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1  Introduction

Excessive growth of filamentous algae and eutrophication 
is a common occurrence in rivers throughout much of the 
western United States (U.S.). Problems associated with nui-
sance filamentous algal blooms include but are not limited 
to clogging of streambed material and irrigation pumps, 
excessive diurnal swings in dissolved oxygen (Stevenson et 
al. 2012), aesthetic impairment (Suplee et al. 2009; Jakus 
et al. 2017), and accumulation of harmful levels of Esch-
erichia coli (Wurtsbaugh et al. 2019). Cladophora is one of 
the most widespread forms of green filamentous algae that 
naturally grows on stable hard substrates where temperature, 
light, and nutrients are conducive to growth (Dodds 1991), 
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Abstract
Purpose  Eutrophication and nuisance filamentous algal blooms (i.e. Cladophora) are increasingly common occurrences 
throughout much of the western United States. Wildfire may be contributing to the frequency and magnitude of algal blooms 
through excess sediment and nutrient loading to streams and rivers. Our objective was to evaluate the effects the 2021 Woods 
Creek Fire had on sediment yields and phosphorus (total and bioavailable) partitioning in Camas Creek, a major tributary to 
the Smith River in Montana where Cladophora are now consistently reaching nuisance levels.
Methods  We collected water quality samples during snowmelt pulsing events as well as fixed interval sampling using an 
established U.S. Geological Survey stream gage instrumented with a continuous water quality sonde and an automatic 
peristaltic pump sampler. Water samples were processed for total phosphorus (TP), sediment-bound bioavailable phospho-
rus (S-BioP), soluble reactive phosphorus (SRP), and suspended sediment concentrations and were evaluated using linear 
regression and other nonparametric statistical tests. Continuous turbidity and streamflow were evaluated using hysteresis 
analysis to determine sediment sourcing and connectivity.
Results  We found that the Woods Creek Fire did not significantly influence TP and S-BioP in Camas Creek. However, there 
was a significant increase in SRP and turbidity in both postfire years (2022 and 2023). Hysteresis analysis of 91 delineated 
events indicated positive (clockwise) hysteresis was the dominant event pattern during the snowmelt period. This may indi-
cate a lower hillslope to channel connectivity, with the major sediment supply originating from the channel and/or riparian 
areas.
Conclusion  Results from this study demonstrate the benefits of combining discrete water quality samples with high-fre-
quency turbidity sensors to characterize postfire sediment and phosphorus dynamics. While a lack of postfire response in 
TP and S-BioP is contrary to many other studies, our findings highlight the role climate and catchment morphology play in 
attenuating a disturbance effect.
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and can rapidly grow to nuisance proportions under certain 
conditions. Nuisance levels of Cladophora are driven by a 
range of interacting natural and anthropogenic factors. The 
key factors for Cladophora growth are sufficient nutrients 
(i.e., nitrogen and phosphorus), a suitable water temperature 
range, and streamflow (Dodds et al. 1997; Vadeboncoeur et 
al. 2021). These factors are highly susceptible to shifts in 
climate and landscape characteristics. For example, land-
scape-scale disturbances such as resource extraction, urban-
ization, agriculture, and wildfire can greatly affect each 
element contributing to eutrophication of surface waters in 
the western United States (Withers et al. 2014; Watt et al. 
2021; Zhou et al. 2022).

Wildfires are a natural and ubiquitous disturbance in 
many ecosystems that can drastically change landscape 
characteristics and watershed function. The magnitude of 
wildfire disturbance is often described and measured in 
terms of burn severity which is influenced by fire duration, 
fuel loading, topography, and weather at the time of the 
fire. While low severity fires often promote resilience and 
biodiversity (Burkle et al. 2015; Strand et al. 2019; Koontz 
et al. 2020), moderate to high severity fires can result in 
profound changes to a watershed’s structural configuration 
and sediment connectivity (Wester et al. 2014; Williams 
et al. 2016). Wildfires increase catchment availability of 
fine sediments consisting of clay, silt, and ash that serve 
as the primary vector for phosphorus transport (Malmon 
et al. 2007; Withers and Jarvie 2008; Jumps et al. 2022; 
Neely et al. 2024). Shortly after a fire, fine-grained ash 
particles can be transported and deposited by surface run-
off in valley depressions or footslopes (Bodí et al. 2014; 
Follmi et al. 2022) and directly to a river or stream, result-
ing in ash- and charcoal-rich discharges (Ryan et al. 2011). 
While the flux of ash and charcoal may be short-lived, the 
material deposited in flood plains and alluvial fans can be 
sequentially remobilized during precipitation and snow-
melt events (Murphy et al. 2019; McGuire et al. 2024). 
Wildfires also serve as a weathering agent through ther-
mal degradation of soil particles. When soil is exposed to 
extreme temperatures, the organic binding agents and clay 
aggregates begin to degrade (Neary et al. 2005), decreas-
ing aggregate stability and creating finer particles that are 
more susceptible to erosional processes (Mataix-Solera et 
al. 2011). Deposition of fine sediment in the river channel 
can lead to substantial longitudinal geomorphic changes 
within a river system (Shakesby and Doerr 2006; Rengers 
et al. 2021; Busby and Wilcox 2024) and deposition of 
fine sediment in municipal water supply reservoirs may 
degrade water quality and reduce water storage capacity 
(Smith et al. 2011; Bladon et al. 2014; Hohner et al. 2019; 
Robinne et al. 2021; Stone et al. 2021). Sediments sup-
ply nutrients, such as phosphorus, and organic compounds 

necessary for terrestrial and aquatic life, but the overabun-
dance of suspended sediment can also lead to the impair-
ment of freshwater ecosystems. Silt and clay amount to 
a small fraction of the total sediment load transported in 
fluvial systems but can contribute a substantial load of 
adsorbed contaminants due to their high surface areas and 
mineralogy (Owens et al. 2005).

Because wildfires increase sediment loads, it is also 
observed that they can increase the concentration of phos-
phorus in receiving waters. Large surface areas and the 
presence of iron and aluminum oxyhydroxides on fine sedi-
ment enables it to serve as the main vector for phosphorus 
transport and labile phosphorus in fluvial systems under 
typical pH ranges (5–8) (Temporetti et al. 2019; McDow-
ell and Sharpley 2003). Phosphorous within sediments and 
ash are susceptible to both desorption and physical erosion 
processes, increasing the potential for export of phosphorus 
in both dissolved and particulate form (Lane et al. 2008; 
Schaller et al. 2015). Sediment that can bind phosphorus 
comprises both organic and inorganic particulate forms, 
but the inorganic fraction contains the bulk of phosphorus 
that can be released into the water. Release of phosphorus 
from sediment particles can occur by desorption at alkaline 
pH values, as a result of equilibrium reactions when water 
concentrations of soluble phosphorus become very low, 
due to displacement by competing ions such as sulphate, 
or by dissolution of Fe- and Al- oxyhydroxides (Froelich 
1988; Records et al. 2016). Once mobilized, phosphorus 
then becomes available for biotic uptake as orthophosphate, 
which is typically quantified as soluble reactive phosphorus 
(SRP).

Wildfire-associated excess phosphorus has been 
observed at a range of temporal scales. Hauer and Spen-
cer (1998) report excessive amounts of phosphorus last-
ing 3–5 years after the fires while Yu et al. (2019) find 
elevated SRP concentrations lasting up to 10 years post-
fire. In some cases, there may be legacy effects of sediment 
and sediment-bound phosphorus from high severity fire in 
watersheds with low sediment connectivity (Emelko et al. 
2016; Wilkes et al. 2019). The buffering capacity of river-
bed sediments may be reduced in fluvial systems that have 
higher ambient levels of particulate phosphorus causing 
an excess amount of bioavailable phosphorous in solution 
and promoting the production of algal biomass (Records 
et al. 2016).

Our objective was to evaluate the effects the 2021 
Woods Creek Fire had on sediment yields and phospho-
rus (total and bioavailable) partitioning in Camas Creek, a 
major tributary to the Smith River in Montana. The Smith 
River is a significant economic, agricultural, and recre-
ational resource receiving well over 4,000 visitors a year 
(Freistadt et al. 2024) and has recently experienced an 
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increase in Cladophora bloom occurrence resulting from 
increased water temperatures and lower flows (Bell et al. 
2024), making it particularly beneficial to understand the 
potential impact wildfires might add to an already stressed 
river. We used a combination of discrete sampling and con-
tinuous water-quality monitors to examine the response in 
suspended-sediment and phosphorus concentrations for a 
2-year period following the fire (water years 2022 and 2023; 
water year defined as the period between October 1 and Sep-
tember 30 of the following year and named for the calendar 
year in which it ends). We then compared the results to those 
collected one year before the fire (water year 2020). Results 
can further inform watershed managers on the impacts wild-
fires may have on sediment and phosphorus concentrations 
and may be transferable to other thermally stressed, nutrient 
rich rivers in the region.

2  Data and methods

2.1   Site description

Camas Creek drains the eastern side of the Big Belt Moun-
tains, an island range east of the continental divide in 
central Montana. U. S. Geological Survey (USGS) stream-
flow gaging stations were operated at or near the conflu-
ence of Camas Creek and the Smith River in 2020 (USGS 
06076600) and 2021–2023 (USGS 06076590). The water-
shed upstream from the monitored location drains approxi-
mately 154 km2 of forest and rangeland ranging in elevation 
from 1411 m to 2724 m with a mean slope of 21.9% (U.S. 
Geological Survey, 2019). Soils are primarily composed of 
well drained cryepts and ustolls (Natural Resources Con-
servation Service 2024, 2025) overlying fine grained sedi-
mentary rock in the Belt Supergroup (Reynolds and Brandt 
2005). Landcover in the watershed is evenly split between 
rangeland in the lower elevations and forest in the higher 
elevations. Forests are primarily composed of Pseudotsuga 
menziesii and Pinus contorta (Riley et al., 2021). Climate 
is characterized by long cold winters and short warm sum-
mers. Mean annual precipitation is approximately 668 mm, 
most of which occurs as snow from October through April 
(U.S. Geological Survey 2019). Its hydrologic regime is 
snowmelt dominated with the highest flows occurring in 
late May through June.

A lightning strike on July 10, 2021, ignited the Woods 
Creek Fire in the Big Belt Mountains of central Montana, 
burning approximately 22,662 hectares before its contain-
ment. Damage to the soils was estimated at 40% low and 
33% moderate to high soil burn severity, with the remain-
ing 27% as unburned (Burn Severity Portal 2021). Areas of 
moderate to high soil burn severity were primarily confined 

to the densely vegetated north-facing headwaters of Big 
Birch Creek and Camas Creek. Both Big Birch Creek and 
Camas Creek are major tributaries to the Smith River.

2.2   Sample collection and data analysis

2.2.1  Climate, Precipitation, and streamflow

Discharge was collected from USGS-06076600 (46.70431, 
−111.19278) before the fire in 2020, and from USGS-
06076590 (46.67824, −111.19388) after the fire in 2022 and 
2023. Discharge data for both locations is retrievable from 
the National Water Information System (U.S. Geological 
Survey 2025). Due to access issues after 2020, the monitor-
ing location was moved from USGS-06076600 to USGS-
06076590 which is approximately 3.4 km further upstream 
on Camas Creek (Fig. 1; comparability of the two sites will 
be discussed below, in Sect. 2.2.6). Discharge was measured 
from gage height using methods described in Turnipseed 
and Sauer (2010). A 20-year median daily discharge was 
estimated from a long-term USGS gage (USGS-06076690) 
downstream from the Camas Creek stream gage using a 
maintenance of variance extension performed with the 
smwrStats package in R (R Core Team 2024). Precipitation 
data was retrieved from the Natural Resource Conservation 
Service Snow Telemetry (SNOTEL) network at Pickfoot 
Creek (Station 690; U.S. Department of Agriculture, 2025). 
Station 690 is within the Camas Creek watershed at an ele-
vation of about 2,036 m.

2.2.2  Continuous water quality and discrete sample 
collection

Water-quality sampling was conducted at USGS-
06076600 in 2020 as part of a collaborative effort between 
the USGS and the Montana Department of Environmen-
tal Quality (MDEQ) to identify nitrogen and phospho-
rus contributions to the Smith River. This collaboration 
continued after the Woods Creek Fire, when water-qual-
ity was collected at USGS-06076590 in 2022 and 2023 
to quantify the effects of the fire. At both sites, turbid-
ity was measured in formazin nephelometric units (FNU) 
at 15-minute increments following protocols outlined in 
Wagner et al. (2006) using a YSI EXO turbidity probe 
(YSI, Yellow Springs, OH). Samples were collected at 
routine intervals approximately 2 weeks apart as well as 
during high turbidity events using an automated sampler 
(ISCO 3700, Teledyne ISCO, Lincoln, NE) when turbid-
ity exceeded a threshold based on ambient stream condi-
tions. When an event occurred and the automatic sampler 
triggered, three 450 ml bottles were filled sequentially 
and considered as one sample. The automatic sampler 
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in Suplee (2021). S-BioP samples were processed in 
batches, with each batch having an associated deionized 
(DI) water blank. For each batch, the DI water blank’s 
S-BioP concentration (if above zero) was subtracted from 
each associated S-BioP sample result. In a few cases, con-
tamination in the DI water blank exceeded the analytical 
result for a sample, resulting in a negative value. Result-
ing blank-adjusted values less than zero were replaced 
with zero for purposes of carrying out analyses herein. 
Although discharge was available, we did not compute a 
flux and chose to focus our analyses on concentration of 
the various phosphorus forms and the linkage it may have 
with turbidity and suspended sediment.

For the purposes of this study, we focused on determin-
ing whether sediment transported during runoff originated 
from upland areas (distal) or from resuspension of sedi-
ments within the channel (proximal). To do so, we analyzed 
event hysteresis using turbidity as a proxy for suspended 
sediment. Hysteresis occurs when the magnitude of turbid-
ity for any given value of streamflow differs on the rising 
limb of the hydrograph from the same value of streamflow 
on the falling limb. We used an index-based approach out-
lined by Lloyd et al. (2016) to characterize the event and 
catchment transport behavior. The index is calculated by 
averaging the difference in turbidity measured on the rising 
and falling limbs of streamflow. We chose to average at 5% 
increments of streamflow from an events minimum flow to 
its maximum.

then collected a sample every hour turbidity exceeded the 
turbidity threshold until all bottles (n = 24) were filled or 
turbidity fell below the trigger threshold. Data presented 
herein are a combination of fixed-interval and targeted 
turbidity-triggered event samples.

2.2.3  Suspended sediment and phosphorus (Total, 
bioavailable, soluble)

The three bottles were then separated for processing. One 
bottle was reserved unfiltered for total phosphorus (TP), 
one was filtered through a 0.45 μm disk filter for soluble 
reactive phosphorus (SRP), and one was for suspended-
sediment concentration as both total suspended solids 
(TSS; Standard Methods 2017) and suspended-sediment 
concentration (SSC; Guy 1969). TSS is typically mea-
sured by passing an aliquot of sample through a filter and 
measuring the dry weight of the residue whereas SSC 
measures the dry weight of all sediment in the sample and 
more accurately accounts for larger particles (Gray et al. 
2000). Though SSC is a more accurate method, TSS is 
widely used by State environmental agencies and avail-
able in public data portals such as the Water Quality Poral 
(National Water Quality Monitoring Council 2025). TP 
and SRP samples were placed on dry-ice and kept fro-
zen prior to laboratory analysis. Periodically, bottles 
were designated to determine the amount of sediment-
bound bioavailable P (S-BioP) per the analytical method 

Fig. 1  Study area map with insert 
photograph showing Mule Creek 
(tributary to Camas Creek) after 
the 2021 Woods Creek Fire. 
Green shading indicates forested, 
and grey indicates unforested as 
determined using the National 
Land Cover Database (Geologi-
cal Survey 2024). Camas Creek 
watershed boundary is shown 
with a thick black line and moni-
tored locations are orange trian-
gles labeled with their respective 
USGS stream gage number (U.S. 
Geological Survey 2025). Woods 
Creek Fire perimeter is overlayed 
as a shaded region. Burn area is 
from Monitoring Trends in Burn 
Severity (2022)
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2023) using ANCOVA with a significance threshold p-value 
of 0.05. For cases where a significant difference was found 
between the regression lines, pairwise comparison was then 
applied using estimated marginal means with a Bonferonni 
adjustment to identify grouping patterns (Searle et al. 1980). 
Box and whisker plots of phosphorus form concentrations 
for the three spring-to-early summer runoff periods are also 
presented.

3  Results

3.1  Comparability of the pre- and postfire sampling 
sites

There was no evidence that moving from the downstream 
site at USGS 06076600 to the upstream site at USGS 
06076590 induced an effect resulting in a significant 
change in the TSS-TP relationship. There was no signifi-
cant difference (ANCOVA; p = 0.230) between the two 
site’s regression lines (Fig. 2A). However, the regression 
for the downstream site is strongly affected by a single 
high TSS point; if this point is removed and the data 
regressed again, ANCOVA still indicates that there is no 
significant difference between the two lines (p = 0.260; 
Fig. 2B).

Data from the 2022 postfire synoptic sampling (Table 1) 
have very similar TSS: TP ratios for both sites (0.0039 at 
USGS-06076600 and 0.0032 at USGS-06076590). Slopes 
from the prefire (2020 and 2021) TSS versus TP regres-
sions in Fig. 2A were also very similar (0.0014 at USGS-
06076600 and 0.0017 at USGS-06076590). Further, the two 
sampling sites showed nearly identical specific conductivity 
and SRP. The pH value was higher downstream, but pH usu-
ally increases steadily towards midday in moderately pro-
ductive streams (Nimick et al. 2011) and the downstream 
site was sampled later in the day. The downstream tempera-
ture increase is also likely due to the later time of day.

2.2.4  Comparison of the pre- and postfire sampling 
locations

The similarity of the downstream prefire site (USGS-
06076600) to the upstream postfire site (USGS-06076590) 
was evaluated to be confident that any water quality changes 
observed were the result of fire effects and not a spurious 
treatment effect due to the site move. One prefire dataset 
and one postfire dataset were available for this purpose. 
Prefire, TSS and TP data were available from 2020 at 
USGS-06076600, and equivalent data were also collected 
prefire in spring and early summer 2021 at the upstream site 
(USGS-06076590). TP was regressed against TSS for each 
monitored location, and these regressions were compared 
using analysis of covariance (ANCOVA). Postfire, a one-
day synoptic sampling of water quality was undertaken at 
two sites in July 2022. USGS-06076590 was sampled along 
with a new site nearer to the mouth. Since USGS-06076600 
could no longer be accessed, sampling occurred as close to 
it as possible and downstream from a center-pivot irrigation 
project on the creek’s west side.

2.2.5  Statistical analysis and data availability

Analyses were carried out in R (R Core Team 2024). Con-
tinuous turbidity was compared across the three study years 
using pairwise Kolmogorov-Smirnov tests based on the 
kernel density estimates. Pre- and postfire SSC in mg L− 1 
was compared using simple linear regression, with turbid-
ity as the explanatory variable and measured SSC as the 
dependent variable. Phosphorus is closely associated with 
suspended sediment in flowing waters and TP concentra-
tions are often tightly correlated with TSS concentrations 
or surrogates like turbidity (Froelich 1988; Grayson et al. 
1996; Uusitalo et al. 2000). Therefore, we compared lin-
ear regressions of phosphorus concentrations as TP, SRP, 
and BioP (e.g., turbidity vs. TP) between three time peri-
ods (prefire year 2020, postfire year 2022, and postfire year 

Fig. 2  Regression plots show-
ing the relationship between 
total phosphorus (TP) and total 
suspended solids (TSS) both with 
single outlier (A) and without (B)
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of overlap in TP concentrations for the three time periods; 
each plot represents snowmelt influenced spring/early 
summer runoff.

Per ANCOVA, there is a significant relationship between 
turbidity and S-BioP (p = 0.001; Fig. 5C), but no signifi-
cant difference in the turbidity versus S-BioP relation-
ship between any of the three time periods (p = 0.600). In 
the boxplot (Fig. 5D), there is a high degree of overlap in 
S-BioP concentrations for the three time periods; each plot 
represents snowmelt influenced spring/early summer runoff.

Per ANCOVA, there was a significant relationship 
between turbidity and SRP (p < 0.001; Fig. 5E), and there 
was a significant difference between at least two of the years 
(p = 0.009). Based on Tukey’s Honest Significant Difference 
(HSD), prefire year 2020 had a significantly different rela-
tionship from postfire year 2023, and postfire year 2022 had 
a significantly different relationship from postfire year 2023. 
Figure 5F shows the boxplots for SRP for the three time 
periods; each plot represents snowmelt influenced spring/
early summer runoff.

The relationship between TP and S-BioP is shown in Fig. 
6. S-BioP is a sub-component of TP, and it is expected that 
the TP: S-BioP ratio will be ≤ 1. Per ANCOVA, there was a 
significant relationship between TP and S-BioP (p < 0.001), 
but no significant difference between the TP vs. S-BioP rela-
tionship for any of the three time periods (p = 0.563). Over 
the course of the study, pre- and post-fire, the overall rela-
tionship between TP and S-BioP is best explained as a cur-
vilinear second order polynomial (Fig. 6) with an adjusted 
R2 of 0.42.

3.4  Turbidity, suspended sediment, and hysteresis

Before the Woods Creek Fire, turbidity and suspended sedi-
ment pulses were driven by snowmelt. The highest turbidity 
value recorded during the prefire study period was 165 FNU 
at peak streamflow for the year and the highest suspended-
sediment concentration was 185 mg L− 1 sampled on May 
20. In postfire year 2022, the maximum recorded turbid-
ity was 601 FNU and occurred shortly after a convective 
storm on July 25, 2022, during which sediment concentra-
tions were measured at 1330 mg L− 1. Despite the elevated 
snowpack and higher streamflow, turbidity was consider-
ably less flashy in 2023 with a maximum turbidity of 167 
FNU occurring after a storm on August 26, 2023, during 

Overall, there is sufficient evidence indicating that the 
move to the upstream site at USGS-06076590 did not 
introduce a significant treatment effect, and therefore any 
changes observed at USGS-06076590 can reasonably be 
attributed to the fire and not to the site move.

3.2  Streamflow and hydroclimatic conditions

Interannual streamflow conditions differed substantially 
during the study years. Streamflow in central Montana is 
controlled by seasonal snowpacks, with average annual 
streamflow reaching a maximum in late May or early June 
(Fig. 3). The 20-year median peak flow estimated from 
USGS-06076690 (refer to methods) was 2.1 m3 s− 1 typically 
occurring on June 03. Streamflow was above the estimated 
20-yr median in 2020 with a peak flow of 3.8 m3 s− 1 occur-
ring on June 2, 2020. After the fire, the two study years were 
markedly different in terms of streamflow and snowpack. 
Postfire year 1 (2022) was considerably drier with a peak 
of 0.733 m3 s− 1 on June 21, below the estimated median 
streamflow. Streamflow in postfire year 2 (2023) was well 
above the estimated median with a peak flow of 6.1 m3 s− 1 
occurring approximately one month earlier on May 5, 2023. 
Streamflow in 2023 remained above the estimated median 
for much of the year.

Observed streamflow corresponded well with snow water 
equivalent (SWE) recorded at the Pickfoot snow telemetry 
station (SNOTEL 690, Fig. 4) located within the Camas 
Creek watershed. Water year (WY) 2022 was a historically 
low snowpack year with a peak SWE of 61 mm occurring 
on April 24. WY 2023 was near normal, with a peak SWE of 
251 mm occurring on April 23. The long-term median peak 
SWE is 277 mm occurring on April 2.

3.3  Phosphorus (total, bioavailable, soluble)

The turbidity versus TP relationship for the three time 
periods is shown in Fig. 5A. Per ANCOVA, there was 
a significant relationship between turbidity and TP 
(p < 0.001), but no significant difference in the turbidity 
versus TP relationship between any of the three time peri-
ods (p = 0.499). Linear regression correlation coefficients 
indicated a strong relationship in 2020 (adj-R2 = 0.87) and 
2023 (adj-R2 = 0.92), but a weak relationship in 2022 (adj-
R2 = 0.15). In the boxplot (Fig. 5B), note the high degree 

Table 1  Results for postfire synoptic water quality sampling on Camas creek
Location Latitude Longitude Date

&
Time

Water Quality Parameter
Water Temp.
(°C)

pH Specific Conductance
(µS cm− 1)

TSS
(mg L− 1)

TP
(mg L− 1)

SRP
(mg L− 1)

USGS-06076590 46.678 −111.194 7/16/2022 10:41 13.8 7.86 330.9 14 0.055 0.027
USGS-06076600 46.662 −111.188 7/16/2022 11:39 16.2 8.28 331.9 20 0.065 0.028
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The relationship during the prefire year showed a weaker 
correlation with an adjusted-R2 of 0.67. Testing the regres-
sions with ANCOVA indicates there is a strong signifi-
cant relationship between turbidity and SSC for all study 
years and there is a significant difference between years 
(p-value < 0.001). A post-hoc Tukey’s multiple comparison 
test revealed the significant difference was between prefire 
year 2020 and postfire year 2022 (p-value < 0.005).

which sediment concentrations were measured at 346 mg 
L− 1. Although the highest turbidity recorded was during the 
postfire period, it was for a short period of time in response 
to intense rainfall instead of snowmelt.

Figure 7A (below) shows the relationship between turbid-
ity and SSC for the three studied time periods. Postfire years 
2022 and 2023 show a strong correlation between SSC and 
turbidity with an adjusted-R2 of 0.95 and 0.82, respectively. 

Fig. 3  Time-series plots showing prefire (2020) and postfire (2022 
and 2023) 15-min turbidity in formazin nephelometric units (FNU) 
and streamflow in cubic meters per second as well as discrete sample 

results for total phosphorus (TP) in milligrams per liter. The shaded 
grey region is one standard deviation for the 20-year estimated mean 
daily streamflow

 

1 3

Page 7 of 14  43



Journal of Soils and Sediments (2026) 26:43

(HI = −0.275) during the study was recorded that same year 
after snowmelt concluded on July 25, 2022, when turbidity 
reached a maximum 1.5 hours after streamflow crested (Fig. 
3).

4  Discussion

To our knowledge, this is the first study examining changes 
in stream sediment-bound bioavailable phosphorus 
(S-BioP) concentrations before and after a wildfire. The 
principal characteristics of the S-BioP we quantified are 
(a) it is only loosely adsorbed to the surface of suspended 
particles (inorganic and organic) and therefore can readily 
desorb into solution under the proper biogeochemical con-
ditions, and (b) it is strongly correlated with bioavailable 
phosphorus quantified via algal bioassay methods (Hanna 
1989; Uusitalo and Ekholm 2003). The current study shows 
that S-BioP and TP concentrations were not significantly 
altered by fire in this watershed, nor did fire alter the rela-
tionship observed between these two forms of P (Fig. 6). 
This result was unexpected, as a synthesis of fire effects on 
stream water quality globally (Ranalli 2004), in the west-
ern United States (Rust et al. 2018), and for a case study in 
Montana (Hauer and Spencer 1998) all show that fire can 
increase phosphorus concentrations downstream of fire-
burned areas. In a Mediterranean woodland, Souza-Alonso 
et al. (2024) report that fire severity is the principal driver of 
fire effects on soil phosphorus, with low severity fires hav-
ing little effect while moderate to severe fires having varying 
effects and complex recovery trajectories, depending on soil 
characteristics. Collectively, fire effects on TP and S-BioP 
concentrations in the current study were not statistically sig-
nificant, however there is a general pattern across all three 
phosphorus forms. Specifically, phosphorus in runoff during 
the first spring after the fire (postfire year 2022), relative 
to turbidity, was lower than before the fire (Fig. 5A, C, E). 
Then, during spring runoff of the second year after (postfire 
year 2023) the fire, phosphorus concentrations (relative to 
turbidity) were higher than before the fire.

There is some evidence to suggest this lagged response 
in phosphorus may result from an increase in fine sediment 
loading after the fire. Turbidity was significantly higher in 
both postfire years, with the greatest difference in baseline 
turbidity. An increase in fine sediment loading may also help 
explain the slight differences in turbidity and SSC regres-
sions between the three studied periods. Bright and Mager 
(2020) showed that among the properties affecting turbid-
ity the most, fine particles and organic matter were among 
the most significant. Wildfires are known to increase fine 
sediment fractions with some studies reporting as much as a 
50% increase in the proportion of silt and clay (Malmon et 

In summary, prefire and postfire turbidity were compara-
ble. In both prefire and postfire periods, turbidity exceeded 
6 FNU approximately 50% of the time (Fig. 7B). Despite 
this, the postfire years had a higher baseline turbidity. We 
chose to define baseline turbidity as the magnitude of tur-
bidity corresponding to the mode of the kernel density 
distribution. Baseline turbidity increased from 1.5 FNU 
in 2020 to 3.3 FNU in 2022 and 5.4 FNU in 2023 (data 
not shown). These baseline estimates correspond well with 
the 95% probability of exceedance estimates which were 
0.6 FNU in 2020, 1.4 FNU in 2022, and 2.6 FNU in 2023 
(Fig. 7B). A pairwise Kolmogorov-Smirnov test indicated 
that postfire turbidity was higher in both 2022 and 2023 
(p-value < 0.001), and that turbidity was higher in 2023 rela-
tive to 2022 (p-value < 0.001).

3.5  Event hysteresis assessment of sediment 
connectivity and source contributions

We analyzed 91 events across all three monitored seasons. 
There were 14 events in 2020 with an average hysteresis 
index (HI) of 0.216 ± 0.063 (mean ± standard error), 38 
events in 2022 with an average index of 0.150 ± 0.034, and 
38 events in 2023 with an average index of 0.164 ± 0.039. 
There was little variation in event behavior seasonally (Fig. 
8) with predominantly positive indices. Despite the over-
all positive hysteresis patterns, postfire year 2023 had the 
greatest variability (Fig. 8). Postfire years did exhibit more 
negative HI events with 13 in 2022 and 11 in 2023, though 
the majority of these occurred after snowmelt in July and 
August in response to convective precipitation.

The highest hysteresis index (HI = 0.618) during the 
study occurred on June 21, 2022, six hours before stream-
flow reached its annual peak. The lowest hysteresis index 

Fig. 4  Time-series plot showing daily snow water equivalent for the 
Pickfoot SNOTEL station (Station 690; U.S. Department of Agricul-
ture 2025). Shaded grey region represents one standard deviation for 
the 20-year daily mean
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Fig. 5  (A) Regressions relating total phosphorus (TP), (C) sediment-
bound bioavailable phosphorus (S-BioP), and (E) soluble reactive 
phosphorus (SRP), with turbidity in formazin nephelometric units 
(FNU). Dark grey circles with a solid blue line are for 2020; light green 

circles with a dashed blue line are for 2022; and light blue circles with 
a dotted blue line are for 2023. Boxplots for each of the study periods 
showing the results for (B) TP, (D) S-BioP, and (F) SRP
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as a result of climatic variability. Data from the Pickfoot 
SNOTEL site indicate that precipitation first fell over the 
burn area on October 11, 2021, likely as snow. The histori-
cally low snowpack and subsequent below normal stream-
flow during water year 2022 would have limited sediment 
transport capacity to effectively flush sediments from the 
channel. Instead, it is likely that storm activity during July 
and August of 2022 redistributed wildfire sediments from 
the hillslope to the channel. A near normal snowpack and 
above average streamflow in 2023 would then have pro-
vided greater transport capacity to flush sediments previ-
ously deposited in 2022.

Sediment in Camas Creek is primarily derived from 
proximal sources. Hysteresis analysis of the turbidity-
streamflow relationship indicated Camas Creek was prefer-
ential towards positive hysteresis events, where the supply 
of sediment is exhausted or interrupted before peak stream-
flow. This pattern is often attributed to sediments sourced 
from nearby riparian areas or within the channel (Gao and 
Josefson 2012; Mukundan et al. 2013; Hamshaw et al. 2018; 
Jing et al. 2025). Snowmelt is also a major driver of this 
type of hysteresis pattern due to the higher channel concen-
trated flows (Iida et al. 2012; Zhang et al. 2023). Positive 
hysteresis may also indicate a degree of hillslope to channel 
disconnectivity (Keesstra et al. 2019; Malutta et al. 2020; 
Clark et al. 2025) where hillslope sediments propagate 
towards the watershed outlet in a lagged response relative to 
streamflow and precipitation.

If sediments are overwhelmingly derived from the 
channel and riparian areas of Camas Creek, this may help 
explain the observed phosphorus response lag. For example, 

al. 2007) and significant loading of black carbon (i.e. char-
coal; Wagner et al. 2015). Fine-grained sediment can travel 
long distances and may cause accelerated rates of deposition 
in alluvial fans and floodplains. These sediments may also 
become trapped within the gravel-bed matrix of the stream 
and remain available for future mobilization (Petticrew et 
al. 2007; Harper et al. 2017). Eder et al. (2014) conducted 
two flushing experiments on a small stream, during which 
they reported an increase in the sediment load of a down-
stream reach due to sediment resuspension.

Wildfire sediments were likely transported to the chan-
nel and riparian areas during WY 2022 and flushed in 2023 

Fig. 7  (A) Suspended-sediment concentration and turbidity regression models and (B) turbidity concentration duration curves for each studied 
year. Points are discrete samples and turbidity is in formazin nephelometric units (FNU)

 

Fig. 6  Second order polynomial fitted to sediment-bound bioavailable 
phosphorus (S-BioP) plotted against total phosphorus (TP)
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high-frequency turbidity sensors to characterize postfire 
sediment and phosphorus dynamics. As is often the case 
within a given watershed, the SSC versus turbidity relation-
ship is very strong (Grayson et al. 1996; Davies-Colley and 
Smith 2001). In-stream turbidity sensors detected increases 
to ambient turbidity in Camas Creek after the 2021 wild-
fire with the greatest difference being between prefire and 
2-years postfire. These sensors also allowed for the exami-
nation and interpretation of concentration-streamflow hys-
teresis at the event scale through which we determined 
sediments in Camas Creek are primarily derived from chan-
nel and riparian areas. This finding indicates a slight hill-
slope to channel sediment dis-connectivity that may have 
influenced our postfire P observations.

Within the next century, over one-third of western water-
sheds are expected to have greater than 100% increase in 
sedimentation rate due to wildfires (Sankey et al. 2017). As 
drought and fire occurrence continue to affect western water 
supplies, understanding the dynamic and variable response 
in sediment and nutrient loading after wildfire can be used 
to better predict the long-term effects to water quality. As 
such, findings from this study may provide local agencies 
with strategies to aid in accounting for hydrologic extremes 
and disturbances (i.e., wildfire) in potential pollutant load 
allocations for an affected waterbody.
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sediments may have been delivered to the channel during 
snowmelt and summer precipitation events in 2022. Then, 
during 2023, those sediments were flushed from the channel 
during flooding that occurred during spring snowmelt. It is 
also possible that the phosphorus bound to sediments deliv-
ered to the channel after the first snowmelt season actively 
desorbed during the late summer when pH and DO fluctuate 
dramatically throughout the day. The phosphorus retention 
capacity of riverbed sediments decreases as pH increases 
due to the competition between hydroxyl ions and phospho-
rus ions (House 2003).

5  Conclusions

Our results suggest that postfire climate and catchment mor-
phology play a role in attenuating water quality response to 
wildfire. The move from site USGS 06076600, which was 
near the mouth of Camas Creek and was sampled before the 
fire, to a new site 4.3 km upstream (USGS 06076590) after 
the fire did not affect our findings, therefore postfire changes 
observed (or not observed) can reasonably be attributed 
to fire effects. In our study, fire did not significantly alter 
the turbidity versus TP relationship nor the turbidity ver-
sus S-BioP relationship. Similarly, the TP versus S-BioP 
relationship was not significantly altered by the fire. The 
turbidity versus SRP relationship did change significantly. 
In postfire year 2023, there is much more SRP per unit TP 
than was observed in postfire year 2022. This suggests a 
lagged response in SRP potentially influenced by sediment 
retention in the channel. Though there was no observable 
increase in S-BioP, an increase in SRP may consequently 
contribute to excessive algal growth in the Smith River at 
timescales not captured in this study.

Results from this study also demonstrate the ben-
efits of combining discrete water quality samples with 

Fig. 8  Boxplots showing hyster-
esis indices grouped by month. 
No data were collected for July 
through August in the studied 
prefire year (2020)
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