
1 
 

High resolution lake sediment record reveals self-1 

organized criticality in erosion processes regulated 2 

by internal feedbacks 3 

D. Colombaroli 1,2*, D.G. Gavin3*, A.E. Morey4, V.R. Thorndycraft1 4 

 5 

1. Centre for Quaternary Research, Department of Geography, Royal Holloway, 6 

University of London, Egham, Surrey, TW200EX 7 

2. University of Bern and Oeschger Centre for Climate Change Research, Bern, 8 

Switzerland 9 

3. Department of Geography, University of Oregon, Eugene OR 97403-1251 10 

4. College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, 11 

Corvallis, OR 97331-5503 12 

 13 

* Both authors contributed equally to this manuscript. 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

Running title: Drivers of erosion variability estimated by a high-resolution record 22 

 23 

Corresponding Author: Daniele Colombaroli (daniele.colombaroli@rhul.ac.uk) 24 

mailto:daniele.colombaroli@rhul.ac.uk
mailto:daniele.colombaroli@rhul.ac.uk


2 
 

Abstract 25 

Reconstruction of high-frequency erosion variability beyond the instrumental 26 

record requires well-dated, high-resolution proxies from sediment archives. We 27 

used computed tomography (CT) scans of finely laminated silt layers from a lake-28 

sediment record in southwest Oregon to quantify the magnitude of natural 29 

landscape erosion events over the last 2000 years in order to compare with 30 

palaeorecords of climate, forest fire, and seismic triggers. Sedimentation rates 31 

were modeled from an age-depth relationship fit through five 14C dates and the 32 

1964 AD 137Cs peak in which deposition time (yr mm-1) varied inversely with the 33 

proportion of silt sediment measured by the CT profile.  This model resulted in 34 

pseudo-annual estimates of silt deposition for the last 2000 years. Silt 35 

accumulation during the past 80 years was strongly correlated with river-36 

discharge at annual and decadal scales, revealing that erosion was highly 37 

responsive to precipitation during the logging era (1930–present).  Prior to 38 

logging the frequency-magnitude relationship displayed a power-law distribution 39 

that is characteristic of complex feedbacks and self-regulating mechanisms. The 40 

100-year and 10-year erosion magnitude estimated in a 99-year moving window 41 

varied by 1.7 and 1.0 orders of magnitude, respectively.  Decadal erosion 42 

magnitude was only moderately positively correlated with a summer temperature 43 

reconstruction over the period 900–1900 AD.  Magnitude of the seven largest 44 

events were similar to the cumulative silt accumulation anomaly, suggesting 45 

these events “returned the system” to the long-term mean rate.  Instead, the 46 

occurrence of most erosion events was related to fire (silt layers preceded by 47 
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high charcoal concentration) and earthquakes (the seven thickest layers often 48 

match paleo-earthquake dates). Our data show how internal (i.e., sediment 49 

production) and external processes (natural fires or more stochastic events such 50 

as earthquakes) co-determine erosion regimes at millennial time scales, and the 51 

extent to which such processes can be offset by recent large-scale deforestation 52 

by logging. 53 

 54 

Keywords (5): computed tomography, hill-slope erosion, fire, logging, self-55 

regulating systems.  56 

 57 
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1. Introduction 61 

High rainfall events are the primary source of sediment runoff from hillslopes into 62 

upland streams and lakes (Zolitschka, 1998; Lamoureux, 2002; Glur et al., 2013; 63 

Swierczynski et al., 2013), Forecasted increases in the frequency of heavy 64 

precipitation (Sillmann et al., 2013) may cause important shifts in hydrological 65 

and geomorphic processes, but the significance of such changes for catchment 66 

erosion processes are difficult to assess on the basis of short-term instrumental 67 

observations. Lake sediment archives can be used to extend the record of 68 

individual sediment flux events through the reconstruction of event stratigraphies 69 

(Thorndycraft et al., 1998), which, in records that span millennia, can be used to 70 

infer magnitude and frequency relationships of rainfall/flood events (e.g. 71 

Czymzyk et al., 2010; Glur et al., 2013; Swiercynski et al., 2013). High resolution 72 

lake-derived erosion histories often indicate centennial to millennial scale climate 73 

variability may exert a first-order control over the magnitude of erosion rates 74 

(Lamoureux, 2002; Meyer and Pierce, 2003; Pierce et al., 2004:, Schillereff et al, 75 

2016). However, whilst lake sediment records provide important data on 76 

magnitude and frequency of individual sediment delivery events triggered by 77 

rainfall (Glur et al., 2013; Swiercynski et al., 2013; Schillereff et al., 2016), the  78 

relationship between erosion events  and climate can be difficult to disentangle 79 

because sediment delivery may be mediated by other landscape scale processes 80 

(e.g. fires or earthquakes), which can overprint (or even offset) the climatic 81 

control over erosion dynamics (Fig. 1). Furthermore, internal system dynamics 82 

may play an important modulating role on sediment processes and subsequently 83 



5 
 

on the sediment archive. Model simulations, for example, have shown that 84 

identical floods can generate different bedload sediment yields demonstrating 85 

self-organised criticality and suggesting sediment archives may not record 86 

external drivers (Van De Wiel and Coulthard, 2010).  87 

To investigate these themes high resolution records of multiple drivers are 88 

required that enable the role of different controls to be deciphered. Catchments 89 

influenced by both wildfires and tectonics can provide such an opportunity as 90 

proxy datasets such as charcoal concentration and earthquake generated 91 

turbidites may allow insights into causation of sediment delivery events. Upper 92 

Squaw Lake in the Siskiyou region of Oregon and California provides an 93 

excellent case study to investigate such controls on catchment erosion because 94 

the charcoal record shows that fires of both low and high severity have been a 95 

key driver for vegetation structure and composition over millennia, affecting slope 96 

stability and therefore post-fire erosion events (Colombaroli and Gavin 2010). 97 

Additionally, the availability of regional Late Holocene records for earthquake 98 

events (Morey-Ross, 2013), Pacific Northwest summer temperature (Mann et al., 99 

2008), and regional winter precipitation and temperature (Ersek et al., 2012), 100 

allow direct comparison between multiple external controls. Furthermore, the 101 

onset of logging in the catchment over recent decades, which increased 102 

sediment fluxes (Colombaroli and Gavin, 2010; Richardson et al., in press), 103 

enables a comparison of natural versus anthropogenic controls on sediment flux. 104 

 The main aim of the paper, therefore, is to investigate the roles of climate, 105 

fire and earthquakes on catchment erosion, during natural state and post-logging 106 
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conditions. We applied a novel computed tomography (CT) approach on a lake 107 

sediment core from Upper Squaw Lake to model sedimentation rates at a 108 

sufficiently high temporal resolution (annual to multiannual) to achieve this aim. 109 

Furthermore, using the CT-derived silt-inwash record we test whether the 110 

frequency and magnitude of erosion events follow a power-law distribution, 111 

indicative of an ordered “self-organized” system (Bak et al., 1988), with erosion 112 

controlled by the balance between internal variability and local (e.g. fire) to 113 

regional scale (climatic) processes. We hypothesise erosion to be mostly driven 114 

by climatic extremes (i.e. precipitation) during the logging period (A.D. 1950), as 115 

road construction and the removal of trees decreased soil resilience to 116 

weathering. In contrast, prior to logging, erosion events may increase with 117 

precipitation (i.e., floods), earthquakes, or the disturbance regimes in the 118 

catchment.  119 

 120 

121 
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2. Material and methods 122 

2.1 Setting  123 

Upper Squaw Lake (42° 2’ N; 123° 0.9′ W; 930 m a.s.l.) is a landslide-dammed 124 

basin in the Applegate valley, draining ca. 40 km² of upstream watershed within 125 

1000 m of relief (Fig. 2). Steep topography of the watershed and schist bedrock 126 

makes this site particularly responsive to erosion, with the lake acting as a trap 127 

for sediment pulses. Minerogenic material can enter directly in the upper lake via 128 

slopewash or by suspended load from Squaw Creek, deposited in the deepest 129 

part of the lake from suspension.  The relatively flat bottom of the lake indicates 130 

that sub-aqueous landslides or slumping of lake floor sediments were likely not 131 

important at the core site (Supplementary S1). The 10-m, 2000-year record was 132 

previously studied for vegetation and high-resolution fire history, though 133 

inferences regarding erosion were limited by a 1-cm sampling resolution 134 

(Colombaroli and Gavin, 2010). 135 

Sediment is mobilized during extreme rainfall events (e.g. as in 1997), 136 

which in this area are the result of the dominant south-westerly flow of moisture-137 

laden air associated with the Aleutian Low during the winter months (80% of the 138 

ca. 1100 mm annual mean occurs from November to April). However, the largest 139 

precipitation events are associated with “atmospheric rivers:” long bands of water 140 

vapor from lower latitudes in the Pacific Ocean (Gimeno et al., 2014). Snowmelt 141 

floods transporting finer terrigenous layers (Lamoureux and England, 2000) may 142 

also occur when a warm air mass causes rain-on-snow in the upper elevations of 143 
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the watershed. Summer months are warm and dry, and streamflow into the lake 144 

in late summer is negligible.   145 

Flood-transported minerogenic sediments require a supply of sediment 146 

that is generated by weathering and punctuated by mass movements.  147 

Landsliding is common in the Condrey Mountain schist in the watershed (Fig. 2); 148 

such landslides may be associated with extreme precipitation, though a previous 149 

study matched some of the larger events in the core with earthquake events 150 

identified at the coast (Morey et al., 2013).  Forest fires are also common within 151 

the watershed; Colombaroli and Gavin (2010) noted that many silt layers 152 

followed charcoal peaks suggesting a major role of fire in controlling forest 153 

dynamic over centuries, and amplifying the effect of hydrology on erosion.  154 

  155 

2.2 Computed tomography CT scans of lake-sediment radiodensity  156 

Using the sediment core from Upper Squaw Lake previously studied by 157 

Colombaroli and Gavin (2010), we obtained CT scans of radiodensity (expressed 158 

as Hounsfield Units, HU) using a Toshiba Aquilion 64-Slice at the Oregon State 159 

University College of Veterinary Medicine. Longitudinal cross section images of 160 

each core were selected using OSIRI-X software, and values from overlapping 1-161 

m core drives were correlated and aligned to match sampling depths used in 162 

Colombaroli and Gavin (2010).  HU values were then averaged at each depth 163 

along a ca. 5-mm wide transect, avoiding voids in the sediment, using open 164 

source ImageJ software (http://rsbweb.nih.gov/ij/).  The resulting series of 23,016 165 

values had a median resolution of 0.46 mm, but ranged from 0.2 to 0.6 mm 166 

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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among images. We therefore binned the series to a constant 1-mm interval by 167 

integrating values across the irregular sampling resolution.   168 

 169 

2.3 Estimation of annual time series of accumulated silt  170 

We used a Bayesian-like approach to develop a sediment chronology that 171 

accounts for the rapid deposition of erosion layers as estimated by the high-172 

resolution CT measurements, following Colombaroli and Gavin (2010) and Kelly 173 

et al. (2013). We assume sediment is a mixture of nearly-instantaneous 174 

deposited silt and slowly deposited organic matter. This method calculates the 175 

proportion of silt (θ) in each mm depth, by scaling radiodensity (Hounsfield units; 176 

HU) as: (ρd-ρmin)/(ρcrit-ρmin), where ρd is the radiodensity at depth d, ρmin is the 177 

minimum radiodensity observed (200 HU in this study), and ρcrit is the critical 178 

radiodensity (ca. 753 HU, see below). Core segments above the ρcrit threshold 179 

are considered instantaneous and therefore θ is set to 1 (100% silt).  We 180 

calculated the effective depth (EDd) as the depth after removing the silt 181 

component as estimated by θ. The critical density ρcrit was estimated as the value 182 

that minimized the root-mean-square-error (RMSE) of a linear regression 183 

between EDd and seven age-control points (five radiocarbon dates, one Cs-137 184 

profile, and the core top; Colombaroli and Gavin, 2010). Ages were assigned to 185 

the effective depths by fitting a monotonic spline between the effective depths 186 

and the age estimates, thus accounting for naturally varying rates of 187 

sedimentation that are common in sediment cores (Kelly et al., 2013). This model 188 

was performed on 1000 resamples of the calibrated radiocarbon probability 189 
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distributions to obtain the median and 90th percentile confidence envelope for 190 

ages at each effective depth, resulting in a strong fit (RMSE=97±32 years among 191 

simulations) and agreement with ρcrit (median=753 HU, 5th to 95th percentiles are 192 

715 and 784 HU, respectively).   The resampling of radiocarbon dates resulted in 193 

a distribution of ages at each 1-mm depth; the 5th, 50th, and 95th percentiles of 194 

ages were retained. We then integrated the θ values from the depth scale within 195 

intervals corresponding to annual increments, which resulted in estimates of 196 

pseudo-annual values of silt deposition (E, mm/yr).  Separate time series of E 197 

were developed for the 5th, 50th, and 95th percentiles of age estimates for each 198 

depth.  199 

To assess the extent to which silt deposition is driven by storm-related 200 

erosion events, we compared the last 150 years of E to a composite record of 201 

peak annual discharge from the region.  Annual data from five stream gages on 202 

the Applegate, Rogue, and Klamath Rivers were standardized relative to the 203 

Copper gage on the Applegate River and then averaged for the period with at 204 

least three gages reporting (1939–2007). 205 

 206 

2.4 Erosion frequency-magnitude relationship 207 

From the annual time series, we examined the frequency-magnitude relationship 208 

of annual silt accumulation (E) vs return period, to assess the peak-magnitude 209 

distribution and the occurrence of anomalously large, low-frequency events 210 

(Kidson and Richards, 2005).  We applied reduced major axis (RMA) regression 211 

(Legendre and Legendre, 1988) to obtain linear fits of the log-log relationship 212 
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between magnitude and recurrence interval (lmodel2 package for R statistical 213 

software).  Two lines were fit: the first was fit to the portion of the plot between 214 

return periods of ca. 1.5 and 100 years; the second was fit between return 215 

periods of 10 and 100 years.  We chose these values because 1) the left side of 216 

the plot was curvi-linear and several authors (Kidson and Richards, 2005; 217 

Malamud and Turcotte, 2006) suggest simply censoring such data, and 2) we 218 

wished to examine whether these lines extrapolated to the magnitude of the 219 

largest, most infrequent, events (>100 year recurrence intervals).  220 

We used two methods to assess the stationarity of the frequency-221 

magnitude relationship. First, we used RMA regression as described above in a 222 

moving 99-year window. From the fitted line, we estimated the 2-year, 10-year, 223 

and 100-year events (E2, E10, and E100, respectively), with their 95% confidence 224 

envelopes. Second, we calculated E2, E10, and E100 directly from the data using 225 

running quantiles (Koenker and Bassett, 1978) in a 99-year moving window. The 226 

100th (maximum), 90.91th, and 50.5th quantiles correspond to E100, E10, and E2, 227 

respectively.  These time series were then smoothed using a loess smoother 228 

within a 99-year window. 229 

To assess the importance of the largest events on the overall 230 

sedimentation rates, we plotted the cumulative departure from the mean rate of 231 

silt deposition of the pre-logging period (Lamoureux, 2002).  Additional plots were 232 

constructed after substituting the seven largest events (> 75 mm) and the 64 233 

largest events (> 10 mm) with the mean of the remaining values.  To assess 234 

whether the magnitude of the seven largest events were related to cumulative 235 
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departure from the mean rate (i.e., whether these events “returned the system” to 236 

the mean rate), we calculated the standard deviation of the cumulative 237 

departures following the seven largest events. This value was compared to 1000 238 

Monte Carlo simulations of the same standard deviation statistic in which, for 239 

each simulation, the seven large events were inserted into the record on 240 

randomly chosen years.  241 

 242 

2.5 Potential drivers of erosion: fire, climate, and earthquakes 243 

We assessed the link between fire and erosion by compositing the charcoal 244 

concentration data from the same core (quantified at the 1-cm scale with a 2-yr 245 

mean resolution; Colombaroli and Gavin 2010) in the 20 years leading and 246 

lagging major silt events.  Separate analyses were run for the largest seven silt 247 

events (>75 mm) and the 57 next-largest events (10 – 75 mm).  Significant 248 

departures of the composited charcoal concentrations from the mean was 249 

assessed from the 95% confidence interval generated from 10,000 resamplings 250 

(of randomly chosen years) of the full charcoal record.  251 

To compare erosion history with climate proxies with similar temporal 252 

resolution in the region, we explored several high-resolution reconstructions from 253 

the Pacific Northwest, including a multi-proxy reconstruction of summer 254 

temperature (Mann et al., 2008) and stable isotope records from speleothems at 255 

Oregon Caves National Monument (Ersek et al., 2012), located 30 km west of 256 

Upper Squaw Lake, which are sensitive to winter precipitation (δ13C) and winter 257 

temperature (δ18O).  We focused these comparisons on the smoothed E2 and E10 258 
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reconstructions, as they are less sensitive to single large events but still captures 259 

the pattern of erosion intensity through time. Few other climate proxies are 260 

suitable for contrasting with USL, as they are either too distant (Steinman et al., 261 

2012) or with too poor absolute chronology to compare to USL (Pyramid Lake, 262 

NV; Benson et al. 2002). 263 

Last, the possibility that the largest events were triggered by earthquakes 264 

was considered by comparing the largest erosion events with reconstructed 265 

seismic records from the Cascadia subduction zone.  The age-probability 266 

distribution of the seven largest silt events was calculated from resampling of 267 

radiocarbon dates in the construction of the age model (see above).  These 268 

distributions were plotted against the age estimates of tsunamis at Bradley Lake, 269 

Oregon (Kelsey et al., 2005) and age estimates of off-shore turbidites (Goldfinger 270 

et al., 2012). 271 

 272 

3. Results  273 

3.1 Sediment chronology and erosion history 274 

The 10-m core (ca. 2,000 years, Fig. 3) consists of organic lake mud (gyttja) 275 

alternating with coarser, terrigenous layers of varying thickness (Fig. 3 a,b). 276 

Density of sediment measured by CT provides a high-resolution proxy for 277 

deposition of allochthonous mineral matter.  CT values were linearly related to 278 

measured bulk density (r2=0.92, n=61 samples) and negatively related with the 279 

percentage of organic matter estimated by loss-on-ignition (r2=0.84; S2). 280 
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Biogenic silica was only ca. 15% of the sediment dry weight with no down-core 281 

trend (Colombaroli and Gavin, 2010).  282 

 Our Bayesian-like approach for estimating chronology (Fig. 3c), which 283 

collapsed silt layers into instantaneous events, resulted in an almost linear 284 

accumulation rate (S3).  The lower and upper probabilities (calculated on 285 

resampled dates), have higher age uncertainties in the lower part of the 286 

sequence (±200 yrs in 200 AD) than higher in the sequence (±100 yrs in 800 AD) 287 

due to larger 14C errors (Colombaroli and Gavin, 2010). The high-resolution (at 288 

the 1-mm scale) variation in sedimentation density resulted in a time series of silt 289 

events at annual resolution, with almost all years represented by at least 1 mm of 290 

sediment.  Silt deposition accounted for ca. 75% of the total accumulated 291 

sediment and silt layers greater than a few mm in thickness had a fining-upward 292 

structure (seen by highest CT values capping the layer, S5) suggesting that they 293 

are single events rather than multiple events straddling more than one year. The 294 

seven largest events preceding 1930 AD (at 200, 630, 1005, 1250, 1375, 1705, 295 

and 1920 AD) represent ca. 30% of the silt accumulation for that period. The top 296 

ca. 3 m of homogeneous inorganic material was deposited in four large events 297 

after logging and road building started in the catchment (AD 1950).  The age 298 

model indicates that of the 7.46 m of silt deposited over the 2000-year record, 299 

3.01 m (40%) occurred after initial road construction in ca. 1930 AD, indicating an 300 

11.5-fold increase in sedimentation from the previous mean rate.  301 

The peaks in silt accumulation over the last 150 years follows the history 302 

of peak annual streamflow (Fig. 4). The five largest floods (AD 1965, 1997, 1956, 303 



15 
 

1974, and 2006) are close in time to some of the largest reconstructed erosion 304 

events (AD 1965, 2007, 1961, 1975, and 1954) suggesting sensitivity of our site 305 

location to the magnitude of recurrent floods (e.g Schillereff et al., 2016).  Earlier 306 

historic floods pre-dating the gage-station record (in AD 1861, 1890, and 1927) 307 

are close in time to other reconstructed erosion events, especially considering 308 

dating uncertainties (Fig. 4).  Furthermore, the decadal-scale variation in peak 309 

discharge mirrors the decadal-scale variation in silt accumulation, with high 310 

values in the 1950’s to 1970’s declining to lower values thereafter.   311 

 312 

3.2 Erosion frequency-magnitude relationship 313 

The frequency-magnitude relationship of CT-inferred depositional thickness for 314 

the period before logging generally shows a power-law distribution (Fig. 5). 315 

Events with a 10, 100, and 1000-year return periods were of magnitudes of 3.5, 316 

22.8, and 207.0 mm, respectively. On the left side of this relationship the 317 

frequency-magnitude relationship was not linear but rather the magnitude of 318 

events with intervals less than 1.5 years were increasingly of lower magnitude 319 

than expected from the remainder of the data. The RMA regression fit to events 320 

with a 1.5 to 100-year return period (Fig. 5, green line, slope=0.97) over-predicts 321 

the magnitude of events with intervals greater than ca. 75 years. In contrast, the 322 

RMA regression fit to only events with a 10 to 100-year return period (Fig. 5, 323 

orange line, slope=0.82) follows the data closely within the interval range of 10 to 324 

250 years, but when extrapolating it underpredicts the observed magnitude of the 325 
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most infrequent events (>250 year intervals), and overpredicts the magnitude of 326 

the most frequent events (<10 year intervals).  327 

 Calculated in a 99-year moving window, the magnitude of the 100-year 328 

event (E100) varies 1.5 orders of magnitude prior to AD 1930 due to the 329 

occurrence of seven thick layers (Fig. 6).  E100 shows a quasi-periodic trend over 330 

the last 2000 years (every ca. 400 yrs, with E100 peaks around 200, 600, 1000, 331 

1300, 1700 AD). Estimates of E100 in a 99-year moving window differed whether 332 

using the fitted values from RMA regression (yellow solid line and confidence 333 

interval in Fig. 6) versus the observed value from smoothed quantiles (yellow 334 

dashed line in Fig. 6).  This difference is the result of an underestimate of the 335 

RMA to the largest events in the frequency-magnitude distribution in the 99-year 336 

moving window, confirming that the underestimation of the largest events in the 337 

overall plot (Fig. 5) also holds for frequency-magnitude relationships limited to 338 

the century surrounding the large events. Similar centennial-scale variations are 339 

also shown (but to a lesser extent) by the E10 and E2 estimates.  The estimated 340 

values (from the fits of the RMA regression) of E10 and E100 (expressed as log 341 

values) are strongly correlated over time (r=0.93), but the observed values (from 342 

smoothed quantiles) are much less so (r=0.47) indicating a non-stationary 343 

frequency-magnitude relationship. Correlation of E2 and E10 over time are also 344 

moderate (r=0.79 and 0.83 for the regression estimate and quantiles, 345 

respectively). 346 

 Estimated sediment accumulation departure from mean rate over the last 347 

2000 years (Fig. 6b) shows nearly constant deposition over the centennial scale, 348 
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only interrupted markedly by the seven largest-magnitude events.  Furthermore, 349 

the magnitude of these seven events was related to the amount the accumulated 350 

sediment diverged from the mean rate.  The standard deviation of the values of 351 

the accumulated sediment anomaly after the seven largest events (circles in Fig 352 

6b) was significantly smaller than would be expected if these events were 353 

randomly placed in time (P=0.03; S4).  This suggests the magnitude of the 354 

largest events was dependent on the time elapsed since the previous large event, 355 

“returning the system” to its long-term mean.  Removing the largest events from 356 

the record shows greatly reduced variation in the sediment accumulation 357 

departures (dashed and thin red lines in Fig. 6c) and that the period before ca. 358 

1600 AD had generally higher-than-average rates while lower-than-average rates 359 

occurred after 1600 AD until the logging era, at which time sediment 360 

accumulation increases abruptly. 361 

 362 

3.3 Potential drivers of erosion: fire, climate, and earthquakes 363 

The seven largest silt events are preceded by, on average, a five-fold increase of 364 

charcoal concentration (Fig. 7).  This pattern was statistically significant for the 365 

1–3 years preceding the silt event.  Examining the patterns of charcoal and silt 366 

concentration on a depth scale shows a repeated pattern of a simultaneous and 367 

abrupt increase in charcoal and sediment density (i.e. silt concentration), after 368 

which charcoal concentrations decrease after ca. 3 cm but sediment density 369 

continues to increase for many more cm, consistent with a fining-upward pattern 370 

resulting from settling of the suspended sediment load (S5), and likely 371 
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subsequent remobilization and sediment focusing.  The 57 smaller silt events 372 

(10-75 mm in magnitude) are preceded by an almost doubling of charcoal 373 

concentration, which was statistically significant from six years before to two 374 

years after the silt event (Fig. 7 and S5). This suggests that smaller fires or fires 375 

preceding flood events by more than three years resulted in smaller erosion 376 

events.  In addition, erosion magnitude was generally higher during decadal-to-377 

centennial scale episodes of fire events as previously reconstructed from the 378 

same sediment record (Colombaroli and Gavin, 2010; S6). 379 

 Comparison of the erosion record with regional proxies of paleoclimate 380 

resulted in weak correspondence between climate and erosion magnitude (Fig. 381 

8). We focused on comparing E10 and E2 with paleoclimate proxies, as these 382 

quantiles are not driven by singular large events. E10 generally matches 383 

centennial-scale variability of July temperature as reconstructed for the Pacific 384 

Northwest region (Mann et al., 2009), with episodes of higher erosion occurring 385 

during warm periods of the Medieval Climatic Anomaly (1000-1400 AD) but less 386 

so during the Little Ice Age (1450-1850 AD).  An isotope record from 387 

speleothems at Oregon Caves National Monument shows pronounced variability 388 

in winter-season rainfall (recorded in δ13C) and winter temperature (recorded in 389 

δ18O).  Most periods of increased erosion occur during drier (higher δ13C) and 390 

cooler winter (lower δ18O) periods.   391 

 The seven largest erosion events have a moderate match with 392 

reconstructed earthquake and tsunami events. However, the correlation is limited 393 

by the chronological control in the first half of our record (S7). 394 



19 
 

 395 

4. Discussion  396 

4.1 Logging impacts on catchment erosion 397 

Hundreds of minerogenic layers in the Upper Squaw Lake (USL) core show the 398 

occurrence of high-frequency, low-magnitude erosion events over the last 2000 399 

years, whilst individual thicker silt deposits record low frequency erosion events 400 

of higher magnitude. When summarized in a moving 99-year window the erosion 401 

history is marked by rapid changes in erosion magnitude and frequency. This 402 

history is likely the result of complex interactions between regional climate, 403 

disturbance processes and other more stochastic events (such as earthquakes). 404 

When identified in the paleorecord, the different drivers of erosion variability may 405 

help explain highly non-stationary erosion processes (E2, E10 and E100) as 406 

evidenced by our record (Fig. 6). 407 

Within the chronological uncertainties of the two records, flood deposits generally 408 

occur during historic floods (Fig. 4), showing that terrigenous in-wash layers can 409 

be associated to storm-related floods of different magnitude (e.g. Noren et al., 410 

2002). This relationship between erosion and floods is particularly marked 411 

following logging within the USL watershed (i.e., events between 1950 to 1965 412 

AD, 1996 and after 2000 AD), showing how road building for logging can greatly 413 

amplify erosion during high rainfall events (Fig. 4 and Colombaroli and Gavin 414 

2010). Indeed, the four erosion events following road construction were on 415 

average 2.4 times greater than the largest four events of the last 2000 years, and 416 

the mean sedimentation rate increased 11-fold following logging.  The highly 417 
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erodible schist bedrock combined with sidecasting of soils during road 418 

construction provided abundant sediment input to streams, thereby increasing 419 

sediment flux, and lake sediment accumulation rate (Fig. 3), beyond pre-420 

disturbance rates. 421 

 422 

4.2 Frequency-magnitude relationship in erosion events 423 

Prior to disturbance by logging and roadbuilding, the distribution of the estimated 424 

annual thicknesses of silt deposition follows a frequency-magnitude relationship 425 

(log-log plot in Fig. 5) that is indicative of a power law (rather than normal) 426 

distribution (Kidson and Richards, 2005). This suggests a scaleless, structured 427 

hierarchy of sediment-layer magnitude.   428 

The linear frequency-magnitude relationship is particularly apparent for return 429 

periods of 10 to 100 years (orange line in Fig. 5).  The power exponent of this 430 

relationship (0.82) is similar to the exponent of flood magnitude for a similar-sized 431 

watershed in California (0.90; Malamud and Turcotte, 2006), which would be 432 

expected if there was a correlation between hydrologic variability and erosion 433 

variability. 434 

The observed frequency-magnitude relationship diverges from the linear fit 435 

when extrapolating outside of the 10–100 years interval period.  The magnitude 436 

of the events with short return periods (<2 years) are distinctly smaller than that 437 

expected from a linear relationship.  This feature is common in frequency-438 

magnitude relationships of annual peak stream discharge (Kidson and Richards, 439 

2005). A potential solution proposed for discharge data is to use a “partial 440 
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duration series” on sub-annual data (which often resolves this downturn on the 441 

left side of the plot; Fig. 5).  Such an approach is not possible with our data 442 

because our reconstructed events likely integrate over at least one year. Another 443 

cause of this downturn is that the sediment record may simply not detect the 444 

smallest events.  There may be a threshold level of sediment load and stream 445 

discharge that transports suspended minerogenic sediments to the core site, 446 

which lies more than 100 m from the delta, and therefore the smallest events 447 

may be largely undetected in our record. 448 

The extrapolation of the frequency-magnitude relationship to longer intervals 449 

shows an underprediction of the observed magnitude of the largest events. The 450 

RMA regression line follows the data closely up to 250-year intervals, at which 451 

point six of the seven largest events have a magnitude of at least 50 mm greater 452 

than that expected from the linear relationship.  These large events also drove a 453 

non-stationary pattern in the frequency-magnitude relationship.   454 

Calculated in a moving 99-year window, the estimates of the 2-year, 10-455 

year, and 100-year events varied markedly, by up to 1.7 orders of magnitude.  456 

Overall, the frequency-magnitude distribution may results from the sum of 457 

exponentials of multiple processes (Ramsay, 2006). In our case this include both 458 

internal (e.g., sediment storage within the stream network) and external 459 

processes (regional climate, fire disturbances and other more stochastic events 460 

such as earthquakes), though mechanisms underlying the largest events deserve 461 

special attention.   462 

  463 
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4.3 Local scale processes constraining soil production and erosion.   464 

When summarized in a moving 99-year window (Fig. 6) the erosion record at 465 

USL is marked by rapid shifts in sediment accumulation rates.  At the multi-466 

decadal scale, soil erosion is limited by on-site soil availability, which depends on 467 

local soil productivity and consequent accumulation (e.g. Heimsath et al., 1997). 468 

Slow accumulation of terrigenous material in the USL record can be visualized 469 

using the cumulative sediment departure curve, showing periods with constant 470 

and lower rates accumulation punctuated by rapid erosion events (Fig 6).  471 

Continuous sediment accumulation is likely a precondition for high-magnitude 472 

erosion events  to occur, as repeated events tend to reduce soil stocks (e.g. 473 

Smith et al., 2001), and make the system less prone to erosion following storm 474 

events (e.g. Page et al., 1994). At our site, the cumulative amount of silt 475 

deposition following the seven major events is significantly closer to the mean 476 

rate than the value calculated by a randomization test (Fig. S4), showing that 477 

event magnitude is related to the time elapsed since the last large event. For 478 

example, one of the largest events recorded in our lake (1000 AD) occurred after 479 

several centuries of slow sediment accumulation, suggesting that high magnitude 480 

events may require a sufficient amount of sediment accumulated in the stream 481 

system (Turcotte et al., 1999). The intervals between these large events is not 482 

constant over time, but rather short or long periods result in varying magnitude of 483 

erosion events, indicating the role of other processes in mediating sediment 484 

erosion (see above). The relative dependence of large events with the time since 485 

last disturbances suggests a memory of the system for the erosion budget 486 
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(Lamoureux, 2002).  Removal of sediment by these large events results in a 487 

much more stationary pattern of cumulative sediment accumulation (Fig. 6b). The 488 

millennial-scale trend in these cumulative series indicates that even smaller 489 

events contribute to the long-term changes in sediment accumulation. 490 

Together, these results suggest a significant role of accumulation and 491 

storage of sediments in the stream network which are then discharged during a 492 

small number of extreme events (Lamoureux and England, 2000, Glur et al., 493 

2013).  Lamoureux (2002) invoked similar processes to explain an annual series 494 

of sedimentation in a lake in the Canadian arctic in which E10-magnitude events 495 

were preceded by lower-than-average sedimentation, though the E100-magnitude 496 

events were preceded by an increase in sedimentation.  Lamoureux (2002) 497 

suggested this was a sign of increased sediment loads that led to a triggering of 498 

a hysteresis in which a major sediment delivery occurred during the next runoff 499 

event.  We did not detect any such lead and lag effects around the large 500 

sedimentation rates at USL (analyses not shown).  Rather, we suggest external 501 

triggering mechanisms (discussed below) were critical at USL for determining the 502 

timing of the major events, in contrast to an internal-to-the-watershed hysteresis 503 

process.    504 

 505 

4.4 Climatic versus non-climatic controls of erosion magnitude 506 

Soil sensitivity to erosion depends on many factors including slope exposure (e.g. 507 

Roering, 2008), vegetation cover, logging, stand replacing fires or triggered by 508 

large events such as earthquakes (Montgomery and Brandon, 2002; Dadson et 509 
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al., 2004; Pierce et al., 2004; Valentin et al., 2005, Richardson et al., in press).  510 

When identified in the paleorecord, the different drivers of erosion variability may 511 

help explain the erosion time series (E2, E10 and E100), evidenced by our record 512 

(Fig. 6). Indeed, the largest events in the USL record are not predicted by the 513 

power law frequency-magnitude relationship; rather, they seem to be exceptional 514 

in the context of the last 2000 years of erosion variability (Fig. 5). These events 515 

cause the estimate of E100 to vary by 1.7 orders of magnitude over the last 2000 516 

years (Fig. 5). Below, we assess the drivers for major erosion events with a focus 517 

on fire variability, given that our record provide data to quantify disturbance 518 

regime interaction (i.e. fire vs. erosion) at a greater resolution. 519 

Particularly severe, stand-replacing fire events are a main driver of 520 

vegetation changes in the mixed conifer forest of the Siskyou Mountains, as 521 

shown by pollen and lake-sediment charcoal from the same record (Colombaroli 522 

and Gavin, 2010).  In particular, paleoecological evidences show how a mixed-523 

severity fire regime largely determined the marked changes in vegetation 524 

composition and structure, with relatively fast recovery of ponderosa pine or 525 

Douglas-fir following disturbances at a timescale of few decades at most 526 

(Colombaroli and Gavin 2010 and Fig. 1).  Severe and stand replacing fires also 527 

play an important role in removing vegetation and destabilizing soils by removal 528 

of the O horizon, reducing infiltration capacity, and promoting water repellency 529 

that increase rill erosion (e.g. Certini, 2005; Shakesby and Doerr, 2006, Orem 530 

and Pelletier, 2015).  Heat from fire can drive water-repellent compounds deeper 531 

into the soil thus creating a sheer layer at depth which can cause larger slides 532 
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and debris flows. On steep slopes in the watershed, we noted several old, 533 

inactive, debris-flow channels that may be a legacy of such debris flows following 534 

past fires. 535 

Erosion events identified by the CT-scan data closely follow episodes of 536 

increased charcoal deposition in the lake (Fig. S-5). The time series analyses 537 

show that the largest events lagged only 1–3 years after high charcoal 538 

concentrations (Fig. 7), with erosion continuing after charcoal peaks already 539 

decreased, at least in few large events (S5). In contrast, the smaller erosion 540 

events were preceded by six years of moderately high charcoal concentration, 541 

though not close to the magnitude for the largest events.  This may have been 542 

due to less severe fires or a delay between the year of the fire and the year of 543 

erosion, such that vegetation re-establishment of early successional and riparian 544 

trees (e.g. ponderosa pine and alder, Fig.1 and Colombaroli & Gavin 2010) 545 

reduced the erosion amount. The charcoal sampling resolution (1-cm sampling 546 

intervals) is too coarse to infer the role of high frequency fires and thinner silt 547 

layers. For example, some erosion events seem not to be directly preceded by 548 

fire (Fig. S-5). Overall, our data reveal the extent to which fire mediated the 549 

erosion process.  550 

Summer droughts or exceptionally dry winters are the major drivers of fire 551 

variability in the region at the seasonal to the millennial scales (Agee, 1993). The 552 

regional paleoclimate record (Mann et al., 2009) shows periods of warmer 553 

temperature, such as during the MCA (950-1250), and cold conditions during the 554 

Little Ice Age (1400-1700 AD) resulting in changing fire frequency over time 555 
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(Colombaroli and Gavin 2010). In addition, the Oregon Cave stable isotope 556 

record suggests a pronounced variability in winter-season rainfall (recorded in 557 

δ13C) and winter temperature (recorded in δ18O). The close link between fires in 558 

the watershed and a tree-ring reconstruction of summer drought in the area 559 

(Cook et al., 2004) again highlights how climate has been an important 560 

determinant of fire occurrence in our area (Colombaroli and Gavin, 2010).   561 

In contrast, the relationship between erosion and climate is less 562 

straightforward than with fire, suggesting that climate variability may not be the 563 

dominant factor of erosion variability (Fig 8). Within the age uncertainties of 564 

independently dated records, erosion variability seems to be enhanced during 565 

periods of warmer temperature, such as during the MCA (950-1250), and 566 

reduced during cold conditions (Little Ice Age: 1400-1700 AD, Mann et al., 2009). 567 

Higher erosion during warmer periods may simply reflect increased fire 568 

occurrence during warmer and drier periods (see above), although the length of 569 

the Mann (2009) reconstruction precludes assessing the temperature control on 570 

large events before 500 AD. The comparison with the Oregon Cave stable 571 

isotope record show that erosion peaks generally occurred under both drier 572 

(higher δ13C) and cooler winters (lower δ18O).   Dry winter conditions in the 573 

Pacific Northwest are also often cold due to blocking of warm-wet onshore flow; 574 

these conditions result in decreased snowpack and increased fire hazard 575 

(Westerling et al., 2006).  In addition, colder winters would maintain deeper 576 

snowpack longer in the season at this mid-elevation location, which then may 577 

contribute to spring floods.   578 
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This relative low sensitivity of erosion to changing climate at our site 579 

suggests the importance of stand scale processes at landscape scale and/or 580 

self-organised criticality in system behaviour (e.g. Van De Wiel and Coulthard, 581 

2010). Additionally, the position of our site relative to the north-south dipole 582 

pattern of precipitation (Dettinger et al., 1998; Wise, 2010), may also highlight a 583 

weaker, or less predictable, response to the centennial scale climate variability, 584 

again underlying that in our region more local processes may be the primary 585 

driver of erosion variability. Regionally-dependent differences in the sensitivity 586 

and response of erosion to specific climate patterns have been also observed for 587 

the Alps (Wilhelm et al. 2013; Glur et al. 2013, Wirth et al. 2013). 588 

 Earthquakes are another potential trigger for erosion events detected in 589 

the USL core (Fig. 1).  Earthquakes have been invoked to explain existence of 590 

“homogenites” in lake sediments (e.g., Page et al., 1994) and form thick-graded 591 

deposit layers that are indicative of rapid deposition (Morey et al., 2013). Within 592 

the age uncertainties of both seismogenic turbidities recorded offshore and our 593 

record (Goldfinger et al., 2012), it remains difficult to accurately match the 594 

historical earthquakes recorded near the coast of the California/Oregon border to 595 

specific erosion events in USL (Fig.S-7, and Morey et al., 2013), and therefore 596 

the attribution of each drivers (earthquakes, fire, but also extreme floods and 597 

other disturbance regimes) remains elusive at this step. Nevertheless, our 598 

cumulative departure (Fig. 6) suggest that negative feedbacks (governed by in 599 

situ soil production) are important constraints for the quasi-periodic occurrence of 600 

large events at the multi-decadal to centennial scale. 601 
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  602 

5. Conclusions 603 

Our data are indicative of non-stationary frequency-magnitude relationship in 604 

erosion regime over millennia, with a historical variability greater than has been 605 

estimated from monitoring and even other paleo-flood studies (Meyer et al., 606 

1992; Zolitschka, 1998; Lamoureux, 2002; Meyer and Pierce, 2003; Pierce et al., 607 

2004). Heterogeneous distributions (power-law) are often considered the result of 608 

an ordered behavior, which is not primarily controlled by top-down (climate) 609 

processes, but depends upon an internal variability in which the self-organization 610 

to a “critical state” (Bak et al., 1988) comes from collective interactions of 611 

processes. At our site, erosion variability is mostly constrained by negative 612 

feedbacks on-site (i.e. soil production), and indicates how a tradeoff exists 613 

between internal and externally (climate) driven erosion processes, thus 614 

highlighting the importance of self-regulating mechanisms for sediment runoff in 615 

the watershed (Van De Wiel and Coulthard 2010). This ability of mechanisms 616 

that can “self-regulate” are likely highly landscape dependent, and vary greatly 617 

across landscapes. In this sense, frequency-area distributions for specific 618 

landscapes may allow calculating magnitude of erosion events at specific 619 

frequencies and could be extended to a full range of ecosystem disturbances, 620 

including fire and insect outbreaks. Ecosystem specific relationship can be 621 

potentially used for risk assessment of big events  (Malamud and Turcotte, 2006). 622 

Also, when applied to paleorecords, changes in the frequency/magnitude 623 

relationship may be indicative of major landscape reorganization following e.g. 624 
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cultural transitions (e.g. during the Neolithic in the Alps and southern Europe, 625 

Colombaroli et al., 2008,  2013), underlying the relevance of past anthropogenic 626 

factors in determining current landscape and disturbance regime conditions. 627 
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Figures captions 636 

 637 

Fig 1. Conceptual figure illustrating the main processes controlling erosion 638 

regimes (left), and scales at which they may interact in our catchment (right). 639 

Blue arrows indicate the top-down control on erosion and red arrows show the 640 

indirect processes which may offset the climate-erosion relationship; both may 641 

contribute to sedimentation in the lake (red-blue arrow). The key role of 642 

vegetation, a major controller of slope stability and soil development rates 643 

(Heimsath et al., 1997), is highlighted by its central position in the diagram (right 644 

panel). 1) Climate (e.g. precipitation) controls on erosion. 2) A mixed fire regime 645 

(a combination of fires of different intensities) occurred over the last millennia in 646 

forest characterized by ponderosa pine (black) and Douglas-fir (dark green) over 647 

the last millennia (Colombaroli and Gavin 2010). 3) Runoff further increased in 648 

the last decades (thick red arrows), as a consequence of logging, road 649 

construction and fires, promoting more disturbance adapted species like the 650 

Pacific madrone (Arbutus menziesii, dark orange). 4) Large, infrequent 651 

earthquakes can further decrease slope stability, increasing erosion rates in the 652 

rivers and the lake. Climate also indirectly controls soil stability and erosion after 653 

logging events (red arrow); other drivers of runoff at landscape scale such as 654 

hillslope and sediment storage in river systems are not shown. 655 

 656 

Fig. 2 Geologic map of the 40 km2 watershed of Upper Squaw Lake located in 657 

the southwestern Oregon; modified from Donato, 1993.  658 



31 
 

 659 

Fig. 3. a) An example of a CT image from the USL core showing alternation of 660 

dark gyttja and light clay layers associated with sediment runoff from the 661 

watershed and higher HU values. The extracted values are shown as an overlaid 662 

yellow line; b) the series of CT values integrated to 1 mm intervals for the 10m 663 

core; c) the depth–age model estimated from age control points (core top and Cs 664 

and 14C dates) and the CT values (see methods). 665 

 666 

Fig. 4. Inferred annual silt accumulation (thick line) plotted with average annual 667 

peak discharge for five regional gage stations, standardized to the Applegate 668 

Copper gage.  The largest eight historic floods on the Rogue and Klamath rivers 669 

since 1860 are indicated as points above the graph. Dashed lines are potential 670 

matches of historic floods with peaks in silt accumulation. 671 

 672 

Fig. 5. The relationship between frequency and magnitude of erosion events for 673 

the period before AD 1930 inferred from the USL core.  Yellow background 674 

indicates the range of plotted points that could occur if using different age models 675 

(Fig. 3).  The green line was fit to events > 0.5 mm in magnitude and 1.5-100 676 

years return periods while the orange line was fit only to events with return 677 

periods of 10 to 100 years. Extrapolating these lines shows that the seven largest 678 

events depart from the power-law relationship. 679 

 680 
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Fig. 6. a) Pseudo-annual silt accumulation plotted on a log scale showing 681 

estimates of the 100-year (yellow), 10-year (blue), and 2-year (purple) return-682 

interval event magnitudes (E100, E10, and E2, respectively) calculated in a 99-year 683 

moving window.  Solid line and background shading indicate the estimated 684 

values and 95% confidence intervals from RMA regression. Thin dashed lines 685 

are loess-smoothed quantiles within the same moving window; b) cumulative 686 

deviation of sediment accumulation from the mean for the period before AD 1930. 687 

Lines were also calculated after removing the seven largest events and the 64 688 

largest events with the mean values. Positive excursions occur at erosion events 689 

and descending trends correspond to the slow accumulation of sediment 690 

between events; c) charcoal concentration showing distinct peaks resulting from 691 

fire (Colombaroli and Gavin 2010).  692 

 693 

Fig. 7.  Composited charcoal concentration values preceding and following silt 694 

events for a) the seven largest silt events (>75 mm) preceding AD 1930, and b) 695 

the 57 next-largest events (10 – 75 mm).  The solid lines are a moving 7-point or 696 

57-point average for a and b, respectively.  The dashed lines are 95% confidence 697 

intervals generated from 10,000 resamples of the charcoal data set (Fig. 6c). 698 

 699 

Fig. 8. The magnitude of the 2-year and 10-year erosion event (E2 and E10) in a 700 

moving 99-year window calculating using a loess smoother (from Fig. 6a) 701 

compared with a temperature reconstruction for the Pacific Northwest (Mann et al. 702 

2009) and isotope records from Oregon Caves (Ersek et al., 2012).  Yellow bars 703 
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indicate periods of increased erosion magnitude prior to logging road 704 

construction.  705 

 706 

707 
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