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Abstract Hillslope erosion processes such as rainsplash

erosion and slopewash are a major source of fine sediment

that causes water-quality problems in many river systems.

Hillslope sediment yield is controlled by both climatic and

watershed characteristics. Understanding the relative sen-

sitivity of sediment yield to soil and watershed character-

istics under different precipitation intensities is important

for identifying hotspots of sediment yield and the likely

response of sediment yield to changing climate and land

use. Here, field experiments on sediment yield were con-

ducted in Alabama’s (United States) Cahaba River water-

shed under varying precipitation intensities using a rainfall

simulator. Using data on soil and watershed characteristics,

partial least squares (PLS) regression models were devel-

oped of sediment yield under both ‘‘more intense’’ (re-

currence interval & 10 years) and ‘‘less intense’’

(recurrence interval & 1 year) simulated rainfall events.

The resulting models were used to create spatially explicit

estimates of sediment yield under different precipitation

intensities for the Cahaba River watershed. The optimized

PLS models had a cumulative R2 of 0.41 and 0.73 for the

‘‘more intense’’ and ‘‘less intense’’ rainfall events, respec-

tively. The higher R2 of the ‘‘less intense’’ model is

attributed to higher significance of the heterogeneity of

watershed variables under less intense precipitation. Sig-

nificant variables that were retained in both models inclu-

ded percent sand, percent clay, percent organic matter, and

slope. The results support the use of PLS modeling to

analyze the results of field experiments using rainfall

simulators to examine both climatic and watershed controls

on hillslope sediment yield.

Keywords Precipitation intensity � Rainsplash erosion �
Soil characteristics � Spatial modeling

Introduction

Erosion and sediment transport processes are major drivers

of the physical, chemical, and ecological quality of river

systems. Rivers are supplied with sediment from adjacent

hillslopes throughout the watershed. Interrill erosion is the

mobilization of soil particles that have been subject to

rainsplash erosion and shallow overland flow and repre-

sents one of the major means by which soil is removed

from hillslopes (Gilley et al. 1985). The direct rainsplash

impacts have been shown to be responsible for the majority

of sediment transport on bare slopes (An et al. 2012).

Excessive soil erosion represents a significant environ-

mental problem with both on-site and off-site impacts (e.g.,

Grauso et al. 2010; Rozos et al. 2013). These impacts can

potentially include natural hazards such as flooding and

landslides (Bathrellos et al. 2012; Chousianitis et al. 2016).

Sediment yield is a function of several climatic and

watershed variables at multiple spatial scales. The climatic

variables consist of factors that are external to the water-

shed itself, notably precipitation intensity. Although pre-

cipitation intensity can exhibit significant variability within

a small area, this spatial heterogeneity is controlled pre-

dominantly by characteristics of the storm rather than the

watershed. With increasing precipitation intensity, the

erosive potential of rainfall would be expected to increase.

More intense precipitation results in a greater rate of

rainsplash erosion, which allows for soil grains to be
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transported by surface runoff (Nearing 2001; Wan et al.

2014). Variations in precipitation intensity over the course

of an individual storm event also affect the total runoff and

sediment load generated (An et al. 2014). In addition to its

impact on rainsplash erosion, more intense precipitation is

also associated with higher overland flow velocities

(Froehlich 2011). Highly intense precipitation has been

found to reduce surface roughness relative to less intense

rainfall, because of rainsplash erosion leading to eluviation

and resulting size segregation (Chappell et al. 2007). At a

seasonal scale, total precipitation amount also plays an

important role in sediment yield. Although more rainfall

results in more erosive energy in the form of rainsplash and

overland flow, higher rainfall is also associated with denser

vegetation in moisture-limited environments (Scharrón

2010).

In addition to the climatic drivers, characteristics of the

watershed itself also affect sediment yield. These charac-

teristics vary within a watershed at multiple spatial scales.

At the broadest scale, different physiographic regions are

characterized by differences in bedrock geology and

topography, which provide a first-order control on soil

depth and chemistry. Within physiographic regions, phys-

ical properties of the soil determine how quickly incoming

precipitation can enter and percolate through the soil col-

umn, as well as the energy needed to detach and transport

particles (Doerr et al. 2000). These properties are affected

by factors such as soil texture, organic matter content,

degree of compaction, and the nature of vegetation. At the

finest spatial scale, site-level topographic factors such as

slope angle and aspect control local patterns of erosion and

deposition (Lee et al. 2013). Although steeper slope angles

are generally associated with higher erosion rates, there

may be thresholds at which increases in slope are no longer

associated with increased sediment yield (She et al. 2014).

Anthropogenic factors, such as land-use/land-cover change

(LULCC), also influence soil properties through addition or

removal of vegetation, compaction, creation of imperme-

able surfaces, and alteration of hydrologic processes (Wu

et al. 2013). Because rates of rainsplash erosion and

slopewash are dependent on these watershed characteristics

that vary at multiple scales, it is difficult to generalize

sediment yield resulting from a given precipitation inten-

sity. Instead, relationships between soil characteristics and

sediment yield can be empirically estimated for a given

watershed based on field observations and experiments

(e.g., Seeger 2007; Chanson et al. 2008; Zhang et al. 2014).

A systematic assessment of the controls on sediment yield

that are most relevant at different spatial scales can use-

fully contribute to generalization of understanding of the

sources of fine sediment.

While the relative significance of different climatic and

watershed controls on sediment yield is variable, an

additional problem is that these variables may interact with

one another in complex ways. For example, the relation-

ship between precipitation intensity and sediment yield is

likely to vary among different soil types, land covers, and

topographic settings. Soil features such as biological soil

crusts can either increase runoff or stabilize soil surfaces,

and the net effect of such features on sediment yield may

vary under different precipitation intensities (Rodrı́guez-

Caballero et al. 2013). Although forest vegetation reduces

runoff and sediment yield, its effectiveness in these

reductions is lower for highly intense precipitation (Li et al.

2012; Zhang et al. 2014). The relationship between

increasing slope angle and increasing sediment yield may

not apply to the highest-intensity rainfall events (Kang

et al. 2001). Soil amendments designed to reduce runoff

and soil loss differ in their effectiveness depending on the

intensity of the rainfall and the angle of the slope (Pan and

Shangguan 2006; Gholami et al. 2013). Moreover, many of

the driving climatic and watershed variables are not

stable in time. At the event scale, the antecedent particle-

size distribution can either enhance or impede erosion so

that the mass of sediment eroded from identical rainfall

events may vary widely unless initial conditions are also

identical (Kim and Ivanaov 2014). Soil surface roughness,

and therefore runoff and sediment yield, can change over

the course of a storm in response to intense precipitation

(Zheng et al. 2014). Longer-term climate variability and

change may lead to changes in both precipitation amount

and intensity. LULCC is associated with changes in land-

surface conditions that exert a major control on hillslope

sediment transport (Boix-Fayos et al. 2008; Durán Zuazo

et al. 2012). The interaction among climate and watershed

characteristics, and their potential variability over time, is

an important area for study.

One classical method for estimating hillslope sediment

yield is the Universal Soil Loss Equation (USLE), which is

based on a simple linear combination of rainfall erosivity,

soil erodibility, slope angle and length, cover type, and

erosion-control practices (Wischmeier and Smith 1978). In

addition to soil-loss methods such as USLE, sediment

delivery techniques have also been developed that account

for ponding and deposition on hillslopes and estimate the

sediment yield actually transported to rivers (e.g., Svoray

and Ben-Said 2010). However, few studies have con-

structed spatially explicit models of potential sediment

yield that integrate climatic factors and watershed charac-

teristics at an event scale.

Sediment yield has been empirically measured using a

variety of methods, including coring of reservoir (e.g.,

Griffiths et al. 2006) and lake sediments (Liermann et al.

2012), measurement of sedimentation behind check-dams

(Molina et al. 2008), and long-term field monitoring

(Nadal-Romero et al. 2008; Nu-Fang et al. 2011). In
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addition to techniques that focus on the sediment yield

actually delivered to rivers and lakes from the surrounding

watershed, soil loss from a plot can be directly measured

with Gerlach troughs and other types of runoff and sedi-

ment traps. In order to control for precipitation intensity,

rainfall simulators are commonly used in laboratory set-

tings (e.g., Akbarzadeh et al. 2009). Portable rainfall sim-

ulators have also been used to conduct field experiments at

natural sites (e.g., Pierson et al. 2001, 2009; Paige et al.

2002; Holifield Collins et al. 2015). Such field experiments

typically use parametric statistics such as correlation

coefficients and ordinary least squares regression to quan-

tify relationships between predictor and response variables

(e.g., Martı́nez-Zavala et al. 2008; Jordán and Martı́nez-

Zavala 2008). Partial least squares (PLS) regression tech-

niques have been used to model environmental variables

such as nitrate concentrations in soils (Chighladze et al.

2012) and soil organic matter content (Lamsal 2009;

Conforti et al. 2013), but mostly for laboratory or remote-

sensing data. The contribution of the present study is to

bring together field-based rainfall simulator experiments

with the statistical technique of PLS regression.

The aim of this paper is to explore the relative signifi-

cance of different watershed controls on hillslope sediment

yield under different precipitation intensities. Specifically,

this project analyzed the relationships among precipitation

intensity, soil characteristics, and sediment yield in the

Cahaba River watershed. The Cahaba River is the longest

undammed river in Alabama (USA) and a hotspot of

aquatic biodiversity, but is currently listed under the Clean

Water Act for excessive sedimentation problems. This

empirical approach used data on soil characteristics

obtained through fieldwork and laboratory analysis and

data on sediment yield derived from field experiments with

a rainfall simulator. The field data, along with existing

geospatial datasets on watershed characteristics, were used

to construct spatially explicit PLS event-based regression

models of sediment yield under varying precipitation

intensities for the Cahaba River watershed. The approach is

novel in that it combined field experiments with PLS

regression in order to develop spatially explicit empirical

models of potential sediment yield at an event scale. The

paper presents a potentially useful novel technique for

estimating hillslope sediment yield.

Study area

The study area for this research was the Cahaba River

watershed in central Alabama, USA (Fig. 1). The Cahaba

River is a major tributary of the Alabama River, with a

drainage area of approximately 4843 km2. The upper por-

tion of the Cabaha River is located in the Valley and Ridge

physiographic region, and the lower part is on the Gulf

Coastal Plain (El-Kaddah and Carey 2004). The Valley and

Ridge region is characterized by deeply folded and thrust-

faulted layers of Cambrian to Pennsylvanian (540-

290 mya) sedimentary rocks, with ridges composed pri-

marily of Pottsville Formation sandstone and valleys cut

through shale, limestone, and dolomite (Kidd and Shannon

1978). The Gulf Coastal Plain is characterized by Mesozoic

to recent (\140 mya) sedimentary rocks, including chalk,

Fig. 1 Maps of a the Cahaba River watershed field sites (with site codes defined in Table 2) and sub-watersheds; (a1) the location of the Cahaba

River watershed within the state of Alabama; b land cover; and c lithology
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sandstone, limestone, and claystone, as well as by exten-

sive alluvial deposits (Jones 1967). These physiographic

provinces extend well beyond Alabama and can therefore

be considered representative of a broader region of the

southeastern USA. Both the Valley and Ridge and Gulf

Coastal Plain portions of the Cahaba River watershed are

areas in which rates of rainsplash erosion are compara-

tively high, because of steep slopes in the Valley and Ridge

region and large quantities of unconsolidated sediment on

the Gulf Coastal Plain. Also, both regions are characterized

by highly intense precipitation because of the humid sub-

tropical climate with frequent convective activity in the

summer and frontal storms in the spring, with approxi-

mately 5 % of average annual precipitation arriving in the

driest month (October) and 11 % in the wettest month

(March) (SERCC 2016). Average annual rainfall is

approximately 1428 mm in the upper Valley and Ridge

region of the watershed and 1374 mm on the Gulf Coastal

Plain (PRISM Climate Group 2016). Typical soils of the

Valley and Ridge portion of the watershed are deep, well-

drained, moderately permeable soils formed in loamy

residuum from sandstone or shale, from the Townley-

Nauvoo-Montevallo group. The Gulf Coastal Plain portion

of the watershed is characterized by very deep, well-

drained, moderately permeable soils that formed in loamy

alluvium on floodplains, from the Riverview-Minton-Lee-

per-Canton Bend-Cahaba-Annemaine group (USDA 2016).

The rainfall and runoff erosivity R factor in the Universal

Soil Loss Equation for Alabama ranges from approxi-

mately 300–350, among the highest values in the USA

(Wischmeier and Smith 1978). The majority of the

watershed area is dominated by managed evergreen (21 %

of the total watershed area), deciduous oak-hickory (28 %),

and mixed cypress-tupelo bottomland and swamp forests

on floodplains (9 %), with extensive urban areas in the

upper watershed (11 %) and some agriculture (11 %) in the

lower watershed (Schotz 2016). The upper reaches of the

Cahaba River are listed under Section 303(d) of the Clean

Water Act for nutrients and siltation, primarily as a result

of urban development in the headwaters of the river in the

Birmingham metropolitan area (ADEM 2013). These

existing sedimentation problems in an otherwise

ecologically functional river (which supports a wide vari-

ety of aquatic species, including several endangered and

threatened species) make the Cahaba watershed a priority

target for conservation and restoration. Additionally, the

watershed’s bifurcation by two physiographic provinces,

which are similar to other regions of the southeastern USA,

makes the Cahaba River watershed a highly suitable study

site for the analysis of soil and watershed controls on

sediment yield under varying precipitation intensities.

Methods

Conceptual framework

The conceptual framework for this project was based on a

set of climatic and watershed variables that jointly deter-

mine hillslope sediment yield (Fig. 2). The climatic vari-

ables are relevant at different temporal scales (precipitation

intensity at the event scale and soil moisture at the seasonal

scale), and the watershed variables are relevant at different

spatial scales (physiography at the regional scale and soil

erodibility, slope angle, and alteration of land use/land

cover at the local scale). The objective of this project was

to examine which watershed variables are most significant

in influencing hillslope sediment yield under different

precipitation intensities, using a combination of fieldwork,

laboratory analysis, and statistical and geospatial modeling.

Fieldwork methods

Seven field sites were designated within the Cahaba River

watershed, and fieldwork was carried out in June and July

2015 (Table 1). The sites were chosen partly on the basis of

access (most of the watershed area is privately owned) and

partly to represent the watershed’s range of physiographic,

lithologic, and land-cover characteristics. One site was in

the Valley and Ridge physiographic province in the upper

watershed, two sites in the Gulf Coastal Plain in the lower

watershed, and four sites along the Fall Line, which is

transitional between the two physiographic regions

(Fig. 1). At each of the seven sites, a transect (mean

Fig. 2 Conceptual diagram of

the climatic (from seasonal- to

event-scale) and watershed

(from regional- to local-scale)

controls on hillslope sediment

yield. The bolded items are

those that are explicitly

considered in this paper
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length = 139 m, standard deviation = 30 m, ran-

ge = 210 m) was established from the river bank to the

drainage divide, with three sampling locations along each

transect at which rainfall simulator field experiments were

conducted and soil samples were taken. The result was a

total of 21 sampling locations divided evenly among bank,

mid-slope, and ridgetop locations.

At each sampling location, a series of field experiments

was performed with Gerlach troughs and a rainfall sim-

ulator in order to estimate sediment yields under a range

of precipitation intensities. A Gerlach trough is an

instrument that captures surface runoff and its associated

sediment, and it is widely used for estimating sediment

yield (Goudie 1990; Van Dijk et al. 2003; Vigiak et al.

2006a, b). Rainfall simulators are used for creating arti-

ficial precipitation, the amount and rate of which can be

controlled, over a land surface (Clarke and Walsh 2007).

The rainfall simulator has an adjustable support, which

was set to 400 mm above the ground surface. The sim-

ulator produces elongate drops with a diameter of 5.9 mm

and a terminal velocity of 6 mm per minute. A Gerlach

trough was installed in a shallow trench directly beneath

the rainfall simulator in a *0.9-m2 study plot (Fig. 3).

Before rainfall simulation, the plots were treated by

removal of leaf litter and pre-wetting of the soil surface

for approximately 30 s at an intensity of 1 mm per minute

using a watering can. The reason for this pre-treatment

was to control for temporal variations in antecedent

conditions, such as seasonal litter accumulation and

moisture variability. Although leaf litter is important for

protecting the soil surface, it is not spatially contiguous in

the study area, so removal of the litter from the study

plots ensures that field experiments at different locations

are comparable. Two synthetic rainstorms were generated

using the rainfall simulator at each sampling location.

Both simulated precipitation events had durations of

15 min. The first had an intensity of 2.1 mm per minute

(hereafter ‘‘more intense’’) for a total of 31.5 mm of

precipitation over the course of the event. The second had

an intensity of 1.4 mm per minute (hereafter ‘‘less

intense’’) for a total of 21 mm of precipitation over the

course of the event. The ‘‘more intense’’ precipitation

event is the equivalent of the rainfall event of 15-min

duration with a recurrence interval of 10 years (31.5 mm),

and the ‘‘less intense’’ event is similar to a rainfall event

of 15-min duration with a recurrence interval of one year

(20.3 mm), based on precipitation frequency estimates for

West Blocton, Alabama, the nearest weather station to the

study sites (NWS 2015). The runoff and sediment gen-

erated by the rainfall simulator experiments were col-

lected in the Gerlach trough and dried and weighed in the

laboratory. Slope measurements were also made in the

field at each sampling location using an Abney level.

Table 2 contains basic data about the sampling loca-

tions, including the results of the laboratory analysis of soil

samples and characteristics of the watershed based on

geospatial datasets. The site in the Valley and Ridge pro-

vince of the upper watershed (Grants Mill) was dominated

Fig. 3 Field experiment setup with portable rainfall simulator and

Gerlach trough

Table 1 Characteristics of field sites

Site name Latitude

(�N)
Longitude

(�W)

Elevation

(m)

Mean annual

precipitation (mm)

Soil series

Grants Mill Road 33.51 86.65 150 1413 Townley-Nauvoo-Montevallo

National Wildlife Refuge 1 33.08 87.06 87 1435 Townley-Nauvoo-Montevallo

National Wildlife Refuge 2 33.10 87.06 89 1444 Townley-Nauvoo-Montevallo

Bibb County Glades 33.06 87.03 80 1427 Townley-Nauvoo-Montevallo

Pratt’s Ferry 33.09 87.13 104 1420 Townley-Nauvoo-Montevallo

Perry Lakes 32.69 87.24 44 1367 Riverview-Minton-Leeper-Canton

Bend-Cahaba-Annemaine

Sprott Landing 33.02 87.13 42 1420 Riverview-Minton-Leeper-Canton

Bend-Cahaba-Annemaine
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by deciduous forest, shale lithology, loamy fine sand soils,

and average slopes of 17�. The two sites on the Gulf

Coastal Plain of the lower watershed (Perry Lakes and

Sprott Landing) were mostly dominated by evergreen for-

est and woody wetlands, with some cultivated crops and

low-intensity development. The lithology for these lower

sites was alluvial sand, the soil types were mostly sandy

loam, and average slope was 2�. For the transitional Fall

Line sites (National Wildlife Refuge 1 and 2, Bibb County

Glades, Pratt’s Ferry), the dominant land use was forest

(deciduous, evergreen, and mixed), the dominant litholo-

gies were shale and dolostone, the dominant soil type was

sandy loam, and the average slope was 18�.

Laboratory methods

Soil samples were taken from each identifiable horizon

within a soil pit approximately 1 m deep from each of the

21 sampling locations. The pits were dug until regolith was

encountered, which was generally around 1 m. Samples

were taken from each visible horizon on the profile, which

generally consisted of an A-horizon and B-horizon, with an

E horizon visible at several of the sites in the lower

watershed. The soil samples were analyzed in the

laboratory for particle size, organic matter content, and dry

bulk density. Each sample was analyzed individually, but

because sediment yield is presumably controlled most

strongly by near-surface soil characteristics, only samples

from the A-horizon were included in the modeling portion

of this study. First, the samples were pre-processed by oven

drying and sieving to remove material greater than 2 mm in

diameter. Particle-size analysis was performed using stan-

dard hydrometer techniques, organic matter content anal-

ysis using loss-on-ignition techniques in a furnace, and

bulk density analysis using the gravimetric method (NRCS

2014). The results included the percent sand, silt, clay, and

organic matter, and the dry bulk density in grams per cubic

centimeter, for each soil sample.

Analysis methods

Data from the rainfall simulator experiments and soil

samples, as well as existing geospatial datasets, were used

to evaluate the relative sensitivity of sediment yield to soil

and watershed characteristics under a range of precipitation

intensities. An empirical event-based model was developed

that relates this sediment yield to precipitation intensity,

soil characteristics, and watershed variables. Linear and

Table 2 Characteristics of sampling locations

Site name Site

code

% sand % silt % clay % organic

matter

Lithology Slope angle (�) Land cover

Grants Mill Road 1 GM1 83 10 7 3.2 Shale 9 Deciduous forest

Grants Mill Road 2 GM2 84 12 4 6.7 Shale 17 Deciduous forest

Grants Mill Road 3 GM3 72 16 12 7.9 Shale 24 Deciduous forest

National Wildlife Refuge 1a NWR1a 89 6 5 12.0 Shale 3 Deciduous forest

National Wildlife Refuge 1b NWR1b 70 11 19 8.2 Shale 25 Deciduous forest

National Wildlife Refuge 1c NWR1c 72 11 17 10.8 Shale 6 Evergreen forest

National Wildlife Refuge 2a NWR2a 72 11 17 12.1 Shale 31 Deciduous forest

National Wildlife Refuge 2b NWR2b 72 13 15 11.1 Shale 20 Deciduous forest

National Wildlife Refuge 2c NWR2c 76 12 12 27.9 Shale 19 Deciduous forest

Bibb County Glades 1 BCG1 91 5 4 7.9 Dolostone (dolomite) 25 Evergreen forest

Bibb County Glades 2 BCG2 84 12 4 11.6 Dolostone (dolomite) 6 Mixed forest

Bibb County Glades 3 BCG3 76 20 4 7.8 Dolostone (dolomite) 3 Mixed forest

Pratt’s Ferry 1 PF1 86 5 9 2.7 Dolostone (dolomite) 24 Evergreen forest

Pratt’s Ferry 2 PF2 80 7 13 8.7 Dolostone (dolomite) 28 Evergreen forest

Pratt’s Ferry 3 PF3 68 18 14 13.1 Dolostone (dolomite) 27 Evergreen forest

Perry Lakes 1 PL1 93 2 5 0.4 Beach sand 3 Cultivated crops

Perry Lakes 2 PL2 85 1 14 5.7 Beach sand 0 Woody wetlands

Perry Lakes 3 PL3 72 10 18 7.9 Beach sand 0 Woody wetlands

Sprott Landing 1 SL2 60 17 23 10.4 Beach sand 0 Woody wetlands

Sprott Landing 2 SL3 74 17 9 4.8 Beach sand 6 Woody wetlands

Sprott Landing 3 SL1 89 4 7 0.6 Beach sand 3 Developed, low-

intensity

Soil characteristics are for the A-horizon only
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nonlinear (e.g., logarithmic) regression models are an

established analysis technique for sediment yield data

(Weber et al. 1976; Skopp and Daniel 1978). Because

ordinary least squares regression fails when parametric

assumptions are not met, partial least squares (PLS)

regression was used to construct the models, as imple-

mented in JMP Pro 12:

X ¼ TPT þ E

Y ¼ UQT þ F
ð1Þ

where X is an n 9 m matrix of predictors; Y is an

n 9 p matrix of responses; T and U are n 9 l matrices that

are, respectively, projections of X and Y; P and Q are,

respectively, m 9 l and p 9 l orthogonal loading matrices;

and matrices E and F are the error terms (Wold et al. 2001).

The advantage of PLS regression is that it is robust with

respect to observations that are limited in number, to a large

number of independent variables, and to independent vari-

ables that are highly correlated with one another (i.e., that

have a high degree of multicollinearity), all of which were

characteristics of the data used in this paper (Cassel et al.

1999; Wu et al. 2009). PLS regression is similar to principal

components analysis in that it uses a latent variable

approach, but PLS fits a linear regression model to the data

by projecting the dependent and independent variables to a

new space that maximizes the multidimensional variance in

the dependent variable relative to the multidimensional

variance in the independent variables (Wold et al. 2001).

After the PLS model is fit, the variables can be transformed

back to their original space for use in predictive modeling.

Recent examples of PLS modeling applications in sediment

transport include studies on the effects of land cover on soil

erosion and sediment yield (Shi et al. 2013), impacts of land-

use change on streamflow and sediment yield (Yan et al.

2013), and controls on runoff and suspended-sediment yield

during rainfall events (Fang et al. 2015).

Sediment yield, as the dependent variable in the PLS

regression models, was defined as the dry mass of sediment

collected from the Gerlach troughs during the rainfall

simulator experiments. The independent variables included

percent sand, silt, clay, and organic matter content of the

solum (excluding leaf litter), and dry bulk density, from

laboratory analysis of field samples; slope angle from field

measurements; saturated hydraulic conductivity and

available water capacity from the State Soils Geographical

Database (STATSGO2) (NRCS 2015); and dummy vari-

ables for physiographic provinces (USGS 2015), lithology

(NGMD 2015), soil series (NRCS 2015), and land cover

(MRLC 2015). PLS regression models were developed

separately for the ‘‘more intense’’ and ‘‘less intense’’

rainfall simulator experiments. The purpose of separating

the results from the two experiments was to determine

whether different variables were significant in controlling

sediment yield from high-intensity events as compared to

more moderate events.

The empirical PLS-based model was applied to the

entire Cahaba River watershed in ArcMap 10.2 using

geospatial data from the National Elevation Dataset (NED

2015) for topographic variables, the National Geologic

Map Database (NGMD 2015) for geologic variables,

STATSGO2 for soil variables (NRCS 2015), and the

National Land Cover Database (NLCD) for land-use and

land-cover variables (MRLC 2015). The result was spa-

tially explicit estimates of sediment yield associated with

‘‘more intense’’ and ‘‘less intense’’ precipitation events for

each 10-digit Hydrologic Unit Code (HUC10) sub-basin in

the Cahaba River watershed. These maps were intended

only to identify potential hotspots of sedimentation for the

purpose of determining possible spatial controls on the

distribution of sediment sources.

Results

PLS model development

Table 3 shows the PLS models that were fitted to the

‘‘more intense’’ and ‘‘less intense’’ rainfall simulator

experiment data. The ‘‘more intense’’ model identified two

latent variables as the number of factors that minimized the

root mean residual sum of squares. This optimal model

cumulatively explained 41 % of the variance in sediment

yield. The significant variables included in the final model

were percent sand and slope, which were positively cor-

related with sediment yield, and percent clay and organic

matter, which were negatively correlated with sediment

yield (Fig. 4). Most of the significant variables were those

that vary at highly local scales, namely soil and slope

characteristics. For the ‘‘less intense’’ model, four factors

were optimal and the model explained 73 % of the variance

in sediment yield. The amount of variance explained by the

independent variables was, therefore, greater for the ‘‘less

intense’’ than the ‘‘more intense’’ model. The significant

variables in the ‘‘less intense’’ model were percent sand,

percent clay, and slope, which were all positively corre-

lated with sediment yield; percent silt, percent organic

matter, and saturated hydraulic conductivity, which were

all negatively correlated with sediment yield; lithology,

with the highest sediment yield from the dolostone-domi-

nated sites; and land cover, with the highest sediment yield

from evergreen forest (Figs. 4, 5). A greater number of

watershed variables were found to be significant in

explaining variance in sediment yield for the ‘‘less intense’’

model compared to the ‘‘more intense’’ model.
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Spatially explicit PLS models

Figure 6 shows the results of the spatially explicit event-

based PLS model for the ‘‘more intense’’ and ‘‘less

intense’’ events. These maps show the estimated mass of

sediment eroded from a study plot the size of the plot used

in the rainfall simulator experiments (*0.9 m2) and can be

considered a relative rather than an absolute measure of

erosion risk in the watershed. In order to make the values

congruent with a watershed-scale analysis, these plot-scale

estimates were summed to produce total loads of sediment

in kilograms for each HUC10 sub-watershed of the Cahaba

River watershed. The ‘‘less intense’’ map shows much

greater spatial heterogeneity in its projections of potential

event sediment load than the ‘‘more intense’’ map, and both

indicate higher sediment load potential in the lower portion

of the watershed. Figure 7 shows these simulated potential

loads, as well as yields that are normalized by drainage

area and loads normalized by river discharge for sub-basins

in which gage data are available. When normalized by

drainage area, the Lower Cahaba River has the highest

potential event sediment load, but the sediment load

potential is highest for the Cahaba River headwaters when

normalized by mean discharge.

Discussion

PLS model development

The fit of the PLS regression models ranged from a

cumulative R2 of 0.41 for the ‘‘more intense’’ event model

to 0.73 for the ‘‘less intense’’ event model. Only two latent

variables were retained as factors in the ‘‘more intense’’

model compared to four in the ‘‘less intense’’ model, which

means that there were more dimensions of variance (i.e., a

more complex underlying latent variable structure) in the

‘‘less intense’’ model. A possible explanation could be that,

in the ‘‘more intense’’ model, the high precipitation

intensity resulted in uniformly high sediment transport. In

other words, when rainfall is extremely intense, sediment

tends to be eroded at high rates regardless of the soil or

land-cover characteristics. In the ‘‘less intense’’ model,

meanwhile, subtle variations in soil and watershed char-

acteristics had more of an influence on the variation in

sediment yield, because when rainfall rates are relatively

low, highly erodible surfaces will tend to erode much more

than more stable surfaces. This idea is supported by

observations that, at high precipitation intensities, hillslope

sediment yield becomes less sensitive to slope (Kang et al.

2001) and vegetation characteristics (Li et al. 2012; Zhang

et al. 2014). The fact that the ‘‘less intense’’ model was

more highly fitted (i.e., retained more latent variables) than

the ‘‘more intense’’ model explains the higher cumulative

R2 for the ‘‘less intense’’ model.

Another difference between the ‘‘more intense’’ and

‘‘less intense’’ event models was the variables that were

significant once transformed back into the original data

space. This difference is important because it indicates

what the leading controls on sediment yield are under

different precipitation intensities. For the ‘‘more intense’’

model, there was a significant positive correlation with

percent sand, which is the expected relationship because

sand lacks cohesion and is easily dislodged by rainsplash

erosion. There was also a positive correlation with slope,

which again is as expected because the velocity of slope-

wash is greater on steeper slopes and materials are closer to

their angle of repose. Finally, there were negative corre-

lations with percent clay and percent organic matter, which

are materials that add cohesion (Cai et al. 2012). For the

‘‘less intense’’ model, percent sand and slope were still

positively correlated with hillslope sediment yield, and

percent organic matter was still negatively correlated. In

the ‘‘less intense’’ model, however, percent clay was pos-

itively correlated with sediment yield, possibly because the

slower rainfall rate allows more of the incoming precipi-

tation to infiltrate and saturate the clays, rather than

immediately generating runoff as in the ‘‘more intense’’

Table 3 Properties of the ‘‘more intense’’ and ‘‘less intense’’ event-

based PLS regression models

‘‘More intense’’

Cumulative R2 0.41

Number of factors 2

Variable Coefficient

Intercept 3.17

Percent sand 0.18

Percent clay -0.05

Percent organic matter -0.24

Slope 0.22

‘‘Less intense’’

Cumulative R2 0.73

Number of factors 4

Variable Coefficient

Intercept 8.53

Percent sand 0.13

Percent silt -0.57

Percent clay 0.20

Percent organic matter -0.32

Lithology 2.21

Land cover 0.86

Slope 0.31

Saturated hydraulic conductivity -0.11

1324 Page 8 of 15 Environ Earth Sci (2016) 75:1324

123



experiments. Saturated clays behave more like a liquid and

lose cohesion relative to unsaturated clays (Dunster 2011).

This interpretation is also supported by the negative cor-

relation of saturated hydraulic conductivity with sediment

yield in the ‘‘less intense’’ model, suggesting that when the

incoming rainfall is able to infiltrate and be conducted

through the soil, less runoff and soil loss occurs.

In the ‘‘less intense’’ PLS model, the highest yield was

associated with the land cover of evergreen forest. This

finding is contrary to expectations that sediment yield

would be lower from forested land cover compared to

cropland or developed land, because of less runoff from

forested areas and more vegetation to contribute to slope

stability. The reason measured sediment yield was higher

from forested land cover is likely an artifact of the rela-

tionship between land cover and slope. Of all the land-

cover categories, the sites with evergreen forest had the

steepest slopes (average of 22�), and the second steepest

was for deciduous forest (average of 18�). The sites in the

remaining land-cover categories all had average slopes of

less than 5�. The apparent relationship between forested

land cover and higher sediment yield, therefore, was

actually the result of steeper areas tending to remain

forested because they are unsuitable for other uses, such as

agriculture or urban development.

Spatially explicit PLS models

For this study, only soil loss from hillslopes was measured

in the field, not sediment storage, which commonly occurs

in hillslope concavities, at the toe of slopes, or on flood-

plains (Kaste et al. 2006). Because the PLS models did not

Fig. 4 Actual dry sediment load captured in Gerlach troughs during

‘‘more intense’’ rainfall simulator field experiments, showing the

relationship between sediment load and a percent sand; b percent

clay; c percent organic matter; d slope; actual dry sediment load

captured in Gerlach troughs during ‘‘less intense’’ rainfall simulator

field experiments, showing the relationship between sediment load

and e percent sand; f percent clay; g percent organic matter; h slope;

i percent silt; and j saturated hydraulic conductivity

Environ Earth Sci (2016) 75:1324 Page 9 of 15 1324

123



incorporate these storage effects, they could estimate only

sediment eroded from hillslopes at the plot scale during

individual precipitation events. Also, only hillslope sources

of sediment were considered here, not in-channel or

floodplain erosion. The results of the spatially explicit PLS

models, therefore, should be interpreted as potential event

sediment yield that indicates the relative sensitivity of

different parts of the watershed to soil loss.

The spatial pattern of the PLS-modeled ‘‘more intense’’

potential event hillslope sediment yield included generally

higher potential sediment yield in the lower Gulf Coastal

Plain portion of the watershed compared with the upper

Valley and Ridge portion of the watershed. This finding is

contrary to expectations, given that only the upper reaches

of the Cahaba River are listed for siltation, not the lower

reaches (ADEM 2013). The likely reason is that the PLS

models did not sufficiently account for the urban land use

in the upper watershed. Because of site access restrictions,

only one urban site was included in the fieldwork and that

was a low-intensity urban site. There was therefore not

sufficient variability in land cover among the sites for the

model to strongly predict sediment yield in response to

land cover, and land cover was retained as a significant

variable only in the ‘‘less intense’’ event model. The PLS

models can, therefore, be considered essentially as ‘‘natu-

ral’’ sediment yield maps; that is, they generally show

which sites have the greatest potential for sediment yield in

the absence of human modifications, based on soil and

watershed characteristics. Without the anthropogenic

influence, it is more reasonable to expect that sediment

yield would be higher in the lower watershed, which is

dominated by unconsolidated alluvial materials, rather than

the upper watershed, which is dominated by shale. In

addition, potential soil loss is likely to be much lower than

the actual sediment yield delivered to river systems (Ka-

maludin et al. 2013). Accounting for sediment storage on

the floodplain could largely account for the difference

between the upper and lower watershed in their potential

hillslope sediment yield and actual river sediment

concentrations.

For the PLS-modeled ‘‘less intense’’ hillslope sediment

yield map, the same general pattern holds in which there

was higher potential sediment yield in the lower watershed

and lower sediment yield in the upper watershed. The most

striking difference between the ‘‘more intense’’ and ‘‘less

intense’’ event maps is that the ‘‘less intense’’ map displays

much greater spatial heterogeneity in its estimates of sed-

iment yield. The reason is that more variables were

retained in the ‘‘less intense’’ PLS model, so the estimates

of sediment yield were responding to finer-scale variation

in the soil and watershed characteristics. Another differ-

ence between the two event maps is that the ‘‘less intense’’

map has a greater range of variability in estimated potential

sediment yield, with both a lower minimum and a higher

maximum sediment yield. The lower minimum sediment

yield is as expected, because low-intensity rainfall events

are likely to generate less rainsplash erosion and slopewash

(Mandal et al. 2005). As for the higher maximum, in one-

third of the rainfall simulator experiments (seven out of

21), there actually was higher sediment yield from the

‘‘less intense’’ than the ‘‘more intense’’ event. A qualitative

observation made during these experiments was that, in

some cases, the precipitation was so intense that the rain-

splash impact created small depressions in the surface of

Fig. 5 Actual dry sediment

load captured in Gerlach

troughs during ‘‘less intense’’

rainfall simulator field

experiments, showing the

relationship between sediment

load and a lithology; and b land

cover
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the soil, which then collected additional precipitation that

would otherwise contribute to slopewash. Such surface

storage occurred less often during the ‘‘less intense’’ rain-

fall simulator experiments. Probably the most significant

factor in explaining the larger range of estimated sediment

yield for the ‘‘less intense’’ event is that the ‘‘less intense’’

PLS model simply contains more variables and a higher

degree of spatial variability, which allows it to simulate

highly localized hotspots of potential sediment yield. In all

experiments, the rainfall simulation was started almost

immediately after pre-wetting of the study plot, so the time

between wetting and simulation is unlikely to be a factor in

the variability between experiments.

The analysis of the PLS modeling results by HUC10

sub-basin reveals that, for both the ‘‘more intense’’ and

‘‘less intense’’ PLS models, the sub-basin with the highest

total potential hillslope sediment load was the Little

Cahaba River. For both models, the sub-basin with the

lowest estimated sediment load was the Lower Cahaba

River. Normalized by drainage area, the Lower Cahaba

River had the highest sediment yield in both models. In the

‘‘more intense’’ model, the sub-basin with the lowest area-

normalized sediment yield was Shades Creek, while the

lowest for the ‘‘less intense’’ model was Buck Creek—

Cahaba River. Normalized by mean annual discharge,

however, the sub-basin with the highest sediment load (of

those that have gaging stations) was Headwaters Cahaba

River for both models, and the lowest was the Lower

Cahaba River for both models. This finding is consistent

with the fact that the upper reaches of the Cahaba River are

listed for siltation, while the lower reaches are not (ADEM

2013). Although the total amount of potential sediment

yield may be greater in the lower alluvium-dominated

watershed than in the upper bedrock-dominated watershed,

river discharge increases more rapidly downstream than the

simulated potential sediment yield does (Leopold and

Fig. 6 Event-based PLS estimates of sediment load from *0.9-m2 study plot for a ‘‘more intense’’ rainfall and b ‘‘less intense’’ rainfall
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Maddock 1953). Even if more sediment is capable of

entering the lower Cahaba River from surrounding hill-

slopes, the increased discharge in the lower river means

that the sediment concentration is likely to be lower than in

the upper Cahaba River. Also, the PLS models did not

account for in-channel sources of sediment such as bank

failures, which often contribute a large portion of the total

sediment load (Ismail 2000). These results support the

assumption that excessive sedimentation is more likely to

be a water-quality problem in the upper Cahaba River

watershed, independently of the different land use/land

cover in different parts of the watershed.

Conclusion

Rainfall simulator field experiments were used to examine

the role of soil and watershed characteristics in controlling

sediment yield under a range of precipitation intensities.

The field data, along with existing geospatial datasets, were

used to construct partial least squares (PLS) models relat-

ing soil and watershed characteristics to sediment yield

under both high- and moderate-intensity simulated pre-

cipitation events. These PLS models were then used to

examine spatial patterns of potential event sediment yield

for the Cahaba River watershed and its sub-basins. The

cumulative R2 of the optimized PLS model was greater for

the ‘‘less intense’’ than the ‘‘more intense’’ rainfall simu-

lator experiments because of the greater number of vari-

ables retained. Variables that were consistently significant

predictors of sediment yield in the PLS models included

percent sand, percent clay, percent organic matter, and

slope. The spatially explicit estimates of potential sediment

yield were higher for the lower than the upper part of the

watershed, because of under-sampling of urban land cover

and larger areas of unconsolidated sediment in the lower

watershed. The ‘‘less intense’’ event PLS model had a

higher spatial resolution and a greater range of potential

sediment-yield estimates than the ‘‘more intense’’ model,

bFig. 7 Event-based PLS estimates by sub-basin under ‘‘less intense’’

rainfall, for a total sediment load; b sediment yield (sediment load

normalized by drainage area); and c sediment load normalized by

mean annual river discharge (for sites with gaging stations only).

River discharge data are from NWIS (2015) and include the following

gaging stations: Shades Creek near Greenwood, Alabama

(02423630); Cahaba River at Trussville, Alabama (02423130,

Headwaters Cahaba River); Cahaba River near Helena, Alabama

(02423555, Buck Creek—Cahaba River); Cahaba River at Centre-

ville, Alabama (02424000, Upper Cahaba River); Cahaba River near

Suttle, Alabama (02424590, Waters Creek—Cahaba River); and

Cahaba River near Marion Junction, Alabama (02425000, Lower

Cahaba River)
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because it was more highly fitted and retained a greater

number of variables. Finally, an analysis of the PLS-esti-

mated sediment yield by sub-basin revealed that sub-basins

in the lower part of the watershed generally had greater

potential sediment load. However, sub-basins in the upper

watershed had greater potential sediment load when nor-

malized by mean annual discharge, meaning that the upper

Cahaba River is more vulnerable to high suspended-sedi-

ment concentrations that cause water-quality problems.

This research demonstrates that PLS regression models

are an appropriate analysis tool for results of field experi-

ments that use rainfall simulators to examine soil and

watershed controls on sediment yield under different pre-

cipitation intensities. Future work should apply these

methods to larger and more heterogeneous regions so that

more generalizable relationships between watershed char-

acteristics and sediment yield across multiple spatial scales

can be established and so that the relative sensitivity of

sediment yield to different climatic variables, such as

precipitation intensity and antecedent soil moisture, can be

examined. Such methods could be used for the develop-

ment of best management practices to mitigate excessive

sedimentation and to simulate the response of watershed

sediment yield to future changes in climate and land use.
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