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Rapid response of stream dissolved
phosphorus concentrations to
wildfire smoke
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Wildfires can produce large plumes of smoke that are transported across vast distances, altering
nutrient cycling of undisturbed watersheds exposed downwind. To date, wildfire smoke influence on
stream biogeochemical signatures remains an important knowledge gap. Here we evaluate the
impacts of wildfire smoke on phosphorus (P) biogeochemical cycling in a temperate watershed in the
Finger Lakes Region of Central New York located downwind from record setting Canadian forest fires
during the summer of 2023. Daily sampling of stream and rainwaters was conducted over the 2month
smoke period, generating a robust geochemical dataset. Stream dissolved P showed high sensitivity
to smoke events, attaining concentrations 2–3 × greater than the pre-smoke period. Subsequent rain
events after smokedepositionwere identifiedas apotentially important factor inmagnitude and timing
of dissolved P responses. These findings demonstrate the capacity for wildfire smoke to trigger rapid,
observable changes to stream P chemistry.

Watershed biogeochemistry is rapidly beingmodified by enhancedwildfire
activity in response to a changing climate.A less explored feature ofwildfires
are the smoke plumes released into the atmosphere and their impact on
exposed watersheds situated downwind1. Biomass burning injects around
34 − 41million metric tons of aerosol smoke to the atmosphere per year2.
The smoke generated is rich in nutrients (such as C, P, K, Ca, Mg and to a
lesser extentN) reflecting a portion of the pre-fire vegetation composition in
the pyrolyzed biomass3–6. Smoke plumes can be transported across large
distances, impacting air quality in areas as far as 1000 km from active fires7.
With an uncertain future in fire productivity8–10 as the Earth system con-
tinues to be modified through human-driven activities, the potential mag-
nitude of smoke effects on the biogeochemical cycling of undisturbed
watersheds remains a critical knowledge gap.

Most of our current understanding on smoke-driven biogeochemical
impacts derives from research on nutrient-limited aquatic11–16 and
tropical14,17–19 ecosystems heavily reliant upon nutrient delivery from
external, atmospheric sources. In forested watersheds with temperate and
Mediterranean climates, efforts to characterize atmospheric influences on
the overall nutrient budget focus on dust deposition20–22. These studies have
demonstrated the importance of dust as an external supply of nutrients to
such watersheds, outpacing bedrock weathering contributions in some
instances21.Whilewildfire smokehas garnered considerably less attention in
this respect, recent work suggests smoke could operate in a similar fashion23

and potentially equal or surpass dust atmospheric nutrients fluxes to
watersheds over shorter timescales.

In the watershed literature, the importance of wet-deposition events
(i.e., rainstorms) on stimulating biogeochemical “hot moments” has been
well documented24 and remains an area of active research25–27. For example,
stream solutefluxes during rain eventsmake up 40– 80%of the total annual
export out of watersheds28–31. We anticipate that wildfire smoke dry
deposition events could have a similar impact in generating such hot
moments of nutrient supply, notably when coupled with rain events. The
high nutrient abundance and surface area to volume ratio for smoke par-
ticles (typically particle sizes at 1 to submicron scale)32 favors fast leaching6,
quickly supplying nutrients to stream solute export fluxes. However, a lack
of knowledge on post-smoke deposition interactions throughout the bio-,
hydro-, and litho-spheres within a watershed and the timescales at which
they operate make it challenging to properly evaluate such event-driven
impacts on stream chemistry.

This paper serves as a step forward into the relatively underexplored
field of wildfire smoke biogeochemical cycling in watersheds. Motivation
for this work and findings produced are a result of research performed
serendipitously when an actively monitored watershed in the Finger
Lakes Region of Central New York, USA was unexpectedly exposed to a
series of extreme wildfire smoke events during summer (2023) from
active fires in Canada’s extensive boreal forests. A broad chemical survey
was conducted on collected stream and rainwaters to better identify
potential aqueous species that could be impacted by wildfire smoke
deposition. From this suite of analyses, dissolved phosphorus (P)
demonstrated the highest sensitivity to smoke events. Here we provide
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evidence of the potential for wildfire smoke to deliver a considerable
supply of P to stream export fluxes over short (daily to weekly) time-
scales. The extent to which smoke-driven dissolved P signals can man-
ifest in stream waters depends on the degree of P-limitation in the
watershed biome and timing of rain events following deposition.

Overview of watershed study area, Canadian wildfire-derived
smoke, and monitoring efforts
TheNortheastern United States in the 2023 summer season wasmarked by
anomalously active Canadian wildfires where ~ 18million hectares (over
42million acres) of Canadian boreal forests were consumed9. Large plumes
of smoke generated from these fires traveled southeastwards, exposing large
areas of the Northeast U.S., including our study area in Central New York
(Fig. 1a), to hazardous air quality conditions.NewYork StateAirQuality for
the closest monitoring station to the study area (East Syracuse, ~ 76 km
away) reported maximum PM2.5 concentrations of 403.1 µg m−3

air (June
6th, 2023, Fig. 1b), 142.3 µgm−3

air (June 29
th, 2023), and 59.8 µgm−3

air (July
17th, 2023). Averaged hourly PM2.5 timeseries data collected from three
local PurpleAir sensors (Fig. 1a) reported similar timing and relative mag-
nitude of peaks in PM2.5 to those observed by New York State Air Quality
(Table 1). The smoke period persisted for 2months from beginning of June
to end of July. Three smoke events were identified based onNewYork State
Air Quality and local PurpleAir sensor PM2.5 observations (Fig. 1a) com-
bined with estimated smoke parcel trajectories using the well-established
HYSPLIT33 model and satellite imaging approaches. These model results
show most smoke was sourced from intense wildfires in Québec (5million
hectares burned, Fig. 1c, Table 1), located ~ 700 km upwind of the study
area. The first two smoke events exceeded a threshold 101 µgm−3

air con-
sidered “unhealthy” according to EPA’s Air Quality Index (AQI). The
average duration of smoke events was ~ 5 days. The first event in early June

was among the shortest, but most intense (4.2 days, mean daily
PM2.5 = 70.0 µg m−3

air).
The study site, Cascadilla Creek Gorge, is a temperate semi-urban

watershed ideally situated to evaluate potential smoke perturbations to
stream chemistry. Active stream environmental monitoring at daily to
weekly sampling frequencies, initiated a year and a half prior to the smoke
period (April 2022), provided a robust pre-smoke record that can be
leveraged to evaluate smoke impacts; and, further, made us uniquely pre-
pared to deploy a rapid sampling campaign in response to smoke events.
Features such as a small basin area (36.67 km2) and gorge-based geomor-
phology yield strongly responsive (i.e., fast flushing) hydrologic behavior,
conductive to tracking (hydro)biogeochemical dynamics at the event scale.
Cascadilla Creek is one of several southern tributaries to Cayuga Lake, the
second largest of the Finger Lakes part of the broader Lake Ontario Basin34.
Themain stem is classified as a 2nd order stream anddrains a dynamic, post-
glacial landscape characterized by a gorge formed through active incision
into Devonian aged shale-siltstone bedrock. The region has amixed conifer
forest biome and is characterized by mixed precipitation where snow con-
stitutes 62% of the total mean annual precipitation (2540mm)35. Mean
annual temperature is ~7.9 °C with warm summers (max T = 26.1 °C) and
cold to frigid winters (min T =−10 °C)35.

Stream and rainwater samples were collected on a daily and per
rainfall event basis, respectively, during the 2month smoke period
(Methods). Phosphorus data generated is presented in a timeseries of
stream dissolved P during the smoke period (Fig. 2a) compared against
variables such as estimated stream discharge (Fig. 2b), and P.M.2.5 con-
centrations and cumulative precipitation (Fig. 2c). Long-term monitoring
timeseries of dissolved P along with temperature, turbidity, and dissolved
nutrients (NO3

-, SO4
2-, K+, and Ca2+) are provided in the Supplementary

Fig. 1. Two types of dissolved P are presented in this study, obtained

Fig. 1 | Description of the study area. a The location of Cascadilla Creek watershed
in the Finger Lakes Region of Central New York is provided along with the stream
grab sampling location (honeycombmarker), PurpleAir sensors (filled triangles with
station IDs), and land cover73. Three PurpleAir sensors were selected given their
relatively proximity (<10 km) to the sampling site located ~2 km (station 12977,
Ithaca High School), ~4 km (station 30881, undefined forested area), and ~6 km
(station 31011, Ellis Hollow Nature Reserve). Shaded green areas regions represent
adjacent sub-watersheds to the study area from right to left Fall Creek (lightest

shading), Six Mile Creek and Cayuga Inlet (darkest shading) – all representing the
major southern tributaries to the Cayuga Lake watershed. b Peak of Canadian
wildfire smoke in June using MODIS and FIRMS satellite image data74,75 where
coloring corresponds to the unitless OMPS (Ozone Mapping and Profiler Suite)
Aerosol Index ranging from 0 (white) to ≥ 5 (red)76. A value ≥ 5 indicates high
aerosol concentrations capable of impacting human health and greatly reducing
visibility. c Results from HYSPLIT air parcel backtracking using PM2.5 measure-
ments (see Methods).
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through distinct analytical protocols (Methods): Soluble Reactive P (SRP,
defined as PO4-P or orthophosphate as P) and total dissolved P (TDP).
Total dissolved P was continuously monitored as part of a global geo-
chemical survey that was the initial focus of long-termmonitoring efforts.
Soluble Reactive P was only measured during the smoke period in
response to the impromptu and unprecedented smoke event.

Results and discussion
Stream dissolved P dynamics during the smoke period
Stream dissolved P concentrations were found to be significantly elevated
throughout the smoke period compared to historical watershed and
regional observations. During the smoke period, SRPwas on average higher
(50.52 ± 59.39 ppb, n = 31) compared to a 20 year record for stormwaters of

Table 1 | Smoke events and responses of peak stream dissolved P concentrations

Smoke periods Peak stream dissolved P

Smoke origin duration Peak Peak Lag response to smoke

Start-end Days Date timeA ValueB Date time ValueC Days

June 5th to June 9th Québec, Canada 4.21 06/07 10:00 298.76 06/12 21:22 57.53 (19.14) 5.47

June 27th to July 3rd Québec, Canada 6.63 06/29 08:00 122.36 06/27 15:57 92.68 (46.44) 20.25

07/03 17:02 142.97 (105.54) 26.29 (4.38)D

July 16th to July 20th British Columbia, Canada 3.54 07/04 17:00 55.62 07/17 17:08 80.85 (30.63) 40.30 (13)
A Datetime is depicted here as MM/DD HH:HH where time corresponds to the local Eastern Standard Time (EST) time zone.
B Peak PM2.5 values in units of µg m−3

air
C StreamdissolvedP concentrations presented in units of ppb (µg L−1) and are shown in the following format: TDP (SRP). Total dissolvedP (TDP) concentrations are shown first followedbySoluble Reactive
P (SRP), which is italicized in parentheses.
D Cumulative days from peak PM2.5 in the first smoke event are shown first, followed by response of peak dissolved P to most recent smoke event.

Fig. 2 | Stream dissolved P timeseries over the smoke period. Total dissolved
(TDP) and soluble reactive (SRP) phosphorus data collected from stream and
rainwaters during the 2 month smoke period are provided in a timeseries (a)
alongside estimated stream flow (Methods) for Cascadilla Creek (b) and cumulative
rainfall (NRCC) and PM2.5 measurements (c) from PurpleAir sensors nearby
sampling location (Fig. 1). Gray shading indicates major smoke events identified

through HYSPLIT particle back tracking model results (Methods, Fig. 1c) and New
York State Air Quality observations. Blue shading accompanying the estimated
stream flow (b) represents standard deviation reported as 1σ. Mean historical
streamwater concentrations combine this study’s 1.5 year “pre-smoke” data and a
20 year record of dissolved P for the Cayuga Lake Watershed acquired from the
Community Science Institute surface water database (a).

https://doi.org/10.1038/s43247-024-01732-w Article

Communications Earth & Environment |           (2024) 5:562 3

www.nature.com/commsenv


all tributaries within the Cayuga Lake Watershed (26.77 ± 56.07 ppb,
n = 1448)36. Similarly, average streamTDP (55.38 ± 22.93 ppb, n = 33) were
2.78× higher than those we observed at Cascadilla Creek over a 1.5 year
sampling period (19.91 ± 11.41 ppb, n = 107). Maximum TDP and SRP
reached values of 143 ± 6 ppb and 105 ± 3 ppb simultaneously in early July.
For this sample, SRP constituted ~ 74% of the TDP, which was the highest
SRP fraction observed compared to the smoke duration average (~24% of
TDP). Discrepancy between smoke and pre-smoke periods is further
accentuated when stream TDP is compared against data obtained for an
equivalent time the previous summer (June and July 2022, Fig. 3a).

To determine potential drivers of stream dissolved P temporal varia-
bility during the smoke period, correlation analyses was conducted on a
suite of relevant environmental variables evaluated between the
2023 “smoke” and 2022 “non-smoke” summer periods (Fig. 4). Stream
dissolved P was weakly correlated with PM2.5 (Fig. 4a), r = –0.14, p = 0.429
(TDP) and r =�0.10, p = 0.588 (SRP). Relative peaks in TDP and SRP
appear lagged with respect to peaks in PM2.5 (Fig. 2, Table 1). The extent of
these lagged responses (cumulative response to first smoke event range
of ~ 5.5 – ~ 40 days) appears to depend on the timing of rain following a
smoke event. Stream TDP and SRP are highly, positively correlated to
discharge (TDP: r =+0.67, p < 0.001; SRP: r =+0.82, p < 0.001) and mod-
erately correlated to turbidity (TDP: r =+0.45, p < 0.05; SRP: r =+0.58,

p < 0.001) during the smoke period compared to its “non-smoke” coun-
terpart (Fig. 4b). These results complement concentration (C)–discharge
(Q) power law relationships (C ¼ aQb), a common metric for solute
mobility behavior in catchments37–39 applied to stream TDP and SRP
(Fig. 3b). Results indicate moderate (b =+0.26 ± 0.06, R2 = 0.34) and high
(b =+0.75 ± 0.18, R2 = 0.38) flushing (or mobilization) behavior, respec-
tively for TDP and SRP, during the smoke period compared to chemostatic
behavior in TDP observed for non-smoke, summer 2022 (b = -0.12 ± 0.08,
R2 = 0.04, n = 59) and overall pre-smoke long-term monitoring (April
2022–May 2023; b =+0.05 ± 0.04, R2 = 0.11, n = 109). Contrasting dis-
solved P export behavior between summertime pre-smoke and smoke
mitigates the plausibility of seasonal variability as an alternative explanation
for observed C-Q relations. Event-scale flushing behavior in stream dis-
solved P is consistent with prior studies focused on watersheds with heavy
agricultural or urban land use40–44 where enriched shallow, soilwater P pools
(generally anthropogenically-derived) drive observed increases in dissolved
P concentrations with increasing discharge. We are currently unaware of
any study demonstrating smoke influenced dissolved P mobilization at
event timescales.

Smoke-derived P as a driver of observed stream concentrations
High streamdissolvedPduring the smokeperiod,while notable, is not alone
sufficient todemonstrate smokedriveneffects.Urban andagricultural areas,
important reservoirs of P in the region from storm drainage and fertilizer
application34,36,45,46, together constitute 38% of Cascadilla Creek’s land
cover34 (Fig. 1a). Sensitivityof streamdissolvedPexportfluxes in response to
rain events is widely observed and generally associated with the flushing of
anthropogenic P45–49. This excess P supply to surface waters greatly impacts
water quality and contributes to occurrences of harmful algal blooms in
Cayuga Lake and Great Lakes Basin more broadly50. Maximum “pre-
smoke” stream TDP concentrations for Cascadilla Creek occurred during
the winter months (100.22 ± 10.02 ppb, February 2023) when manure is
generally applied on agricultural lands34. Even during a particularly dry
summer in 2022 where monthly precipitation was 42mm (June) and
89mm (July), ~ 2.6 × less than observed in 202335, maximum stream TDP
attained during storm events never exceeded 50 ppb. Thus, while the partial
influence of anthropogenic sources to our stream data cannot fully be dis-
counted, historical observations suggest this is minimal. We can further
support this assessment through two key lines of evidence that favor smoke-
driven contributions to stream dissolved P.

We first readily demonstrate that wildfire smoke can supply large
quantities of P to our study area. Canadian coniferous forests are known to
hold large stocks of P in their foliage and litter biomass pools51,52. For such
forest types, a representative C:P stoichiometry ratio is ~ 1000 µg P g C−1 52.
We can treat this as amaximumvalue for the aerosol C:P ratio given the low
volatility of P compared to C53. Biomass burning is estimated to release ~
60% of biomass P to smoke aerosols3–5,18. Using a C:P ratio of 1000 µg P g
C−1 we can approximate smoke P deposition rates (Methods), which range
from 2 – 116 µgm−2 day−1 (mean = 20 µgm−2 day−1). Accounting for the
watershed area (~37 km2), roughly 40 kg of P was deposited over the
2month period; ~ 70 % of which were deposited in the first two smoke
events (Fig. 2). Leaching rates from laboratory experiments54,55 suggest
smoke-soilwater interaction times between 7 – 22 h are needed to obtain
peaks in stream dissolved P—more than sufficient time for post-deposition
smoke dissolution and flushing via ensuing rain. Detectable levels of TDP
and SRP in rainwaters (Fig. 2a) collected from light drizzle conditions
during themost intense smoke period in early June (SRP = 29 ± 2 ppb) and
middle July (SRP = 13 ± 2 ppb) further corroborate thepresence of solubleP
in deposited smokeparticles. These aerosolsmost likely served as nucleation
sites for water condensation under these weather conditions, facilitating
partial leaching during deposition56.

Stream TDP can also be compared against a known smoke tracer, K+

(Fig. 5a), another bioavailable nutrient found readily in PM2.5
7,23,32. A sta-

tistically significant positive trend emerges during the smoke period
(R2 = 0.72, p < 0.01) that falls outside the confidence interval for pre-smoke

Fig. 3 | Comparing smoke–period stream dissolved P to historical observations.
a Stream TDP data for the smoke influenced months of June and July are compared
against “pre-smoke” data for identical months during the previous summer (2022)
using a split violin plot. Dashed lines correspond to the median (middle) and 25%
(left) and 75% (right) percentiles. b Phosphorous concentration vs. discharge plot is
also shown for smoke SRP (filled orange circles) and TDP (open orange circles)
compared against total “pre-smoke” (gray markers and black dashed line) and
Summer 2022 June and July (for direct comparisonwith smoke period, bluemarkers
and dashed line) TDP observations. Power law regression analyses are also provided
and serve to distinguish between solute chemostatic (b value = 0 ± 0.2), dilution
(b value <�0.2), and mobilization (b-value >+0.2) behavior with changing
streamflow48–50. Statistical significance of power law relationships was evaluated
through Ordinary Least Squares (OLS) regression analyses.
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historical data (R2 = 0.33, p < 0.01). Since dissolved K+ is also sourced by
bedrock weathering, we can normalize it to another known weathering-
derived element, Ca2+ (aswas done byEvans et al., 202123), to correct for this
influence. Evans et al. 23 found elevatedK in streamdissolved concentrations

compared to Ca during smoke years, indicative of smoke contributions of K
to the watershed. Stream dissolved P can also be presented as the ratio of
SRP/TDP since dissolved P released by smoke leaching is predominantly in
bio-available or soluble P form57. When stream SRP/TDP are evaluated

Summer 2023 Smoke Period

Pearson’s Correlation Coefficient Pearson’s Correlation Coefficient

Summer 2022

Fig. 4 | Pearson correlation matrix for 2023 smoke period versus the previous
“pre-smoke” summer. Color gradient represents strength and directionality of the
Pearson correlation coefficient across a set of smoke, precipitation, and stream
physiochemical and dissolved concentration variables of interest. A strong negative
or positive correlation is indicated by�1 (dark blue) and+1 (dark red), respectively,

whereas a coefficient of 0 signifies no correlation (light blue/red). Summertime
smoke period in 2023 (a) correlations are compared with equivalent time periods to
the smoke monitoring period (June and July) from the prior, pre-smoke summer
2022 (b). Pearson correlation coefficients were determined using the Python open-
sourced science computing library, SciPy77.

Fig. 5 | Stream dissolved P evaluated against a smoke tracer. a Stream TDP is
shown against dissolved K+, a traditional in-direct tracer of smoke contributions for
both the “pre-smoke” and smoke period. Flow-weighted average for both datasets is
included for context. b Smoke period stream SRP/TDP versus dissolved K+ nor-
malized to Ca2+. Star symbol reflects composition of rainwater collected during dry
deposition and represents a smoke leaching endmember. Histogram distributions

are provided alongside the linear trend to show overall data structure. The smoke
period exhibited positive trends for both plots a (R2 = 0.72) and b (R2 = 0.66).
Ordinary Least Squares regression was utilized for both plots to evaluate the linear
trends and their statistical significance (p-value) based on two-tailed tests. Shaded
areas correspond to the linear regression 95% confidence interval.
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against K/Ca ratios (Fig. 5b) during the smoke period, we find the positive
trend still holds (R2 = 0.66, p < 0.01). It is, however, important to stipulate
that this trend is contingent on the July 3rd, 2023 datapoint, defining the
uppermost bound of the overall data structure (Fig. 5b), and loses statistical
significance when removed (R2 = 0.35, p > 0.5). Rain “drizzle” water from
the first smoke event plot on the upper portion of this plot with SRP/
TDP ~ 1 (i.e., ~100% SRP) and a K/Ca mass ratio of 0.36 and serve as a
representative smoke leaching endmember. The linear trend observed in
streamwaters towards this endmember in Fig. 5b provides further evidence
in support of smoke-derived P to observed stream dissolved P behavior
during the smoke period.

Smokesignals in streamsandwider implications forwatershedP
biogeochemical cycling
Our findings reveal strong event-driven smoke signals in streamdissolved P
concentrations within an undisturbed, temperate watershed. Smoke event
intensity and timing of ensuing rain events are likely drivers dictating the
sensitivity andmagnitude of streamdissolved P responses. This implies that
forested watersheds in wetter climates may be more sensitive to event-
driven smoke impacts to stream chemistry. Conversely in drier climates
where rain events after appreciable smoke deposition are less frequent
(smoke seasons generally taking place during the driest part of the year)7 or
in watersheds dominated by seasonal, spring snowmelt (such as montane
catchments) 9+months after smoke deposition during the previous sum-
mer, smoke signals in streams could be overprinted by a variety of seasonal
processes controlling nutrient export dynamics. Given the serendipitous
nature of this work, limitations in our dataset (stream and rainwater
focused, single watershed) prevent adequate exploration of these hypoth-
eses. Future work is needed to explore the extent of event-driven smoke
nutrient supply to watersheds across climate and geomorphic gradients,
leveraging more robust smoke tracers such as black carbon14,32,58 and
synoptic sampling of both dry and wet deposition. Further, in-situ leaching
of smoke aerosols within soil porewaters is hypothesized to be the main
process driving smoke-sourced P export; but an important caveat is the
positive correlation with turbidity (TDP: r =+0.45, p < 0.05), which sug-
gests smoke adsorption on soils as another plausible export pathway. Future
work is required to fully evaluate smoke-derived nutrient export mechan-
isms from watersheds.

A comparable study to this one explicitly investigated wildfire
smoke impacts on the stream solute chemistry of an undisturbed
watershed in British Columbia found strong sensitivity of N and K to
smoke, with negligible changes to dissolved P23. These findings are
opposite to our observations, extending to dissolved N which we
found to be minimally impacted by smoke. One potential explanation
could be the low, annual sampling frequency that may “miss”
important synoptic-scale behavior. Variability in smoke particle
geochemical stoichiometry59–61 arising from heterogeneity in source
biomass burned52 and volatilization behavior of C and N is also a
potentially important factor. Another alternative, postulated by
Evans et al. (2021)23, is the mobility of N and P in the watershed
ecosystems—i.e., the forest nutrient economy and extent of nutrient
limitation62–64. Strong P retention may occur in P-limited forest
ecosystems, suppressing smoke signals in dissolved P export fluxes by
tightly cycling smoke P contributions within the system. Following
this logic, conflicting results between our studies may be a con-
sequence of differing nutrient limitations between P-limited23 and
N-limited65 (this study) ecosystems. Further, excess supply of P and
N through atmospheric deposition has been shown to shift ecosystem
N, P limitation66,67 demonstrating that nutrient limitation is dynamic
and can shift in response to changing atmospheric nutrient supply.
In this respect, wildfire smoke prevalence in the future could have
long-term consequences15; potentially augmenting widespread
increases in stream dissolved P already observable at the Great Lakes
Basin scale and, notably, associated with more frequent occurrences
of HABs50.

Methods
Sample collection
Streamwaters. Stream samples were collected by hand into acid-cleaned
250 mL Nalgene bottle and a 4 mL scintillation vial. In the field, the
250 mL bottle was rinsed 3x with Cascadilla Creek water prior to col-
lection of theCascadilla Creekwater. At time of collection, general stream
chemistry measurements were recorded in- situ using a YSI ProDSS
Multiparameter Digital Water Quality Meter which had 4 probes
attached to it (pH, turbidity, chloride, specific conductivity). The probes
were left in Cascadilla Creek for a minimum of 5 min to allow stabili-
zation before recording measurements. A HOBO Water Level and a
HOBO Fresh Water Conductivity Data Loggers were deployed ~50 m
upstream from sample collection and took measurements at 2.5 min
intervals to record specific conductivity and stream depth over time.
Stream grab samples were filtered in the lab ( ~ 100 m from sampling
location) with a 0.2 µm filter. Samples were split into 3 separate aliquots,
~100 mL for anion analysis, ~100 mL for cation and P analysis, and
~25 mL for alkalinity analysis. The remaining sample was used for
laboratory-based pH measurement.

Rainwater. AnAerochemNational TrendsNetwork deposition collector
was used to collect precipitation samples. The deposition collector has 2
buckets that collect either dry deposition or wet deposition depending on
the presence of moisture on a 7-grid sensor. Rain samples followed
similar post-collection protocols to the streamwaters outlined above.

Chemical analyses
Cations and elemental analyses. Samples collected for cation analysis
were acidified usingHNO3 and then analyzed on a Spectroblue ICP-OES.
Samples were run for Al, Ca, Fe, K, Mg, Mn, Na, S, Si, Sr, P, and Zn. An
important distinction for ICPmethodology when compared to the use of
anHPLC and/or a UV-VIS is that total concentrations regardless of form
are recorded. As such, since samples were filtered before being ran on the
ICP-OES, measurements provided of P concentrations are of Total
Dissolved Phosphorous (from here on TDP). The limit of detection for
the ICP-OES was 8.38 ppb with a standard error of 1.41 ppb.

UVVis spectrophotometry. The molybdate blue colorimetric method68

was the standard protocol used for the determination of soluble reactive
phosphorus (SRP), presented in the study as PO4-P, used. This procedure
involves reducing 30 mL sample with ascorbic acid and addition of a
mixed reagent containing ammonium molybdate, potassium antimony
tartrate, and sulfuric acid. Measurements were taken at an absorbance
wavelength of 880 nm with 10 cm path length quartz cuvettes. Limit of
detection for this protocol was 5 ppb with a long-term precision of ± 10%
for low ( < 10 ppb) and ± 5% for intermediate-high (50 ppb–1 ppm) SRP
abundance.

Anions. Anion samples collected fromCascadilla Creekwere analyzed by
an HPLC (Shimadzu Nexera High Pressure Liquid Chromatography).
Samples were pipetted into 2 mL vials and then transferred to the auto-
sampler rack before being run.Measured anions include F-, Cl-, NO3

-, and
CHO2

-, PO4
3-, and SO4

2. Standard concentrations ranged from 50 ppb to
20 ppm (n = 8) and included a blank at the start of each run. The ana-
lytical column (Shodex SI-52 4E) was set to 40 °C. Samples were run for
31 min to allow all peaks to be resolved before the introduction of a new
sample. The limit of detection was determined to be 50 ppb, serving as a
higher end member of detection for stream waters and precipitation.

Air parcel trajectories
Smoke parcels were tracked using HYSPLIT33, NASA’s Modern-Era Ret-
rospective Analysis for Research and Applications69, PurpleAir in-situ
sensors, and Fire Information for Resource Management System (FIRMS).
Backwards trajectories at 3000m were run for 24–72 h using Snee Hall,
Cornell University, Ithaca, NY (Lat = 42.2234, Long =−76.4846), ~400m
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from stream sampling location. Trajectorieswere ran using the hour of peak
PM2.5 concentrations in Ithaca, NY. 3 smoke events were used, one on June
7, 2023, another on June 29, 2023, and the third event being July 17, 2023.
Trajectorieswere then imported intoGoogle EarthPro,where the end of the
trajectories (i.e., the “source” of the smoke event) were then used as the
source area and timing of analysis.

Surface PM2.5 concentrations were acquired from in-situ PurpleAir70

sensor located nearby the study area (Fig. 1). Dates from the end of the
HYSPLIT trajectories (1–3 days before peak PM2.5 concentrations) were
used to see if the HYSPLIT-predicted sourcing of smoke matched the rea-
nalysis of surface PM2.5 concentrations. In addition to HYSPLIT, FIRMS
was utilized to identify fire hot spots on predicted dates of smoke sourcing.
Archived data shapefiles were downloaded from FIRMS to visualize fires
along with HYSPLIT trajectories in Google Earth Pro.

Stream discharge
Due to a lack of functional gauges throughout Cascadilla watershed, stream
dischargewasmeasured during grab sampling using aflowprobemeter and
measurements of stream depth and width. To accommodate the low-
resolution data this technique affords, 15min interval streamdischarge data
from adjacent USGS gauged watersheds Fall Creek (basin area = 326 km2)
andSixMileCreek (basin area = 101 km2)wereused to estimate discharge at
Cascadilla Creek. We leveraged a traditional approach46 that estimates flow
rates at our poorly gauged site (QCasc) from theproduct offlowdata from the
adjacent watershed (Qi where i = Fall or Six Mile Cr.) and ratio of the
watershed areas (A) as follows:

QCasc ¼ Qi �
Ai

ACasc
ð1Þ

Six Mile Creek was used as a test dataset (2020-2023) using Fall Creek flow
data to evaluate the effectiveness of the approach to predict streamdischarge.
Observed and predicted flow values for the SixMile Cr. test dataset yielded a
Nash-Sutcliffe Efficiency (NSE, a commonlyusedmetric for goodness offit)71

score of 0.68, which indicates a good predictive performance for this
approach. The Six Mile Cr. flow data was then used to predict Cascadilla
Creek discharge over the environmental monitoring period (Apr. 2022 to
Aug. 2023). Predictions were able to adequately replicate our sparse
streamflow data collected from grab measurements (NSE = 0.77).

Smoke P deposition rate estimations
An estimate of P deposition rates can be calculated using a traditional
formula for dry depositional fluxes (Fd, units of µgm

−2 day−1) of atmo-
spheric aerosols12:

Fd ¼ Vd � Cd ð2Þ

where Vd corresponds to the depositional velocity (m s−1) and Cd is the
concentration (µgm−3).Adepositional velocity of 1.0 cm s−1was chosen as a
reasonable approximation for smoke aerosol particle sizes between 0.1 to
1 µm based on observations for deposition on coniferous forests72. The
smoke P dry depositional concentration was estimated by taking the hourly
PM2.5 dataset and converting it to µg P m−3 using a maximum smoke C:P
stoichiometry of 1000 µg P g C−1 representative of pre-burned coniferous
forests52. This calculation assumes smoke aerosols are comprisedprincipally
of pyrogenic carbon58.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Stream and rainwater geochemical data presented in this study (Table 1,
Figs. 2–5) are hosted in the open source repository CUAHSI HydroShare
and can accessed at Fernandez, N., H. Jamison, Z. Gold (2024). Stream and

rainwater geochemical (dissolved P, K, and Ca), stream discharge,
meteorologic and aerosol concentration datasets for Cascadilla Creek
(Central New York, USA), HydroShare, https://doi.org/10.4211/hs.
a339c49566c04c9092f04d5895a1ef09 (shared under the Creative Com-
mons Attribution CCBY). Compiled cumulative daily precipitation, PM2.5,
and estimated streamflow values are additionally provided in HydroShare
repository (Table S2 and S3). Stream discharge datasets used for estimating
Cascadilla Creek streamflow Figs. 2b and 3b and Supplementary Fig. 1
derives from https://waterdata.usgs.gov/usa/nwis. Meteorologic (cumula-
tive daily precipitation) and PM2.5 aerosol concentration data used in Figs.
2c and 4 as well as Table 1 (for PM2.5) derive from the Northeast Regional
ClimateCenter (NRCC)CLIMOD-2 (http://climod2.nrcc.cornell.edu/) and
PurpleAir API, respectively.
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