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Following megafires fishes thrive and
amphibians persist even in severely
burned watersheds

Check for updates

Allison G. Swartz 1 , Ashley A. Coble 2, Brooke E. Penaluna3, Rebecca L. Flitcroft3,
Joseph L. Ebersole 4 & Meg A. Krawchuk1

Wildfires are increasing in severity, frequency and size, potentially threatening freshwater species that
adapted under different disturbance regimes. However, few wildfire studies have comprehensively
evaluated freshwater populations and assemblages following wildfire over broad spatial scales while
accounting for post-fire salvage practices in the watershed. We reveal that stream vertebrate
assemblages across thirty 4th order streams, spanning a range of both watershed fire severity and
post-fire forest management extent, were minimally influenced by immediate effects of fire alone
(absent of channel reorganization events). Greater total taxa, total fish, and adult trout densities were
associated with streams draining more severely burned watersheds, whereas sculpin, amphibian and
crayfish densities appeared uninfluenced by burn severity. Greater extent of post-fire watershed
salvage practices was negatively associated with frog densities and positively with young-of-year
trout and crayfish densities. Our findings indicate fishes thrive, and amphibians and crayfish persist
despite experiencing high-severity megafires in the western Cascades of Oregon.

Acombination of increased temperatures, shifts in precipitation, higher fuel
aridity, and prior forest management is resulting in greater frequency, size,
intensity, and season lengths ofwildfires inmany regions globally, including
the Pacific Northwest, USA1–3. This region has recently experienced
megafires which are extreme fire events with high area burned, intensity,
and impacts beyond suppression capabilities4–6. Wildfire can alter the
structure and function of riparian and freshwater ecosystems by influencing
a suite of physical and biological habitat variables that control stream ver-
tebrate populations7–10. Habitat responses can sometimes threaten fish,
amphibians and crayfish that are cold-water species or that have adapted
under different disturbance regimes. Fire can induce short-term (less than
five years) changes in inputs of wood, sediment, ash, nutrients, and organic
material, changes to stream food webs11,12 and stream temperatures13 with
resulting effects on stream fauna ranging from extirpations to increases in
populations12,14,15. However,many aquatic taxa populationsmay be adapted
to fire-induced habitat changes or can withstand a disturbance or recover
over time. Responses depend on population connectivity, habitat range and
degradation, invasion by non-native species, physiological tolerances and
capacity for mitigative behavior, and fire characteristics14,16. Additionally,
wildfires followed by high precipitation events or post-fire forest manage-
ment (e.g., salvage practices such as harvest and replanting) may further

alter stream ecosystems, complicating our understanding of effects on
stream vertebrates that are due to wildfire alone17–19.

Population responses of stream fish, amphibians and crayfishes have
exhibitedmixed short term responses in temperate forests. Fish populations
post-fire have increased14,20, decreased, or had no observable change post-
fire15,21,22. Stream breeding amphibian responses to wildfire have received
less attention than fish, but observed responses were mixed and variable
over time23. Different species and age classes of fish, and potentially also of
amphibians, and crayfishesmay vary in response to fire-induced changes in
physical habitat conditions and resource availability due to varying phy-
siologies, habitat use, or life history strategies24,25. For example, studies on
trout species have observed changes in body size, earlier maturity, or faster
growth rates after fire24,26,27. Extirpations and population decreases are most
commonly due to impacts from subsequent landslides and channel reor-
ganization events post-fire10,28,29, but population declines in systems unac-
companied by post-fire channel reorganization events have also been
attributed to elevated stream temperatures causing stressful conditions for
biota24,28,30.

Elevated stream temperatures have the potential to influence popula-
tions of cold-water adapted species (e.g. salmonids) and stream vertebrate
assemblages due tophysiological limits31, sublethal effects onbehavior32, and
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competitive interactions that favor specieswithwarmer tolerances33. Stream
temperatures 1–3 years post-fire across 31 sites in the Pacific Northwest
increased dailymaximum temperatures by up to 8.5 °C34.Modelling studies
suggest post-fire stream warming can decrease fish populations24,35,36,
although empirical studies have demonstrated the persistence of fish
populations despite high post-fire stream temperature increases37,38. Fur-
ther, different age classes may respond differently to warm post-fire tem-
perature conditions as previous work has found differences in age
distributions with fewer age 1+ rainbow trout in burned streams24, and
higher densities and larger individuals of YOY (young-of-year/age-0)
coastal cutthroat trout in burned than unburned streams26,27.

While links between burn severity and streamflow, sediment, and
stream temperature are well studied10,19,39, the influences of burn severity on
fish, amphibians and vertebrate assemblages are not. Greater increases in
summer stream temperatures are associated with greater burn severity28,34.
However, most studies simply compare burned sites (any portion of the
watershed burned) to unburned sites24,27,40, but where burn severity is eval-
uated as driver of aquatic biota, watersheds are often categorized as a coarse
categorical variable (low and high, or low, moderate, and high severity)12,41,
and rarely has watershed-scale fire severity been evaluated as a predictor of
aquatic response to fire across many sites (except see Coble et al. 38). Even
within vast megafires that encompass entire watersheds, a range of fire
severities can occur, and while coarse categories are simple to communicate,
they are unlikely to capture variation needed to gage ecological effects39. By
using a continuous metric of fire severity that accounts for the range of
conditions across watersheds, we can begin to evaluate not only the extent of
fire in a watershed but also the role of severity and how this may impact fish,
amphibians and assemblages.

Few wildfire studies have comprehensively evaluated freshwater ver-
tebrate populations and assemblages likely reflecting a focus of prior
research on headwater systems with limited vertebrate species richness.
Stream vertebrate and invertebrate assemblages can serve as indicators of
ecological change with shifts in composition (e.g., increased percentage of
tolerant taxa) observed in response to stressors such as pollutants, loss of
habitat complexity, or alterations in watershed hydrology42–44, but stream
vertebrate assemblages have seldom been evaluated in response to wildfire.
Evaluations of responses towildfire in thePacificNorthwest region ofNorth
America have primarily focused on socio-economically important salmo-
nids or other target species reflecting their imperiled status. This emphasis
on salmonids overlooks other critical ecosystem responses including stream
assemblage composition and less commonly evaluated fish species,
amphibians and crayfish, that may have important ecosystem
functions14,40,45.

Post-fire harvest followed by state-required replanting (hereafter
“salvage practices”), are common management activities that can also
strongly alter ecosystems, yet little empirical data exists evaluating potential
influences on aquatic ecosystems and biota46,47. Salvage practices aim to: 1)
extract economically valuable timber and encourage vegetation re-
establishment by replanting desired species and 2) enhance soil stability
and provide shade for more rapid thermal recovery48. While these concepts
are often described as rationales for post-fire riparian management (active
vs. natural trajectory of recovery), others have argued salvage practices delay
or prevent natural recovery by damaging soils, increasing runoff and ero-
sion, and removing shade and wood that would have contributed to com-
plex stream habitat49–51. However, experimental evaluation of hypothesized
responses of habitat variables and stream vertebrates is lacking in the sci-
entific literature46,47, so the persistence of stream vertebrate assemblages and
populations after post-fire management practices remains unclear.

To evaluate effects of watershed-scale fire severity and extent of salvage
practices in the watershed on freshwater vertebrate assemblages and den-
sities, we examinedfish, amphibians, and crayfish in thirty 4th-order sites in
the first three years following megafires in the western Cascades of Oregon
in 2020 (Fig. 1). Streams in this region can contain fishes (salmonids, dace,
sculpin, and lamprey), amphibians (salamanders and frogs), and crayfishes
that are often ignored inmany salmonid focused ecological studies. The lack

of landslides and channel reorganization events in our focal watersheds
following these fires52 allowed us to evaluate effects of wildfire uncon-
founded by effects of post-fire channel reorganization events. We expected
that within the first three years post-fire: 1) the structures of fish, amphibian
and crayfish assemblages are driven by burn severity and exhibit more
interannual variability in more severely burned watersheds (as has been
observed for macroinvertebrates53); 2) lower fish, amphibian and crayfish
densities are associated with warmer more severely burned systems and
greater extent of salvage practices in the watershed; and 3) size of young-of-
the-year (YOY) troutwouldbegreater inmore severely burned systemswith
warmer stream temperatures.With the anticipated increases in fire size and
severity as climate continues to change54, understanding stream ecosystem
responses to wildfire is essential to inform risks to biodiversity and listed
species especially in light of the paucity of research exploring the influenceof
differing post-fire management strategies.

Results
Stream temperature
Mean weekly maximum stream temperature (MWMT, °C) represents the
hottest week of stream temperatures with a value for each site each year.
MWMTs across all sites in the study (including unburned references)
ranged from 15.3 to 27.4 °C during the first three summers post-fire
(2021–2023). Greater MWMTs were strongly positively correlated with
greater watershed burn severity each year and trends were similar all three
years (Fig. 2). Unburned reference sites were generally below 20 °C, whereas
siteswith greater than 40%watershed burn severity were greater than 20 °C.
Sites with 5-40% watershed burn severity were highly variable, with the
greatest MWMT reaching 27.4 °C (Coal, 30% burn severity).

Vertebrate and crayfish assemblages
We evaluated the effects of watershed fire severity and extent of salvage
practices on streamvertebrate assemblages and taxa densities and body sizes
(seeMethods). We captured and identified 18 species of fishes, amphibians
and crayfish that we grouped into 11 taxa. The most abundant vertebrate
taxa were coastal giant salamanders (Dicamptodon tenebrosus) closely fol-
lowed by YOY trout (Fig. 3, Table S1). YOY trout are comprised of both
native coastal cutthroat trout (Oncorhynchus clarkii clarkii) and native
rainbow or steelhead trout (Oncorhynchus mykiss) because we cannot dis-
tinguish between species forYOY individuals in thefield.We refer to age 1+
rainbow and steelhead trout as O. mykiss because we cannot distinguish
between resident rainbow trout and anadromous steelhead in the field.
Nonnative brook trout (Salvelinus fontinalis) were the least abundant taxa
(only two individuals total). Nonnative juvenile coho (Oncorhynchus
kisutch) salmon were found at 2 of 30 sites and juvenile Chinook salmon
(Oncorhynchus tshawytscha) were found at 1 of 30 sites. Speckled dace
(Rhinichthys osculus) and longnose dace (Rhinichthys cataractae) and
Western River lamprey (Occidentis ayresii) and Pacific lamprey (Ento-
sphenus tridentatus) had limited presence (2 of 30 sites) and were more
common at lower elevations except at Cook where both speckled and
longnose dace species were present despite the relatively high elevation
(Fig. 3). Frogs, which were mainly comprised (96%) of coastal tailed frogs
(Ascaphus truei) but also a few northern red-legged frogs (Rana aurora),
Cascades frogs (Rana cascadae), western toads (Anaxyrus boreas), and
Pacific chorus frogs (Pseudacris regilla), were present at 26 sites and more
common at higher elevation sites. Sculpin spp. (Cottus beldingii, Cottus
rhotheus) and crayfish (Pacifastacus leniusculus) were more common at
lower elevation sites.

Based on our Non-metric multidimensional scaling (NMDS) analysis
of the relationships between stream vertebrate assemblages and environ-
mental variables (Fig. 4b, Table S1), stream temperature (which is influ-
enced by both landscape variables andfire) and variables unrelated tofire or
post-fire forest management were the strongest drivers of assemblage
structure. Vertebrate assemblages were most strongly correlated with
streamgradient (channel steepness, r = 0.50, p = 0.001), stream temperature
(r = 0.44, p = 0.001), followed by watershed area (r = 0.43, p = 0.001),
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elevation (r = 0.38, p = 0.001), and pre-fire stand age (r = 0.31, p = 0.001).
Wildfire severity and extent of salvage practices were slightly less correlated
with assemblage structure than variables related to landscape position or
pre-fire conditions (extent of salvage practices (r = 0.34, p = 0.001), water-
shed burn severity (r = 0.29, p = 0.001), canopy cover (r = 0.22, p = 0.001)).

Other habitat variables related to wood and sediment were not strongly
correlated with assemblages (Table S1).

The relative abundances of YOY trout were most closely related to
greater stream temperature, but also correlated with lower elevation, greater
watershed burn severity and greater extent of salvage practices (Fig. 4a, b).

Fig. 1 | Study sites in the Riverside, Beachie Creek and Holiday Farm Fires in
westernOregon. Study sites in the Riverside, Beachie Creek andHoliday FarmFires
(black outlines, listed from north to south) in western Oregon. Watershed burn
severity (mean watershed basal area mortality, %) for each site is shown with a red
color gradient in the watershed boundary and the extent of salvage practices in the

watershed (%) is represented by the size of blue circles at the site location. 24 of the
30 sites were sampled in 2021, 2022 and 2023. McRae Creek (unburned) was only
sampled in 2022 and 2023, andCedar, Sardine, Copper, NFGate and SFGateCreeks
were only sampled in 2023. Basemap from ESRI109.
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Relative abundances of the dace species (speckled and longnose dace) were
positively associated with stream temperature, watershed burn severity,
extent of salvage practices, and negatively associated with elevation. Coastal
tailed frogs were most strongly positively associated with higher elevation
and greater pre-fire stand age. Age 1+ coastal cutthroat trout most aligned
with greater canopy cover and higher elevation, although at the two highest
elevation sites (Hugh and Norhorn) we did not detect age 1+ coastal cut-
throat trout (but did detect age 1+O. mykiss). Sculpin spp. were closely
aligned with greater watershed area.

Variation in assemblage structure among sites was generally greater
than interannual variationwithin sites suggesting relative stability over time
across the gradient of post-fire and salvaged conditions in the first three
years post-fire (Fig. 3c). Shifts in assemblages from 2021 to 2022 were
relatively consistent, trending in the negative direction along NMDS axis 2
(Fig. 4c). This reflects, in part, shifts in relative abundance toward fewer
YOY trout in 17 of 24 sites between these two sampling years (Figs. 3
and 4a). Changes from 2022 to 2023 were more variable but trended
positively alongboth axes,with assemblages at 13of 24 sites shifting towards
those more typical of sites that were warmer or more severely burned
(Fig. 4b). Despite these within-site trends, sites were relatively stable over
time (within years 1–3 post-fire) when considered in context of variation in
assemblage structure across sites. Further, yearly variation (quantified by
Bray-Curtis dissimilarity) was not related to watershed burn sever-
ity (Fig. S1).

Taxa densities
Linear mixed effects models identified at least one significant predictor for
each taxa, with the most important predictor varying among taxa (Fig. 5).
Evaluating the three post-fire years collectively, watershed burn severitywas
significantly (95% confidence interval did not overlap 0) positively asso-
ciated with densities of total taxa, all fish, and native adult trout but was not
included in top ranked models for other taxa densities. This is likely in part
because less common taxa were not present at each site, so the analysis for
taxa subgroups often represented less than 30 sites (Fig. 5). The extent of
salvage practices in the watershed was significantly positively associated
with YOY trout and crayfish densities but negatively associated with frog
densities, andwas not included in bestmodels for total taxa, totalfish, native
adult trout, sculpin, and salamanders (Fig. 5). Watershed burn severity and
extent of salvage practices had similar effects on taxa biomass as were
observed for densities (Fig. S3).

Bankfull width was included in top models for total taxa, total fish,
native adult trout, YOY trout, and salamander densities, but was not

significant for total taxa and total fish densities. Bankfull width was sig-
nificantly negatively associated with native adult trout, YOY trout, sala-
mander densities. Elevation was significantly positively associated with
native adult trout, salamander and frog densities and negatively associated
with sculpin and crayfish densities (Fig. 5).

YOY trout size
MeanYOYtroutweightwas significantlypositively correlatedwithMWMT
(°C) in each of the first three summers post-fire (2021-2023) (Fig. 6). Mean
weights and correlations with stream temperatures were similar all three
years with the strongest correlation in 2023 (R2 = 0.25, p = 0.009). The two
heaviest individual mean trout weights were at sites with moderate stream
temperatures within the range observed at our sites.

Discussion
We evaluated the effects of watershed burn severity and extent of salvage
practices in the watershed on stream vertebrate and crayfish assemblages
and densities using a spatially extensive dataset for the first three years
immediately following three 2020 megafires in western Oregon. The lack
of channel reorganizing events in these systems following these fires
allowed us to evaluate wildfire effects unconfounded by post-fire channel
reorganization events which are known to affect fish and amphibian
densities in other regions25,55–57. Assemblages were correlated with
stream temperature, watershed burn severity and extent of salvage
practices, however elevation and watershed area were also strongly
correlated with assemblages making the influences of fire and post-fire
management difficult to disentangle from landscape position variables
within this study. Contrary to our expectations, burn severity was not
associated with yearly changes in stream vertebrate assemblage structure
over time, nor did burn severity negatively affect biota for any taxa
group. Rather, burn severity was positively associated with total taxa
densities and fish densities, but did not affect amphibian or crayfish
densities. Extent of salvage practices was associated with greater den-
sities of YOY trout and crayfish, but lower densities of frogs. Lastly, as
expected, larger YOY trout were found in warmer post-fire sites. Results
from this observational post-fire study suggest that fishes appear to
thrive and amphibians and crayfish persist in the three years after
megafires in western Oregon.

Despite stream temperatures that often exceeded 20 °C and reachedup
to 27.4 °C, warmer sites with greater burn severity had higher fish popula-
tions and larger YOY trout in the first three years post wildfire, and stream
temperature was a strong predictor of assemblage structure. A global review

Fig. 2 | Summer mean weekly maximum stream
temperatures (MWMT, °C) versuswatershed burn
severity (%). Stream temperatures (MWMTs, °C)
were positively correlated with watershed burn
severity (mean watershed basal area mortality, %) in
the first three years post-fire. There were 21, 25 and
29 sites for 2021, 2022 and 2023, respectively.
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found mixed fish density responses to fire10, but our findings agree with
other recent research in our study region27,37. Although directmortality due
to immediate temperature increases duringwildfiremaybe rare19, sub-lethal
effects can result from stressful conditions and changes in behavior and
metabolic demand58–60.

We hypothesize that greater food availability may aid in supporting
high densities of fish, amphibians and crayfish in warm burned systems
where metabolic demand is elevated. In early years after fire, elevated light
from reduced canopy cover may drive greater autotrophic production11,12

and macroinvertebrate production41,61,62. Shifts towards greater autotrophic
resources in the stream food web have been observed post-fire via isotopic
studies11,18. Greater food availability during the warm summer conditions
may help accommodate increased summer metabolic demand, but greater

food resources (and potentially greater consumption) may also be available
during other seasons.

We found that high streamtemperatureswere linkedwithgreaterYOY
trout size, and greater YOY trout densities were found in systems with
greater extent of watershed salvage practices. Other post-fire studies have
also found larger juvenile fish in warmer conditions26,27,63. While changes in
foodavailabilitymaybe an important factor,we suspect that thisfinding is at
least in part due to earlier emergence of YOY trout in warmer sites which is
well documented for poikilothermic organisms.Greater densities and larger
sizes of YOY trout cohorts observed in the first 3 post-fire years could
potentially carry over into adult populations, warranting further investi-
gation of long-term fish population responses to megafires. Our study was
unique as it focused on higher order, larger stream systems than many fire

Fig. 3 | Relative densities offish, amphibian, and crayfish taxa.Relative densities of
fish, amphibian, and crayfish taxa at each site in thefirst 3 years post-fire, 2021–2023.
Sites (shown and labeled in Fig. 1) are ordered from low to high burn severity and
labeled with site name and burn severity (mean watershed basal area mortality, %).

YOY coastal cutthroat trout and YOYOncorhynchus mykiss are represented in YOY
trout, and coastal cutthroat trout and Oncorhynchus mykiss taxa refer to age 1+
individuals. Brook trout andCoho salmon are (included in theYOY salmon taxa) are
non-native.
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studies, which resulted in the vertebrate community including fish species
beyond salmonids such as lamprey, sculpin and dace. Lamprey were only
found at the two lowest elevation sites (Coal and Clear), so we were not able
to evaluate effects of wildfire or salvage practices on lamprey. Sculpin were
found at 19 of the 30 sites, but did not seem to be influenced by burn severity
or extent of salvagepractices.While sculpin are oftenpresent in sites inother
published post-fire studies, their results are rarely specified. However, they
may respond differently to riparian disturbances due to differences in
foraging, microhabitat requirements, and thermal preferences than
salmonids64. Dace were found at only 5 of the 30 sites but contributed
substantially to totalfish and total taxa densities at 3 of the sites.Despite dace
having warmer thermal tolerances than most other species at these sites,
with so few sites with dace present and no pre-fire data, we cannot clearly
demonstrate whether their density is associated with fire. Much of the
findings about dace responses to fire have been from the southwestern US
where post-fire monsoons are primary controls on stream fish
assemblages55,65. Further research is warranted on lamprey, sculpin, and
dace responses, and how additional species influence stream ecosystem
function in changing conditions.

Crayfish have received less attention in wildfire research than fish or
amphibians. One post-fire study found no change in abundance of non-
native Virile crayfish (Faxonius virilis) to a wildfire in NewMexico55, while
another in Australia observed declines in abundance of four native species
post-fire compared to pre-fire66. As omnivores, crayfish responses to

disturbancemay be important for understanding aquatic foodwebs postfire
as they utilize resources frommore than one trophic level and contribute to
detrital and periphyton processing via consumption and bioturbation67–69.
However, documentation of crayfish responses to fire is relatively limited.

In the Pacific Northwest, most work on post-wildfire amphibian
responses has focused on coastal tailed frogs which are a species of concern
in Oregon. Coastal tailed frogs have low temperature tolerances and life-
history traits considered to confer vulnerability to disturbance such as low
vagility, long larval period, delayed sexualmaturity and low fecundity70,71. Of
the frog species we collected, 96% were coastal tailed frogs, of which 90%
were larval or metamorphic stages (e.g., aquatic). Although declines in
tadpole abundances in the two years following fire were shown in north-
western Montana with the closely related Rocky Mountain tailed frog72;
tadpoles in our studywerenot negatively associatedwithfire severity despite
coastal tailed frogs being generally restricted to stream temperatures below
16⁰C73,74, while Rocky Mountain tailed frogs were found at post-fire sites
with maximum stream temperatures up to 26.6 °C in Idaho28. As with fish,
under increased stream temperatures and therefore greater metabolic
demand, food availability may also be an important driver of frog popula-
tion persistence post-fire especially for tadpoles which graze on periphyton
that can also increase post-fire11,12.

Terrestrial salamanders (often plethodontid) are often negatively
affected by wildfire in part because of their lungless anatomy and terrestrial
habitat needs23,75, but less is known about fire effects on stream-living

a) Environmental 
     variables

b) Species

c) Assemblage 
    shi�s

Fig. 4 | Non-metric multidimensional scaling (NMDS) ordinations of fish,
amphibian, and crayfish species assemblages. NMDS ordinations indicating the
structure of stream assemblages of fish, amphibians, and crayfish species across all
study sites over three years in western Oregon, USA (n = 79). a Significantly cor-
related environmental variables (p < 0.005) are indicated by vectors where the vector

length represents the Pearson’s correlation (r) between quantitative variables along
ordination axes. b Significantly correlated species (p < 0.005) are indicated by vectors
where the vector length represents the Pearson’s correlation (r) between species
abundances along ordination axes. c Vectors indicating assemblage shifts over time
within sites.
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salamanders like those in this study that dependonaquatic habitats formost
or all of their developmental stages. Our findings indicated a lack of influ-
ence of fire severity or salvage practices on stream dwelling salamander
densities,whichwere comprised of coastal giant salamanders (Dicamptodon
tenebrosus). In contrast, greater burn severity led to lower populations of
adult male long toed salamanders (Ambystoma macrodactylum) in Mon-
tana, although a pond breeding species76. A replicated before-after control-
impact study at three sites in the Holiday Farm Fire (one of the wildfires
examined in our study) and three reference sites just outside of the fire

boundary reported small declines in coastal giant salamander densities due
to fire27 and a 38-year salamander dataset fromMack Creek, OR, which is a
similar size stream to those in the present study, shows a drastic decline in
coastal giant salamanderdensities thefirst year after the2023Lookoutfire (I.
Arismendi, personal communication). Salamander responses to fire are
complicated by low capture probabilities, high error on population esti-
mates and their metamorphosis to terrestrial life stages. However, under-
standing salamander responses is important for stream ecosystem function
because they are often more abundant and have greater biomass than sal-
monid fishes in headwaters77.

We documented the complete species assemblages of stream verte-
brates and crayfish for three years post-fire in thirty 4th order streams in the
Pacific Northwest. Prior work in the region related to wildfire effects has
focusedmainly on how salmonid populations respond to fire14,20,24. The lack
of focus on non-salmonid taxa may be, in part, because post-fire research
has primarily focused on lower order, higher elevation streams near
headwaters10 where few other fishes are present and assemblages are more
simple78,79. However, large wildfires which have occurred frequently in the
past several years can encompassmore of the landscape80,81 including higher
order systems which host more species, and often species with potentially
both higher thermal and lower water quality tolerances82.

Varying life history strategies or habitat requirements can result in
species-specific responses to streamwarming83–85, and post-fire community
composition may shift to an increase in relative abundance of disturbance-
adapted taxa8,61,86. However, in our study, fire severity did not supersede
effects of non-fire related variables.Wealsodidnotobserve substantial post-
fire shifts (quantified by assemblage dissimilarity) in assemblages in sites
with greater burn severity. Factors characterizing landscapeposition that are
fixed (gradient, elevation, watershed size) were important controls on
assemblage structure in our models and are not influenced by wildfire or
post-fire management. Stream temperature, also an important predictor of
assemblage structure, is influenced by both landscape position andwildfire/
management factors, and as such are difficult to separate from fire-related
variables39.

In the first three years after wildfire, we expected habitat and stream
vertebrate assemblages in more severely burned stream systems to change
more than less burned or unburned systems, due to recovery from dis-
turbance. While this difference has been observed for macroinvertebrate
assemblages53, we did not find vertebrate assemblages in more burned
systems to be more dynamic among the first three years post-fire (Fig. 4c).
However, this may be at least in part due to the lack of large precipitation
events87,88 or landslides in these watersheds52 in the first three years of this

Fig. 5 | Effect sizes and 95% confidence intervals (CI) for standardized variables
from top ranked linear mixed effects models for taxa densities. Predictors of taxa
densities (abundance per wetted area) included: mean watershed burn severity,
extent of salvage practices in thewatershed,mean bankfull width and elevation. Taxa
densities are shown in Fig. S2. Predictors were considered significant when 95% CI
did not overlap 0.

Fig. 6 | YOY trout mass (g) versus stream tem-
perature (MWMT, °C). YOY trout mass (g) was
positively correlated with stream temperatures
(MWMT, °C). There were 21, 25 and 29 sites with
stream temperature data available and YOY trout
present for 2021, 2022 and 2023, respectively.
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study which may have limited changes to physical habitat conditions.
Channel reorganization events primarily occur while the landscape is less
stable in the first six months to three years post-fire28,86,89–91 but landslides
and geomorphic events could still occur in these systems in the near future
withunknown implications for streamvertebrates. Fire followedbyflooding
may lead to greater effects on vertebrate and crayfish assemblages in
montane streams20,62 therefore considering geomorphic context92 and dis-
tinguishing wildfire effects from wildfire-induced geomorphic events on
stream ecosystems is critical.

Conceptual reviewshave suggested salvagepracticesmayhavenegative
effects on freshwater ecosystems46,47, but empirical data are limited. Salvage
extentwaspositively associatedwithYOYtroutdensities forwhich the effect
of burn severity was also positive, suggesting a potential link to warmer
stream temperatures or to increased habitat area from potentially increased
flows. We did not observe negative associations between extent of salvage
practices and fish, crayfish, or salamanders. Although, frog densities (found
at 26 of the 30 sites) were negatively associatedwith greater extent of salvage
practices in the watershed and also positively associated with elevation.
Salvage extent across our sites was negatively related to elevation38 as private
lands in this region are located at low to mid elevation with federal lands
more commonly at high elevations.

Lower frog densities in streams do not necessarily indicate lower
populations of frogs in the watersheds because of complicating factors
influencing timing of their metamorphosis and persistence in their terres-
trial life stage. Tadpoles undergo metamorphosis earlier in response to a
myriad of environmental factors93. Elevation, which was positively asso-
ciated with frogs in our study, has been shown to affect tadpole timing of
metamorphosis and growth94. For example, coastal tailed frog tadpoles had
longer larval periods in higher elevations and increased growth rates with
increasing elevations in northern California94. Similarly, presence of adult
coastal tailed frogs is complicated by elevation, breeding and other move-
ment patterns as well as habitat type95,96. Further research disentangling
elevation and salvage effects and including evaluation of all life stages and
presence in aquatic and terrestrial environments is required to understand
how the extent of salvage practices influences frog populations.

Our study was limited to the first three years after the wildfire, and
salvage effects may become more apparent after longer timescales, such as
decades. Systems with salvage practices are likely to experience alternate
recovery trajectories of riparian regeneration resulting in potentially dif-
ferent large wood and other terrestrial inputs to streams46,48. Additionally, a
lack of an effect of extent of salvage practices on vertebrates may be in part
due to the lack of landslides and channel reorganization events in these
watersheds52, which likely limited effects of erosion and channel reorgani-
zationpreviously found to be the result of salvageharvest49–51,97.Ourfindings
are supported by a recent study that also observed persistence of salmonids
in high densities one year after severe wildfire followed by intensive salvage
practices but no winter flooding37. Other work has demonstrated that the
extent of salvage practices in watersheds is correlated with watershed burn
severity, and that smaller-diameters of large wood that tend to predominate
in salvaged watersheds38 also depend on disturbance history46. However,
there is still very limited specific information on the influence of salvage
practices on aquatic ecosystems47, and therefore, studies with pre- and post-
fire data and larger sample sizes and including multiple years of population
data are needed to begin to address the influence of salvage practices on
stream vertebrates and crayfish.

Conclusions
Despite concern, especially for cold-water adapted species, our findings
show that fishes thrived, and amphibians and crayfish persisted in post-fire
and post-fire salvaged sites in the western Cascade Range in Oregon within
the first three years post-fire. Greater total fish, amphibian and crayfish
densities were found in sites with greater fire severity. We did not detect
effects on vertebrates due to salvage practices in the watershed, with the
exception of frogs whose densities were associatedwith elevation and extent

of watershed salvage practices, but frog populations were dominated by
tadpoles whose presencemay be complicated by metamorphosis, as timing
and tadpole growth canvarywith elevation.While our study includes a large
number of sites and post-fire conditions, the long-term influences and
dynamic aspects of wildfire and post-fire forest management on aquatic
ecosystems remain uncertain and must be considered in combination with
the evolutionary mechanisms of native species in these systems. These
findings expand our understanding of the persistence of freshwater fauna
after fire and salvage practices separate from the often-confounding effects
of flooding and geomorphic changes.

Methods
Site description and study design
Our studywas conducted in themoist conifer forests on thewest slopeof the
Cascade Range in Oregon, USA. Forest composition across these locations
included, but were not limited to, Douglas-fir (Pseudotsuga menziesii), red
alder (Alnus rubra), western red cedar (Thuja plicata), bigleaf maple (Acer
macrophyllum), and western hemlock (Tsuga heterophylla). This region has
aMediterranean climatewith long dry summerperiods. In the three years of
the study period annual precipitation was 1790mm, 2165mm and
1617mm forwater years 2021, 2022 and 2023 respectively at CougarDama
monitoring station near the Holiday Farm Fire (USC00351914, https://
www.ncdc.noaa.gov/cdo-web/). Mean annual precipitation was 1873 mm
from WY2007-WY2022. The combination of a rapid drying period and
strong easterly-wind event in 2020 allowed wildfires to burn 340,000 ha in
westernOregon, with almost asmuch forest area burnedwithin 48 hours as
in the last 30 years and at high severities98. We selected three of these
wildfires in Oregon: the Beachie Creek, Riverside, and Holiday Farm Fires
(Fig. 1). These fires spanned federal, state and private ownerships, wholly
encompassing a range of pre- and post-fire forest management strategies.

In our study, we extend initial results from a prior study38 to include
multiple years of vertebrate assemblages and effects of watershed fire
severity and extent of salvage practices in the watershed on specific taxa
densities. Our study evaluated sites consisting of 40m vertebrate sampling
reaches of thirty 4th order streams (Strahler stream order, Strahler 1957), as
definedbyNationalHydrographyDatasetV2Plus, at the base ofwatersheds
within 6 km of the three fire boundaries (Fig. 1, Table S2). In 2021, twenty-
four 4th order fish-bearing stream reaches were selected as sites using a
stratified random sampling design within 6 km of the footprint of the
Riverside, Beachie Creek and Holiday Farm fires to ensure selected sites
encompassed a range of pre-fire watershed stand age and watershed fire
severity (including unburned sites where watershed burn severity equals 0)
(see Coble et al. 38).We added an additional unburned site (McRae) in 2022,
andwe addedfive siteswith highwatershed burn severity (defined as greater
than 50%mean watershed basal area mortality as noted below) in 2023, the
latter to better represent sites with high burn severity and greater extent of
salvage practices in the watershed. We sampled each site (stream reaches
within eachwatershed) between5 July and 24August each year (2021: 7/13-
8/23, 2022: 7/5-8/19, 2023: 7/6-8/24). The only exception was Elkhorn in
2021, which we sampled on 13 September because stream temperatures in
July and August exceeded permitted sampling levels for fish.

Watershed burn severity
To evaluate the influence of burn severity on freshwater responses, we
summarized percent basal area mortality at the watershed level. We used
percent basal area mortality (%) data from the Rapid Assessment of
Vegetation Condition after Wildfire (RAVG) program from the U.S.
Department of Agriculture Forest Service Geospatial Technology and
Applications Center (https://burnseverity.cr.usgs.gov/ravg/data-access).
This is a satellite derived product that provides an immediate assessment of
fire effects on vegetation after wildfires, reporting multiple metrics at 30
meter pixels including basal area mortality. We calculated mean raster
values of basal area mortality (%) values across all pixels within each
watershed area and refer to this metric as watershed burn severity (%).
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Watershed salvage practices
Wedefined the extent of salvagepractices in thewatershed as the areawithin
a watershed that was harvested post-wildfire for merchantable timber and
then replanted. Salvage harvest is generally completed during the first-year
post-fire to avoid wood decay that reduces wood quality for market. In our
study area,most salvage harvest began in 2020 and continued through 2022.
Stands that are salvage harvestedhavemerchantable timber remainingpost-
fire, so are generally older than 30 years. Tree removal for other manage-
ment actions such as road safety (e.g. hazard trees to prevent road and
vehicle damage) or culvert damage prevention are not included in a salvage
harvest estimate although they may have consequential short- and long-
term effects on riparian and stream ecosystems, especially when modifica-
tions occur near streams. In Oregon, replanting is required after salvage
harvest99, so all salvaged areawas immediately replanted, andwe refer to the
collective treatment as watershed salvage practices.

We received information on the area within our watersheds with sal-
vage practices from federal, state, and private forest landowners as themost
up-to-date record of area of land salvaged within their ownership that
intersected our watersheds. For the five sites added in 2023, we did not
receive information directly from two landowners, so we obtained area
salvaged and replanted from Oregon Department of Forestry’s Forest
Activity Electronic Reporting and Notification System (FERNs; https://
ferns.odf.oregon.gov/E-Notification/). Although FERNs data may over or
under-estimate actual salvaged and replanted area, this was the best avail-
able information for these areas.

Stream temperature
Stream temperaturewas recorded throughout each summer (2021–2023) at
15-minute intervals using sensors (miniDOT, Precision Measurement
Engineering,Vista, CA,with accuracy of ± 0.1 °C) placed in the center of the
stream on the bed covered in polyvinyl chloride housing at the downstream
end of the vertebrate sampling reaches at each site. We report stream
temperatures summarized as mean weekly maximum stream temperature
(MWMT, C°) for each year at each site.

Stream vertebrates and crayfish
Locations of sampling reaches were selected from the base (pour point)
of each watershed selected by the burn severity criteria (mentioned
above). At each site, we conducted triple-pass depletion electroshocking
surveys and collected fish, aquatic amphibians, and crayfish in two
adjoining 20-m reaches with no space in between. We deployed a block
net at the upper and lower end of each reach to prevent movement of
individuals in or out of the sample area. Each captured individual was
anesthetized (buffered MS-222), weighed (wet weight; nearest 0.1 g) and
measured for total length (nearest 1 mm), and snout-to-vent length for
amphibians (nearest 1 mm). Individuals were allowed to recover for a
minimum of one hour from anesthetization in buckets and then returned
to their stream habitat within the sampling reach. We calculated popu-
lation estimates and 95% confidence intervals using maximum likelihood
estimates100 in the Fisheries Stock Analysis package (Ogle 2022) in R (R
Core Team 2021).

Sculpin species can be difficult to distinguish, so we combined all of
them into Cottus spp. (sculpin) taxa. YOY Oncorhynchus mykiss and
Oncorhynchus clarkii clarkii (Coastal cutthroat trout) are difficult to dis-
tinguish visually in the field. Therefore, we combined these species into
young-of-the-year trout (YOY trout). Within frog species, individuals were
noted as tadpoles, adults, or froglet.We combined all frog species in tadpole,
froglet and adult forms together into the frog taxa for population estimates.
The vertebrate assemblage analysis uses species level groupings and the
population estimates are done for the taxa groupings. We calculated taxa
biomass (g) estimates by multiplying population estimates with mean
weight (g) of each taxa or age class.We normalized abundance and biomass
estimates by wetted area (wetted width * reach length) to calculate density
(individuals m−2) and biomass (g m−2) estimates. We estimated total taxa
density and biomass per area by adding population estimates from all taxa

and age groups. We averaged YOY trout lengths (mm) and weights (g) at
each site.

Covariates
We collected covariates at each site (stream reach or watershed where the
metric is at the watershed level) to evaluate correlations with the vertebrate
assemblages. Vertebrate sampling was performed in 40 meters of stream
reach at the downstream end of 100m stream reaches, so additional reach
length for covariateswasupstream.Covariates included:mean canopy cover
(%, collected via a spherical densiometer measured every 20 meters), pho-
tosynthetically active radiation (PAR,molm−2 s−1, collected every 20meters
with a mini PAR (Precision Measurement Engineering, Vista, CA) logging
at 1-minute intervals held vertically facing upstream for a minimum of
4minutes), mean watershed pre-fire stand age (yrs), stream gradient
(extracted fromNHDHigh Res for the stream segment), means of bankfull
widths and wetted widths (m, collected every 20m to the nearest 0.1 m),
stream depths (collected from 5 equidistant locations along each wetted
width), sediment size as d50 (mm), percent embeddedness (%, collected via
visual estimations of substrate embeddedness), large wood was measured
for each reach as total count for the given 100m of stream reach (n),
diameter (m), and volume (m3). Further detailed methods of covariate data
collection can be found in a previous study evaluating these systems38.

Statistical methods
Stream temperature. We evaluated yearly relationships between
watershed burn severity (%) and summermeanweeklymaximum stream
temperatures (MWMT, °C) with linear models and used the p-value and
R2 statistics to evaluate correlations. Stream temperature data from 2021
weremissing at three sites (Elkhorn, Coal, and Ella) and in 2023 datawere
missing from one site (Sardine).

Assemblage analysis
To examine relationships in vertebrate and crayfish assemblage structure
across watersheds over three years, we used amatrix of relative abundances
of all vertebrate and crayfish species.Weusednon-metricmultidimensional
scaling (NMDS) to display assemblage Bray-Curtis dissimilarity. We
removed taxa present in less than 5% of the samples from the analysis. We
evaluated species and covariates correlated with assemblage structure. We
compared correlations between all covariates including watershed burn
severity and extent of watershed salvage practices (all numeric) with com-
monly occurring taxa. We transformed covariates for normality with arc
sine transformation for variables that are percentages (canopy cover,
watershed burn severity, watershed salvage practices and proportion of fine
sediment) or log 10 for PAR and pre-fire stand age. We conducted all
multivariate analyses using the vegan package in R101.

We also evaluated Bray-Curtis dissimilarity (a measure of β diversity)
of assemblages between years versuswatershed burn severity by quantifying
the Bray-Curtis distances from the same sites over different years (2021,
2022, 2023) for siteswith three years of data (24 sites).Using theBray-Curtis
distances between points of the same site for 2021 to 2022, 2022 to 2023 and
sum of the Bray-Curtis distances from 2021 to 2022, 2022 to 2023 and 2021
to 2023, we used linear regression to evaluate the effect of watershed burn
severity on dissimilarity of sites over time.

Taxa densities
We quantified the effects of watershed burn severity and extent of salvage
practices in the watershed on stream vertebrate and crayfish population
densities.We expected landscape variables such as stream size and position,
measured here as bankfull width and elevation (of the stream reach sam-
pling location), to be strong controls on vertebrate densities102–104 and
therefore also accounted for them in our statistical model along with our
main variables of interest (watershed burn severity and extent of watershed
salvage practices). We did not include stream temperature in the statistical
model because our goal was to evaluate effects of watershed burn severity
and extent of salvage practices on biota, and including stream temperature
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would confound effects of burn severity because stream temperatures are
affected by fire13,105,106. We compared linear mixed effects models of all
possible combinations of models with independent terms for watershed
burn severity, extent of watershed salvage practices, elevation and bankfull
width as fixed effects and year (2021, 2022, or 2023) as a random effect. We
used the corrected Akaike Information Criterion to select top ranked
models to predict densities of each taxa using the AICcmodavg package in
R107. While the extent of watershed salvage practices and watershed burn
severity are correlated because salvage practices can only occur after fire, we
evaluate both variables independently. Within linear models, a correlation
between fixed effect estimates does not result in biased estimates but can
result in less precision of estimates only if very strongly correlated and
inclusion of interaction terms between correlated variables can lead to
multicollinearity potentially confounding the individual contributions of
the variables108. Using the top ranked model, we extracted the standardized
model coefficients of the variables. Explanatory variables were standardized
for comparability such that thedistributionshave amean equal to zero and a
standard deviation equal to one. Therefore, one standard deviation of the
effect size of the coefficient is equal to 27.5% for watershed burn severity,
3.7m for bankfull width is 148.1 m for elevation, and 10.9% for extent of
watershed with salvage practices area. We evaluated effect sizes of the
explanatory variables by assessing whether the 95% confidence intervals
around the model estimates overlapped zero.

YOY trout size
Weevaluated yearly relationshipsbetween summermeanweeklymaximum
stream temperatures (MWMT °C) and mean YOY trout size with linear
models andused the p-value and r2 statistics to evaluate correlations.Weuse
the mean weight of individuals at each site to indicate size.

Data availability
All data supporting the findings of this study are published online at the
Oregon State University library archive at https://doi.org/10.7267/
rx914027s.
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