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Abstract The impacts of wildfire smoke on lake habitats remains unclear. We determined the metabolic
response to smoke in the epi-pelagic and two littoral habitats in Castle Lake, California. We compared light
regime, gross primary production, ecosystem respiration, and net ecosystem production in years with and
without smoke. During the smoke period incident ultraviolet-B (UV-B) radiation and photosynthetically active
radiation (PAR) decreased by 53% and 28%, respectively, while the water column extinction coefficient of
UV-B and PAR increased by 20% and 18% respectively. Epi-pelagic productivity increased during smoke cover
because of decreased solar inputs. PAR values remained sufficient to saturate productivity, suggesting observed
differences were primarily the result of changes in UV-B. Littoral-benthic productivity did not change, possibly
reflecting adaptation to high-intensity UV-B light in these habitats. Our results highlight the importance of
understanding how prolonged wildfire smoke alters the amount of energy produced from specific habitats in
lakes.

Plain Language Summary Large wildfires are increasing worldwide, but the impacts of wildfire
smoke on lakes are unknown. We determined how photosynthetic activity and organism's respiration respond
to smoke in the offshore and nearshore habitats in a mountain lake. Smoke limited the damage to algae caused
by ultraviolet-B radiation, resulting in increased offshore photosynthesis. Photosynthesis in the nearshore
habitat did not change during smoke cover, possibly because organisms in shallow habitats have adapted to the
higher intensity of damaging ultraviolet-B radiation. Our results highlight the importance of understanding how
prolonged smoke conditions can alter lakes' energy flows and food webs.

1. Introduction

Wildfires have increased globally in recent decades (Dennison et al., 2014; Doerr & Santin, 2016). Wildfires
modify the land, water, and atmospheric dynamics by burning the landscape, exporting particles and nutri-
ents to distant locations by wind, and attenuating incoming solar radiation through smoke cover (McLauchlan
et al., 2020). In the western United States, wildfires have increased over time because of changes in climate
(Westerling, 2016), historic management (Dennison et al., 2014), and changes in land use (Nagy et al., 2018;
Radeloff et al., 2018). In 2020, the most destructive wildfire year on record in the USA, a total of 9,917 fires
burned an area of 1,723,096 ha in California alone (Cal Fire, 2020). While the impacts of wildfire on terrestrial
systems are closely studied, the impacts of wildfire smoke, on aquatic systems, remains virtually unknown.

Aquatic ecosystems have a high risk of exposure to wildfires (McCullough et al., 2019). Indirect effects are
mediated by the transport of smoke and particles from local and regional fires to nearby and distant lakes (Scordo
et al., 2021; Williamson et al., 2016). Wildfire smoke combines gaseous pollutants, water vapor, and particulate
matter (PM). PM is a mixture of solid particles suspended in the air with diameters between 0.1 and 10 pm. Parti-
cles <2.5 pm in diameter (PM, ;), represent ~90% of total particle mass emitted from wildfire smoke (Vicente
et al., 2013). The type and amount of PM, 5 contributed by fires depends on the size and duration of the fire,
burning conditions and material (Jaffe et al., 2008). Most notably, smoke reduces incident radiation and deposits
particles on lakes (Scordo et al., 2021; Williamson et al., 2016; Figure 1a). Particulates in smoke reduce incoming
ultraviolet B radiation (UV-B) that would enter the water column, effectively increasing the ratio of photosyn-
thetically active radiation (PAR) to UV-B (Williamson et al., 2016; Figure 1a). Moreover, reductions in incident
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solar radiation can decrease water temperatures and affect physical mixing dynamics (David et al., 2018; Scordo
et al., 2021; Figure 1a).

Smoke particles deposited directly on lakes or transported into lakes through runoff from the watershed affect
aquatic ecosystems by suppressing light and altering nutrient supply to algae (Goldman et al., 1990; Scordo
et al., 2021; Figure 1a). The deposition of particles may contribute nutrients (Earl & Blinn, 2003) and stimulate
pelagic primary productivity (Tang et al., 2021). In ecosystems with high water clarity, declines in incident and
underwater PAR and UV-B may increase productivity by alleviating photoinhibition through multiple mecha-
nisms (Campbell & Serddio, 2020; Long et al., 1994), allowing phytoplankton to photosynthesize at their maxi-
mum rate for a larger proportion of daylight hours (Falkowski & Raven, 2007; Figures 1c—1e). The combination
of reduced UV-B radiation and increased production have several notable effects on lake structure and the behav-
ior of organisms. Under reduced UV light conditions zooplankton alter their behavior to inhabit the upper waters
more frequently (Urmy et al., 2016), which increases grazing pressure on phytoplankton. Although these effects
of wildfire smoke have been observed across the pelagic habitat of lakes and oceans, to our knowledge the effects
of smoke on littoral habitats remain undocumented.

Conceptually, there is reason to believe metabolic processes in the pelagic and littoral habitats respond differ-
ently to smoke effects (Figures 1c—1e). Production in the littoral may not have a detectable response to reduced
UV-B light exposure produced by the smoke conditions (Figure 1d). Benthic algal communities have character-
istics (e.g., taxa that can migrate into the substrate, excrete screening compounds, or develop large filamentous
colonies) that allow them to persist under high UV conditions (Karsten & Garcia-Pichel, 1996; Vinebrooke &
Leavitt, 1999). Additionally, littoral-benthic habitats consistently exhibit higher rates of productivity compared to
pelagic habitats in clear lakes (Sadro, Melack, & Macintyre, 2011; Scordo et al., 2022; Figure 1le), emphasizing
the need to understand habitat-specific responses in metabolic rates to the effects of wildfire smoke.

Addressing the effects of smoke and ash from wildfire to lake metabolism requires us to differentiate smoke
effects from hydrologic effects (Figure 1b). In western mountain lakes of the United States, ice-out date and snow
water equivalent (SWE) affect inter-annual productivity (Goldman et al., 1989; Figures 1b and le). SWE deter-
mines the duration of the ice-free period (Smits et al., 2021) and inflow during the spring (Sadro et al., 2019),
which sets the conditions for summer production and phytoplankton biomass accumulation (Sadro et al., 2018;
Figures 1b and 1le). Ice-out timing determines heat content in the water column and the seasonal timing of maxi-
mum primary producers' biomass (Park et al., 2004). Littoral-benthic habitats have short retention times of water
and nutrients, making them sensitive to changes in ice out and SWE (Scordo et al., 2022; Figures 1b and 1le). In
this study, we examined three non-smoke years with differing hydrological climates to account for changes in ice
out and SWE when examining the influence of smoke effects alone.

We examined the influence of wildfire smoke on gross primary production (GPP), ecosystem respiration (ER),
and net ecosystem production (NEP) for both epi-pelagic and littoral lake habitats in a year with heavy smoke
cover (2018) and years without smoke (2015, 2016, 2019). We (a) determine if the metabolic response to wildfire
smoke differs between epi-pelagic and littoral habitats and (b) use these observations to provide a conceptual
framework to understand how smoke alters littoral and epi-pelagic processes in a mesotrophic, subalpine lake.
We expect the metabolic rates in the epi-pelagic habitat to be higher in 2018 than in non-smoke years, owing to
wildfire smoke's suppression of UV-B light (Figure le). We expect littoral productivity to fall within the range
of variability of non-smoke years because benthic algae productivity is less sensitive to UV-B light suppression.

2. Material and Methods
2.1. Study Site and Data Collection

Castle Lake is a meso-oligotrophic, dimictic, subalpine lake (1,646 m. a.s.l., surface area of 0.2 km?, Zpax = 35 M,
and z, .. = 11.4 m) located in California, USA (Figures 2a and 2b). Snow and ice cover the lake typically from
the end of November until April. The ice-free summer season averages ~135 days. We analyzed how a smoky
year (2018) affected the metabolism rates in late summer (August and September) in two locations of the littoral
habitat and one location in the deepest point of the pelagic habitat (Figures 2c—2e). Since the littoral habitat of
Castle Lake is variable due to the adjacent landscapes and sediment compositions, we calculate metabolism
in two different littoral sites (“Littoral 1” and “Littoral 2”; Figure 2e). Littoral 1 is dominated by fine-organic
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Figure 1. Conceptual framework to understand how smoke alters littoral and pelagic processes in a lake. Wildfire smoke
reduces light regimes, lake heat content, and contributes nutrients to lakes (a). When the SWE accumulated by the start

of ice-break melts, nutrients from the watershed start flowing into the lake. By mid-summer (July to August), the lake
productivity cannot keep growing as it is nutrient-limited and light inhibited during a large part of the day (UV-B and PAR)
(c and d). Productivity starts declining by the end of the summer when light and temperature decrease. If smoke covers the
study lake when productivity is light inhibited, then reduced UV-B light due to smoke presence can produce an increase in
epi-pelagic metabolic rates (e). Littoral benthic algal communities have different mechanisms to adapt to high solar UV-B
radiation. Therefore, reduced UV-B light may not produce a change in littoral metabolic rates (d and e). The influence

of smoke likely depends on the distance between the lake and the wildfire, wind conditions, type of material combusted,
duration of smoke, and lake type.

sediments, regular terrestrial leaf inputs, and inputs from groundwater seepage. Littoral 2 is dominated by coarser
sediments with no spring influences and less immediate connections to terrestrial leaf inputs.

We compared the smoke year of 2018 with multiple years (2015, 2016, and 2019) that encapsulated the total
observed variability in SWE (4-1,047 mm) and ice out date (February 20th to June 1st) from the last 60 years
of observation. This approach suggests that any novel patterns that we detected in 2018, relative to previously
observed variability, are likely not related to unusual ice-out timing or snowpack that year but rather to the
unusual smoke conditions. The year 2018 was an average year in terms of ice out date (April 7th), and dry in
terms of SWE (135 mm; https://nsidc.org/data/g02158).

We defined the degree of ‘smokiness’ in all years by quantifying atmospheric particulate loads and using two
game cameras overlooking the lake that took daily, midday photos. Fine particulate matter (PM, 5 < 2.5 pm diam-
eter) in concentrations >20 pg m~ indicates the presence of smoke in fire prone areas (Liu et al., 2017). The
PM, ; data obtained from a nearby monitoring station in Yreka (https://www.epa.gov/outdoor-air-quality-data/
download-daily-data), confirms the visible evidence from the cameras that the hazy images resulted from wildfire
smoke plumes.

SCORDO ET AL.

30of 10


https://nsidc.org/data/g02158
https://www.epa.gov/outdoor-air-quality-data/download-daily-data
https://www.epa.gov/outdoor-air-quality-data/download-daily-data

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL097057

120°W

120°W e
°® PM2.5 station
Z Z
w) w)
A ~| [Castle Lake
z| z ; Littoral 1
2 S Littor.alg L
0 500 1000 km o I
— ow 020 o)

Figure 2. (a) Location of the study area in California (USA). (b and d) Photo of the smoke plume of Carr Fire (9 August
2018) covering Castle Lake. (c) Photo of Castle Lake without smoke cover on 9 August 2016. (e) Site location where
metabolism was determined.

We evaluated how smoke altered the underwater intensity of light (UV-B and PAR) and water temperature. We
measured the midday (1 p.m.) intensity of incident UV-B and PAR at the surface of the lake and the extinction
coefficient of both wavelengths using a Biospherical Instruments 2104P radiometer once per week.

We made high-frequency in sifu measurements of water temperature and dissolved oxygen (DO) at 10-min inter-
vals (PME miniDOT) in pelagic and littoral habitats. The pelagic sensor was deployed 3 m below the surface
within the pooled mixed layer, each of two littoral sensors were deployed 0.1 m above lake sediments where total
depth was 3 m (Figure 2e).

We estimated metabolic rates using a modeling approach based on Phillips (2020) and Lottig et al. (2021). This
model requires high-frequency measurements of DO concentration (mg L), water temperature (°C), PAR (pmol
m~2 s71), wind speed (m s~!), and barometric pressure (mbar). The model generates daily estimates (mmol O,
m~2d~") of GPP, R, and NEP (NEP = GPP - R). A detailed description of the model can be found in the Text S1
of Supporting Information S1 and Lottig et al. (2021). Metabolism estimates were calculated from August 1st to
September 17th for the Littoral 1 and the epi-pelagic sites, while for the Littoral 2 site, data was available from
August 13th to September 17th.

To estimate habitat specific metabolic rate contributions to whole-lake productivity within the epilimnion, we
partitioned the lake into littoral and pelagic zones based on area-volume information obtained from the bathyme-
tric map of Castle Lake. We defined the littoral zone as areas with depth <6 m and epi-pelagic zone as areas with
depth >6 m, each of which comprise 50% of the total 107,000 m? lake area (Vander Zanden et al., 2007). The
mixed layer depth was used to define the lower boundary for littoral and epi-pelagic habitats, and a hypsographic
curve was used to determine the total water volume for each. The daily volumetric rates (mmol O, m=3 d~!)
obtained from the model at the littoral (average of the Littoral 1 and Littoral 2) and the epi-pelagic sites were
multiplied by the total volume (m?) of each habitat to obtain habitat specific metabolism. We present the propor-
tion of total GPP, R, and NEP contributed by each habitat during the study period by summing the daily values of
total littoral and epi-pelagic metabolism for the period August 13th to September 17th.

2.2. Statistical Analyses

We tested the proportion of days with PM, ; higher than 20 pg m~3 using a binomial generalized linear model
(GLM) with “logit” as a link function. The year acted as a fixed effect in the model, using the “glm” function in
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the R “stats” package (R Core Team, 2020). We used linear mixed-effects models (LMM) to test for significant
differences in GPP, NEP, and R among sites (epi-pelagic, Littoral 1, and Littoral 2) with site as a fixed effect.
The model was built using the “gls” function in R's “nlme” package (Pinheiro et al., 2020). Similarly, we used
LMM to test our hypotheses regarding differences among PAR, UV-B, GPP, NEP, and R with smoke condition
as a fixed effect. We used the Wald statistic to test the significance of the fixed effects in each of the models
(Zuur et al., 2009), using the “gls” function in the “nlme” package (Pinheiro et al., 2020). We compared the fixed
effects of the model with Tukey's HSD post hoc test (Lenth, 2021). We considered the specific variance-covar-
iance structure for repeated-measures data in each model, and when residuals did not meet the assumption of
homoscedasticity, we modeled the variance.

For each variable analyzed in this study (water temperature, PAR, UV-B, GPP, NEP, and R), we calculated the
mean, standard error, and 95% confidence interval for non-smoke years. Next, we determined if the data from
the smoke-impacted year of 2018 fell within the 95% confidence interval of the non-smoke years. To calculate
the 95% confidence interval, we used a Student's t-distribution. All the analyses were performed in the statistical
software R version 4.0.2 (R Core Team, 2020). Data and metadata are available in Scordo and Chandra (2022).

3. Results
3.1. Extent of Smoke

The period between July 15th and 30 September 2018 had a significantly (p < 0.01) higher number of days with
smoke (60%) than the other three years, which combined had only 6% of days with smoke cover (Figure 3a). Also,
the year 2018 had the highest mean (51 + 5 pg m~3) and maximum (143 pg m=3) value of PM, ; when smoke
was present (Figure 3a). During 2018, our study period began on August 1st, 13 days after the smoke conditions
started (Scordo et al., 2021). Within our study period, smoke cover occurred between August 1-19, August
21-25, August 29-30, and September 5-10. Field notes and camera images corroborate the PM, 5 data; smoke
was present on the same days PM, ; increased (Figure 2c).

3.2. Effects of Smoke on Light and Temperature Within the Lake

During smoke cover periods of 2018, we found a significant decrease in incident light intensity and increases in
the extinction coefficient of UV-B and PAR. Incident PAR and UV-B light intensity decreased 28% and 53%,
respectively, by the end of the smoke period compared to pre-smoke conditions (Figures 3c and 3d). PAR and
UV-B values by August 1st and during the remaining smoke period of 2018 were significantly lower (p < 0.01)
and outside the confidence interval of light values for years without smoke. The extinction coefficient of UV-B
and PAR increased 20% and 18% respectively, by the end of the smoke period of 2018 compared to pre-smoke
conditions. The extinction coefficient of UV-B (starting on August 9th) and PAR (starting on 15%) by mid-August
and during the remaining smoke period of 2018 were significantly higher (p < 0.01) and outside the confidence
interval for years without smoke. The observed differences in extinction coefficients between the smoke and
non-smoke years continued beyond the smoke conditions, which ceased on September 10th. During smoke cover
periods of 2018, we observed no change in water temperature at all sites (p < 0.93; Figure 3b).

3.3. Metabolism Habitat Variability

Volumetric rates of GPP, R, and NEP from littoral sites during the smoke period in 2018 did not differ statis-
tically from non-smoke years (p > 0.3; Figure 4; Table S1 in Supporting Information S1). In contrast, GPP
and NEP from the epi-pelagic habitat were higher (p < 0.05), while R remained similar (p = 0.07) in 2018,
compared to the non-smoke years (Figure 4; Table S1 in Supporting Information S1). GPP and NEP in the
epi-pelagic habitat remained high in 2018 even when the smoke ceased in late September (Figure 4). During the
smoke year of 2018, the total magnitude of epi-pelagic GPP (15*107 mmol O,) was higher than non-smoke years
(11*107 % 1*107 mmol O,; Figure S1 in Supporting Information S1). The relative contribution of epi-pelagic to
whole-lake epilimnetic production was 5%—14% higher during the smoke year in comparison to all but the wettest
year (Figure S1 in Supporting Information S1), which had an exceptionally late ice-off (Scordo et al., 2022).

The Littoral 1 habitat had significantly higher GPP (p < 0.01) and R (p < 0.01) rates than the epi-pelagic (Figure 4;
Table S2 in Supporting Information S1). The Littoral 1 site had higher GPP (p = 0.03) and R (p = 0.02) rates
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Figure 3. Summer seasonal pattern of environmental variables of the 2018 year with smoke (red) and the mean (+95%
confidence interval in blue) for non-smoke years 2015, 2016, and 2019 (blue). Concentration of PM, s in the air (a), water
temperature at 3 m depth in each site (b), incident UV-B (c) and PAR (d) at the surface of the lake, and extinction coefficients
of UV-B (e) and PAR (f). Gray background represents days with smoke in 2018.

than the Littoral 2 site (Figure 4; Table S2 in Supporting Information S1). Despite the differences in metabolism
rates at the two littoral sites, neither of these sites presented detectable metabolism rate changes during the smoke
period of 2018.

4. Discussion

Wildfire smoke significantly increased epi-pelagic primary productivity but not littoral productivity in Castle
Lake, causing the relative contribution of epi-pelagic habitats to whole-lake production to be higher in compar-
ison to the years with average or lower ice-cover. We suggest that these patterns result from reduced radiative
inputs (specially UV-B) in the water column, alleviating photoinhibition. The higher light adaptation of littoral
primary producers (Karsten & Garcia-Pichel, 1996; Vinebrooke & Leavitt, 1999) may reduce the stimulatory
effect of smoke on primary producers in these habitats. In contrast, we note that in the pelagic habitat the parame-
ter of maximum production rate increased in the smoke year, reflecting a possible reduction in photoinhibition (as
per Staehr et al., 2016; Figure S2 in Supporting Information S1). We posit that the reduction in photoinhibition
increased the biomass-specific photosynthetic rates, as there was no change in epi-pelagic biomass (measured as
chlorophyll-a; Scordo et al., 2021). The maximum production rate at the two littoral habitats occurred within the
variability of non-smoke years, indicating the reduction in light did not enhance productivity in the littoral and/
or the continued influence of light saturation despite a reduction in PAR.
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Figure 4. Metabolism at the epi-pelagic and the littoral-benthic sites of Castle Lake in 2018 with smoke (red) and the non-smoke years of 2015, 2016, and 2019
(mean + 95% confidence interval in blue). Gray background represents days with smoke in 2018.

The increase in the GPP in the epi-pelagic habitat during the smoke period was likely due to reduced photoin-
hibition. We operationally define photoinhibition as the reduction of photosynthetic capacity induced through
prolonged or excessive exposure to solar radiation along a continuum of wavelengths, including PAR and UV.
Response to photoinhibition can vary with taxa, cell size, habitats, and prior exposure (Campbell & Serddio, 2020;
Long et al., 1994). Phytoplankton and algae are affected through physiological mechanisms associated with
photosynthesis or cellular repair that have been long studied and well described (Campbell & Serddio, 2020;
Héder et al., 2011; Long et al., 1994; Wu et al., 2012). Previous research from Castle Lake indicates light inhibits
production in the shallow pelagic waters (Huovinen et al., 1999); other clear lakes have similar observations,
specifically between 11 a.m. and 2 p.m. (Staehr et al., 2016; Vadeboncoeur et al., 2014). UV-B light inhibits
productivity down to three meters at Castle Lake (Scordo et al., 2021), and the decline in UV-B during the smoke
period likely lessened photoinhibition and allowed primary producers to photosynthesize at their maximum rate
for a larger proportion of daylight hours (Falkowski & Raven, 2007). Scordo et al. (2021) showed Castle Lake
pelagic productivity at 0, 1 and 3 m depths increased after wildfire smoke reduced UV-B light in 2018. In our
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study, even when smoke reduced PAR, the midday light intensity at depth remained between 650 and 850 pmol
m~2 s~!; these intensities can cause photoinhibition in the epi-pelagic of clear lakes (Staehr et al., 2016; Vadebon-
coeur et al., 2014), suggesting observed differences in GPP were primarily the result of changes in UV-B.

Littoral habitat GPP did not increase despite smoke-induced UV-B light reduction. Littoral primary producers,
through adaptation and complex habitat, are less affected by high UV-B radiation than epi-pelagic algae (Karsten
& Garcia-Pichel, 1996; Vinebrooke & Leavitt, 1999). Vadeboncoeur et al. (2014) showed periphyton productivity
plateaued at the highest field light intensities, and photoinhibition was never evident in seven clear North Amer-
ican lakes. Experiments from Castle Lake that removed UV radiation by 99% using filters did not find a change
in periphyton biomass despite altered species composition (Higley et al., 2001), suggesting that changes in the
community composition of the periphyton moderates UV-B radiation effects on productivity.

The magnitude of decrease in PAR due to smoke was not large enough to reduce productivity in either of the
habitats. Even during the smoke periods of 2018, midday maximum PAR intensity in both the littoral and epi-pe-
lagic habitats reached values above 700 pmol m~2 s~!, values that are optima for photosynthesis in Castle Lake
(Goldman et al., 1973), and other clear lakes (Staehr et al., 2016; Vadeboncoeur et al., 2014). However, we recog-
nize that our study only covered the epilimnetic zone of the lake, and that PAR reduction could have lessened
productivity at greater depths or caused a shift in the depth of the euphotic zone. Scordo et al. (2021) found that
after smoke reduced PAR at depth (12.5 m and lower) in Castle Lake, the deep chlorophyll-a and productivity
maximum (15-20 m) did not develop. Giling et al. (2017) showed that metalimnetic contribution to whole-lake
metabolism can be highly variable. Therefore, studies that analyzed whole water column metabolism are needed
to understand how wildfire smoke affects the pelagic habitats of lakes.

Epi-pelagic NEP increased because GPP increased more than R during the smoke period. A lack of a corre-
sponding increase in respiration was surprising as they are coupled ecosystem processes (Sadro, Nelson, &
Melack, 2011), but may reflect the reduced metabolic costs associated with a decrease in photoinhibition (Hader
etal., 2011). Our results indicate that on short time scales (weeks to months), smoke can increase the assimilation
of carbon in the ecosystem. However, further research is needed to establish the mechanisms involved and deter-
mine the fate of the net increase in carbon within the ecosystem.

Future explorations will help us understand how wildfire smoke affects the community of producers related to
metabolic changes in lakes. We speculate based on studies that examine the influences of UV-B light on plank-
tonic community structure, that photoinhibition has a differential impact on picophytoplankton than phytoplank-
ton (Héder et al., 2011). A shift to picoplankton effectively increases productivity (Banse, 1976). Also, nutrients
contributed by ash deposition may stimulate productivity. Scordo et al. (2021) did not find a change in macronu-
trient limitation at Castle Lake under the smoke conditions of 2018. However, ash deposition may contribute trace
metals to waterbodies (Tang et al., 2021), which can increase productivity despite no changes in macronutrient
concentration (Goldman et al., 1990). Indeed, deposition of smoke in the Southern Ocean fueled a phytoplankton
bloom because of trace metal fertilization (Tang et al., 2021).

5. Conclusions

We show differential responses in the productivity of lake habitats due to wildfire smoke, with an increase in the
epi-pelagic GPP. These findings underscore the need to untangle our understanding of how lake processes within
lake habitats are affected by wildfire smoke. While we present a new conceptual understanding of habitat-specific
responses to wildfire smoke (Figure 1), there are limitations from single-site studies and many of the mechanisms
we identified need to be tested across lake types to explore the generalities of our conceptual model.

Four broad areas of research questions may help advance our understanding of smoke effects on lakes. (a) How
does variation within littoral-bottom habitats (rock, sand, plant) and community architecture mediate the effect
of smoke on ecosystem metabolic rates? (b) How do responses to smoke vary across lake types (e.g., trophic
status, morphological characteristics like depth, watershed-to-area ratios)? (c) How do the quantity and quality
(e.g., elemental composition and bioavailability of particles) of smoke affect aquatic ecosystems? (d) What scale
of time associated impacts from smoke will lead to changes in ecological interactions in the lake? As wildfire
occurrences increase globally, designing monitoring programs and field experiments to understand the impacts
of smoke will be important.

SCORDO ET AL.

8 of 10



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL097057

Acknowledgments

The authors thank the University

of Nevada's College of Science for
supporting the Castle Lake Environmen-
tal Research and Education Program. F.
Scordo is supported by funds provided
by the College and University's Global
Water Center. Some of the concepts in
this manuscript were developed as part
of National Science Foundation support
through Division of Environmental
Biology award 2102344 to SS and SC
and award 1939502 to SC and Yvonne
Vadeboncoeur.

Data Availability Statement

Data and metadata are available at Scordo, F., Chandra, S. (2022), “Particulate material in the air (PM2.5), light
(UV-B and PAR), littoral and pelagic metabolism estimates in Castle Lake (California, USA) 2015, 2016, 2019
and 20187, [Dataset]. Mendeley Data, V2, https://doi.org/10.17632/7bs4htfy4b.2.

References

Banse, K. (1976). Rates of growth, respiration and photosynthesis of unicellular algae as related to cell size a review. Journal of Phycology, 12,
135-140. https://doi.org/10.1111/j.1529-8817.1976.tb00490.x

Cal fire. (2020). 2018 Incident Archive Retrieved from https://www.fire.ca.gov/incidents/2018/

Campbell, D. A., & Serddio, J. (2020). Photoinhibition of Photosystem II in phytoplankton: Processes and Patterns. In A. Larkum, A. Grossman,
& J. Raven (Eds.), Photosynthesis in Algae: Biochemical and physiological mechanisms. Advances in photosynthesis and respiration (includ-
ing Bioenergy and related processes) (Vol. 45, pp. 329-365). Springer. https://doi.org/10.1007/978-3-030-33397-3_13

David, A. T., Asarian, J. E., & Lake, F. K. (2018). Wildfire smoke cools summer river and stream water temperatures. Water Resources Research,
54(10), 7273-7290. https://doi.org/10.1029/2018 WR022964

Dennison, P. E., Brewer, S. C., Arnold, J. D., & Moritz, M. A. (2014). Large wildfire trends in the western United States, 1984-2011. Geophysical
Prospecting, 41, 2928-2933. https://doi.org/10.1002/2014GL059576

Doerr, S. H., & Santin, C. (2016). Global trends in wildfire and its impacts: Perceptions versus realities in a changing world. Philosophical Trans-
actions of the Royal Society B: Biological Sciences, 371, 20150345. https://doi.org/10.1098/rstb.2015.0345

Earl, S. R., & Blinn, D. W. (2003). Effects of wildfire ash on water chemistry 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

Falkowski, P. G., & Raven, J. A. (2007). Aquatic photosynthesis. Princeton University Press.

Giling, D. P, Staehr, P. A, Grossart, H. P, Andersen, M. R., Boehrer, B., Escot, C., et al. (2017). Delving deeper: Metabolic processes in the
metalimnion of stratified lakes. Limnology & Oceanography, 62, 1288-1306. https://doi.org/10.1002/Ino.10504

Goldman, C. R., Jassby, A., & Powell, T. (1989). Interannual fluctuations in primary production: Meteorological forcing at two subalpine lakes.
Limnology & Oceanography, 34(2), 310-323. https://doi.org/10.4319/10.1989.34.2.0310

Goldman, C. R., Jassby, A. D., & de Amezaga, E. (1990). Forest fires, atmospheric deposition and primary productivity at Lake Tahoe, Califor-
nia-Nevada. Internationale Vereinigung Fiir Theoretische Und Angewandte Limnologie: Verhandlungen, 24(1), 499-503. https://doi.org/10.1
080/03680770.1989.11898787

Goldman, C. R., Stull, E. A., & de Amezaga, E. (1973). Vertical patterns of primary productivity in Castle Lake, California. Internationale
Vereinigung fiir theoretische und angewandte Limnologie: Verhandlungen, 18(3), 1760-1767. https://doi.org/10.1080/03680770.1973.1189
9670

Hider, D. P., Helbling, E. W., Williamson, C. E., & Worrest, R. C. (2011). Effects of UV radiation on aquatic ecosystems and interactions with
climate change. Photochemical and Photobiological Sciences, 10(2), 242-260. https://doi.org/10.1039/cOpp90036b

Higley, B., Carrick, H. J., Brett, M. T., Luecke, C., & Goldman, C. R. (2001). The effects of ultraviolet radiation and nutrient additions on peri-
phyton biomass and composition in a sub-alpine lake (Castle Lake, USA). International Review of Hydrobiology, 86(2), 147-163. https://doi.
org/10.1002/1522-2632(200104)86:2<147::aid-iroh147>3.0.c0;2-y

Huovinen, P. S., Brett, M. T., & Goldman, C. R. (1999). Temporal and vertical dynamics of phytoplankton net growth in Castle Lake, California.
Journal of Plankton Research, 21(2), 373-385. https://doi.org/10.1093/plankt/21.2.373

Jaffe, D., Hafner, W., Chand, D., Westerling, A., & Spracklen, D. (2008). Interannual variations in PM2.5 due to wildfires in the western United
States. Environmental Science & Technology, 42(8), 2812-2818. https://doi.org/10.1021/es702755v

Karsten, U., & Garcia-Pichel, F. (1996). Carotenoids and mycosporine-like amino acid compounds in members of the Genus microcoleus (Cyano-
bacteria): A chemosystematic study. Systematic & Applied Microbiology, 19(3), 285-294. https://doi.org/10.1016/S0723-2020(96)80054-3

Lenth, R. V. (2021). Emmeans: Estimated marginal means, aka least-squares means. Retrieved from https://cran.r-project.org/package=emmeans

Liu, J. C., Wilson, A., Mickley, L. J., Dominici, F., Ebisu, K., Wang, Y., et al. (2017). Wildfire-specific fine particulate matter and risk of hospital
admissions in urban and rural counties. Epidemiology, 28(1), 77-85. https://doi.org/10.1097/ede.0000000000000556

Long, S. P., Humphries, S., & Falkowski, P. G. (1994). Photoinhibition of photosynthesis in nature. Annual Review of Plant Physiology and Plant
Molecular Biology, 45(1), 633-662. https://doi.org/10.1146/annurev.pp.45.060194.003221

Lottig, N. R., Phillips, J., Batt, R. D., Scordo, F., Williamson, T. J., Carpenter, S. R., et al. (2021). Estimating pelagic primary production in lakes:
Comparison of 14C incubation and free-water O2 approaches. Limnology and Oceanography Methods, 20, 34—45. https://doi.org/10.1002/
lom3.10471

McCullough, I., Spence Cheruvelil, K., Lapierre, J.-F., Lottig, N., Moritz, M., Stachelek, J. J., & Soranno, P. A. (2019). Do lakes feel the burn?
Ecological consequences of increasing exposure of lakes to fire in the continental US. Global Change Biology, 25, 1-2854. https://doi.
org/10.1111/gcb.14732

McLauchlan, K. K., Higuera, P. E., Miesel, J., Rogers, B. M., Schweitzer, J., Shuman, J. K., et al. (2020). Fire as a fundamental ecological process:
Research advances and frontiers. Journal of Ecology, 108, 2047-2069. https://doi.org/10.1111/1365-2745.13403

Nagy, C. R., Fusco, E., Bradley, B., Abatzoglou, J. T., & Balch, J. (2018). Human-related ignitions increase the number of large wildfires across
U.S. Ecoregions. Fire, 1(1), 1-14. https://doi.org/10.3390/fire 1010004

Park, S., Brett, M. T., Miiller-Solger, A., & Goldman, C. R. (2004). Climatic forcing and primary productivity in a subalpine lake: Interannual
variability as a natural experiment. Limnology & Oceanography, 49(2), 614—619. https://doi.org/10.4319/10.2004.49.2.0614

Phillips, J. S. (2020). Time-varying responses of lake metabolism to light and temperature. Limnology & Oceanography, 65(3), 652—666. https://
doi.org/10.1002/Ino.11333

Pinheiro, J., Bates, D., DebRoy, S., & Sarkar, D., & R Core Team. (2020). Nlme: Linear and nonlinear mixed effects models. Retrieved from
https://cran.r-project.org/package=nlme

Radeloff, V. C., Helmers, D. P., Anu Kramer, H., Mockrin, M. H., Alexandre, P. M., Bar-Massada, A., et al. (2018). Rapid growth of the US
wildland-urban interface raises wildfire risk. Proceedings of the National Academy of Sciences of the United States of America, 115(13),
3314-3319. https://doi.org/10.1073/pnas.1718850115

R Core Team. (2020). R: A language and environment for statistical computing. R Foundation for 646 Statistical Computing.

SCORDO ET AL.

9of 10


https://doi.org/10.17632/7bs4htfy4b.2
https://doi.org/10.1111/j.1529-8817.1976.tb00490.x
https://www.fire.ca.gov/incidents/2018/
https://doi.org/10.1007/978-3-030-33397-3_13
https://doi.org/10.1029/2018WR022964
https://doi.org/10.1002/2014GL059576
https://doi.org/10.1098/rstb.2015.0345
https://doi.org/10.1046/j.1365-2427.2003.01066.x
https://doi.org/10.1002/lno.10504
https://doi.org/10.4319/lo.1989.34.2.0310
https://doi.org/10.1080/03680770.1989.11898787
https://doi.org/10.1080/03680770.1989.11898787
https://doi.org/10.1080/03680770.1973.11899670
https://doi.org/10.1080/03680770.1973.11899670
https://doi.org/10.1039/c0pp90036b
https://doi.org/10.1002/1522-2632(200104)86:2%3C147::aid-iroh147%3E3.0.co;2-y
https://doi.org/10.1002/1522-2632(200104)86:2%3C147::aid-iroh147%3E3.0.co;2-y
https://doi.org/10.1093/plankt/21.2.373
https://doi.org/10.1021/es702755v
https://doi.org/10.1016/S0723-2020(96)80054-3
https://cran.r-project.org/package=emmeans
https://doi.org/10.1097/ede.0000000000000556
https://doi.org/10.1146/annurev.pp.45.060194.003221
https://doi.org/10.1002/lom3.10471
https://doi.org/10.1002/lom3.10471
https://doi.org/10.1111/gcb.14732
https://doi.org/10.1111/gcb.14732
https://doi.org/10.1111/1365-2745.13403
https://doi.org/10.3390/fire1010004
https://doi.org/10.4319/lo.2004.49.2.0614
https://doi.org/10.1002/lno.11333
https://doi.org/10.1002/lno.11333
https://cran.r-project.org/package=nlme
https://doi.org/10.1073/pnas.1718850115

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL097057

Sadro, S., Melack, J. M., & Macintyre, S. (2011). Spatial and temporal variability in the ecosystem metabolism of a high- elevation lake: Integrat-
ing benthic and pelagic habitats. Ecosystems, 14, 1123-1140. https://doi.org/10.1007/s10021-011-9471-5

Sadro, S., Melack, J. M., Sickman, J. O., & Skeen, K. (2019). Climate warming response of mountain lakes affected by variations in snow. Limnol-
ogy and Oceanography Letters, 4, 9-17. https://doi.org/10.1002/1012.10099

Sadro, S., Nelson, C. E., & Melack, J. M. (2011). Linking diel patterns in community respiration to bacterioplankton in an oligotrophic high-ele-
vation lake. Limnology & Oceanography, 56, 540-550. https://doi.org/10.4319/10.2011.56.2.0540

Sadro, S., Sickman, J. O., Melack, J. M., & Skeen, K. (2018). Effects of climate variability on snowmelt and implications for organic matter in a
high-elevation lake. Water Resources Research, 54(7), 4563-4578. https://doi.org/10.1029/2017WR022163

Scordo, F., & Chandra, S. (2022). Particulate Material in the Air (PM2.5), Light (UV-B and PAR), Littoral and Pelagic Metabolism Estimates in
Castle Lake (California, USA) 2015, 2016, 2019 and 2018. Mendeley Data, V2. https://doi.org/10.17632/7bs4htfy4b.2

Scordo, F., Chandra, S., Suenaga, E., Kelson, S. J., Culpepper, J., Scaff, L., et al. (2021). Smoke from Regional Wildfires Alters Lake Ecology.
Scientific Reports. https://doi.org/10.1038/s41598-021-89926-6

Scordo, F., Lottig, N. R., Fiorenza, J. E., Culpepper, J., Simmons, J., Seitz, C., et al. (2022). Hydroclimate variability affects habitat-specific (open
water and littoral) lake metabolism. Water Resources Research, 58. https://doi.org/10.1029/2021 WR031094

Smits, A. P., Gomez, N. W., Dozier, J., & Sadro, S. (2021). Winter climate and lake morphology control ice phenology and under-ice
temperature and oxygen regimes in mountain lakes. Journal of Geophysical Research: Biogeosciences, 126, €2021JG006277. https://doi.
0rg/10.1029/2021JG006277

Staehr, P. A., Brighenti, L. S., Honti, M., Christensen, J., & Rose, K. C. (2016). Global patterns of light saturation and photoinhibition of lake
primary production. Inland Waters, 6(4), 593—-607. https://doi.org/10.1080/iw-6.4.888

Tang, W., Llort, J., Weis, J., Perron, M. M. G., Basart, S., Li, Z., et al. (2021). Widespread phytoplankton blooms triggered by 2019-2020 Austral-
ian wildfires. Nature, 597, 370-375. https://doi.org/10.1038/s41586-021-03805-8

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/10.1002/2016GL068533

Vadeboncoeur, Y., Devlin, S. P., MclIntyre, P. B., & Zanden, M. J. V. (2014). Is there light after depth? Distribution of periphyton chlorophyll and
productivity in lake littoral zones. Freshwater Science, 33(2), 524-536. https://doi.org/10.1086/676315

Vander Zanden, M. J., Chandra, S., Park, S.-K., Vadeboncoeur, Y., & Goldman, C. R. (2007). Efficiencies of benthic and pelagic trophic pathways
in a subalpine lake. Canadian Journal of Fisheries and Aquatic Sciences, 63(12), 2608-2620. https://doi.org/10.1139/f06-148

Vicente, A., Alves, C., Calvo, A. L., Fernandes, A. P., Nunes, T., Monteiro, C., et al. (2013). Emission factors and detailed chemical composition
of smoke particles from the 2010 wildfire season. Atmospheric Environment, 71, 295-303. https://doi.org/10.1016/j.atmosenv.2013.01.062

Vinebrooke, R. D., & Leavitt, P. R. (1999). Differential responses of littoral communities to ultraviolet radiation in an Alpine Lake. Ecology,
80(1), 223-237. https://doi.org/10.1890/0012-9658(1999)080[0223:drolct]2.0.co;2

Westerling, A. L. R. (2016). Increasing western US forest wildfire activity: Sensitivity to changes in the timing of spring (p. 371). Philosophical
Transactions of the Royal Society B: Biological Sciences. https://doi.org/10.1098/rstb.2015.0178

Williamson, C. E., Overholt, E. P., Brentrup, J. A., Pilla, R. M., Leach, T. H., Schladow, S. G., et al. (2016). Sentinel responses to droughts, wild-
fires, 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

Wu, D., Hu, Q., Yan, Z., Chen, W., Yan, C., Huang, X., et al. (2012). Structural basis of ultraviolet-B perception by UVR. Nature, 484, 214-219.
https://doi.org/10.1038/nature10931

Zuur, A. F.,, Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009). Mixed effects models and extensions in ecology with R. Springer.

References From the Supporting Information

Betancourt, M. (2007). Robust statistical workflow with RStan. Retrieved from https://betanalpha.github.io/assets/case_studies/rstan_workflow.
html

Winslow, L., Read, J., Woolway, R., Brentrup, J., Zwart, J., Albers, S., & Collinge, D. (2019). Package ‘ rLakeAnalyzer . Lake Physics Tools
Retrieved from https://cran.r—project.org/package=rLakeAnalyzer

SCORDO ET AL.

10 of 10


https://doi.org/10.1007/s10021-011-9471-5
https://doi.org/10.1002/lol2.10099
https://doi.org/10.4319/lo.2011.56.2.0540
https://doi.org/10.1029/2017WR022163
https://doi.org/10.17632/7bs4htfy4b.2
https://doi.org/10.1038/s41598-021-89926-6
https://doi.org/10.1029/2021WR031094
https://doi.org/10.1029/2021JG006277
https://doi.org/10.1029/2021JG006277
https://doi.org/10.1080/iw-6.4.888
https://doi.org/10.1038/s41586-021-03805-8
https://doi.org/10.1002/2016GL068533
https://doi.org/10.1086/676315
https://doi.org/10.1139/f06-148
https://doi.org/10.1016/j.atmosenv.2013.01.062
https://doi.org/10.1890/0012-9658%281999%29080%5B0223:drolct%5D2.0.co;2
https://doi.org/10.1098/rstb.2015.0178
https://doi.org/10.1002/fee.1228
https://doi.org/10.1038/nature10931
https://betanalpha.github.io/assets/case_studies/rstan_workflow.html
https://betanalpha.github.io/assets/case_studies/rstan_workflow.html
https://cran.r-project.org/package=rLakeAnalyzer

	Wildfire Smoke Effects on Lake-Habitat Specific Metabolism: Toward a Conceptual Understanding
	Abstract
	Plain Language Summary
	1. Introduction
	2. Material and Methods
	2.1. Study Site and Data Collection
	2.2. Statistical Analyses

	3. Results
	3.1. Extent of Smoke
	3.2. Effects of Smoke on Light and Temperature Within the Lake
	3.3. Metabolism Habitat Variability

	4. Discussion
	5. Conclusions
	Data Availability Statement
	References
	References From the Supporting Information


