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Abstract
Wildfire activity is increasing globally. The resulting smoke plumes can travel hun-
dreds to thousands of kilometers, reflecting or scattering sunlight and depositing par-
ticles within ecosystems. Several key physical, chemical, and biological processes in 
lakes are controlled by factors affected by smoke. The spatial and temporal scales of 
lake exposure to smoke are extensive and under-recognized. We introduce the con-
cept of the lake smoke-day, or the number of days any given lake is exposed to smoke 
in any given fire season, and quantify the total lake smoke-day exposure in North 
America from 2019 to 2021. Because smoke can be transported at continental to 
intercontinental scales, even regions that may not typically experience direct burn-
ing of landscapes by wildfire are at risk of smoke exposure. We found that 99.3% of 
North America was covered by smoke, affecting a total of 1,333,687 lakes ≥10 ha. An 
incredible 98.9% of lakes experienced at least 10 smoke-days a year, with 89.6% of 
lakes receiving over 30 lake smoke-days, and lakes in some regions experiencing up 
to 4 months of cumulative smoke-days. Herein we review the mechanisms through 
which smoke and ash can affect lakes by altering the amount and spectral composition 
of incoming solar radiation and depositing carbon, nutrients, or toxic compounds that 
could alter chemical conditions and impact biota. We develop a conceptual frame-
work that synthesizes known and theoretical impacts of smoke on lakes to guide fu-
ture research. Finally, we identify emerging research priorities that can help us better 
understand how lakes will be affected by smoke as wildfire activity increases due to 
climate change and other anthropogenic activities.
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1  |  INTRODUC TION

Smoke from wildfires has become one of the most visible and widely 
reported global-change disturbances (Groff, 2021). In part, this is 
because the frequency and severity of wildfires are increasing in 
many regions of the world. Not only do wildfires now occur regu-
larly in regions where they were once rare (e.g., the Arctic), wild-
fire seasons start earlier and last longer (Abatzoglou et al., 2019; 
Flannigan et  al., 2013). Large wildfires create smoke plumes that 
can stretch for thousands of kilometers and linger for days to 
weeks at landscape scales, filtering sunlight and transporting fine 
particulate matter. Greenhouse gas emissions from wildfires now 
contribute a fifth of the total annual global carbon (C) emissions 
(Lu et al., 2021; Megner et al., 2008; Nakata et al., 2022; Shrestha 
et al., 2022; Val Martin et al., 2018; van der Werf et al., 2017). The 
geographic scale and cross-boundary aspect of wildfire smoke 
make it inescapable for millions of people, resulting in adverse 
health effects (Black et al., 2017; Bowman & Johnston, 2005; Holm 
et al., 2021; Johnston et al., 2012). However, effects of smoke on 
aquatic ecosystems are far less clear.

Studies of wildfire effects on ecosystems have historically focused 
on the direct effects of burning within watersheds, yet effects of 
smoke regulate several fundamental drivers of ecosystem function. 
By absorbing and reflecting downwelling solar radiation, smoke al-
ters light availability across a wide spectrum that includes ultraviolet 
(UV), photosynthetically active radiation (PAR), and longwave radia-
tion—dense smoke can reduce radiative inputs by as much as 50% 
(475 W m−2) (McKendry et al., 2019). Reduced solar irradiance alters 
light and thermal regimes within ecosystems, affecting organisms 
from physiology to behavior, such as vertical migration in lake zoo-
plankton (Urmy et al., 2016). Smoke and ash particles deposited within 
ecosystems can affect several biogeochemical processes, including 
the availability and cycling of nutrients. The atmospheric nature of 
smoke means such effects can span vast spatial scales and widely im-
pact ecosystems.

As integrators of terrestrial and aquatic processes, lakes may 
be particularly vulnerable to smoke. By modifying the availability of 
light, distribution of heat, and cycling of nutrients, smoke is a poten-
tial driver of fundamental physical, chemical, and ecological functions 
in lakes. Moreover, atmospheric deposition of particles from smoke 
can be concentrated within lakes (Brahney et al., 2014). Worldwide, 
millions of lakes are potentially exposed to smoke each year. The im-
plications of smoke effects extend far beyond the ecology of these 
ecosystems given their cultural, economic, and societal importance. 
Given the importance of lakes in global C cycling, even small changes 
in rates of organic matter cycling may have profound impacts on 
global C budgets.

We currently lack a sense of scope, synthetic understanding of, 
or conceptual framework for identifying and understanding the ef-
fects of smoke across a broad range of lentic ecosystems. Aside from 
one example of a conceptual model of wildfire-generated pollutants 
that includes effects on aquatic ecosystems broadly (Paul et al., 2023), 
conceptual models to date have drawn primarily from case studies 

of single systems, or have focused on the effects of wildfires burn-
ing within watersheds rather than the effects of smoke and ash at 
broader spatial scales (McCullough et  al.,  2019; Paul et  al.,  2022; 
Scordo et al., 2022). Our analysis addresses these critical knowledge 
gaps directly by: (1) quantifying lake exposure to smoke through space 
and time across the North American continent during 3 years of wild-
fire activity (2019–2021); (2) reviewing the current understanding of 
the mechanisms by which smoke affects physical, chemical, and bio-
logical aspects of lakes; (3) developing a conceptual framework that 
synthesizes known and theoretical impacts of smoke on lakes; and (4) 
identifying research priorities for future studies.

1.1  |  Spatial and temporal exposure of North 
American lakes to wildfire smoke

A critical first step in understanding how lakes respond to smoke is 
characterizing the spatiotemporal dynamics of their exposure. Here 
we quantify the spatial and temporal extents of smoke cover in rela-
tion to burned area and lake locations for all lakes ≥10 ha in North 
America (Farruggia et  al.,  2024). We used the National Oceanic 
and Atmospheric Administration Hazard Mapping System Smoke 
Product (NOAA HMS; Ruminski et al., 2006) from 2019 to 2021 and 
the HydroLakes and NHDPlus databases of North American lake 
maps (Buto & Anderson, 2020; Messager et al., 2016). Our analysis 
is constrained to North America because of the availability of com-
prehensive continental-scale smoke and lake geospatial products. 
For any given lake, a lake smoke-day was defined as a day on which 
any portion of the lake boundary intersected with an area charac-
terized as smoke by NOAA HMS, which categorizes daily smoke 
density as light (low), medium, or heavy (high) based on the aerosol 
optical depth (AOD) from visible satellite imagery (see Supporting 
Information for details). This smoke-day concept, here for the first 
time applied in the context of lakes, has previously been used to 
demonstrate smoke exposure by ecoregion, and provides a basis 
for this lake-specific metric (Paul et al., 2023). Smoke-days for each 
lake were subsequently summed on an annual basis. To visualize 
lake exposure to smoke at the continental scale, we divided North 
America into 5000 km2 pixels and for each pixel weighted the num-
ber of smoke-days by the corresponding total lake area for that pixel 
(Figure 1b–d; see Supporting Information for details). It is important 
to note that while the NOAA HMS product AOD measurements 
have been validated and correlated to measured ground-level fine 
particulate matter (PM2.5) concentrations during large fires (Preisler 
et al., 2015), because this is an optical smoke product based on satel-
lite imagery, smoke mapping can be affected by weather conditions, 
such as cloud interference. Furthermore, it does not consider the 
varying height of smoke in the atmosphere, which can lead to highly 
variable relative rates of atmospheric smoke and ash deposition and 
light attenuation at the same measured level of smoke density. As a 
result, our estimates of lake exposure to smoke may be larger than 
actual exposure. Nonetheless, the spatial scale of this dataset facili-
tates characterization of wildfire impacts on lakes at the continental 
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scale, and the lake smoke-day metric provides an index by which we 
can evaluate the impacts of smoke on lakes.

Wildfires burn in spatially discrete areas, but smoke can be trans-
ported vast distances and dispersed heterogeneously. For example, 
smoke from fires burning in Quebec and Nova Scotia in 2023 was 
transported throughout the Northeast to mid-Atlantic areas of the 
United States and across the Atlantic Ocean to Western Europe 
(Copernicus AMS,  2023; NOAA NESDIS,  2023). Given the conti-
nental to intercontinental scale of smoke transport, lakes in regions 
that rarely or never experience wildfire directly may be exposed to 
smoke for substantial periods of time (Figures 1 and 2). Smoke cover 
in North America was temporally variable, but seasonally widespread 
and persistent across the 3 years we analyzed (Figures  1 and 3). 
Aggregated on an annual basis, 99.3% of the surface area of North 
America was covered by smoke between the years 2019 and 2021 
(Table S1). During that same period, less than 0.04% of the surface 
area of North America burned directly each year. The mean number 
of lakes per day in North America exposed to smoke across our three 
study years ranged from 1,325,069 to 1,332,077, representing a stag-
gering 98.9%–99.4% of the estimated total number of lakes ≥10 ha 
on the continent (Table S1). The mean number of smoke-days lakes 
experienced annually during our study period was 38.7, 22.8, and 

62.7 days (2019, 2020, and 2021, respectively). The maximum num-
ber of smoke-days ranged up to 143 days.

There are several interacting factors that may determine the ex-
tent to which lakes are exposed to smoke. The spatial extent, den-
sity, and duration of smoke cover establish a template for potential 

F I G U R E  1 (a) Continental-scale smoke transport across North America, moving wildfire smoke from fires in the West thousands of 
kilometers to the East. Actively burning wildfires are outlined in red. Image: NASA—Jeff Schmaltz LANCE/EOSDIS MODIS Rapid Response 
Team, GSFC. September 4 2017. (b–d) Map of weighted mean number of smoke-days per 5000 km2 hexagon for (b) 2019, (c) 2020, and (d) 
2021. Values are weighted by the area of each lake within each 5000 km2 hexagon. Projected in Albers Equal Area (EPSG: 102008). Map 
lines delineate study areas and do not necessarily depict accepted national boundaries.
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exposure. However, weather conditions affecting the smoke plume 
and the spatial distribution of lakes within the plume area ultimately 
determine how many lakes are exposed. For example, the distribu-
tion of mean number of smoke-days by latitude differed considerably 
across years (Figure 2a) and the peak number of smoke-days did not 
necessarily correspond to regional variation in lake density (Figure 2b). 
Although 2019 and 2021 had virtually identical smoke cover on an 
aerial basis, differences in duration of smoke cover and geographic 
distribution of smoke with latitude meant lake smoke-day exposure 
was 21% higher in 2021.

The seasonal timing of smoke cover and density that lakes were 
exposed to varied across study years (Figure 3). Smoke affected lakes 
nearly year-round, starting in mid-February (week 9) and continuing 
through December (week 52). While the majority of lake exposure to 
smoke occurred between May and September, the timing of peak lake 
exposure to smoke ranged over a narrower period of about 2 months, 
from mid-July (week 29) to mid-September (week 38). These are typ-
ically the hottest, driest months in North America and coincide with 

annual peak productivity for many lakes. In 2020, most of the lake-
smoke exposures did not occur until after the summer season, into 
October (Figure 3). Many lakes experience multiple smoke-days in a 
single week during peak fire periods, demonstrating the pervasive na-
ture of smoke events.

There was a similar pattern among years in the density and spa-
tial extent of smoke and the area burned by wildfires. Between 2019 
and 2021, the area of land burned annually in North America was 
less than 0.01% of the total area of the continent, whereas the area 
covered by smoke was over 75% of the total area of the continent 
(Table S1). 2021 had the largest number of high-density lake smoke-
days (Figure  3), which is also the year from our study period with 
both the largest area burned (0.03% of total area) and the largest area 
covered by smoke (87.9% of total area covered by smoke). Similarly, 
2020 had the lowest number of high-density smoke-days (Figure 3), 
the smallest area burned (0.0007% of total area) and smallest area 
covered by smoke (75.2% of total area) (Table S1).

Our analysis demonstrates three key findings: (1) the spatial extent 
of smoke is widespread and capable of crossing continents; (2) the 
number of lakes affected by smoke in any given year is variable, but 
can represent a large majority of all lakes; importantly, in aggregate 
this can constitute tens of millions of lake smoke-days; and (3) the tim-
ing of lake exposure to smoke peaks from July to September, which 
typically coincides with peak lake productivity in North America, and 
can extend into October.

2  |  MECHANISMS BY WHICH SMOKE 
AFFEC TS L AKES

Here, we conduct a literature review to synthesize our understand-
ing of the mechanisms through which smoke and ash affect the 
structure and function of lakes. The large spatial scales of smoke 
plumes make them potential teleconnections of wildfire impacts on 
lakes (Williamson et al., 2016). However, as the number of studies 
that focus exclusively on the effects of wildfire smoke is limited, we 
include inference drawn from studies of smoke effects in directly 
burned watersheds despite the challenges of conflating telecon-
nection effects through the atmosphere with watershed loading ef-
fects. In some cases, we draw from first principles to infer effects.

2.1  |  Transport of smoke and ash to 
lake ecosystems

Smoke and ash can be transported thousands of kilometers in the 
atmosphere and deposited onto lakes far from the source of wild-
fire. Definitions of smoke and ash vary widely across disciplines, es-
pecially as they relate to particle size classes (e.g., Bodí et al., 2014; 
Jones et al., 1997). Generally, smoke is composed of smaller particles 
and ash the larger size fractions of residual unburned material, but 
there is no standard size cut-off to distinguish between smoke and 
ash. As a result, we hereafter use the broad term “smoke and ash” or 

F I G U R E  3 Number of cumulative lake smoke-days for each 
week in North America in 2019 (a), 2020 (b), and 2021 (c). For 
example, in Week 31 of 2019 (a), the 1.3 million lakes experienced 
nearly 6 million cumulative smoke-days of exposure, with many 
of the lakes experiencing multiple days of exposure in this week. 
Exposure is categorized by smoke density (NOAA HMS).

(a)

(b)

(c)
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“particles” when specifically discussing particle transport or deposi-
tion from either smoke or ash, recognizing that this material exists 
along a continuum of sizes and that the size distribution of the mate-
rial is an important defining characteristic.

The distances smoke and ash particles can be transported vary 
with particle size and density, wind speed and direction, and ejec-
tion height (Adachi et al., 2022). The latter will vary with fire inten-
sity and associated updrafts. Strong convection currents associated 
with intense wildfires can lead to emissions of large particulates high 
into the atmospheric column, allowing for regional transport (Fromm 
et al., 2010; Lareau & Clements, 2016).

Satellite imagery can provide key information on the spatial and 
temporal extent of smoke plumes (e.g., NOAA's HMS Smoke Product), 
but our understanding of the potential for wildfires to produce parti-
cles across all size classes and the distances they may travel is ham-
pered by limitations in atmospheric monitoring networks. In the United 
States, for example, all government aerosol monitoring programs 
focus primarily on particles <10 μm in size (PM10) or <2.5 μm (PM2.5), 
but particles from wildfire can also include substantially larger sizes—
whole pinecones have been known to travel up to 20 km through the 
strong updrafts created during wildfire events (Pisaric, 2002). Most 
atmospheric models are designed to simulate emission and transport 
of smaller particles and are challenged with larger particle sizes, lower 
densities, and irregular shapes of fire charcoal and ash (Fanourgakis 
et al., 2019). As a result, while we can quantify the distance and ae-
rial extent of wildfire smoke cover from current monitoring systems, 
there are still considerable gaps in our knowledge of the amount 
and particle size of smoke and ash deposition into lake ecosystems. 
Monitoring and modelling of particles of a wider size range are critical 
to understanding the effects of wildfire smoke on lakes.

2.2  |  The effects of smoke on light transmission to 
lake ecosystems

Wildfire smoke influences the magnitude and spectral composition of 
incident solar radiation that can reach the surface of a lake, altering 
it before it enters and is transmitted through the water column. The 
effect of smoke on radiative inputs varies based on smoke density, 
particle composition, and particle sizes. These attributes cause either 
attenuation or scattering of light (Hobbs et al., 1997). The holistic im-
pacts on light are characterized through the AOD, an index for light 
extinction within the atmosphere (McCarthy et al., 2019; Suo-Anttila 
et al., 2005). Importantly, smoke attenuates electromagnetic radiation 
unequally, reducing light in a selective manner that decreases the ratio 
between ultraviolet B radiation (UV-B) and PAR (Scordo et al., 2021, 
2022; Williamson et al., 2016). Unsurprisingly, the effects of smoke 
on PAR are large and variable. Dense smoke, as often occurs in closer 
proximity to a wildfire, can reduce surface irradiance by up to 50% 
or more (475 W m−2) (McKendry et  al.,  2019), whereas reductions 
from more diffuse smoke, such as smoke that has traveled over con-
tinental scales, may not be as extreme. For example, modeled data 
from a wildfire in western Russia suggested insolation was reduced 

by 80–150 W m−2 (8%–15%) across Eastern Europe (Péré et al., 2015). 
Somewhat counterintuitively, low density smoke can increase diffuse 
radiation, thereby increasing PAR (McKendry et  al.,  2019; Rastogi 
et al., 2022). However, the extent to which such increases in diffusive 
light alter water column light dynamics remain untested.

Though studies on the effects of smoke on lake heat budgets and 
physical dynamics remain limited, findings to date suggest smoke 
reduces lake heat content. By attenuating radiative inputs to lakes, 
smoke reduces rates of warming during the day. However, by reflect-
ing longwave radiation back into lakes at night, smoke might also act 
to reduce heat loss. Moreover, smoke and ash particles within lakes 
may further alter heat budgets by increasing light attenuation within 
the water column. For instance, in Castle Lake (California, USA) fol-
lowing 22 consecutive days of severe smoke cover, cooler epilimnion 
temperatures compared to previous years' averages contributed to a 
7% decrease in heat content of the water, which remained low for the 
rest of the open water season (Scordo et al., 2021). Similarly, wildfire 
smoke decreased water temperature in all 12 rivers and streams in-
vestigated in one study in the Klamath River Basin (California, USA) 
(David et al., 2018). In Lake Tahoe (California/Nevada, USA), smoke 
cover resulted in a reduction in incident PAR by approximately half, 
leading to reduced PAR at depth, though attenuation of PAR due to 
ash deposition was minimally affected (Goldman et al., 1990). Changes 
in insolation as a result of wildfire smoke have important implications 
for both physical and biological properties of lakes by reducing lake 
temperatures and altering the amount of PAR or UV-B received (as 
discussed in Section 2.6).

2.3  |  Atmospheric deposition rates and delivery of 
smoke and ash to lake ecosystems

Deposition rates of smoke and ash to lakes have rarely been quanti-
fied, but can be highly heterogeneous in terrestrial ecosystems both 
spatially and temporally. Spatially, post-fire deposition in forests can 
range from 14 to 193 g m−2 (Bodí et al., 2014). Temporally, terrestrial 
redistribution and movement of wildfire particles can last from hours 
to weeks or longer, depending on particle properties, terrain charac-
teristics and meteorological conditions. Much of the particles might 
be redistributed or removed from a burned site within days or weeks 
after fire (Cerdà & Doerr, 2008; Pereira et al., 2014). For example, fol-
lowing an experimental shrubland fire, there was an almost complete 
removal of the fire-derived particles after 1 day when wind speeds 
reached 90 km h−1 (Mataix Solera, 2000). In contrast, there are ex-
amples of particles persisting for weeks. Pereira et al.  (2014) meas-
ured temporal dynamics of ash layer thickness over 45 days across a 
burned grassland and found increases in ash thickness in some areas 
over time that were attributed to particle redistribution by wind.

In the context of lakes, the catchment area to lake area ratio 
and catchment hydrology, topography, and land cover will influence 
whether smoke and ash particles are remobilized to lake basins. 
The precipitation regime and timing of the fire may dictate when 
this occurs. Similar to the heterogeneity in deposition in terrestrial 
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ecosystems, deposition measured around Lake Tahoe (California/
Nevada, USA) during a period of wildfire smoke was highly hetero-
geneous in both space and time (Chandra et  al., 2022). Though we 
are unaware of any studies explicitly examining the role of catch-
ment properties on particle mobilization to lake ecosystems, Brahney 
et al. (2014) found that particulate deposition was more readily mo-
bilized to lake ecosystems in steep, poorly vegetated catchments 
where up to 30% of the catchment-deposited material made its way 
to the lake basin. Precipitation and subsequent runoff can redistrib-
ute smoke and ash particles to lake ecosystems, which may occur 
many months post-deposition, particularly if deposition occurs on or 
beneath snow (McCullough et  al., 2023). Further studies on smoke 
and ash deposition rates and redistribution are needed to understand 
the time scales for in-lake smoke and ash delivery and the associated 
physical, chemical, and biological responses.

2.4  |  Physical settling and transformation of 
smoke and ash particles in lakes

The fate of smoke and ash particles in lakes is determined by com-
plex interacting physical and biological factors that can result in 
transport, diffusion, and transformation of particles through the 
water column. When deposited onto the surface of a lake, gravita-
tional settling transports particles to depth at a vertical settling rate 
which is a function of particle size, density, geometry, and the viscos-
ity of the water (e.g., Johnson et al., 1996). Because settling rates are 
proportional to particle size, the finest particles have the potential 
to remain in suspension for months to years and have the longest-
lasting impacts on water clarity, even if they constitute a relatively 
small proportion of total particulate mass. These physical properties 
drive particle stability in the environment and influence potential for 
mobilization to, and transformation in, lakes from within the water-
shed (Rodela et al., 2022).

Transformation of particles within the lake through processes 
such as aggregation, breakup, remineralization, and zooplankton graz-
ing can modify suspended particulate matter sequestration rates by 
several orders of magnitude (Burd & Jackson, 2009). In lakes, phyto-
plankton produce transparent exopolymer particles, which promote 
particle aggregation in water (Passow,  2002). Direct observations 
showed rapid (days to weeks) particle sequestration in Lake Tahoe 
(California/Nevada, USA) following ash deposition events in the small 
size classes (<10 mm) within regions of high phytoplankton concen-
trations (Chandra et al., 2022), which point towards the importance 
of transformation processes such as particle aggregation and zoo-
plankton grazing on controlling particulate residence times in lake 
ecosystems (e.g., Burd & Jackson, 2009; Jackson & Lochmann, 1992; 
Jokulsdottir & Archer, 2016). Hydrodynamic processes such as advec-
tive and turbulent particle fluxes and double diffusive instabilities, or 
particle-particle interactions such as hindered settling all also have 
the potential to significantly modify the residence times of particles 
(Richardson & Zaki, 1954; Scheu et al., 2015). Characterizing the in-
fluence of these processes is essential to understanding the fate and 

long-term impacts of fine suspended particulate matter deposited 
in lakes by wildfires. While there is limited literature characterizing 
this process for smoke and ash particles, a growing body of evidence 
points towards the significance of the aggregation process mediating 
suspended particulate matter concentrations in lakes (de Lucas Pardo 
et al., 2015; de Vicente et al., 2009; Hodder and Gilbert 2007; Logan 
et al. 1995).

In addition to vertical settling, smoke and ash particles can be 
dispersed horizontally across lakes via physical transport processes 
driven by the surface area, fetch, and thermal stratification of the 
lake (e.g., Imboden & Wüest, 1995). When a lake is stratified, a strong 
density gradient may inhibit vertical settling (Boehrer et  al., 2017). 
However, wind driven shear can cause hypolimnetic upwelling 
events (Monismith,  1986) or, in larger lakes, cause internal waves 
(Mortimer,  1974). Both mechanisms have the potential to disperse 
particles across lakes and lake zones. The inherent variability in wind 
patterns controlling smoke will also affect deposition of particles on 
the surface as well as the inflows of allochthonous particulate mat-
ter. Due to the heterogeneity of atmospheric particle deposition and 
within-lake transport processes, higher resolution measurements of 
horizontal transport are required to understand the spatial distribu-
tion of particles in lakes.

2.5  |  Smoke and ash composition and effects on 
lake chemistry

Wildfire smoke and ash disperses ecologically relevant nutrients, 
toxic metals, and organic compounds, which can be deposited into 
lakes (Earl & Blinn, 2003; Olson et al., 2023). The composition and 
delivery of nutrients, metals, and compounds to lakes will vary by 
fire intensity and landscape properties (e.g., type of vegetation 
burned, land-use, topography, and the presence of human struc-
tures) (Plumlee et  al., 2007; Santín et  al.,  2015; Wan et  al., 2021). 
Fire temperature in part determines particle composition and color, 
which can be useful for understanding the likely contributions of 
smoke and ash particles to aquatic ecosystems before it reaches the 
water itself. Low-temperature fires (<250°C) have brown and red ash 
that is organic-rich due to incomplete combustion (Bodí et al., 2014; 
Pereira et al., 2014). Medium temperature fires (>450°C) have black 
to dark gray ash that is rich in carbonates, and high temperature fires 
(>580°C) result in dark gray to white ash mainly composed of oxides 
(Bodí et al., 2014; Pereira et al., 2014). As wildfire temperatures in-
crease, ash C content decreases as both organic C and eventually 
carbonates are lost, and mobilization potential through the water-
shed increases (Rodela et al., 2022).

Fire intensity and landscape properties not only influence the 
chemical and mineral composition of smoke and ash, they also influ-
ence the bioavailability of the nutrients bound within. Phosphorus 
(P), a key limiting nutrient in many lake ecosystems, occurs in much 
higher concentrations in smoke and ash compared to unburned veg-
etation. In some cases, smoke and ash can contain 50-times the P 
concentration of unburned vegetation (Raison et  al.,  1985). Zhang 

 13652486, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17367 by C

ochraneA
rgentina, W

iley O
nline L

ibrary on [26/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  7 of 17FARRUGGIA et al.

et al. (2002) found P concentrations within a smoke plume to be ~10 
times greater than found over the Tahoe basin. Wildfire also alters 
the composition of finer particulate matter such as PM2.5—for ex-
ample, fire episodically elevated atmospheric concentrations of P by 
>10,000% (Olson et al., 2023), and in a global meta-analysis, fire was 
primarily responsible for a 40% increase in atmospheric P deposi-
tion to lakes as compared to pre-industrial deposition rates (Brahney 
et al., 2015). Phosphorous deposition rates near burned areas have 
been measured as high as 200–700 mg m2 year−1 (Ponette-González 
et  al.,  2016; Tamatamah et  al.,  2005), and are thought to contrib-
ute to the eutrophication of lake ecosystems in the area (Brahney 
et al., 2015; Tamatamah et al., 2005). Deposition rates can be higher 
from distant fires burning hotter and emitting smaller particles than 
cooler fires burning locally (Vicars et al., 2010). Though nitrogen (N) 
and C are more readily volatilized than P, significant concentrations 
of these nutrients can still be transported by smoke and ash and af-
fect lake nutrient concentrations. Increased concentrations of N, P, K, 
Ca, and water-soluble organic C in freshwaters have been attributed 
to wet deposition from biomass burning in surrounding catchments 
(Bakayoko et al., 2021; Langenberg et al., 2003; Zhang et al., 2002). 
Boy et al.  (2008) compared the composition of atmospheric deposi-
tion in Ecuador during times of burning and no burning and found 
elevated deposition rates of total N by 171%, nitrate by 411%, ammo-
nium by 52%, and total P by 195%. One observational study showed 
that lakes near regions of heavy biomass burning have elevated P 
concentrations and tend towards N limitation (Brahney et al., 2015). 
Overall, smoke and ash deposition has the potential to influence the 
relative availability of key lake nutrients (Vicars et al., 2010), which can 
alter the biotic structure of lake ecosystems (Elser et al., 2009). Still, 
deposition-driven changes in and lake responses to these nutrients 
(such as N or P limitation) likely vary by factors such as distance from 
wildfire and lake trophic status, and should be further investigated 
along a variety of gradients.

Smoke and ash can also concentrate and transport polycyclic aro-
matic hydrocarbons (PAHs), hazardous air pollutants (HAPs), and toxic 
metals such as arsenic (As), chromium, copper, cadmium, mercury 
(Hg), nickel, lead, antimony, and zinc to lake systems. Concentrations 
vary by fire intensity as metals and organic compounds are volatil-
ized (Bodí et al., 2014), and many metals can re-adsorb to ash in the 
atmosphere (Cerrato et al., 2016). Hg is volatilized at relatively low 
temperatures with a substantive component becoming recalcitrant 
(0%–75%) (Ku et al., 2018), and it can result in high soil Hg concen-
trations that can eventually be transported to aquatic ecosystems 
(Webster et al., 2016). Experimentally, toxic methylmercury can leach 
from wildfire smoke and ash once deposited to anoxic sediments (Li 
et  al., 2022). Empirically, lake sediment Hg fluxes have been found 
to nearly double during periods of high fire occurrence (Pompeani 
et al., 2018). Other metals, such as As, are volatilized at higher tem-
peratures and can be concentrated in particles from low- to medium-
intensity fires (Wan et al., 2021). The type of vegetation or material 
burned can also change the concentration of particle constituents. For 
example, particles from burned Eucalyptus leaches higher concentra-
tions of As, cadmium, cobalt, chromium, lead, and vanadium, whereas 

particles from burned Pinus leaches higher concentrations of copper, 
manganese, nickel, and zinc (Santos et al., 2023). High concentrations 
of heavy metals have been reported in ash residues from residential 
and structural burns (Nunes et al., 2017; Pereira et al., 2014; Plumlee 
et al., 2007; Wan et al., 2021), and high concentrations of toxic metals 
such as copper and lead can be found in PM2.5 hundreds of kilome-
ters from the burned area (Boaggio et al., 2022). Concentrations of 
PAHs can also increase in lake sediments following fire, with low mo-
lecular weight PAHs increasing on average more than four-fold (Denis 
et al., 2012), though in one case remained well beneath lethal concen-
trations reported for benthic freshwater species (Jesus et al., 2022). In 
addition, smoke days can have elevated concentrations of HAPs (Rice 
et al., 2023), some of which may have deleterious effects on aquatic 
biodiversity (Finizio et al., 1998). Whether heavy metal, PAH, or HAP 
concentrations in smoke and ash or rates of loading to lake systems 
occur at concentrations and rates that would affect aquatic organisms 
has not to our knowledge been determined.

Given its variable composition, smoke and ash can have vari-
able effects on lake ecosystem function. Some studies have found 
only small or transient chemical effects from fire-derived deposi-
tion. Earl and Blinn  (2003) found most lake chemical variables were 
only influenced by smoke and ash for 24 h. Furthermore, Scordo 
et al. (2021) found no changes in N and P limitation for algal growth 
at Castle Lake (California, USA) after the lake was covered by wildfire 
smoke for 55 consecutive days. In some cases, transient or limited 
observational effects may occur because smoke and ash deposition 
rates may not be sufficient to induce a strong ecological response. 
In other cases, responses may be limited because nutrients are rap-
idly taken up by primary producers. A bioassay experiment in Lake 
Tahoe (California/Nevada, USA) using wildfire particles with a high 
N:P ratio led to increased growth of picoplankton and cyanobacteria 
(Mackey et al., 2013). Picoplankton growth may not increase chloro-
phyll-a or biomass substantively; thus, the ecosystem response may 
be hard to detect using conventional methods (Mackey et al., 2013). 
Paleolimnological studies have shown a range of responses from min-
imal shifts in sedimentary P and production proxies to a near dou-
bling of sedimentary P and substantive increases in production (e.g., 
Charette & Prepas, 2003; Paterson et al., 2002; Prairie, 1999). There 
is little information on the fate of smoke and ash once deposited into 
lake ecosystems (but see Section 2.4). Whether smoke and ash depo-
sition is rapidly oxidized or sedimented will influence the short- and 
long-term effects in lakes.

There remain several key unknown effects of wildfire smoke and 
ash deposition on lake ecosystems. First, the literature on the limno-
logical responses to wildfire deposition is heavily skewed toward pa-
leolimnology for field level studies, with few pre-  and post-wildfire 
observational studies, especially from outside of burned catchments. 
Second, the post-wildfire persistence of direct deposition effects, 
particle redistribution, or catchment flushing over time are unknown. 
Third, particle debris in wet deposition is highly oxidizable and there-
fore could be effective at reducing oxygen concentrations either 
through photo-oxidation or microbial respiration. As a result, smoke 
and ash deposition could decrease dissolved oxygen concentrations 
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while increasing pH, which together can be deleterious to cold-water 
aquatic organisms (Brito et al., 2021; Earl & Blinn, 2003), and should 
be further investigated. Finally, smoke and ash have the potential 
to increase in-situ metal concentrations beyond toxicity thresholds 
(Burton et al., 2016) but little information exists on what other delete-
rious compounds may leach from wildfire smoke and ash, particularly 
if residential and commercial areas are burned.

2.6  |  Effects of smoke and ash on ecosystem 
metabolic rates

Wildfire smoke can impact the metabolic rates of lakes through 
several mechanisms linked to changes in physical and chemical con-
ditions. The extent to which reductions in PAR and UV and their rela-
tive ratio may either stimulate (Tang et al., 2021) or inhibit (Staehr 
& Sand-Jensen, 2007) pelagic primary productivity depends on the 
extent to which the autotrophic community is light or nutrient lim-
ited or experiences photoinhibition for some portion of the day, all of 
which may vary with time or depth in lakes. Consequently, responses 
of primary productivity to smoke will likely depend on smoke den-
sity and particle size distributions as well as the timing of exposure. 
Low to medium smoke density may increase primary production and 
light-use efficiency through selective filtering of UV, increased dif-
fuse scattering of PAR, and an overall alleviation of photoinhibition 
(Hemes et al., 2020; McKendry et al., 2019). In contrast, higher den-
sity smoke may reduce primary production by attenuating PAR to a 
large degree (Davies & Unam, 1999; Scordo et al., 2021).

Likewise, the extent to which nutrient additions through smoke 
and ash deposition stimulate photosynthesis and respiration depends 
on nutrient and DOM concentrations within the receiving system 
and relative ratios between autotrophic and microbial heterotrophic 
biomass, which can vary seasonally both across and within lakes. 
Moreover, processes driving metabolic responses might be temporally 
decoupled. For example, one study examined 15 years of fire-related 
atmospheric particle nutrient concentrations and found cyanobac-
teria increased in smoke covered lakes 2–7 days after smoke expo-
sure (Olson et al., 2023), suggesting deposited nutrients may have an 
impact once light regimes are no longer influenced by smoke. Such 
spatiotemporal variability complicates decoupling effects from altered 
light regimes versus nutrient additions from smoke and ash, making it 
difficult to predict how individual lakes will respond outside of spe-
cific spatial and temporal contexts. However, individual case studies 
and one regional analysis provide a template for understanding the 
mechanisms involved.

Although a comparatively small number of studies have mea-
sured the impact of wildfire smoke on rates of production, the pat-
terns observed suggest changes consistent with expectations based 
on light and nutrient availability. The response of primary production 
to smoke from wildfires shows a strong depth dependence in clear 
water lakes. For example, surface productivity in ultra-oligotrophic 
Lake Tahoe (California/Nevada, USA) is typically low, with a produc-
tivity maximum developing deeper than 60 m. Heavy smoke from a 

wildfire outside the catchment caused productivity at depth to decline 
to near zero, and productivity within the surface layer to triple from 
10 to 31 mg C m−3 day−1. The net effect was a record-level increase 
in integrated water column productivity (Goldman et al., 1990). The 
authors theorized that the reduction in photoinhibition alone was in-
sufficient to cause a 3-fold increase in production and hypothesized 
that smoke and ash deposition contributed N, P, and/or micronutri-
ents that stimulated production. In Castle Lake (California, USA), fires 
burning outside the catchment resulted in smoke cover that lasted for 
55 days (Scordo et al., 2021, 2022). During this period, both incident 
and underwater UV-B, PAR, and heat were reduced concomitant with 
a 109% increase in epipelagic production. Similar to Lake Tahoe, pro-
ductivity in Castle Lake shifted upwards in the water column in the pe-
lagic zone. In contrast, littoral-benthic productivity did not change in 
Castle Lake, possibly reflecting adaptation to high-intensity UV-B light 
in these habitats (Scordo et al., 2022). In a regional study of smoke 
effects on 10 lakes spanning gradients in trophic state, water clarity, 
and size, lake responses were variable (Smits et al., 2024). While rates 
of gross primary productivity (GPP) were reduced overall on smoky 
days, the magnitude and direction of response varied greatly among 
individual lakes, suggesting changes in productivity were mediated by 
factors such as the seasonal timing of exposure and nutrient stoichi-
ometry within lakes at the time of exposure.

The effect of smoke on rates of ecosystem respiration are rarely 
reported. One of the few studies to explicitly evaluate impacts of 
smoke on respiration found little effect in a mesotrophic lake (Scordo 
et al., 2021), in contrast to the comparatively large increases in respi-
ration that can be found in lakes within burned watersheds (Marchand 
et al., 2009). Given the coupling of production and respiration, it is 
likely that changes in respiration associated with smoke alone will mir-
ror those of production. However, smoke and ash deposition may af-
fect respiration independently of production by stimulating microbial 
metabolism through the addition of nutrients and/or C. Phosphorus is 
often in high demand among microbial communities, and ash with high 
concentrations of biogenically available P may stimulate increases in 
microbial metabolic activity (Pace & Prairie,  2005). Likewise, lakes 
where microbial communities are substrate-limited by C are likely to 
see increased metabolic activity associated with pyrogenic C leach-
ate into dissolved organic C (Py-DOC). Py-DOC is highly labile and 
water soluble (Myers-Pigg et  al.,  2015), making it highly available 
to microbes, which can drive increases in respiration. The extent to 
which C and N from ash cause an increase or decrease in respiration 
will be dependent on the degree of coupling between autotrophic and 
heterotrophic metabolisms and the extent to which microbial growth 
efficiency increases or decreases. Smits et  al.  (2024) found the re-
sponse of respiration to smoke cover in their 10 study lakes to vary 
as a function of temperature and lake trophic state—respiration rates 
decreased during smoke cover in cold, oligotrophic lakes but not in 
warm, eutrophic lakes. The effect of smoke and ash deposition on lake 
metabolism more broadly is still poorly understood and may theoret-
ically increase or decrease production to respiration ratios depending 
on the characteristics of the smoke, ash composition, and initial con-
ditions of the lake. At regional scales, lake responses may be highly 
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variable and difficult to predict without context-specific understand-
ing of lakes (Smits et al., 2024). This highlights that future studies need 
to examine impacts on metabolism in the context of the timing of lake 
exposure with respect to seasonal nutrient and phytoplankton/bacte-
rioplankton community dynamics.

2.7  |  Effects of smoke and ash on lake food webs

While there is some evidence that smoke and ash can increase or de-
crease lake metabolic rates, less is known about how these changes 
alter the growth and abundance of organisms at higher trophic lev-
els. In one case, smoke caused a large increase in epilimnetic primary 
productivity, but did not translate into any changes in zooplankton 
composition or biomass (Scordo et al., 2021). Fire within a lake's water-
shed has been shown to increase the abundance of zooplankton and 
macroinvertebrates as post-burn nutrient runoff fuels algal produc-
tion (Garcia & Carignan, 2000; Pinel-Alloul et al., 1998; Pretty, 2020), 
though in some cases, DOC and sediment increases due to post-
burn runoff can reduce water clarity enough to override the effects 
of post-fire nutrient increases on primary production (e.g., France 
et al., 2000). However, it is unknown whether decreasing water clar-
ity or deposition in lakes without post-burn runoff (i.e., lakes outside 
of burned watersheds experiencing smoke) will have a similar effect. 
The lack of zooplankton, macroinvertebrate, and fish data from other 
studies of smoke effects on primary productivity prohibits any general 
conclusions about how smoke and ash deposition influence secondary 
production in lakes via this bottom-up mechanism.

Smoke and ash concentrations in lakes may have toxicological 
influences on the survival of aquatic and amphibian species, which 
can be highly susceptible to wildfire-derived heavy metals and 
PAHs, though effects vary among species and sources of particles 
(Brito et al., 2017; Campos et al., 2012; Harper et al., 2019; Santos 
et al., 2023; Silva et al., 2015). For instance, ecotoxicity assays indicate 
that ash is toxic to Ceriodaphnia spp. at low concentrations but has no 
detectable effect on gastropods or fish (Brito et al., 2017). Smoke and 
ash can also contain large concentrations of inorganic Hg, which can 
be converted into methylmercury, a highly toxic and bioavailable form 
that accumulates in fish (Kelly et al., 2006). The source of the smoke 
and ash can differentially impact pH, metal, and ion concentrations 
with differing toxicities to specific organisms. Harper et  al.  (2019) 
found that Daphnia magna was sensitive to particles derived from 
some plants such as spruce (Picea) or eucalypt (Eucalypteae), whereas 
other plants, such as ash (Fraxinus) had no observable toxicity. 
However, the authors note that this may be related to mechanical 
challenges filter feeders face with high particle loads rather than 
toxicity. Observational and experimental studies of macroinverte-
brate communities have shown a range of responses to smoke and 
ash from almost no response to statistically significant reductions 
in density and shifts in community composition for 1 year following 
the introduction of ash (Earl & Blinn, 2003). However, it is unknown 
whether these shifts in macroinvertebrate communities were the re-
sult of toxicity, as non-toxic but ash-driven deleterious conditions, 

such as reduced dissolved oxygen and increasing pH conditions can 
also negatively affect cold-water aquatic organisms (Brito et al., 2021; 
Earl & Blinn, 2003). Whether the effects on secondary production are 
due to particle loads, metals, ions, pH, or reductions in oxygen remain 
poorly understood. The indirect effect of smoke and ash on lake food 
webs may mirror that of primary production if biomass is controlled 
from the bottom-up by nutrients or may decrease through toxicity. 
Research is needed to identify the relative contribution of indirect and 
direct effects of smoke and ash to secondary lake productivity, as well 
as the time scales over which smoke effects occur.

As smoke can alter light conditions and decrease lake temperature, 
smoke may also influence consumer behavior as light and tempera-
ture serve as important cues. Changes in behavior can shift, for exam-
ple, distributions of animal biomass, predator–prey interactions, and 
water column biogeochemistry. Smoke-induced reduction of UV:PAR 
ratios can alter the diel vertical migration of zooplankton and affect 
habitat use by fish (Scordo et al., 2021, 2022; Williamson et al., 2016). 
In highly transparent lakes, UV light is an important dynamic cue for 
vertical migration behavior, whereby zooplankton occupy deeper 
depths during the day to avoid damaging UV radiation (Williamson 
et al., 2011). When smoke reduces incident UV, zooplankton may alter 
their migration behavior by shifting their daytime vertical distribution 
closer to the surface. For example, zooplankton exhibited a 4 m up-
ward shift over a 2-day period in Lake Tahoe (California/Nevada, USA) 
when smoke reduced incident UV radiation by 8% (Urmy et al., 2016). 
In contrast, zooplankton in Castle Lake (California, USA) did not 
change their vertical migration patterns in response to the 65% re-
duction in UV during a smoke period. During the smoke period, the 
dominant fishes (brook trout [Salvelinus fontinalis] and rainbow trout 
[Oncorhynchus mykiss]) migrated out of their usual near-shore habi-
tat to the pelagic zone (Scordo et al., 2021). Consequently, there may 
have been no changes in the vertical migration patterns of zooplank-
ton because of the opposing effects of reduced UV and increased 
predator presence in the epilimnion. Due to the limited available stud-
ies, it is difficult to generalize how smoke and ash deposition affect 
consumer behavior or production.

3  |  THE EFFEC T OF SMOKE ON L AKES:  A 
CONCEPTUAL FR AME WORK

The effects of smoke and ash on lakes are the outcome of mecha-
nisms that operate across multiple spatial and temporal scales (Scordo 
et al., 2022). Because smoke density can change rapidly with distance 
from wildfires, the proximity of a lake to wildfire may modulate the 
magnitude of the teleconnection effect of smoke on lakes (Figure 4a). 
Generally, lakes face the highest density of smoke, largest particle 
size, and rates of deposition nearest to wildfire (Figure  4b), which 
can dramatically decrease the relative availability of UV and PAR. 
The temporal dynamics of smoke can be highly variable at very short 
time scales, causing large swings in radiative inputs to lakes. Resulting 
shifts in UV and/or PAR from reflection or scattering by smoke can 
cause cascading effects on lake physical, chemical, and biological 
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variables (Figure 4c). Lakes at intermediate (i.e., tens to hundreds of 
kilometers) or large (i.e., continental to intercontinental) distances 
from wildfires may still experience significant effects from smoke and 
ash deposition, but the relative importance of each and the associated 
shifts in UV and PAR may vary considerably. At intermediate to larger 
scales, smoke density and ash deposition can be patchy in space and 
time. Smoke transported at large scales may be more spatially homo-
geneous with less dense smoke and lower deposition (smaller particle 
sizes and lower density) over large areas (Figure 4a).

Particles from smoke and ash can vary in terms of chemical char-
acteristics, density, and particle size (Figure  4b). The potential ef-
fects these particles on lakes are dependent partly on the quantity 
and quality of the ash (i.e., density, mass, composition) and partly on 
background lake nutrient concentration. Ultimately, however, the 
quality of smoke and ash likely determines the potential for nutrient 

enrichment following deposition. Smoke and ash quality governs the 
stoichiometry and trace nutrient concentrations available to autotro-
phs and heterotrophs. Thus, a mass balance approach that considers 
both quantity and quality of smoke and ash is necessary to gauge po-
tential impacts to nutrient concentrations in lakes.

Smoke and ash deposition can ultimately change ecosystem met-
abolic rates through two main pathways (Figure 4c). These pathways 
include a fertilization effect through nutrient deposition (Section 2.4) 
and reducing availability of PAR and UV light throughout the water 
column (Section 2.2), with each pathway mediated by trophic status 
and lake size (Figure 4d). If deposition causes a shift in nutrient limita-
tion, it is likely to have a positive impact on net ecosystem production 
by stimulating primary production more than respiration. Variations 
in lake morphometry and watershed size or hydrology are likely to 
mediate the metabolic response of lakes to smoke and ash deposition 

F I G U R E  4 Lake responses to smoke and ash involve processes operating at multiple spatial and temporal scales, mediated by factors 
intrinsic to both smoke and lakes. Our current conceptual understanding is that deposition rates are expected to decline with increasing 
distance from fire (a), smoke and ash are expected to alter light and nutrient availability in lakes in relation to particle size and chemical 
composition, and density of smoke (b), and the degree to which rates of gross primary production are altered by smoke and deposition (c), 
will in part be determined by intrinsic factors of lakes, such as water clarity and lake size (d). Photo: Forest Fire over Okanagan Lake, British 
Columbia, Canada, July 2009. Jack Borno, Creative Commons: https://​web.​archi​ve.​org/​web/​20161​02014​0539/​http://​www.​panor​amio.​com/​
photo/​​59629498.

(a)

(b)

(c) (d)
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by regulating deposition rates, transport and transformation of parti-
cles within the water column, and residence times. Consequently, the 
effects of particle deposition on ecosystem function might span large 
time scales.

In contrast, the effects of reduced solar radiation on lake meta-
bolic rates are likely to be far more rapid and temporally variable in 
response to smoke dynamics. Whereas high smoke density and longer 
duration smoke cover will greatly reduce the amount of incident PAR 
and UV reaching the lake's surface (Williamson et  al., 2016), highly 
variable or less dense smoke cover may have little net effect on pri-
mary producers. Moreover, the effect of reductions in radiative inputs 
on rates of production and respiration will depend in part on the ex-
tent to which autotrophs are light-limited within a given lake. Thus the 
same reductions in PAR and UV from smoke (Williamson et al., 2016) 
likely have variable effects on GPP across lakes or even across lake 
habitats (Scordo et  al., 2021, 2022). From a theoretical standpoint, 
lakes adapted to high light might experience either little change or an 
increase in GPP depending on relative changes in solar inputs. Light 
limited systems might more consistently see decreases in GPP with 
reduced solar inputs. Changes in respiration should depend on tro-
phic status. High productivity ecosystems or ecosystems with large 
terrestrial subsidies likely see little change in respiration. In contrast, 
clear water and oligotrophic lakes may see large responses that vary 
depending on the degree of metabolic efficiency and the degree of 
coupling between autotrophs and heterotrophs. Lake responses may 
vary in relation to seasonal changes in water temperature, solar irra-
diance, and nutrient stoichiometry, or short-term variability in water-
shed loading.

4  |  CONCLUSIONS: KNOWLEDGE GAPS 
AND RESE ARCH PRIORITIES

Despite evidence that smoke and ash deposition impact biologi-
cal, physical, and chemical processes in lakes, large knowledge gaps 
impede our ability to predict and manage the responses of lakes 
to smoke and ash. Measuring the extent and effects of smoke and 
ash deposition remain challenging. We propose several potential 
research priorities, practical methodologies, and collaboration av-
enues here. While current atmospheric monitoring networks are a 
critical source of data on particle phase pollutants including wildfire-
derived particles, they do not comprehensively sample and charac-
terize smoke and ash particles at larger size fractions. For example, in 
the United States, state and federal air quality regulations primarily 
monitor PM10 and PM2.5 size classes that exclude most ash mate-
rial on a per-mass basis (Pisaric, 2002). Satellite remote sensing of 
AOD can help improve measurement of atmospheric particle load-
ing (Sokolik et al., 2019), but cannot estimate particle concentrations 
or distinguish between particle size classes. Pairing remotely sensed 
measurements of smoke plumes and airborne fire particles with sat-
ellite remote sensing of water quality offers opportunities to analyze 
the ecological responses of lakes to smoke with high frequency over 
the long-term. A more detailed characterization and quantification 

of the attributes of smoke and ash (e.g., beyond coarse density 
measurements, or presence/absence) is crucial to these efforts. Key 
questions include: How does the composition, size, and density of 
particles vary with distance from wildfire? How do deposition rates 
on lakes vary in relation to local landscape and weather factors?

Moreover, few studies explicitly evaluate the individual and inter-
active effects of smoke both as a driver of variation in UV and PAR, 
and as external load of C and nutrients. In watersheds with direct 
burns, differentiating loading effects from smoke effects is equally 
important. Identifying the types of lakes that are most sensitive to 
the teleconnection effects of wildfire versus direct watershed burning 
should be a priority, and our conceptual synthesis offers testable hy-
potheses (Figure 4). Key questions include: How does lake size, lake 
clarity, or hydrological connectivity affect lake responses to smoke? 
Are the effects of wildfire smoke transient compared to direct burn 
effects?

In general, field and experimental studies that collect pre- and post-
fire data in lakes are scarce and forced on smaller lakes (McCullough 
et al., 2019). Larger scale studies are necessary to disentangle the me-
diating effects of scale and watershed context on the responses of 
lakes to smoke and ash deposition (Figure 4). Studies that address this 
should encompass key gradients (Section 3) such as lake size or clarity, 
and are necessary to better understand how smoke affects a broad 
range of lake types. Key questions include: How does lake trophic sta-
tus or size mediate responses at regional or larger scales? What is the 
seasonal variation in lake responses to smoke within and across lakes?

Given the broad spatial extent of lake exposure to smoke, ex-
isting monitoring programs and networks, such as the Global Lake 
Ecological Observatory Network (https://​gleon.​org/​), will be vital 
sources of data and coordinated analyses. New studies will also need 
to delineate smoke-exposed versus control (i.e., upwind) groups care-
fully, and ideally track ecosystem recovery after smoke exposure, in-
cluding through repeat exposure events. Key questions include: What 
level of smoke exposure will alter primary and secondary producer 
community structures? Do mechanisms driving short versus long term 
impacts of smoke on lakes differ?

Finally, we lack knowledge of the past prevalence and ecolog-
ical impacts of smoke and ash deposition, which is essential to in-
form future models and management. Advances in paleolimnology, 
such as using monosaccharide anhydrides as indicators of biomass 
burning (e.g., Kehrwald et al., 2020), can better characterize histor-
ical smoke exposure and ash deposition. Relating proxies of smoke 
and ash to those associated with lake productivity could improve our 
understanding of the ecological effects of smoke on lakes, though 
productivity may be difficult to estimate where sediments integrate 
over several years and fail to preserve key planktonic or benthic taxa.

As wildfires, fuelled by global change (Abatzoglou et  al.,  2019), 
increase in frequency and intensity (Flannigan et  al.,  2013; Jones 
et al., 2022), there is a need to understand their environmental im-
pacts beyond the direct effects of biomass combustion at the wa-
tershed scale. Our analysis of lake smoke-days indicates that many 
regions that historically have not been considered at high risk of 
wildfires are already experiencing smoke events (Figures 1 and 2) and 
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these have the potential to become increasingly pervasive and long-
lasting (Figure 3). Here we have reviewed how these smoke events 
and corresponding deposition can have far-reaching environmental 
consequences for lakes across spatial and temporal scales. We have 
also synthesized how these environmental consequences are modified 
by the characteristics of lakes and the characteristics of both smoke 
and ash themselves. Because lakes reflect processes within their sur-
rounding catchments and the flowing waters that feed into them, they 
can also act as sentinels of wider landscape-level changes associated 
with smoke and ash deposition, such as nutrient and energy cycling 
(Williamson et al., 2008). Drawing upon research from diverse disci-
plines beyond limnology, including fire ecology, climatology, and at-
mospheric chemistry will be key to advancing our understanding of 
the environmental impacts of wildfire smoke in an increasingly flam-
mable world.

AUTHOR CONTRIBUTIONS
Mary Jade Farruggia: Conceptualization; investigation; project 
administration; writing – original draft; writing – review and ed-
iting. Janice Brahney: Conceptualization; investigation; project 
administration; writing – original draft; writing – review and edit-
ing. Andrew J. Tanentzap: Conceptualization; investigation; writ-
ing – original draft; writing – review and editing. Jennifer A. 
Brentrup: Conceptualization; investigation. Ludmila S. Brighenti: 
Conceptualization; investigation; writing – original draft. Sudeep 
Chandra: Conceptualization. Alicia Cortés: Conceptualization; in-
vestigation. Rocio L. Fernandez: Conceptualization; investigation; 
writing – original draft. Janet M. Fischer: Conceptualization; inves-
tigation; writing – original draft. Alexander L. Forrest: Investigation; 
writing – original draft. Yufang Jin: Formal analysis; writing – original 
draft. Kenneth Larrieu: Investigation; writing – original draft. Ian M. 
McCullough: Conceptualization; investigation; project administration; 
writing – original draft. Isabella A. Oleksy: Conceptualization; inves-
tigation; writing – original draft. Rachel M. Pilla: Conceptualization; 
investigation. James A. Rusak: Conceptualization; investigation; 
project administration; writing – original draft. Facundo Scordo: 
Conceptualization; investigation; writing – original draft. Adrianne P. 
Smits: Conceptualization; investigation; writing – original draft. Celia 
C. Symons: Conceptualization; investigation; project administration; 
writing – original draft. Minmeng Tang: Conceptualization; formal 
analysis; investigation; project administration; writing – original draft. 
Samuel G. Woodman: Conceptualization; formal analysis; writing – 
original draft. Steven Sadro: Conceptualization; investigation; super-
vision; writing – original draft; writing – review and editing.

AFFILIATIONS
1Department of Environmental Science and Policy, University of California 
Davis, Davis, California, USA
2Department of Watershed Sciences and Ecology Center, Utah State 
University, Logan, Utah, USA
3Ecosystems and Global Change Group, School of the Environment, Trent 
University, Peterborough, Ontario, Canada
4Ecosystems and Global Change Group, Department of Plant Sciences, 
University of Cambridge, Cambridge, UK
5Minnesota Pollution Control Agency, St. Paul, Minnesota, USA

6Universidade Do Estado de Minas Gerais (UEMG), Unidade Divinópolis, 
Divinópolis, Minas Gerais, Brazil
7Department of Biology and Global Water Center, University of Nevada, 
Reno, Nevada, USA
8Department of Civil and Environmental Engineering, University of 
California Davis, Davis, California, USA
9National Scientific and Technical Research Council (CONICET), Buenos 
Aires, Argentina
10Department of Biology, Franklin and Marshall College, Lancaster, 
Pennsylvania, USA
11Department of Civil and Environmental Engineering/Tahoe Environmental 
Research Center, University of California Davis, Davis, California, USA
12Department of Land, Air and Water Resources, University of California 
Davis, Davis, California, USA
13Department of Fisheries and Wildlife, Michigan State University, East 
Lansing, Michigan, USA
14Institute of Arctic and Alpine Research, University of Colorado Boulder, 
Boulder, Colorado, USA
15Environmental Sciences Division, Oak Ridge National Laboratory, Oak 
Ridge, Tennessee, USA
16Department of Biology, Queen's University, Kingston, Ontario, Canada
17Instituto Argentino de Oceanografía, Universidad Nacional del Sur (UNS)-
CONICET, Bahía Blanca, Buenos Aires, Argentina
18Departamento de Geografía y Turismo, Universidad Nacional del Sur, Bahía 
Blanca, Buenos Aires, Argentina
19Department of Ecology and Evolutionary Biology, University of California 
Irvine, Irvine, California, USA
20School of Civil and Environmental Engineering, Cornell University, Ithaca, 
New York, USA

ACKNOWLEDG EMENTS
This work was the result of a Global Lakes Ecological Observatory 
Network (GLEON) working group focusing on the effects of wildfires 
on lakes. We thank Joshua Culpepper, Sarah Burnet, Rebecca Flock, 
Siddhartha Sarkar, Geoffrey Schladow, and Shohei Watanabe for their 
contributions to this project. The impetus for this review was a National 
Science Foundation (NSF) RAPID award to SS #DEB-2102344. The 
effort of several co-authors was supported by additional NSF awards: 
MJF was supported by #2036201 and #1702991. JB was supported 
by #EAR-2011910 and #DEB-1926559. JMF was supported by #DEB-
1754181. IMM was supported by #DEB-1638679. IAO was supported 
by #EPS-2019528. Any opinions, findings, and conclusions or rec-
ommendations expressed in this material are those of the author(s) 
and do not necessarily reflect the views of the NSF. LSB was sup-
ported by the Programa de Apoio Institucional a Pesquisa from the 
Universidade do Estado de Minas Gerais (PAPq-UEMG 11/2022). 
AC was supported by the California Natural Resources Agency 
(GF2141-0). RMP was supported by the U.S. Department of Energy, 
Office of Energy Efficiency and Renewable Energy, and Water Power 
Technologies Office at Oak Ridge National Laboratory (ORNL). ORNL 
is managed by UT-Battelle, LLC, for the U.S. DOE under contract DE-
AC05-00OR22725. FS was supported by the Argentinian Fondo para 
la Investigación Científica y Tecnológica (PICT-2020-Serie A-01977 
and A-00548). AJT was supported by the Canada Research Chairs 
Program and the Natural Sciences and Engineering Research Council 
of Canada (RGPIN-2023-03977).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflicts of interest.

 13652486, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17367 by C

ochraneA
rgentina, W

iley O
nline L

ibrary on [26/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  13 of 17FARRUGGIA et al.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly avail-
able in the Environmental Data Initiative at https://​doi.​org/​10.​6073/​
pasta/​​ed65a​47221​19ae4​b1042​36d0f​954b5df.

ORCID
Mary Jade Farruggia   https://orcid.org/0000-0003-4234-6678 
Janice Brahney   https://orcid.org/0000-0001-7614-2855 
Andrew J. Tanentzap   https://orcid.org/0000-0002-2883-1901 
Jennifer A. Brentrup   https://orcid.org/0000-0002-4818-7762 
Ludmila S. Brighenti   https://orcid.org/0000-0003-1305-2689 
Sudeep Chandra   https://orcid.org/0000-0003-1724-5154 
Alicia Cortés   https://orcid.org/0000-0002-4873-4164 
Rocio L. Fernandez   https://orcid.org/0000-0001-9996-8975 
Janet M. Fischer   https://orcid.org/0000-0002-6779-2407 
Alexander L. Forrest   https://orcid.org/0000-0002-7853-9765 
Yufang Jin   https://orcid.org/0000-0002-9049-9807 
Kenneth Larrieu   https://orcid.org/0000-0003-1706-3879 
Ian M. McCullough   https://orcid.org/0000-0002-6832-674X 
Isabella A. Oleksy   https://orcid.org/0000-0003-2572-5457 
Rachel M. Pilla   https://orcid.org/0000-0001-9156-9486 
James A. Rusak   https://orcid.org/0000-0002-4939-6478 
Facundo Scordo   https://orcid.org/0000-0001-6182-7368 
Adrianne P. Smits   https://orcid.org/0000-0001-9967-5419 
Celia C. Symons   https://orcid.org/0000-0003-4120-0327 
Minmeng Tang   https://orcid.org/0000-0002-2848-9712 
Samuel G. Woodman   https://orcid.org/0000-0001-9725-5867 
Steven Sadro   https://orcid.org/0000-0002-6416-3840 

R E FE R E N C E S
Abatzoglou, J. T., Williams, A. P., & Barbero, R. (2019). Global emergence 

of anthropogenic climate change in fire weather indices. Geophysical 
Research Letters, 46(1), 326–336. https://​doi.​org/​10.​1029/​2018G​
L080959

Adachi, K., Dibb, J. E., Scheuer, E., Katich, J. M., Schwarz, J. P., Perring, A. E., 
Mediavilla, B., Guo, H., Campuzano-Jost, P., Jimenez, J. L., Crawford, 
J., Soja, A. J., Oshima, N., Kajino, M., Kinase, T., Kleinman, L., Sedlacek, 
A. J., III, Yokelson, R. J., & Buseck, P. R. (2022). Fine ash-bearing parti-
cles as a major aerosol component in biomass burning smoke. Journal 
of Geophysical Research: Atmospheres, 127(2), e2021JD035657. 
https://​doi.​org/​10.​1029/​2021J​D035657

Bakayoko, A., Galy-Lacaux, C., Yoboué, V., Hickman, J. E., Roux, F., Gardrat, 
E., Julien, F., & Delon, C. (2021). Dominant contribution of nitrogen 
compounds in precipitation chemistry in the Lake Victoria catchment 
(East Africa). Environmental Research Letters, 16(4), 045013. https://​
doi.​org/​10.​1088/​1748-​9326/​abe25c

Black, C., Tesfaigzi, Y., Bassein, J. A., & Miller, L. A. (2017). Wildfire smoke 
exposure and human health: Significant gaps in research for a grow-
ing public health issue. Environmental Toxicology and Pharmacology, 
55, 186–195. https://​doi.​org/​10.​1016/j.​etap.​2017.​08.​022

Boaggio, K., LeDuc, S. D., Rice, R. B., Duffney, P. F., Foley, K. M., Holder, 
A. L., McDow, S., & Weaver, C. P. (2022). Beyond particulate mat-
ter mass: Heightened levels of lead and other pollutants associated 
with destructive fire events in California. Environmental Science & 
Technology, 56(20), 14272–14283. https://​doi.​org/​10.​1021/​acs.​est.​
2c02099

Bodí, M. B., Martin, D. A., Balfour, V. N., Santín, C., Doerr, S. H., Pereira, P., 
Cerdà, A., & Mataix-Solera, J. (2014). Wildland fire ash: Production, 

composition and eco-hydro-geomorphic effects. Earth-Science Reviews, 
130, 103–127. https://​doi.​org/​10.​1016/j.​earsc​irev.​2013.​12.​007

Boehrer, B., von Rohden, C., & Schultze, M. (2017). Physical features of 
meromictic lakes: Stratification and circulation. In R. D. Gulati, E. S. 
Zadereev, & A. G. Degermendzhi (Eds.), Ecology of meromictic lakes 
(pp. 15–34). Springer International Publishing. https://​doi.​org/​10.​
1007/​978-​3-​319-​49143​-​1_​2

Bowman, D. M. J. S., & Johnston, F. H. (2005). Wildfire smoke, fire manage-
ment, and human health. EcoHealth, 2(1), 76–80. https://​doi.​org/​10.​
1007/​s1039​3-​004-​0149-​8

Boy, J., Rollenbeck, R., Valarezo, C., & Wilcke, W. (2008). Amazonian 
biomass burning-derived acid and nutrient deposition in the north 
Andean montane forest of Ecuador. Global Biogeochemical Cycles, 
22(4), 3158. https://​doi.​org/​10.​1029/​2007G​B003158

Brahney, J., Ballantyne, A. P., Kociolek, P., Spaulding, S., Otu, M., Porwoll, 
T., & Neff, J. C. (2014). Dust mediated transfer of phosphorus to 
alpine lake ecosystems of the Wind River Range, Wyoming, USA. 
Biogeochemistry, 120(1), 259–278. https://​doi.​org/​10.​1007/​s1053​
3-​014-​9994-​x

Brahney, J., Mahowald, N., Ward, D. S., Ballantyne, A. P., & Neff, J. C. 
(2015). Is atmospheric phosphorus pollution altering global alpine 
lake stoichiometry? Global Biogeochemical Cycles, 29(9), 1369–1383. 
https://​doi.​org/​10.​1002/​2015G​B005137

Brito, D. Q., Passos, C. J. S., Muniz, D. H. F., & Oliveira-Filho, E. C. (2017). 
Aquatic ecotoxicity of ashes from Brazilian savanna wildfires. 
Environmental Science and Pollution Research, 24(24), 19671–19682. 
https://​doi.​org/​10.​1007/​s1135​6-​017-​9578-​0

Brito, D. Q., Santos, L. H. G., Passos, C. J. S., & Oliveira-Filho, E. C. (2021). 
Short-term effects of wildfire ash on water quality parameters: A 
laboratory approach. Bulletin of Environmental Contamination and 
Toxicology, 107(3), 500–505. https://​doi.​org/​10.​1007/​s0012​8-​021-​
03220​-​9

Burd, A. B., & Jackson, G. A. (2009). Particle aggregation. Annual Review 
of Marine Science, 1(1), 65–90. https://​doi.​org/​10.​1146/​annur​ev.​ma-
rine.​010908.​163904

Burton, C. A., Hoefen, T. M., Plumlee, G. S., Baumberger, K. L., Backlin, 
A. R., Gallegos, E., & Fisher, R. N. (2016). Trace elements in storm-
flow, ash, and burned soil following the 2009 station fire in Southern 
California. PLoS One, 11(5), e0153372. https://​doi.​org/​10.​1371/​
journ​al.​pone.​0153372

Buto, S. G., & Anderson, R. D. (2020). NHDPlus high resolution (NHDPlus 
HR)—A hydrography framework for the nation. Fact sheet (2020-3033). 
U.S. Geological Survey. https://​doi.​org/​10.​3133/​fs202​03033​

Campos, I., Abrantes, N., Vidal, T., Bastos, A. C., Gonçalves, F., & Keizer, J. 
J. (2012). Assessment of the toxicity of ash-loaded runoff from a re-
cently burnt eucalypt plantation. European Journal of Forest Research, 
131(6), 1889–1903. https://​doi.​org/​10.​1007/​s1034​2-​012-​0640-​7

Cerdà, A., & Doerr, S. H. (2008). The effect of ash and needle cover on 
surface runoff and erosion in the immediate post-fire period. Catena, 
74(3), 256–263. https://​doi.​org/​10.​1016/j.​catena.​2008.​03.​010

Cerrato, J. M., Blake, J. M., Hirani, C., Clark, A. L., Ali, A.-M. S., Artyushkova, 
K., Peterson, E., & Bixby, R. J. (2016). Wildfires and water chemistry: 
Effect of metals associated with wood ash. Environmental Science: 
Processes & Impacts, 18(8), 1078–1089. https://​doi.​org/​10.​1039/​
C6EM0​0123H​

Chandra, S., Scordo, F., Suenaga, E., Blazsczack, J., Seitz, C., Carlson, E., 
Loria, K., Brahney, J., Sadro, S., Schladow, S. G., Forrest, A., Larrieu, K., 
Watanabe, S., Heyvaert, A., Williamson, C. E., & Overholt, E. (2022). 
Impacts of smoke-ash from the 2021 wildfires to the ecology of Lake 
Tahoe. Tahoe Science Council. https://​www.​tahoe​scien​cecou​ncil.​
org/_​files/​​ugd/​c115bf_​0ea7a​6ff5c​a4456​f8ffc​7a45d​a1fc5​78.​pdf

Charette, T., & Prepas, E. E. (2003). Wildfire impacts on phytoplank-
ton communities of three small lakes on the Boreal Plain, Alberta, 
Canada: A paleolimnological study. Canadian Journal of Fisheries and 
Aquatic Sciences, 60(5), 584–593. https://​doi.​org/​10.​1139/​f03-​049

 13652486, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17367 by C

ochraneA
rgentina, W

iley O
nline L

ibrary on [26/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.6073/pasta/ed65a4722119ae4b104236d0f954b5df
https://doi.org/10.6073/pasta/ed65a4722119ae4b104236d0f954b5df
https://orcid.org/0000-0003-4234-6678
https://orcid.org/0000-0003-4234-6678
https://orcid.org/0000-0001-7614-2855
https://orcid.org/0000-0001-7614-2855
https://orcid.org/0000-0002-2883-1901
https://orcid.org/0000-0002-2883-1901
https://orcid.org/0000-0002-4818-7762
https://orcid.org/0000-0002-4818-7762
https://orcid.org/0000-0003-1305-2689
https://orcid.org/0000-0003-1305-2689
https://orcid.org/0000-0003-1724-5154
https://orcid.org/0000-0003-1724-5154
https://orcid.org/0000-0002-4873-4164
https://orcid.org/0000-0002-4873-4164
https://orcid.org/0000-0001-9996-8975
https://orcid.org/0000-0001-9996-8975
https://orcid.org/0000-0002-6779-2407
https://orcid.org/0000-0002-6779-2407
https://orcid.org/0000-0002-7853-9765
https://orcid.org/0000-0002-7853-9765
https://orcid.org/0000-0002-9049-9807
https://orcid.org/0000-0002-9049-9807
https://orcid.org/0000-0003-1706-3879
https://orcid.org/0000-0003-1706-3879
https://orcid.org/0000-0002-6832-674X
https://orcid.org/0000-0002-6832-674X
https://orcid.org/0000-0003-2572-5457
https://orcid.org/0000-0003-2572-5457
https://orcid.org/0000-0001-9156-9486
https://orcid.org/0000-0001-9156-9486
https://orcid.org/0000-0002-4939-6478
https://orcid.org/0000-0002-4939-6478
https://orcid.org/0000-0001-6182-7368
https://orcid.org/0000-0001-6182-7368
https://orcid.org/0000-0001-9967-5419
https://orcid.org/0000-0001-9967-5419
https://orcid.org/0000-0003-4120-0327
https://orcid.org/0000-0003-4120-0327
https://orcid.org/0000-0002-2848-9712
https://orcid.org/0000-0002-2848-9712
https://orcid.org/0000-0001-9725-5867
https://orcid.org/0000-0001-9725-5867
https://orcid.org/0000-0002-6416-3840
https://orcid.org/0000-0002-6416-3840
https://doi.org/10.1029/2018GL080959
https://doi.org/10.1029/2018GL080959
https://doi.org/10.1029/2021JD035657
https://doi.org/10.1088/1748-9326/abe25c
https://doi.org/10.1088/1748-9326/abe25c
https://doi.org/10.1016/j.etap.2017.08.022
https://doi.org/10.1021/acs.est.2c02099
https://doi.org/10.1021/acs.est.2c02099
https://doi.org/10.1016/j.earscirev.2013.12.007
https://doi.org/10.1007/978-3-319-49143-1_2
https://doi.org/10.1007/978-3-319-49143-1_2
https://doi.org/10.1007/s10393-004-0149-8
https://doi.org/10.1007/s10393-004-0149-8
https://doi.org/10.1029/2007GB003158
https://doi.org/10.1007/s10533-014-9994-x
https://doi.org/10.1007/s10533-014-9994-x
https://doi.org/10.1002/2015GB005137
https://doi.org/10.1007/s11356-017-9578-0
https://doi.org/10.1007/s00128-021-03220-9
https://doi.org/10.1007/s00128-021-03220-9
https://doi.org/10.1146/annurev.marine.010908.163904
https://doi.org/10.1146/annurev.marine.010908.163904
https://doi.org/10.1371/journal.pone.0153372
https://doi.org/10.1371/journal.pone.0153372
https://doi.org/10.3133/fs20203033
https://doi.org/10.1007/s10342-012-0640-7
https://doi.org/10.1016/j.catena.2008.03.010
https://doi.org/10.1039/C6EM00123H
https://doi.org/10.1039/C6EM00123H
https://www.tahoesciencecouncil.org/_files/ugd/c115bf_0ea7a6ff5ca4456f8ffc7a45da1fc578.pdf
https://www.tahoesciencecouncil.org/_files/ugd/c115bf_0ea7a6ff5ca4456f8ffc7a45da1fc578.pdf
https://doi.org/10.1139/f03-049


14 of 17  |     FARRUGGIA et al.

Copernicus AMS. (2023). Northern Hemisphere wildfires: A summer of ex-
tremes—Copernicus. https://​atmos​phere.​coper​nicus.​eu/​north​ern-​
hemis​phere​-​wildf​ires-​summe​r-​extremes

David, A. T., Asarian, J. E., & Lake, F. K. (2018). Wildfire smoke cools sum-
mer river and stream water temperatures. Water Resources Research, 
54(10), 7273–7290. https://doi.org/10.1029/2018W​R022964

Davies, S. J., & Unam, L. (1999). Smoke-haze from the 1997 Indonesian 
forest fires: Effects on pollution levels, local climate, atmospheric 
CO2 concentrations, and tree photosynthesis. Forest Ecology and 
Management, 124(2), 137–144. https://​doi.​org/​10.​1016/​S0378​-​
1127(99)​00060​-​2

Denis, E. H., Toney, J. L., Tarozo, R., Scott Anderson, R., Roach, L. D., 
& Huang, Y. (2012). Polycyclic aromatic hydrocarbons (PAHs) in 
lake sediments record historic fire events: Validation using HPLC-
fluorescence detection. Organic Geochemistry, 45, 7–17. https://​doi.​
org/​10.​1016/j.​orgge​ochem.​2012.​01.​005

de Lucas Pardo, M. A., Sarpe, D., & Winterwerp, J. C. (2015). Effect of 
algae on flocculation of suspended bed sediments in a large shal-
low lake. Consequences for ecology and sediment transport pro-
cesses. Ocean Dynamics, 65, 889–903. https://doi.org/10.1007/
s10236-015-0841-y

De Vicente, I., Ortega-Retuerta, E., Romera, O., Morales-Baquero, R., & 
Reche, I. (2009). Contribution of transparent exopolymer particles to 
carbon sinking flux in an oligotrophic reservoir. Biogeochemistry, 96, 
13–23. https://doi.org/10.1007/s10533-009-9342-8

Earl, S. R., & Blinn, D. W. (2003). Effects of wildfire ash on water chemis-
try and biota in South-Western U.S.A. streams. Freshwater Biology, 
48(6), 1015–1030. https://​doi.​org/​10.​1046/j.​1365-​2427.​2003.​
01066.​x

Elser, J. J., Andersen, T., Baron, J. S., Bergström, A.-K., Jansson, M., Kyle, 
M., Nydick, K. R., Steger, L., & Hessen, D. O. (2009). Shifts in lake N:P 
stoichiometry and nutrient limitation driven by atmospheric nitrogen 
deposition. Science, 326(5954), 835–837. https://​doi.​org/​10.​1126/​
scien​ce.​1176199

Fanourgakis, G. S., Kanakidou, M., Nenes, A., Bauer, S. E., Bergman, T., 
Carslaw, K. S., Grini, A., Hamilton, D. S., Johnson, J. S., Karydis, V. 
A., Kirkevåg, A., Kodros, J. K., Lohmann, U., Luo, G., Makkonen, R., 
Matsui, H., Neubauer, D., Pierce, J. R., Schmale, J., … Yu, F. (2019). 
Evaluation of global simulations of aerosol particle and cloud conden-
sation nuclei number, with implications for cloud droplet formation. 
Atmospheric Chemistry and Physics, 19(13), 8591–8617. https://​doi.​
org/​10.​5194/​acp-​19-​8591-​2019

Farruggia, M. J., Brahney, J., Sadro, S., Tanentzap, A. J., Brentrup, J. A., 
Brighenti, L. S., Chandra, S., Cortés, A., Fernandez, R. L., Fischer, J. 
M., Forrest, A. L., Jin, Y., Larrieu, K., McCullough, I. M., Oleksy, I. A., 
Pilla, R. M., Rusak, J. A., Scordo, F., Smits, A. P., … Woodman, S. G. 
(2024). Lake exposure to smoke in North America, 2019–2021 [Data 
set]. Environmental Data Initiative. https://​doi.​org/​10.​6073/​pasta/​​
ed65a​47221​19ae4​b1042​36d0f​954b5df

Finizio, A., Di Guardo, A., & Cartmale, L. (1998). Hazardous air pollutants 
(HAPs) and their effects on biodiversity: An overview of the atmo-
spheric pathways of persistent organic pollutants (POPs) and sug-
gestions for future studies. Environmental Monitoring and Assessment, 
49(2), 327–336. https://​doi.​org/​10.​1023/A:​10058​59228855

Flannigan, M., Cantin, A. S., de Groot, W. J., Wotton, M., Newbery, A., & 
Gowman, L. M. (2013). Global wildland fire season severity in the 
21st century. Forest Ecology and Management, 294, 54–61. https://​
doi.​org/​10.​1016/j.​foreco.​2012.​10.​022

France, R., Steedman, R., Lehmann, R., & Peters, R. (2000). Landscape mod-
ification of DOC concentration in boreal lakes: Implications for UV-B 
sensitivity. Water, Air, and Soil Pollution, 122(1), 153–162. https://​doi.​
org/​10.​1023/A:​10052​39721834

Fromm, M., Lindsey, D. T., Servranckx, R., Yue, G., Trickl, T., Sica, R., 
Doucet, P., & Godin-Beekmann, S. (2010). The untold story of pyro-
cumulonimbus. Bulletin of the American Meteorological Society, 91(9), 
1193–1210. https://​doi.​org/​10.​1175/​2010B​AMS30​04.​1

Garcia, E., & Carignan, R. (2000). Mercury concentrations in northern pike 
(Esox lucius) from boreal lakes with logged, burned, or undisturbed 
catchments. Canadian Journal of Fisheries and Aquatic Sciences, 57(S2), 
129–135. https://​doi.​org/​10.​1139/​f00-​126

Goldman, C. R., Jassby, A. D., & de Amezaga, E. (1990). Forest fires, at-
mospheric deposition and primary productivity at Lake Tahoe, 
California-Nevada. SIL Proceedings, 1922–2010, 24(1), 499–503. 
https://​doi.​org/​10.​1080/​03680​770.​1989.​11898787

Groff, S. P. (2021). Magnifying focusing events: Global smoke plumes and 
international construal connections in newspaper coverage of 2020 
wildfire events. Frontiers in Communication, 6, 591. https://​doi.​org/​
10.​3389/​fcomm.​2021.​713591

Harper, A. R., Santin, C., Doerr, S. H., Froyd, C. A., Albini, D., Otero, X. 
L., Viñas, L., & Pérez-Fernández, B. (2019). Chemical composition of 
wildfire ash produced in contrasting ecosystems and its toxicity to 
Daphnia magna. International Journal of Wildland Fire, 28(10), 726–
737. https://​doi.​org/​10.​1071/​WF18200

Hodder, K. R., Gilbert, R., & Desloges, J. R. (2007). Glaciolacustrine varved 
sediment as an alpine hydroclimatic proxy. Journal of Paleolimnology, 
38, 365–394. https://doi.org/10.1007/s10933-006-9083-9

Hemes, K. S., Verfaillie, J., & Baldocchi, D. D. (2020). Wildfire-smoke aero-
sols lead to increased light use efficiency among agricultural and 
restored wetland land uses in California's Central Valley. Journal 
of Geophysical Research: Biogeosciences, 125(2), e2019JG005380. 
https://​doi.​org/​10.​1029/​2019J​G005380

Hobbs, P. V., Reid, J. S., Kotchenruther, R. A., Ferek, R. J., & Weiss, R. 
(1997). Direct radiative forcing by smoke from biomass burning. 
Science, 275(5307), 1777–1778. https://​doi.​org/​10.​1126/​scien​ce.​
275.​5307.​1777

Holm, S. M., Miller, M. D., & Balmes, J. R. (2021). Health effects of wild-
fire smoke in children and public health tools: A narrative review. 
Journal of Exposure Science & Environmental Epidemiology, 31(1), 1–20. 
https://​doi.​org/​10.​1038/​s4137​0-​020-​00267​-​4

Imboden, D. M., & Wüest, A. (1995). Mixing mechanisms in lakes. In A. 
Lerman, D. M. Imboden, & J. R. Gat (Eds.), Physics and chemistry of 
lakes (pp. 83–138). Springer. https://​doi.​org/​10.​1007/​978-​3-​642-​
85132​-​2_​4

Jackson, G. A., & Lochmann, S. E. (1992). Effect of coagulation on nutrient 
and light limitation of an algal bloom. Limnology and Oceanography, 
37(1), 77–89. https://​doi.​org/​10.​4319/​lo.​1992.​37.1.​0077

Jesus, F., Pereira, J. L., Campos, I., Santos, M., Ré, A., Keizer, J., Nogueira, 
A., Gonçalves, F. J. M., Abrantes, N., & Serpa, D. (2022). A review 
on polycyclic aromatic hydrocarbons distribution in freshwater 
ecosystems and their toxicity to benthic fauna. Science of the Total 
Environment, 820, 153282. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2022.​153282

Johnson, C. P., Li, X., & Logan, B. E. (1996). Settling velocities of fractal 
aggregates. Environmental Science & Technology, 30(6), 1911–1918. 
https://​doi.​org/​10.​1021/​es950​604g

Johnston, F. H., Henderson, S. B., Chen, Y., Randerson, J. T., Marlier, M., 
DeFries, R. S., Kinney, P., Bowman, D. M. J. S., & Brauer, M. (2012). 
Estimated global mortality attributable to smoke from landscape 
fires. Environmental Health Perspectives, 120(5), 695–701. https://​
doi.​org/​10.​1289/​ehp.​1104422

Jokulsdottir, T., & Archer, D. (2016). A stochastic, Lagrangian model of 
sinking biogenic aggregates in the ocean (SLAMS 1.0): Model for-
mulation, validation and sensitivity. Geoscientific Model Development, 
9(4), 1455–1476. https://​doi.​org/​10.​5194/​gmd-​9-​1455-​2016

Jones, M. W., Abatzoglou, J. T., Veraverbeke, S., Andela, N., Lasslop, G., 
Forkel, M., Smith, A. J. P., Burton, C., Betts, R. A., van der Werf, G. 
R., Sitch, S., Canadell, J. G., Santín, C., Kolden, C., Doerr, S. H., & Le 
Quéré, C. (2022). Global and regional trends and drivers of fire under 
climate change. Reviews of Geophysics, 60(3), e2020RG000726. 
https://​doi.​org/​10.​1029/​2020R​G000726

Jones, T. P., Chaloner, W. G., & Kuhlbusch, T. A. J. (1997). Proposed bio-
geological and chemical based terminology for fire-altered plant 

 13652486, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17367 by C

ochraneA
rgentina, W

iley O
nline L

ibrary on [26/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://atmosphere.copernicus.eu/northern-hemisphere-wildfires-summer-extremes
https://atmosphere.copernicus.eu/northern-hemisphere-wildfires-summer-extremes
https://doi.org/10.1029/2018WR022964
https://doi.org/10.1016/S0378-1127(99)00060-2
https://doi.org/10.1016/S0378-1127(99)00060-2
https://doi.org/10.1016/j.orggeochem.2012.01.005
https://doi.org/10.1016/j.orggeochem.2012.01.005
https://doi.org/10.1007/s10236-015-0841-y
https://doi.org/10.1007/s10236-015-0841-y
https://doi.org/10.1007/s10533-009-9342-8
https://doi.org/10.1046/j.1365-2427.2003.01066.x
https://doi.org/10.1046/j.1365-2427.2003.01066.x
https://doi.org/10.1126/science.1176199
https://doi.org/10.1126/science.1176199
https://doi.org/10.5194/acp-19-8591-2019
https://doi.org/10.5194/acp-19-8591-2019
https://doi.org/10.6073/pasta/ed65a4722119ae4b104236d0f954b5df
https://doi.org/10.6073/pasta/ed65a4722119ae4b104236d0f954b5df
https://doi.org/10.1023/A:1005859228855
https://doi.org/10.1016/j.foreco.2012.10.022
https://doi.org/10.1016/j.foreco.2012.10.022
https://doi.org/10.1023/A:1005239721834
https://doi.org/10.1023/A:1005239721834
https://doi.org/10.1175/2010BAMS3004.1
https://doi.org/10.1139/f00-126
https://doi.org/10.1080/03680770.1989.11898787
https://doi.org/10.3389/fcomm.2021.713591
https://doi.org/10.3389/fcomm.2021.713591
https://doi.org/10.1071/WF18200
https://doi.org/10.1007/s10933-006-9083-9
https://doi.org/10.1029/2019JG005380
https://doi.org/10.1126/science.275.5307.1777
https://doi.org/10.1126/science.275.5307.1777
https://doi.org/10.1038/s41370-020-00267-4
https://doi.org/10.1007/978-3-642-85132-2_4
https://doi.org/10.1007/978-3-642-85132-2_4
https://doi.org/10.4319/lo.1992.37.1.0077
https://doi.org/10.1016/j.scitotenv.2022.153282
https://doi.org/10.1016/j.scitotenv.2022.153282
https://doi.org/10.1021/es950604g
https://doi.org/10.1289/ehp.1104422
https://doi.org/10.1289/ehp.1104422
https://doi.org/10.5194/gmd-9-1455-2016
https://doi.org/10.1029/2020RG000726


    |  15 of 17FARRUGGIA et al.

matter. In J. S. Clark, H. Cachier, J. G. Goldammer, & B. Stocks (Eds.), 
Sediment records of biomass burning and global change (pp. 9–22). 
Springer. https://​doi.​org/​10.​1007/​978-​3-​642-​59171​-​6_​2

Kehrwald, N. M., Jasmann, J. R., Dunham, M. E., Ferris, D. G., Osterberg, 
E. C., Kennedy, J., Havens, J., Barber, L. B., & Fortner, S. K. (2020). 
Boreal blazes: Biomass burning and vegetation types archived in 
the Juneau Icefield. Environmental Research Letters, 15(8), 085005. 
https://​doi.​org/​10.​1088/​1748-​9326/​ab8fd2

Kelly, E. N., Schindler, D. W., St. Louis, V. L., Donald, D. B., & Vladicka, K. 
E. (2006). Forest fire increases mercury accumulation by fishes via 
food web restructuring and increased mercury inputs. Proceedings 
of the National Academy of Sciences of the United States of America, 
103(51), 19380–19385. https://​doi.​org/​10.​1073/​pnas.​06097​
98104​

Ku, P., Tsui, M. T.-K., Nie, X., Chen, H., Hoang, T. C., Blum, J. D., Dahlgren, 
R. A., & Chow, A. T. (2018). Origin, reactivity, and bioavailability of 
mercury in wildfire ash. Environmental Science & Technology, 52(24), 
14149–14157. https://​doi.​org/​10.​1021/​acs.​est.​8b03729

Langenberg, V. T., Nyamushahu, S., Roijackers, R., & Koelmans, A. A. 
(2003). External nutrient sources for Lake Tanganyika. Journal of 
Great Lakes Research, 29, 169–180. https://​doi.​org/​10.​1016/​S0380​
-​1330(03)​70546​-​2

Lareau, N. P., & Clements, C. B. (2016). Environmental controls on py-
rocumulus and pyrocumulonimbus initiation and development. 
Atmospheric Chemistry and Physics, 16(6), 4005–4022. https://​doi.​
org/​10.​5194/​acp-​16-​4005-​2016

Li, H.-H., Tsui, M. T.-K., Ku, P., Chen, H., Yin, Z., Dahlgren, R. A., Parikh, S. 
J., Wei, J., Hoang, T. C., Chow, A. T., Cheng, Z., & Zhu, X.-M. (2022). 
Impacts of forest fire ash on aquatic mercury cycling. Environmental 
Science & Technology, 56(16), 11835–11844. https://​doi.​org/​10.​
1021/​acs.​est.​2c01591

Lu, X., Zhang, X., Li, F., Cochrane, M. A., & Ciren, P. (2021). Detection of 
fire smoke plumes based on aerosol scattering using VIIRS data over 
global fire-prone regions. Remote Sensing, 13(2), 196. https://​doi.​org/​
10.​3390/​rs130​20196​

Logan, B. E., Passow, U., Alldredge, A. L., Grossartt, H. P., & Simont, 
M. (1995). Rapid formation and sedimentation of large aggre-
gates is predictable from coagulation rates (half-lives) of trans-
parent exopolymer particles (TEP). Deep Sea Research Part II: 
Topical Studies in Oceanography, 42(1), 203–214. https://doi.
org/10.1016/0967-0645(95)00012-F

Mackey, K. R. M., Hunter, D., Fischer, E. V., Jiang, Y., Allen, B., Chen, Y., 
Liston, A., Reuter, J., Schladow, G., & Paytan, A. (2013). Aerosol-
nutrient-induced picoplankton growth in Lake Tahoe. Journal of 
Geophysical Research: Biogeosciences, 118(3), 1054–1067. https://​
doi.​org/​10.​1002/​jgrg.​20084​

Marchand, D., Prairie, Y. T., & Del Giorgio, P. A. (2009). Linking forest fires 
to lake metabolism and carbon dioxide emissions in the boreal re-
gion of Northern Québec. Global Change Biology, 15(12), 2861–2873. 
https://​doi.​org/​10.​1111/j.​1365-​2486.​2009.​01979.​x

Mataix Solera, J. (2000). Alteraciones físicas, químicas y biológicas en suelos 
afectados por incendios forestales: Contribución a su conservación y re-
generación [Universidad de Alicante]. https://​rua.​ua.​es/​dspace/​bitst​
ream/​10045/​​9988/1/​Matai​x-​Soler​a-​Jorge.​pdf

McCarthy, N., Guyot, A., Dowdy, A., & McGowan, H. (2019). Wildfire and 
weather radar: A review. Journal of Geophysical Research: Atmospheres, 
124(1), 266–286. https://​doi.​org/​10.​1029/​2018J​D029285

McCullough, I. M., Brentrup, J. A., Wagner, T., Lapierre, J.-F., Henneck, J., 
Paul, A. M., Belair, M., Moritz, M. A., & Filstrup, C. T. (2023). Fire 
characteristics and hydrologic connectivity influence short-term re-
sponses of north temperate lakes to wildfire. Geophysical Research 
Letters, 50(16), e2023GL103953. https://​doi.​org/​10.​1029/​2023G​
L103953

McCullough, I. M., Cheruvelil, K. S., Lapierre, J.-F., Lottig, N. R., Moritz, 
M. A., Stachelek, J., & Soranno, P. A. (2019). Do lakes feel the burn? 
Ecological consequences of increasing exposure of lakes to fire in the 

continental United States. Global Change Biology, 25(9), 2841–2854. 
https://​doi.​org/​10.​1111/​gcb.​14732​

McKendry, I. G., Christen, A., Lee, S.-C., Ferrara, M., Strawbridge, K. B., 
O'Neill, N., & Black, A. (2019). Impacts of an intense wildfire smoke 
episode on surface radiation, energy and carbon fluxes in southwest-
ern British Columbia, Canada. Atmospheric Chemistry and Physics, 
19(2), 835–846. https://​doi.​org/​10.​5194/​acp-​19-​835-​2019

Megner, L., Siskind, D. E., Rapp, M., & Gumbel, J. (2008). Global and tem-
poral distribution of meteoric smoke: A two-dimensional simulation 
study. Journal of Geophysical Research: Atmospheres, 113(D3), 54. 
https://​doi.​org/​10.​1029/​2007J​D009054

Messager, M. L., Lehner, B., Grill, G., Nedeva, I., & Schmitt, O. (2016). 
Estimating the volume and age of water stored in global lakes using 
a geo-statistical approach. Nature Communications, 7(1), 13603. 
https://​doi.​org/​10.​1038/​ncomm​s13603

Monismith, S. (1986). An experimental study of the upwelling response of 
stratified reservoirs to surface shear stress. Journal of Fluid Mechanics, 
171, 407–439. https://​doi.​org/​10.​1017/​S0022​11208​6001507

Mortimer, C. H. (1974). Lake hydrodynamics: With 29 figures in the text. 
SIL Communications, 1953–1996, 20(1), 124–197. https://​doi.​org/​
10.​1080/​05384​680.​1974.​11923886

Myers-Pigg, A. N., Louchouarn, P., Amon, R. M. W., Prokushkin, A., Pierce, 
K., & Rubtsov, A. (2015). Labile pyrogenic dissolved organic carbon 
in major Siberian Arctic rivers: Implications for wildfire-stream meta-
bolic linkages. Geophysical Research Letters, 42(2), 377–385. https://​
doi.​org/​10.​1002/​2014G​L062762

Nakata, M., Sano, I., Mukai, S., & Kokhanovsky, A. (2022). Characterization 
of wildfire smoke over complex terrain using satellite observations, 
ground-based observations, and meteorological models. Remote 
Sensing, 14(10), 2344. https://​doi.​org/​10.​3390/​rs141​02344​

NOAA NESDIS. (2023). Smoke from Canadian wildfires blankets U.S. https://​
www.​nesdis.​noaa.​gov/​news/​smoke​-​canad​ian-​wildf​ires-​blank​ets-​us

Nunes, B., Silva, V., Campos, I., Pereira, J. L., Pereira, P., Keizer, J. J., 
Gonçalves, F., & Abrantes, N. (2017). Off-site impacts of wildfires on 
aquatic systems—Biomarker responses of the mosquitofish Gambusia 
holbrooki. Science of the Total Environment, 581–582, 305–313. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​12.​129

Olson, N. E., Boaggio, K. L., Rice, R. B., Foley, K. M., & LeDuc, S. D. 
(2023). Wildfires in the western United States are mobilizing PM2.5-
associated nutrients and may be contributing to downwind cyano-
bacteria blooms. Environmental Science: Processes & Impacts, 25(6), 
1049–1066. https://​doi.​org/​10.​1039/​D3EM0​0042G​

Pace, M. L., & Prairie, Y. T. (2005). Respiration in lakes. In P. Del Giorgio 
& P. Williams (Eds.), Respiration in aquatic ecosystems (pp. 103–121). 
Oxford University Press. https://​doi.​org/​10.​1093/​acprof:​oso/​97801​
98527​084.​003.​0007

Passow, U. (2002). Transparent exopolymer particles (TEP) in aquatic envi-
ronments. Progress in Oceanography, 55(3), 287–333. https://​doi.​org/​
10.​1016/​S0079​-​6611(02)​00138​-​6

Paterson, A. M., Morimoto, D. S., Cumming, B. F., Smol, J. P., & Szeicz, J. 
M. (2002). A paleolimnological investigation of the effects of forest 
fire on lake water quality in northwestern Ontario over the past ca. 
150 years. Canadian Journal of Botany, 80(12), 1329–1336. https://​
doi.​org/​10.​1139/​b02-​117

Paul, M. J., LeDuc, S. D., Boaggio, K., Herrick, J. D., Kaylor, S. D., Lassiter, 
M. G., Nolte, C. G., & Rice, R. B. (2023). Effects of air pollutants from 
wildfires on downwind ecosystems: Observations, knowledge gaps, 
and questions for assessing risk. Environmental Science & Technology, 
57(40), 14787–14796. https://​doi.​org/​10.​1021/​acs.​est.​2c09061

Paul, M. J., LeDuc, S. D., Lassiter, M. G., Moorhead, L. C., Noyes, P. D., & 
Leibowitz, S. G. (2022). Wildfire induces changes in receiving waters: 
A review with considerations for water quality management. Water 
Resources Research, 58(9), e2021WR030699. https://​doi.​org/​10.​
1029/​2021W​R030699

Péré, J. C., Bessagnet, B., Pont, V., Mallet, M., & Minvielle, F. (2015). 
Influence of the aerosol solar extinction on photochemistry during 

 13652486, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17367 by C

ochraneA
rgentina, W

iley O
nline L

ibrary on [26/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/978-3-642-59171-6_2
https://doi.org/10.1088/1748-9326/ab8fd2
https://doi.org/10.1073/pnas.0609798104
https://doi.org/10.1073/pnas.0609798104
https://doi.org/10.1021/acs.est.8b03729
https://doi.org/10.1016/S0380-1330(03)70546-2
https://doi.org/10.1016/S0380-1330(03)70546-2
https://doi.org/10.5194/acp-16-4005-2016
https://doi.org/10.5194/acp-16-4005-2016
https://doi.org/10.1021/acs.est.2c01591
https://doi.org/10.1021/acs.est.2c01591
https://doi.org/10.3390/rs13020196
https://doi.org/10.3390/rs13020196
https://doi.org/10.1016/0967-0645(95)00012-F
https://doi.org/10.1016/0967-0645(95)00012-F
https://doi.org/10.1002/jgrg.20084
https://doi.org/10.1002/jgrg.20084
https://doi.org/10.1111/j.1365-2486.2009.01979.x
https://rua.ua.es/dspace/bitstream/10045/9988/1/Mataix-Solera-Jorge.pdf
https://rua.ua.es/dspace/bitstream/10045/9988/1/Mataix-Solera-Jorge.pdf
https://doi.org/10.1029/2018JD029285
https://doi.org/10.1029/2023GL103953
https://doi.org/10.1029/2023GL103953
https://doi.org/10.1111/gcb.14732
https://doi.org/10.5194/acp-19-835-2019
https://doi.org/10.1029/2007JD009054
https://doi.org/10.1038/ncomms13603
https://doi.org/10.1017/S0022112086001507
https://doi.org/10.1080/05384680.1974.11923886
https://doi.org/10.1080/05384680.1974.11923886
https://doi.org/10.1002/2014GL062762
https://doi.org/10.1002/2014GL062762
https://doi.org/10.3390/rs14102344
https://www.nesdis.noaa.gov/news/smoke-canadian-wildfires-blankets-us
https://www.nesdis.noaa.gov/news/smoke-canadian-wildfires-blankets-us
https://doi.org/10.1016/j.scitotenv.2016.12.129
https://doi.org/10.1039/D3EM00042G
https://doi.org/10.1093/acprof:oso/9780198527084.003.0007
https://doi.org/10.1093/acprof:oso/9780198527084.003.0007
https://doi.org/10.1016/S0079-6611(02)00138-6
https://doi.org/10.1016/S0079-6611(02)00138-6
https://doi.org/10.1139/b02-117
https://doi.org/10.1139/b02-117
https://doi.org/10.1021/acs.est.2c09061
https://doi.org/10.1029/2021WR030699
https://doi.org/10.1029/2021WR030699


16 of 17  |     FARRUGGIA et al.

the 2010 Russian wildfires episode. Atmospheric Chemistry and 
Physics, 15(19), 10983–10998. https://​doi.​org/​10.​5194/​acp-​15-​
10983​-​2015

Pereira, P., Úbeda, X., Martin, D., Mataix-Solera, J., Cerdà, A., & Burguet, M. 
(2014). Wildfire effects on extractable elements in ash from a Pinus 
pinaster forest in Portugal. Hydrological Processes, 28(11), 3681–
3690. https://​doi.​org/​10.​1002/​hyp.​9907

Pinel-Alloul, B., Patoine, A., Carignan, R., & Prepas, E. (1998). Réponses 
du zooplancton lacustre aux feux et aux coupes de forêt dans l'éco-
zone boréale du Québec: Étude préliminaire. Annales de Limnologie 
– International Journal of Limnology, 34(4), 401–412. https://​doi.​org/​
10.​1051/​limn/​1998032

Pisaric, M. F. J. (2002). Long-distance transport of terrestrial plant material 
by convection resulting from forest fires. Journal of Paleolimnology, 
28(3), 349–354. https://​doi.​org/​10.​1023/A:​10216​30017078

Plumlee, G., Martin, D., Hoefen, T., Kokaly, R., Hageman, P., Eckberg, A., 
Meeker, G., Adams, M., Anthony, M., & Lamothe, P. (2007). Preliminary 
analytical results for ash and burned soils from the October 2007 southern 
California wildfires (Open-file report 2007-1407). U.S. Geological Survey. 
https://​pubs.​usgs.​gov/​of/​2007/​1407/​pdf/​OF07-​1407_​508.​pdf

Pompeani, D. P., Cooke, C. A., Abbott, M. B., & Drevnick, P. E. (2018). 
Climate, fire, and vegetation mediate mercury delivery to midlatitude 
lakes over the Holocene. Environmental Science & Technology, 52(15), 
8157–8164. https://​doi.​org/​10.​1021/​acs.​est.​8b01523

Ponette-González, A. G., Curran, L. M., Pittman, A. M., Carlson, K. M., 
Steele, B. G., Ratnasari, D., Mujiman, & Weathers, K. C. (2016). 
Biomass burning drives atmospheric nutrient redistribution within 
forested peatlands in Borneo. Environmental Research Letters, 11(8), 
085003. https://​doi.​org/​10.​1088/​1748-​9326/​11/8/​085003

Prairie, Y. T. (1999). Paleolimnological reconstruction of forest fire induced 
changes in lake biogeochemistry (Project report 1999-42). University 
of Alberta Sustainable Forest Management Network.

Preisler, H. K., Schweizer, D., Cisneros, R., Procter, T., Ruminski, M., & 
Tarnay, L. (2015). A statistical model for determining impact of wild-
land fires on Particulate Matter (PM2.5) in Central California aided by 
satellite imagery of smoke. Environmental Pollution, 205, 340–349. 
https://​doi.​org/​10.​1016/j.​envpol.​2015.​06.​018

Pretty, T. (2020). Boreal subarctic lake water quality, zooplankton communi-
ties, and benthic macroinvertebrate communities in areas impacted by 
wildfire (Theses and Dissertations [Comprehensive]). https://​schol​
ars.​wlu.​ca/​etd/​2266

Raison, R. J., Khanna, P. K., & Woods, P. V. (1985). Mechanisms of ele-
ment transfer to the atmosphere during vegetation fires. Canadian 
Journal of Forest Research, 15(1), 132–140. https://​doi.​org/​10.​1139/​
x85-​022

Rastogi, B., Schmidt, A., Berkelhammer, M., Noone, D., Meinzer, F. C., Kim, 
J., & Still, C. J. (2022). Enhanced photosynthesis and transpiration 
in an old growth forest due to wildfire smoke. Geophysical Research 
Letters, 49(10), e2022GL097959. https://​doi.​org/​10.​1029/​2022G​
L097959

Rice, R. B., Boaggio, K., Olson, N. E., Foley, K. M., Weaver, C. P., Sacks, J. 
D., McDow, S. R., Holder, A. L., & LeDuc, S. D. (2023). Wildfires in-
crease concentrations of hazardous air pollutants in downwind com-
munities. Environmental Science & Technology, 57(50), 21235–21248. 
https://​doi.​org/​10.​1021/​acs.​est.​3c04153

Richardson, J. F., & Zaki, W. N. (1954). The sedimentation of a suspen-
sion of uniform spheres under conditions of viscous flow. Chemical 
Engineering Science, 3(2), 65–73. https://​doi.​org/​10.​1016/​0009-​
2509(54)​85015​-​9

Rodela, M. H., Chowdhury, I., & Hohner, A. K. (2022). Emerging investi-
gator series: Physicochemical properties of wildfire ash and implica-
tions for particle stability in surface waters. Environmental Science: 
Processes & Impacts, 24(11), 2129–2139. https://​doi.​org/​10.​1039/​
D2EM0​0216G​

Ruminski, M., Kondragunta, S., Draxler, R., & Zeng, J. (2006). Recent 
changes to the hazard mapping system. 15th International Emission 

Inventory Conference: Reinventing Inventories—New Ideas in New 
Orleans. New Orleans, LA, EPA. https://​www3.​epa.​gov/​ttnch​ie1/​
confe​rence/​​ei15/​sessi​on10/​rumin​ski_​pres.​pdf

Santín, C., Doerr, S. H., Otero, X. L., & Chafer, C. J. (2015). Quantity, com-
position and water contamination potential of ash produced under 
different wildfire severities. Environmental Research, 142, 297–308. 
https://​doi.​org/​10.​1016/j.​envres.​2015.​06.​041

Santos, D., Abrantes, N., Campos, I., Domingues, I., & Lopes, I. (2023). 
Effects of aqueous extracts of wildfire ashes on tadpoles of Pelophylax 
perezi: Influence of plant coverage. Science of the Total Environment, 
854, 158746. https://​doi.​org/​10.​1016/j.​scito​tenv.​2022.​158746

Scheu, K. R., Fong, D. A., Monismith, S. G., & Fringer, O. B. (2015). Sediment 
transport dynamics near a river inflow in a large alpine lake. Limnology 
and Oceanography, 60(4), 1195–1211. https://​doi.​org/​10.​1002/​lno.​
10089​

Scordo, F., Chandra, S., Suenaga, E., Kelson, S. J., Culpepper, J., Scaff, L., 
Tromboni, F., Caldwell, T. J., Seitz, C., Fiorenza, J. E., Williamson, C. 
E., Sadro, S., Rose, K. C., & Poulson, S. R. (2021). Smoke from regional 
wildfires alters lake ecology. Scientific Reports, 11(1), 10922. https://​
doi.​org/​10.​1038/​s4159​8-​021-​89926​-​6

Scordo, F., Sadro, S., Culpepper, J., Seitz, C., & Chandra, S. (2022). 
Wildfire smoke effects on lake-habitat specific metabolism: Toward 
a conceptual understanding. Geophysical Research Letters, 49(7), 
e2021GL097057. https://​doi.​org/​10.​1029/​2021G​L097057

Shrestha, B., Brotzge, J. A., & Wang, J. (2022). Observations and impacts 
of long-range transported wildfire smoke on air quality across New 
York State during July 2021. Geophysical Research Letters, 49(19), 
e2022GL100216. https://​doi.​org/​10.​1029/​2022G​L100216

Silva, V., Pereira, J. L., Campos, I., Keizer, J. J., Gonçalves, F., & Abrantes, N. 
(2015). Toxicity assessment of aqueous extracts of ash from forest 
fires. Catena, 135, 401–408. https://​doi.​org/​10.​1016/j.​catena.​2014.​
06.​021

Smits, A. P., Scordo, F., Tang, M., Cortés, A., Farruggia, M. J., Culpepper, 
J., Chandra, S., Jin, Y., Valbuena, S. A., Watanabe, S., Schladow, G., & 
Sadro, S. (2024). Wildfire smoke reduces lake ecosystem metabolic 
rates unequally across a trophic gradient. Communications Earth & 
Environment, 5(1), 1–11. https://​doi.​org/​10.​1038/​s4324​7-​024-​
01404​-​9

Sokolik, I. N., Soja, A. J., DeMott, P. J., & Winker, D. (2019). Progress and 
challenges in quantifying wildfire smoke emissions, their properties, 
transport, and atmospheric impacts. Journal of Geophysical Research: 
Atmospheres, 124(23), 13005–13025. https://​doi.​org/​10.​1029/​
2018J​D029878

Staehr, P. A., & Sand-Jensen, K. (2007). Temporal dynamics and regulation 
of lake metabolism. Limnology and Oceanography, 52(1), 108–120. 
https://​doi.​org/​10.​4319/​lo.​2007.​52.1.​0108

Suo-Anttila, J., Gill, W., Gritzo, L., & Blake, D. (2005). An evaluation of ac-
tual and simulated smoke properties. Fire and Materials, 29(2), 91–
107. https://​doi.​org/​10.​1002/​fam.​875

Tamatamah, R. A., Hecky, R. E., & Duthie, H. C. (2005). The atmo-
spheric deposition of phosphorus in Lake Victoria (East Africa). 
Biogeochemistry, 73(2), 325–344. https://​doi.​org/​10.​1007/​s1053​
3-​004-​0196-​9

Tang, W., Llort, J., Weis, J., Perron, M. M. G., Basart, S., Li, Z., 
Sathyendranath, S., Jackson, T., Sanz Rodriguez, E., Proemse, B. C., 
Bowie, A. R., Schallenberg, C., Strutton, P. G., Matear, R., & Cassar, N. 
(2021). Widespread phytoplankton blooms triggered by 2019–2020 
Australian wildfires. Nature, 597, 370–375. https://​doi.​org/​10.​1038/​
s4158​6-​021-​03805​-​8

Urmy, S. S., Williamson, C. E., Leach, T. H., Schladow, S. G., Overholt, E. 
P., & Warren, J. D. (2016). Vertical redistribution of zooplankton in 
an oligotrophic lake associated with reduction in ultraviolet radiation 
by wildfire smoke. Geophysical Research Letters, 43(8), 3746–3753. 
https://​doi.​org/​10.​1002/​2016G​L068533

Val Martin, M., Kahn, R. A., & Tosca, M. G. (2018). A global analysis of wild-
fire smoke injection heights derived from space-based multi-angle 

 13652486, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17367 by C

ochraneA
rgentina, W

iley O
nline L

ibrary on [26/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5194/acp-15-10983-2015
https://doi.org/10.5194/acp-15-10983-2015
https://doi.org/10.1002/hyp.9907
https://doi.org/10.1051/limn/1998032
https://doi.org/10.1051/limn/1998032
https://doi.org/10.1023/A:1021630017078
https://pubs.usgs.gov/of/2007/1407/pdf/OF07-1407_508.pdf
https://doi.org/10.1021/acs.est.8b01523
https://doi.org/10.1088/1748-9326/11/8/085003
https://doi.org/10.1016/j.envpol.2015.06.018
https://scholars.wlu.ca/etd/2266
https://scholars.wlu.ca/etd/2266
https://doi.org/10.1139/x85-022
https://doi.org/10.1139/x85-022
https://doi.org/10.1029/2022GL097959
https://doi.org/10.1029/2022GL097959
https://doi.org/10.1021/acs.est.3c04153
https://doi.org/10.1016/0009-2509(54)85015-9
https://doi.org/10.1016/0009-2509(54)85015-9
https://doi.org/10.1039/D2EM00216G
https://doi.org/10.1039/D2EM00216G
https://www3.epa.gov/ttnchie1/conference/ei15/session10/ruminski_pres.pdf
https://www3.epa.gov/ttnchie1/conference/ei15/session10/ruminski_pres.pdf
https://doi.org/10.1016/j.envres.2015.06.041
https://doi.org/10.1016/j.scitotenv.2022.158746
https://doi.org/10.1002/lno.10089
https://doi.org/10.1002/lno.10089
https://doi.org/10.1038/s41598-021-89926-6
https://doi.org/10.1038/s41598-021-89926-6
https://doi.org/10.1029/2021GL097057
https://doi.org/10.1029/2022GL100216
https://doi.org/10.1016/j.catena.2014.06.021
https://doi.org/10.1016/j.catena.2014.06.021
https://doi.org/10.1038/s43247-024-01404-9
https://doi.org/10.1038/s43247-024-01404-9
https://doi.org/10.1029/2018JD029878
https://doi.org/10.1029/2018JD029878
https://doi.org/10.4319/lo.2007.52.1.0108
https://doi.org/10.1002/fam.875
https://doi.org/10.1007/s10533-004-0196-9
https://doi.org/10.1007/s10533-004-0196-9
https://doi.org/10.1038/s41586-021-03805-8
https://doi.org/10.1038/s41586-021-03805-8
https://doi.org/10.1002/2016GL068533


    |  17 of 17FARRUGGIA et al.

imaging. Remote Sensing, 10(10), 1609. https://​doi.​org/​10.​3390/​
rs101​01609​

van der Werf, G. R., Randerson, J. T., Giglio, L., van Leeuwen, T. T., Chen, Y., 
Rogers, B. M., Mu, M., van Marle, M. J. E., Morton, D. C., Collatz, G. J., 
Yokelson, R. J., & Kasibhatla, P. S. (2017). Global fire emissions esti-
mates during 1997–2016. Earth System Science Data, 9(2), 697–720. 
https://​doi.​org/​10.​5194/​essd-​9-​697-​2017

Vicars, W. C., Sickman, J. O., & Ziemann, P. J. (2010). Atmospheric phos-
phorus deposition at a montane site: Size distribution, effects of wild-
fire, and ecological implications. Atmospheric Environment, 44(24), 
2813–2821. https://​doi.​org/​10.​1016/j.​atmos​env.​2010.​04.​055

Wan, X., Li, C., & Parikh, S. J. (2021). Chemical composition of soil-associated 
ash from the southern California Thomas Fire and its potential inhala-
tion risks to farmworkers. Journal of Environmental Management, 278, 
111570. https://​doi.​org/​10.​1016/j.​jenvm​an.​2020.​111570

Webster, J. P., Kane, T. J., Obrist, D., Ryan, J. N., & Aiken, G. R. (2016). 
Estimating mercury emissions resulting from wildfire in forests of the 
Western United States. Science of the Total Environment, 568, 578–
586. https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​01.​166

Williamson, C. E., Dodds, W., Kratz, T. K., & Palmer, M. A. (2008). Lakes 
and streams as sentinels of environmental change in terrestrial and 
atmospheric processes. Frontiers in Ecology and the Environment, 6(5), 
247–254. https://​doi.​org/​10.​1890/​070140

Williamson, C. E., Fischer, J. M., Bollens, S. M., Overholt, E. P., & Breckenridge, 
J. K. (2011). Toward a more comprehensive theory of zooplankton diel 
vertical migration: Integrating ultraviolet radiation and water trans-
parency into the biotic paradigm. Limnology and Oceanography, 56(5), 
1603–1623. https://​doi.​org/​10.​4319/​lo.​2011.​56.5.​1603

Williamson, C. E., Overholt, E. P., Brentrup, J. A., Pilla, R. M., Leach, T. H., 
Schladow, S. G., Warren, J. D., Urmy, S. S., Sadro, S., Chandra, S., & 

Neale, P. J. (2016). Sentinel responses to droughts, wildfires, and 
floods: Effects of UV radiation on lakes and their ecosystem services. 
Frontiers in Ecology and the Environment, 14(2), 102–109. https://​doi.​
org/​10.​1002/​fee.​1228

Zhang, Q., Carroll, J. J., Dixon, A. J., & Anastasio, C. (2002). Aircraft mea-
surements of nitrogen and phosphorus in and around the Lake Tahoe 
Basin: Implications for possible sources of atmospheric pollutants to 
Lake Tahoe. Environmental Science & Technology, 36(23), 4981–4989. 
https://​doi.​org/​10.​1021/​es025​658m

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Farruggia, M. J., Brahney, J., 
Tanentzap, A. J., Brentrup, J. A., Brighenti, L. S., Chandra, S., 
Cortés, A., Fernandez, R. L., Fischer, J. M., Forrest, A. L., Jin, Y., 
Larrieu, K., McCullough, I. M., Oleksy, I. A., Pilla, R. M., Rusak, 
J. A., Scordo, F., Smits, A. P., Symons, C. C., … Sadro, S. (2024). 
Wildfire smoke impacts lake ecosystems. Global Change 
Biology, 30, e17367. https://doi.org/10.1111/gcb.17367

 13652486, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17367 by C

ochraneA
rgentina, W

iley O
nline L

ibrary on [26/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3390/rs10101609
https://doi.org/10.3390/rs10101609
https://doi.org/10.5194/essd-9-697-2017
https://doi.org/10.1016/j.atmosenv.2010.04.055
https://doi.org/10.1016/j.jenvman.2020.111570
https://doi.org/10.1016/j.scitotenv.2016.01.166
https://doi.org/10.1890/070140
https://doi.org/10.4319/lo.2011.56.5.1603
https://doi.org/10.1002/fee.1228
https://doi.org/10.1002/fee.1228
https://doi.org/10.1021/es025658m
https://doi.org/10.1111/gcb.17367

	Wildfire smoke impacts lake ecosystems
	Abstract
	1|INTRODUCTION
	1.1|Spatial and temporal exposure of North American lakes to wildfire smoke

	2|MECHANISMS BY WHICH SMOKE AFFECTS LAKES
	2.1|Transport of smoke and ash to lake ecosystems
	2.2|The effects of smoke on light transmission to lake ecosystems
	2.3|Atmospheric deposition rates and delivery of smoke and ash to lake ecosystems
	2.4|Physical settling and transformation of smoke and ash particles in lakes
	2.5|Smoke and ash composition and effects on lake chemistry
	2.6|Effects of smoke and ash on ecosystem metabolic rates
	2.7|Effects of smoke and ash on lake food webs

	3|THE EFFECT OF SMOKE ON LAKES: A CONCEPTUAL FRAMEWORK
	4|CONCLUSIONS: KNOWLEDGE GAPS AND RESEARCH PRIORITIES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


