Fe and Ni concentrations of 44 %
and 46 %, respectively (Fig. 5a). Volcanic-ash-treated plants
showed Fe elevated concentrations of 66 % (Fig. 5b). The Ni
concentrations had more moderate increases from volcanic
ash, with values 40 % higher than in the aCO2. These in-
creases returned Fe and Ni back to standard, nontoxic lev-
els (Shahzad et al., 2018). These results suggest that the role
of foliar uptake of atmospheric nutrients in the mineral nu-
trition level of plants may increase under eCO2, potentially
offsetting some of the nutrient reduction driven by the dilu-
tion effect and the downregulation of the root nutrient uptake
pathway (Zhu et al., 2018). Despite adhering strictly to the
washing protocol described in Gross et al. (2021) and Lok-
shin et al. (2024a), we acknowledge that some dust particles
may remain on the plant surfaces. However, their influence
on the results is negligible as the contribution of any resid-
ual particles to the measured values is minimal and does not
affect the overall interpretation of the results.

4.5 Quantifying the contribution of foliar nutrient
uptake from dust

Traditionally, radiogenic Nd isotopes serve as excellent trac-
ers for sources of magmatic rocks (Stein and Goldstein,
1996), sediment archives (Chadwick et al., 1999; Palchan
et al., 2018), and waterbodies (Farmer et al., 2019). Since
Nd is found in high concentrations in nutrient-bearing min-
erals (Aciego et al., 2017; Arvin et al., 2017; Chadwick et
al., 1999), Nd isotopes were recently used to trace P sources
in plant tissues, where it was shown that the contribution of
dust outpaces the weathering of the local bedrock over geo-
logical timescales (Aciego et al., 2017; Arvin et al., 2017).
While the use of Nd isotopes to other elements such as P
provides new knowledge on their sources, it should be done
cautiously because different elements have differing specia-
tion, uptake mechanisms, and transport kinetics in plant tis-
sue. Here, we utilize the ratio of 143Nd / 144Nd in the εNd
notation to trace the source of Nd in our experiments and
quantify its flux into plant tissue from dust. From this mea-
surement we can approximate the flux of P, Fe, and Ni via
a foliar pathway (Fig. 4). We used a two-component mixing
model, where the average εNd value of the control plants,
−0.3, which arises from the Nd “inheritance” (i.e., the Nd
composition of the seed since the amount of Nd in the chem-
ical fertilizer was negligible) is regarded as one end member
and dust εNd values are regarded as the second end member,
with values of −11 (desert dust) and 5 (volcanic ash). We
found that desert-dust-treated plants were characterized with
εNd values of−8.8 to−5, which are values significantly dif-
ferent than the inheritance value of the control group. Simi-
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larly, the volcanic-ash-treated plants were characterized with
εNd values of 3.4 to 4, which are values significantly dif-
ferent than the inheritance value of −0.3. Thus, it is evident
that the εNd of the foliage-treated plants comprise a mix-
ture of the inheritance and the type of dust applied. Based
on the mixing model, the chickpea plant acquired over 60 %
of its Nd from desert dust deposited on the foliage. Volcanic
ash deposited on the foliage contributed over 70 % of its Nd
(Fig. 4). However, Nd isotopes do not show the increased
supplement of Fe and Ni in plants that were grown under
eCO2. Thus, more data on the relation between Nd and other
nutrients uptake will advance its use in future studies to quan-
tify the immediate contribution of freshly deposited dust on
plants nutrition in field and lab experimental settings.

In conclusion, we show here that dust nutrient uptake via
the foliar pathway in responsive chickpea plants plays a sig-
nificant role in their nutrition under P-limited conditions.
Plant foliage captures and dissolves freshly deposited dust
particles, making atmospheric mineral nutrients more acces-
sible through the foliage on a short timescale than via the
roots. Most of the P in the dust is incorporated in the min-
eral lattice of minerals such as apatite (Dam et al., 2021),
which is largely insoluble under the natural rhizosphere pH
range (Hinsinger, 2001). Hence, P in dust has low bioavail-
ability for root uptake. On the leaf surface, however, chem-
ical, morphological, and microbial modifications may pro-
mote nutrient solubility and bioavailability and facilitate up-
take through the leaf surface (Gross et al., 2021; Muhammad
et al., 2019). Thus, our findings highlight that dust serves as
an alternative source of nutrients to plants from the foliage
on short timescales of a few weeks. Furthermore, foliar dust
acquisition compensates for the reduction in nutrients such as
Fe and Ni induced by eCO2 conditions (Gojon et al., 2023).
The broader aspect of our findings emphasizes the central
role of dust in plant nutrition through the foliar pathway and
to global biogeochemical cycles. Our findings suggest that
foliar uptake from natural dust could be a relevant pathway
under future elevated CO2 conditions and that this pathway
may be a target for novel fertilization techniques to compen-
sate for the expected decline in the crops’ nutritional value.

Data availability. Information regarding the shoot biomass exper-
iment in soil, dust holding capacity, isotopic data for Nd measure-
ments, and phyllosphere sugar profile from the leaves of Cicer ariet-
inum varieties CR934 and Zehavit can be found in the Supplement.
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