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ABSTRACT

Tropical islands, including many in island arcs, are subjected to recurring
disturbances from extreme storms such as tropical cyclones. To test whether such storms
influence cosmogenic nuclide concentrations such that they do not reflect long-term rates of
erosion, we measured meteoric and in situ °Be in river sediment samples from Dominica, an
andesitic island in the Caribbean, before and after category five Hurricane Maria (2017).
Populations of before- and after-storm concentrations are statistically indistinguishable (n=7
pairs for in situ 1°Be, n=11 pairs for meteoric 1°Be). 1°Be concentrations vary from -138% to
+73% within before-after sample pairs relative to the mean of the pair. These new data
suggest that the effects of extreme storms on the depth and amount of near-surface erosion on
Dominica vary spatially. Our data support calculations of Niemi, et al. (2005) and Yanites, et
al. (2009) suggesting that basin-by-basin comparisons of erosion rates based on cosmogenic
nuclides should be approached with caution in small (<~100 km?) watersheds affected by
mass movements and extreme storms. Erosion rates determined from in situ °Be in Dominica
(geometric mean=0.102 mm y*, n=12) are low compared to similarly steep and wet areas
globally and correlate positively with the spatial density of mass movements.
1. INTRODUCTION

Tropical regions, especially tropical islands, are understudied in terms of long-term
background rates of erosion and sediment supply to their fringing reefs (Nichols, et al., 2014,
Ramos-Scharron, et al., 2015). Limited data for humid tropical regions hinder comparisons of
contemporary inputs to background sediment fluxes (Portenga and Bierman, 2011). The
development of science-based policy for land management hinges on quantitative

measurements of sediment supply over time (Schmidt, et al., 2017).



Hurricanes play an important role influencing long-term erosion rates on tropical
islands (Bayliss-Smith, 1988, Larsen and Torres-Sanchez, 1992, Rad, et al., 2007,
Hildenbrand, et al., 2008, Bessette-Kirton, et al., 2019). The effect of single storms on
sediment sourcing (Clark, et al., 2017) and the impact of such major storms on the
concentration of in situ and meteoric cosmogenic *°Be (Foster and Anderson, 2016, Chen, et
al., 2019), both of which are used to estimate catchment-averaged erosion rates when
measured in detrital river sediment, is not well characterized. Detailed studies of sediment
sourcing and transport pathways before and after storms suggest that there can be significant
changes to river channel sediment sources during and following extreme events (Foster and
Anderson, 2016, Karwan, et al., 2018, Chen, et al., 2019, Lizaga, et al., 2019, Grande, et al.,
2021). These changes have the potential to affect calculated long-term erosion rates, and by
association, the basin-wide process inferences made from such rates. Recognizing storm-
induced changes in sediment sourcing (and thus measured isotope concentration) is critical
for understanding long-term erosion and landscape development in tropical settings.

Calculations and models of Niemi, et al. (2005) and Yanites, et al. (2009) suggest that
the representativeness of 1°Be;i-derived erosion rates in mass-movement-prone areas depends
on the difference between erosion rates for mass movement and non-mass movement areas as
well as the average return interval of slope instability. Prior studies of mass-movement-prone
areas suggest that if such movements are frequent, they do not bias measured °Be
concentration (Brown, et al., 1995, Larsen, et al., 2014, Scherler, et al., 2014, Foster and
Anderson, 2016, Roda-Boluda, et al., 2019). However, analyses of replicate samples before
and after high-magnitude, low-frequency mass movements find that it could take several
years for 1°Be;j concentrations to return to pre-event levels (West, et al., 2014, Chen, et al.,

2019, Grande, et al., 2021). Although models suggest that °Be;j concentrations in larger



basins are less affected by mass movements (Niemi, et al., 2005, Yanites, et al., 2009),
sampling and isotopic analyses do not establish a consistent relationship between the effects
of mass movements on 1°Be; concentration and the relationship to basin area (Lupker, et al.,
2012, Scherler, et al., 2014, West, et al., 2014, Foster and Anderson, 2016, Dingle, et al.,
2018, Grande, et al., 2021). In this paper, we target this knowledge gap by assessing whether
a major hurricane changed the concentration of cosmogenic 1°Be in detrital, fluvial sediment,
on a tropical island.

Here, we report in situ 1°Be (‘°Be;) and meteoric 1°Be (1°Bem) concentrations in
samples of river sediment collected from the Caribbean island of Dominica three months
before and four months after Hurricane Maria (Category 5, 19 September 2017), which
followed Tropical Storm Erika by 49 months. We test the effects of this single large and
intense storm on °Be concentration and infer changes in sediment sourcing on this steep
tropical island. Our data allow us to answer several questions. Do stochastic events such as
hurricanes affect the contribution of sediment from different parts of the landscape (Figure
1)? Is the rate and pattern of erosion affected by land use, rainfall, slope steepness, mass
movements, and underlying soils and volcanic material?

The goal of our work is to measure replicability of cosmogenic nuclide measurements
in sediment; it is not to report or determine watershed and hill slope processes per se although
we can make some inferences consistent with the data we collected. We compare the
cosmogenic nuclide concentrations to other proxies of erosion on Dominica and we place
these data in a broader context by comparing them to measurements from other humid,
tropical locations. We also consider how the erosion rate on Dominica relates to the sediment
flux to the Atlantic Trench, which has the lowest sediment supply of any trench on Earth

(Rea and Ruff, 1996).



2. BACKGROUND

We measured both in situ-produced and atmospherically-produced (meteoric) *°Be.
19Be; is produced in minerals primarily within a few meters of the surface (Lal, 1991) and
widely used to measure long-term regional, basin average erosion rates from detrital river
sediments (Brown, et al., 1995, Bierman and Steig, 1996, Granger, et al., 1996).

1Ben, is produced in the atmosphere and delivered to Earth’s surface by precipitation
and aerosol dry fall-out; when adsorbed into soil grain coatings (Graly, et al., 2010, Boschi
and Willenbring, 2016), this component is commonly labelled as the authigenic or reactive
phase. °Ben is used to trace sediment sources and movement (e.g., Jungers, et al., 2009,
Reusser and Bierman, 2010, Willenbring and von Blanckenburg, 2010) and, when
normalized to reactive °Be, to infer erosion rates (von Blanckenburg, et al., 2012, Wittmann,
et al., 2015, Rahaman, et al., 2017, Portenga, et al., 2019). 1°Bem concentrations are higher in
finer grain size sediments due to increased surface area, increased concentration of clay
minerals, and increased thickness/volume of acid-extractable grain coatings (Willenbring and
von Blanckenburg, 2010, Singleton, et al., 2017).

In areas, such as Dominica, with the potential for deep weathering removing material
by chemical dissolution below the penetration depth of 1°Be;, the distinction between erosion
and denudation, which are often equated, becomes important. We use erosion to mean the
physical removal of sediment from the landscape while denudation is the total mass lost from
the landscape (Portenga, et al., 2019). In Dominica chemical weathering rates are high (Rad,
et al., 2013) and we have no information about where in the depth profile chemical
weathering dominates. However, we know that soils are thick and thus it seems likely that

much of the chemical weathering is happening below the depth of °Be;j production. Thus, we



assume that our °Bej-derived erosion rates are largely physical sediment removal, do not
fully incorporate mass loss by solution, and thus are not denudation rates.

Extreme events, such as tropical cyclones and earthquakes, trigger landscape
responses including floods and mass movements that may affect isotope concentrations in
detrital sediment and, thus, the replicability of detrital 1°Be; and °Bem measured in sediment
collected from the same site before and after such events. Mass movements appear to reduce
detrital 1°Be; concentrations, thus increasing calculated erosion rates when sediment is
sampled soon after the mass movement event (Brown, et al., 1995, West, et al., 2014,
Brocard, et al., 2015, Chen, et al., 2019, Grande, et al., 2021). Material derived from deeper
in the soil or bedrock during mass movements has been shielded from cosmic rays and has
lower cosmic-ray-produced 1°Be;j concentrations, which in turn reduces *°Be; concentration in
downstream sediments (Brown, et al., 1995, Niemi, et al., 2005, West, et al., 2014).
Depending on the timing of sampling relative to mass movement occurrence, samples can
have erosion rates that are too high (more mass movement material with lower 1°Be;) or too
low (less mass movement material with higher 1°Be;) relative to actual long-term basin
average erosion rates (Yanites, et al., 2009, Grande, et al., 2021).

In contrast, in the humid tropics, 1°Bem does not appear to have depth-dependent
concentrations (You, et al., 1988, Brown, et al., 1992, Graly, et al., 2010, Dixon, et al., 2018,
Grande, et al., 2021); thus, the concentration of °Ben, in detrital sediment is likely to be
unaffected by shallow (meter-deep) mass movements unless the mass movements decrease
overall sediment residence time. However, 1°Ben, concentrations have greater variability with
depth and across the landscape than °Bei. A change in °Ben concentration thus likely

signifies a changing source for sediment.



A meta-analysis of 1°Ben and 1°Be;i concentration in detrital sediment from replicate
samples around the globe found that in some locations samples replicate well while in others
they do not (Sosa Gonzalez, et al., 2017). At locations that experience frequent mass
movements, such as steep, tectonically active, or heavily agricultural areas, temporal
replicability is more frequently poor (Sosa Gonzalez, et al., 2017). In contrast, 1°Be;
concentrations in the Southern French Alps have relatively consistent over millennia
(Mariotti, et al., 2019).

Mass movements in particular seem to affect °Be; replicability. Numeric models
suggest that larger watersheds or watersheds with a small mass movement areas will have
more consistent °Be; concentrations over time (Niemi, et al., 2005, Yanites, et al., 2009).
These models rely on assumptions about the volume of sediment produced by mass
movements compared to non-mass movement areas, the frequency-magnitude relationship of
extreme events, and the volume of sediment storage in the basin (Niemi, et al., 2005, Yanites,
et al., 2009). In areas where mass movements are frequent, even if they are deep, they are
often found to be well-integrated into the sediment system such that individual mass
movements do not affect the measured °Be;j concentration and thus calculated erosion rates
(Brown, et al., 1995, Hovius, et al., 1997, Larsen, et al., 2014, Scherler, et al., 2014, Foster
and Anderson, 2016, Roda-Boluda, et al., 2019).

Although basin-area thresholds are often cited as suggesting greater or lesser
influence of mass movements on 1°Be; concentrations, some areas have no scale dependence
on the effects of mass movements (Scherler, et al., 2014), some large basins have significant
mass movement effects (Lupker, et al., 2012, West, et al., 2014, Dingle, et al., 2018), and
some small basins do not have measurable effects of mass movements (Foster and Anderson,

2016). Replicate analyses of replicate samples from basins from <1 km? to >15,000 km?



before and after mass movement inducing extreme events (hurricanes, typhoons, and
earthquakes), find that it could take two years to return to pre-event 1°Be; concentrations
(West, et al., 2014, Chen, et al., 2019, Grande, et al., 2021). Work in Puerto Rico following
Hurricane Maria finds that in a <0.5 km? watershed with a single mass movement well
connected to the channel network, it took ~2 years for °Be; concentrations to return to pre-
storm concentrations. This basin is nested in a ~3 km? basin that showed no quantifiable
effects of the landslide (Grande, et al., 2021).

In sum, prior work on the effects of mass movements on °Be;j concentrations in
sediment are inconclusive but suggest that the relative volume of material contributed to a
mass movement compared to the total volume of material moved through the watershed over
a period of time is the main factor determining the effects of the mass movement on °Be;

concentration.

3. STUDY SITE

Dominica is a 751 km? volcanic Caribbean island (Figure 2). The climate is warm and
wet with a mean annual temperature of 27.7 °C; mean annual precipitation is 2210 mm on the
east coast with a strong orographic precipitation effect. The eastern side of the island receives
up to 500 mm more rain each year than the western side and the mountains in the center of
the island receive at least 7000 mm of rain annually; the higher elevations on Dominica
compared to other nearby islands mean that the island gets more rainfall from tropical
cyclones (Lugo, et al., 1983). The dry season is from December to May, (mean 721 mm rain)
and the wet season is from June to November (mean 1243 mm rain, Smith, et al., 2009, 2012,
Fick and Hijmans, 2017). Land use on the island is 34% agricultural, 63% forested, and 3%
developed (Dominica Government, 2000). The rough volcanic terrain (Figure 2) is steep

(mean slope=20°) with elevations up to 1400 m (USGS EROS).



Tropical storms and cyclones recur relatively frequently on Dominica. Storms
categorized as at least tropical storm intensity have a recurrence interval of 2.9 years,
category 1 and greater hurricanes of 5.8 years, category 2 and greater hurricanes of 13.6
years, and category 3 and greater hurricanes of 23.8 years (van Westen, 2016). Category 4
and greater hurricanes have a nominal 125-year recurrence interval, but only two storms were
present in the record at the time of analysis; the second was in 1977. After the storm
frequency analysis was done, Hurricane Maria (category 5) made a direct hit on Dominica in
2017. Thus, the category 4 and greater storm recurrence interval may be significantly less
than the estimated 125 years (van Westen, 2016). In addition, the storm recurrence intervals
do not include storms that cause significant rainfall on Dominica but directly hit another
location, as was the case with Tropical Storm Erika.

Dominica is part of the Lesser Antilles volcanic island arc, which is formed by the
North American Plate subducting beneath the eastern boundary of the Caribbean Plate at the
Atlantic Trench, and is uplifting at a rate of at least 0.7 mm y over the last 104 ka (Smith, et
al., 2013). The Atlantic Trench has the lowest sediment flux of any subduction zone on Earth
with 5x10° tons y* compared to a mean global flux of 97+64x10° tons y*; the next lowest
flux is the South America Trench with 10x10° tons y* (Rea and Ruff, 1996). Bedrock on
Dominica is predominantly andesite, dacite, ignimbrite, and pumice; all of which contain
little quartz (Roobol and Smith, 2004, Smith, et al., 2013). Many river channels on the island
have been filled, in the past, by ignimbrite deposits. VVolcanic deposits such as ignimbrites
and block and ash flows on Dominica are up to several hundred meters thick and cover much
of the island (Smith, et al., 2013).

Due to the relatively uniform bedrock parent material (andesite and dacite), steep

slopes, and young rocks across much of Dominica, soils vary primarily by degree of



weathering, which is largely controlled by rainfall (Rouse, et al., 1986). With the exception of
soils in the relatively drier (<2100 mm y* rainfall) coastal areas of western Dominica, soils
are very porous (>0.66) and have low dry weights (Rouse, et al., 1986). The cohesive clay-
rich soils on Dominica are able to hold hillslope angles of up to 40° and remain stable unless
saturated. When slopes do fail, the shallow translational and slump failures (<2 m) become
debris flows due to the high water content and large proportion of fine grain sizes (Rouse,
1990). Mass movements are primarily associated with high rainfall rates and thus are strongly
correlated to tropical cyclones (van Westen, 2016). Mass movements are concentrated in clay
rich soils and are relatively stable during the dry season and reactivate in the wet season each
year (Fobert, et al., 2021).

Hurricane Maria swept across Dominica in September 2017 (Hu and Smith, 2018)
just two years after Tropical Storm Erika (August 2015) caused widespread flooding. Wind
gusts peaked at 77 m s and total satellite-estimated precipitation reached 700 mm over 30
hours (TRMM, 2011); although, given the coarse (0.25°) resolution of the dataset (Smith, et
al., 2009, 2012), actual rainfall may have been higher on the wetter, eastern side of the island
and in the mountains. These are slightly higher rainfall amounts over a longer period of time
than the total recorded for Erika of 500 mm in 10 hours (Fobert, et al., 2021). The effects of
the storm included vegetation loss (Hu and Smith, 2018) (Figure 2g-h), flooding
(Heidarzadeh, et al., 2018), channel bank erosion, and mass movements on ~1.3% of the
island (van Westen, et al., 2018). Such disturbance likely changed the proportion of sediment
entering the channel from different parts of the landscape (Figure 1). For example, mass
movements connected to the channel network would immediately supply sediment that had

previously been stored in colluvial hollows; bank erosion would deliver sediment from river



terraces, and flooding from heavy rain would mobilize sediment from tilled agricultural
fields.

Analysis of mass movements mapped following Hurricane Maria and Tropical Storm
Erika (van Westen, 2016, van Westen, et al., 2018) confirm other analyses of where mass
movements occur: >85% of mass movements from both storms occurred in block and ash and
ignimbrite deposits; >90% of mass movements from both storms occurred in highly
weathered clay-rich soils, soils with high concentrations of rock fragments >2 mm in
diameter, and young soils (Figure S5) (Rouse, et al., 1986, van Westen, 2016, van Westen, et
al., 2018). VVan Westen and his team (2016, 2018) mapped a total of 9960 mass movements
that cover 10,300,000 m? after Hurricane Maria and 1548 mass movements that cover
1,830,000 m? after Tropical Storm Erika. 2% of the Maria mass movements are reactivations
of 14% of the Erika mass movements. Although Hurricane Maria activated nearly 10 times as
many mass movements, the frequency-area curves for the two events are similar (Figure 3).

Remotely sensed mass movement inventories suggest that a higher concentration of
mass movements occurred on the wetter western side of the island (Figure 2), which is also
where we observed greater evidence of flooding. To the best of our knowledge, no further
analysis of mass movements has been completed beyond van Westen (2016). Repeat
photography suggests that high discharge associated with Hurricane Maria moved sediment
ranging in size from gravel to large boulders and reshaped streams across the island, but that
the changes individual channels experienced varied across the island (Hill, 2019).

There are no major sediment storage sites on Dominica; the island is too steep. We
did not observe any floodplains or terraces during field work; however, we did not sample
any areas near colluvial hollows, and thus are uncertain how deep fills are in these locations

or how many failed and were evacuated during Hurricane Maria.



4. METHODS

At 16 locations on Dominica, we collected and field-sieved fine (f), <63 um, and
coarse sand (c), 250-850 um, river sediment samples from active stream channels in July
2017 and January 2018 (Figure 2; Tables 1, S1). These sample dates are three months before
and four months after Hurricane Maria in September 2017. At sample sites, rivers were
gravel- or sand-bedded; many were incised 1-3 m below narrow floodplains. At most sites,
riverbanks and the surrounding landscape were forested before the storm but had wind-
thrown trees and bare soil after the storm.

Samples were prepared for analysis at the University of Vermont/National Science
Foundation Community Cosmogenic Facility using standard laboratory procedures (see
supporting materials; Stone, 1998, Corbett, et al., 2016). °Ben was extracted from both fine
and coarse fractions while 1°Be;j was extracted from coarse fraction only. 1°Be; in samples
collected before Hurricane Maria was measured by Accelerator Mass Spectrometry (AMS) at
the Purdue Rare Isotope Measurement (PRIME) Laboratory (Sharma, et al., 2000). 1°Be; in
samples collected after Maria and °Ben, in all samples was measured at Lawrence Livermore
National Laboratory (LLNL) (Hidy, et al., 2018). We used version 3 of the online erosion
rate calculator described by Balco, et al. (2008) and subsequently updated. We applied the
Lal (1991) and Stone (2000) scaling scheme to convert 1°Be; concentrations to erosion rates
(see supporting materials). Due to the high chemical weathering rates in the wet tropics,
19Be;i- based erosion rates likely underestimate total denudation because chemical dissolution
removes mass from below the depth at which most *°Be; forms. When comparing to basin-
average parameters, we analyze the mean of before- and after-Maria sediment samples

whenever possible.



Basin average topographic parameters were determined from 30 m SRTM topography
(USGS EROS). Mass movements from before and after Hurricane Maria are determined from
datasets created after Tropical Storm Erika (Aug. 2015) (UNOSAT, 2016), which we use as
our before-Hurricane Maria dataset, and after Hurricane Maria (van Westen, et al., 2018),
which we use as the after-Hurricane Maria dataset. The before-Maria (after Erika) dataset
was mapped on WorldView 2 Satellite images taken on 3 September 2015; the dataset has
0.46 m panchromatic images and 1.8 m multispectral images. The after-Maria dataset was
mapped on 50 cm Pleides and Digital Globe images collected in late September and early
October 2017. Even combining images taken after Maria, there are parts of the islands with
cloud cover that could not be mapped (van Westen, et al., 2018). We are using published
maps of mass movements and thus do not have any additional details on mapping criteria.
Thus, we define mass movements broadly as the sudden movement of slope and pre-existing
channel material. The 30-year mean annual precipitation for each basin was calculated from 1
km World Climate data (Fick and Hijmans, 2017). Land use data are from the Dominica
Government (2000). See supporting methods and tables S1-S11 for details on these
calculations, statistical tests and analyses, and the basin average values.

5. RESULTS

The populations (means) of before- and after-storm concentrations of all three sample
types are statistically indistinguishable (p > 0.44) (Figure 4). In contrast, few sample pairs
replicate within error: 4 of 7 for 1°Be;, 2 of 11 for 1°Bem(c), and 1 of 11 for °Ben(f).

Erosion rates calculated from 1°Be;j concentrations in river sediment (0.044-0.37 mm

+0.10 : . -
y!, mean=0.10 0 05) do not have a clear spatial pattern on the island but are positively

correlated with mean basin elevation and fraction of the watershed affected by mass

movements caused by Hurricane Maria (R*>0.36, p<0.05, Figure 5). °Bem(c) concentration
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(0.81-12.7x10" atoms g2, mean=3.43 , 20x107) is highest in the northeast and lowest in the

southwest of the island and is correlated positively with agricultural land use and inversely
with elevation, slope, and area affected by mass movements caused by Hurricane Maria
(R%>0.48, p<0.05, Figure 5). °Bem(f) concentration (1.89-27.9x107 atoms g,
mean=11.5+8.1x10") is generally higher in the north and lower in the south. *°Bem(f) is
correlated positively with agricultural land use and inversely with mean basin elevation,
slope, and area affected by mass movements caused by Hurricane Maria (R%>0.49, p<0.05).
See table 1 for results from each basin and the supporting results for details, including figures

S1-S4.

6. DISCUSSION

Data presented here show that large storms, such as Hurricane Maria, affect the
concentration of cosmogenic nuclides in river sediment. Although mass movements affect
relatively small areas of watersheds, our data confirm published work from Puerto Rico and
China (West, et al., 2014, Grande, et al., 2021) suggesting that even small percentages of a
watershed affected by mass movements can change cosmogenic isotope concentrations in
detrital sediment and thus alter erosion rates derived from the concentration of °Be;.
6.1 Effects of Hurricane Maria on °Be in detrital sediments

We do not observe systematic shifts as a result of Hurricane Maria on the population
mean or median 1°Be concentrations of before-after pairs of detrital river sediment. In
addition, there are no meaningful correlations between basin-average parameters and before-
after sample pair replicability for °Bei, 1°Bem(c), and 1°Bem(f) (Figure S4). If Hurricane
Maria systematically changed the dynamics of sediment sourcing in Dominica, we would

expect to see shifts in the mean or median of sample populations when comparing before to



after storm data. Similarly, we would expect to see correlations between the change in before-
after sample pair °Be concentration and basin-average parameters. Seeing neither of these
trends, we conclude that the effects of large storms and the landslides they generate, such as
Hurricane Maria, appear to be stochastic but well-integrated into the long-term large-scale
erosion record of Dominica.

Although the mean and median of 1°Be concentrations are indistinguishable for the
before and after Maria datasets, suggesting good overall landscape-scale replicability of 1°Be
concentrations and erosion rates, individual before-after samples for all °Be populations
replicate poorly, or at best weakly (Figure 4, Figure S4). This finding is consistent with other
studies focused on changes caused by a single storm (Foster and Anderson, 2016, Chen, et
al., 2019), a rainy season (Sosa Gonzalez, et al., 2017), a major debris flow (Kober, et al.,
2007), an earthquake (West, et al., 2014), or widespread and randomly distributed landsliding
(Lupker, et al., 2012) (Table 2).

In contrast, studies that included temporal replicates not collected before and after
major disturbances have a high percentage of samples that replicate within two sigma error
(Sosa Gonzalez, et al., 2017). The changes we observe after such a major storm suggest
strongly that mass movements, triggered by sufficiently large volumes of intense
precipitation, increase temporal variance of cosmogenic nuclide concentrations in detrital
river sediment (Niemi, et al., 2005, Yanites, et al., 2009).

Although we did not detect the effects of Hurricane Maria in the dataset as a whole,
the absence of strong replicability of individual sample pairs suggests that the reliability of a
rate calculated from a single sample collected at one place is lower than the reliability of a
median rate for a region based on samples taken from multiple locations and at multiple

times. Thus, the most robust erosion rate estimates for landscapes affected by extreme events



will come from aggregating samples over time—either by mixing sediment or combining the
data—to minimize the effects of landscape scale disturbance on regression analyses and thus
on the inference of geomorphic processes (Neilson, et al., 2017, Sosa Gonzalez, et al., 2017).
Averaging over space, where samples are collected from a variety of locations along a short
(~500 m) reach of channel, may also help dampen variability in temporal replicates. Although
amalgamation loses temporal and/or spatial resolution, if the ultimate goal is a representative
erosion rate, then amalgamation is the most cost-effective way to achieve that outcome.
Sampling a variety of watersheds affected by landsliding at different times and frequencies,
as was previously done in Italy (Roda-Boluda, et al., 2019), could be an appropriate space for
time substitution in some cases.

In locations where erosion rates vary considerably between watersheds in a region,
sampling and comparing metrics watershed-by-watershed will be more meaningful than at
locations where erosion rate variability is within the noise of before-after sample pair
replicability. In areas where disturbances are frequent, spatially or temporally aggregated
erosion rates will be more meaningful, even though taking this approach diminishes the
ability to discern finer patterns of erosion rate variability.

6.2 Effects of topography and climate on apparent °Be;i-derived erosion rates and °Ben,
concentrations

19Bej-derived erosion rates, °Bem(c), and °Bem(f) all correlated most significantly
with the fraction of the watershed affected by mass movements caused by Hurricane Maria
(Figure 5), suggesting that mass movements are a significant erosional process affecting
Dominica. The correlations between °Ben(f) and 1°Bem(c) concentration and elevation, basin
slope, and agricultural land use is caused by the correlation between mass movements and

mean basin elevation and thus mass movements and both slope and agricultural land use



(r>>0.44, p<0.01). Although agricultural land use could increase °Bem concentration due to
increased sheetwash and rilling, we think it is more likely that mass movements are driving
the observed relationships. Thus, for all of the significant correlations shown in Figure 5,
mass movements, which affect up to 2.5% of individual watersheds, are the underlying
factor. The signal we see from mass movements even in watersheds with <2.5% mass
movement area support Grande, et al. (2021)’s conclusion that watershed area, basin erosion
rate, and percent of a watershed affected by mass movements are less important than the
volume of sediment contributed by mass movements relative to the sediment flux leaving the
watershed in the absence of mass movements and the connectivity of mass movement
locations to river networks.

In addition, although mass movements from Hurricane Maria represent disturbances
from a single event, it is likely that storms generally produce mass movements in similar
areas over long periods of time (Figure 5). For example, mass movements may trigger debris
flows starting in colluvial hollows and running down river channels. If that is the case, then
mass movement frequency is driven by storm frequency and the time it takes to fill hollows
with sediment after a failure (Reneau, et al., 1990).

The correlation of fraction of the upstream area affected by mass movements caused
by both Tropical Storm Erika and Hurricane Maria with erosion rate of samples collected
before and after Hurricane Maria (Figures S1, S3, S4), as well as the mean erosion rates
(r>>0.37, p<0.1), suggests that mass movement drives long-term rates of erosion on
Dominica. Likewise, all *°Ber, concentration datasets correlate with fraction of the upstream
area affected by Maria-induced mass movements (r>>0.32, p<0.1), even though °Be; and
1°Ben concentrations are set over long periods of time and the mass movements caused by

Hurricane Maria happened over a short period of time. We conclude that mass movements



caused by Hurricane Maria are likely distributed similarly to mass movements from other
large storms in the geologic record and that 1°Be; and '°Ben concentrations are probably
driven by mass movement frequency integrated over long timescales. The larger storms, and
the mass movements these storms induce, are likely the primary driving force for erosion on
Dominica over the timescales integrated by °Be.

Comparing the mass of material released by storm-triggered landslides and the yearly
sediment load inferred from 1°Be; measurements in river sand suggests that episodic mass
movements are an important part of the sediment system in Dominica (Figure 6). Using a
global compilation that relates landslide surface area to landslide volume for soil landslides
(V = oA, where log(a) = 0.836, y = 1.145, A is the area of a landslide in m?, and V is the
volume in m?, (Larsen, et al., 2010)) and the mean dry soil density reported for Dominica
(868 kg m3, (Rouse, et al., 1986)), we estimate the mass of material mobilized by mass
movements during Tropical Storm Erika and Hurricane Maria in each of the drainage basins
we sampled. Such an estimate is based on prior landslide mapping (van Westen, 2016, van
Westen, et al., 2018). We have no way to estimate either the accuracy or precision of the
resulting mass calculations.

We find that all eight of the basins with 1°Be; data after Hurricane Maria have
landslides that generated at least 3.7 times the mass of material generated annually (3.7-44.8,
mean = 14.7). However, Tropical Storm Erika produced landslides with significantly less
mass relative to inferred annual sediment generation rates and four of eleven basins with
19Bg; data have ratios of mass moved by slides to annual mass export of less than 1. Even in
these four basins, landslides caused by Tropical Storm Erika produced at least 44% of the

annual sediment generated in the basin (0.44-17.3, mean = 3.6).



These storm to annual sediment mass export ratios can be interpreted as recurrence
intervals for mass wasting events such as those which characterized these two storms. To do
this, we need to assume that all sediment is delivered by these shallow translational slides to
the channel. Thus, a recurrence interval of 45 years (our highest value) implies that landslides
as large as those triggered by Maria happen only a few times a century, an assessment that
matches with the estimated recurrence interval of category four storms happening less
frequently than once a century (but twice in the past 50 years) (van Westen, 2016). In
contrast, the watersheds with recurrence intervals of less than a year suggests that slides of
this size may happen multiple times a season or during regular rainy season storms.

The relatively large flux of material from mass wasting events generated by Hurricane
Maria compared to apparent annual sediment generation rates suggests that episodic mass
wasting supplies large amounts of sediment to channels in Dominica. The sediment in these
channels then spends several years moving through the system. In basins where mass wasting
sediment production from a single storm far outweighs annual sediment generation rates,
slower hillslope processes must contribute relatively little to movement of material down
slopes and eventually out of the watershed.

6.3 Comparison of Dominican erosion rates with those determined elsewhere

Erosion rates determined from 1°Be;j in Dominica are in the middle range of those
measured elsewhere in humid tropical basins (Figure 7). However, with high rates of
chemical weathering in the tropics, it is likely that the 1°Be;i-derived erosion rates
underestimate (perhaps significantly) actual rates of denudation because chemical weathering
removes mass at depth by solution in groundwater (Riebe and Granger, 2013). Dominica has
high chemical weathering rates (44-2340 tons km? yr?, mean=506, median=242; median ~

0.09 mm y!) determined using published dissolved load data (Rad, et al., 2007, Goldsmith, et



al., 2010, Rad, et al., 2013) and mean annual runoff modeled from the GLOH20 model
(Beck, et al., 2015, 2020). These rates are consistent with field observations of few bedrock
exposures and deep, highly permeable block and ash flows. However, although chemical
weathering rates in Dominica are high, these rates are similar to 1°Be;-derived erosion rates
(median = 0.11 mm y1).

1°Bem concentrations, corrected for °Bem delivery flux in Dominica, span the range of
concentrations measured elsewhere in the fully humid tropics (Figure 7). However, given
known grain size dependencies on °Ben activity (Singleton, et al., 2017), it is difficult to
compare concentrations when measurements are on different grain size fractions. °Ben,
concentrations in Puerto Rico (Grande, et al., 2021) were measured on a similar size fraction
as the coarse samples in this study and have higher concentrations than most of the coarse
grain size fractions presented here. In contrast, °Bem measured on samples from the Amazon
was conducted on finer grain size fractions from much larger basins, and has lower
concentrations (Wittmann, et al., 2015) than we measured in Dominica, even though finer
grain size fractions typically have higher concentrations (Singleton, et al., 2017).

Ber, concentration in detrital sediment is controlled by a wide range of factors,
including sediment grain size, 1°Benm delivery rate, downstream transport and abrasion, and
basin-scale erosion rate (Stone, 2000, Wittmann, et al., 2015, Portenga, et al., 2019).
Although we do not have °Ben, depth profiles for soil in Dominica, elsewhere in the humid
tropics °Ben does not vary predictably with depth (You, et al., 1988, Brown, et al., 1992,
Graly, et al., 2010, Dixon, et al., 2018, Grande, et al., 2021); this is likely the case in
Dominica as well. In Dominica, we find that °Ben concentration reflects long-term rates of
erosion, which are driven by mass movements, because 1) we find a strong correlation

between °Bei-derived erosion rates and 1°Ber concentration and 2) both °Ben concentration



and 1°Bej-derived erosion rates have similar correlations with basin-average topographic and
climatic parameters.
6.4 Relationship between geologic setting and erosion

The volcanic geology of Dominica provides an unusual opportunity to understand the
difference between fluvial incision rates into valley-filling ignimbrites and basin-average
erosion rates including hillslopes well above flow tops. Ignimbrites are common on Dominica
(Smith, et al., 2013) and cover up to ~50% of the area of the basins we analyzed. For nine
dated ignimbrites on Dominica that flowed across mainstem channels in basins we analyzed,
long-term (millennial-scale) incision rates appear to scale most strongly and inversely with
the age of the ignimbrite, an observation explained by rapid incision through the ignimbrite
that stops when the river reaches its previous bed level, meaning that measured rates are
minima (Jimerson, 2019) (see table S12). It is likely that the fastest documented ignimbrite
incision rates, on the youngest ignimbrites, are most representative of actual ignimbrite
incision rates (~5 mm y* for ignimbrites <25 ka, n=3). In basins where both ignimbrite
incision and basin-scale erosion rates have been determined (n = 4), we find that erosion rates
average ~7 times lower than incision rates.

It appears that when river valleys fill with ignimbrites, the river quickly responds by
incising through the ignimbrite to the underlying bedrock while hillslopes remain exposed
and continue eroding at long term average rates. Rapid incision after a disturbance is similar
to the two-stage response to volcanic eruptions observed at Mount Saint Helens and Mount
Pinatubo, where sediment delivery was rapid immediately following the eruption and slowed
after loose material was removed from the river channels (Gran, et al., 2011, Major, et al.,

2018).



Erosion rate estimates for Dominica provide numerical data about sediment supply to

. . . , +0.10
the Atlantic Trench. The geometric mean erosion rates we determined of 0.10 005 MM y!

2.04

+2.
(1 SD) from Dominica (751 km?) produces a total of 2.06_4 03xlO5 tons y* (1 SD) of

sediment (assuming density=2700 kg m™). The Lesser Antilles (area=14,364 km?), if
denuding at a similar rate to Dominica, could be the source of ~77% (38-144% [1 SD]) of the

. : : +39.1
sediment measured entering the Atlantic trench (39.5_19 6x105 tons y* [1 SD] from the

island arc). Thus, the low rate of subaerial erosion from a relatively small surface area in the
Lesser Antilles are likely the reason for the low sediment flux into the Atlantic trench (Rea
and Ruff, 1996).
7. CONCLUSIONS

Temporal replicate analyses of 1°Be in river sediment collected before and after
Hurricane Maria vary considerably, although mean and median concentrations for sample
populations measured before and after Maria are similar. This implies that the °Be
concentrations we measured in detrital sediment are integrating the effects of large storms
and major landscape disturbances over time and are relatively insensitive to any single,
discrete event. However, the variability in individual sample pairs (before and after the
storm) suggests that aggregating rate samples spatially or temporally, ideally over areas
larger than a single watershed and over multiple years, will result in more robust regional
erosion rate estimates and more meaningful relationships with basin average parameters such
as slope and rainfall in areas affected by mass movements, especially when inter-basin
differences in erosion rates are small.

Erosion rates on Dominica are low (geometric mean=0.102 mm y) compared to

other areas with similar rainfall and slope, but higher than those for other tropical locations.



Similar to other locations in the tropics, erosion rates and °Ber concentration are unrelated to
landscape-scale parameters, including slope. Mass movement distribution appears to be the

main control on erosion rates.
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Figure 1: Conceptual model showing processes and sediment sources that we hypothesize are
important in setting patterns of erosion and *°Be concentration before and after hurricanes on
Dominica. 1°Be profiles have not been measured for Dominica and are schematic. The 1°Be;
profile based on typical profiles found around the world (Bierman, et al., 2021) and shows
upper zone of soil stirring where concentration does not change with depth. The depth-
uniform °Ben, profile is based on those found typically in humid, tropical locations (Graly, et
al., 2010).
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Figure 2: Overview of study area showing (a) elevation from the USGS SRTM satellite
(USGS EROS) with sampled points and locations overlaid and landslides caused by
Hurricane Maria (van Westen, et al., 2018). * indicates samples only analyzed for 2017 and »
indicates samples only analyzed in 2018. (b) Mean annual precipitation from WorldClim
(Fick and Hijmans, 2017). (c) Land use/land cover from the Dominica government
(Dominica Government, 2000). (d) The path of Hurricane Maria with dates in September
2017 (National Hurricane Center, 2017) and location of Dominica in the Caribbean. (e) Slope
on Dominica. Note that very steep slopes are due to raster “holes” and do not affect mean
slope of sampled watersheds. Slope data from SRTM DEM. (f) Simplified bedrock map of
Dominica. Data are from Smith, et al. (2013). Photos show Trafalgar Falls (a major tourist
destination on Dominica) in (g) summer 2017 (before Maria) and (h) winter 2018 (after
Maria).
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Figure 3: Frequency-area distributions for mass movements mapped by other researchers
following Tropical Storm Erika (red) and Hurricane Maria (teal) (Van Westen, 2016, van
Westen, et al., 2018).
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Figure 4: Before and after-hurricane isotopic concentration measurements for °Be; (red
circles), 1°Bem(c) (green triangles), and °Ben(f) (blue squares). Before and after storm
samples have *°Be concentrations within analytical error of one another in samples with
outlined shapes while those with filled shapes do not. Point size greatly exceeds error bars for
many samples. Reported Mann-Whitney p-values are the probability that the before storm
and after storm data are drawn from the same population. Lower right inset shows box plots
with overlying jitter points for the distribution of % change in the three populations. Upper
left insets show correlation plots of the same % change in the three populations against each
other. Error bars for most data points are far smaller than the symbol size used. A correlation
and p-value matrix for all pairwise regressions is shown in table S11.
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Figure 5: Results from isotopic analyses on mean values from sediment collected before and
after Hurricane Maria. Spatial distribution of (a) °Bej-derived erosion rates (* on the map
and open shapes in the boxplot indicate sample sites only analyzed before Hurricane Maria),
(b) °Bem(c) concentrations, and (c) °Bem(f) concentrations with inset boxplot showing
distribution of data; individual data points are plotted on top of the boxes. The center of the
boxplots is median of the sample population, box boundaries are the 25" and 75" percentiles,
and whiskers extend to 1.5 times the interquartile range; outliers are beyond that distance.
Scatter plots show the relationship between landscape parameters (d, i, n) agricultural land
use, (e, j, 0) mean basin elevation, (f, k, p) percent of the watershed affected by landslides
caused by Hurricane Maria, (g, I, q) mean annual precipitation, and (h, m, r) mean basin slope
in log scale and measurements of (d-h) 1°Bei-derived erosion rates, (i-m) 1°Bem(c), and (n-r)
19Bem(f). Small numbers are R? values; * denotes p<0.05, ** denotes p<0.01, grey shading
indicates p > 0.05. Filled shapes represent sample sites analyzed before and after Hurricane
Maria; open shapes are sample sites only analyzed either before or after Hurricane Maria.
Correlations include all samples plotted. Error bars are removed for simplicity. A correlation
and p-value matrix for all pairwise regressions is shown in table S11. Similar figures for
before- and after-Maria samples as well as changes caused by Maria are available in
supporting information.
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Figure 6: Comparison of sediment generation derived from 1°Be; to sediment produced during
tropical cyclones. (a) Annual sediment generation from 1°Be; and storm-induced mass
movement colored by storm. Dashed line is a 1:1 line showing where storm production is
equal to mean annual sediment generation rates. (b) Histogram showing the ratio of storm-
induced mass movement mass to annual sediment generation. Bars are stacked and colored
by storm. (c) Ratios as shown in (b) but plotting data for Tropical Storm Erika against
Tropical Storm Maria for watersheds with data from both storms.
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Figure 7: Comparison of Dominica data to other fully humid tropical location datasets for
Ben, and 1°Bei. (a) 1°Bem concentration in river sediment normalized by flux for the Amazon
(Wittmann, et al., 2015), Dominica (this study), and Puerto Rico (Grande, et al., 2021). Points
are scaled by the grain size analyzed. (b) °Be;j-derived erosion rates as a function of basin
slope for the Amazon (Wittmann, et al., 2015), Dominica (this study), Panama (Sosa
Gonzalez, et al., 2016), Puerto Rico (Grande, et al., 2021), and Sri Lanka (von Blanckenburg,
et al., 2004). (c) Boxplots showing distribution of 1°Bei-derived erosion rates shown in (b).
Boxes are the 25" and 75" percentiles, center line is the median, and whiskers extend to 1.5
times box height.



Table 1: Summary information about sample sites and isotope concentrations.

10Bg; 10Bep(c)
Mean
Before (x108
Before (x104  After (x10* Mean (mmy- % (x108 After (x106 atomsg % Before
Sample Latitude Longitude | atoms g?) atoms g!) D) change | atomsg?) atoms g?) 1) change | atoms
00729 ¢
DM-03 1533101  -61.39152 | 55640422  ND 0.0104 ND ND ND ND ND ND
0.182 +
DM-04 1540155 -61.41448 | 4 664 0221 ND 0.0283 ND ND ND ND ND ND
454+ 48.7 + 46.6 +
DM-05 1551539 -61.27788 | ;654034  193+155  0143+0015  -27% | 0.664 0.877 05 7% | 89.1+
0.0474 +
DM-06 1536774 -61.40065 | 54 40557  659+0226  0.00411 117% | ND ND ND ND ND
0.206 + 283+ 205 +
DM-08 1551696 -61.27666 | ) 43,0157 14940920 0.0197 4% | 0.426 36+0972 04 27% | 100+
0.807 +
DM-09  15.45421  -61.44586 0.145 ND 0.367+0.072 ND ND ND ND ND ND
452+ 322+ 372+
DM-10 1562056 6146224 | \ o ND ND ND 0.774 0.614 05 -29% | 180 %
0.0558 + 1164 +
DM-11  15.30246 6138608 | , o, 0243 45140166  0.00474 2% | 995+176 1634292 15 64% | 262+
0.0906 +
DM-12 15.55458 6130768 | 515,032 ND 0.0117 ND ND ND ND ND ND
0.0893 + 104.6 +
DM-14  15.27627 6125559 | , »1 40307 46540417 00101 110% | 91.5+1.78 117+173 1.2 28% | 171+
0.0539 + 1269+
DM-15 1542808 -61.26051 | 51640777 48840340  0.00549 506 | 125+17  129+177 1.2 3% | 176+
DM-16 1542808 -6143241 00754 + 673%
' ' 6.20+0858 3.21+0297  0.00849 48% | 0.979 636+134 66+08 5% | 142+
0.187 + 192+ 139+ 165+
DM-17  15.24772  -61.31054 | iy 16740282  0.0349 ND | 0412 0.405 0.3 28% | 476+
8.49 + 6.89 +
DM-24L 1530802 -61.36244 | 1y ND ND ND | 0173 0.283 81+01  -19% | 615+
DM-25R 1530786 -61.36572 839% 133+
' ' ND ND ND ND 8740229 0172 0.2 4% | 160+
274+ 109+
DM-25L  15.30381 -61.36968 | ND ND ND 0.521 0.213 85+0.1 -60% | 60.4 +




Table 2: Details on replicate studies, including original source, study location, disturbance (if any), number of
samples, and number that replicate within 2c.

Study Location Disturbance Samples
(within error)
10Bg;
Kober, et al. (2007) Swiss alps Debris flow 9 (5)
West, et al. (2014) Sichuan, China Earthquake 9(2)
Lupker, et al. (2012) Nepal Landslides 8 (3)
Chen, et al. (2019) Taiwan Typhoon 31 (18)
Nelson, et al. (2014) Greenland Melting ice sheet 9 (3)
Foster and Anderson (2016) | Colorado Front Range | Storm 13 (6)
Cox, et al. (2009) Madagascar Long term change 2 (0)
(terraces)
Schaller et al. (2002, 2016) Europe Climate change 20 (12)
Matmon, et al. (2003) Smoky Mountains None 1(1)
Sosa Gonzalez, et al. (2017) | Yunnan, China Monsoon season 65 (26)
Godard, et al. (2010) Sichuan, China None 2 (2)
Palumbo, et al. (2009) Tibet None 1(1)
Portenga, et al. (2015) Bhutan None 1(1)
Regard, et al. (2016) Cameroon None 3(1)
Reusser, et al. (2014) uUs None 1(0)
Sosa Gonzalez, et al. (2016) | Panama None 2 (1)
Vance, et al. (2003) Nepal None 1(2)
Hidy, et al. (2014) us Dams, climate 22 (21)
change
Total with disturbances 166 (75)
Total without disturbances 9 (4)
Total 178 (84)
1OBem
Sosa Gonzalez, et al. (2017) | Yunnan, China Monsoon season 49 (11)
Reusser and Bierman (2010) | New Zealand Major landslide and 3(2)
debris flows
Total with disturbances 52 (13)
Total without disturbances 0 (0)

Total

52 (13)
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