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Tillage erosion as an important driver of in-field biomass
patterns in an intensively used hummocky landscape
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Abstract
Tillage erosion causes substantial soil redistribution that can exceed water erosion
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especially in hummocky landscapes under highly mechanized large field agriculture.
Consequently, truncated soil profiles can be found on hill shoulders and top slopes,
whereas colluvial material is accumulated at footslopes, in depressions, and along
downslope field borders. We tested the hypothesis that soil erosion substantially
affects in-field patterns of the enhanced vegetation index (EVI) of different crop
types on landscape scale. The interrelation between the EVI (RAPIDEYE satellite
data; 5 m spatial resolution) as a proxy for crop biomass and modeled total soil erosion (tillage and water erosion modeled using SPEROS-C) was analyzed for the
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Quillow catchment (size: 196 km2) in Northeast Germany in a wet versus normal year
for four crop types (winter wheat, maize, winter rapeseed, winter barley). Our findings clearly indicate that eroded areas had the lowest EVI values, while the highest
EVI values were found in depositional areas. The differences in the EVI between erosional and depositional sites are more pronounced in the analyzed normal year. The
net effect of total erosion on the EVI compared to areas without pronounced erosion
or deposition ranged from 10.2% for maize in the normal year to +3.7% for winter
barley in the wet year. Tillage erosion has been identified as an important driver of
soil degradation affecting in-field crop biomass patterns in a hummocky ground
moraine landscape. While soil erosion estimates are to be made, more attention
should be given toward tillage erosion.
KEYWORDS
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I N T RO DU CT I O N

biomass and yields was investigated in a large number of studies
(Bakker, Govers, & Rounsevell, 2004) that showed a wide range of

Soil erosion on arable land is one of the most destructive human per-

yield reduction (Den Biggelaar, Lal, Wiebe, & Breneman, 2003). Even

turbations to soil sustainability and food security (Amundson

if the different experimental setups make it difficult to compare the

et al., 2015; Zhao et al., 2018). The effect of soil erosion on crop

results of different studies, more or less standardized desurfacing
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reduce water and nutrient accessibility. Modified soil properties
(e.g., soil organic carbon, clay content, soil moisture) at erosional sites
show the strongest effect on crop yields during dry years (Chi, Bing,
Walley, & Yates, 2009; Den Biggelaar et al., 2001; Kravchenko, Rob-

0

ertson, Thelen, & Harwood, 2005), resulting in a more pronounced infield variation of crop growth and yields (Stadler et al., 2015; Taylor,

-10

Wood, Earl, & Godwin, 2003). The decline of yields at erosional sites
-20

is smaller or may even disappear in wet years, as water limitations are
less important. In very wet years, yields at erosional sites may exceed

-30

those at depositional sites as high groundwater level and resulting
oxygen deficiency in closed depressions and lower landscape posi-

-40

tions will negatively affect crop growth conditions at depositional
sites (Gerke, Rieckh, & Sommer, 2016; Kaspar et al., 2004; Martinez-
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Feria & Basso, 2020). However, this is not or only indirectly related to
68
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Impact of soil desurfacing on crop yields [% cm-1]
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F I G U R E 1 Impact of desurfacing on maize, wheat, and barley
yields. Data from different continents. Erosion-induced yield effects
were calculated relative to the yield of all treatments of the single
experiments (18 to 30 cm of topsoil removed) following the
methodology of Den Biggelaar et al. (2003). Numbers at x-axis
indicate the number of records taken into account for each crop type
per continent respectively. Data are taken from the review of Den
Biggelaar et al. (2003) and expanded with data from a variety of
sources (Allen et al., 2011; Gorji et al., 2008; Izaurralde et al., 2006;
Larney, Janzen, Olson, & Olson, 2009; Sui et al., 2009) [Colour figure
can be viewed at wileyonlinelibrary.com]

soil redistribution processes.
Although tillage-induced soil redistribution globally occurs in
many areas, its deteriorating effect on soil properties especially
affects areas with short summit-footslope distances and relatively
shallow soils, which are faced with decreasing yields at hilltops. This
has been recognized for the hummocky young moraine landscapes of
North America (Papiernik et al., 2005; Pennock,

2003; Thaler,

Larsen, & Yu, 2021), northern Europe (Heckrath et al., 2005), and
Russia (Olson, Gennadiyev, Jones, & Chernyanskii, 2002).
Considering different erosion types, tillage erosion is still understudied compared to water and wind erosion (Fiener et al., 2018),
although their rates are often in the same order of magnitude or even
exceed those of other erosion types (Govers, Quine, Desmet, &

experiments from different continents underline the general tendency

Walling, 1996; Lobb, Kachanoski, & Miller, 1995; Schimmack, Auerswald,

that eroded soils lose crop yield potential (Figure 1). As most of these

& Bunzl, 2002). Nevertheless, their spatial patterns are quite different:

artificial experiments were performed on soils without substantial

Tillage erosion exclusively leads to in-field soil redistribution without off-

(pre-)erosion, the reduction in crop yields would be even more pro-

site damage (Van Oost, Govers, De Alba, & Quine, 2006). Thereby, soil

nounced in landscapes strongly affected by erosion at the beginning

loss by tillage often occurs at landscape positions where water erosion is

of such experiments.

minimal (at convexities, e.g., hilltops and slope shoulders), while soil accu-

The decline in yields at eroded soils can be mainly traced back to

mulation by tillage takes place at positions where water erosion is maxi-

a reduction in soil depth and corresponding rooting depth, a reduction

mal (in concavities, especially along drainage ways where overland flow

in nutrient availability and storage potential, and changes in soil physi-

concentrates) (Govers, Lobb, & Quine, 1999). Moreover, tillage erosion

cal properties like porosity, infiltration capacity, and water holding

patterns are dominated by the field layouts with highest erosion at the

capacity (Den Biggelaar, Lal, Wiebe, & Breneman, 2001; Herbrich,

upslope field borders and most deposition at the downslope field borders

Gerke, & Sommer, 2018; Lal, Mokma, & Lowery, 1999; Quinton,

(Wilken, Sommer, Van Oost, Bens, & Fiener, 2017).

Govers, Van Oost, & Bardgett, 2010). In contrast to the decrease in

Compared to the large number of studies assessing the effect of

yields at eroding sites, the potential increase in yields at depositional

erosion

sites is less intensively studied. However, several studies indicate that

Bajracharya, 2000; Larney et al., 2009), there are only few studies

on

field-scale

crop

yields

(e.g.,

Lal,

Ahmadi,

&

crop yields at depositional sites exceed those at erosional sites

investigating a larger landscape scale (e.g., Battiston, Miller, &

(Heckrath et al., 2005; Papiernik et al., 2005; Wehrhan, Rauneker, &

Shelton, 1987; Thaler et al., 2021). For example, in the young morainic

Sommer, 2016).

landscape of Ontario, Canada (study area: 90 km2), moderate to

In general, tillage leads to a truncation of soil profiles at convexi-

severely eroded soils (water and wind erosion) led to an average

ties or upslope field borders, which results in shallower soils and sub-

decline in maize yield of ca. 3.6%, whereby the redistribution and

sequently in an incorporation of subsoil or parent material with

deposition of the eroded material were not considered (Battiston

poorer physical or chemical properties (De Alba, Lindstrom,

et al., 1987). In the morainic landscape of the midwestern United

Schumacher, & Malo, 2004; Gerke & Hierold, 2012). Moreover, sub-

States ('Corn Belt region'; study area: 210 km2), an annual crop yield

soil of higher bulk density and missing continuous pore space can be a

reduction of 6 ± 2% due to A-horizon loss was found, which was

barrier for root growth (Chirinda et al., 2014; Herbrich et al., 2018;

mainly traced back to tillage erosion (Thaler et al., 2021). However,

Singh, Choudhary, Singh, Singh, & Mishra, 2019) and, therefore,

soil redistribution as a combination of erosion and deposition was not
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considered, although it is highly relevant for landscape-scale under-

The aims of our study are (a) to compare spatial patterns of

standing of yield patterns as the negative effects of soil erosion may

modeled tillage and water erosion against the EVI in an intensively used

be partly compensated by positive effects at depositional sites

hummocky landscape of Northeast Germany, (b) to analyze the impact

(Govers, Poesen, & Goossens, 2004).

of soil redistribution on the EVI depending on crop type and differences

For the comparison of the erosion and biomass patterns on landscape scale, remote sensing products are required that provide a rela-

in seasonal precipitation, and (c) determine the net effect of total soil
redistribution on landscape-scale EVI as a proxy for crop biomass.

tively high spatial resolution (< 10 m) (Wehrhan et al., 2016) and
spectral bands that are suitable for crop biomass detection (red and
near infrared, NIR) (Gao, Huete, Ni, & Miura, 2000). Therefore, the

2

M A T E R I A L S A N D M ET H O D S

|

spectral properties should be suitable for a rather linear representation of low and high biomass conditions (Huete et al., 2002). The

2.1

|

Study site

enhanced vegetation index (EVI) has been developed to optimize
the sensitivity for the reflectance of high, green biomass and to

The

reduce soil background and atmospheric influences (Huete, Liu,

'AgroScapeLab Quillow', which comprises a catchment of approxi-

Batchily, & Van Leeuwen, 1997). Imagery delivered by the RAPIDEYE

mately 196 km2 located about 100 km north of Berlin, Germany

satellite constellation (5 m spatial resolution; 5.5 day repetition cycle;

(Figure 2). It represents a typical ground moraine landscape formed

5 bands VIS–NIR) (Chander et al., 2013) has been proven to be useful

after the retreat of the Weichselian glaciers (ca. 15 ka BP) in Northeast

for assessing crop variability (Reichenau et al., 2016; Shang

Germany (shaded area in Figure 2) (Lüthgens, Böse, & Preusser, 2011).

et al., 2015) or to quantify vegetation cover (Rudolph et al., 2015;

The hummocky area is characterized by a hilly topography with short

Shang et al., 2014).

summit-footslope distances (on average 35 m). Typical for the land-

study

area

is

located

at

ZALF's

landscape

laboratory

To our knowledge, an investigation of the influence of soil redis-

scape is the large number of kettle holes, which were formed by melt-

tribution on crop biomass on landscape scale in Europe has been little

ing of dead ice (Anderson, 1998) and only drain via sub-surface flow.

documented, although the young moraine landscape of central Europe

These kettle holes can still be filled by water or (degraded) peat. How-

is highly affected by combined tillage and water erosion (hereinafter

ever, many of them are nowadays covered by colluvial material, which

referred to as total erosion) (Heinrich et al., 2018). In general, soils in

resulted from centennial land use as arable land (Van der Meij

loamy ground moraine landscapes are quite fertile (Sommer, Gerke, &

et al., 2019). The 'AgroScapeLab Quillow' is not a typical catchment in a

Deumlich, 2008) and comprise important crop growth areas. Those

hydrological sense as a large part of the catchment drains into kettle

soils that developed from glacial till are characterized by relatively

holes, which are only connected to the River Quillow via complex

shallow development depths compared to the mostly studied water-

groundwater fluxes (Lischeid et al., 2017). The mean slope (± standard

erosion prone loess areas and, thus, are more susceptible to a reduc-

deviation) of the study area is about 7% (± 6%) with a general west–

tion in crop biomass production.

east elevation gradient (from 165 to 15 m a.s.l.).

F I G U R E 2 The study area 'AgroScapeLab Quillow' is located north of Berlin in the young moraine landscape of Northeast Germany (grey area
of inset map) [Colour figure can be viewed at wileyonlinelibrary.com]
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Land cover in this area is dominated by arable land and pasture
(ca. 70%), followed by wetlands and lakes (ca. 16%), forest (ca. 11%),

ÖTTL ET AL.

2.2 | Patterns of crop-specific EVI/biomass
variability

and settlements (ca. 3%) (Heinrich et al., 2018). Due to its fertile soils,
large parts of the catchment are used for agricultural production since

RAPIDEYE satellite images were used to classify crop types and to

Neolithic times (Kappler et al., 2018; Sommer et al., 2008). Since the

determine in-field patterns of crop-specific EVI. The RAPIDEYE satel-

second half of the 20th century, agriculture was intensively mecha-

lite system consists of five identical satellites and provides 5-band

nized and field sizes were substantially enlarged during the socialistic

multispectral images on a basis of 5.5 days (at nadir) with a ground

era of the German Democratic Republic (Bayerl, 2006). Today, the

sample distance of 6.5 m. The five bands are visible blue (440–

average field size is about 22 ha ± 20 ha (2–150 ha). Typical crop

510 nm), green (520–590 nm), red (630–685 nm), red edge (690–

types are winter wheat (Triticum aestivum L.), winter barley (Hordeum

730 nm), and near infrared (760–850 nm) (Chander et al., 2013;

vulgare L.), winter rapeseed (Brassica napus L.), and maize (Zea mays

Planet, 2016). In this study, the Level 3A product was used, which is

L.). The catchment is characterized by a subcontinental climate with

radiometrically and geometrically sensor corrected and resampled to

an average annual air temperature of 9.3 C and a mean annual precip-

5 m spatial resolution (Chander et al., 2013). The advantages of the

itation of 468 mm (20-year average 1999–2018, DWD meteorologi-

RapidEye satellite images are the relatively high spatial resolution,

cal station at Grünow). The average precipitation during the main

the short revisiting time, and the band-combination that is well suited

growing season for wheat and maize is approximately 284 mm (April

for crop detection (Kim & Yeom, 2012).

to September 1999–2018) (DWD Climate Data Center [CDC], 2018a,
2018b).

Preprocessing of the RAPIDEYE imagery included atmospheric
correction

with

the

algorithm

FLAASH

(fast

line-of-sight

The soil pattern of the region (Figure 3) is related to topography

atmospheric analysis of spectral hypercubes; Cooley et al., 2002) of

and the heterogeneity of Pleistocene deposits and has been strongly

the software ENVI. Three cloud-free images in 2010 and 2015 (DOY

modified by soil erosion over the past centuries (Deumlich, Schmidt, &

(day of year) 2010: 168, 192, 266; DOY 2015: 155, 188, 262) were

Sommer, 2010; Koszinski, Gerke, Hierold, & Sommer, 2013; Sommer

classified in a multitemporal maximum-likelihood approach with

et al., 2008). Recently, only 20% of the arable land shows noneroded

ERDAS Imagine to derive main crop types for further analysis (pro-

soils (Calcic Luvisols) (IUSS Working Group WRB, 2015), mainly at

ducer's accuracy in both years > 92.9%; user's accuracy > 86.4%)

lower midslopes or flat plateaus. Extremely eroded soils (Calcaric Reg-

(ERDAS Inc., 2008; Tso & Mather, 2009). The four main crops used

osols) occur at hilltops, ridges, and slope shoulders, while strongly

for further analysis accounted for approximately 80% of the arable

eroded soils (Nudiargic Luvisols) reach from slope shoulders to upper

land in both years. Their proportions in the year 2010(2015) were

midslopes. Footslopes and closed depressions also comprise approxi-

38(36)% winter wheat, 21(18)% winter rapeseed, 11(14)% maize, and

mately 20% of the landscape. Here, groundwater-influenced colluvial

8(9)% winter barley. The remaining area was covered by grassland,

soils (Gleyic-Colluvic Regosols, often overlying peat) have developed.

sugar beet (Beta vulgaris L.), and triticale (x Triticosecale) that are not

Generally, the soil landscape reveals strong local gradients in wetness

further considered in this study.

(<100 m distance), and the soil texture ranges from loamy sand (80%

To calculate the EVI of winter wheat, winter rapeseed, and maize,

sand, 15% silt, 5% clay) to sandy clay loam (50% sand, 30% silt,

the July images from 2010 and 2015 were used (DOY 2010:

20% clay).

192, DOY 2015: 188). For winter barley, the June images were used

F I G U R E 3 Erosion-affected soil pattern in the study area and corresponding exemplary soil profiles: Light colours at top slopes and hill
shoulders indicate extremely eroded soils (a: Calcaric Regosols) by tillage erosion; brownish colours represent strongly eroded soils (b: Nudiargic
Luvisols) affected by tillage and water erosion; brighter colours at lower midslopes indicate noneroded soils (c: Calcic Luvisols) and dark greyish
areas indicate colluvial soils in closed depressions (d: Gleyic-Colluvic Regosols). Soil classification is according to IUSS Working Group
WRB (2015) [Colour figure can be viewed at wileyonlinelibrary.com]
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(DOY 2010: 169, DOY 2015: 155) because it was already partly

and not on the quantification of long-term soil loss or gain due to

harvested in July. Both years exhibited a similar overall precipitation

centuries of erosion. Hence, the underlying assumption is that this

before and during the growing season (November 2009–July

pattern is a good proxy for soil erosion and deposition in a region,

2010:323 mm; November 2014–July 2015:266 mm; DWD meteoro-

which is under arable use for at least 500 years (Kappler et al., 2018;

logical station at Grünow). However, there was a distinct difference in

Sommer et al., 2008).

precipitation in the main growing season of the winter crops and

The tillage erosion pattern was calculated based on a diffusion-

maize (April–September; 405 mm in 2010; 211 mm in 2015) (DWD

type equation developed by Govers, Vandaele, Desmet, Poesen, &

Climate Data Center [CDC], 2018b), which had a substantial effect on

Bunte (1994) (Equation 3). The net flux due to tillage (Qtil) can be writ-

crop biomass production in those years. Hence, we further refer to

ten as

2010 as a wet year and 2015 as a normal year, respectively.
The use of the EVI is preferred over the most commonly used

Qtil ¼ ktil  s ¼ ktil 

vegetation index, namely the normalized difference vegetation index

∂h
∂x

ð3Þ

(NDVI), for two reasons: The EVI was found to be a good indicator for
crop biomass (Jin et al., 2017; Wehrhan et al., 2016) and is more sen-

Where: ktil is the tillage transport coefficient (kg m1 yr1), s is the

sitive to high biomass than the NDVI (Huete et al., 2002; Matsushita,

local slope (%), h is the height at a given point of the hillslope (m), and

Yang, Chen, Onda, & Qiu, 2007). The calculation of the EVI (range

x is the distance in horizontal direction (m) (Govers et al., 1994). The

from 0 'no vegetation vitality' to 1 'very high vegetation vitality') is

local tillage-induced erosion or deposition rate Etil (kg m2 yr1) has

shown in Equation 1 (Huete et al., 1997, 2002).

been calculated as

EVI ¼ G 

ðNIR  RÞ
ðNIR þ C1  R  C2  B þ LÞ

ð1Þ

Etil ¼ 

∂Qtil
∂2 h
¼ ktil  2
∂x
∂x

ð4Þ

Where: atmospherically corrected reflectance in the near infrared

As tillage erosion is governed by the change in slope gradient and not

(NIR), red (R) and blue (B) spectral regions are combined. A gain factor

by the slope gradient itself, erosion mainly takes place on convexities

(G = 2.5) and empirically derived correction factors are included to

and soil accumulates in concavities (Govers et al., 1994; Van Oost,

remove the soil signal from the mixed soil-vegetation spectral signa-

Govers, & Desmet, 2000). Moreover, erosion and deposition in the

ture (L = 1.0) and atmospheric effects (C1 = 6.0 and C2 = 7.5) (Huete

region are governed by the edge of kettle holes and, to a lesser extent,

et al., 1997, 2002). As we did not carry out any biomass harvesting

field borders (Wilken et al., 2017).
The tillage transport coefficient ktil depends on the tillage imple-

during the satellite overpasses, the EVI is used as a relative proxy variable for crop biomass.

ment, tillage speed, tillage depths, bulk density, texture, and soil mois-

The EVI was standardized to the mean and standard deviation of

ture at time of tillage (Van Oost, Govers, et al., 2006). For our study,

each agricultural field to remove the mean differences between fields

we used a constant ktil value of 350 kg m1 yr1, which was recently

and focus on in-field EVI variability (Equation 2).

determined for this region (Wilken, Ketterer, Koszinski, Sommer, &

n

P
EVIi  mean
EVI
 n i¼1
EVIz ¼
P
EVI
sd

Fiener, 2020). As ktil only determines the intensity of the calculated
erosion rates, the parameterization of ktil is not sensitive to the spatial
ð2Þ

i¼1

pattern of tillage translocation. Hence, the absolute erosion rates do
not influence the results of the EVI correlation analysis carried out in
this study.
The water erosion pattern was calculated according to a slightly

Where: the standardized EVI (EVIz) is the difference of the EVI per grid

modified approach of the revised usoil loss equation (RUSLE; Renard,

cell i and the mean EVI of the grid cells n of the corresponding agricul-

Foster, Weesies, McCool, & Yoder, 1997) described in detail in Van

tural field divided by the standard deviation of the n EVI values of this

Oost et al. (2000). Erosion, sediment transport, and deposition are

field. All spatial analyses were performed using R version 3.6.1

based on the local transport capacity Tc (kg m1 yr1), which multi-

(R Core Team, 2019) and ESRI ARCMAP version 10.5.1 (ESRI, 2017).

plies the RUSLE factors R, C, K, P (see Renard et al., 1997), and LS2D
(Desmet & Govers (1996) with a transport capacity coefficient (ktc; m)
(Equation 5).

2.3

|

Patterns of soil erosion
T c ¼ ktc  R  C  K  LS2D  P

ð5Þ

To determine soil erosion patterns, we used the well-established soil
erosion and carbon turnover model SPEROS-C that allows calculating

The parameterization of the water erosion module follows Wilken

spatially explicit soil redistribution due to tillage and water in an

et

annual time-step (Van Oost, Quine, Govers, & Heckrath, 2006). It is

450 MJ mm ha1 hr1 yr1, K factor of 0.027 Mg ha hr ha1 MJ1

important to note here that we focus on the actual erosion pattern

mm1, and P factor of 1.0 (i.e., no erosion control practices). The C factor

al.

(2020)

with

a

ktc

value

of

150 m,

R

factor

of

3082
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was calculated for a conventional small grain tillage crop rotation that is

according to Hotelling (1931, 1940) in the case of overlapping pairs

typical for the study region (winter rapeseed—winter wheat—winter bar-

of variables (i.e., for the example field data) or according to

ley, cultivated without cover crops; Wilken et al., 2018). Maize was not

Fisher (1921) in the case of independent samples (i.e., for the

considered as it is only relevant in recent crop rotations (Gömann &

landscape-scale data).

Kreins, 2012; Vogel, Deumlich, & Kaupenjohann, 2016). Following the
procedure of Schwertmann, Vogl, and Kainz

To quantify the net effect of soil redistribution (Etot) on the EVI as

(1987), this crop rotation

proxy for biomass production on landscape scale, the differences of

resulted in a C factor of 0.081. The LS2D is a grid cell–specific topographic

EVI at sites of little erosion (5 to 5 Mg ha1 yr1) taken as baseline

factor calculated following Desmet and Govers (1996) using the digital

and the EVI of all other sites were calculated and averaged per crop.

elevation model (DEM; derived from airborne laserscanning; original spa-

The significance of the net effect was determined using Student's

tial resolution of 1 m resampled to 5 m) (Landesamt für Umwelt &

t test or alternatively Wilcoxon rank sum-test when the samples were

Landesvermessung und Geobasisinformation Brandenburg, 2012).

not normally distributed. All statistical analyses were performed using

As most topsoil layers (Ap-horizons) of the study area show a

R version 3.6.1 (R Core Team, 2019).

sandy-loam soil texture (e.g., Deumlich et al., 2017), wind erosion is of
minor

importance

(Deumlich,

Funk,

Frielinghaus,

Schmidt,

&

Nitzsche, 2006). Hence, the spatial pattern of total erosion results

3

|

RE SU LT S

from adding up tillage and water erosion per grid cell. In the following,
the modeled tillage, water, and total erosion pattern based on

Analyzing an exemplary field (35 ha) cropped with winter wheat in

SPEROS-C will be referred to as Etil, Ewat, and Etot respectively. To

both years illustrated the similarity between patterns of Etot and EVI

avoid misinterpretations due to mixed pixels along field borders, a

as a proxy for biomass (Figure 4). The lowest EVI values were found

30 m buffer inside each field border was excluded from the analysis.

on hill shoulders and top slopes where most Etil and Etot occurred,

For the same reason, a 15 m buffer around the kettle holes was

while the highest EVI values were found in the depositional areas

removed from the data. Note that using buffers at field borders and

(positive Etil and Etot and partly positive Ewat). No obvious similarity in

around kettle holes also means that areas of potentially strong tillage

pattern between Ewat and EVI can be found, partly because Ewat is

erosion and deposition are excluded. Extremely high erosion or depo-

substantially smaller than Etil.

sition rates of single grid cells often resulting from DEM artefacts or

Taking a closer look at the general behavior of the relation

errors in land use classification were also excluded to reduce skew-

between EVI and Etil, Ewat, or Etot for the exemplary wheat field rev-

ness and meet the requirements for regression analysis (erosion >35

ealed that a pixel-by-pixel comparison resulted in a highly significant

and <35 Mg ha1; ca. 0.01% of the data).

linear regression between EVI and Etil or Etot in both years
(R2 = 0.15…0.19, p value < .001; Figure 5a,b). This indicated that 15–
19% of the total variation was due to soil redistribution, while the

2.4

|

Statistical analysis

many other reasons for differences in EVI including error contributed
81–85%. The coefficients of determination for Ewat, although very

Three approaches were performed to analyze the potential effect of

highly significant, are not given in Figure 5 due to the statistically

soil redistribution on crop biomass: (a) The EVI was related to Etil, Ewat,

unfavorable, highly skewed distribution of data that mainly resulted

and Etot on a pixel-by-pixel basis for a single field (no. of pixels

from former kettle holes that still caused depressions capturing large

n = 9,290). (b) The standardized EVI (EVIz) was related to Etot for all

amount of sediments. However, the combination of Ewat and Etil in

fields with the same crop on a pixel-by-pixel basis (no. of pixels: barley

Etot, which did not have this problem, always had a higher R2 than Etil

n ≈ 60,000, maize n ≈ 150,000, winter rapeseed n ≈ 220,000, winter

alone. The difference, although small due to the much smaller Ewat

wheat n ≈ 800,000). The standardization was applied to focus on in-

than Etil rates, was even very highly significant in the wet year

field variability and reduce between-field variabilty. (c) To reduce

according to the Hotelling test. The patterns of Ewat and Etil were

small-scale scattering of the EVI and EVIz caused by other influences

almost completely independent (R2 = .008) and thus contributed both

than soil redistribution, all crop-specific EVI and EVIz values were

independently to the EVI patterns. In the normal year, EVI showed

grouped into classes of Etot and Etil (size of each class:

much more variability due to soil redistribution compared to the wet

5 Mg ha1 yr1). Subsequently, mean EVI values were calculated per

year, and the relations to Etil and Etot were highly significantly steeper

Etot and Etil class.

and closer (p value < .001).

The strength of the interrelation between EVI and Etil, Ewat, or Etot

Reducing the effects of other causes of EVI variability to extract

was calculated using linear and nonlinear regression analysis (polyno-

the influence of Etot by calculating mean values per soil redistribution

mials degree = 1 or 2) and quantified by the adjusted coefficient of

classes (Figure 5d,e) revealed that in the wet year, a reduction in the

determination (R2). The wet and normal year were analyzed separately

EVI mainly occurred at losses above 10 Mg ha1 yr1, while in

to identify potential effects of seasonal differences in rainfall on EVI

the normal year, any increase in erosion rate caused a decrease in EVI.

and EVIz patterns. Moreover, all analyses were performed for each

In depositional areas, EVI only increased up to a deposition rate of

crop separately. To determine whether two coefficients of determina-

10 Mg ha1 yr1, while higher rates did not increase EVI anymore.

tion (and hence slope) differed significantly, we used the test

The increase in EVI explained by soil redistribution was small in the
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F I G U R E 4 Spatial patterns of modeled tillage erosion (Etil), total erosion (Etot), and water erosion (Ewat) and enhanced vegetation index (EVI)
for the wet year 2010 and the normal year 2015 with contour lines of 1 m derived from the digital elevation model (DEM). Results are shown for
an exemplary winter wheat field (35 ha, 53.36 N, 13.66 E) [Colour figure can be viewed at wileyonlinelibrary.com]

wet year (difference between the minimum and the flattening was

winter wheat, maize, and winter barley. This order was true in the

about 0.13 for Etil and 0.15 for Etot), while in the normal year, it

wet and in the normal year, but for winter barley, the effect became

was substantial (about 0.22 for Etil and 0.26 for Etot). Remarkably, the

very small in the wet year.

within-field variation of EVI caused by soil redistribution was larger in

Regarding the classified data (Figure 6e–h), the functional relation

the normal year than the difference between the wet and the normal

was sigmoid for winter rapeseed and maize, indicating that very high

year on sites with the lowest soil redistribution rates (0.15 for Etil

erosion or deposition rates only caused small additional effects com-

and Etot).

pared to lower rates. For winter wheat, the effect appeared to

The general behavior of the relation between the EVI and Etot as

increase linearly over the entire range. In contrast to the example field

well as Etil did not only hold true for the exemplary winter wheat

shown in Figure 5, both years were not separated by a shift, which

field (Figures 4 and 5) but was also found when the standardized EVI

was an effect of normalizing the data. Nevertheless, the EVIz at the

(EVIz) of all fields of the entire study area was considered for the dif-

erosional sites was significantly lower in the normal than in the wet

ferent crop types and years (Figure 6). As the standardization

year for all crops.

removes differences between fields, EVIz describes the in-field vari-

The net effect on the landscape scale that results from EVI gains

ability of the EVI. Based on the pixel-by-pixel comparison

on depositional sites and EVI losses on eroded sites was greatest for

(Figure 6a–d), the relation between Etot and EVIz could be fairly well

maize (based on no. of pixels n ≈ 150,000) with a reduction of

described with first- or second-order polynomials. The winter rape-

10.2% in the wet and 8.5% in the normal year compared to areas

seed EVIz had the strongest relation to Etot (R2 = .16 and .30 in the

with more or less no erosion and deposition (Figure 7). In the wet

wet and normal year, respectively), that is, erosion explained 16% or

year, there was nearly no change of the EVI related to Etot for winter
n ≈ 800,000)

even 30% of the total variation that occurred within many ordinarily

wheat

farmed fields belonging to different farmers with multiple reasons

n ≈ 220,000). In these cases, higher EVI values at depositional sites

for variation. The strength of the relation decreased in the order

outweighed lower EVI values at erosional sites. However, in the

(1.4%;

and

winter

rapeseed

(0.6%;
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F I G U R E 5 Enhanced
vegetation index (EVI) versus
modeled tillage erosion (Etil, a),
total erosion (Etot, b), and water
erosion (Ewat, c) for a single
exemplary winter wheat field
(also shown in Figure 4) in the
wet (blue) and normal year (red).
The horizontal lines denote the
mean EVI in the wet (blue line)
and normal year (red line). Left:
pixel-by-pixel comparison (no. of
pixels n = 9,290) with dashed
lines showing linear regression
models. Stars denote the
significance level of the adjusted
coefficient of determination R2
(*p value < .05, **p value < .01,
***p value < .001). Right:
comparison of mean EVI for
5 Mg ha1 a1Etil (d) and Etot
classes (e). The number of values
per class is given by the common
logarithm of the respective
number [Colour figure can be
viewed at wileyonlinelibrary.com]
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normal year, significant reductions due to Etot were observed for win-

shown for more or less standardized desurfacing experiments

ter rapeseed (4.5%) and winter wheat (6.4%). Interestingly, there

(Figure 1). Although the results vary greatly, a clear decline in yields

was a significant increase in the winter barley EVI in the wet year

due to erosion can be seen. In comparison to desurfacing studies, our

(+3.7%; n ≈ 60,000), but no significant influence of Etot in the normal

approach considered real soil redistribution that also included soil

year (+0.2%).

deposition on the large scale in the hummocky ground moraine landscape of Northeast Germany. Here, soil redistribution was found to
be dominated by tillage erosion that led to in-field variation of the EVI

4

|

DISCUSSION

and, hence, biomass patterns. All crops had a lower EVI on eroded
sites. Taking depositional sites into account as well, a net reduction

The impact of soil erosion on crop biomass has already been investi-

effect due to soil redistribution was confirmed for three out of four

gated in a large number of studies on field-scale, which is exemplarily

crop types (Figure 7).
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F I G U R E 6 Standardized enhanced
vegetation index (EVIz) versus modelled
total erosion (Etot) for the four crop types
winter rapeseed (a, n ≈ 220,000), winter
wheat (b, n ≈ 800,000), maize (c,
n ≈ 150,000), and winter barley (d,
n ≈ 60,000) in the wet (blue) and normal
year (red) for the entire study area. Left:
pixel-by-pixel comparison with regression
lines shown for first-(dashed lines) and
second-degree polynomial models (solid
lines). Stars denote the significance level of
the adjusted coefficient of determination
R2 (*p value < .05, **p value < .01, ***p
value < .001). Right: comparison of mean
EVIz for 5 Mg ha1 yr1Etot classes
([e] winter rapeseed, [f] winter wheat,
[g] maize, [h] winter barley). The number of
values per class is given by the common
logarithm of the respective number [Colour
figure can be viewed at
wileyonlinelibrary.com]

4.1

|

Methodological considerations

(wet year in Figure 6b–d). This was not surprising because due to the
relatively high spatial resolution of the EVI and the calculated total

The regressions between EVI or EVIz and Etot on a pixel-by-pixel basis

erosion, many effects influencing crop growth contribute to the

were highly significant but had, in some cases, little explanatory power

total variation. The EVI contained existing small-scale differences in
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*

have happened, would not change the soil redistribution pattern but
only the absolute amount. Thus, they cannot influence our analysis
based on the patterns except for two exceptions: First, the relative
contribution of water and tillage erosion may change with different
parameter values. This influence can be regarded small, given the large
absolute difference between both erosion types under recent man-

0

agement. Moreover, increasing tillage intensity also decreases soil

*

*

cover and thus increases tillage and water erosion simultaneously.
Second, the large fields that can be found nowadays were set into

-5

practice during the socialistic era and are only about 60 years old

*

(Bayerl, 2006). Before, many more field borders existed, which partic-

*

ularly govern tillage erosion. The influence of historic field borders, as
far as it still exists after 60 years, will contribute to the scatter at pixel

-10

wet year
normal year

*

resolution, while it is eliminated in the classified analysis.

*

F I G U R E 7 Net effect of soil redistribution (modeled total erosion
Etot) on the enhanced vegetation index (EVI) of the four crop types
winter rapeseed, winter wheat, maize, and winter barley in the wet
and normal year. Stars denote the significance (p value < .001) of the
net effect of soil redistribution (zero line; class 5 to 5 Mg ha1 yr1).
Areas affected by soil redistribution vary among crops (45% for
winter wheat, 41% for maize, 50% for winter rapeseed, and 54% for
winter barley) [Colour figure can be viewed at wileyonlinelibrary.com]

Another pitfall of our proxies would be to neglect other processes
that influence EVI and create a similar pattern like Etil and Ewat and,
thus, would erroneously be attributed to soil redistribution. There are
mainly two processes that produce similar patterns. One is solifluction
during the Pleistocene, which creates a similar pattern as Etil, because
its driving principle is identical to that of tillage erosion: during frost,
the soil is lifted parallel to the soil surface, but during thawing, it settles
back vertically causing a net movement downslope. However, areal soil
observations (e.g., Figure 3) indicate strong soil translocation and profile
truncation, which must have happened after soil genesis and cannot be
of Pleistocene origin. The other potential process creating a similar pat-

biomass, for example, due to tractor lanes or local differences in man-

tern is surface runoff (plus runon infiltration) or interflow, which causes

agement (e.g., fertilization, varieties, pests, management mistakes) and

water deficit in upslope positions and a longer and better water supply

is also sensitive to local environmental differences (e.g., windbreak,

in downslope positions. However, lateral water flow should be larger in

shadows, exposition). Other factors causing uneven crop growth are

wet years, while we observed consistently more pronounced patterns

for example short-range (<1 km) variation in rainfall (Fiener &

in the normal year. An often-used argument is that the potential effect

Auerswald, 2009) and wind erosion. Although wind erosion is relevant

of erosion on crop biomass or yields is just resulting from the coinci-

for sandy topsoils across Germany, it is more or less negligible for our

dence of water erosion and soil moisture patterns modified by lateral

study area (Deumlich et al., 2006; Sommer et al., 2008). Besides these

fluxes (Heckrath et al., 2005; Moulin, Anderson, & Mellinger, 1994;

reasons of true variability, the pixel-by-pixel comparison of different

Stone et al., 1985), which has a particular effect in dry years. This does

high-resolution products is always confronted with some errors in

not hold true within this study, as the low precipitation of only 211 mm

geo-referencing, which inevitably result in an (unevenly distributed)

during the vegetation period in the normal year is not sufficient to

offset of one or two pixels between the EVI and the DEM. Despite

cause substantial lateral water flux.

the manifold reasons for growth variability on fields managed by many

Overall, our findings of tillage erosion being the dominant erosion

farmers, it was remarkable that still up to 30% of the total variability

process in the region are also confirmed by other local studies con-

was explained by soil redistribution. This interpretation of a strong

ducted in the young moraine landscape of Northeast Germany. The

erosion effect deteriorating the water capacity of the soils is corrobo-

dramatic increase of sedimentation rates in kettle holes and at

rated by the fact that, in wet years, the influence of erosion

footslopes, which was dated on the second half of the 20th century,

decreased.

was related to increasing mechanization of tillage practices

We can safely assume that most of the erosion-related pattern of

(Frielinghaus & Vahrson, 1998; Keller, Sandin, Colombi, Horn, &

EVI was not caused by recent erosion (e.g., due to water losses by

Or, 2019; Li et al., 2002; Van der Meij et al., 2019). Wilken

runoff) but related to long-term soil truncation and colluviation, which

et al. (2020) assessed soil redistribution by tillage and water in a small,

modify important soil properties influencing plant growth and crop

representative sub-catchment (ca. 4.2 ha) in the centre of our study

biomass (e.g., rooting depth, bulk density, water and nutrient availabil-

area using

ity, etc.). Nevertheless, the modeled erosion patterns served well as

showed that soil erosion by water is an order of magnitude lower

proxy variables for long-term soil truncation or colluviation even

compared to tillage erosion (Wilken et al., 2020) and, thus, support

though they were based on recent data of soil use valid for the last

our findings that tillage erosion and the corresponding patterns in soil

60 years (Wilken et al., 2020). Most changes in erosion parameters

properties and plant growth conditions are dominant in this region.

239 + 240

Pu and an inverse modeling analysis. The results

3087

ÖTTL ET AL.

It is important to note that in our study, EVI is only a proxy for

Overall, our analysis showed highly significant relations between

crop biomass. However, EVI was already related to crop biomass in

soil redistribution and EVI/biomass patterns in a hummocky ground

other studies. For example, a strong relationship between EVI and

moraine landscape. Similar results were found in the hummocky

fresh biomass of lucerne (Medicago sativa L.) was found at a test site

moraine landscape of Denmark (Heckrath et al., 2005), in the morainic

in our study area (Wehrhan et al., 2016) and between EVI and winter

area of Minnesota, North America (Papiernik et al., 2005) or in the

wheat biomass in China (Jin et al., 2015, 2017). Jin et al. (2015) found

young moraine landscape of Ontario, Canada (Battiston et al., 1987).

an exponential relation of EVI and biomass. Application of this relation

Compared to Battiston et al. (1987) who quantified the yield decline

to convert our winter wheat EVI (range from 0.2 to 0.7) into biomass

at eroded areas to be 3.6%, we even found a net effect including

would result in a more pronounced effect of total erosion on

the EVI gains on depositional sites to be 10.2% in the wet and

biomass compared to the effect on the EVI. Although a direct compar-

8.5% in the normal year for maize. In addition to the net effect,

ison of Jin et al. (2015) with this study is difficult, it indicates that the

redistribution induces a pronounced heterogeneity that brings about

relative reduction of the EVI due to soil redistribution is a conserva-

management problems like uneven fertilizer demand or uneven

tive estimate of the potentially higher reduction of crop biomass.

ripening.
Soil redistribution was dominated by tillage, but the effect of
water erosion was still detectable. This relation was tighter and

4.2

|

Response of EVI to soil erosion patterns

steeper in the normal year. In the context of climate change, potentially introducing more dry spells in spring and early summer

In general, our analysis of the EVI and EVIz revealed that erosion-

(Gerstengarbe et al., 2003; Heinrich et al., 2018), the negative

induced truncation and accumulation had a larger influence on crop

effect of soil redistribution on crop biomass might become even

biomass in a normal year compared to a wet year. This might be

more important, especially for winter wheat as the dominant crop

traced back to water limitation due to lower water holding capacity

type in the studied region. This also holds true for maize, which

of truncated soil profiles and improvements on colluvial soils. The

seems to be the crop type mostly affected by soil redistribution

sigmoidal behaviour at the lower end (high soil losses), which com-

(Figure 7). This is particularly critical, as maize has become an

prised about 2% of our data, suggests that at this end, most of the

important energy crop that is increasingly cultivated (Hoffmann

soil has already been lost and crops already utilize the unweathered

et al., 2018; Peichl, Thober, Meyer, & Samaniego, 2018; Vogel

moraine sediments. Once the complete soil is lost, no further

et al., 2016). In this respect, it is also important to note that these

decrease in crop growth will occur as long as moraine sediments are

hummocky landscapes, which are highly prone to tillage erosion,

still available. The flattening at the upper end (high accumulation

cover an area of approximately 1.8  106 km2 globally (comparable

rates), which again comprised about 2% of our data, may indicate

to the size of Libya or five-times the size of Germany), whereby half

that the colluvial material already exceeds effective rooting depth of

of it is or was used as arable land (Sommer, Fiedler, Glatzel, &

the crops and an increase did not have further positive effects. The

Kleber, 2004).

almost linear response function of winter wheat may be caused by
an especially large rooting depth (Araki & Iijima, 2001; Fan,
n
McConkey, Wang, & Janzen, 2016; Thorup-Kristensen, Salmero

5

|

CONC LU SIONS

Cortasa, & Loges, 2009). However, the interpretation of the
response functions varying between the crops is difficult because

Soil redistribution feedbacks on above ground crop biomass of differ-

we analyzed only one wet and one normal year. Within the denomi-

ent crop types were investigated by the comparison of the EVI as a

nations wet and normal, precipitation between months may vary

proxy for crop biomass with modeled tillage, water, and total erosion

considerably. Given that the temporal course of ontogenesis differs

patterns in the hummocky ground moraine landscape of Northeast

between crops, the specific rain distribution in 2010 or 2015 may

Germany. The differences in the EVI between erosional and deposi-

have been more favourable for one crop than for the other. The fact

tional sites were more pronounced in the analyzed normal year com-

that the response of winter rapeseed was strong in the normal and

pared to the wet year. On average, total erosion patterns explained

in the wet year, while the response of winter barley was small in

6% of the within-field variation of EVIz in a wet and 15% in a normal

both years, suggests that at least some of the differences are crop

year. It was shown that the erosion-related variation can be much

specific and not due to the specific distribution of precipitation in

higher for individual fields and for specific crops. Although soil redis-

both years. It is also interesting to note that although winter rape-

tribution can lead to beneficial soil properties at depositional areas

seed shows the highest in-field variation, maize seems to be the crop

and hence, to higher EVI/biomass, the net effect of erosion and depo-

type most affected on landscape scale. This might be traced back to

sition on the EVI resulted in an average change of 5% for a normal

the already mentioned differences (e.g., regional precipitation pat-

year. As water erosion only contributed little to the patterns of total

terns, management, etc.) leading to fields with generally low or high

soil redistribution in this landscape, tillage erosion was found to be

biomass. The underlying reasons for the different behaviour of the

the dominant soil redistribution process in this region. This stresses an

crop types are beyond the scope of this study and would require dif-

urgent need to consider tillage as major soil redistribution process

ferent data and an approach related to yield physiology.

affecting crop biomass production.
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