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Abstract

Anthropogenic soil erosion severely affects land ecosystems by reducing plant produc-
tivity and stimulating horizontal carbon and nitrogen movement at the surface. Climate
warming may accelerate soil erosion by altering soil temperature, moisture, and vegeta-
tion coverage. However, no experiments have been carried out to quantify soil erosion
with warming. In a long-term field experiment, we explored how annual clipping for
biofuel feedstock production and warming caused soil erosion and accompanying
carbon and nitrogen losses in tallgrass prairie in Oklahoma, USA. We measured relative
changes in soil surface elevation between clipped and unclipped plots with or without
experimental warming. Our results show that average relative erosion depth caused by
clipping was 1.65+0.09 and 0.54 + 0.08 mm yr ', respectively, in warmed and control
plots from November 21, 1999 to April 21, 2009. The soil erosion rate was 2148 + 121 g
m 2yr ' in the warmed plots and 693 +113gm ?yr ' in the control plots. Soil organic
carbon was lost at a rate of 69.6 + 5.6gm *yr ' in the warmed plots and 22.5+2.7gm 2
yr ' in the control plots. Total nitrogen was lost at a rate of 4.6+ 0.4gm *yr " in the
warmed plots and 1.4 + 0.1gm *yr 2 in the control plots. The amount of carbon and
nitrogen loss caused by clipping is equivalent to or even larger than changes caused by
global change factors such as warming and rising atmospheric CO, concentration. In
addition, soil erosion rates were significantly correlated with clipping-induced changes
in soil moisture. Our results suggest that clipping for biofuel harvest results in
significant soil erosion and accompanying losses of soil carbon and nitrogen, which is

aggravated by warming.
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Introduction

Soil erosion is one of the most pressing global environ-
mental challenges facing the world today, causing de-
clining soil productivity and crop yields, which may
cause difficulties in meeting the rising demand for food
and energy (Brink ef al., 1977; Brown, 1981; Lal, 2004;
MEA, 2005). Soil erosion is a natural process caused by
water and wind, which occurs even in grasslands and
forests (Stoltenberg, 1950). But it can be greatly aggra-
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vated by human activities such as grazing, mowing,
and cropping through alteration of land coverage and
disturbance of soil structure that reduces soil hydraulic
conductivity and breaks down soil aggregates (Jacinthe
& Lal, 2001; Lal et al., 2004a). Worldwide, an estimated
1.6 x 10° ha of land is affected by human-induced ero-
sion to varying degrees (Oldeman, 1994), and 75 billion
tons of soil are removed from the land by water and
wind erosion each year (Myers, 1993; Pimentel et al.,
1995), of which 2-2.5 billion tons of soil are transported
into the oceans (Milliman & Syvitski, 1992). In the
United States, croplands lose soil at an average rate of
17 tonsha™! yrf1 from combined water and wind ero-
sion; pasture loses 6 tons ha™! yr’1 ; and 2.7 billion tons
of eroded sediments are transported to small streams
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per year, (USDA, 1989; 1994; Trimble & Crosson, 2000).
Soil erosion rates are especially high in Asia, Africa, and
South America, averaging 30-40tonsha 'yr~' (Barrow,
1991). More recently, Yang et al. (2003) have used the
Revised Universal Soil Loss Equation (Renard ef al., 1997)
in a GIS-based model to determine global rates of soil
erosion. This approach has yielded a global average rate
of 10.2tonsha 'yr ' and values for Europe and North
America of 11.1 and 9.3tonsha ' yr™, respectively.

Loss of surface soil with abundant nutrients and fine
particles not only directly results in the decrease of soil
fertility and productivity but also affects other ecosys-
tem services. For example, soil erosion may regulate
global climate change by altering the emission of CO,
and other greenhouse gases from soil (Jacinthe & Lal,
2001, MEA, 2005; Berhe et al., 2007). Water erosion,
accounting for about 55% of total global erosion (Bridges
& Oldeman, 1999), also effects lateral carbon movement
to export soil organic carbon (SOC) and other biogeo-
chemical elements to rivers (Lal, 2004), which alters net
carbon fluxes between the soil and the atmosphere (Oost
et al., 2007, 2008). Jacinthe & Lal (2001) estimated that 30—
260gCm 2yr ! is mobilized by water erosion in culti-
vated cropland in the United States. At a global scale, the
mobilized carbon can either be emitted into the atmo-
sphere to contribute to the buildup of greenhouse gases
or can be buried in deep deposit sediments as an erosion-
induced carbon sink. Depending on different estimations
of carbon partitioning between emission and sedimenta-
tion, soil erosion on agricultural lands could be a net
source of 0.37-1PgC yr’1 (Jacinthe & Lal, 2001; Lal et al.,
2004b) or a net sink of 0.12-1 PgCyr*1 (Stallard, 1998;
Smith et al., 2001, 2005; Oost et al. 2007).

It is well documented that soil erosion is affected by
vegetation cover and many environmental variables (Le
Houérou, 1996; MEA, 2005). However, it is not well
understood whether or not climate warming will en-
hance soil erosion, accelerate lateral carbon movement
and then amplify or offset climate warming. Average
global temperatures have increased 0.76 °C in the last
century and are predicted to increase 1.8-4.0 °C further
by the end of this century (Solomon et al., 2007). It has
been speculated that global warming may exacerbate
soil erosion based on an assumption that warming
decreases biodiversity and infiltration, increases evapo-
transpiration, and changes soil texture (MEA, 2005).
However, the speculated warming effects on soil ero-
sion have not been tested and may not hold true if an
ecosystem responds to climate warming differently.
Indeed, experimental warming induced increases in
aboveground biomass (Luo et al., 2009) may slow down
soil erosion to some degree. Nevertheless, no experi-
ments have ever been carried out to evaluate warming
effects on soil erosion.
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Climate effects on soil erosion may be confounded by
land use change. In the Southern Great Plains of the
USA, biomass harvest for hay use is an important land
use practice. In Oklahoma, hay production occupies
nearly as much acreage as wheat (3.25 million acres
vs. 3.5 million acres, USDA National Agricultural Sta-
tistic Service). Both hayfields and Conservation Reserve
Program lands (over 1 million acres in Oklahoma,
USDA Economic Research Service) may in the future
be converted to Switchgrass (Panicum virgatum), a large
component of the tallgrass prairie and a major biofuel
feedstock (Sanderson & Adler, 2008). Additionally,
native mixed prairie grasses are being touted as an
alternative biofuel feedstock with even fewer environ-
mental impacts than a switchgrass monoculture (Til-
man et al. 2006). Both hay and biomass production may
have considerable effects on soil erosion. First, removal
of vegetation coverage can create barren soil surface,
which encourages runoff and increases soil erosion
(Walker et al., 1999). Second, removal of vegetation
positively interacts with experimental warming to in-
crease the soil temperature and surface evaporation
(Dahlgren & Driscoll, 1994; Wan et al., 2002), perhaps
leading to changes in soil texture and infiltration capa-
city by influencing weathering rates of soil. These
physical properties can strongly influence runoff and
soil erosion. Third, aboveground biomass and litter
removal can significantly reduce C inputs to soil (Wan
& Luo, 2003), influence soil microaggregate formation,
and thus accelerate soil erosion. This conceptual line of
reasoning about the impacts of clipping on soil erosion
has yet to be verified by long-term experimental data.

This study was designed to quantify soil erosion from
the influences of annual clipping in a 10-year warming
experiment with natural rainfall in a tallgrass prairie
ecosystem in the US Great Plains. Many data sets are
available from this comprehensive research project
including soil and microclimate (Wan et al., 2002; Zhang
et al., 2005), plant and soil gas exchange (Luo et al., 2001;
Zhou et al., 2007a,b), and plant and soil carbon balance
(Wan et al. 2005; Luo ef al., 2009), to support and
complement this study. Here, we measure relative
changes in soil elevation between clipped and un-
clipped plots to estimate erosion depth and the erosion
rate of top soil due to clipping in control and warmed
plots. We then estimate the erosion-induced loss of SOC
and nitrogen in the plots.

Materials and methods

Site description

The research site for this study is located at the Kessler
Farm Field Laboratory (34°58'54"N, 97°31'14"W) in
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McClain County, Oklahoma, approximately 40km
southwest of the University of Oklahoma, Norman, on
the Central Redbed Plains of Oklahoma. Mean annual
temperature at the site is 16.0°C, with monthly air
temperature ranging from 3.1°C in January to 28.0 °C
in July. The mean annual precipitation is 967 mm (aver-
aged from 1948 to 1999, Oklahoma Climatologically
Survey). Precipitation is usually highest in May and
June (240 mm), followed by September and October
(192mm), and lowest in January and February
(82mm), and July and August (125 mm).

The site is an old field tallgrass prairie, abandoned
from agriculture 40 years ago and left ungrazed long
before the experiment by the exclusion of large herbi-
vores. The site is dominated by perennials, the Cg4
grasses Sorgastrum nutans and Schizrchyum scoparium,
and the Cj forbs Ambrosia psilostachya, Solidago rigida,
and S. nemoralis. Being on a ridge, the experiment site
has shallow soils, averaging 50 cm deep. These soils
typically have moderate permeability and natural ferti-
lity and an easily penetrable root zone.

Experiment design

The experiment used a paired factorial design with a
clipping treatment nested within six pairs of 2 x2m
warmed and control plots (12 plots total). Within a pair,
plots were selected for similarity of aboveground bio-
mass and species composition, but between pair differ-
ences have been consistently noted (unpublished
results). Warmed plots have been subjected to contin-
uous warming since November 21, 1999, whereas the
other served as the control, with ambient temperature.
A single infrared heater (165 x 15cm, Kalglo Electro-
nics, Bethlehem, PA, USA), with a radiation output of
100 Wm 2, was suspended 1.5m above the ground in
each warmed plot. Reflector surfaces of the heaters
were adjusted so as to generate evenly distributed
radiant input to soil surface (Kimball, 2005). As a result,
temperature increments generated by the infrared hea-
ters were relatively even over the entire area of each
plot and were similar at different soil depths (Wan et al.
2002). The control plot had a ‘dummy’ heater with the
same dimensions as the infrared heater suspended at a
similar height to mimic the shading effects of the heater.
For each paired plot, the distance from plot centers is
about 5m. The distances between the paired plots
varied from 20 to 60 m.

Each 2 x 2m plot was divided into four 1 x 1 m sub-
plots. Plants in two diagonal subplots were hand
clipped at a height of 10 cm above the ground once a
year at peak biomass (usually in July) while the other
two subplots were unclipped. Clipped material was not
returned to the plots. The clipped treatment mimics hay

or biofuel feedstock harvesting in unfertilized, unim-
proved pastures in central and western Oklahoma in
the frequency and height of cutting, but not the soil
compaction of a harvester. Thus, this experiment has
four treatments: unclipped control (ambient tempera-
ture, UC), unclipped warmed (UW), clipped control
temperature (CC), and clipped warmed (CW).

Temperature, moisture content, and vegetation coverage
measurements

Air temperature, soil temperature, and soil moisture
content were used as environmental data to analyze the
relation between climate warming and soil erosion in
this study. Detailed methods for these background
measurements have been described by Wan et al.
(2002) and Luo et al. (2009).

To understand its impact on erosion rate, vegetation
coverage (including plant and litter) was measured
using a self-made 1m x 0.5m double grid frame with
36 points. From 2000 to 2004, the frame was placed in
each subplot to measure the vegetation coverage. At
each point on the grid, it was recorded whether a point
touched bare ground, litter, or a plant species. The
proportion of absolute coverage was calculated by the
number of hits of bare ground or litter or plants divided
by 36. Then, it was turned into a percentage (%) by
multiplying by 100. After 2004, the method was chan-
ged to combine the recording of coverage with biomass
estimation. Aboveground biomass was measured using
the pin-contact method which has also been described
elsewhere (Sherry et al., 2008; Luo et al., 2009). This
method involved placing a frame with 10 pins into the
plot in four different directions, resulting in 40 pins that
had the potential to hit the ground. Only the hit
recorded by the bottom of the pin was used in the
study. In this case, the number of hits of bare ground or
litter or plants was divided by 40.

Relative erosion depth measurement and erosion rate
calculation

In this study, we measured clipping-induced relative
erosion depth using a self-made apparatus (Fig. 1a) on
April 2009. This apparatus consisted of a frame 60 cm
high and 100 cm long, with four adjustable feet, two
horizontal panels with a gradienter on top, and 25
moveable pins held 4 cm apart by the two panels. The
frame was placed over the clipped and unclipped
subplots in four different segments of each plot (Fig.
1b). In each segment, the middle pin was set on the
juncture of clipped and unclipped subplots, and 12 pins
were separately set on the clipped and unclipped sub-
plots. Before measurements were taken, the feet were

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 198-207
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Fig. 1 Self-made apparatus for measuring the relative erosion depth in this study (a), and the placement of apparatus in each plot (b).

adjusted to level the frame horizontally. The distance
from the ground to the top panel was recorded for each
pin. The boundary area between clipped and unclipped
subplots, covered by middle pin, was not being con-
sidered in this measure process because deposition
from low-cover areas to high cover areas may occur.
The clipping-induced soil erosion depth is the differ-
ence between the average distance for the 12 pins in the
clipped subplot and the average distance for the 12 pins
in the unclipped subplot. Four replicates were made in
each segment so that 16 clipping-induced soil erosion
depths were taken for each plot. The average value of 16
clipping-induced soil erosion depths in each plot was
used to stand for the erosion depth of this plot. By that,
we can get six erosion depths in six warming plots
and six erosion depths in six control plots separately
(Table 1). The erosion depth in warming treatment is the
average value of six erosion depths in six warming
plots, and the erosion depth in control treatment is the
average value of six erosion depths in six control plots.
S0, we can compare clipping in control to clipping in the
warmed plots.

Soil samples were taken from 0 to 15 cm depth in each
plot with four replicates to measure soil bulk density by
the weighing method. Soil samples sealed in soil tins
were oven-dried to a constant weight at 65°C, and
analyzed for gravimetric water content (percentage
water, measured as g water/g dry soil x 100). Then
the erosion rate in each plot was calculated by the
function:

Density,; x (RED — D)

Tlmeerosion

Rateerosion =

In which, Rategrosion is the erosion rate, Density.qi is
the soil density, RED is the clipping-induced relative
erosion depth, and D is the soil loss depth by the
subsidence due to compaction. D was calculated by
the soil bulk density in different years, and the value of
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D is 0.2 £ 0.0 mm. We defined D as zero in this study,
considering its small value compared with the relative
erosion depth.

Losses of SOC and total nitrogen

Erosion-induced losses of SOC and total nitrogen were
estimated from soil samples, taken at 0-5 cm depth from
each subplot on April 2009. The soil samples were dried
at 60°C overnight and ground through a 2mm sieve
before being sent to the Soil, Water and Forage Analy-
tical Laboratory, Oklahoma State University, OK
(SWFAL, http://www.soiltesting.okstate.edu/) for che-
mical analysis. All samples were analyzed for NOs;-N
and SOC. Soil NO3-N and NH,~N were extracted with
1M KCl solution and quantified by the cadmium reduc-
tion method on a Lachat QuikChem 8000 (LACHAT,
1994, QuickChem Method 12-107-04-1-B. LACHAT
Instrument, Milwaukee, WI). SOC and total nitrogen
were determined using a LECO Truspec dry combustion
carbon analyzer (3000 Lakeview Avenue St. Joseph,
Michigan, USA) (Nelson & Sommers, 1996). The trans-
portation rate of SOC and total nitrogen were calculated
by multiplying their respective concentrations separately
for each subplot by their soil erosion rate.

Surface soil particles distribution measurement

Clay (particle size d<2pm) content of surface soil
usually can be used to express the erosion extent. In
our study, soil samples in the depth of 0-5cm were
taken in each subplot and soil particle size distribution
was measured by laser-light diffraction instrument
(Malvern Instruments Ltd. located in Enigma Business
Park, Malvern, Hereford and Worcester, UK).
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Table 1 The relative erosion depth, erosion rate, soil carbon loss, nitrogen loss and average soil bulk density of different plots with warming and control treatments in this

experiment

SBD (gcm )

SNL (gm 2yr )

SCL (gm 2yr ")

RER (gm 2yr ")

RED (mmyr~")

et al.

Control

Warming

Control

Warming

Control

Warming

Control

Warming

Control

Warming

Plot no.

67.00 £+ 0.805a 35.43 + 1.984b 3.69 + 0.044a 2.11 £ 0.118b 1.29 + 0.091a 1.12 £+ 0.184a

957.6 + 53.616b
593.0 + 44.569b
1095.3 + 298.499a

1.24 + 0.015a 0.86 + 0.048b 1602.8 + 19.260a
1.29 + 0.061a 0.44 +0.033b 17219 + 81.967a

0.81 £ 0.047a 0.84 £ 0.230a

59.41 +2.828a 24.31 £1.827b 2.93 +0.139a 1.13 £ 0.085b 1.34 + 0.128a 1.34 + 0.116a

37.32 £2.186a 3395 +9.253a 245+ 0.143a 1.64 £ 0.448a

1.44 +0.059a 1.30 &+ 0.105a

1166.4 £+ 68.305a

3
4

485.5 + 133.939b 118.26 + 6.448a 17.48 +4.822b 8.60 + 0.469a 1.31 4+ 0.362b 1.30 + 0.062a 1.33 + 0.040a

162.4 + 23.678b
861.6 £ 128.485b

692.6 + 113.798

2.07 £0.113a 0.37 £ 0.101b 2687.8 + 146.539%a

1.62 + 0.075a 0.14 + 0.020b 1938.0 + 89.867a
2.88 £ 0.244a 0.60 £ 0.090b 3769.5 + 320.007a

3.90 £ 0.568b 4.07 +0.189a 0.28 £+ 0.040b 1.20 + 0.067a 1.16 + 0.037a

8293 £ 7.040a 19.82 £2.955b 5.65 +0.480a 1.72 +£0.257b 1.31 £ 0.030a 1.43 £ 0.025a

5291 + 2.453a
69.64 + 3.627

6

456 £0.244 136+0218 1.32+0.038 1.28 £+ 0.050

22.48 + 3.568

0.54 +0.087  2147.7 £+ 120.991

Average 1.65 £ 0.093

Note. RED, clipping-induced soil erosion depth, which was gotten by measuring the elevation difference between the clipping subplot and adjacent unclipping subplot in the
same plot. RER, clipping-induced soil erosion rate, which was calculated according to the equation 1. SCL and SNL, soil carbon loss and soil nitrogen loss, which were calculated

by multiplying their respective concentrations separately for each plot by their soil erosion rate. SBD, annual average soil bulk density, which were gotten by the weighing

method. The data after + are SD. The different letters represent the significant difference between warming and control treatments, P <0.05, n = 16.

Statistical analysis

We used analysis of variance (ANOVA) to evaluate the
statistical significance of warming and clipping on soil
temperature, soil moisture content, and vegetation cover-
age and soil erosion depth. Differences between the treat-
ments were compared using Tukey’s multiple
comparisons test at a significance level of 0.05. Bivariate
Pearson’s regression analysis was used in order to analyze
the relationship of erosion depth with soil temperature,
soil moisture content, vegetation coverage, and ground
slope. All statistical analyses were performed using spss for
Windows 13.0 software (SPSS Inc., Chicago, IL, USA, 2004).

Results

Soil temperature, soil moisture content, and vegetation
coverage

Annual precipitation varied from 522mm in 2005 to
1300 mm in 2007 with a mean of 860 mm during the past
9 years (2000-2008). Air temperature was elevated in
warming treatment by an average of 1.47 °C with yearly
increases values of 1.17, 1.34, 0.79, 1.08, 1.12, 2.15, 2.16,
1.92, and 1.46 °C from 2000 to 2008. Warming increases
soil temperature by 1.31 °C in unclipping subplots (UW-
UCQC) and 1.98 °C in clipping subplots (CW-CC) from 2000
to 2008. Clipping also significantly (P <0.05) elevated the
soil temperature by 1.07 °C (CC-UC) in control plots and
1.74°C (CW-UW) in warmed plots (Fig. 2a).

From 2000 to 2008, soil moisture was lowered by an
average of 1.43% volumetrically under warming in
comparison with unwarmed plots. Warming effects on
soil moisture were statistically significant (P <0.05) in
four pairs of plots, but not in the average of six pairs of
plots over all years (Fig. 2a). However, the average
warming effects on soil moisture over six pairs of plots
were statistically significant (P <0.05) in spring and fall
(Fig. 2b). Overall, annual clipping did not significantly
affect soil moisture content, but warming significantly
decreased the soil moisture content (Fig. 2a and b).

No significant warming effects on vegetation coverage
were found in this study (Fig. 2a), although warming
stimulated plant biomass growth and net primary pro-
duction (Luo et al., 2009). In contrast, the clipping-induced
decrease of vegetation coverage was highly significant
(P<0.01) with an average decrease of 9.46% without
warming and 9.38% with warming from 2000 to 2008.

Soil erosion depths, erosion rates, and nutrient
transportation rate

We observed soil erosion depth and soil loss over the
nearly 10-year study period. Our results show that the

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 198-207
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Fig. 2 Average soil temperature and average soil moisture con-
tent at the depth of 5 cm and average vegetation coverage of
different plots under different treatments from 2000 to 2008 (a),
and soil moisture content in different seasons at the depth of 5
cm under different treatments (b). Soil temperature measure-
ments were taken monthly during the daytime. Different letters
indicate statistical differences at P<0.05 among the different
treatments in each pair of plots. Bars mean standard deviation
and n=6. UC, unclipped and control; UW, unclipped and
warmed; CC, clipped and control; CW, clipped and warmed.

Table 2 Results of one-way ANOVA analysis of soil erosion
depth, soil erosion rate, soil carbon loss and soil nitrogen loss
between warming and control treatments in the experiment

Dependent variables df F P

Soil erosion depth 1 47.634 0.000
Soil erosion rate 1 50.211 0.000
Soil carbon loss 1 57.210 0.000
Soil nitrogen loss 1 46.350 0.000

Note. There were two treatments (warming and control). Each
treatment had six replicates.

clipping-induced decrease in average relative erosion
depth is 1.65 cm in the warmed plots and 0.54 cm in the
control plots from November 21, 1999 to April 21, 2009
(Tables 1 and 2 and Fig. 3a). The clipping-induced
erosion rates in warmed plots are significantly higher
than that in control plots, averaging 2147.7 g m~? yrf1 in
the warmed plots and 692.5gm72yr71 in the control
plots (Tables 1 and 2 and Fig. 3a).

SOC and total nitrogen loss rates from the experi-
mental plots have a similar pattern to soil erosion
depths and erosion rates (Tables 1 and 2 and Fig. 3b).

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 198-207

The average SOC loss rate is 69.6gm ' yr ' in warmed
plots and 22.5gm ' yr~! in control plots, and the aver-
age soil total nitrogen loss rate is 4.56gm 'yr ! in
warmed plots and 1.36gm 'yr ' in control plots.
Warming tripled the clipping-induced erosion rate

and nutrient transportation rate.

Clay content change

Erosion usually decreases the soil fine particle content
of eroded lands by selectively carrying away fine par-
ticles. In our study, clipping-induced erosion decreased
the clay content (particle size <2 um) by an average of
2.0% without warming and 3.8% with warming com-
pared with the respective clipped plot. Clipping-
induced erosion effects on clay content were statistically
significant between warming treatment and control
treatment (Fig. 4).

Discussion

Impact of clipping and vegetation cover on soil erosion

The average soil erosion depth in the clipped treatment
was 0.54cm over 10 years with a maximum value of
0.86 cm under ambient temperatures. This erosion in-
tensity is relatively low due to high vegetation coverage
(>80%), although annual clipping caused a significant
decrease in vegetation coverage of 11-12% in spring and
7-8% in the summer and fall. It is well known that
vegetation significantly influences soil erosion rates.
Gyssels et al. (2005) found that water erosion rates
decreased exponentially with increasing vegetation
coverage. Generally, vegetation slows down soil erosion
in the short term mainly by intercepting rainfall and
runoff and protecting the soil surface against the impact
of raindrops. Complete canopy coverage can lower the
effective energy of raindrops, resulting in a large per-
centage of the incident rainfall entering the soil and
thus reducing horizontal transport of water and nutri-
ents in runoff. Conversely, reduced vegetation coverage
by clipping can increase runoff on the surface. The
increased runoff makes surface soil subject to water
erosion and crusting by raindrop splash, which in turn
reduces water intake and storage of soil water and
increases edaphic aridity (Le Houérou, 1996).

In our experiment, by removing biomass, clipping
also reduced the total accumulated litter mass (standing
and surface) by 82% and 78% in the control and
warmed treatments, respectively, (unpublished results).
Reduced vegetation from clipping can influence soil
structure by raising soil temperature. Soil temperature
(surface and subsurface) is primarily controlled by
absorbed shortwave radiation. Destruction of the vege-
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Fig. 4 Clay (particle size <2 pm) content difference between
unclipped and clipped plots in different treatments. (Different
letters indicate statistical differences at P<0.05 among different
treatments at each plot. Bars mean SD and n=6.) UC-CC,
unclipped control minus clipped control; UW—CW, unclipped
warmed minus clipped warmed.

tation covering reduces shading of the soil surface,
decreases rugosity (which increases surface wind
speeds), and increases absorbed radiant energy, all of
which result in increased soil temperature leading to
evaporation and soil drying. Our results indicate that
soil temperatures in clipped plots are significantly high-
er than unclipped plots under control conditions
(Fig. 2a), which confirms the influence of clipping on
soil temperature. Consistent with our results, many
studies have also found that high coverage soil surfaces
commonly have a more moderate temperature regime
and greater soil moisture due to reduced evaporation
(Sutherland et al., 1998). It is also speculated that low-
ering organic matter by clipping reduces the stability of
soil aggregates and thus results in higher apparent soil
density, lower porosity, lower permeability to air and
water, lower water storage, and reduced oxygenation,
which maybe accelerate the water erosion.

Reduced organic matter and a fragile structure leads
to soil surface crusting by raindrop splash which may
increase runoff by 30-50% or more (Le Houérou, 1996).
This complex relationship between vegetation coverage

and erosion rates has usually been reported as a nega-
tive exponential curve for a wide range of environmen-
tal conditions (Bochet et al., 2006). In our experiment,
the greater soil erosion depth and erosion rate in the
clipped plot after a decade of warming support these
previous studies.

Impact of warming on soil erosion

The maximum erosion depth was 3 cm in warmed plots
and 0.86cm in control plots over 10 years, and max-
imum soil erosion rates reached 377Ogm71 yrf1 in
warmed plots and 1095gm71 yrf1 in control plots.
The results show that the soil erosion and nutrient loss
rates in warmed plots are significantly higher than
those in control plots by a magnitude of two or three,
although warming did not significantly decrease the
vegetation coverage (Fig. 2a). In published researches,
the warming effect on erosion has mainly been attrib-
uted to increased frequency of extreme rain events and
decreased total rainfall in certain parts of the world
(William et al., 1990; IPCC, 2001). The clipping-induced
erosion difference between warmed and control treat-
ments under the same rainfall background in this
experiment suggests that mechanisms other than pre-
cipitation lead to accelerated water erosion by warming.
Warming, for example, reduces soil moisture content by
increasing soil temperature and potential evapotran-
spiration. (Holdridge & Tosi, 1967; Griffiths, 1972; Le
Houérou, 1972, 1989a,b; Le Houérou et al., 1993;
Le Houérou, 1996). In this experiment, the 1-2°C
increase in soil temperature reduced soil moisture, in
accordance with results from climate model simulations
(Manabe & Wetherald, 1986). Dry soil usually has
unstable and poorly developed structure, resulting in
high apparent density (compaction), low porosity, low
permeability to air and water, low soil aggregates, and
low water storage (Le Houérou, 1996). All those proper-
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Fig.5 The linear relationship between soil erosion depth and soil
moisture difference under warmed treatments. Soil moisture
difference means the soil moisture in unclipped plots minus that
in clipped plots.

ties favor soil erosion (Verrecchia et al., 1995; Blanco &
Lal, 2008), for example, the wind-blown dust emission
mainly occurred in arid land surface with poor vegeta-
tion coverage. Figure 5 shows that the erosion depth
significantly (R*=0.9272) increased with increasing
difference in soil moisture between adjacent clipped
and unclipped plots under warming.

Soil erosion, carbon, and nitrogen movement

Our results show that greater runoff results in greater
erosion and increases transport of soil, SOC, nitrogen,
and other elements off of the site. In semiarid and
subhumid grassland, the top few mm of soil contain a
much higher percentage of soil fine particles than
underlying soils. Soil fine particles are preferentially
lost over larger sand particles. Loss of soil fines can
reduce soil productivity, as essential nutrients for plants
are often bound to these particles. Burial of nearby
biological soil crusts from flow sediments generally
means death for the photosynthetic components of the
soil crusts, further reducing fertility (Belknap & Lange,
2001). In our study, the transportation rates of SOC and
total nitrogen carried away from eroded sites are 30-129
and 2.3—9.4grn*2 yrf2 in warmed clipped plots, and
5-38 and 0.2—2.3gm72yr72 in control clipped plots,
which are lower than estimates made with the mass
balance approach at some agriculture sites (between 30
and 260 gm 2 yr'; Jacinthe & Lal, 2001).

If CO, emission rates can be assumed to represent
20% (Lal, 1995; Jacinthe et al., 2001) of the total SOC
displaced by water erosion, our data suggests that the
erosion-induced CO, emission rate from clipped plots
can be 6-20 and 1-7gCm *yr ' under warmed and
control treatments, respectively, in the tallgrass prairie.
Additionally, surface soil lateral transportation can

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 198-207

accelerate gaseous loss by activating the release of
SOC. The result in our experiment site show that
warming treatment significantly stimulated soil CO,
efflux and its components (i.e. RA and RH) in most
years (Zhou et al. 2007b). Thus, the movement of carbon
on the earth’s surface can not only reduce the produc-
tivity of eroded land, but also affect the carbon cycle
between soil and atmosphere by increasing CO, emis-
sions during the soil movement process. Most carbon
balance studies (e.g., Luo et al. 2009) and estimates from
eddy-flux measurements (Baldocchi, 2003) do not ac-
count for C loss via erosion. Given the magnitude of C
loss via erosion, it will be important to include in any
future C accounting studies.

Conclusion

Our experimental results have demonstrated that both
warming and biomass removal by clipping for biofuel
feedstock production resulted in substantial soil ero-
sion. Lower vegetation coverage from clipping directly
led to a decreased capacity to intercept raindrops and
increased runoff. Clipping also causes decreases in soil
micro-aggregate stability via reduced litter input and
degrades soil structure. Both canopy and soil surface
residue/litter coverage are essential to reducing water
and wind erosion. Thus, harvesting should be effec-
tively managed and controlled to protect the soil from
erosion.

The effect of warming on erosion in our experiment is
evident; however, the mechanism is not yet clear and is
presumably related to changed soil physical character-
istics. As described by Blanco & Lal (2008), changes in
temperature regimes may significantly impact soil pro-
cesses and properties with attendant effect on soil
erodibility. Degradation of soil structure reduces macro-
porosity and water infiltration rates. Soils with de-
graded structure have the greatest losses from water
and wind erosion. Changes in near-surface soil condi-
tions (e.g., crusting, surface sealing, and compaction)
are climate change-induced processes that can also
increase soil erosion. Our results show that warming
aggravated the erosion process. Erosion not only results
in lateral movement of carbon but stimulates CO,
emissions from enhanced decomposition during the
erosion and transportation processes. The decreased
litter coverage in clipped plots that exposed more
surfaces to warming may explain why warming in-
creased erosion in our experiment.

Acknowledgements

This study was financially supported by National Science Foun-
dation (NSF) under Grants DEB 0743778, DEB 0840964, DBI



206 X. XUE etal.

0850290, and ESP 0919466; by the Office of Science (BER),
Department of Energy, Grants no. DEFG02-006ER64319 and
through the Midwestern Regional Center of the National Insti-
tute for Climatic Change Research at Michigan Technological
University, under award number DE-FC02-06ER64158. This
study was also financially supported by the Chinese National
Key Basic Research Program (2009CB421301 and 2009CB421308).
We thank many lab members for their help in measuring and
collecting the data of soil temperature, soil moisture, and vegeta-
tion coverage and soil erosion.

References

Baldocchi DD (2003) Assessing ecosystem carbon balance: pro-
blems and prospects of the eddy covariance technique. Global
Change Biology, 9, 479-492.

Barrow CJ (1991) Land Degradation. Cambridge University Press,
Cambridge, UK.

Belknap J, Lange OL (2001) Biological Soil Crusts: Structure,
Function and Management. Springer-Verlag, Berlin.

Berhe AA, Harte J, Harden JW, Torn MS (2007) The significance
of the erosion-induced terrestrial carbon sink. Bioscience, 57,
337-346.

Blanco H, Lal R (2008) Principles of Soil Conservation and Manage-
ment. Springer, the Netherlands.

Bochet E, Poesen J, Rubio JL (2006) Runoff and soil loss under
individual plants of a semi-arid Mediterranean shrubland:
influence of plant morphology and rainfall intensity. Earth
Surface Process and Landforms, 31, 536-549.

Bridges EM, Oldeman LR (1999) Global assessment of human-
induced soil degradation. Arid Soil Research and Rehabilitation,
13, 319-325.

Brink RA, Densmore JW, Hill GA (1977) Soil deterioration and
the growing world demand for food. Science, 197, 625-630.
Brown LR (1981) World population growth, soil erosion, and

food security. Science, 214, 995-1002.

Dahlgren RA, Driscoll CT (1994) The effects of whole-tree clear-
cutting on soil processes at the Hubbard Brook Experimental
Forest, New Hampshire, USA. Plant and Soil, 158, 239-262.

Griffiths JG (1972) Report on the Climatology of S-W Spain. Plant
Production Division, FAO, Rome. Multigraph.

Gyssels G, Poesen ], Bochet E, Li Y (2005) Impacts of plant roots
on the resistance of soils to erosion by water: a review. Progress
in Physical Geography, 29, 189-217.

Holdridge LR, Tosi JA (1967) Life Zone Ecology, (Revised edn).
Tropical Science Center, San Jose, Costa-Rica.

IPCC (2001) Climate Change 2001: Impacts, Adaptation, and Vulner-
ability: Contributions of Working Group II to the Third Assessment
of the IPCC. Cambridge University Press, Cambridge.

Jacinthe PA, Lal R (2001) A mass balance approach to assess
carbon dioxide evolution during erosional events. Land Degra-
dation and Development, 12, 329-339.

Jacinthe PA, Lal R, Kimble J (2001) Assessing water erosion
impacts on soil carbon pools and fluxes. In: Assessment Methods
for Soil Carbon Pools (eds Lal R, Kimble JM, Follett RE, Stewart
BA), pp. 427-450. CRC Press, Boca Raton, FL.

Kimball BA (2005) Theory and performance of an infrared heater
for ecosystem warming. Global Change Biology, 11, 2041-2056.

Lal R (1995) Global soil erosion by water and carbon
dynamics. In: Soils and Global Change (eds Lai R, Kimble JM,
Levine E, Stewart BA), pp. 131-142. CRC/Lewis, Boca
Raton, FL.

Lal R (2004) Soil carbon sequestration impacts on global climate
change and food security. Science, 304, 1623-1627.

Lal R, Griffin M, Apt ], Lave L, Morgan MG (2004a) Managing
soil carbon. Science, 304, 393.

Lal R, Griffin M, Apt ], Lave L, Morgan G (2004b) Response
to comment on “managing soil Carbon”. Science, 305,
1567d.

Le Houérou HN (1972) L'ecologia vegetale nella regione mediter-
ranea. Parte 1: i fattori climatici. Minerva Biologica, 3, 123-134.

Le Houérou HN (1989a) Classification écoclimatique des
zones arides du Nord de I’ Afrique. Ecologia Mediterranea, XV,
95-144.

Le Houérou HN (1989b) The Grazing Land Ecosystems of the African
Sahel. (Ecological Studies, no.75.). Springer-Verlag, Heidelberg.
Le Houérou HN (1993) Changements climatiques et désertisa-

tion. Secheresse, 4, 95-111.

Le Houérou HN (1996) Climate change, drought and desertifica-
tion. Journal of Arid Environments, 34, 133-185.

Luo YQ, Wan SQ, Hui DF, Wallace LL (2001) Acclimatization of
soil respiration to warming in a tall grass prairie. Nature, 413,
622-625.

Luo YQ, Sherry R, Zhou XH, Wan SQ (2009) Terrestrial carbon-
cycle feedback to climate warming: experimental evidence on
plant regulation and impacts of biofuel feedstock harvest.
Global Change Biology Bioenergy, 1, 62-74.

Manabe S, Wetherald RT (1986) Reduction in summer soil
wetness induced by an increase in atmospheric carbon dioxide.
Science, 232, 626—628.

MEA (2005) Millennium Ecosystem Assessment — Ecosystems and
Human Well-being: Desertification Synthesis. World Resources
Institute, Washington, DC.

Milliman JD, Syvitski JPM (1992) Geomorphic/tectonic control
of sediment discharge to the ocean: the importance of small
mountainous rivers. Journal of Geology, 100, 325-344.

Myers N (1993) Gaia: An Atlas of Planet Management. Anchor and
Doubleday, Garden City, NY.

Nelson DW, Sommers LE (1996) Total carbon, organic carbon,
and organic matter. In: Methods of Soil Analysis. Part 3. Chemical
Methods. SSSA Book Ser: 5 (ed. Sparks DL), SSSA and ASA,
Madison, WI.

Oldeman LR (1994) The global extent of soil degradation. In: Soil
Resilience and Sustainable Land Use (eds Greenland DJ, Szabolcs
D), pp. 99-118. CAB International, Wallingford.

Pimentel D, Harvey C, Resosudarmo P et al. (1995) Environ-
mental and economic costs of soil erosion and conservation
benefits. Science, 267, 1117-1123.

Oost KV, Quine TA, Govers G et al. (2007) The impact of
agricultural soil erosion on the global carbon cycle. Science,
318, 626-629.

Oost KV, Six ], Govers G, Quine T, Gryze SDE (2008) Response to
comment “Soil erosion: a carbon sink or source”. Science, 319,
1040-1042.

Renard KG, Foster GR, Weesies GA, McCool DK, Yoder JC (1997)
Predicting Soil Erosion by Water: A Guide to Conservation

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 198-207



CLIMATE WARMING INCREASES SOIL EROSION 207

Planning with the Revised Universal Soil Loss Equation (RUSLE).
Handbook 703, US Department of Agriculture.

Sanderson MA, Adler PR (2008) Perennial forages as second
generation bioenergy crops. International Journal of Molecular
Sciences, 9, 768-788.

Sherry BA, Weng ES, Arnone JA et al. (2008) Lagged effects of
experimental warming and doubled precipitation on annual
and seasonal aboveground biomass production in a tallgrass
prairie. Global Change Biology, 14, 2923-2936.

Smith SV, Renwick WH, Buddemeier RW, Crossland CJ (2001)
Budgets of soil erosion and deposition for sediments and
sedimentary organic carbon across the conterminous United
States. Global Biogeochemical Cycles, 15, 697-707.

Smith SV, Sleezer RO, Renwick WH, Buddenmeier R (2005) Fates
of eroded soil organic carbon: Mississippi Basin case study.
Ecological Applications, 15, 1929-1940.

Solomon S, Qin D, Manning M et al. (2007) Climate Change
2007: The Physical Science Basis. Contribution of Working Group
I to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge, UK.

Stallard RF (1998) Terrestrial sedimentation and the carbon cycle:
coupling weathering and erosion to carbon burial. Global
Biogeochemical Cycles, 12, 231-257.

Stoltenberg NL (1950) Basic processes of erosion. Science, 112,
540-541.

Sutherland RA, Menard T, Perry JL, Penn DC (1998) The influ-
ence of rolled erosion control systems on soil temperature and
surface albedo: part I. A greenhouse experiment. Land Degra-
dation and Development, 9, 159-178.

Tilman D, Hill J, Lehman C (2006) Carbon-negative biofuels from
low-input high-diversity grassland biomass. Science, 314,
1598-1600.

Trimble SW, Crosson P (2000) U.S. soil erosion-myth and reality.
Science, 289, 248-250.

USDA (1989) The Second RCA Appraisal: Soil, Water, and Related
resources on Nonfederal Land in the United States: Analysis of
Conditions and Trends. USDA, Washington, DC.

© 2010 Blackwell Publishing Ltd, GCB Bioenergy, 3, 198-207

USDA (1994) Summary Report 1992 National Resources Inventory.
Soil conservation services, U. S. Department of Agriculture,
Washington, DC.

Verrecchia E, Yair A, Kidron GJ, Verrecchia K (1995) Physical
properties of the psammophile cryptogamic crust and their
consequences to the water regime of sandy soils, north-western
Negev Desert, Israel. Journal of Arid Environments, 29, 427-438.

Wan S, Luo Y, Wallace LL (2002) Change in microclimate induced
by experimental warming and clipping in tallgrass prairie.
Global Change Biology, 8, 754-768.

Wan SQ, Hui DF, Wallace LL, Luo YQ (2005) Direct and indirect
effects of experimental warming on ecosystem carbon pro-
cesses in a tallgrass prairie. Global Biogeochemical Cycles, 19,
GB2014, doi: 10.1029/2004GB002315.

Wan SQ, Luo YQ (2003) Substrate regulation of soil respiration in
a tallgrass prairie: results of a clipping and shading experi-
ment. Global Biogeochemical Cycles, 17, 1054-1065.

Walker B, Steffen W, Canadell J et al. (1999) The Terrestrial
Biosphere and Global Change: Implications for Natural and Mana-
ged Ecosystems. Cambridge University Press, Cambridge, UK.

William HS, James FR, Gary LC, Laura FH, Wesley MJ, Ross AV,
Walter GW (1990) Biological feedbacks in global desertifica-
tion. Science, 247, 1043-1048.

Yang D, Kanae S, Oki T, Koike T, Musiake K (2003) Global
potential soil erosion with reference to land use and climate
changes. Hydrological Processes, 17, 2913-2928.

Zhang W, Parker KM, Luo Y et al. (2005) Soil microbial responses
to experimental warming and clipping in a tallgrass prairie.
Global Change Biology, 11, 266-277.

Zhou XH, Liu XZ, Wallace LL, Luo YQ (2007a) Photosynthetic
and respiratory acclimation to experimental warming for four
species in a tallgrass prairie ecosystem. Journal of Integrative
Plant Biology, 49, 270-281.

Zhou XH, Wan SQ, Luo YQ (2007b) Source components and
interannual variability of soil CO2 efflux under experimental
warming and clipping in a grassland ecosystem. Global Change
Biology, 13, 761-775.


10.1029/2004GB002315

