10

11

12

13

14

15

16

Chris Fisher, Confederated Tribes of the Colville Reservation, 25B Mission Rd, Omak,

Washington 98841, USA

Benjamin Briscoe, Mount Hood Environmental, 39085 Pioneer Blvd, Sandy, Oregon 97055,

USA

Mark Roes, Mount Hood Environmental, 39085 Pioneer Blvd, Sandy, Oregon 97055, USA

Ian Courter', Mount Hood Environmental, 39085 Pioneer Blvd, Sandy, Oregon 97055, USA

Wildfire increased stream flow and native salmonid production in Stapaloop Creek,

Washington

2 tables, 5 figures

! Corresponding author:-ian.courtér@mthoodenvironmental.com



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Abstract

Contemporary forest management practices, including fire suppression, increases tree
stand density relative to historic conditions. This may lead to reduced summer baseflows as snow
interception and evapotranspiration increases, which may influence native salmonid productivity.
We implemented a paired watershed study in two headwater streams within a heavily wooded
area in northeast Washington State. From 2014 to 2018, we measured stream discharge, physical
stream habitat characteristics, and fish densities in Stapaloop and Swimptkin Creeks,
neighboring subbasins within the Omak Creek watershed. Initially, we planned to mechanically
reduce basal area within the Stapaloop Creek drainage prior to comparing environmental
responses between the two creeks. However, during the summer of 2015, a wildfire burned over
half of the Stapaloop Creek drainage at moderate to high severity. As a result, base flows in
Stapaloop Creek increased 35.7% compared to Swimptkin Creek and native Rainbow Trout
density responded positively, while density of non-native Eastern Brook Trout decreased. Brook
Trout and Rainbow Trout densities in Stapaloop Creek returned to pre-fire levels three-years
later, but streamflow remained higher compared to the control watershed. Our results suggest
that largescale reduction in tree stand density can cause changes in streamflow that provide
benefits to native salmonid populations where fire suppression has been practiced and timber
harvest occurs infrequently. Future research should consider both native and non-native species,
as well as multiple timescales, when investigating the response of fish populations and their

habitat to changes in streamflow following disturbance such as wildfire and forest thinning.

Key Points

e Wildfire suppression increases the risk of high-severity fire through the proliferation of
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stand density and forest fuels.

e (reater stand density decreases streamflow through increased snow interception and
evapotranspiration and reduces aquatic habitat for salmonids.

e Increased streamflow following a high-severity wildfire resulted in an upturn in native

rainbow trout production compared to a neighboring unburned watershed.

Keywords: wildfire, streamflow, salmonids, disturbance, Oncorhynchus mykiss

Body

Introduction

Wildfire suppression is a common forest management practice used to protect timber
resources for harvest and prevent property loss (Oliver et al. 1994). In the Pacific Northwest,
decades of wildfire suppression has contributed to largescale changes in forest structure and
composition including increased tree stand density, connectivity, and understory fuel
accumulation (Oliver et al. 1994, Westerling et al. 2006, Hagmann et al. 2021). These factors can
result in greater risk of high-severity wildfire. Additionally, high stand density may impact

aquatic ecosystems by reducing streamflow and the quantity of available habitat for fish.

Forest density influences streamflow through the interception and evaporation of snow
and rain in the canopy as well as transpiration during the growing season (Rieman and Clayton
1997, Spittlehouse 1998, Keim and Skaugset 2003). Higher tree density has been found to alter
stream hydrographs within second growth stands by increasing the rate of evapotranspiration
(Hubbart et al. 2007). Traditionally it was believed that reduction in canopy cover through

natural or anthropogenic disturbance (e.g., timber harvest and wildfire) would increase water



61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

yield by decreasing evapotranspiration. However, the relationship between streamflow and
canopy cover change varies in direction and magnitude based on climate, topography, vegetation

type, and disturbance severity (reviewed in Goeking and Tarboton 2020, 2022).

Fire suppression continues to be the predominant response to wildfire, retaining smaller
trees, encouraging increased stand density and reducing streamflow. Consequently, increased
fuel loads (e.g., dense stands, dead trees, woody debris), augmented by continued fire
suppression and warming air temperatures, result in more high severity burns when wildfires
occur (Francis et al. 2023). High-severity wildfires have increased in frequency and intensity
since the mid-1980s, even in moist temperate forests (Mutch and Cook 1996, Dye et al. 2024).
Subsequently, the proportion of Pacific Northwest watersheds experiencing large effects of
wildfire is also increasing (Ball et al. 2021) raising concerns about the impact of more severe

wildfires on aquatic ecosystems (Bisson et al. 2003, Luce et al. 2012).

Deforestation from wildfire activity shapes aquatic and riparian ecosystems by causing
significant change to streamflow, erosion and sedimentation, and surface water temperatures
(Seibert et al. 2010, Bixby et al. 2015, Gomez Isaza et al. 2022). Following wildfire, water yield
and baseflow increased by as much as 202% and 81% respectively in the Entiat Experimental
Forest of northern Washington (Niemeyer et al. 2020). Likewise, burned watersheds have the
potential to produce a much higher sediment load (Goode et al. 2012) thereby creating additional
habitat, as sediment load movement re-shapes the channel by deflecting hydraulic forces into
different turbulent paths. Such changes impact aquatic species (Rieman et al. 1997, Gresswell

1999, Bisson et al. 2003), affecting habitat connectivity and fish movement (McMillan et al.
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2011, Kammerer and Heppell 2013) and habitat availability (Rieman et al. 1997). With increased
baseflow, individuals can access favorable habitat (e.g., thermal refugia) and resources during
periods of limitation (summer and winter). Available habitat expands, thus boosting carrying
capacity. Greater organic sediment load can augment food availability through bottom-up trophic
interactions. In contrast, water temperature may increase in burned watersheds through loss of
canopy and debris recruitment. These factors contributed to increased growth of rainbow trout

when compared to unburned watersheds (Rosenberger et al. 2015).

In the Pacific Northwest, large financial investments have been made to restore
anadromous salmon and steelhead (Oncorhynchus spp) populations: The strategy of preserving
forests and protecting forest resources, largely through wildfire suppression, may undermine
efforts to restore native fish populations and increase the potential for spread of invasive aquatic
species. Therefore, benefits to aquatic habitat through reestablishment of naturally-occurring

wildfire warrants further study.

In this study, neighboring watersheds were used to assess the effects of wildfire on cold-
water streams in-the Upper Columbia Basin by comparing pre- and post-fire streamflow, habitat
conditions, and salmonid density. The treatment and control sites were initially being evaluated
for the effects of mechanical forest thinning, but after two seasons of pre-treatment data
collection a wildfire severely burned the treatment watershed, while leaving the control
watershed unaffected. Post-wildfire data collection was therefore used to test the following
hypotheses: (1) a reduction in forest stand density due to fire is associated with higher summer

baseflow, (2) burn areas within watersheds deliver higher proportions of large woody debris and



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

fine sediment as a result of increased dead trees prone to falling and surface erosion due to
exposed bare mineral soil, and (3) salmonid density is higher in recently burned watersheds

compared to densely-forested watersheds.

Methods

Study Area —

Omak Creek, a tributary to the Okanogan River, is located in the upper Columbia Basin
near Omak, Washington (Figure 1). The Omak Creek watershed drains 370;square kilometers of
arid forestland in the foothills of the Okanogan Highlands and receives-approximately 65
centimeters of precipitation annually, much of which falls as snow during the winter. Within the
Omak Creek drainage, streamflow, fish habitat, and fish assemblages were monitored in the
Stapaloop and Swimptkin Creek drainages between 2014 and 2018 to conduct a paired control-
treatment analysis of a prescribed thinning planned for 2015. The streams were partitioned into
monitoring reaches based on locations of prominent flow inputs, changes in stream morphology,
riparian vegetation type, surrounding anthropogenic practices, and other topographical features.
In 2015, prior to thinning, approximately 76% of the Stapaloop Creek drainage burned, with over
half at moderate to high severity (Figure 2), while the Swimptkin Creek drainage did not,
shifting our experimental treatment from mechanical thinning to wildfire, but allowing us to test
our original hypothesis about increased discharge and fish production changes in response to tree

density reduction.
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Data Collection —

Habitat surveys were systematically carried out in four and five reaches of Stapaloop and
Swimptkin Creeks respectively based on protocols described by Moore et al. (2006). Reach
lengths ranged from 498 — 3,886 meters in Stapaloop Creek and 627 - 2,816 meters in Swimptkin
Creek (Table 1). Habitat was measured beginning at the downstream extent of'each reach and
progressed upstream until approximately 20% of the reach had been characterized, comparable
to methods described by Hankin and Reeves (1988). Geomorphic channel units were classified
as a pool, fast water (riffle, rapid, cascade), and glide (Table 1). Features measured within each
channel unit included length, wetted width, wetted depth, bankfull width, and thalweg-to-
bankfull height (bankfull channel depth). Substrate composition was visually estimated using
five categories (i.e. fines, gravel, cobble, boulder-and bedrock) within each habitat type.
Additionally, large wood (=15cm in diameter and 3m in length) was enumerated at the stream
reach level. In 2014, 2017, and 2018, habitat was measured in the fall (September and October),
whereas habitat data was collected in the spring (May) and summer (July and August) of 2015
and 2016, respectively. Following habitat surveys, fish density data were collected using two-
pass depletion methods described by Lockwood and Schneider (2000). In 2014, 2015, 2017, and
2018, fish were collected in channel units using block-nets and backpack electrofishers.
Electrofishing also occurred in 2016, but fixed lengths (~100 meters) of stream were sampled in
each reach. Fish were enumerated into four size classes; 0—80 mm (age 0+), 80—150 mm (age

1+), 150-250 mm (age 2+), and 250+ mm (age 3+).

Access to appropriate flow measurement sites in both streams was limited, and

continuous flow monitoring devices could not be deployed due to shallow water during summer
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baseflow. Therefore, stream flow was measured opportunistically. Flow was recorded by
measuring water velocity and depth at one-foot intervals across established transects using a
Sontek Flowtracker similar to methods described by Gallagher and Stevenson (1999). Between
two and eight flow measurements were recorded during each sampling year during the summer,

with most flow measurements occurring near the confluence of each stream with Omak Creek.

Tribal forestry has used Continuous Forestry Inventory (CFI) to measure common
forestry metrics. CFI incorporates a system of permanent forest-wide sample plots periodically
re-measured to provide trends in stem density, tree height and basal area. We used CFI plots
from 2013 and 2016 to estimate tree stand densities in the Stapaloop and Swimptkin Creek
watersheds. There were nine and seven CFI plots used for comparison in the Stapaloop and

Swimptkin Creek watersheds, respectively.

We quantified total burn area, burn severity, change in canopy cover, and change in basal
area from the 2015 Tunk Block fire in both Omak and Stapaloop Creek watersheds using data
from the Washington Department of Natural Resources!, United States Geological Survey?, and
the United States-Forest Service Rapid Assessment of Vegetation Conditions after Wildfire
(RAVG) database’. RAVG data was collected by the USFS on September 30, 2015 after the fire
had been extinguished and was used to quantify burn severity, change in canopy cover, and

change in'basal area. These data were collected through remote sensing technology and

! http://geo.wa.gov/datasets/6f31b076628d4f8ca5a964cbefd2cccc 0
2 https://www.usgs.gov/core-science-systems/ngp/national-hydrography

3 https://data.fs.usda.gov/geodata/rastergateway/ravg/index.php
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processed using algorithms and analytics described in Miller and Thode (2007), Miller et al.

(2009), and Miller and Quayle (2015).

Flow Analysis —

To model changes in streamflow conditions associated with the fire, we conducted a
comparative analysis of flows in Stapaloop and Swimptkin Creeks as well as a time seties
decomposition of flows in Omak Creek. The change in flow was quantified based on pre-fire
proportional summer flow relationships between Stapaloop Creek (burned) and Swimptkin Creek
(unburned). This accounted for annual variation in water years (e:g., precipitation and
snowpack), assuming the effect of water year was similar for these adjacent drainages. First, we
estimated pre-fire proportional flow relationships between the two streams by dividing flow
(measured in cubic feet per second (cfs)) in Stapaloop Creek by flow in Swimptkin Creek at
mean, minimum, and maximum recorded flows. Then, the pre-fire relationships were compared
to post-fire flows to obtain the relative change in the proportional flow relationship. Flow
measurements from 2015 were not included in calculations because data collection occurred

during spring runoff.

The time series decomposition was conducted using flow data from Omak Creek, the
nearest affected stream with a consistent flow monitoring program. Streamflow data were
obtained from USGS streamgage Omak Creek near Omak, WA (Station 12445900; period of
record 1972-03-01 to present). Using average daily discharge (cfs) measurements for water years
2014 through 2019 (2013-10-01 to 2019-09-30), we estimated fire effects by: (1) Controlling for
seasonal effects through performing an additive time series decomposition using the forecast

package (Hyndman and Khandakar 2008) for R (R Core Team 2019) and (2), estimating the
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effects of precipitation and the Tunk Block fire on Omak Creek flow using linear regression. The
additive decomposition was calculated using an Autoregressive Integrated Moving Average
model with the following formula:

Yi=T¢+ S+ e,

Where Y:is flow at time ¢, Tris the estimated trend effect at time ¢, S:is the estimated
seasonal effect at 7, and e is the random effect at 7. The trend effect estimated inter-water year
effects, such as differences in precipitation between water years and the Tunk Block Fire.
Seasonal effects are estimated to be constant across water years and fluctuate within each water
year. To test the fit of the decomposition model, we assessed the distribution of the random
effects. Using the decomposition model, we removed seasonal effects from the flow data by

subtracting the estimated seasonal component (S¢) from flow in Omak Creek.

Next, we estimated the effects of precipitation and the Tunk Block fire on Omak Creek

flow using linear regression:
Y= S¢= Bo+ BtPe+ BoFr + e

Where Y:— S: is'seasonally-adjusted flow in Omak Creek at time 7, P:is cumulative water
year precipitation at 7, and F;is a binomial covariate for the Tunk Block Fire. Precipitation by
water year was collected from the nearest SNOTEL station at Moses Mountain (station #644)
(Figure 1). Cumulative total precipitation for each water year was standardized by subtracting
total water year precipitation from the mean divided by the standard deviation. Model fit was
assessed through an adjusted R?, p-values, the distribution of residuals, and model predictions to

observed flow data.
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Fish Analysis —

Fish densities were calculated for each salmonid species encountered (Rainbow Trout
and Eastern Brook Trout) within mesohabitat units by dividing fish abundance by square meters
of sampling area. Densities were calculated within size classes and aggregated by stream and
sampling year. We used an analysis of variance statistical test (ANOVA) on fish density by size
class and in aggregate to determine if mean densities differed significantly among sampling
years. If results from the ANOVA test revealed significant variation,in mean density (p-value <
0.05), a Tukey’s honest significant difference (HSD) post-hoc test was used to determine the
magnitude of the change. Data from 2014, 2017, and 2018 were used in the analysis to maintain

consistent sampling methods and survey timing.

Results

Nearly 80% of the area impacted by fire in the Omak Creek basin burned at moderate to
high severity, which resulted in significant reductions of both basal area and canopy cover within
the Stapaloop Creek subbasin (Figure 2). Total basal area within the fire’s footprint was reduced
by greater than 50% overall, with one third of the burn area experiencing more than a 90%
reduction. In 56% of the burn area, canopy cover was reduced by greater than 50%, and 45% of
the burn area saw a greater than 75% reduction in canopy cover. Similar responses were
observed in Stapaloop Creek. In 28% of the burn area, basal area was reduced by more than
90%, and 36% of the area experienced reductions in canopy cover over 75% (Figure 2).
Continuous Forest Inventory (CFI) plot 931 of Stapaloop Creek revealed that average tree basal
area decreased by 30%, but the total number of trees increased by nearly 600% following the

fire. This suggests that stand 931 was dominated by smaller younger trees post-fire, whereas
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larger and more mature trees were dominant prior to the fire. Results from tree stand surveys in

plot 931 were consistent with RAVG data.

While pre-fire flows in Stapaloop and Swimptkin creeks were similar, post-fire flows in
Stapaloop Creek increased relative to Swimptkin Creek (Figure 3). Mean flows in Stapaloop
Creek relative to Swimptkin Creek increased by 25%, 97%, and 140% in 2016, 2017 and 2018,
respectively. Overall, trends in flow were associated with variation in annual precipitation.
Streamflow recorded in Omak Creek correlated with annual precipitation recorded at Moses
Mountain and flow in Stapaloop Creek such that flow peaks were greatest during years with high
precipitation. Streamflow at Omak Creek best fit a log-transformed-distribution which we used to
fit the additive time series model. Overall, our model fit the data well (distribution of random
effects: p = -.002, o = 0.48) and had strong predictive eapabilities (R> = 0.95). Terms for
precipitation effect (estimate 0.37, 95% CL.0.31 , 0.43), the pre-fire intercept (estimate 2.26, 95%
CI2.21,2.32), and post-fire intercept (estimate 2.57, 95% CI 2.53 , 2.61) were significant with
p-values < 0.001. Our model predicted that Omak Creek flows increased following the fire with
the most pronounced inereases occurring during periods of high flow. However, model
predictions for high flow events consistently underestimated observed values due to relatively
few high flow data points (< 5%) (Figure 3). Under median precipitation and seasonal flow
conditions'during base flow periods (July through January), our model predicted flows of 9.5 cfs
(95% CI =9.1, 9.9) after the fire, while predictions prior to the fire were 7.0 cfs (95% CI=6.5,

7.4), an increase of 2.5 cfs associated with the fire indicator.
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Despite flow increases, aquatic habitat in Stapaloop Creek was relatively unchanged over
the course of the study period. Mean wetted surface area followed similar trends in both streams,
indicating that variation was likely due to water year effects (Figure 4). Mean proportion of fine
sediment in Stapaloop Creek exhibited a relatively sharp downward trend in 2014 and 2015 and
remained relatively stable in 2017 and 2018. Conversely, the mean proportion of fine sediment in
Swimpkin Creek remained relatively stable across sampling years. Large wood counts within the
wetted channel increased slightly in Stapaloop Creek over the course of the monitoring period,

while large wood counts increased in Swimptkin Creek, particularly in 2017 and 2018.

Although instream habitat conditions were relatively stable; mean Rainbow Trout (RBT)
densities increased in Stapaloop Creek following the Tunk-Block Fire (Figure 5). RBT densities
were lowest in 2015, potentially due to sampling occurring during high flow conditions in May
that could have negatively influenced capture efficiency and observation probability. Rainbow
Trout in size class 0-80 mm exhibited similar trends to the aggregated dataset. The lowest
densities of 0—-80 mm RBT were observed in the spring of 2015 and the highest in the summer of
2016. Larger sized RBT; 80-150 and 150-250 mm, exhibited slightly different trends relative to
the aggregated dataset. Specifically, 80—150 mm RBT densities were relatively stable between

2014 and 2016. However, density estimates increased dramatically in 2017.

Eastern brook trout (EBT) were observed in surprisingly high densities in Stapaloop
Creek during the 2014 sampling effort (Figure 5). However, densities declined the following two
years by nearly 75% to less than 0.02 fish/m? before rebounding in 2017 to densities comparable

with RBT. EBT density in Swimptkin Creek exhibited a similar trend across the monitoring
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period, with the highest densities observed in 2014 and the lowest in 2016 (Figure 5). However,
trends in EBT density by size class varied between streams, specifically 80—150 mm and 150—
250 mm sized fish. Mean densities of 80—150 mm and 150-250 mm EBT in Swimptkin Creek
were relatively stable across the monitoring period, whereas Stapaloop mean densities exhibited
substantially more variation. Overall, mean RBT densities in Swimptkin Creek remained fairly
constant over the monitoring period, while EBT densities decreased slightly. In Stapaloop Creek,
RBT mean densities increased following the Tunk Block fire, while EBT densities decreased

prior to the fire and increased after 2016.

Analysis of variance test results revealed that variation in mean RBT and EBT densities
across all size classes in Stapaloop Creek was statistically significant between the sampling years
assessed. RBT mean densities for the 80—150 mm and 150-250mm size classes varied
significantly across years. Between 2014 and 2017, 80—150 mm mean densities increased by
0.115 fish/m? and 150-250 mm mean densities increased by 0.03 fish/m? (Table 2). RBT of size
classes 80—150 mm and 150-250 mm experienced significant decreases from 2017 to 2018 by
0.09 and 0.02 fish/m?, respectively (Table 2). A significant decrease in mean density of 0-80 mm
EBT was observed both.in 2017 and 2018 (post-fire) relative to 2014 (pre-fire), 0.25 and 0.20,
respectively (Table 2). However, 150-250 mm EBT increased significantly by 0.04 fish/m? (p-

value =0.04) from 2014 to 2017 (Table 2).

Discussion

Wildfire has played a critical role in sculpting aquatic ecology in the Pacific Northwest

(Bisson et al. 2003). Of particular interest to our research was the complex relationship between
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tree stand density and streamflow, influenced by disturbance such as wildfire. Specifically, our
study assessed the flow response in Stapaloop Creek to a high-severity fire that affected a large
proportion of the watershed. Secondarily, we were interested in changes to salmonid abundance

in response to flow and other habitat attributes affected by fire.

The Stapaloop Creek subbasin (43.5 square kilometers) experienced significant
vegetation loss due to the Tunk Block fire, with over half burned at moderate to high severity.
This resulted in substantial reductions in stand density, with some areas losing more than 90% of
their basal area and canopy cover. Following the fire, tree basal area decreased, but the number
of trees increased dramatically, indicating a shift to younger, smaller trees. Streamflow in
Stapaloop Creek increased by 25-140% post-fire. compared to'Swimptkin Creek. Our model for
Omak Creek also predicted increased flows, particularly during high flow periods, although it
underestimated peak flow events due to limited observations at higher discharge. Despite
increased flows, habitat area within-Stapaloop Creek remained relatively stable, with mean
wetted surface area showing nominal changes. Stapaloop Creek is a relatively small, high-
gradient stream. Therefore, increased discharge resulted in higher water velocity and greater

depth, but no significant change in stream width.

Rainbow Trout densities increased following the fire, with the highest densities observed
in the summer of 2016. Eastern Brook Trout densities varied, initially declining post-fire before
rebounding in 2017. Analysis revealed significant year-to-year variations in fish densities,
particularly for different size classes of Rainbow Trout and Eastern Brook Trout, indicating that

the fire and subsequent environmental changes had a notable impact on fish populations. We
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initially thought this could be because fine sediment often increases in streams following
wildfire, but we did not observe more fine sediment deposition in Stapaloop Creek. High-
gradient streams with steep valley slopes import significant amounts of inorganic sediment from
the adjacent hillslope; however, their higher sediment transport capacity means much of it is
moved downstream to accumulate into lower gradient reaches (Montgomery and Buffington
1997). We also recognize the possibility that multiple mechanisms (e.g., bottom-up processes)
could have caused the change in fish density (Swartz and Warren 2024, Roon et al. 2025).
However, the immediate response led us to consider flow effects as the most plausible

explanation.

Following a fire, the immediate hydrologic response can be stark, with streamflow
increasing as early as a week after (Anderson 1976). Studies in northern Washington observed
short-term increases in daily flow due to soil compaction and reduced infiltration (Berndt 1971)
as well as a 50% increase in annual water yield compared to pre-fire conditions, which was
attributed to decreased evapotranspiration (Helvey 1972). Additionally, peak flow typically
increases following wildfire. Seibert et al. (2010) modelled peak flows that were 120% of pre-
fire conditions due to deeper snowpack and earlier, more rapid snowmelt. Similarly, Niemeyer et
al. (2020) found that peak flow increased by 234-283% in the first seven years following
wildfire'and continued to remain significantly higher in subsequent years in an unmanaged

catchment.

At smaller scales, wildfire effects on streamflow are intermittent, but at larger scales, the

cumulative effect of widespread wildfires can lead to sustained increases in streamflow. These
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increases can rival or even exceed the impacts of climate change (Wine et al. 2018). In the
western United States, where large, severe wildfires are a regular occurrence (Dye et al. 2024),
fire can significantly increase annual stream flow. Severely burned streams within the Lower
Colorado Basin, Pacific Northwest, and Texas-Gulf regions recorded increases in annual
streamflow ranging from 24% to > 128%. Other regions were much less pronounced, with
increases often less than 15% (Hallema et al. 2018). In a broad analysis across multiple western
U.S. basins, Williams et al. (2022) found that post-fire streamflow increases were significant for
the first six years, especially in basins with > 20% forest area burned. These effects were most
pronounced during fall and summer when streamflow is typically lowest, indicating that

reductions in transpiration and canopy interception likely played a crucial role.

In addition to streamflow, we also investigated how salmonid density changed due to
wildfire. Pacific Northwest salmonids have €volved in the presence of cyclical wildfires. Warren
et al. (2022) observed that Cutthroat Trout (Oncorhynchus clarkii) and Rainbow Trout persisted
in a southern Oregon Cascade stream despite near complete removal of riparian canopy
following a wildfire. Immediately following wildfire, juvenile and resident O. mykiss were
extirpated from burned reaches within the North Fork John Day basin in northeast Oregon. Yet,
fish began repopulating these areas within the first year and rebounded to levels equal to or
greater than reference reaches (Howell 2006). Similar observations for Rainbow Trout and Bull
Trout (Salvelinus confluentis) were made after severe wildfire burned sections of several streams
within the Boise National Forest, Idaho (Rieman et al. 1997). In both cases, it is believed that

fluvial resident and anadromous adult fish quickly repopulated areas affected by the fire.
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Due to the unpredictable nature of wildfire, observing a biological response within a
stream ecosystem is difficult compared to observing abiotic responses. Thus, studies that directly
evaluate the effects of wildfire on fish populations using before and after data are sparse. Until
recently, most studies have utilized reference reaches or recorded the presence/absence of target
species to assess wildfire impacts on fish (Rieman et al. 1997, Burton 2005, Howell 2006).
However, due to increasing wildfire activity, streams with ongoing research or monitoring
projects have recently burned, creating the opportunity to directly observe how fish populations
respond. For example, a recently published study found that severe wildfire in.the Oregon
Cascades resulted in an increase in age-0 Cutthroat Trout but had mixed effects on adult trout
populations (Swartz and Warren 2024). This result is similar to our finding that Age-0 native

Rainbow Trout increased in density immediately following the Tunk Block fire.

The Pacific Northwest is home to many salmonid species, native and non-native, that
exhibit a diversity of life histories-and utilize a variety of habitats. As such, salmonid species will
respond in contrasting ways.to wildfire even within the same watershed (Falke et al. 2015,
Flitcroft et al. 2016). We observed a reduction in density of non-native Eastern Brook Trout after
a wildfire, while-native Rainbow Trout density increased. Similar observations were made in
western Montana, where native salmonids recovered more rapidly than Brook Trout following a

large wildfire, though the results were variable based on burn severity (Sestrich et al. 2011).

Increases in fine sediment deposition in streams is often associated with wildfire
(Gresswell 1999, Bixby et al. 2015, Gomez Isaza et al. 2022). This can reduce egg-to-fry

survival by reducing porosity within redds (Burns 1970, Hausle and Coble 1976, Argent and
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Flebbe 1999, Hartman and Hakala 2006). However, we did not observe an increase in fine
sediment in Stapaloop Creek. Rather, the estimated proportion of fine sediment decreased by
18% and 12% in 2017 and 2018 relative to 2014. Thus, increases in the accumulation of fine
sediment cannot explain the reduction in Brook Trout density. We hypothesize that increased
discharge contributed to the reduced density of Brook Trout (Fausch 2008). Brook Trout spawn
in the fall and embryos incubate in gravel during late winter/early spring. Increased mean flow
in 2016, 2017 and 2018 in Stapaloop Creek may have resulted in Eastern Brook Trout redd scour
and reduced juvenile production. Eastern Brook Trout spawning occurs when streamflow is low.
Redds are positioned close to the stream thalweg. This leaves their redds exposed to late-fall high
flow events. Conversely, spring spawning Rainbow Trout utilize larger, more stable substrate in
the margin of the stream channel to dig redds, thus protecting their eggs from scour and bedload

movement.

Temporary competitive release from interspecific competition as a result of poor Brook
Trout egg-to-fry survival may explain why Rainbow Trout density increased immediately after
the fire. These findings-highlight that returning wildfire to the landscape, in concert with other
management actions, likely enhances fish population resilience to climate change. Increased base
flow can mitigate the effects of projected warmer water temperatures, reduce competition with

non-native fish, and increase carrying capacity for native fish populations.

After decades of wildfire suppression, fuel reduction in dense forests may provide an
avenue for restoring depleted streamflow. In Northwestern California, selective timber harvest

resulted in 15% increase in annual water yield (Keppeler and Ziemer 1990). However, these



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

gains were not sustained beyond 10 years of treatment, which was attributed to rapid regrowth of
vegetation (Keppeler and Ziemer 1990). Similarly, Harr et al. (1979) reported summer low flows
nearly quadrupled after a timber harvest in Southwestern Oregon, but flows returned to pre-

treatment levels within five years.

Moderate reduction in forest biomass has also been shown to increase streamflow
(Boardman et al. 2025). However, increases in streamflow due to a reduction in stem density are
not sustained (Harr et al. 1979, Keppeler and Ziemer 1990, Segura et al. 2020).-Moreover, forest
practices that encourage regrowth have resulted in a reduction in streamflow (Keppeler and
Ziemer 1990). The reduction in stream flow was often explained by increased evapotranspiration

from natural and planted vegetation (Keppeler/and Ziemer 1990, Segura et al. 2020).

Benefits of fuel reduction may extend beyond streamflow. In a seasonally dry forest,
similar to the Omak Creek watershed, forest thinning resulted in an increase of Ponderosa Pine
stem and needle growth between 20—100% depending on the magnitude of reduction in tree
density (Tsamir et al. 2019). Furthermore, basal area, plant species diversity, and plant species
richness increased significantly in thinned forest stands in the Blue Mountains, Oregon compared
to non-thinned stands (Vernon et al. 2023). Incorporating low- to moderate-severity fires (e.g.,
prescribed burning) may increase the benefits of fuel reduction to streamflow and individual tree
growth (Furniss et al. 2025) especially on historical return intervals (Greenler et al. 2023). Our
findings, and those of other studies, demonstrate the potential resource benefits of fuel reductions

in Pacific Northwest forests. Further research should investigate how wildfire and human
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methods of forest thinning, such as prescribed burning and mechanical thinning, affect stream

ecosystems.
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Figure Captions
Figure 1. Map of the study area along Stapaloop and Swimptkin Creek. The Omak Creek basin is
shaded in grey and the Stapaloop and Swimptkin subbasins are outlined with a dashed line. The

extent of the 2015 Tunk Block fire is outlined and shaded in red.

Figure 2. Map of burn severity metrics of the 2015 Tunk Block Fire within the Omak Creek
basin including change in basal area (top), change in canopy cover (middle), and composite burn

index (bottom).

Figure 3. Comparison of predicted and observed flows in Omak Creek. The Tunk Block Fire

ignited on August 14, 2015 and burned until the end of the September (vertical red bar).

Figure 4. Densities of eastern brook trout (EBT) and rainbow trout (RBT) in Stapaloop and

Swimptkin Creeks from 2014 to 2018.

Figure 5. Mean large woody debris counts, channel surface area (m?), and proportion of fines

sediment in Stapaloop and Swimptkin Creeks from 2014 - 2018.



684 Tables

685  Table 1. Stream reach lengths, survey sample sizes, and mean (range) values of stream reach

686  characteristics.

Spring Habitat Conditions

Reach Mean
Stream Lensth Years Length Mean Channel Units Mean Mean Mean
Reach g Surveyed Surveyed Surveyed Wetted Max Thalweg
(m) (m) Width.  Depth Depth
(m) (cm) (cm)
. Fast and
Pool Fast Glide Pool Glide
Stapaloop Creek
96 3.0 2.8 1.8 0.9 14 11
! 498 2015 -2018 31-133) (2-5) 2-4 (0O—-4). (05-1.1) @1A1-16) (7-15)
341 174 17.0 2.6 1.2 15 14
3 1,620 2014 -2018 (107-474) (8-20) (12-20) (0=9) (0.7-1.8) (11-18) (6-21)
460 12.8 204 1.2 1.1 15 15
4 2,707 2014-2018 (165-589) (7-20) (12-26) (0-3) (0.7-1.8) (9-23) (9-26)
348 12.6 16.2 3.6 0.6 9 10
> 3,886 2014-2018 117 387) (6-18) (8-23) (2-6) (03-09) (5-19) (8—13)
6 1,170 2014 - 2018 340 6.4 8.8 0.6 0.6 10 11

(78-258) _ (3=5) . (5-12) (0-1) (04-09) (5-16) (7-15)

Swimptkin Creek

29 1.0 3.0 0.0 0.5 9 12

! 627 2015 (29) (1) 3) ©)  (04-06) (9  (12-13)
400 8.4 13.0 0.4 0.7 1 13

3a 1625 2014-201875 40 470y 3-13) (5-17) (0-2) (05-14) (8-15 (119
320 56 6.6 2.0 0.6 10 13

3b 2816 2014-2018 14074300 (1-8) (2-8) (1-4) (04-11) (6-12) (7-19)

N, 2060 e s 289 8.2 13.8 6.0 0.6 12 12

(136-441) (5-14) (11-16) (0-9) (04-1.0) (7-17) (9-18)

687



688  Table 2. Tukey HSD posthoc test results summarizing sampling year pairwise differences of

689  Rainbow Trout and Eastern Brook Trout mean densities in Stapaloop Creek.

Yr-to-Yr Comparison Rainbow Trout Eastern Brook Trout

690

Diff. (95% CI)

Diff. (95% CI)

All Length Classes

2014—-2017 0.31(0.05, 0.57) -0.50 (-1.04, 0.05)

20142018 0.04 (-0.21, 0.29) -0.55(-1.07 , -0.03)

20172018 -0.27 (-0.52, -0.03) -0.05 (-0.56 , 0.45)
Size-Class: 0-80mm

20142017 NA -0.25.(-0.37,, -0.13)

2014-2018 NA -0.20 (-0.32, =0.09)

20172018 NA 0.05'(-0.06., 0.16)
Size Class: 80-150mm

2014-2017 0.11(0.02, 0.21) NA

2014-2018 0.03 (-0.06, 0.11) NA

20172018 -0.09 (-0.17, -0.00) NA

Size Class: 150-250mm

20142017 0.03 (0.01, 0.05) 0.04 (0.02, 0.08)
2014-2018 0.01 (-0.02, 0.03) 0.00 (-0.04, 0.04)
2017-2018 -0.02 (-0.05, -0.03) -0.04 (-0.08 , -0.01)
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