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27  Abstract

28  Phosphorus (P) availability constrains productivity in many humid tropical forests, where
29  highly weathered soils retain P in poorly available forms and external inputs are needed to
30 offset long-term losses. Caribbean forests receive new P through trans-Atlantic Saharan dust
31  and episodic African biomass-burning particles, however how this particulate P enters forest
32 nutrient cycling remains poorly understood. Here, we examined the fate and uptake of
33 particulate P in the Luquillo Experimental Forest, Puerto Rico, using a foliar dust-application
34  experiment and soil incubations with mineral dust and wildfire ash. In soils, both materials
35 increased P supply to ion-exchange membranes, but mineral dust-derived P was rapidly
36 transferred into Fe- and Al-associated pools, whereas wildfire ash generated greater short-term
37 P availability. On leaves, mineral dust exposure resulted in foliar uptake of dust-derived Fe and
38 P, with P uptake quantified using Fe as a conservative anchor. Particles recovered from leaf
39  surfaces contained more bicarbonate-extractable P than the applied dust, indicating that contact
40  with leaves increased the lability of P remaining in deposited particles. Together, these findings
41  identify two complementary canopy pathways: direct foliar uptake of dust-derived P and leaf-
42  surface processing that increases the fraction potentially available for subsequent uptake, either
43  from foliage or, following redistribution in throughfall, by roots. By revealing a pre-soil
44  pathway for atmospheric P, our results highlight a process not explicitly represented in most
45  terrestrial nutrient-cycle frameworks that may affect how models represent the biological

46  availability of dust-derived P and its coupling to tropical forest carbon cycling.
47
48 1 Introduction

49  Phosphorus (P) availability strongly constrains productivity of humid tropical forests (Cunha
50 et al., 2022; Reed et al., 2010; Vitousek et al., 2010; Vitousek and Sanford, 1986). These
51  ecosystems develop on old, highly weathered soils in which primary mineral P sources are
52  largely depleted (Vitousek et al., 2010; Walker and Syers, 1976), and ecosystem functioning
53 and plant growth depends on efficient internal recycling within plant-soil systems (Turner,
54 2008; Turner et al., 2010). Despite tight recycling, P is continuously lost through leaching or
55  progressively transformed into poorly available forms via sorption and occlusion onto iron (Fe)
56  and aluminum (Al) minerals under acidic soil conditions (Quesada et al., 2010; Turner et al.,

57  2010; Walker and Syers, 1976). These processes reinforce persistent P limitation and increase
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58 reliance on atmospheric deposition as a source of new P (Chadwick et al., 1999; Pett-Ridge,

59  2009; Vitousek et al., 2010; Wang et al., 2023).

60 Long-term Saharan dust transport across the Atlantic Ocean is recognized as a consistent
61  external P source to the tropical forests of South and Central America and the Caribbean region
62  (Neotropics; SWAP et al., 1992; Okin et al., 2004; Mahowald et al., 2008; Pett-Ridge, 2009;
63 Dasetal, 2013; Yu et al., 2015; Zan et al., 2025). Additional P may be supplied episodically
64 by biomass-burning aerosols (Barkley et al., 2019; Descals et al., 2026; Holanda et al.,
65  2023) although their magnitude and persistence are generally smaller and more variable than

66  mineral dust inputs.

67 The prevailing framework treats atmospheric dust primarily as a geochemical input that
68  replenishes forest P stocks after incorporation into soils (Aciego et al., 2017; Chadwick et al.,
69  1999; Okin et al., 2004). Because dust-derived P is difficult to distinguish from the large
70  background of soil P, its role in ecosystem nutrient cycling has been assumed to operate mainly
71 over long timescales via soil processes (Okin et al., 2004). In addition, most P in mineral dust
72 occurs in calcium phosphate minerals, which are generally considered to have low immediate
73  Dbioavailability (Gross et al., 2015; Longo et al., 2014). In highly weathered tropical soils,
74 however, newly released phosphate can be rapidly immobilized through sorption to Fe- and Al-
75  rich mineral phases, potentially limiting its short-term biological availability (Hinsinger, 2001;
76  Quesada et al., 2010). Thus, the ecosystem significance of atmospheric P deposition depends
77  not only on the magnitude of the input, but also on its short-term partitioning among canopy,

78  soil, and biological pools after deposition.

79  Forest canopies represent a large and chemically active interface between the atmosphere and
80 the terrestrial biosphere. High leaf area index, canopy turbulence, and complex leaf architecture
81  enhance particle interception relative to the projected ground area (Bridhikitti et al., 2024;
82 Lawrence et al., 2007; Runyan et al., 2013; Uni and Katra, 2017). Empirical observations
83 indicate that trees can accumulate substantially greater amounts of dust than adjacent open
84  collectors, in some cases concentrating deposited material by approximately four- to six-fold
85 relative to open areas(Runyan et al., 2013; Xu et al., 2026). As a result, atmospheric particles
86 are redistributed across canopy and soil compartments: a fraction is transferred to the forest
87  floor via throughfall and stemflow, a fraction is deposited directly onto exposed soil surfaces,
88 and a fraction remains on foliage for variable residence times depending on rainfall dynamics

89  and surface properties. These processes may alter the solubility and fate of dust-derived P
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90 before it enters the soil. Recent studies indicate that leaf surfaces can retain mineral dust and
91 promote dissolution of sparingly soluble P-bearing minerals under mildly acidic surface
92  conditions (Gross et al., 2021; Lokshin et al., 2024, 2026a; Starr et al., 2023). Yet research on
93  atmospheric nutrient deposition remains largely soil-oriented and often overlooks canopy
94  interception, leaf-surface processing, and potential uptake by leaves (Bauters et al., 2021; Goll
95 etal., 2023; Hofhansl et al., 2010; Van Langenhove et al., 2020; Lawrence et al., 2007). Foliar
96 nutrient uptake, widely used in crop fertilization (Bukovac and Wittwer, 1957; Fageria et al.,
97  2009; Ishfaq et al., 2022; Wittwer and Teubner, 1959), provides a plausible mechanism by

98  which a fraction of dust-derived P could enter biological cycling directly from leaf surfaces.

99  Insoils, dust P may also dissolve gradually, but released phosphate can be rapidly immobilized
100 through sorption to Fe and Al minerals, constraining its short-term biological availability
101  Together, these contrasting canopy and soil processes suggest that leaf surfaces may act as a
102  short-term biogeochemical processing zone for atmospheric P, rather than merely as a passive

103  surface that intercepts particles before their transfer to soil.

104  Here, we examined the short-term fate of atmospheric particulate P in the Luquillo
105  Experimental Forest, Puerto Rico, an ecosystem located downwind of the Saharan dust plume
106  where African dust signatures have been documented in rainfall, soils, and biota (McClintock
107 et al., 2019; Pett-Ridge, 2009). We combined a foliar dust application experiment with a soil
108 incubation experiment to test whether deposited mineral dust follows different short-term
109 trajectories on leaf surfaces and in highly weathered tropical soil. Specifically, we asked
110  whether canopy exposure increases the labile fraction of dust-derived P, whether mineral dust
111 and wildfire ash differ in their short-term contribution to soil P availability, and whether leaf
112  elemental enrichment provides evidence for retention or partial incorporation of dust-derived
113  material. Together, this approach allowed us to evaluate canopy processing as a potentially

114 overlooked pathway in atmospheric P cycling.
115

116 2 Methods

117 2.1 Study site

118  The study was conducted in the Luquillo Experimental Forest (LEF), northeastern Puerto Rico
119  (Weaver and Murphy, 1990). The Luquillo Mountains encompass approximately 11,000 ha of

120 tropical forest spanning elevations from ~250 to 1,075 m a.s.1., with mean annual precipitation
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121 ranging from 2,500 to 5,000 mm due to strong orographic effects (Weaver and Murphy, 1990).
122 Forest structure and nutrient dynamics are strongly influenced by recurrent hurricanes and
123  rainfall-triggered landslides (Larsen and Simon, 1993; Scatena and Lugo, 1995). Our site was
124  located near the USDA Forest Service Sabana Field Research Station (18.325224° N,
125  —65.730755° W) at ~100 m a.s.l., with mean annual temperature of ~24 °C and precipitation
126  of ~3,500 mm. The forest is relatively a-seasonal with no month receiving less than 200 mm
127  of rainfall; however, a drier period often occurs in February and March (Minikaev et al. in
128  preparation). Luquillo lies downwind of the Saharan dust plume and lacks major local
129  particulate sources, making it ideal for dust-deposition studies (McClintock et al., 2019;
130  Prospero and Lamb, 2003). Dust activity is highest in May—August (peak June—August) and
131  can extend into Sept—Oct (Euphrasie-Clotilde et al., 2021, 2025). In Luquillo, dust deposition
132 peaks in boreal summer and declines from mid-August as Sahel rainfall peaks (van der Does
133 et al., 2020); dry deposition is approximately 53—73% and varies on average two-fold across
134 10 km area (McClintock et al., 2019; Torres-Delgado et al., 2021). Dust deposition is
135  approximately 210+ 70 kg ha—1 yr—1 (~21 + 7 g m—2 yr—1; Pett-Ridge, 2009), while AeroCom
136 model means are higher but uncertain (~590 £+ 490 kg ha—1 yr—1 in 2006; (McClintock et al.,
137  2019). Soils are highly weathered Ultisols/Oxisols developed on Cretaceous volcaniclastic

138  parent material, rich in Fe/Al oxides, and characterized by strong P sorption (Barrow, 1983).
139
140
141
142
143
144
145
146
147
148

149
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158

159 Fig. 1 Field experimental setup for foliar dust exposure in a tropical forest.
160 Location of the study site at Sabana Field Research Station, Puerto Rico (top left), and
161  representative images of the experimental setup in the understory (right and bottom panels).
162  Leaves were enclosed within protective mesh chambers designed to retain applied dust
163  particles while minimizing removal by rainfall, wind, and animal disturbance. The structures
164  allowed natural environmental conditions (light, humidity, and air circulation) while isolating
165  the foliar surface to quantify dust retention and uptake. The satellite image in the upper-left
166  panel was obtained from Google Earth (image: Landsat / Copernicus; data from LDEO-
167  Columbia, NSF, NOAA, SIO, U.S. Navy, NGA, and GEBCO; map data © 2021 Google). All
168 field photographs were taken by the authors.

169
170 2.2 Dust and ash sources and characterization

171 Three particulate materials representing distinct atmospheric particulate inputs were used in
172 this study. Atmospheric dust collected during expedition MSM104 onboard RV Maria S.
173  Merian was obtained from a cellulose air intake filter during an open-ocean transit in the
174  subtropical eastern North Atlantic(Zonneveld et al., 2021). This material represents mineral
175  dust suspended in the marine boundary layer and transported from North African desert sources
176  across the Atlantic Ocean, reflecting particles that have undergone atmospheric entrainment
177  and long-range transport prior to deposition. A local desert dust analogue was collected from

178  surface soils in the Negev Desert, Israel (30.888413° N, 34.787919° E), and used due to its

6
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179  compositional similarity to Saharan dust (‘Desert soil dust’; Ridley et al., 2012; Gross et al.,
180  2021). Finally, fire ash was collected following an extensive pine forest fire that lasted several
181  days in early May 2025 near Newe Shalom, Israel (31.815151° N, 34.987202° E). This ash
182  represents biomass-burning residues generated during large wildfires, a distinct atmospheric
183  particulate source with chemical properties different from mineral dust (‘Wildfire ash’).
184  Mineral dust samples were air-dried, homogenized, and sieved to <63 pum prior to chemical
185 analysis and experimental application, consistent with previous foliar dust-uptake experiments.
186  Wildfire ash was air-dried and homogenized but sieved to <150 pm, because the ash material
187  formed cohesive aggregates and could not be reproducibly passed through a 63 um sieve
188  without mechanically altering the sample. The <150 um fraction was therefore used to remove

189  coarse debris while retaining sufficient fine ash material for the soil incubation experiment.

190  The bulk elemental composition of all dust and ash materials was determined using X-ray
191  fluorescence (XRF), and mineralogical composition was assessed using X-ray diffraction
192  (XRD). Detailed elemental and mineralogical results are reported in Tables S1 and S2. The
193  mineralogy, elemental composition, and P concentrations of both the Desert soil dust and
194  Transatlantic dust fall within the range typically reported for Saharan dust in previous studies
195  (Ridley et al., 2012; Gross et al., 2021; Lokshin et al., 2025). Likewise, the mineralogy and
196 eclemental composition of the wildfire ash are consistent with values reported for biomass-

197  burning ash in previous studies (Bodi et al., 2014; Lokshin et al., 2024; tables S.1 & S2).
198
199 2.3 Dust deposition experiments

200 To compare the short-term fate of particulate P following deposition onto foliage or soil, we
201  conducted separate foliar application and soil incubation experiments. The foliar experiment
202  assessed direct acquisition of dust-derived P and changes in P lability following contact with
203  leaf surfaces, whereas the soil experiment quantified short-term P availability and its

204  partitioning among soil P pools.
205
206 2.4 Foliar dust application experiment

207  Foliar dust application was conducted in the forest during July 2025, corresponding to the local
208  Saharan dust season (Euphrasie-Clotilde et al., 2021; McClintock et al., 2019), on two common

209  woody species, Miconia prasina and Manilkara bidentata. M. prasina is a common understory

7
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210  shrub from a widespread tropical genus, whereas M. bidentata is a canopy tree species that was
211  sampled here as accessible saplings in the understory. These species were selected because they
212  are abundant in the Luquillo forest and representative members of the understory community,
213 and their relatively small stature allowed direct access to foliage under field conditions without
214  canopy disturbance. Because both species were sampled as accessible individuals in the
215  understory, the experiment was designed to test short-term foliar processing under field
216  conditions rather than to represent the full vertical structure of the forest canopy or the dust

217  exposure of mature upper-canopy leaves.

218  Six individual trees of each species received dust treatment, while an additional six trees per
219  species served as untreated controls. For each treated tree, four branches of comparable size
220 and light exposure were selected: two branches received dust application and two remained
221 untreated. The untreated branches served as within-tree controls, allowing us to account for
222 variability among branches within the same tree and to compare this variability with that
223  observed in fully untreated control trees. This design also helped distinguish treatment effects
224  from natural heterogeneity in leaf nutrient concentrations, particularly for relatively immobile

225 elements. In the control trees, two branches were selected and served as controls.

226  To standardize microenvironmental conditions and prevent disturbance during the experiment,
227  selected branches were enclosed within protective structures (Fig. 1). Each enclosure consisted
228  of a cylindrical frame (~30 cm diameter, ~50 cm length) constructed from flexible skeletal
229 fencing and wrapped with transparent agricultural film. The enclosures were installed
230  horizontally around the branches. These structures minimize disturbance from wind, rainfall
231 splash, and wildlife while maintaining similar microclimatic conditions for both treated and
232  control branches. In addition, they reduced direct rainfall wash-off and therefore extended
233  particle residence time on leaf surfaces relative to natural open-canopy exposure. This design
234  was used to maintain a controlled short-term exposure period and to allow detection of leaf-

235  surface processing of deposited particles.

236  Leaf area per treatment branch was estimated using an elliptical approximation (A =m x L x
237  W/4).For M. bidentata, mean leaf dimensions were 25 cm (length) and 9 cm (width), yielding
238  an average leaf area of 176.7 cm?. With eight leaves per treated branch, the total treated leaf
239  area was approximately 0.1414 m2. For M. prasina, mean leaf dimensions were 15 cm x 5 cm,
240  yielding 58.9 cm? per leaf. With sixteen leaves per treated branch, the total treated leaf area
241  was approximately 0.0943 m>.
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242  Dust was applied manually, in two pulses, using a fine sieve to achieve uniform coverage of
243  leaf surfaces while minimizing loss to the surrounding environment. During the first pulse,
244  Desert soil dust was applied at a rate of 3.5 g per treated branch for M. prasina and 7 g per
245  treated branch for M. bidentata. Based on estimated leaf area, this corresponds to application
246  rates of approximately 37 g m2 for M. prasina and 49 g m2 for M. bidentata. The second pulse
247  was added four days after the first pulse, using Transatlantic dust, which was applied to both
248  species at a rate of 3 g per treated branch, corresponding to approximately 32 g m2 for M.
249  prasina and 21 g m2 for M. bidentata. The reduced application rate during the second pulse
250  reflected the limited quantity of authentic trans-Atlantic dust available.

251  Cumulative foliar loading represented approximately 70 g m™ of leaf area, equivalent to
252  roughly three years of mean regional Saharan dust deposition in northeastern Puerto Rico (~21
253 gm™?yr'; Pett-Ridge, 2009). This elevated loading was intentionally used as a concentrated
254  short-term exposure to overcome background variability in leaf elemental composition and to
255  test whether leaf surfaces can process deposited mineral particles. Pulsed application of two
256  different dust types was used to simulate the episodic nature of dust inputs, which often
257  originate from varying Saharan sources. Because the two dust materials were applied
258  sequentially to the same treated foliage, the foliar experiment was used to evaluate the
259  combined effect of mineral dust exposure on leaf surfaces rather than to quantify source-
260  specific uptake from each dust type separately. The foliar application protocol followed
261  procedures described in Lokshin et al. (2026). Foliar elemental responses were subsequently
262  normalized to applied dust mass and treated leaf area (and, where relevant, exposure duration)
263  to comparison with soil-mediated fluxes P uptake efficiency and facilitate comparison with

264  soil-mediated fluxes. The experiment was terminated after seven days.
265
266 2.5 Elemental analysis of plant material

267 At harvest, residual particulate material was first removed from leaf surfaces using clean
268  brushes for subsequent P fractionation analysis. Leaves were then exercised from each branch
269  for elemental analysis. Tissues were washed in 0.1 M HCI and subsequently rinsed three times
270  with distilled water to remove surface-adhered dust particles (Gross et al., 2021; Lokshin et al.,
271 2026a). Samples were dried at 60 °C for 72 h to constant mass, and leaf dry mass was recorded.
272  Dried leaf material was ground to a fine powder Approximately 1 g of dried, ground plant

273  material was dry-ashed at 550 °C in a muffle furnace for 4 h (Tiwari et al., 2022a). The resulting

9
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274  ash was dissolved in 1 mL of concentrated HNOs3 to obtain a clear solution for elemental

275  analysis.

276  Elemental concentrations in plant material were determined by inductively coupled plasma
277  mass spectrometry (ICP-MS; Agilent 8900cx, Agilent Technologies) at the Hebrew University
278  of Jerusalem. The instrument was calibrated using multi-element standard solutions spanning
279 1 pgmL™! to 100 ng mL! (Merck ME VI) and separate standards for major elements ranging
280  from 300 ng mL"! to 3 mg mL"'. An internal standard solution containing 50 ng mL™! Sc and 5
281 ng mL"' Re and Rh was added to all samples and standards to correct for instrumental drift.
282  Certified reference solutions (USGS SRS T-207 and T-209) were analysed at the beginning and
283  end of each calibration sequence to verify analytical accuracy. Analytical precision was 3% for

284  major elements and 2% for trace elements.
285
286 2.6 Soil dust experiment

287 To assess the impact of particulate deposition on short-term soil nutrient availability, a
288  controlled pot incubation experiment was conducted using surface soils (top 10 cm) collected
289  from the forest. Each pot contained 500 g (dry mass equivalent) of homogenized forest soil and
290  had a surface area of 10 x 10 cm (0.01 m?). Dust or ash was applied at a mass of 5 g per pot
291  and gently mixed into the soil to simulate surface incorporation, corresponding to an areal
292  loading of 500 g m™. This loading exceeds mean annual Saharan dust deposition to northeastern
293  Puerto Rico (210 + 70 kg ha! yr'!, equivalent to ~21 g m™ yr!' (Pett-Ridge, 2009) and was
294  intentionally used as a concentrated short-term addition to generate detectable changes in PRS-

295  accessible nutrient fluxes.

296  Using the average dust P concentration reported in previous studies in the region (~1100 ppm),
297  this corresponds to approximately 23 mg P m™ yr!' under typical deposition conditions. The
298  elevated loading was therefore used to simulate a concentrated deposition pulse and ensure
299  detectable short-term changes in soil nutrient flux. The experiment included four treatments,
300 each consisted of six replicates: Trans-Atlantic dust, Desert soil dust analogue, Wildfire ash
301 and an unamended control. Each day, 25 mL of deionized water whereas added to each pot to

302 standardize soil moisture. After particulate addition, the incubation was run for seven days.

303  Plant-available nutrient supply was quantified using Plant Root Simulator (PRS®) probes

304  (Western Ag Innovations Inc., Saskatoon, Canada). PRS probes consist of anion- and cation-

10
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305 exchange resin membranes mounted in a rigid plastic support that can be inserted directly into
306  soil. Nutrients accumulate on the membranes over time, providing a time-integrated operational
307 index of nutrient supply to an ion-exchange surface (Hangs et al., 2011; Ochoa-Hueso et al.,
308  2023). This method provides a time-integrated measure of nutrient flux from the soil solution

309 rather than an instantaneous estimate of extractable nutrient pools (Ochoa-Hueso et al., 2023).

310  For each pot, one anion and one cation PRS probe were inserted and deployed for six days.
311  After retrieval, probes were rinsed with deionized water and processed according to the
312  manufacturer’s protocol. Adsorbed nutrients were extracted following Hangs et al. (2011) and
313  quantified using inductively coupled plasma mass spectrometry (ICP-MS). Measurements
314  from the anion and cation probes were combined as a single composite sample for each pot,
315  representing the integrated nutrient flux during the deployment period. Nutrient fluxes were
316  subsequently normalized to applied particulate mass and soil surface area to derive short-term
317  soil P availability indices for comparison with canopy-processing responses. Full short-term

318  PRS-accessible nutrient fluxes for all soil incubation treatments are presented in Table S3.
319
320 2.7 P fractionation of amended soils and recovered leaf-surface dust

321 P inamended soils, source dust and ash materials, and particulate material recovered from leaf
322  surfaces was partitioned using a sequential extraction procedure adapted from the Hedley
323  scheme (Mirabello et al., 2013) and modified for either tropical soils (Gross et al., 2016) or
324  dust and arid materials (Gross et al., 2021). For each material, 0.5 g of sample was subjected
325  toaseries of increasingly aggressive extractants to operationally separate P pools according to

326 relative lability and binding strength.

327 At the termination of the foliar dust application experiment, residual particulate material was
328  gently brushed the upper and lower leaf surfaces using clean nylon brushes and collected into
329  acid-cleaned tubes for subsequent laboratory P fractionation. Care was taken to avoid removal
330 ofleaftissue. After particle recovery, leaf tissues were sequentially washed in three containers:
331  distilled water, 0.1 M HCI, and distilled water again. Leaf samples were then dried at 60°C for
332 72 h before grinding and elemental analysis. This cleaning step was used to minimize the
333  contribution of residual surface-adhered dust to the measured leaf elemental composition. The
334  recovered particulate material was analyzed separately from the leaf tissue to assess changes

335 in dust P partitioning during canopy exposure.

11
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336  The initial labile P extraction differed between soils and particulate materials. For amended
337  soils, labile inorganic P was extracted using the Bray I method (Bray & Kurtz, 1945), which
338 uses an acidic extractant composed of 0.03 M NH4F and 0.025 M HCI designed to release
339 readily available inorganic P associated with Fe and Al oxides in acidic soils. Soil samples were
340  shaken with 30 mL of Bray I solution to quantify the labile inorganic P fraction. For source
341 dust and ash materials, and for particulate material recovered from leaf surfaces, labile P was
342  operationally assessed using 30 mL of 0.5 M NaHCOs. Thus, Bray I was used for amended
343  tropical soil samples, whereas bicarbonate extraction was used for dust, ash, and recovered

344  leaf-surface particulate material.

345  The use of different initial extractants reflects the contrasting matrix properties of the analyzed
346  materials. Bray I was used for the acidic, Fe- and Al-rich tropical soils because it is designed
347  to estimate readily available inorganic P in such soils. In contrast, NaHCOs was used for source
348  dust, ash, and recovered leaf-surface particulate material because these samples represent
349  mineral particulate materials rather than acidic tropical soil matrices, and bicarbonate
350  extraction provides an operational measure of the readily extractable P pool in dust and arid

351 materials.

352 In the second step, exchangeable and sorbed P pools, typically associated with Fe and Al
353  oxides, were extracted using 1 M NaOH for both dust and soil samples. In the third extraction
354  step, | M HCI was used to target more strongly bound P phases, including Ca-associated P. The
355  remaining solid residue was then completely digested using concentrated HNOs (65%) and
356  HCl in a closed-vessel microwave digestion system (MARS-6; CEM Corp., USA) to quantify
357  the residual P pool. P concentrations in the NaHCO3, Bray I, NaOH and HCI extracts were
358  determined using the molybdenum blue colorimetric method (Murphy and Riley, 1962)
359  measured on a microplate photometer (Multiskan Sky; Thermo Scientific). This extraction
360 sequence was used to compare shifts in operationally defined P pools in amended soils and in

361  particulate material recovered after canopy exposure.
362
363 2.8 First-order estimation of potential dust-derived P incorporation using Fe enrichment

364  Detecting dust-derived P uptake in field experiments is inherently challenging. Unlike
365  micronutrients such as Fe that tend to accumulate in leaf tissues (Page and Feller, 2015), P is
366  highly phloem-mobile and can be rapidly redistributed to other plant organs following uptake

367  (Arsic et al., 2025). As a result, changes in leaf P concentration at the site of deposition may

12
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368 remain small or undetectable even when net plant P acquisition occurs (Arsic et al., 2025;
369  Lokshin et al., 2026a). In addition, plants in field conditions vary in initial size and grow under
370  heterogeneous environmental conditions, which can obscure treatment-induced differences in
371  biomass over short timescales. In a greenhouse, changes in biomass can be used to calculate
372  total P uptake (Gross et al., 2021; Lokshin et al., 2025a). Because biomass changes could not
373  be reliably quantified in field experiments, increases in total plant P could not be directly
374  inferred from growth responses as in controlled experiments (Gross et al., 2021; Starr et al.,
375  2023). To address this limitation, we used Fe as a conservative anchor element to estimate dust-
376  derived P uptake. Fe is largely immobile in plant shoots (Page and Feller, 2015) and
377  accumulates locally in leaves after deposition, allowing changes in Fe concentration to serve
378  asaproxy for dust-derived foliar nutrient input and enabling estimation of associated P uptake

379  (Lokshin et al., 2026).

380 To derive an empirical proportionality factor relating Fe enrichment to whole-plant P
381  accumulation, we used data from a previously published controlled foliar dust experiment with
382  Schinus terebinthifolius, a tropical tree species originating from the Atlantic coast of Brazil, a
383  region that regularly receives Saharan dust (Starr et al., 2023). After a month, the entire plant
384  was harvested and cleaned as described earlier. The trees were dried and their above and below
385  ground biomass was determined. Then, the leaf Fe and P concentrations were measured as
386  previously described and the total P and Fe in above ground biomass was calculated. The

387  proportionality factor was calculated as:

388 k = 2oltotal (1)

%AFetotal

389  where £ is the proportionality factor between changes in P and Fe, 4P% is the percent change
390 intotal P content relative to controls, and 4Fe% is the percent change in total Fe content relative
391  to controls. Percent changes were calculated from total element content, defined as element
392  concentration multiplied by biomass. Using mean values from the greenhouse experiment, k =
393  0.464 (Fig. 3a). We applied this factor to the present field experiment as an approximate scaling
394  relationship, while recognizing that it was derived from a different species under greenhouse
395  conditions and may not capture species-specific variation in leaf surface traits, dust retention,
396 or physiological responses. Detailed values for all variables, including AP, AFe, and derived

397  parameters, are provided in Table S4.

398 In the present study, Fe enrichment following dust application was calculated as:
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399 %AFe = Zedust=Fecontrol o 4 @)

Fecontrol

400  where Feaus is the Fe concentration measured in dust-treated leaves and Feconnor is the mean Fe
401  concentration in control leaves. Estimated potential dust-derived P incorporation was then

402  calculated as:

403  where 4P, represents the estimated proportional increase in P associated with the observed Fe

404  enrichment. Estimated post-treatment P concentration was calculated as:
405 AP, = k X %AFe 3)

406  Estimated post-treatment P concentration was calculated as:

Y%APest

407 Paustest = Peontrot X 1+ 100

) “)

408  where Peonnor is the mean P concentration in control leaves and Pausies: is the expected P
409  concentration following dust-derived enrichment. Dust-derived P mass per leaf sample was

410  obtained as:

__ APese(ug g~Y)xleafmass (g)
1 AMp(mg) = 1000 (5)

412 where AMp(mg) is the mass of P derived from dust uptake.

413  The Fe-derived A4Pest value was applied uniformly to all replicate leaf samples of a given
414  species, while variation in estimated P uptake among samples was driven by differences in
415 measured leaf biomass. Fe outliers were identified using Tukey’s interquartile range (IQR)
416  method and excluded prior to calculation. This Fe-based approach provided a first-order
417  estimate of potential dust-derived P incorporation associated with observed leaf Fe enrichment,

418  while accounting qualitatively for the contrasting mobility of P and Fe within plant tissues.

419  To allow comparison among species and treatments, dust-derived P uptake was normalized to
420 the mass of dust applied to the foliage. Apparent incorporation index was calculated as the mass
421 of dust-derived P incorporated into leaf tissue divided by the mass of dust applied during the
422  foliar application experiment. In addition, the fraction of bioavailable P contained in the
423  deposited dust was estimated by comparing the calculated P uptake with the total P content of
424  the applied dust:

AMp

425 Uuptakeg, s = (6)

Mgust
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426  Where Uuptakegy,, is foliar uptake efficiency (mg P g dust), AM, is dust derived P mass
427  incorporated into leaf tissue (mg) and Mausis the total mass of dust applied to the foliage (g).

428  The bioavailable fraction of P in the dust was calculated as:

Uaptake gy st

429 %Bioavailability = x 100 7

dust

430  Where Pausis the total P concentration in the applied dust (mg g™).
431
432 2.9 Statistical analysis

433  For the foliar dust application experiment, branches were sampled within individual trees, with
434  two dust-treated and two untreated branches per treated tree. Branch-level values are shown in
435  the figures to display within-tree and among-branch variability. However, individual trees were
436 treated as the biological replicate units for statistical analysis. For each tree and treatment,
437  branch-level measurements were averaged prior to statistical testing, yielding one dust-treated
438  and one untreated value per tree. Differences between dust-treated and untreated branches were
439  evaluated separately for each species using two-tailed paired t-tests. Fully untreated control
440  trees were used to characterize background variation in leaf elemental composition and were
441  compared with treated-tree values using two-tailed unpaired t-tests, with Welch’s correction

442  applied when variances were unequal.

443 Soil incubation treatments were compared using one-way analysis of variance (ANOVA)
444  followed by Tukey multiple comparisons. When assumptions of equal variances were not met,
445  Welch’s ANOVA followed by Dunnett T3 multiple comparisons was used. Statistical
446  significance was assessed at o= 0.05. Data are presented as mean + SD unless stated otherwise.
447  All statistical analyses and figure preparation were performed using GraphPad Prism version

448 11.

449

450 3. Results

451 3.1 Particulate additions increase short-term PRS-accessible soil P

452  Addition of mineral dust or wildfire ash to tropical forest soil significantly increased short-term
453  PRS-accessible P flux measured by ion-exchange resin membranes (Fig. 2). In the unamended

454  control soil, P flux was extremely low and remained near or below the analytical detection
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455  limit. Both the desert soil dust and the trans-Atlantic Saharan dust produced similar responses,
456  with mean PRS-accessible P fluxes of approximately 21 mg m during the incubation period.
457  In contrast, wildfire ash generated substantially higher P fluxes, with mean values of

458  approximately 178 mg m™.
459
460 3.2 Leaf Fe enrichment indicates retention of dust-derived material

461  Because Fe is relatively immobile in plant tissues and tends to accumulate near sites of particle
462  deposition, whereas P is mobile and can be redistributed within plants, leaf Fe enrichment was
463  used as an indirect indicator of dust-derived material retained or partially incorporated into
464  foliage. To derive a first-order relationship between foliar Fe enrichment and P accumulation,
465  we used data from a previously published greenhouse foliar dust experiment with Schinus
466  terebinthifolius. In that experiment, biomass of dust-treated plants increased significantly
467 compared with controls. Leaf Fe concentrations increased substantially following dust
468  application, while leaf P concentrations did not change significantly (Table SS5). Total
469  aboveground Fe and P contents were therefore calculated as element concentration multiplied
470 by biomass. This analysis yielded an empirical proportionality factor in which increases in total

471 P corresponded to 46.4% of the increase in total Fe.

472  We applied this Fe-based relationship to the foliar dust application field experiment as a first-
473  order approximation of potential dust-derived P incorporation in M. prasina and M. bidentata.
474  Following dust application, leaf Fe concentrations increased substantially in both species (Fig.
475  3b). Applying this conversion factor resulted in first-order estimated increases in leaf P
476  concentrations of approximately 315 ppm in M. bidentata and 370 ppm in M. prasina relative
477  to controls (Fig. 3c). Additional nutrient composition data for both species are provided in

478  Tables S6 and S7.
479
480 3.3 Apparent short-term P response indices for canopy and soil pathways

481  To place the foliar and soil experiments on a common mass-normalized basis, we calculated
482  apparent short-term P response indices relative to the amount of particulate material applied
483  (Fig. 4a). For the soil pathway, PRS-accessible P fluxes were normalized to the mass of added
484  mineral dust and soil surface area. The average value calculated from the desert source dust

485  and trans-Atlantic Saharan dust treatments corresponded to 0.000727 mg P g dust over the
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486  incubation period. For the foliar experiment, first-order estimates of potential dust-derived P
487  incorporation, derived from the Fe-based calculation, were normalized to the amount of dust
488  applied to foliage and treated leaf area. This yielded apparent foliar response indices of 0.257
489 mg P g dust for M. bidentata and 0.1137 mg P g* dust for M. prasina (Fig. 4a). These values
490  were normalized to the total P content of dust (1.1 mg P g* dust; Pett-Ridge, 2009) to estimate
491  the biologically available fraction of dust-derived P. This corresponded to an average biological
492  availability of approximately 16.85% for the foliar pathway and 0.066% for the soil-mediated
493  pathway (Fig. 4b).

494
495 3.4 Changes in dust P fractionation following soil and canopy exposure

496 To investigate potential mechanisms influencing P availability following dust deposition,
497  sequential P extractions were performed on soils and dust samples (Fig. 5). NaOH-extractable
498 P increased following addition of dust or ash to soils (Fig. SA). In the unamended control soil,
499  NaOH-extractable P averaged 14.62 +2.49 pg ¢! but the addition of desert soil dust and trans-
500  Atlantic Saharan dust increased NaOH-extractable P to 53.08 £ 10.11 pg g and 37.44 £ 7.35
501 pg g!' respectively. The highest values were observed following wildfire ash addition, with
502 NaOH-extractable P reaching 58.12 + 22.06 pg g !. Bicarbonate-extractable P was measured
503 in dust samples before and after exposure on leaf surfaces (Fig. 5b). Initial bicarbonate-
504  extractable P measured in the desert source dust ranged between 50.52 and 70.01 pg g™, while
505 values in trans-Atlantic Saharan dust ranged between 33.37 and 69.33 pg g'. Dust particles
506 recovered from leaf surfaces following the foliar dust application experiment showed
507  significantly higher bicarbonate-extractable P (106.8 = 22.3 pg g™') in comparison to initial
508 levels in desert source dust or trans-Atlantic dust (ranging between 50.52 and 70.01 pg g™ and
509 33.37 and 69.33 pg g!, respectively).

510
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527  Figure 2. Bioavailable P flux measured using ion-exchange resin membranes (PRS probes)

528  during a 6-day soil incubation experiment following particulate amendment. Total bioavailable

529 P flux (mg P m™) is shown for local soil (control), desert dust, trans-Atlantic Saharan dust, and

530 wildfire ash treatments. Values represent time-integrated P supply to membranes over the

531 incubation period. Boxes indicate the interquartile range, center lines represent medians, and

532  whiskers denote the minimum—maximum range. Bioavailable P flux in the unamended local

533  soil remained extremely low and close to the analytical detection limit of the PRS method.

534  Different letters indicate significant differences among treatments (two-tailed t-test, P < 0.05).

535

18



https://doi.org/10.5194/egusphere-2026-4320
Preprint. Discussion started: 30 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

>
o)

60 %AP total =18.2%

w
S
S

M. prasina M. bidentata Aok

%/ AFe total=39.2%

=

Kpactor = 0.464

P4

% change from control

=
3

Fe concentration (ug g H
2
H

Ll =

0 0 ' ' i '
%AFe total %AP total Control Dusted Control Dusted
1500
M. prasina P M. bidentata P
(Fe-anchored) (Fe-anchored)
-
o0
°=‘3 EEs
3
~1000-
=
=}
=
«
St
~—
=
8
(=
)
=%

>

Con'trol Dusted Coﬁtrol Dusted
536

537  Figure 3. Estimation of dust-derived foliar P uptake using an Fe-anchored approach. (a)
538  Calibration factor relating changes in total P and total Fe derived from a foliar dust application
539  experiment on S. Terebinthifolius (Starr et al., 2023). Total P increased by 18.2% and total Fe
540 by 39.2% following dust application, yielding a conversion factor k = AP;yiq1/AF €otar =
541  0.464. (b) Leaf Fe concentrations (ug g ' DW) measured in control and dust-treated branches
542  of M. prasina and M. bidentata following foliar dust application in the Luquillo Experimental
543  Forest. (c) Estimated leaf P concentrations (ug g' DW) derived using the Fe-anchored
544  conversion factor shown in panel A. Points represent branch-level measurements shown to
545  visualize within-tree and among-branch variability. Statistical tests were performed on tree-
546  level means, with individual trees treated as biological replicates. Boxes indicate interquartile
547  range, center lines represent medians, and whiskers denote the minimum-maximum range.
548  Asterisks indicate significant differences between control and dust-treated leaves (two-tailed t-

549  test, P <0.05).
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Fig 4. Efficiency of P acquisition from dust through soil and foliar pathways. (a) P uptake
normalized to the amount of dust applied, expressed as P acquired per gram of dust per square
meter (mg P g' dust m?). Soil-mediated uptake was calculated from PRS membrane
measurements following addition of desert dust, trans-Atlantic Saharan dust, and wildfire ash.
Foliar uptake was calculated from Fe-anchored estimates of P incorporation into leaves of M.
bidentata and M. prasina. (b) Corresponding biologically available fraction of dust-derived P
expressed as a percentage of total dust P. Dust P concentration was assumed to be 1100 ppm
(1.1 mg P g' dust). Bars represent mean values = SD. Different letters indicate significant

differences among treatments (two-tailed t-test, P < 0.05).
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Fig 5. Changes in operationally defined P pools following soil and canopy exposure to dust.
(a) NaOH-extractable P (ug P g™') measured in soil following addition of desert soil dust, trans-
Atlantic Saharan dust, and wildfire ash compared with unamended local soil. NaOH extraction
targets P associated with Fe and Al mineral phases. (b) Labile P (bicarbonate-extractable P; pug
P g') measured in dust samples before and after exposure on leaf surfaces of M. bidentata
following the foliar dust application experiment. Bars represent mean values + SD. Different

letters indicate significant differences among treatments (two-tailed t-test, P < 0.05).

4 Discussion
4.1 Contrasting short-term fates of dust-derived P in canopy and soil compartments

Our results show that dust-derived P can follow contrasting short-term trajectories after
deposition onto tropical forest canopy and soil surfaces. In the soil incubation experiment,

mineral dust additions generated measurable PRS-accessible P fluxes, but sequential extraction
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583 indicated that much of the added P became associated with NaOH-extractable pools, consistent
584  with rapid transfer to Fe- and Al-linked phases. dust recovered from leaf surfaces after canopy
585  exposure showed an increase in bicarbonate-extractable P, used here as an operational measure
586  of readily extractable P in recovered dust material, indicating that the foliar environment
587  enhanced the labile fraction of deposited mineral dust. These findings suggest that the short-
588 term fate of atmospheric P depends strongly on the compartment in which dust is processed.
589  Rather than acting only as a passive interception surface, the canopy may function as a
590  biogeochemical interface that alters dust P availability before particles are transferred to the

591  forest floor.
592
593 4.2 Rapid immobilization limits short-term soil availability of dust-derived P

594  Our soil experiment showed that incorporation of dust into tropical forest soil generated
595 measurable fluxes of plant-available P, whereas the native soil alone produced extremely low
596 P fluxes that were close to the detection limit of the resin membranes. This confirms the strong
597 P limitation characteristic of highly weathered tropical soils (Cunha et al., 2022; Lin et al.,
598  2020; Wood et al., 2015). Much of the P in mineral dust is structurally bound within primary
599  mineral phases such as apatite and other P-bearing minerals (Dam et al., 2021; Hudson-
600 Edwards et al., 2014; Zhang et al., 2018), which are only sparingly soluble under the pH
601  conditions typical of most natural soil and rhizosphere environments (Hinsinger, 2001). Soils
602  in the Luquillo forest are strongly acidic, typically in the range of pH ~4-5, reflecting highly
603  weathered, Fe- and Al-rich conditions (Mage and Porder, 2012; Vitousek et al., 2010). Such
604  acidic environments are expected to enhance the dissolution of dust-derived P and increase its
605  bioavailable fraction, consistent with experimental studies showing increased P release from
606  mineral phases under low pH conditions (Gonzalez-Olalla et al., 2024; Zhang et al., 2022;
607  Sudeep et al., 2022). However, despite these favorable conditions for dissolution, we did not
608  observe a corresponding increase in bioavailable P following dust addition. This suggests that
609 any transient release of phosphate from dust is rapidly offset by re-adsorption onto Fe- and Al-
610  rich mineral phases, which dominate sorption processes in highly weathered tropical soils
611 (Chacon et al., 2006; Lin et al., 2020). Consistent with this interpretation, the increase in
612  NaOH-extractable P following dust addition (Fig. 5a) indicates that released P was quickly
613 transferred into Fe-associated pools, effectively buffering dissolved P and limiting its short-

614  term biological availability. Such processes are well documented in tropical soils where
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615  dissolved phosphate is strongly sorbed to Fe and Al oxides, limiting its immediate biological
616  availability (Gross et al., 2018; McGlynn et al., 2007). Experimental work in humid tropical
617  forest soils has shown that P sorption occurs within hours and can retain most of the dissolved

618 P even under variable redox conditions (Lin et al., 2020).

619  Previous studies have suggested that long-range atmospheric transport can increase P solubility
620 through chemical aging of mineral dust, including exposure to acidic species such as nitric
621  acid, sulfuric acid, and organic acids during atmospheric processing. Laboratory and modelling
622  studies have shown that acidification of mineral aerosols can substantially enhance the release
623  of bioavailable P from P-bearing minerals (Dam et al., 2021; Gaston, 2020; Korte et al., 2018;
624  Nenes et al., 2011; Stockdale et al., 2016).

625  However, in our experiment we did not detect significant differences in bioavailable P after
626  dust addition to soil between trans-Atlantic Saharan dust and locally sourced desert soil dust.
627  This suggests that, at least for the materials examined here, long-range atmospheric transport
628  did not produce a measurable increase in P bioavailability, which corresponds with recent
629  reports on minimal transatlantic dust aging (Royer et al., 2025). One possible explanation is
630 that intrinsic mineralogical differences among dust sources may exert stronger control on P
631 release than atmospheric processing alone. Alternatively, as the transatlantic dust was collected
632  only a few hundred km from the coasts of Africa, the time and magnitude of acid exposure
633  during the relatively short atmospheric transport may be insufficient to substantially alter P
634  solubility in comparison to dust that reaches Puerto Rico. In our study we applied dry dust to
635  allow controlled residence time on leaf surfaces and to enable leaf-mediated dissolution
636  without wash-off, yet rain-driven acidification can further enhance nutrient solubility in
637  atmospheric particles (van der Does et al., 2020). Future studies should also incorporate wet

638  deposition scenarios.

639 In contrast to dust, wildfire ash addition produced substantially higher PRS-accessible P flux
640 in tropical soil, reflecting the enrichment of ash in readily soluble nutrients which are produced
641  during biomass combustion in high temperatures (Goll et al., 2023; Lokshin et al., 2024) and
642  likely its higher sensitivity to the acidic conditions in the soil (Tiwari et al., 2022a). These
643  results suggest that wildfire ash deposition can represent an episodic but potentially important
644  short-term source of bioavailable P to tropical forests soils. Although wildfire ash deposition is
645  typically more spatially heterogeneous and less consistent than mineral dust inputs, its high

646  nutrient solubility can generate intense short-term pulses of soil-available P, potentially
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647  accounting for emerging evidence of a substantial contribution of ash-derived P to tropical
648  forest nutrient cycling (Barkley et al., 2019; Bauters et al., 2021; Descals et al., 2026; Goll et
649  al., 2023).

650
651 4.3 Canopy processing creates a short-term labile P pathway

652  One plausible mechanism is acidification of the leaf surface by organic acids, which can
653  promote the dissolution of P-bearing minerals in deposited dust; in chickpea, oxalic acid was
654  observed together with a more acidic leaf-surface environment (Golan et al., 2025; Lokshin et

655  al., 2026; Tiwari et al., 2022; Zhang et al., 2022).

656  Although the entry pathway of P into leaf tissues is not fully resolved, trichome bases, stomata,
657  cuticular pathways, and other hydrated surface structures have been proposed as potential
658  routes for dissolved ion movement into leaves (Eichert & Fernandez, 2023; Golan et al., 2025;
659  Gross et al., 2021). Previous work has shown that a measurable fraction of nutrients contained
660 in deposited dust particles can become associated with plant biomass following foliar exposure
661  (Lokshin et al., 2026). The present experiment does not resolve the intracellular partitioning of
662  dust-derived P, and the Fe-anchored estimates should therefore be interpreted as first-order
663  approximations rather than direct measurements of foliar P uptake. Nevertheless, the
664  combination of Fe enrichment, apparent P response indices, and increased bicarbonate-
665  extractable P in recovered leaf-surface dust supports the conclusion that canopy exposure can

666  enhance short-term dust-P availability.

667  When normalized to applied dust mass, the Fe-anchored apparent P response index was
668  approximately 2.3-fold greater in M. bidentata than in M. prasina (0.257 versus 0.114 mg P g!
669  dust, respectively). This difference may reflect species-specific variation in leaf traits that
670 influence particle retention, dissolution, and potential nutrient transfer. Although M. bidentata
671  isacanopy tree species and M. prasina is commonly associated with the understory (Pascarella
672 et al., 2007; You and Petty, 1991), the individuals sampled in this study were accessible
673  understory plants and therefore should not be interpreted as representing the full vertical
674  canopy gradient. Variation in cuticle structure, trichome density, leaf wettability, surface
675  roughness, and exudate chemistry can influence the retention and dissolution of deposited
676  particles (Eichert and Fernandez, 2023; Fernandez and Eichert, 2009; Sabe et al., 2012). In
677  addition, upper-canopy leaves may experience greater atmospheric particle interception,

678  whereas understory foliage receives a canopy-filtered dust signal (Das et al., 2013; Uni and
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679  Katra, 2017). These factors highlight the need for future work that directly tests canopy-

680  position effects and leaf functional traits across a wider range of tropical tree species.

681  The foliar pathway for wildfire ash-derived P was not tested in the present experiment. Previous
682  studies indicate that P from wildfire ash can also become associated with plant tissues following
683  foliar exposure (Lokshin et al., 2024b), suggesting that canopy processing may be relevant not
684  only for mineral dust but also for episodic biomass-burning inputs. However, because ash and
685  mineral dust differ strongly in chemistry, solubility, particle structure, and surface reactivity,
686  foliar processing of ash-derived P in tropical forests should be treated as a hypothesis requiring

687  direct experimental testing.
688
689 4.4 Interpreting short-term canopy and soil P response indices

690  When normalized to the total P content of the applied mineral dust, the canopy pathway
691  corresponded to a short-term P response fraction of 16.85%, compared with 0.066% for the
692  soil pathway (Fig. 4b). This large contrast shows that dust-derived P followed sharply different
693  short-term trajectories in the canopy and soil compartments. On leaf surfaces, dust exposure
694  produced Fe enrichment, estimated P incorporation, and increased bicarbonate-extractable P in
695 recovered particles. In soil, mineral dust addition produced only a small PRS-accessible P
696  response, while much of the added P was transferred into NaOH-extractable Fe- and Al-

697  associated pools.

698  This comparison highlights the contrasting short-term partitioning of dust-derived P between
699  canopy and soil environments. Canopy exposure maintained or enhanced a labile dust-P signal,
700  whereas highly weathered tropical soil rapidly buffered dust-derived P into less immediately
701 accessible pools. This interpretation is supported by the very low PRS-accessible P measured
702  in unamended soil, the limited response to mineral dust addition, and the strong increase in
703  Fe/Al-associated P following soil amendment (Figs. 2, 5a). It is further supported by the
704  increase in labile P measured in dust recovered from leaf surfaces after canopy exposure (Fig.

705  5b).

706  The Fe enrichment and short-term dust-derived P response observed in the foliar pathway were
707  not accompanied by detectable changes in biomass, leaf production, or overall plant growth
708  during the seven-day field experiment, similar to findings from a recent Mediterranean field

709  study (Lokshin et al., 2026). This contrasts with controlled experiments showing that foliar

25



https://doi.org/10.5194/egusphere-2026-4320
Preprint. Discussion started: 30 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

710  application of mineral dust P can stimulate plant P acquisition and biomass production under
711 greenhouse or otherwise controlled conditions (Gross et al., 2021; Lokshin et al., 2025; Starr
712 etal, 2023). This difference is consistent with the short duration and field setting of the present
713  study, where growth responses are unlikely to be resolved over seven days and may require

714  longer experiments, repeated deposition events, or more controlled environmental conditions.

715  Dust deposition can also influence leaf function through physical, non-nutritional effects,
716  including surface shading and partial restriction of gas exchange by particle accumulation
717  (Moradi et al., 2017; Starr et al., 2023; Lokshin et al., 2024a). Treated branches did not show
718  visible symptoms of stress or chlorosis during the experiment, but physiological responses were
719 not measured directly. Future experiments should combine nutrient tracing with
720  photosynthesis, stomatal conductance, chlorophyll fluorescence, and inert-particle controls to

721 distinguish nutritional effects from physical dust-coating effects.

722 Together, the canopy and soil response indicate that leaf surfaces can create a transient labile P
723  pathway before atmospheric particles enter the soil, while highly weathered tropical soils can
724  rapidly immobilize dust-derived P into Fe- and Al-associated pools. This contrast provides the
725  central biogeochemical basis for interpreting canopy processing as an overlooked component
726  of atmospheric P cycling in tropical forests (Avner Gross et al., 2021; Lokshin et al., 2025b;
727  Starr et al., 2023).

728
729
730 4.5 Ecosystem-scale implications for tropical forest P cycling

731 The short-term canopy and soil response indices measured here are most useful when placed
732  within the broader P-cycling context of the Luquillo forest. This comparison does not aim to
733  close an ecosystem P budget, but rather to evaluate the potential magnitude of the
734  experimentally observed canopy pathway relative to known internal recycling fluxes, external

735  Pinputs, and P losses within the same forest system.

736 P cycling in the Luquillo forest is dominated by internal recycling. Litterfall represents the
737  largest internal P return, with published estimates of ~20—40 mg P m2 month™ (Cuevas and
738  Lugo, 1998; Heartsill-Scalley et al., 2007; Uriarte et al., 2015). Plant P uptake has been
739  estimated at ~12-17 mg P m™ month (Heartsill-Scalley et al., 2007; Pett-Ridge, 2009).

740  Throughfall P fluxes are generally ~1—-5 mg P m™ month™!, with episodic increases during dust
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741  events, and integrate direct atmospheric deposition, canopy leaching, and canopy exchange
742 processes (Heartsill-Scalley et al., 2007; McClintock et al., 2019). External inputs are smaller
743  than internal recycling fluxes but are important for the long-term balance of highly weathered
744 tropical systems. African dust delivers ~23 mg P m™ yr'! to northeastern Puerto Rico (Pett-
745  Ridge, 2009), while geogenic P inputs from rock weathering and saprolite-to-soil conversion
746  are estimated at ~1.25 mg P m? yr! (Mage and Porder, 2012; Pett-Ridge, 2009). P losses from
747  the system occur through leaching, estimated at ~0.66 mg P m™ month™!, and erosion, estimated

748  at ~1 mg P m? month™' (Pett-Ridge, 2009).

749  Saharan dust transport to the Caribbean is strongly seasonal, with peak deposition during late
750  spring and summer (Prospero et al., 2013; Yu et al., 2015). To place our short-term response
751  indices within this seasonal context, we distributed the annual dust-derived P input of ~23 mg
752 P m?yr! across the main dust-active period. This gives an estimated atmospheric dust-P input
753  of ~7.66 mg P m? month" during dust months. Applying the canopy response fraction
754  measured in this study, 16.85%, gives a scenario-based canopy-associated dust-P flux of 1.29
755  +0.71 mg P m? month™! during a dust month. Applying the soil response fraction, 0.066%,
756  gives a short-term PRS-accessible dust-P flux of 0.014 + 0.0084 mg P m month™! over the

757  same seasonal framing.

758  These estimates suggest that the canopy-associated dust-P response is small relative to internal
759  recycling, as expected, but comparable in magnitude to several external P fluxes that are
760 important for long-term potentially meaningful relative to external P inputs and losses that
761  influence the long-term ecosystem P balance. Applying the canopy response fraction of 16.85%
762  directly to the annual atmospheric dust-P input of ~23 mg P m™2 yr ' gives an estimated canopy-
763  associated dust-P response of 3.87 £2.13 mg P m2 yr'. This is approximately three times the
764  estimated geogenic P input from rock weathering and saprolite-to-soil conversion of ~1.25 mg
765 P m™yr'. During individual dust months, the canopy-associated response of 1.29 + 0.71 mg
766 P m™2month™ is also comparable in magnitude to reported leaching losses of ~0.66 mg P m™2
767 month™!, although these comparisons represent different processes and should not be
768 interpreted as a closed P balance. In contrast, the short-term PRS-accessible soil response of
769  0.014 + 0.0084 mg P m month™ is much smaller, consistent with rapid immobilization of
770  mineral dust-derived P into Fe- and Al-associated pools. Expressed relative to estimated plant
771 P uptake, the canopy-associated dust-P response during dust months corresponds to up to

772 ~8.5% of monthly plant P demand, whereas the short-term PRS-accessible soil response
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773  corresponds to ~0.1%. These percentages provide a seasonal magnitude comparison based on

774  the experimental response indices, rather than a closed ecosystem uptake budget.

775  This comparison suggests that canopy processing is unlikely to dominate total P cycling in
776  Luquillo, which is governed primarily by internal recycling. However, internal recycling
777  redistributes P already present within the ecosystem and cannot replace P exported through
778  leaching and erosion or transferred over longer timescales into occluded and strongly mineral-
779  associated forms. Atmospheric dust and rock weathering provide new P that can partly offset

780  these losses and long-term reductions in availability.

781  The significance of canopy processing therefore lies in how it may alter the fate of this new
782  atmospheric input. Weathering-derived P must first be released from parent material and may
783  subsequently be immobilized in highly weathered soils, whereas dust-P deposited directly on
784  foliage arrives at a biologically active interface where some P may be taken up directly and
785  contact with leaf surfaces may increase the lability of P remaining in deposited particles. This
786  residual P may subsequently be redistributed in throughfall and become accessible to other
787  canopy organisms or to roots after reaching the forest floor. Throughfall measurements quantify
788  the P that reaches the forest floor after interacting with the canopy, but they do not isolate the
789  fraction of deposited dust-P that may be retained, dissolved, transformed, or taken up at the
790  leaf surface before redistribution. Throughfall therefore integrates these processes but cannot
791  independently distinguish among foliar uptake, chemical transformation, canopy retention, and
792  particle redistribution. The present estimates identify canopy processing as a potentially
793  meaningful pre-soil pathway for atmospheric P, while its full importance at the scale of mature

794  forest canopies remains to be quantified.
795 4.6 Implications for atmospheric P cycling and carbon—nutrient models

796  The results of this study suggest that forest canopies may function as reactive interfaces in
797  atmospheric P cycling, rather than only as passive surfaces that intercept atmospheric
798  deposition before transferring to the soil. Current representations of atmospheric nutrient inputs
799 inecosystem and Earth system models are largely soil-centered, with atmospheric P deposition
800 commonly routed to soil nutrient pools before plant access (Chadwick et al., 1999; Okin et al.,
801  2004). This structure is appropriate for many long-term nutrient-budget applications, but it does
802 not explicitly represent either direct foliar uptake of atmospheric P or short-term chemical

803  processing of atmospheric particles on leaf surfaces before their redistribution in throughfall.

28



https://doi.org/10.5194/egusphere-2026-4320
Preprint. Discussion started: 30 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

804  Canopy structure may further regulate this pre-soil processing step by controlling particle
805 interception and residence time. High leaf area index, complex leaf architecture, and increased
806  aerodynamic roughness can enhance particle capture, with canopy-level interception exceeding
807  bulk deposition by several-fold in some systems (Runyan et al., 2013). Greater interception
808  does not by itself demonstrate an increase in ecosystem-scale foliar P uptake. It does, however,
809 increase the amount of atmospheric material contacting foliage and the opportunity for direct
810 uptake, chemical transformation, temporary retention, and subsequent redistribution in

811  throughfall.

812  This omission of these pathways may matter in highly weathered tropical forests, where the
813  fate of newly deposited P depends strongly on the compartment in which it is first processed.
814  In the soil, dust-derived P can be rapidly transferred into Fe- and Al-associated pools, limiting
815  short-term accessibility (Jiang et al., 2019). On leaf surfaces, the same atmospheric material
816  may experience a different chemical environment that increases the labile fraction of dust-
817  derived P before it enters the soil system. In addition, the Fe-anchored estimates obtained here
818  provide first-order quantitative evidence for direct foliar acquisition of dust-derived P. Models
819 such as JULES-CNP, CLM-based C-N-P formulations, and ORCHIDEE-CNP already
820  represent strong P constraints on tropical forest productivity and generally route atmospheric
821  inputs through soil pools prior to plant access (Fleischer et al., 2019; Nakhavali et al., 2022;
822  Sun et al., 2017; Goll et al., 2023). Incorporating foliar uptake and canopy-processing terms
823  would not require assuming that foliar pathways dominate plant P acquisition, but would allow
824  models to distinguish among atmospheric P taken up directly by foliage, P retained or
825  chemically transformed on leaf surfaces and later redistributed, and P entering soil

826  immobilization pathways.

827  Such a representation may also improve predictions under changing climate and land-use
828  conditions. Dust emissions, transport pathways, and deposition patterns are expected to shift
829  with climate change, land degradation, and desert expansion (Kok et al., 2023; Mahowald et
830 al.,2008). Although foliar processing of ash was not tested here, biomass-burning aerosols may
831  also provide episodic P inputs to tropical forests, particularly where fire regimes intensify or
832  where long-range transport connects burning regions with P-limited ecosystems (Barkley et al.,
833  2019; Bauters et al., 2021; Goll et al., 2023; Descals et al., 2026). At the same time,
834  deforestation and canopy loss can reduce particle interception and thereby alter the fraction of
835  atmospheric material retained and processed aboveground (Lawrence et al., 2007; De longe et

836  al., 2008). Because tropical forest responses to rising CO: can be strongly constrained by P
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837  availability, changes in atmospheric P delivery and canopy processing could influence future

838  carbon—nutrient feedbacks (Terrer et al., 2019).

839  The central implication is that atmospheric P may enter tropical forest nutrient cycling through
840 two complementary pre-soil pathways: direct foliar uptake and leaf-surface processing that
841 increases the lability of P remaining in deposited particles. The latter pool may remain available
842  for subsequent uptake from foliage or, following redistribution in throughfall, by roots.
843  Measurements of bulk deposition and soil P availability may not resolve these processes,
844  whereas throughfall integrates multiple canopy effects but cannot by itself distinguish among
845  foliar uptake, chemical transformation, and particle redistribution. Future work should quantify
846  both pathways across canopy positions, tree species, dust loads, rainfall regimes, and particle
847  types, and test how canopy-processed P is partitioned among foliar uptake, leaf retention,
848  throughfall, stemflow, microbial processing, and soil immobilization. Representing these
849  processes more explicitly could improve our ability to evaluate how atmospheric deposition

850  contributes to tropical forest P cycling and to carbon—nutrient interactions in a changing world.
851
852 5 Conclusions

853  This study provides proof-of-concept evidence that tropical forest canopies can alter the short-
854  term fate of atmospheric dust-derived P before deposited particles reach the soil. In the Luquillo
855  Experimental Forest, foliar dust exposure resulted in uptake of dust-derived Fe and P, with P
856  uptake quantified using Fe as a conservative anchor. In addition, particles recovered from leaf
857  surfaces contained more bicarbonate-extractable P than the applied dust, indicating that contact
858  with leaves increased the lability of P remaining in deposited particles. In contrast, mineral dust
859  added to highly weathered tropical soil generated only a small PRS-accessible P response and
860  was rapidly transferred into Fe- and Al-associated pools, whereas wildfire ash produced

861  substantially greater short-term soil P availability.

862  These results show that atmospheric particulate P does not follow a single soil-mediated
863 pathway after deposition. Instead, canopy exposure can promote two complementary
864  pathways: direct foliar uptake of dust-derived P and leaf-surface processing that increases the
865  pool of labile P remaining in deposited particles. This residual P may subsequently become
866  available for uptake directly from leaf surfaces or by roots following redistribution to the forest
867  floor in throughfall. By contrast, dust-derived P entering highly weathered tropical soils can be

868  rapidly immobilized in less immediately accessible mineral-associated forms.
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869  Our findings therefore suggest that canopy contact may enhance the entry of atmospheric P
870 into tropical forest nutrient cycling both through direct foliar uptake and by increasing P
871  availability before particles reach strongly P-fixing soils. The ecosystem-scale importance of
872  these pathways remains to be quantified across mature trees, canopy positions, species, and
873  natural deposition events. Incorporating canopy processing into future field experiments,
874  atmospheric deposition measurements, and coupled carbon—nutrient models may improve
875  understanding of how dust and biomass-burning inputs influence tropical forest nutrient

876  dynamics under changing climate, dust, and fire regimes.
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