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A B S T R A C T   

Region: Ventura River watershed, California, USA 
Focus: After wildfire, small mountainous watersheds can produce dramatic increases in fluvial 
sediment transport, but these changes are often evaluated under the assumption of stationary pre- 
fire sediment dynamics. The objectives of this study were to investigate temporal dependence in 
the fine (silt and clay) suspended sediment dynamics of the Ventura River before and after 48.5 % 
of the 194 km2 undammed portion of the watershed burned in the 2017 Thomas Fire. 
New hydrological insights: Fine sediment concentrations in the Ventura River decreased between 
1971 and 2008. In 2018 and 2019, fine suspended sediment concentrations were 14.2 and 5.1 
times higher than predicted based on the entire monitoring record, but 32.4 and 9.5 times higher 
than the most recent period of persistently low concentrations. The Thomas Fire resulted in a 
200x increase in fine sediment flux in 2018 relative to pre-fire conditions. However, fine sus-
pended sediment flux during both post-fire years, 2018: 0.073 (0.050-0.105) MT and 2019: 0.393 
(0.284-0.447) MT, was comparable to the long term average 0.177 (0.140-0.230) MT because of 
relatively little post-fire precipitation. These findings highlight the importance of considering 
preexisting time-dependent behavior when characterizing the fire impacts on suspended sediment 
dynamics, and the critical role that storm event magnitudes play in determining the sediment 
yield of small mountainous watersheds after wildfire.   

1. Introduction 

Suspended sediment transport from small mountainous rivers to the ocean is one of the dominant geomorphic mechanisms driving 
the evolution of terrestrial channel networks and coastal habitats (Milliman and Syvitski, 1992). Beaches, floodplains, and low-lying 
coastal zones, such as salt marshes and estuaries, are maintained by inputs of fluvial suspended sediment (Brownlie and Taylor, 1981). 
Sediments replenish nutrients and organic compounds for terrestrial and aquatic life (Hunsinger et al., 2008), but the overabundance 
of suspended sediment can also lead to the impairment of freshwater ecosystems (USEPA, 2020). Understanding the processes that 
control the rate of suspended sediment transport requires an understanding of interaction between external (e.g. climate) and internal 
(e.g. watershed characteristics) drivers of sediment and water supply to and through the channelized system. The rate of watershed 
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sediment transport is dependent on atmospheric constraints such as rainfall duration, distribution, and intensity (Mano et al., 2009), 
geologic constraints such as topographic relief and substrate composition (Syvitski et al., 2000), and antecedent watershed conditions 
such as soil moisture, vegetation quality, vegetation density, (Mano et al., 2009; Wischmeier and Smith, 1978), climate (Gray et al., 
2014), and disturbance history, including wildfire (Moody et al., 2008; Warrick et al., 2012). 

Increases in the supply of sediment and runoff after wildfire are major components of the interdecadal to millennial scale sediment 
budgets of small (area < 104 km2), mountainous, semi-arid watersheds (Wells, 1981; Lavé and Burbank, 2004). The importance of the 
interplay between fire disturbance characteristics and the timing and magnitude of subsequent precipitation events have been 
increasingly recognized as driving the effective flux of fluvial sediments from these systems (Lana-Renault et al., 2007, 2012; Guilinger 
et al., 2020). Storm events within the first few years following wildfires have been found to increase sediment export by up to two 
orders of magnitude relative to unburned conditions (Coombs and Melack, 2012; Warrick and Rubin, 2007; Warrick et al., 2012; 
Caldwell et al., 2020; East et al., 2021). However, relatively dry post-fire water years may produce only small increases in watershed 
suspended sediment flux, despite high proportional burn areas and dramatic increases in the dynamical relationship between sus-
pended sediment concentration (CSS) and water discharge (Q) (Warrick et al., 2012; Greenbaum et al., 2021). Although wildfire and 
subsequent storms are often characterized as impacting a static pre-fire condition, watershed suspended sediment dynamics tend to 
display temporal dependence across a wide range of scales, including interannual to interdecadal scale patterns and trends (Gray, 
2018). Here we consider wildfire impacts on the suspended sediment dynamics of a small mountainous watershed in the context of 
inter-decadal scale patterns of suspended sediment behavior during pre-fire periods. 

Combustion of vegetation and soils tends to increase the precipitation partitioning to runoff and erosion (Ebel and Moody, 2013). 
Wildfire can create water-repellant soils (DeBano and Krammes, 1966; Doerr et al., 2000; Huffman et al., 2001; Woods et al., 2007), 
seal surface soil pores with ash (Mallik et al., 1984; Larsen et al., 2009) and sediment (Neary et al., 1999), and decrease hillslope 
roughness by removing vegetation (Roth et al., 2020; McGuire and Youberg, 2020) rendering them prone to high runoff production 
(Ebel and Moody, 2013). Elevated runoff during early post-fire storms interacts with readily erodible sediment destabilized by soil and 
vegetation combustion (Giovannini et al., 2001; Owens et al., 2012; Vieira et al., 2018), and/or loaded in channels (Florsheim et al., 
1991; DiBiase and Lamb, 2020). Together these processes can dramatically increase sediment transfer rates in the first months to years 
after fire (Reneau et al., 2007; Warrick and Rubin, 2007; Aguilera and Melack, 2018). 

Increases in the supply of runoff and sediment to stream channels after wildfire will result in changes to both water and 
sediment discharge (Q and QSS), as well as the rating relationship between CSS and Q at the watershed outlet, if changes in supply 

Fig. 1. The Ventura River watershed study area above USGS gage 11118500 with the Thomas Fire 2017 burn extent and severity. The hydrologic 
sampling location for this study (USGS gage #11118500) is located 9 km upstream from the river mouth. 
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and/or routing of sediment and water are not identical (Asselman, 2000; Syvitski et al., 2000; Warrick, 2014). After fire, small 
mountainous watersheds typically experience much larger increases in sediment relative to water supply (e.g. Warrick and Rubin, 
2007; Warrick et al., 2012). The resultant increase in CSS is often recognized by a post-fire increase in the rating coefficient (a) 
and/or the rating exponent (b) of the power-law relationship CSS = aQb, the rating curve most commonly used to describe fluvial 
suspended sediment dynamics (Walling, 1977; Syvitski et al., 2000; Warrick and Rubin, 2007). Previous watershed scale studies 
by Keller et al. (1997), Coombs and Melack (2012), Warrick et al. (2012), and Aguilera and Melack (2018) found greatly increased 
post-wildfire CSS. These studies also found that wildfire influence on CSS ~ Q rating curves is most recognizable during the first 
few years following a burn, when CSS is expected to be highest, despite increases in Q. This interannual period of disturbance 
produces the greatest increases in QSS when burned watersheds experience above average rainfall (Warrick et al., 2012; Aguilera 
and Melack, 2018). 

Beyond the changes wrought by wildfire, fluvial suspended sediment dynamics often display a range of time-dependent sediment 
behaviors, including persistent cycles of high and low periods of sediment loading at interannual to interdecadal scales (e.g. Hestir 
et al., 2013; Gray et al., 2014; Ahn and Steinschneider, 2018; Fisher et al., 2021). These patterns can also be affected by other large 
scale, punctuated disturbances such as floods or exceptionally wet periods (Kelsey, 1980; Klein and Anderson, 2012; Warrick et al., 
2013; East et al., 2018; Gray, 2018), long-term, extensive changes to watershed land use (Wolman and Schick, 1967; Pasternack et al., 
2001; Syvitski and Kettner, 2011; Gray et al., 2016; Fisher et al., 2021), or climatic changes/cycles (Farnsworth and Milliman, 2003, 
2015a; Sankey et al., 2017). Evaluations of fire impacts on suspended sediment flux can be refined by including a broader analysis of 
time-dependent suspended sediment dynamics, which can place wildfire impacts in the context of previous and ongoing suspended 
sediment behavior change in a watershed. 

The main objectives of this study were to investigate the effects of interdecadal temporal dependence and the 2017 Thomas Fire on 
the suspended sediment-discharge relationship of the lower Ventura River, CA, USA in order to refine suspended sediment flux es-
timations. Our research plan was to characterize persistent patterns of fine suspended sediment dynamics both before and after the 
Thomas Fire, and investigate their impacts on watershed suspended sediment flux. 

2. Study region 

The Ventura River drains 587 km2 of the eastern end of the Santa Ynez Mountains, in the Transverse Ranges, to the southern 
California coast, USA (Fig. 1, Table 1). The watershed geology is mostly Cretaceous and Tertiary coarse and fine siliciclastic sedi-
mentary rock, with quaternary landslide units in the uplands, and Quaternary alluvial deposits primarily in the lowlands (Putnam, 
1942; Kellogg et al., 2008; Gutierrez et al., 2008). This study focuses on 486 km2 of the Ventura River watershed that flows from the 

Table 1 
Study region characteristics.  

USGS Ventura R. near Ventura gage #11118500  
Ventura River watershed drainage area 585 km2  

Drainage area to USGS gage #11118500 486 km2  

Dammed 292 km2  

Undammed 194 km2  

Maximum elevation 1833 m  

Surface geology (% area)a Dammed Undammed    

Alluvium 5.6 36.9 
Quaternary Landslide 5.1 15.5 
Fine-grained Sedimentary 40.7 26.1 
Coarse-grained Sedimentary 45.2 21.5 
Open Water 3.3 0    

Land Use (% area)b      

Agriculture 0.1 3.7 
Development 2.2 16.9 
Undeveloped (Forest) 26.4 22.6 
Undeveloped (Other) 54.8 39.0 
Undeveloped (Shrub/Scrub) 16.5 17.8 

Major Firesc Burn area above gage     

Thomas Fire, December 2017 400 km2  

Wheeler Fire, July 1985 318 km2  

Matilija Fire, September 1932 222 km2  

Thatcher Fire, September 1917 120 km2   

a Kellogg et al. (2008); Gutierrez et al. (2008); 
b USGS National Landcover Database (2019); 
c CalFire FRAP Database (2021) 
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headwaters in the Santa Ynez Mountains with a maximum elevation of 1833 m, to USGS gaging station #11118500. The Ventura River 
watershed receives an annual average of 709 mm of precipitation, with 2-year, 5-year, and 10-year return intervals of 600 mm, 1000 
mm, and 1400 mm, respectively (PRISM, 2019). Much of this rainfall occurs during the cool wet season (October-April) typical of the 
Mediterranean climate of southern California, with the majority falling in the headwaters (Rantz, 1969; Cooke and Reeves, 1976). The 
Ventura River average annual discharge (Qmean) is 1.77 m3 s− 1, and peak discharge (Qpeak) for 2-year, 5-year, and 10-year flood return 
interval are 139, 483, and 682 m3 s− 1, respectively (see Fig S1, Table S1). 

Hydrologic modifications to the Ventura River system impound 291.8 km2 of the watershed, leaving 194.3 km2 undammed 
contributing area to the Foster Park station (Fig. 1, Table 1). There are two major impoundments upstream: Matilija Reservoir (est. 
1947, impounds Matilija Creek, contributing area 140.9 km2, maximum initial capacity 8.7 ×106 m3), and Lake Casitas (est. 1959, 
impounds Coyote Creek, contributing area 99.9 km2, maximum capacity of 308 ×106 m3), a major municipal water source in Ventura 
County. Rapid sedimentation and reduction of dam height due to safety concerns resulted in the reduction of Matilija Reservoir Ca-
pacity to < 6 × 105 m3 by 2014 (AECOM and Stillwater Sciences, 2016), and 1.85 × 105 m3 by 2020 (Ventura County, 2020). Matilija 
Reservoir’s trapping efficiency for total sediment (bedload to fine suspended load) was estimated at 45% in 2005 (USBR, 2006), and 
was far less efficient after the Thomas Fire, particularly for fine suspended sediment, the focus of this study. Lake Casitas also receives 
its water from the Robles Diversion Dam (est. 1959, contributing area 192.0 km2, including that of Matilija Reservoir and North Fork 
Matilija Creek), which diverts up to 14.2 m3 s− 1 of upper Ventura River streamflow to Lake Casitas during the wet season. Water 
diversions continued after the Thomas Fire, but were curtailed at times due excavation required to remove rapidly aggraded sediments 
(Carlson, 2019). Lake Casitas effectively traps all sediment that it receives from its direct drainage area and the Robles Diversion of the 
upper Ventura River, because it only discharges back to the Ventura River during rare, extremely wet periods (USBR, 2006). The 
combined effect of these impoundment structures during the UCR monitoring periods was the capture of all of the fine sediment 
supplied from the Coyote Creek watershed, and most of the water and fine sediments supplied from the drainage area of the Robles 
Diversion dam when the supply of water from Matilija Reservoir and the North Fork Matilija Creek was < 14.2 m3 s− 1. 

The undammed portion of the Ventura River watershed is predominantly vegetated by mixed chaparral shrubland communities 
(Barbour et al., 2007) with small amounts of residential/urban and agricultural land use (Table 1). California’s coastal 
chaparral-dominated watersheds frequently burn (30–60 year return intervals) at relatively high severities (Wells, 1981; Jin et al., 
2015) prior to European colonization. Over the past century this region has experienced increased wildfire activity due to increased 
ignition sources, extended drought periods, warmer spring and summer temperatures, and longer periods of warmer temperature into 
the fall (Westerling et al., 2006; Williams et al., 2019; Li and Banerjee, 2021). Four large wildfires in the Ventura River watershed over 
the 20th and 21st centuries each burned more than 100 km2 (Table 1), of which the Thomas Fire in 2017 (very low to high severity 
burn area in the Ventura River watershed: 400 km2, total burn area: 1140 km2) was the largest both in the history of the watershed and 
of California at the time (CalFire CAFRAP, 2021; USFS, 2018). Monitoring Trends in Burn Severity (MTBS, 2021; Eidenshink et al., 
2007) data shows that the Thomas Fire burned 65.7% of the total contributing area of USGS gage #11118500 at low to high severity, 
with 42.2% of the contributing area burned at moderate to high severity (Fig. 2). A lower proportion of the undammed watershed (Ojai 
Valley) burned, and burned at lower severities (48.5% burned: 21.8% at moderate severity; 0.2% at High Severity) than the dammed 
catchments of Coyote, Matilija, and North Fork Matilija Creeks (77.1% burned: 52.3% at moderate Severity; 3.4% at high Severity). 

3. Methods 

Investigation of wildfire effects on suspended sediment concentrations and flux was organized around the development of fine 
suspended sediment concentration-discharge relationships. Precipitation-discharge relationships were also developed at an annual 
level of aggregation to investigate changes in water supply to the channelized system. Fine suspended sediment loads were estimated 
for the Ventura River gage #11118500 through each of the following approaches (i) a single rating curve based on the entire {CSS, Q} 
monitoring record, (ii) individual rating curves for periods of persistent fine suspended sediment dynamics, and (iii) rating curves for 
each of the first two post-wildfire years following the December 2017 Thomas Fire. The flux estimates were then compared to assess the 
impact of wildfire on fine sediment dynamics and flux. 

3.1. Precipitation data retrieval 

Spatiotemporally distributed precipitation (P) data for the study region was downloaded from PRISM (2019) as monthly, 4 km 
rasters, clipped to the Ventura River watershed above the Foster Park gaging station with ArcGIS Pro v.2.4.2 (ESRI, 2020), and used to 
calculate annual P (mm) in the Ventura River watershed for water years (WY) 1930–2019 (Fig. 2). A water year is defined as the period 
between October 1st of the previous year and September 30th of the water year. 

3.2. USGS discharge and suspended sediment data 

Hydrological measurements from the Ventura River at the USGS gaging station #11118500 were obtained from the USGS NWIS 
(2019). We used USGS suspended sediment monitoring data to characterize pre-fire fine suspended sediment dynamics. The USGS 
collected n = 100 flow-integrated (depth and width integrated) suspended sediment samples from stormflows between WY 1971 and 
2008 with attendant particle size distribution data (Fig. 3). The USGS sampling program involves lowering and retrieving 
cable-deployed isokinetic samplers through the depth of flow at multiple points across the channel at a station (Edwards and Glysson, 
1999). For this study we used CSS samples if they had all of the following data: CSS (USGS code 80154), particle size distribution (USGS 
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codes 70311–70346), and instantaneous discharge (Qi) (15-min time interval, USGS code 00061) (Fig. 3, Table 2). Mean daily 
discharge (Qd) (USGS code 00060) and peak discharge (Qpeak) was also retrieved from the USGS for WY 1930–2019 for calculating 
sediment fluxes and evaluating the lower Ventura River’s flood regime. 

3.3. UCR suspended sediment sampling 

The USGS suspended sediment monitoring program on the Ventura River ended in 2015. To characterize post-fire fine suspended 
sediment dynamics, the authors collected n = 71 suspended sediment samples (herein referred to as UCR samples) during stormflow 
conditions in WY 2018 and 2019 at the Casitas Vista Road bridge (coincident with USGS gaging station #11118500) (Fig. 3). Due to 
effort limitations and safety considerations, suspended sediment samples were collected using the non-isokinetic surface dip method 
(Edwards and Glysson, 1999). The dip method utilized by UCR collects samples at the surface of flow, and thus can only be expected to 
faithfully sample finer suspended particles transported as washload. The USGS flow-integrated method can faithfully sample coarser 
suspended particles with depth-dependent concentration gradients (Edwards and Glysson, 1999). However, the flow-integrated 
method involves the operation of a crane to deploy the heavy isokinetic samplers which requires more personnel than the surface 
dip method and entails a higher risk of interaction with stormflow debris. 

Fig. 3. Temporal distribution of fine suspended sediment samples collected from the lower Ventura River by the USGS and for this study (UCR).  

Fig. 2. Percent area burned by burn severity for the total, dammed, and undammed contributing area of USGS gage #11118500 on the lower 
Ventura River. Data from MTBS (2021). 

Table 2 
Summary of fine suspended sediment samples collected from the lower Ventura River.  

Group Water Year Date Samples (n) Peak 
Discharge  
(m3 s¡1) 

Maximum Sampled 
Discharge  
(m3 s¡1) 

Minimum Sampled 
Discharge  
(m3 s¡1) 

Maximum  
CSS-fines  

(mg L¡1) 

Minimum  
CSS-fines  

(mg L¡1) 

USGS 1971–2008 –  100  1801.0  985.4  5.1 20,592 1.4 
UCR 2018 09-Jan  18  170.8  6.8  5.4 24,000 226.6 
UCR 2018 22-Mar  13  112.1  110.2  8.9 35,366 218.8 
UCR 2019 15-Jan  5  17.0  14.1  6.6 1431 1031 
UCR 2019 17-Jan  15  376.6  376.6  8.1 35,132 1786 
UCR 2019 02-Feb  6  453.1  438.9  180.7 33,074 12,389 
UCR 2019 14-Feb  4  191.1  149.2  101.7 19,302 13,292 
UCR 2019 06-Mar  10  91.2  88.1  7.6 6716 1051  
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Briefly, the surface dip sampling method used by UCR involves sampling the water surface with a hand line-suspended bucket and 
quantitatively transferring the sampled water to prepared sample bottles. Discrete equal-volume samples were captured using a 
sampler bucket on the surface of the river at the center of the highest stream surface velocity. Samples were collected at 1-hour in-
tervals where equal volume samples were collected in pairs, a single 1-L bottle for particle size analysis, and a single 1-L bottle for CSS. 
Peak-flow samples were collected in volumes greater than 120-L. 

3.4. UCR suspended sediment sample analysis 

Suspended sediment samples collected by UCR for particle size distribution analysis were characterized on a Beckman Coulter LS- 
13–320 laser diffraction particle size analyzer using polarized intensity diffraction capabilities with 117 size bins from 0.034 to 
2000 µm following sample preparation as per Gray et al. (2010) using 100 ml of heated hydrogen peroxide for organic digestion and 
deflocculation with sodium metaphosphate. Particle size distributions were then transformed to USGS suspended sediment particle 
size bins (10 size bins from 2 to 2000 µm). Grab samples collected for CSS were processed and calculated as per Gray et al. (2014) – all 
samples were measured volumetrically and then filtered through pre-weighed, combusted, Whatman GF/A, 0.7 µm glass fiber filters. 
Filters were dried at 60 ◦C for > 24 h, cooled to room temperature under vacuum in a desiccator, and then weighted to± 0.00001 g. 
Peak-flow samples were measured volumetrically and sediment was separated from water through large volume centrifugation as per 
Hatten et al. (2012), differing only in the use of a Thermo Scientific Sorvall LYNX 6000 for a minimum of 15-minutes at 2500 times 
gravity with repeat filling of 1 L centrifuge bottles. The retained sediment pellet was dried and weighed in the same manner as the filter 
samples. The supernatant was subsampled after every centrifuge run, processed for sediment as per the filter approach above, and the 
CSS of peak flow samples was calculated as the dry mass of supernatant and pellet sediment divided by the sampled water volume. 

3.5. Restriction of inquiry to fine suspended sediment 

Because suspended sediment samples were collected by the authors from the surface of the river rather than through flow in-
tegrated methods used by the USGS, coarse suspended sediment particles were potentially under-represented. To address this issue 
we conservatively limited our study to the fraction of suspended sediment that we could confidently ascribe as washload (i.e. 
transported in a fully mixed state across the flow field, and thus without concentration dependency on location within the flow 
field). We defined this subset of total suspended load as particles with D < 62.5 µm (i.e. fines; fractional concentration defined as 
CSS-fines) on the basis of the particle size threshold between washload and depth-stratified suspended load calculated for each USGS 
and UCR observation using Manning’s Equation, Stokes Law, and the Rouse number (Rouse, 1937; for further details see SI, 
including Table S2). The minimum calculated washload threshold found for the sampled flows was D = 136.7 µm, so we are 
confident that fine suspended sediment was faithfully sampled by both the flow-integrated methods used by the USGS and surface 
sampling methods used by UCR. 

3.6. Precipitation-drainage relationship 

The relationship between annual P and drainage was investigated over the period of USGS discharge monitoring with a focus on 
changes after the 2017 Thomas Fire. Annual discharge (m3) was calculated from USGS Qd data (gage #11118500) for each WY from 
1930 to 2019, and then transformed to depth of annual drainage by dividing discharge by watershed area. Dependence of annual 
drainage on annual P was empirically modeled as a power-law relationship for the complete pre-fire monitoring period (1930–2017), 
and the pre- (1930–1959) and post-dam (1960–2017) periods to confirm which would be the appropriate base period for comparison 
to the post-fire period. Analysis of covariance (ANCOVA) was used to test for differences between the drainage-P models for both dam 
periods using R-studio (R Development Core Team, 2021). Post-wildfire annual drainage values were then compared to the drainage 
predictions from the selected model. 

3.7. Fine suspended sediment rating curves, CSS ~ Qi dynamics, and time dependence 

Concentration-discharge rating curves were used to investigate changes in the relationship between CSS-fines and Q over time. To enable 
statistical comparisons of CSS-fines-Qi relationships between periods with ANCOVA, power-law CSS-fines ~ Qi rating curves in the form of 

CSS− fines = aQb
i (1)  

with regression parameters a and b as the intercept and slope, respectively, were fitted to the USGS historical dataset, and UCR 
post-fire monitoring in WYs 2018 and 2019. To avoid potential bias from the systematically poor fit of power-law curves (e.g. 
Farnsworth and Warrick, 2007; Gray, 2018), LOESS rating curves were fitted with a smoothing factor (ɑ) of 0.5 and used as the 
basis of rating curve residual calculations for investigations of temporal dependence throughout USGS {Qi, CSS-fines} monitoring. 

To assess patterns of temporal dependence in fine suspended sediment dynamics over annual to interdecadal time scales, we 
calculated the residuals between CSS-fines observations and the predicted concentrations ( ̂Css− fines− A) from the LOESS rating curve fitted 
to the entire log-transformed USGS historical {Qi, CSS-fines} dataset as per Gray et al. (2014). LOESS residuals were plotted against time 
and Mann-Kendall analysis was used to identify trends in the CSS-fines ~ Qi relationship over the entire USGS base period of record. A 
cumulative LOESS residual curve over the USGS sampling period was also developed to identify persistent periods on the basis of local 
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slope such that periods of persistence are identified by distinct positive and negative slopes (Gray, 2015a; Gray, 2018). Periods of 
persistent positive (subscript P) and negative (subscript N) CSS-fines ~ Qi behavior were determined following Gray (2018) on the basis 
of the local slope of the cumulative residual curve maintained over a range of cumulative residual values ≥ 5x the residual mean 
squared error (RMSE) of the CSS-Q rating curve. 

The USGS historical {Qi, CSS-fines} dataset was then separated into persistent periods by date and new LOESS and power-law rating 
curves (Eq. 1) were developed for each period. Differences between CSS-fines ~ Qi relationships during the entire period of USGS 
historical data, the persistent positive period, and the persistent negative period, and post-fire years were assessed using ANCOVA 
techniques applied to the power law rating curves (see Supplemental Information and Gray, 2018 for further details). 

3.8. Fine suspended sediment flux estimation 

Estimation of ̂QSS− fines for the range of periods and assumptions investigated in this study was performed by predicting daily ̂CSS− fines 

with USGS Qd records and LOESS rating curves. Daily ̂CSS− fines was produced by applying the USGS Qd record at gage #11118500 to 
rating curves developed from each suspended sediment monitoring dataset, with ̂CSS− fines− A , ̂CSS− fines− P , ̂CSS− fines− N , ̂CSS− fines− 2018 , and 

̂CSS− fines− 2019 corresponding to the datasets USGS all (total USGS record), USGS persistent positive period, USGS persistent negative 
period, post-fire 2018, and post-fire 2019, respectively. Daily ̂CSS− fines values were predicted from LOESS models (CSS-fines ~ Qi) for all 
Qd values for the Ventura river over the base period of the rating curve monitoring dataset. Values of ̂Css− fines that were within the {Qi, 
CSS} monitored discharge domain for each period were predicted using LOESS curves fitted to that period’s CSS-fines ~ Qi dataset. For Qd 
values outside of the monitored Qi domain, thus outside of the domain of LOESS rating curve predictions, extrapolation required 
additional steps. Estimation of ̂CSS− fines for Qd below the monitored Qi domain was calculated as the average of the ten lowest observed 
CSS values (Gray, 2018). Estimation of ̂CSS− fines for Qd values greater than the monitored Qi discharge domain was calculated from a 
power-law curve fitted to the {Qi, CSS-fines} dataset subset by the five highest Qi values. 

Daily ̂QSS− fines was calculated for each period as a product of Qd and bias-corrected ̂CSS− fines , ( ̂CSS− corrected): 

̂QSS− fines = Qd × ̂CSS− corrected (2) 

Two bias correction factors were used to calculate ̂CSS− corrected : the daily bias correction factor (BCFd) that adjusts for the use of Qd 
rather than Qi (Warrick and Mertes, 2009), and a log-bias correction factor (BCFl) that corrects for systematic bias imparted by 
calculating regression parameters using log-transformed data (Ferguson, 1986): 

̂CSS− corrected = BCFd × BCFl × ̂CSS− fines (3) 

The value of BCFd was calculated by comparing fine sediment loads estimated from Qd values and those from Qi values, by taking 
the average of the ratio of Qi and Qd over the USGS and UCR suspended sediment monitoring period, which was determined to be 1.02. 
The log-bias correction factor (BCFl) was calculated as: 

BCFl = 10s
2
2

(4)  

Where s is the mean squared error of the residuals. This BCFl was used to correct for log-transformation bias, and although it is fit to a 
non-normally distributed rating curve, it is used as a conservative estimate for QSS-fines. 

Annual values of ̂QSS− fines were calculated for each period by multiplying daily ̂CSS− fines ( ̂CSS− fines⋅A , ̂CSS− fines⋅P ̂, CSS− fines⋅N) by Qd and 
time, and then summing over each WY (Helsel and Hirsch, 2002). An additional “optimal” ̂CSS− fines⋅O was also determined by using 
separate rating curves for persistent positive and negative periods over the entire USGS suspended sediment monitoring period. When Qd 

fell within a positive or negative temporal zone, values of ̂CSS− fines⋅O were determined by the respective rating curve and then multiplied 
by Qd and time to calculate daily ̂QSS− fines⋅O before summing by WY. Uncertainty was estimated at a 95% level as per Farnsworth and 
Warrick (2007) and Gray et al. (2015b) by propagating an assumed 10% total error in observed Qi and CSS-fines values, along with localized 
CSS-fines ~ Qi rating curve standard error using the mean confidence interval approach (Helsel and Hirsch, 2002). For daily ̂CSS− fines values 
that required extrapolation outside of the sampling Qi domain, an additional 10% error was applied as per Farnsworth and Warrick 
(2007). Annual ̂QSS− fines were then averaged for each period. Differences in suspended sediment-discharge estimations were evaluated by 
examining the ratios as per Gray (2018) of ̂QSS− fines⋅P to ̂QSS− fines⋅A (P/A), ̂QSS− fines⋅P to QSS− fines⋅N (N/A), and ̂QSS− fines⋅ to ̂QSS− fines⋅N (O/A), 
to assess the impact of persistence behavior on Q̂SS− fines and compare them to post-wildfire WYs 2018 and 2019 ̂QSS− fines . 

4. Results 

4.1. Hydrologic response 

During the two post-wildfire years, 2018 and 2019, the Ventura River watershed experienced above and below average precipi-
tation, respectively. Water year 2018 was much drier than normal (P = 349 mm, 1.15-year recurrence interval, 49% of the long term, 
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1930–2019, mean); Qpeak = 170.8 m3 s− 1, 2-year recurrence interval), while 2019 was above average (P = 869 mm, 3.8-year recur-
rence interval, 123% of the long term mean; Qpeak = 453.1 m3 s− 1; ~ 5-year return interval) (see Figs S2 and S3). No evidence for 
Casitas Dam (est. 1959) impacts on annual drainage response was found (see Fig S5), so {drainage, P} were pooled for the entire 
1930–2017 period, and fit with a power model for comparison to post-wildfire drainage response (Fig. 4A). We found that post-wildfire 
years 2018 and 2019 both have a higher drainage (21.6 mm and 154.2 mm, respectively) than predicted by the 1930–2017 drainage-P 
relationship (6.7 and 1.7 times higher respectively), although the difference was outside of the 95% confidence interval for individual 
predictions. The larger increase in drainage response for WY 2018 than WY 2019 are likely attributed to watershed rebound in terms of 
vegetation regrowth, increasing surface roughness, and increasing soil sorptivity/hydraulic conductivity with increased time after the 
burn (Romero et al., 2018). Similarly, peak discharge values for water years 2018 (170.8 m3 s− 1, 2-year return interval) and 2019 
(453.1 m3 s− 1, ~ 5-year return interval) were respectively below and above the long term mean peak annual discharge (289.1 m3 s− 1) 
at USGS station #1118500 (Fig. 4B). 

4.2. Fine suspended sediment concentrations and rating relationships 

Historical fine suspended sediment concentrations monitored by the USGS from 1971 to 2008 range from 1.4 mg L− 1 (at Qi =

5.1 m3 s− 1) to 20,592 mg L− 1 (at Qi = 985.4 m3 s− 1) (Fig. 5, Table 2). UCR samples collected during the first year after the Thomas Fire 
(WY 2018) were visually dark brown and smelled heavily of burned material and appeared to contain high amounts of floating wood, 
debris, and charcoal. Samples collected during WY 2018 and 2019 had CSS-fines values that were much higher than those found during 
the historical period for similar discharges, with values ranging from 218.8 mg L− 1 (Qi = 8.9 m3 s− 1) to 35,366 mg L− 1 (Qi = 110.2 m3 

s− 1). During the 2nd post-fire wet season (WY 2019) CSS-fines values remained elevated relative to historical observations, but appeared 
to be decreasing over time, as further illustrated in the next section. 

The power relationship between USGS CSS-fines and Qi are weakly positive (R2 = 0.33, Fig. 5A, Table 3). For post-wildfire years 2018, 
a weak positive power relationship was also observed (R2 = 0.24, Fig. 5A), as was a relatively strong positive relationship for 2019 (R2 

= 0.93). The slopes of the power relationships for pre-wildfire USGS (b=0.74), and post-wildfire years 2018 (b=0.49) and 2019 
(b=0.86) were not significantly different, but intercepts differed significantly (Table 4). Years 2018 and 2019 are parallel to each other 

Fig. 4. Ventura River (A) runoff and (B) peak discharge at UGS gage #11118500 by water year. In (A) the red dashed lines are the upper and lower 
limits of the 95% prediction interval for point-based predictions (1930–2017). (B) The average annual peak discharge at #11118500 is 289.1 m3 s− 1 

(dashed line). 

N. Jumps et al.                                                                                                                                                                                                         



Journal of Hydrology: Regional Studies 41 (2022) 101096

9

Fig. 5. A. Log-Linear Rating Curves for USGS (blue), post-wildfire 2018 (orange), and post-wildfire 2019 (red) data set showing the relationship 
between CSS-fines and Qi. B. LOESS Rating Curves for USGS (blue), post-wildfire 2018 (orange), and post-wildfire 2019 (red) data set showing the 
relationship between CSS-fines and Qi. 

Table 3 
Power law rating curves for lower Ventura River Fine Sediment.   

Regression Parametersa Regression Statisticsb 

Record a b R2 RMSE p-value 

USGS  72.8  0.7413  0.33  0.583 < 2.98E-10 
USGS Positive Period  186.0  0.7601  0.53  0.264 < 3.54E-06 
USGS Negative Period  14.8  0.9686  0.49  0.546 < 6.15E-09 
Post-Wildfire 2018  1992.0  0.4893  0.24  0.477 0.00493 
Post-Wildfire 2019  207.9  0.857  0.93  0.142 < 2.2E-16  

a where CSS-fines = aQb, 
b RMSE values in iunits of log10(mg/L) 

Table 4 
ANCOVA analysis results of lower Ventura River CSS-Qi power law comparisons showing p-values for statistical tests of parallelism, offset, and 
coincidence. Additionally, the magnitude of offset (unitless) is reported.  

USGS vs. Parallelism Offset Magnitude Coincidence 

Post-Wildfire 2018  0.24 *** 13.18x *** 
Post-Wildfire 2019  0.47 *** 4.61x *** 
Positive Period  0.69 *** 2.26x *** 
Negative Period  0.20 *** -2.16x ***       

Positive (P) Period vs.      
Post-Wildfire 2018  0.29 *** 5.5x ** 
Post-Wildfire 2019  0.08 *** 2.0x *** 
Negative (N) Period vs.      
Post-Wildfire 2018  * *** 30.9x *** 
Post-Wildfire 2019  0.47 *** 8.9x ***  

* p < 0.01 
** p < 0.001 
*** p < 0.0001 
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and the curve fit to the entire USGS record, but differ in intercepts (offset) and are 13.2-times higher and 4.6-times higher, respectively, 
than the rating curve fit to the entire USGS record. 

LOESS rating curves bore the characteristic S-shaped curvature commonly found in small mountainous rivers on the US Pacific 
Coast (Farnsworth and Warrick, 2007), with lower local slopes at the low and high ends of the discharge domain (Fig. 5B). The LOESS 
curve for the post-wildfire year 2018 also displayed a dip in the middle discharge range due to the high leverage of the small number of 
samples collected in this discharge range. 

4.3. Persistent pre-fire suspended sediment behavior 

Persistent periods of high or low CSS-fines were identified by examining CSS-fines ~ Qi LOESS residuals over the USGS monitoring 
period. The Mann-Kendall analysis showed a significant negative temporal trend (tau = − 0.47, p < 0.0001), and a fitted negative 
linear temporal trend was also significant (Fig. 6A). Further analysis into the temporal pattern of residuals identified persistent positive 
(P, 1971–1982) and negative (N, 1983–2009) periods of fine suspended sediment behavior (Fig. 6B). Note that the persistent negative 
period includes a plateau of relatively stable suspended sediment concentrations composed of a few samples collected from low flows 
in the mid-1980 s to early 1990 s 

4.4. Comparison of pre-fire and post-fire periods 

Power law CSS-fines ~ Qi rating curves fit to {CSS, Qi} data subset by P (persistent periods of positive, i.e. elevated CSS-fines) and N 
(persistent periods of negative, i.e. depressed CSS-fines) improved in correlation relative to the rating curve fitted to the entire USGS 
stationary record (Fig. 7A, Table 3). ANCOVA results (Table 4) show that both persistent rating curves are parallel to that of the 
complete USGS record but differ in offset by 2.3-times higher and 2.2-times lower, respectively (Table 4). Years 2018 and 2019 were 
both strongly offset from the N curve (30.9-times and 8.9-times, respectively), and the 2018 curve had a lower slope than that of the N 
period, driven by very high CSS in the low discharge (< 10 m3 s− 1) domain. 

4.5. Css-fines ~ Qi LOESS rating curves 

LOESS rating curves were developed for each post-fire year (2018 and 2019), the Positive (1971–1982) and Negative 
(1983–2009) periods, and the entire USGS suspended sediment-discharge dataset (1971–2009) (Fig. 7B) to estimate annual 
suspended sediment flux. Average annual fine suspended sediment flux was calculated over the base periods for each of the LOESS 
rating curves derived from the USGS data set ( ̂QSS− fines⋅A , ̂QSS− fines⋅P , and ̂QSS− fines⋅N ), additional optimal flux ( ̂QSS− fines⋅O ) developed 

Fig. 6. A. LOESS residuals over time. A negative temporal trend is identifiable by the negatively slope of the fitted regression line. B. Cumulative 
LOESS residuals sequentially summed. Identified are a persistent positive period (1970–1981) and a persistent negative period (1981–2009). 
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by applying Qd records to PP an PN curves when within their respective periods, and each of the post-fire years 2018 and 2019 
(Table 5). The ̂QSS− fines ratio O/A (1.10) showed that suspended sediment flux estimates that account for persistent sediment 
behavior were only 10% higher than those obtained under the assumption of stationary CSS-fines-Q relationships over the period of 
record. Post-wildfire ̂QSS− fines for WY 2018 and WY 2019 were 14.2-, and 5.1-times (PWW2018/A, and PW2019/A) higher than 
would be predicted by a single rating curve fit to the entire USGS record. By taking the most recent period of persistent negative 
CSS-Q behavior as the baseline for post-fire comparison, we found that ̂QSS− fines was elevated 32.4-times baseline in 2018 
(PW2018/N) and 9.5-times baseline in 2019 (PW2019/N), respectively. 

Fig. 7. A. Log-linear Rating Curves for persistent positive periods, USGS (yellow triangle), persistent negative periods (purple triangle), post- 
wildfire 2018 (orange circle), and post-wildfire 2019 (red circle) data set showing the relationship between CSS-fines and Qi. for each period. B. 
LOESS Rating Curves for USGS base period (blue), USGS persistence positive (yellow), USGS persistence negative (purple), post-wildfire 2018 
(orange), and post-wildfire 2019 (red) data set showing the relationship between CSS-fines and Qi. 

Table 5 
Ventura River suspended sediment load estimates and comparisons.  

Basis Average QSS (MT) Confidence Interval Basis Average QSS Ratios   

̶ (%) + (%)   

Average (1960–2019) All (A)  0.160  17.0  19.1 1960–2019 P/A  1.8 
Average (1960–2019) Positive (P)  0.286  19.1  27.1 1960–2019 O/A  1.1 
Average (1960–2019) Negative (N)  0.106  19.5  22.7 1960–2019 N/A  0.7 
Average (1960–2019) Optimized (O)  0.177  20.7  30.1 1960–2019 P/N  2.7 
Post-wildfire (PW) 2018  0.073  31.0  44.2 2018 PW/A  14.2 
2018 All (A)  0.005  12.6  13.0 2018 PW/N  32.4 
2018 Positive (P)  0.013  12.3  12.7 2018 PW/P  5.4 
2018 Negative (N)      0.002 14.0  14.8 
Post-wildfire (PW) 2019  0.393  10.9  11.0 2019 PW/A  5.1 
2019 All (A)  0.077  12.7  13.1 2019 PW/N  9.5 
2019 Positive (P)  0.168  12.4  12.7 2019 PW/P  2.3 
2019 Negative (N)  0.041  14.0  14.8     
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5. Discussion 

Between 1971 and 2008 the average annual fine sediment flux in the Ventura River at USGS gage # 11118500 was 0.177 
(0.140–0.230) MT (1 σ) as estimated by taking into account persistent periods of fine suspended sediment behavior. Our findings are 
lower than previous investigations of fine suspended sediment flux at the same location using USGS suspended sediment monitoring 
data and rating curves. Farnsworth and Warrick (2007) found an average annual fine sediment flux of 0.197 MT using a single LOESS 
rating curve based on the entire historical suspended sediment monitoring record through 2006 (n = 490) and estimating the fine 
sediment fraction model based on discharge. Hill and McConaughy (1988) estimated an average annual fine sediment flux of 0.58 MT 
from 1969 to 1980, and Brownlie and Taylor (1981) found an average annual fine sediment flux of 0.76 MT over a base period of 
1967–1975. These findings of higher sediment fluxes in the Ventura River reflect the fact that these studies fall within the persistent 
period of elevated suspended sediment concentrations (1971–1982) that we identified, and the shorter base period over which their 
estimate is averaged, which also include one or both years of exceptional flooding (1969 and 1978). These two years accounted for 
more than 75% of the fine sediment flux from 1969 to 1980 using our approach or that of Hill and McConaughy (1988). This highlights 
the risk of using short base periods to estimate mean sediment fluxes, particularly from small mountainous rivers whose long term 
sediment yield is dominated by highly episodic precipitation and disturbance events. 

The time dependent fined sediment behavior that we found in the Ventura River from 1971 to 2008 can be described as a single 
cycle of elevated persistent suspended sediment concentrations, then persistently low concentrations. This was followed by a short- 
term increase in sediment and water supply after the 2017 Thomas Fire. The single cycle of persistent positive to negative fine sus-
pended sediment behavior in the lower Ventura River between 1971 and 2008 is indicative of a decreasing trend in CSS-fines over this 
period. Time-dependent fine suspended sediment behavior appears to play a significant role in over- or under-prediction of suspended 
sediment concentrations and fluxes in many small mountainous rivers (Gray, 2018), including the Ventura River. We used the same 
USGS data set (gage #11118500) and sampling period as Gray (2018) (albeit truncated by availability of particle size distribution 
data) while focusing only on fine suspended sediments for this study. Our results show a similar pattern of persistent suspended 
sediment behavior indicative of a decreasing trend in CSS and CSS-fines over the common period of record. The latter part of the total 
suspended sediment monitoring period (after the cessation of suspended sediment particle size analysis by the USFS in 2008) reported 
by Gray (2018) featured the resumption of persistent positive behavior and a return to elevated CSS. The differences between the rating 
relationships found for the persistent positive and negative periods found for CSS-Q and CSS-fines-Q relationships were also similar (P/N 
of 1.9 and 2.7, respectively). This contrasts with previous findings on the temporal dependence of particle size specific suspended 
sediment dynamics on the Salinas River, where the timing and frequency of persistent periods of elevated/depressed suspended mud 
concentrations differed greatly from those of sand (Gray et al., 2015a). Thus, the supply of both fines and sand to the lower Ventura 
River appear to have declined relative to the supply of water over the 1971–2008 period, potentially through the reduction of common 
sources or drivers. 

It should be noted that the persistent negative period of fine suspended sediment behavior in the Ventura River included a plateau 
of relatively stable suspended sediment concentrations composed of a few samples collected from low flow conditions in the mid-1980s 
to early 1990s. This period also happens to coincide with the 1985 Wheeler Fire, which was the largest wildfire in the history of the 
Ventura River watershed prior to the Thomas Fire. The resultant interannual ‘pause’ in declining fine sediment concentrations in the 
USGS record may be associated with this burn, and indeed we expect that large increases in the suspended sediment CSS-fines-Q occurred 
after this large fire. Unfortunately suspended sediment sampling was not focused on storm events during this period on the Ventura 
River, and the few samples on record were collected primarily during baseflow conditions years after the fire. 

If the long-term decline of fine sediment concentrations in lower Ventura River persisted through the decade after the end of the 
USGS monitoring period (2008), the increased fine sediment flux engendered by the Thomas Fire was more than twice what would be 
estimated under an assumption of time-independence. In this context, the impact of the Thomas Fire on the CSS-fines-Q relationship 
would be a ~ 30x increase in fine sediment concentration in the lower Ventura River during the first year after fire, and more than a 
32x increase in flux due to increases in sediment supply alone. It should be noted that the annual runoff production in 2018 was 6.7 
times higher than predicted by the historical P-Q relationship. This increase in runoff production likely resulted from dramatic re-
ductions in evapotranspiration and infiltration rates, and increases in lateral hydrologic connectivity resulting from the combustion of 
vegetation and soil organic matter (USFS, 2018). Thus, even with the conservative assumption of uniformed increases in discharge 
production across the precipitation domain, the impact of the Thomas Fire on fine sediment flux in 2018 was perhaps a 200x increase 
when increases in runoff, baseflow, and fine sediment supply are jointly considered. 

However the Ventura River’s fine sediment flux in 2018 of 0.073 (0.05–0.11) MT remained well below the long term annual 
average of 0.177 (0.140–0.230) MT, despite dramatic increases in water and sediment supply, because 2018 was a relatively dry year 
(less than half of the average annual precipitation). Our finding of suspended sediment flux increases after wildfire are consistent with 
previous studies that found orders of magnitude increases in sediment transfer after wildfires in small mountainous catchments with a 
high proportion of recent burn area (Warrick and Rubin, 2007; Coombs and Melack, 2012; Warrick et al., 2012), and strong depen-
dence of suspended sediment flux on the occurrence of significant precipitation events during the period of disturbance, particularly 
the first year after fire (Warrick et al., 2012, Wester et al., 2014; Aguilera and Melack, 2018; Greenbaum et al., 2021). 

By 2019 the impact of the Thomas Fire on CSS-fines was only ~ 10x that of the pre-fire period of persistently low CSS-fines, and annual 
runoff was < 2x greater than the long-term P-Q relationship. Although 2019 was wetter than both 2018 and the average, the resultant 
fine sediment flux in 2019 of 0.393 (0.284–0.427) MT was only about double that of the long term annual mean fine sediment flux. 
Vegetation and soil hydraulic property rebound and sediment supply stabilization likely contributed to a rapid relaxation toward pre- 
fire hydro-sedimentological behavior of the undammed portion of the Ventura River watershed monitored in this study. The multi-year 
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response in erosion, runoff, and discharge of suspended sediment is known to decay with time. Warrick and Rubin (2007) explored this 
idea by applying an exponential decay model to evaluate the effects of wildfire on CSS and their exponential decay back to baseline 
concentrations. Fitting such a model to CSS-fines-Q offset values and proportional value above the annual P-Q rating curve for 
2018–2019 yields a post-fire recovery half-life of 0.85 years in terms suspended sediment dynamics, and 0.93 years in terms of runoff 
production. Both runoff and sediment delivery mechanisms appear to recover over similar time scales in the undammed portion of the 
Ventura River watershed, as found in similar post-fire settings (e.g. Warrick et al., 2012; Greenbaum et al., 2021). 

The modest fine sediment fluxes observed in the lower Ventura River during the first two years after the Thomas Fire were of a 
similar magnitude or less than the fine sediment impounded by the Matilija, Robles and Casitas Dams during this period. The 
impounded watersheds of the Coyote, Matilija, and North Fork Matilija Creeks contain the steepest headwaters in the Ventura River 
watershed, and were also burned to a greater extent and at greater severity than the undammed portion of the watershed that 
contributed most of the water and sediment observed in the lower Ventura River. The Matilija Reservoir had already filled with 
approximately 6.0 × 106 m3 with < 6 × 105 m3 of remaining capacity by 2014 (AECOM and Stillwater Sciences, 2016), which was 
further reduced to ~1.8 × 105 m3 by 2020 (Ventura County, 2020). On the order of 0.9 × 105 m3 of sediment was also deposited in the 
Robles Diversion facility and removed during WY 2019 (Carlson, 2019; Rincon Consultants, 2019), and Lake Casitas likely experienced 
even greater sedimentation from Coyote Creek as well as Ventura River Diversion waters. Together these impoundments likely 
captured 1–2 MT of total sediment during 2018 and 2019, an undetermined proportion of which were fines, in comparison to ~ 0.5 MT 
of fine sediment discharged by the undammed watershed during this period. While Lake Casitas will remain an effective trap for 
sediment for decades to come, plans for the removal of Matilija Dam are underway, which will eventually result in the release of over 
10 MT of impounded sediment to the Ventura River and its adjacent coastal marine habitats (Ventura County, 2020). 

Although the magnitude and character of the short term impacts of the Thomas Fire on water and sediment fluxes in the lower Ventura 
River are clear, the causes of long-term time-depended suspended sediment behavior prior to the fire are not. The single sequence of 
persistent positive and negative fine suspended sediment and corresponding negative secular trend in rating curve residuals over the 
period of USGS record show that concentration-discharge relationships have been decreasing throughout the late 20th and early 21st 
centuries in the Ventura watershed. This is likely caused by either decreasing watershed fine sediment supply and/or increasing water 
supply driving a dilution effect. Since our results suggest no secular trend in precipitation partitioning to runoff, at least at annual ag-
gregation, fine sediment supply has likely decreased throughout the late 20th and early 21st centuries in the Ventura watershed. 

What may have caused this interdecadal decrease in fine sediment supply to the lower Ventura River? Common culprits include the 
spatiotemporal distribution of disturbances such as wildfire, landuse, and hydrologic modification, as well as hydro-meteorological 
activity. In the case of the Ventura River, wildfire extent in the watershed has not decrease over the period of suspended sediment re-
cord (CalFire, 2021). Land-use such as urban development (Wolman and Schick, 1967, 2007), and changes in agricultural irrigation (Gray 
et al., 2016) have been shown to alter the suspended sediment response in watersheds by changing water and sediment supply to the 
channelized system. Agricultural operations in the Ventura River watershed may be of lesser importance since they comprise less than 4% 
of the land use in the undammed basin, while urban and industrial development account for only 16.9%, and are focused in lower sloped 
regions that are not likely the dominant sources of sediment. The timing of the transition around 1980 to the period of persistently low 
CSS-fines may be related to land use changes or changing land use operations, such as forestry management practices, as have been found 
elsewhere (e.g. Fisher et al., 2021), but could also be an artifact of our analysis imposed on a long term (interdecadal) trend in decreasing 
concentrations. Impoundment of major tributaries to the Ventura River have certainly decreased the delivery of fine sediment (USBR, 
2006). However, all major dams were emplaced more than a decade before the onset of fine suspended sediment monitoring, and rapid 
sedimentation of the Matilija Reservoir resulted in dramatic reduction of its sediment trapping efficiency during the historical monitoring 
period. Finally, persistent patterns of hydro-meteorological activity may have also played a role, and indeed high magnitude floods (e.g. 
floods >1000 m3 s− 1, return interval ~ 10 years) occurred more frequently in the latter decades of the CSS-fines monitoring record (1 event 
from 1971 to 1990 vs. 4 events from 1990 to 2008). Hestir et al. (2013) found a step-wise decrease in the Sacramento River suspended 
sediment regime from transport to supply regulation and attributed it to supply exhaustion from a large magnitude flood “flushing” event, 
and Gray et al. (2015a) found patterns of similar flushing behavior in the Salinas River corresponding to smaller, more frequent flows. 
Further investigation of the Ventura River watershed’s land use and hydro-meteorological regime may provide fruitful insights into the 
reason for its interdecadal patterns of fine suspended sediment behavior. 

6. Conclusion 

The main goals of this study were to investigate interdecadal temporal dependence in the fine (silt and clay) suspended sediment 
dynamics of the Ventura River over its historical monitoring period (1971–2008), and evaluate changes to these dynamics after the 2017 
Thomas Fire. A period of elevated fine sediment concentration early in the historical monitoring record (1971–1981) was followed by a 
period of persistently low concentrations (1981–2008) relative to the ensemble concentration-discharge relationship for the entire 
historical monitoring period. This pattern is consistent with a monotonic decrease in normalized fine sediment concentrations in the 
Ventura River over the 1971–2008 period of historical monitoring conducted by the US Geological Survey. Refined estimations of fine 
suspended sediment flux for the post-dam period of hydrologic monitoring (1960–2019) incorporating these temporal patterns resulted 
in a small (10%) increase in estimated fine sediment flux over the historical period (0.0160 vs. 0.177 MT). However, fine sediment fluxes 
estimated on the basis of CSS-fines-Qi relationships characterized during positive (elevated concentrations) or negative (depressed con-
centrations) periods of persistent fine sediment behavior differed by a factor of 2.7 (0.286 vs. 0.106 MT). 

After the 2017 Thomas Fire, fine suspended sediment concentrations monitored during stormflow in 2018 and 2019 were 14.2 and 
5.1 times higher than predicted based on the entire historical monitoring record, but 32.4 and 9.5 times higher than the most recent 
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period of persistently low suspended sediment concentrations, respectively. The impact of the Thomas Fire on sediment and water 
supply to the channel increased fine sediment flux in 2018 by a factor of 200 relative to pre-fire conditions. However, the fine sus-
pended sediment flux during 2018 of 0.073 (0.050–0.105) MT and 2019 of 0.393 (0.284–0.437 MT) were lower than and comparable, 
respectively, to the long term average of 0.177 (0.14–0.23 MT) because of relatively low precipitation magnitudes during the post-fire 
period. 

These findings highlight the importance of considering time-dependent behavior when estimating fluvial sediment fluxes and 
characterizing the impacts of fire on suspended sediment dynamics, as well as the critical role that storm event magnitudes play in 
determining the sediment yield of small mountainous watersheds after wildfire. Developing CSS-Q rating relationships over even 
multiple decades can result in dramatic over or under prediction of sediment fluxes when applied beyond the period of record. By 
extension, ignoring temporally dependent CSS-Q relationships can potentially mask or over-/under-accentuate the impact of distur-
bance events on suspended sediment dynamics by not considering disturbance dynamics in the context of the most recent system state. 
Finally, post-fire rainfall magnitudes during the first few years after fire is a dominant control on suspended sediment transfer from 
small (102-103 km2) mountainous watersheds with rapid post-fire recovery characteristics, such as the steep shrublands that dominate 
the Ventura River watershed. When such watersheds do not receive rare, high magnitude rainfall events during the first few years after 
fire suspended sediment fluxes may remain modest despite order of magnitude increases in sediment and water supply to the channel. 

The limitations of this study in terms of monitoring frequency and approach illustrate potential future directions for better 
characterizing and understanding fine sediment dynamics in small mountainous watersheds. This study was based on a relatively small 
amount (n = 100) of historical data collected over multiple decades and an intensive post-fire monitoring regime (n = 71) conducted 
over 2 years at one river station. The historical record suffers from the fact that it ended 10 years before the onset of post-fire 
monitoring because of reductions in USGS suspended sediment monitoring efforts, which have been noted across the US over 
recent decades (e.g. Warrick and Milliman, 2018). Our monitoring efforts after the Thomas Fire suffered from effort and safety 
constraints that limited the amount of sampling conducted and restricted the study to fine sediment. Increased monitoring efforts, and 
expanded use of proxy measurements that support higher frequency and longer duration monitoring would increase the power of 
investigations into changes in suspended sediment dynamics over decades and after punctuated disturbances. Future efforts that 
employ distributed monitoring of the watershed sediment transport and storage continuum using direct (e.g. hydrologic, topographic, 
bathymetric, and stratigraphic monitoring) and indirect approaches (e.g. sediment tracers) will also be critical for spanning the gap in 
process-based understanding of fine sediment transport dynamics from hillslope to watershed scales. 
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