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Abstract

Soil erosion is a major threat to soil resources, causing environmental degradation and contributing to
poverty in many parts of the world. Many field experiments have been performed over the past century to
30 study spatio-temporal patterns of soil erosion caused by surface runoff under different environmental
conditions. However, these data have never been integrated together in a way that can inform efforts to
understand and model soil erosion at different spatial and temporal scales. Here, we designed a database
titled AWESOME: Archive for Water Erosion and Sediment Outflow Measurements (Jian et al.,
2022). The AWESOME database compiles field measurements of annual soil erosion and sediment
35  yield caused by surface runoff, with data derived from sites around the globe. It includes four soil
erosion-related indicators (surface runoff, annual erosion, annual sediment yield, and soil nutrient loss)
and more than sixty variables for meta-data that describe the location, climate, soil properties,
experimental design (e.g., soil erosion measurement method, field scale, replication), and bibliographic
information (e.g., author name and year of publication). Currently, measurements from 1985 geographic
40  sites with unique combinations of longitude and latitude, representing 75 countries, have been compiled
into AWESOME. We provide an example of linking AWESOME with an external climate dataset, and
identify correlations between soil erosion and several environmental variables. Annual soil erosion rates
were most influenced by vegetation type and soil texture group. Annual soil erosion rates exhibited
significant negative relationships with plant coverage, soil clay content, soil pH, and soil organic carbon
45  content, and significant positive relationships with annual precipitation and soil bulk density. AWESOME
aims to be a freely available, and global framework for compiling field soil erosion and subsequent
sediment yield measurements, and to provide data sources to support statistical evaluations, model
validation and applications, as well as a better understanding of spatial and temporal patterns of soil
erosion.

50  Keywords: soil loss, soil truncation, nutrient movement, data collection, data inventory
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1. Introduction

Soil is an essential natural resource for sustainable development that is continually threatened by
erosion and associated land degradation processes (Borrelli et al., 2017; Poesen, 2017). Soil
erosion is a geomorphic process that occurs when soil particles, soil aggregates, organic matter,
and rock fragments detach from their original position and are transported to other locations (Du
et al., 2021; Morgan, 1988; Toy et al., 2002). The agents of soil erosion (including sheet erosion,
rill erosion, and tillage erosion in this study, collectively termed soil erosion hereafter) are both
abiotic (e.g., water, wind, natural hazards), biotic (e.g., tree throw) and anthropogenic (e.g., tillage
erosion) and may have significant consequences for carbon cycling (Berhe et al., 2007; Ito, 2007,
Lal, 2003; Tan et al., 2020; Van Oost et al., 2007; Wang et al., 2017; Yue et al., 2016).

Human activities, including cropland cultivation, mining, building construction, and deforestation,
have substantially increased erosion rates (Borrelli et al., 2017; Garcia-Ruiz et al., 2015; Poesen,
2017; Vanwalleghem et al., 2017). In China, population growth and demographic shifts have
increased the demand for food and other resources, leading to changes in land-use, particularly
cultivation intensity, which affects soil erosion (Guo et al., 2015; Xu et al., 2010; Zhang et al.,
2012; Zhao et al., 2013). As another example, large-scale farmland expansion in previously
forested and grass-covered prairies of the United States of America led to severe soil loss and
degradation of agricultural land in the 1930s, mainly by wind erosion, resulting in widespread
ecosystem damage and economic losses. One outcome of this devastation was the initiation of
seminal programs to measure soil erosion by wind and particularly by water (Baumhardt et al.
2015; Schubert et al., 2004).

A multitude of field experiments have followed from these early measurement campaigns, and
have quantified erosion across climates, soil types, land use practices and management techniques.
Some have utilized runoff plots, with natural rain, while others used tracers, watershed studies or
other approaches. Studies using runoff plots with natural rain can be found for many countries and
regions including the USA (>10,000 plot years), Europe (>8,000 plot years), and Brazil (>2500
plot years) (Poesen, 2017). These experiments have led to more than 30,000 peer-reviewed studies
(searched at https://www.sciencedirect.com using “Erosion, runoff” as keywords, Figure 1a).
Many of these studies have also been compiled together to assess soil erosion processes at regional-
to-global scales. For example, annual soil erosion rates from plots on the Chinese Loess Plateau
were collected to estimate topsoil losses and to analyze the effects of conservation measures on
erosion (Zhao et al., 2016). Later, measurements from erosion plots all over China were collected
by Zhao et al. (2021) to analyze how sheet and rill erosion processes were affected by topography,
land use, and precipitation. Similarly, Auerswald et al. (2009) compiled 1076 field soil erosion
measurements from 27 papers to quantify the extent and variability of soil erosion in Germany.
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Based on an analysis of more than 200 papers, Maetens et al. (2012a) compared plot-scale soil
erosion rates from 227 sites in Europe and the Mediterranean. The authors also evaluated the
effects of soil conservation techniques in reducing surface runoff and soil loss (Maetens et al.,
2012b). Soil erosion rates have also been compiled to estimate soil lifespans (Evans et al., 2020)
and to analyze soil erosion rates under different environmental conditions using a meta-analysis
(Garcia-Ruiz et al., 2015). Montgomery (2007) compiled 1673 soil erosion measurements from
studies across the globe and showed that erosion rates from conventionally managed croplands
were 1-2 orders of magnitude greater than that under natural vegetation. Recently, a database
named “Global Applications of Soil Erosion Modelling Tracker, GASEMT”, was developed using
data systematically extracted from 1697 articles to analyze soil erosion rates simulated by more
than 25 models over the past decades (Borrelli et al., 2021).

However, those efforts either focused on answering specific questions (e.g., Evans et al., 2020), a
specific region (e.g. Auerswald et al. 2009; Cerdan et al. 2010; Zhao et al., 2016, 2021), or relied
on model calculations rather than physical measurements (Borrelli et al., 2021). There has not yet
been a published effort that compiles erosion and sediment yield measurements from published
articles into a single coherent dataset. Such a database could be used to support evaluation and
parameterization of erosion models, statistical analysis, non-point pollution evaluation, as well as
cropland management recommendation. It can also be used to perform synthesis analyses, support
statistical meta-analyses, and may inspire future efforts to better understand spatial and temporal
patterns of soil erosion.

To bridge this gap, we developed a database: Archive for Water Erosion and Sediment Outflow
MEasurements (hereafter named AWESOME; Jian et al., 2022) for compiling and understanding
historical soil erosion measurements. Based on the annual soil erosion measurements compiled
from multiple articles, we also analyzed environmental factors governing annual soil erosion rates
globally. We note that many other types of erosion, such as wind erosion, gravity erosion, and
freeze-thaw erosion, are widely present in the world, but their influencing factors are different
from those of water erosion, making it difficult to including them in the same data framework.
Therefore, AWESOME only compiled data on water erosion, specifically, splash erosion (caused
by raindrop, it is the first stage in the erosion process), sheet erosion (loss of fine soil particles that
contain nutrients and organic matter, occurs when the intensity of rainfall is greater than the soil
infiltration capacity), rill erosion (as rill erosion continues to develop, when the water concentrates
deeper in the soil and starts forming faster-flowing channels (can be up to 30cm deep) and cause
detachment and transportation of soil particles), and tillage erosion (occurring in cultivated fields
due to the movement of soil by tillage).
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2. Methods

We designed the database AWESOME following Findable, Accessible, Interoperable, and
Reusable (FAIR) protocols (Wilkinson et al., 2016). All data, quality assurance/quality control
(QA/QC, details please see section 2.5) code, and analysis code are immediately available through
a GitHub repository (see section 2.6), and each release will be issued a DOI through Zenodo to
ensure reusability. The version follows an “x.y.z” format, where x is the major version number, y
is the minor version number, and z is the patch number. The major version number is updated only
if the database changes its structure; we expect this to happen at a decadal time step. We update
the minor version number whenever the database has a significant data update; this would usually
occur annually. The patch number is likely to be updated yearly, or whenever the database has an
important documentation update or data correction. We also made efforts to ensure interoperability
so that AWESOME can be easily linked to external datasets.

2.1 Publication collection

Publications since 1960 were collected from an online literature search using “runoff, erosion” as
keywords in ScienceDirect (https://www.sciencedirect.com/). We had no restrictions on literature
types, and included both peer-reviewed articles and non-peer-reviewed articles such as theses,
dissertations, and conference collections. We mostly included studies that were published in
English or Chinese language journals (due to the contributors’ proficiency in these two languages).
During this initial literature screening phase, the following criteria were used to determine whether
an article should be included in the database: (1) annual soil erosion or sediment yield were
measured in the field by runoff plots, erosion pins, tracer, or field survey (types and constraints of
included data are indicated in Table 1), meaning that laboratory studies, rainfall simulation
experiments, and model outputs were excluded; and (2) annual soil erosion or sediment yield were
reported in units that could be converted to t ha™ yr. We included no other filtering criteria or
restrictions to the literature. Only approximately 5% of papers reporting annual soil erosion or
sediment yield data met those criteria and could be included in AWESOME (Figure 1b). Note that
we did not include a constraint for soil nutrient loss data (NL, e.g., soil organic carbon loss, total
nitrogen loss, total phosphorus data could be collected depending on which data were reported in
the literature) because a variety of NL types and units were reported (Table 2). As AWESOME has
only one variable for NL data, only data from one type of NL were collected if a paper reported
multiple NL types (i.e., nitrogen loss related data were collected if available, otherwise reported
phosphorus loss data were collected; if both nitrogen and phosphorus loss data were not available,
then recorded carbon loss data were collected, in another word, we have a hierarchy of N > P > C,
and only data from one element were took).

Earth System
Science

Data

d

SuU0ISSNJsS|



https://doi.org/10.5194/essd-2022-87
Preprint. Discussion started: 9 March 2022
(© Author(s) 2022. CC BY 4.0 License.

160

Earth System
Science

Data

Open Access

(@)

30001

2000+

04 I ______-_-----IIlll.l...llIIIIIIIIIIIIII

1960 1970 1980 1990 2000 2010 2020

(b)
400+
~ 3007
c
-
S 2004
o
(]
" I I II II II
04 - _ - - i m __I I unll _---__-I_IIII I I I L]
1950 1960 1970 1980 1990 2000 2010 2020

(c)

2504
200

1504

e h._h..._._L.....I....|.h“““||N““||\wn..._.

1900 1910 1920 1930 1940 1950 1860 1970 1980 1990 2000 2010 2020
Year

Figure 1. Summary of (a) studies published on the topics of surface runoff, soil erosion, and soil
nutrient loss between 1960 and 2021; (b) studies used in AWESOME based on the year of
publication; (c) distribution of years in which the soil erosion measurements were originally
collected. The trend shows that more and more runoff and erosion related studies are published in
recent years.
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Table 1. Soil erosion measurement methods included in the AWESOME: Archive for Water
165  Erosion and Sediment Outflow MEasurements database.

Method Explanation

Soil loss obtained from small, bordered plots, e.g., standard runoff
Runoff plot (Plot) plots (20 m X 5 m).

Soil erosion rate at sampling points estimated from the loss of
Caesium137, Be7, Pb210 or other tracers. The tracer method may
include soil losses from other erosion processes like wind erosion
Tracer or tillage erosion.

Erosion estimated from soil surface changes relative to pins or
topographic benchmarks, note that erosion pins have low

Erosion pins or measurement accuracy and thus they are only applicable at sites
topography (Pins) with large erosion rates (Sirvent et al., 1997).

Sediment yield obtained by exit section surveys from
Catchment catchments/watersheds.
Bathymetry Sediment deposition based on data from bathymetric surveys.
Field survey Soil loss obtained by field survey methods not included above.
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Table 2. Categories of surface runoff and soil erosion related metrics in the AWESOME: Archive
for Water Erosion and Sediment Outflow MEasurements database, their units and explanation.

Variable Unit Explanation
ER_annual t hat yr'l Annual soil erosion amount
Sediment_annual t hat yr'l Annual sediment outflow delivery amount

— Standard error (plot-to-plot) for annual erosion or sediment outflow
ER_Sedt_se tha™ yr delivery amount

Lo Standard deviation (plot-to-plot) for annual erosion or sediment
ER_Sedt sd tha™yr outflow delivery amount
ER_max gm2ht Maximum soil erosion rate
ER_maxday Unitless Day of year maximum soil erosion happened
Runoff_annual mm yr'l Annual Runoff amount
Runoff_se mm yr'l Standard error (typically plot-to-plot) for annual runoff
Runoff_sd mm yr'l Annual runoff standard deviation (plot-to-plot)
Runoff_max mm ht Maximum runoff rate during a year
Runoff_max_day Unitless Day of year when maximum runoff happens
NL Units vary Soil nutrient loss amount or rate
NL_unit The unit of soil nutrient loss

Soil nutrient loss type (e.g., dissolved or total phosphorus, organic

NL_type Unitless matter, organic carbon)
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We also included cited papers since 1945 from four meta-analysis papers (i.e., Auerswald et al.,
2009; Evans et al., 2020; Garcia-Ruiz et al., 2015; Zhao et al., 2019). To date we have collected
and processed data from 601 papers including measurements taken between 1900 and 2017 (Figure
1c). When site location (latitude and longitude) was not reported, we estimated site coordinates
according to the site name or the maps provided in the paper. For the soil erosion-related indicators
(i.e., surface runoff, soil erosion, sediment yield, and NL), data were either directly read from
tables or digitized from figures. We used Data Thief (version Il1) (Flower et al., 2016) whenever
we had to obtain the values from figures. Replications, standard error (SE), and standard deviation
(SD) information were usually directly obtained from the original papers. However, sometimes
confidence interval (CI), or coefficient of variation (CV) were reported rather than SD; in these
instances, we calculated SD using equations 2 and 3 cited in Jian et al (2020a). We also recorded
the time information when the experiments were initiated or data were collected if available
(“‘Study_midyear’ in AWESOME). The middle year was recorded if the experiment covered a
period of time (e.g., if an experiment was conducted between 1980 and 1990, 1985 was recorded
as ‘Study_midyear’). The earliest data date back to 1900, but few measurements were available
before 1960, and most data were centered between 1980 and 2010 (Figure 1c).

Note that different methods can capture distinct processes that contribute to soil loss and hence the
type of measurement should be considered before pooling data in subsequent analyses. For
example, runoff plot data usually only include soil losses from sheet erosion, interrill, and rill
processes. Tracer data, by contrast, include all causes of soil loss, e.g., water erosion, tillage
erosion, wind erosion, and harvest erosion, and they also include sedimentation processes.
Therefore, papers using tracer methods were only included in the database if the sites were located
in a region dominated by water erosion or if the study clarified that soil erosion by water was
measured. Erosion pins usually also include only soil loss from interrill and rill processes but may
be biased by soil consolidation while topographic marks like lynches or elevation distances
between trees and the surrounding field also include other processes, particularly tillage erosion.
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2.2 Database structure design

The database AWESOME (i.e., AWESOME.xIsx file in the GitHub repository) has 12 data sheets;
the core is the AWESOME data sheet, with four soil erosion — related indicators — surface runoff,
soil erosion, sediment yield, and NL (Table 2) — and 65 meta-data variables (Table 3, to save space,
we have listed only 13 out of 65 variables). The “DataBase_variables” data sheet describes all
variables in the AWESOME data sheet. The “CountryCode” sheet holds the international country
code for the usage of Site_ID. The “Quality_flag” sheet describes the quality control flag of
measurements collected from papers (see Table 4 for details). The “Meas_method” sheet describes
soil erosion measurement methods reported in papers (see Table 1 for details). The “IGBP” sheet
describes all 20 International Geosphere—Biosphere Programme (IGBP) vegetation types
(Townshend, 1992) reported in papers (details for the description of all IGBP types could be find
at the IGBP datasheet in the AWESOME.xlsx file). The “Manipulation” sheet includes description
and comments about 16 manipulation types used in the AWESOME (see Table 5 for details). The
“ReferenceList” sheet holds all reference details for all papers we compiled into the AWESOME;
and the “LiteratureSearch” sheet describes literature search details for the AWESOME, such that
users can reproduce the literature search results based on the description.
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Table 3. Description of selected meta-data variables in the AWESOME: Archive for Water Erosion

and Sediment Outflow MEasurements database. Note that to save space, we have listed only 13
out of 65 variables, please see the “DataBase_variables” sheet in the “AESOME_v1.xlsx” file.

Variable Description Comments
Quality_flag Quality flag Q0-Q12, see Table 4 for details
Site_ID Unique Site ID within a study It is a combination of country code, region

code, and identification code (could be site
name, manipulation, disturbance code, etc.)

Study_midyear

Mean year of measured data

If the measurements covered multiple years,
then the middle year was used, e.g., if soil
erosion were measured between 2000 and
2010, Study_midyear was 2005

YearsOfData

Number of years

Reports how many years were averaged: ,
usually it is 1 year; if data were averaged
between 2000 and 2010, then YearOFData
was 11

Annual_coverage

Annual coverage

Indicates, how large the fraction of the year
was during which the measurements
happened; 0-1, 0.01 means less than 1 day of
data, 1 means that at least a whole year was
covered, with at least 12 months of data

measurement area

Quality_flag Q0 to Q12 See Table 4 for details

Soil_texture 12 soil texture groups Soil texture classification according to the
United States Department of Agriculture
(USDA)

Manipulation Treatment type applied to the | See Table 5 for details

Manipulation_level

Treatment level

For example, different fertilization level

Manipulation_age

Number of years since the

treatment started

Meas_method

Soil erosion measurement method

See Table 1 for details

Field_scale

Spatial scale of the experiment

Catchment, field scale or runoff plot scale

Field_area

Avrea of experiment field in unit of
mZ

The area of runoff plots usually ranged
between 1 and 2000 m? the area of a
catchment could be as large as 2x108 m?

11
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Table 4. Description for the quality flag in the AWESOME: Archive for Water Erosion and
Sediment Outflow MEasurements database.

Quality_flag | Description

Qo0 Default; data could be directly read from a peer-reviewed publication

Q1 Soil erosion data was estimated from figure(s)

Q2 Data was not reported in the original paper, but could be found in another study
Q3 Data calculated rather than directly reported in the original paper

Q4 Potentially useful values reported in the publication

Q5 Values with potential problems

Q6 Data need to be double checked with original authors

Q7 Known problem

Q8 Duplicate

Q9 Inconsistency

Q10 Lack of useful data

Q11 Data from non-peer-review papers (e.g., website, thesis, dissertation, newspaper)
Q12 Data from non-English papers

12
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Table 5. Description for the manipulation in the AWESOME: Archive for Water Erosion and
Sediment Outflow MEasurements database.

suolssnasig

225

Manipulation Manipulation Comments

Group

Control Control Control treatment in a study (i.e. a plot or area where
the other treatments of a study were not applied; the
control may thus differ among studies)

Changes in Precipitation pattern e.g., same precipitation amount as control, but different

precipitation

change

intensity and duration time

Precipitation amount
change

More or less precipitation than the control

Fertilization Fertilization e.g., addition of mineral fertilizers like N addition, or
organic wastes like slurry manure, solid manure or
compost

Cultivation Conventional tillage Conventional tillage (primary tillage based on plowing

method and inverting the topsoil)

Cover crop Cultivation of a crop to provide vegetation cover
between both main crops

No-till No tillage or zero tillage establishes crops without
precedent tillage

Reduced tillage One type of conservation management between
conventional tillage and no-till; usually primary tillage
does not invert the topsoil but only loosens it; includes
minimum tillage

Mulch A type of conservation management aiming to provide
more mulch cover than conventional tillage

Conservation tillage Other conservation management other than cover crop,
no-till, reduced tillage, and mulch or used as a umbrella
term for several of these methods

PAM PAM Polyacrylamide application

Fire Fire Disturbance by wildfire or artificial fire

Multiple factors

Multiple factors

Interactive and relative effects of two or more than two
manipulations

Others

Others

Other treatment not included above

13
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2.3 Soil erosion, surface runoff, sediment yield, and NL measurements
Surface runoff, soil erosion, and NL measurements are core data in the AWESOME database:

e Soil erosion: annual soil erosion rate in units of t ha™* yr!, measured using runoff plots,
erosion pins, tracers, or field survey methods.

e Sediment yield: if the study area is a catchment and the soil loss is monitored by a gauging
station or a bathymetry method, data integrate over all erosion processes by water (interrill,
rill, ephemeral gully and gully erosion) but also sedimentation processes along the flow
path to the measuring station. Therefore, the soil loss data were recorded as sediment yield.

e Surface runoff: annual runoff in units of mm yr?,

e NL.: because a variety of NL types were reported in papers, NL was organized in a different
way, where the “NL” variable holds values, the “NL_unit” holds the unit of measurement
reported in the original paper, and the “NL_type” variable records the NL type reported in
the original paper.

It should be noted that AWESOME has been designed to hold surface runoff, soil erosion, and
sediment yield measurements in terms of annual masses.

2.4 Meta-data

Meta-data (Table 3) includes descriptive data about sites and experimental design. Measurement
methods of soil erosion or sediment yield. Quality control flag, and manipulation are further
described in Tables 1, Table 4, and Table 5. Specifically, Table 1 describes soil erosion or sediment
yield measurement methods reported in the literature; Table 4 describes 12 quality control flags to
help the developer record necessary information for quality control. Table 5 describes
manipulation information, which is useful for the further analysis about how treatment affects
surface runoff and soil erosion.

2.5 Data quality control

We carefully checked the data compiled into AWESOME with the original papers to ensure that
extracted information was accurate. Data from each paper was read by at least two contributors: it
was first carefully read by the data collector, and any useful records were compiled into
AWESOME, after which a data quality checker compared the data in the database against the
original paper. We also contacted the corresponding author whenever we had questions about the
data in a paper or found potential problems. Mendeley was used (https://www.mendeley.com) to
ensure papers were not compiled into the database multiple times by different contributors. We
paid attention to the methods sections, results, figures, tables, and supplemental information, where

14
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most of the surface runoff, soil erosion, sediment yield, NL information, and meta-data were
located. In addition, we developed an R markdown file (AWESOME_validation.Rmd in the Github
repository) to examine the data quality of all numeric variables in the AWESOME, and a second
markdown file (AWESOME.Rmd) to generate all figures (Figure 1 to Figure 6) and describe the
study analyses. These files were created using R (version 4.1.2; R Core Team, 2020). For the
latitude and longitude inputs, we plotted sites by individual countries (currently a total of 75
countries, Figure 2), then compared the sites with that country’s boundaries to ensure that no sites
fell outside. For any sites that appeared to be mislocated, we went back to the original paper and
corrected the coordinates in the database. For all numeric variables in the AWESOME (except
"Unique_ID" and "Study_number"), we plotted histograms for each variable, and checked whether
anomalous values were included in the database.

2.6. Usage notes

We suggest that wusers download the data and code directly from Zenodo
(http://doi.org/10.5281/zenod0.6324809), as Zenodo provides the DOI and generates the same
results for all users. Another advantage of using data and code from Zenodo is that it avoids any
run errors caused by the addition of new measurements when the database is updated. On the other
hand, the data and code in GitHub are for development purposes. In addition, as new records are
added to the database, output results may differ from those generated using older versions, and
may even cause run errors. The users are encouraged to contact the AWESOME development team
if encounter problems when using the data from Zenodo for analysis.

2.7. Statistical analysis

We performed statistical analyses on annual soil erosion data from runoff plots, since those
measurements constitute the core part of the AWESOME database. We first plotted the mean and
standard error (SE) of annual soil erosion rates for different environmental contexts (e.g.,
vegetation type, soil texture, measurement method) to identify any soil erosion differences among
environmental contexts. We next used linear regression and analyzed the relationship between the
logarithm of annual erosion rate and 16 environmental factors: annual precipitation, annual
temperature, annual evaporation, soil sand content, soil silt content, soil clay content, soil bulk
density, soil pH, soil carbon content, soil nitrogen, soil carbon to nitrogen ratio, soil saturated
conductivity, sites’ slope length, sites’ slope, area of experiment field, and plant coverage (Table
6). We used R’s ‘Im’ function to analyze the relationship between annual soil erosion and these
numeric environmental factors.

Annual soil erosion data were not evenly distributed across the global ranges of annual
precipitation, annual temperature, plant coverage etc. (for example, most annual soil erosion data

15

Earth System
Science

Data

d

SuU0ISSNJsS|



d

Earth System
Science

Data

https://doi.org/10.5194/essd-2022-87
Preprint. Discussion started: 9 March 2022
(© Author(s) 2022. CC BY 4.0 License.

Open Access
Su0ISSNOS|

were measured at sites with MAP between 400 mm and 1000 mm). To resolve this problem, we
followed the method provided by Jian et al. (2020b, 2020c) and aggregated annual soil erosion
rates in evenly distributed classes. We then weighted the linear regression by the sample size.
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3 Results
3.1 Spatial coverage of AWESOME

The data in AWESOME are spread across 75 countries covering all continents except Antarctica
(Figure 2). Most data were collected from North America (n =1195), China (n = 1045), Spain (n
= 829), and Brazil (n = 465). Substantial data were also collected from France (n = 187), and
Germany (n = 136), while only few data were available for central Africa, and central and western
Australia. Presently no data are included for Russia and several countries in Central Asia (Figure
2). The highest densities of data are available in Europe, East Asia, and southern Brazil.

Obs (n)
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“e, ° ® «
&£

60

304

Latitude
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304 @ +  Runoff
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0
Longitude
Figure 2. Spatial distribution of surface runoff, soil erosion, sediment yield, and soil nutrient loss
(NL) sites in AWESOME. The size of circles represents the sample size at each measurement site
(i.e., larger circles represent more data).

3.2 Annual soil erosion rate depending on categorical variables

Among different vegetation types (only 7 most common vegetation types were presented), barren
or sparsely vegetated sites (n = 173) experienced the greatest annual soil erosion, followed by
shrubland (n = 180). Forests showed the lowest soil erosion rates (n = 320, Figure 3a). Among soil
texture groups, clay loam (n = 131) soils eroded most, followed by clay (n = 169), loamy sand (n
=72), sandy clay loam (n = 22), silty loam (n = 251), and sandy loam soils (n = 356). The remaining
soil texture groups had relatively low erosion rates (Figure 3b). Among different measurement
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methods (see Table 1 for details about different measurement methods), erosion pins (n = 13)
exhibited mean soil erosion rates that were seven times higher than runoff plots (n = 2813) or tracer
studies (n = 314). Tracer studies yielded only slightly lower erosion rates than plot measurements
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Figure 3. Mean and standard error of annual soil erosion values in the AWESOME: Archive for
Water Erosion and Sediment Outflow MEasurements database separated by vegetation type (a),
soil type (b), and measurement method (c). BSV - barren or sparsely vegetated, CRO - cropland,
CSH - shrubland, FOR - forest, GRA - grassland, OCD - orchard, PLT - plantation; C - clay, CL -

325 clay loam, L - loam, LS - loamy sand, S - sand, SCL - sandy clay loam, Si - silt, SiC, silty clay,
SiCL, silty clay loam, SiL - silty loam, SL - sandy loam; pins - erosion pins, plot - runoff plot,
Tracer - Soil erosion rate at sampling points estimated from the loss of Caesium137, Be7, Pb210
or other tracers.

18



https://doi.org/10.5194/essd-2022-87
Preprint. Discussion started: 9 March 2022
(© Author(s) 2022. CC BY 4.0 License.

330

335

340

Open Access

3.3 Annual soil erosion affected by continuous environmental variables

Six environmental variables were significantly (p < 0.05) related to log-transformed soil erosion
rates (Figure 4), specifically plant coverage (R? = 0.22), soil BD (R? = 0.21), soil pH (R? = 0.18),
soil clay content (R? = 0.10), soil SOC (R? = 0.10), and annual precipitation (R?> = 0.04).
Surprisingly, we did not find any significant relationship between annual soil erosion and surface
slope (Table 6). We tested whether this relationship was masked by vegetation types and found
that erosion rates were positively correlated with slope only in croplands (Figure 5). We also tested
soil texture groups, but the relationship between annual soil erosion and slope was not masked by
the soil texture groups (results not shown). Other variables exhibited no significant relationship
with annual soil erosion rates (Table 6), although we did not have enough data (n=14) to test
whether the relationship between annual soil erosion rate and annual evaporation was masked by
other variables. It is important to note that we recorded soil erosion and sediment yield data
separately, and the mean value of annual erosion from AWESOME is 28 t ha? yr! (n = 3496),
which is about twice that of the mean annual sediment yield (12 t ha™* yr, n = 1868).
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Figure 4. Relationship between annual soil erosion (log transformed, t ha'* yr'!) and annual plant
coverage (a), soil bulk density (b), soil pH (c), soil clay content (d), soil organic carbon (e), and
annual precipitation () in runoff plot experiments. Note that the blue lines are regression lines and
the shaded regions around the regression lines indicate 95% confidence intervals. We used a
Cook’s distance with threshold of 0.5 to detect any influential outliers, but no such data points
were found. The size of circles represents the number of observations under different conditions.
Annual soil erosion rates were aggregated by annual precipitation, soil clay content, soil bulk
density, soil pH, soil organic carbon, and plant coverage, and then the linear regression was
weighted by the sample size.
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355  Figure 5. Relationship between the logarithm of annual soil erosion in plot experiments and slope
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(CSH), forest (FOR), grassland (GRA), orchard (OCD), and other (OTH). The size of circles
represents the number of observations under different slopes. Among these vegetation types, only
cropland showed a significant relationship between annual soil erosion and slope (p < 0.05, blue

360 line with 95% confidence interval in light blue). Annual soil erosion rates were aggregated by slope
classes, and then the linear regression was weighted by the sample size.

3.4 Linking AWESOME to external data sources

Some papers did not report some important meta information. For example, approximately 68%
365  of records (3828 out of 5605) included data on annual precipitation, and 21% (1204) of records
quantified soil organic carbon, but only 0.01% (29) of records measured leaf area index. Currently,
high spatial and temporal resolution of global datasets could be used to fill the missing meta-data
in the database AWESOME. As an example of linking AWESOME to external data, we incorporated
a0.5° x 0.5° resolution global climate data product (Willmott, 2000) to obtain annual temperature,
370 annual precipitation, mean annual temperature, and mean annual precipitation based on site
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latitude and longitude and the reported year of measurement. The mean annual precipitation and
temperature were calculated based on records between 1961 and 2017 (note that this dataset is still
being updated with the most recent data from 2017). We compared precipitation and temperature
values reported within AWESOME with those of the global dataset and found that the two datasets
matched each well (Figure 6).

(a) MAT (b) Annual temperature
304

204

30004

Values from papers

20004

1000 1

ol
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Values from the global climate dataset

Figure 6. Relationships between (a and ¢) mean annual temperature (MAT; °C), mean annual
precipitation (MAP; mm yr?) as reported in the papers and that from the global climate dataset
calculated for the period 1960 to 2017 (Willmott, 2000, note that this dataset is updating since its
release); and (b and d) annual temperature/precipitation obtained from papers vs. values obtained
from the global climate dataset for the reported year of measurement (Willmott, 2000). The linear
regression lines (solid blue) are close to the 1:1 lines (dashed red), indicating a good agreement
between air temperature (precipitation) reported in papers and values obtained from the global
climate dataset although the scatter is remarkable.
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4. Discussion
4.1. Use and benefits of AWESOME

The AWESOME database, even at its present state of development, demonstrates that an enormous
quantity of soil erosion measurement is available worldwide. Collected and made available
through AWESOME, these data can now be used for hypotheses testing, model development and
model validation. Moreover, many current erosion models have limited data available for
verification. The AWESOME database can alleviate this problem by providing sufficient
observations for users to retain robust and independent datasets for model development versus
model validation.

In this paper we included a couple of examples of using AWESOME for analyses. While not
intended to be comprehensive, these examples nonetheless revealed several insights. For example,
the comparison of methods showed that tracer studies and runoff plot studies yield similar soil
losses. This is surprising at first glance, given that plot studies only capture sheet and rill erosion
on slopes of rather short length while tracer studies include all forms of erosion like water or tillage
erosion (van Oost et al. 2000, Ottl et al. 2021), wind erosion (Li et al. 2007, Breshears et al 2003)
or the loss of soil due to the harvest of root crops (Ruysschaert et al. 2007, Kuhwald et al. 2022).
Hence a much larger total soil loss may be expected from tracer studies compared to plot studies.
Two things likely contribute to this finding. First, all forms of erosion other than water erosion and
tillage erosion are usually tolerable in most areas and can reach relevant numbers only under
certain conditions (e g. the soil loss due to harvest of root crops requires that root crops are grown
in relevant amount; wind erosion is relevant only in areas of strong winds). Tillage erosion, which
can be in the same order of magnitude as water erosion or even much higher (van Oost et al. 2000,
Ottl et al. 2021), relocates soil only within a field and must become zero if the entire field or several
fields are included in a study area. In consequence, the large-scale soil loss quantified by tracers
may indeed be dominated by water erosion.

Comparing the data obtained from runoff plots with data obtained with erosion pins showed the
opposite result to the comparison above. Although both methods should only capture sheet and rill
erosion, and thus lead to similar soil loss rates, these two measurement types provided very
different estimates: erosion measured by pins was seven times the amount of erosion measured by
runoff plots. This result may be due to a strong bias inherent to one or both methods. The pin-
based measurements can suffer bias due to consolidation of the tilled soil after installation of the
pins, which can wrongly indicate soil losses. This process is even more likely for studies that did
not follow the recommendation that data collection should not be initiated until the pins have been
in the soil for a period of at least three months to one year (Haigh 1977). An alternative explanation
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is that erosion pin measurements within AWESOME captured cases with very high erosion rates
(Sirvent et al., 1997). Identifying the different causes of this discrepancy was not within the scope
of this study, yet additional comparisons of rainfall, slope gradient, soil and land use between pin
and plot studies should make it easy to either accept or reject the hypothesis that the discrepancy
is caused by installing erosion pins only on sites that are highly prone to erosion.

Similar comparisons could be made with bathymetry data to prove the common assumption that
most of the sediment is trapped within a lake or a reservoir. Whether this is really the case or
whether relevant amounts leave the water bodies or are deposited already within the catchment are
presently unknown. Individual bathymetry studies cannot answer this question because they
always reflect a certain situation while the large data availability of AWESOME allows for a more
general assessment of the method.

In the outlet of a catchment, the sediment yield indicates the net loss of sediment from an area,
which is usually smaller than the erosion volume because a certain amount of eroded soil will be
deposited during transportation (Cai, 2001; Zhao et al., 2016). These results therefore suggest that
distinguishing soil erosion and sediment yield data is very important in macro scale soil erosion
modeling, and mixing them may cause significant underestimations of soil erosion at large scales
(Tan et al., 2018). Separating soil erosion and sediment yield data may also explain why we did
not find any significant relationship between soil erosion and slope length (L) and area of
experiment field (Table 6), as the maximum slope length of a runoff plot in the AWESOME is
~500m, which is arguably not long enough to capture soil deposition processes.

Comparison of catchment data and plot data will allow for the development of general rules for
sediment delivery ratios. Such rules exist already (Walling 1983, Ferro and Minacapilli 1995) but
they are inconsistent because they were always developed within limited regions (Walling 1983).
It remains thus unknown to which regions one rule may be extended and where another rule would
be advantageous. The global dataset AWESOME allows developing rules that take climate and
other drivers on large scales into account as well.

Another advantage of AWESOME is that it can easily be complemented by other data. We have,
again as a proof of concept, shown this process for climate data. This is important for at least two
reasons. First, studies often collect distinct parameters from one another, which means that even
within a comprehensive database such as AWESOME there are instances where some parameters
can have few observations and be restricted to certain conditions. In our analysis
evapotranspiration was such a parameter, with only 14 studies in the database that reported this
parameter. The increasing availability of global datasets allows complementing the erosion data
with other data. For our proof of concept, we only used the data by Willmott (2000) but many
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more options exist. For instance, soil data are provided by SoilGrids (https://soilgrids.org) and
more climate data including evapotranspiration could be taken from the CEDA archive
(https://data.ceda.ac.uk/badc/cru/data), or NOAA (https://www.esrl.noaa.gov/psd/data/gridded/).
The second reason for complementing the studies with external data, in particular climate data,
results from the fact that climate data are inconsistently reported in different studies. The methods
of measurements may differ, and, especially when it comes to MAP and MAT, the period of
averaging differs among studies and only few calculate standardized MAP and MAT for normal

meteorological periods (e.g. 1961 to 1990; 1991 to 2020). These differences may bias comparisons.

Using external data (e.g. Fick and Hijmans 2017) can help to overcome such inconsistencies and
allow the user to select the appropriate period of interest.

The comparison of climate data captured in the AWESOME database directly from studies agreed
well with climate data taken from Willmott (2000), but there were some data points whose
differences between datasets was clearly larger than what could be expected due to methodological
differences. These points are indicative of errors that are included in the database. Such errors can
never be excluded because they may already exist in the original publication or they may have
happened while entering the data into AWESOME. Our QA/QC procedure had two different people
checking the imported data points, we tried to minimize such errors. Nonetheless, potential sources
of error include mis-estimation of study locations in older papers that were conducted before the
global positioning system GPS and easy methods to measure location became available, often only
location names were given. By comparison with other data, AWESOME allows the user to identify
deviating data, and potentially even discover the underlying reasons for the differences. The
external precipitation data from Willmott (2000) were significantly correlated with that reported
in the studies themselves where available. We presume that linking AWESOME with other external
data sources, e.g., leaf area index, vegetation type, climate type, and soil properties, can lead to
increased explanatory power for spatial and temporal variability of annual soil erosion.

4.2. Forecasting global soil erosion

Previous studies have documented that high variability in erosion rates makes global annual soil
erosion estimation extremely challenging (Garcia-Ruiz et al., 2015). The first estimation of global
soil erosion dates back to the 1990s, when Myers (1993) reported that global soil erosion every
year was approximately 75 Pg; and Lal (2003) reported that global soil erosion could be as large
as 201 Pg. However, recent estimates (Borrelli et al., 2017, 2020) based on the Revised Universal
Soil Loss Equation (RUSLE) showed that the previous estimates by Myers (1993) and Lal (2003)
are at least two to five times overestimated. However, the RUSLE model was developed based on
soil erosion measurements of runoff plots in the USA, and studies have demonstrated that RUSLE
may not be suitable when directly applied in some regions. For instance, Liu et al., (1994) showed
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that the Universal Soil Loss Equation (USLE) likely underestimates soil erosion at sites with steep
slopes; Tan et al.,, (2022) finds that the RUSLE model which uses slope length in the
parameterization may significantly overestimate soil erosion in mountain regions. AWESOME
provides the opportunity to address these uncertainties and better estimate global annual soil
erosion using statistical modeling approaches.

In recent decades, statistical modeling based on integrated global datasets has been used to upscale
site-scale measurements into global scale estimates. For example, based on a comprehensive soil
respiration database (Bond-Lamberty and Thomson, 2010; Jian et al., 2021), statistical models
have been developed to estimate global soil respiration (Jian et al., 2018a; 2018c; Stell et al., 2021).
Although such attempts exist regionally (e.g. in Europe; Cerdan et al. 2010), to our knowledge
such an effort has not been undertaken to estimate global soil erosion. Here, based on AWESOME,
our analysis shows that annual soil erosion is highly correlated with environmental factors; a single
factor could explain between 3%-22% of soil erosion variability (Figure 4 and Table 6). We
therefore reiterate that AWESOME could be a suitable basis for supporting future efforts to estimate
global soil erosion using statistical modeling.

By including both older and more recent studies, this approach may even allow users to reconstruct
time series in order to provide regionally differentiated experimental data on changes in erosion
over time due to climate change. The effect of climate change on erosion rates is still an open
question that is difficult to answer because climate change involves not only alters precipitation
patterns (Burt et al. 2016; Auerswald et al. 2019) but also induces interacting changes in plant
development (Nearing et al. 2004, Auerswald and Menzel 2021). Presently, our knowledge results
only from the application of models using measured data like rain properties or plant development
while experimental evidence on the soil loss itself is missing.
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Table 6. Statistical summary of simple linear regressions between the logarithm of annual soil
erosion and environmental variables in runoff plot experiments. Climate variables were taken

from Willmott (2000).

Variable Intercept | Slope p (slope) R? n
Annual precipitation | 0.858 0.0008 <0.01 0.041 637
(mmyr)

Annual temperature | 1.664 0.0041 0.78 0.001 606
°C

Annual potential -1.924 0.0022 0.038 0.034 13
evaporation (mm

yrt)

Sand (%) 0.830 0.0163 0.030 0.003 139
Silt (%) 2.416 -0.024 0.018 0.041 135
Clay (%) 2.641 -0.043 <0.01 0.097 121
Bulk density (kg L) [ -2.163 3.282 <0.01 0.208 81
Soil pH 6.759 -0.779 <0.01 0.179 60
Soil organic carbon | 2.251 -0.384 <0.01 0.100 186
content (%)

Soil total nitrogen 2.798 -7.184 0.077 0.078 41
content (%)

Soil C:N 1.524 -0.0082 0.613 0.006 46
Soil saturated 0.099 -0.0052 0.17 0.046 42
conductivity (cm h?)

Slope length (m) 2.343 0.0100 0.208 0.002 95
Slope (°) 2.470 -0.0093 0.270 0.004 291
Field area (m?) 2.355 0.0000 0.980 0.000 206
Plant coverage (%) 2.951 -0.0397 <0.01 0.220 91
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4.3. Future improvements and the power of open science

AWESOME has good spatial coverage, with sites widely spread across continents except
Antarctica. However, sites are still unevenly distributed, with most data coming from North
America, Europe, and Eastern China (Figure 2). One of the reasons for this uneven distribution is
because only papers published in English or Chinese were collected in AWESOME. There are
however plenty of data published in other languages (e.g., Russian, Portuguese, and Spanish).
AWESOME provides a framework for compiling data from papers published in other languages,
and cooperating with scientists with broader linguistic expertise would only enhance the site's
spatial representativeness of AWESOME in the future.

For the purpose of reducing cooperation barriers, maximizing the impact of this work, and
recognizing the publicly-funded nature of most of the original scientific studies used, we have
decided to share this work at the present database development stage. We aim to receive feedback
from the community about how to improve the data structure to ensure optimal usage. In addition,
the large number of potentially relevant papers that have been, or will be, published makes it
important to expand the development team. Thus, we welcome and invite scientists and data users
who are interested in developing AWESOME to download the dataset and consider contributing
published or unpublished data. Our long-term goal is to update AWESOME by including
measurements from newly published papers annually.

Data and code availability

The data and source code are available through GitHub
(https://github.com/jinshijian/AWESOME) and Zenodo (Jian et al., 2022)
(https://doi.org/10.5281/zenod0.6324809). The code is described in detail with user instructions. All
data processing and data visualization were conducted using R (version 4.1.2).

Conclusion

Soil erosion is a process marked by high spatio-temporal variability wherein individual erosion
events may differ by several orders of magnitude. Obtaining reliable averages of soil erosion rates
requires long measurement periods from sites covering different environmental conditions. Given
that the number of events per year is limited, these periods of time are usually much longer than
what can be reasonably financed and maintained by field experiments. An additional problem is
that the experiment sites are often not representative of actual land-use and topographic conditions.
We have addressed both of these limitations by combining published field annual soil erosion
measurements from sites across different environments into a database titled AWESOME: Archive
for Water Erosion and Sediment Outflow MEasurements. Currently, annual soil erosion
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measurements from 1985 geographic sites across the world have been compiled into AWESOME.
In conclusion, we have shown that the effort of such a database is a useful resource for the research
community to analyze the spatio-temporal variability of soil erosion as well as the driving variables,
and the database also provides opportunities for estimating global soil erosion.
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