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Abstract In steep dry-tropical islands, rural and urban
development can lead to accelerated soil erosion and the
delivery of land-based materials into marine ecosys-
tems. The objective of this paper was to compare stream
water composition, clay minerology, and sediment yield
between a partially urbanized (Coral Bay) and an undis-
turbed (Lameshur) coastal watersheds in St. John, US
Virgin Islands (USVI). The saturation index of
streamflow water samples was calculated using BThe
Geochemist’s Workbench^ software and most likely
precipitated minerals from observed storm events was
then compared with X-ray diffraction on soil clay min-
eralogy. The spatial distribution on both annual mean
(2010) erosion rates and storm event–wise (Hurricane
Otto) sediment yield among the two study watersheds
were modeled using the revised and modified universal
soil loss equations (RUSLE; MUSLE), respectively.

Cations concentration in stream flow water samples and
sediment yield were higher for the partially urbanized
(Coral Bay) compared to the undisturbed (Lameshur)
watershed. Our findings suggest that rural/urban devel-
opmentmay increase streamwater cations concentration
and inputs of sediment to downstream ecosystems.
Future studies evaluating the effect of management
practices such as pavement or other stabilization of dirt
roads and their impact on stream water quality and
quantity and sediment yield are crucial for the proper
sediment management in the study watersheds and po-
tentially in other rural-urbanizing tropical watersheds.

Keywords Soil erosion . Sediment yield . Stream flow
composition . Claymineralogy. Rural/urban watersheds

Introduction

A soil layer covers most of the Earth’s land surface. This
layer is commonly known as the pedosphere and is the
product of a complex interaction between the geosphere,
hydrosphere, atmosphere, and biosphere. This interac-
tion provides the conditions in which humankind grows
all of its crops (Erns 2000). Soil biota also supply many
forest ecosystem services essential to the environment
such as primary production through organic matter and
nutrient cycling, which determines the chemical and
physical composition of the pedosphere, the climate
control at global scale through the regulation of C and
N fluxes (Brevik et al. 2015). Particularly in dry-tropical
watersheds, soil conservation and sediment
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management activities could help to regulate the tempo-
ral delivery and magnitude of sediment yield to coastal
waters (Ramos-Scharron and LaFevor 2016).

Soil develops permanently under the impact of fluxes
of matter (Chadwick and Chorover 2001) and water thru
the system. Among these fluxes, water fluxes are of
particular concern as water is the weathering reactive
agent as well as the medium for sediment transport in
concentrated flows. The land degradation caused
by water erosion and human-induced land use
change (Hontoria et al. 1999; Garcia-Ruiz 2010;
Henry et al. 2013) is a severe threat to the con-
servation of water and soil around the globe
(Trimble and Crosson 2000; Harden 2001;
McHugh 2007; Martinez-Mena et al. 2008). Soil
erosion and delivery of land-derived sediments into
coastal waters are natural processes, but the rates have
increased by human activities such as agriculture, defor-
estation, urbanization (Rawlins et al. 1998), and the
building of unpaved roads (Ramos-Scharron 2012;
Wemple et al. 2017).

Increased sediment loads into fringing coral reefs have
become a menace throughout the insular Caribbean be-
cause of the high economic dependency on marine re-
sources and the vulnerability of these ecosystems to terrig-
enous sediment inputs (Rogers 1990; Gardner et al. 2003).
Terrigenous sediments are harmful to coral reefs and can
negatively affect coral health, growth, and abundance as
well as fecundity and reproduction (Fabricius 2005).
Corals in semi-enclosed bays adjacent to steep watersheds
such as those in St. John, US Virgin Islands (USVI) may
be especially vulnerable to excessive sediment inputs from
watershed erosion (Rogers and Teytaud 1988). Particularly
on St. John, USVI the watershed erosion in developed
watersheds has been linked to an increase in soil
erosion (Hubbard et al. 1987; MacDonald et al.
1997; Ramos-Scharron and MacDonald 2007a)
and the delivery of land-derived (terrigenous) sed-
iments to coastal bays with fringing coral reefs
(Anderson and MacDonald 1998; Gray et al. 2012;
Hubbard et al. 1987; Brooks et al. 2007; Ramos-
Scharron and MacDonald 2007b).

The aim of this paper is to compare stream water
samples composition, sediment geochemistry and ero-
sion rates between partially urbanized and undisturbed
watersheds in St. John, USVI testing the hypothesis that
the delivery of land-based materials to coastal waters is
accelerated by the level of rural/urban development
among the study watersheds. Results of this

investigation indicate that rural/urban development
may increase the delivery of dissolved and suspended
land-based materials into downstream ecosystems, es-
pecially fringing coral reefs.

Material and methods

Study area

St. John, with a total extension of 50 km2, is an ideal
location to test the impact of rural-urban development
on the delivery of land-based materials to coral reefs
environments. In this study location, there is a clear
delineation between partially urbanized and undevel-
oped watersheds due to the Virgin Islands National
Park (Gray et al. 2008, 2012). St. John is located ~
80 km East of Puerto Rico, and it is the smallest of the
three major USVIs (Fig. 1). The area is topographically
complex, with steep slopes, as more than 80% of the
island has slopes greater than 30% (Anderson and
MacDonald 1998), encouraging the vulnerability to soil
erosion. Vegetation is dominated by dry evergreen for-
ests, shrubland, and moist tropical forests (Woodbury
and Weaver 1987). The climate is subtropical dry with
mean annual precipitation usually exceeding 100 cm
year–1. Coral Bay (CB), and Great and Little
Lameshur Bay (LB) are comprised predominantly of
water island formation which is a phenocryst-poor
keratophyre, a silicic albite-rich extrusive with varying
percentages of quartz and plagioclase (Rankin 2002).
CB is a 13.3 km2 bay with mangroves, sea-grass beds,
and fringing coral reefs. The watersheds that drain into
CB bay have steep slopes (averaging 18% with large
areas over 35%), high erodible soils, with high runoff
volumes associated with average rain events (Ramos-
Scharron and LaFevor 2016). Rural and urban develop-
ment in the hillslopes and the construction of many
steep dirt roads increased significantly runoff generation
(Ramos-Scharron and MacDonald 2007a) and sediment
loads to coastal waters (Anderson and MacDonald
1998; MacDonald et al. 1997; Brooks et al. 2007;
Ramos-Scharron and MacDonald 2007b). Previous
studies have also demonstrated significantly higher rates
of terrigenous sediment accumulation below the devel-
oped area (CB) compared to the undeveloped area (LB)
(Gray et al. 2008). The highest rates of terrigenous
sediment accumulation since 2007 occurred following
Hurricane Otto in October 2010 (Gray et al. 2012).
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Field collection

Soil samples

Soil samples were collected manually at specific sites in
the upper watersheds (Fig. 1). These samples were
subjected to laboratory analysis including textural anal-
ysis, clay minerology, and scanning electronic micro-
scope (SEM) imagery at the CICESE-UNAM laborato-
ries in Ensenada, Baja California, Mexico.

Stream water samples

A total of 33 stream water samples were collected
manually from the stream flow at specific sites using
125 ml Nalgen bottles during periods of ephemeral
runoff following storms. This sampling strategy was
followed in both study areas, and dissolved composition
was compared between three different storm events in
2010: October 5–8 (Hurricane Otto), July 20, and
September 19. Figure 2 shows the 2010 precipitation
data with emphasis on Hurricane Otto (start) when
288 mm precipitated in only 3 days, representing 30%
of the annual mean rainfall.

Sediment accumulation in traps

Marine sediment traps were installed at the receiving
bays (watershed outlets) and were used to record sedi-
ment accumulation rates of terrigenous materials over
26-day periods. See Gray et al. (2012) for a full descrip-
tion of methods. The sediment trap data were compared
to the sediment yield modeled for Hurricane Otto.

Laboratory analysis

Soil samples

Organic matter content in the soil samples was deter-
mined by loss on ignition (LOI), following standard
procedures. A laser particle sorter (Beckman-Coulter
LS200) was used to determine grain size distribution
for the fractions between 0.4 μm and 2 mm.
Mineralogical identification of 5 sediment samples
(Fig. 1) was determined using X-ray diffraction (XRD)
techniques, and scanning electron microscope (SEM)
imagery were obtained at the CICESE-UNAM labora-
tories in Ensenada, Mexico. XRD analyses were per-
formed using a PANanalytical X’Pert PRO automated

powder diffractometer with CuKα radiation. This meth-
od involved the analysis of three different preparations
of each sample that had been previously subjected to
physical and chemical treatments: air-dried, heat, and
glycol drying as described by Moore and Reynolds
(1996). Also, 20 soil samples, 10 samples from LB,
and 10 samples from CB watersheds were analyzed by
SEM equipped with a back-scattered electron detector, a
secondary electron detector, and a Princeton Gamma-
Tech (PGT) X-ray energy dispersive system (EDS).

Stream water samples

Major element chemistry of the stream water samples
was determined by inductively coupled plasma-atomic
emission spectrometry (Varian Liberty 100 ICP-OES).
The major cations such as sodium (Na), calcium (Ca),
silica (Si), magnesium (Mg), and potassium (K) were
analyzed using an induced coupled plasma (ICP) equip-
ment to quantify the streamflow composition and eval-
uate the bulk dissolved load among the two study wa-
tersheds. Additionally, an ion chromatograph (Dionex
2000) equippedwith a separation column for anions was
used tomeasure the chloride content, as well as the other
major anions, to apply the sea salt correction input by
aerosols as described by Holland (1978).

The saturation index (SI) is a method that indicates
whether natural waters will tend to dissolve or precipi-
tate a particular mineral based on its chemical composi-
tion. The SI value is negative for minerals that had
dissolved, positive when it precipitated, and zero when
the water and minerals are at chemical equilibrium.
Here, this technique will be used to identify certain
elements that can be used as tracers of urbanization
impacts on streamflow composition. The SI was calcu-
lated by comparing the chemical activity of the dis-
solved ions of the mineral (Ion Activity Product, IAP)
with their solubility product (Ksp) as described by
Bethke (1996). In equation form,

SI ¼ log IAP=Ksp

� � ð1Þ

BThe Geochemist’s Workbench^ (GWB) software
was used to calculate the saturation index of the stream
water samples. The results of this analysis will be com-
pared with the results of the X-ray diffraction analysis
on the soil samples, to validate the most likely minerals
being precipitated as clay minerals and the minerals
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most likely to be dissolved will be compared with the
bedrock minerology, with the aim of assessing the

spatial variability of stream flow composition and clay
minerology among the two study watersheds.

Fig. 1 Geographic location of the study watersheds, soil, and stream water samples

Fig. 2 Daily rainfall time series
recorded at St. John, US Virgin
Islands from January 1, to
December 31, 2010
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Soil erosion modeling

Mean annual soil erosion rates, from sheet and rill
erosion, were modeled for the two study watersheds
using the revised universal soil loss equation (RUSLE,
Renard et al. 1996), a revision of the USLE (Wischmeier
and Smith 1978). RUSLE considers the erosive energy
of precipitation and runoff, on certain soil erodibility,
local topography, and land cover conditions to estimate
long-term soil erosion rates. RUSLE is a modeling tool
developed for soil conservationists (Wischmeier and
Smith 1978) and widely applied in conservation man-
agement activities (Rennard and Freimund 1994). It is
relatively easy to perform in many environmental set-
tings, including tropical watersheds (Millward and
Mersey 1999; Chen et al. 2011), and due to the available
data in St. John, USVI encouraged us to use it for the
soil erosion assessment proposed in this analysis.

The RUSLE equation can be expressed as follows:

ARUSLE ¼ R� K � LSð Þ � C � P ð2Þ

where

A = computed annual soil loss,
R = rainfall-runoff erosivity factor,
K = a soil erodibility factor,
LS = a topographic factor combining slope length,
L,
and land surface slope angle, S,
C = land cover and management, and
P = erosion-control practices

ARUSLE in megagrams per square kilometer is the
modeled soil erosion rate. The units for A are determined
by the units for R and K, respectively. The remaining
terms in Eq. 2 are dimensionless ratios to scale soil
erosion estimates to experimental conditions
(Wischmeier and Smith 1978; Renard et al. 1996;
Smith et al. 2007).

The rainfall erosivity factor R (megajoule-
millimeters per square kilometer per hour per year)
was estimated following the method described in
Renard et al. (1996). The soil erodibility factor K
(megagram-hours per megajoule per millimeter) was
taken from National Center for Environmental
Information (2011). L and S are topographic factors,
which are commonly combined into the LS factor.
These factors are used to scale the length of upstream

flow accumulation (22.13 m) and steepness (9%; 5.18o)
at any location of the study watershed to the dimensions
of the modeled experimental plot described in Renard
et al. (1996) and modified by Kinnell (2005) who de-
veloped a formula for the GIS environment to extract the
RUSLE-LS factor from a digital elevation model
(DEM) as follow:

LS ¼ Flow accumulation� cell size=22:13ð Þ0:4

� sin slope½ �=0:0896ð Þ1:3 ð3Þ

where Bcell size^ is the pixel size (in m) for a DEM and
Bflow accumulation^ is the accumulated flow to each
downslope cell. The topographic features used to calcu-
late the compound RUSLE-LS factor were produced
using elevation data at a 5 m horizontal resolution from
a LIDAR-derived DEM.

The cover factorC values were taken fromMcCreery
(2007), who calculated a composite C factor for each
watershed based on land cover and road density using
field observations and aerial photography. A total area
of 23,000 m2 and 5200m2 of dirt roads were considered
for CB and LB, respectively. We assigned a value of 1
for unpaved road and deforested areas, and zero for the
impervious land cover fraction represented by paved
roads. The last term in Eq. 2 which is P is an estimate
of the efficiency of any field management employed to
reduce soil erosion. A constant value of P = 1 was
applied over the whole study area because no sediment
management practices were reported during the simula-
tion period.

MUSLE

There are no perennial streams in St. John, USVI and
runoff associated with storms is generally short-lived
(days) and discharges from ephemeral drainages called
Bghuts.^ Due to the ephemeral nature of erosion events
and runoff, averaged models like RUSLE which esti-
mate long-term rates may not be adequate to address the
event-wise soil erosion rates. Therefore, Williams and
Berndt (1972) developed a sediment delivery equation
that predicts soil erosion at watershed scale on an indi-
vidual storm event basis. The modified USLE
(MUSLE) uses most of the RUSLE parameters
(Renard et al. 1996), but it replaces the average rainfall
intensity parameter with a value for peak discharge and
the runoff depth created by each storm event. The
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sediment yield to the receiving bays during Hurricane
Otto was modeled using the MUSLE model on the two-
study watershed. This equation can be expressed as
follows:

AMUSLE ¼ 11:8� Q� qp
� �0:56

� K � LSð Þ � C � P ð4Þ

where

A computed storm-based soil loss (mg km−2)
Q runoff depth (m3)
qp peak discharge (m3 sec−1)

The curve number (SCS CN) method as described in
USDA TR55 (US Department of Agriculture 1986) was
used to determine runoff depth BQ^ and peak discharge
(qp). The peak discharge is the maximum runoff flow
rate of the storm and was calculated following the
method described by Snider (1972). The SCS curve
number (CN) is one of the most important parameters
for the peak discharge and total runoff calculations
within the MUSLE model (Gudino-Elizondo et al.
2018a), and determine the amount of actual rainfall
precipitation contributing to overland flow. SCS CNs
values were assigned according to the land use class
dominant in each watershed based on literature values
(Dunne and Leopold 1987).

The ArcMap (Version 10.2; Environmental Systems
Research Institute, Redlands, California, USA) software
was used to map spatial variations in soil erosion and
sediment yield rates from RUSLE-MUSLE calculation,
respectively, by multiplying the factors of the models
such as rainfall erosivity (R), soil erodibility (K), topog-
raphy (LS) and vegetation cover (C), using different grid
surfaces created with the spatial analyst tools within the
ArcMap software at a 5 m horizontal resolution.

Marine sedimentation

Marine sediment accumulation (terrigenous) rates were
obtained from submarine sediment traps deployed at the
ephemeral stream outlets within the receiving bays at
LB and CB (Fig. 1), and were used to compare to the
modeled sediment yield during the Hurricane Otto.
Details regarding the sediment traps and sedimentation
rates calculations are described in Gray et al. (2012) and
Kolupski (2011).

Results

Hydrochemistry

A summary of the stream water chemistry is presented
in supplementary material 1 (S1). The concentrations of
Ca, Mg, Na, and K are mainly controlled by a combi-
nation of bedrock geochemistry, land cover, and topog-
raphy. The Na cation showed the highest concentrations
of the entire dataset. In general, samples from CB (par-
tially urbanized watershed) contained higher concentra-
tions of all the analyzed elements than the samples
collected in LB (undeveloped watershed).

Statistical analysis

The concentration values (S1) were statistically ana-
lyzed (t test) to determine spatial differences at 5%
significance level (p < 0.05) between disturbed and
undisturbed coastal watersheds as well as temporal
differences between storms. The normally distribu-
tion of the data was assumed based on the
Shapiro-Wilk test. Results of the t test analysis are
shown in Tables 1 and 2; asterisks in bold numbers
indicate significant differences.

Statistical differences were found in Ca, Mg, and K
concentrations, while Na and Si did not differ signifi-
cantly in the temporal comparison (July 20 and October
6–7 2010) of the stream water chemistry of samples
collected in the LB watershed. By contrast, no signifi-
cant differences were registered in the concentrations of
all elements analyzed in the stream water samples col-
lected at CB between storms (September and October of
2010). Table 1 shows the results of the temporal com-
parison at each watershed.

Statistical differences in Ca concentration were
found in the spatial comparison between stream water
samples collected in the two study watersheds during
Hurricane Otto (October 5th–8th of 2010). Streamwater
samples from CB contained a higher concentration of

Table 1 t test results
(p values) for Lameshur
and Coral Bay

Values with asterisk in-
dicate significant
differences

t test Lameshur Coral Bay

Ca 0.001* 0.097

Mg 0.001* 0.113

Na 0.113 0.141

K 0.038* 0.169

Si 0.185 0.201
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Ca, while all other element concentrations did not differ
significantly. Table 2 shows the results of the spatial
comparison of the two study locations.

Saturation index

The saturation index of the stream water composition
was calculated using BThe Geochemist’s Workbench^
software. Minerals with the highest probability of being
dissolved by rock-water interactions on the bedrock
were selected, and minerals with the highest potential
of being precipitated as clay minerals in the soils. A
higher SI value was found for illite in samples from CB,
indicating that illite is more likely to precipitate as a clay
mineral in CB than in the LB watershed. In supplemen-
tary material 2 (S2), Table S2-I shows the computed SI
for the LB watershed, and Table S2-II shows the com-
puted SI for the CB watershed.

X-ray diffraction analysis

Coral Bay

XRD results of the air-dried samples indicated that illite
(I) is the most abundant clay mineral in the CB soil
samples, followed by a peak in the plot representing the
combination of chlorite (Cl) and kaolinite (K) concen-
trations (Fig. 3a).The smectite (Sm) peak appeared
as a minor proportion. The heat treatment of the
sample (Fig. 3b) preserved the highest concentra-
tion of I, making it the most abundant clay min-
eral component in the soil samples. Also, Cl and
K peaks overlapping in the air-dried diffract-gram
were solved with this physical treatment (heat); K col-
lapsed and the remaining peak only represents Cl. Thus,
the relative concentration pattern of clay minerals in CB
was the following:

I > Cl > K > Sm

Lameshur

The air-dried sample of LB indicated that Cl was the
most abundant clay mineral, followed by a peak in the
plot representing the combination of Cl and K concen-
trations (Fig. 4a). The Sm peak appeared in the diffract-
gram in minor proportion. The heated sample (Fig. 4b)
kept the highest concentration of Cl, representing the
largest component of clay minerals after this physical
treatment. Therefore, the relative concentrations pattern
of clay minerals in LB was the following:

Cl > K > I > Sm

A higher relative concentration of illite in CB sam-
ples, supported by higher SI values of this mineral on
the stream water samples, may reflect the influence of
rural urbanization (especially dirt roads density) in the
dissolution of land-based materials by overland flow
among the two study watersheds.

Scanning electronic microscope

A total of 20 soil samples were analyzed by scanning
electron microscope (SEM). In general, a distinct spatial
variation is apparent, regarding the presence of more
rock fragments in the developed watershed (CB) and
more clay cohesion in the reference watershed (LB),
respectively. SEM analysis also suggests greater physi-
cal weathering in CB compared with the LB watershed
samples, which is consistent with the previous compar-
ison on the stream flow and sediment geochemistry
analyses. Figure 5 shows SEM images representatives
for the two study watersheds.

Soil erosion and sediment yield modeling

The RUSLE-MUSLE calculation was performed multi-
plying the factors of the model, such as rainfall erosivity
(R), soil erodibility (K), topography (LS), and vegetation
cover (C), using different grid surfaces created in
ArcMap spatial analyst. The output data were mapped
to visualize the spatial distribution of the computed
erosion rates at the watershed scale in the two study
locations (Figs. 6 and 7).

The rainfall erosivity factor (RRUSLE) was calculated
using annual mean precipitation of 1150 mm (70 mm of

Table 2 t test results
(p values) for the spatial
comparison of Hurricane
Otto

Value with asterisk indi-
cate significant
differences

Independent samples

t test p values

Ca 0.030*

Mg 0.214

Na 0.366

K 0.062

Si 0.374
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standard deviation) estimated from three automatic sta-
tions in St. John, USVI. The RRUSLE factor calculation
results in 270 MJ mm km−2h−1year−1 for the
whole island, and the K factor (National Center
for Environmental Information 2011) interval was
0–0.041 Mg h MJ−1 mm−1. The storm event–wise
erosivity factor (RMUSLE) values resulted in 42.3
and 46.7 km2 mm min−1 for LB and CB water-
sheds, respectively. These values form the basic
input for RUSLE-MUSLEmodels to calculate the annual
(2010) and the storm event–based (Hurricane Otto) soil
loss.

The computed erosion rates were higher for the
developed (CB) compared with the undeveloped
(LB) watersheds with average values of 12 Mg
km−2 year−1 for CB and 3.15 Mg km−2 year−1

for LB, by assuming an average density of 1500
kg/m3. The average sediment yield modeled for
Hurricane Otto was 8.4/2.1 Mg km−2 at LB and
CB, respectively. Figures 6 and 7 show the spatial
distribution of modeled erosion rates for the two
study watersheds.

Soil erosion is strongly related to topographic slope,
land use, and dirt roads density. Significant differences
were observed between modeled soil erosion rates from

CB (partially urbanized) compared with LB (undis-
turbed) watersheds. CB watershed erodes, on average,
about 4 times more soil than LB per unit area per year.
TheC factor assigned to each study watershed also has a
potential effect on the modeled soil erosion rates.

Spatial variations of sediment yield and coastal
sedimentation for Hurricane Otto

We compared the modeled sediment yield from
the MUSLE model with the observed sedimenta-
tion rates at the watershed outlets during the
Hurricane Otto. The watershed sediment yield
was generally lower compared to the sedimenta-
tion rates at the receiving bays. Sedimentation
rates from October 5th to 8th (normalized over
the 26 days of the sample period from Gray et al.
2012) were considered to estimate an approximate
value of coastal sedimentat ion during the
Hurricane Otto. Table 3 shows the sediment yield
and coastal sedimentation for the two study
watersheds.

Marine sedimentation was also higher in CB. The
total drainage area (significant higher in CB) and the
presence of coastal ponds (in LB watershed) has a
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Fig. 3 a Air-dried and b heated diffractograms of the sample collected in Coral Bay watershed
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Fig. 4 a Air-dried and b heated diffractograms of the sample collected in Lameshur watershed
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potential effect on the sedimentation rates among the
two study areas. Sedimentation rates are consistent
with other studies (Rogers 1990; Kolupski 2011;
Gray et al. 2012) reporting relatively similar values.

Discussion

Soil erosion rates (Ramos-Scharron and MacDonald
2007a, b) and the corresponding sediment loads (Gray

Fig. 5 SEM images of soil samples from a Coral Bay (× 1000) and b Lameshur (× 270) watersheds

Fig. 6 Modeledmean annual (Mg km−2 year−1) erosion rates for LB. Inset shows the frequency distribution of erosion values per pixel at the
watershed scale
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et al. 2012) into the bays adjacent to partially urbanized
watersheds have been described as higher than in unde-
veloped (references) areas. However, few studies ana-
lyze the influence of rural urbanization and the corre-
sponding impacts on the stream water composition and
clay mineralogy. The contribution of the present re-
search is the combined approach to address chemical
and physical erosion at the watershed scale in St. John,
USVI to evaluate the effect of rural/urban development
for the Caribbean islands, and potentially for other ur-
banizing tropical watersheds.

The modeled soil erosion rates estimated in this study
showed that are significantly different between the two
studied locations: specifically, the CB (partially urban-
ized) watershed eroded more soil per unit area than the
LB (undeveloped) watershed. Figures 6 and 7 show the
spatial variation of soil erosion rates among the study

watersheds. The insets on these figures highlight the
contribution of dirt roads networks to enhance soil ero-
sion as hotspots of sediment production, and potentially
increase the delivery of land-based material to down-
stream ecosystems as reported previously in the litera-
ture (Anderson and MacDonald 1998; Ramos-Scharron
and MacDonald 2007a, b; Gudino-Elizondo et al.
2018b; Wemple et al. 2017; Oliver et al. 2018; Pait
et al. 2018; Gudino-Elizondo et al. 2019). Ramos-

Fig. 7 Modeled mean annual (Mg km−2 year−1) erosion rates for CB watersheds. Inset shows the frequency distribution of erosion values
per pixel at the watershed scale

Table 3 Watershed sediment yield and coastal sedimentation
rates during Hurricane Otto

Sediment yield (Mg) Sedimentation (Mg)

Coral Bay 8.4 158

Lameshur 2.1 15
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Scharron and Lafevor (2016) reported that precipitation
excess on unpaved roads in St. John, USVI contributes
for 25–62% of total watershed discharge, and potential-
ly increase sediment production on unpaved roads,
though the unpaved road network represents only 1%
of the total watershed area. Our results show that dirt
roads can increase soil erosion rates by two or more
orders of magnitude, which are consistent with values
previously reported by Ramos-Scharron and
MacDonald (2007a) and Ramos-Scharron (2018). The
methodology used in this paper to estimate the relative
contribution of unpaved roads on sediment generation
using RUSLE-MUSLE can be easily applied in other
urbanizing watersheds, especially in remote areas with
limited data.

The high resolution elevation map derived from
LIDAR data, and the spatially distributed K factor values
used in this analysis provide more accurate RUSLE-
MUSLE estimations than earlier soil erosion modeling
studies in St. John,USVI, such as those by Radke (1997)
and McCreery (2007). The complex topography of St.
John, USVI indicates that the L and S USLE factors play
a critical role in the soil erosion modeling. Also, the K
factor is extremely important because it represents the
susceptibility of soils to erosion, based on its physical
soil properties. The K factor value is often estimated
with significant uncertainty using an average value per
watershed. However, the St. John Erosion Model (STJ-
EROS) developed by Ramos-Scharron and MacDonald
(2007b) is, to the authors knowledge, the most robust
sediment yield model in the study area. Future research
linking the spatial variability of the dissolved load con-
centrations in stream water with a most sophisticated
soil erosion modeling would help to further assess im-
pacts on urbanization to the delivery of dissolved and
suspended loads between the two study watersheds.

On the other hand, significant differences in stream
water chemistry were found between the two study areas,
reflecting the currently prevailing natural (reference) and
anthropogenic conditions of each watershed. Ca cation
concentration was statistically higher in the CB during
Hurricane Otto, and it was mainly related to overland
runoff from rural urbanized areas where construction
materials, such as concrete, is the most likely source of
dissolvedCa in streamwater. In addition toCa, variations
in concentration of other elements such asMg, Na, and K
can be explained by the fact that these elements are more
active in water-rock interactions than Si, which is less
likely to undergo chemical weathering. Ca is not

presented in the geochemistry of the bedrock as described
by Rankin (2002), suggesting that this element, in partic-
ular, can be used as a tracer to evaluate impacts of
urbanization on the dissolved load in the stream water
samples. Non-significant differences in the spatial distri-
bution for the remaining major elements concentration
can be explained by the relatively homogeneity in bed-
rock minerology among the study watersheds.

Temporal differences inCa,Mg, andKwere found in
stream water chemistry of samples collected from the
LB watershed, while Na and Si were not significantly
different between the two analyzed storm events in the
reference (undeveloped) watershed. Ca and K concen-
trations were higher during the storm that occurred on
September 19, while Mg was higher during Hurricane
Otto. This difference can be attributed to the amount of
rainfall during each storm (180 and 300 mm respective-
ly) and to the diluting effects on the concentration of
these elements within the watershed. Our results suggest
that higher precipitation could produce greater dilution,
reflecting on the concentration of dissolved elements in
water runoff of each storm event. Nevertheless, no tem-
poral differences were found in the dissolved composi-
tion of CB.

Na was found in stream water with the highest con-
centration of the entire dataset. The high content of Na
can be related to the geochemistry of the bedrock, which
is mainly comprised of keratophyre rocks (Rankin
2002). The SI results shows that the most likely mineral
to be in dissolution in the stream water samples is
calcite, which is an alteration product of feldspars which
is present in the geochemistry of the bedrock in both
study watersheds. By other hand, the most likely min-
eral to precipitate is illite, which is consistent with the
results of the XRD diffraction analysis of the soil sam-
ples. Vegetation removal due to rural urbanization in
tropical watersheds, especially the construction of un-
paved roads, enhances mineral dissolution from the
bare-soil by overland flow that can eventually form
secondary minerals in low temperature environments
as described by Liu et al. 2015. Also cut-slopes
due to urban infrastructure can increase the time of
residence for water-rock interaction and potentially
increase the dissolved load concentration to down-
stream ecosystems.

X-ray diffraction analysis showed a greater relative
concentration of illite in the samples from CB. Illite is a
chemical alteration product of feldspars in hydric and
hydrothermal environments. X-ray diffraction results
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may suggest that high concentration of illite can be
attributed to human influences in the partially urbanized
watershed, supported by the saturation index results
showing that illite is the mineral more likely to be
precipitated based on the chemical composition of the
stream water samples. Although, it is important to note
that some flow paths coming from the upper CB water-
shed may contain sediments from hydrothermally al-
tered rocks (locality known as BBordeaux Mountain^).
So, the spatial variation of illite concentration could also
be related to natural water-rock interactions in the CB
watershed, which is consistent with the geochemistry
the bedrock described by Rankin (2002). A more exten-
sive sample collection would be helpful to better address
human vs natural influences on stream flow and soil
clay minerology.

Furthermore, the scanning electron microscopy
(SEM) imagery showed, in general, more fragments of
rocks in soil samples collected inCB compared with soil
samples collected in LB watershed, which suggest that
rural urbanization in CB may have important effects on
physical erosion due to deforestation, enhancing the
vulnerability to physical erosion as shown in Figure 5a
and b. The textural analysis in soil samples reported by
Gudiño Elizondo (2012) showed that approximately
80% of the samples are silt-sized particles, which are
highly susceptible to soil erosion (Hjulstrom 1935). The
energy required to suspend and transport sediment is
greater for clays and sands compared with silts because
larger grain sizes are more difficult to move. Although
clay is a fraction finer than silt, clay particles have a
cohesive force that binds them together to create a larger
grain size, and that requires more energy for transport
(Hjulstrom 1935) compared to actual coarser grains.
Organic matter content ranged from low values of 3–
6% and could be due to the complex topography that
does not allow much lateral accumulation of organic
matter in the two watersheds

The modeled sediment yield was compared with
observed sedimentation rates at the watershed outlet
during the Hurricane Otto. On average, 158 metric tons
of terrigenous sediment were deposited at CB watershed
outlet, and only 8.4 metric tons of soil loss were
modeled from the watershed. In LB bay, a mean sedi-
mentation of 15 metric tons was observed in the receiv-
ing bay based on sediment trap data, and only 2.1 metric
tons of soil loss were modeled. The overall balance
between watershed sediment yield and sedimentation
rates at the bays resulted in higher observed

sedimentation at the receiving bays than the modeled
watershed sediment yield in both study locations (CB/
developed and LB/undeveloped watersheds). The
modeled sediment yield for the two study watersheds
suggested that most of the eroded sediments from the
upper watersheds, mainly generated from dirt roads, are
being deposited preferentially within the catchment area
and/or, in the case of LB, at the coastal sediment ponds
rather than at the receiving bays. Is important to note
that the sedimentation rates at the bays are influenced by
many factors including advection of sediment and re-
suspension as described in Gray et al. 2012.
Nevertheless, the modeled sediment yield could be im-
proved using runoff measurements to better calibrate the
MUSLE model, or even better, can be improved using
more sophisticated modeling tools such as the STJ-
EROS model (Ramos-Scharron, 2007b). Results from
this investigation indicate that rural urbanization may
increase the dissolved and suspended loads from water-
shed hydrology causing a potentially negative effect on
sensitive downstream ecosystems, especially fringing
coral reefs.

Conclusions

Our findings suggested that rural urbanization has im-
portant effects on stream flow composition and sedi-
ment yield in dry-tropical coastal watersheds in St. John,
US Virgin Islands. This impact was mostly attributable
to the loss of the native vegetation. Furthermore, the
construction of dirt roads and the dissolution of urban
material may also impact dissolved and suspended load
rates at the watershed scale. Significant differences in
soil erosion rates and sediment yield were observed
between the two studied watersheds; these erosion rates
were also reflected in the spatial variation of the dis-
solved composition of the stream water samples.
Erosion rates and sediment yield (annual and specific
for hurricane Otto) and dissolved composition of stream
water samples were higher in CB (developed water-
shed). The methodology described in this paper can be
used in other watersheds to evaluate anthropogenic im-
pacts on stream water composition and sediment yield.
Based on this analysis, the human influence can be
related to deforestation activities and the dissolutions
of urban-derived materials such as industrial paint, as-
phalts, among others construction materials. Future
studies evaluating the effect of management practices
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such pavement or other stabilization of dirt roads and
their impact on runoff quantity and quality, soil erosion,
and sediment yield are crucial for proper sediment man-
agement in the study watersheds and potentially in other
rural/urban tropical watersheds.
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