Soil Organic Carbon Dynamics
in the Pendleton Long-Term Experiments:
Implications for Biofuel Production in Pacific Northwest

Stephen Machado*
ABSTRACT

Use of crop residues for biofuel production raises concerns on how removal will impact soil organic carbon (SOC). Information on
the effects on SOC is limited and requires long-term experimentation. Fortunately, Pendleton long-term experiments (LTEs), dating
to the 1930s, provide some answers. This study compared crop residue inputs and SOC balance in conventional tillage (CT) winter
wheat (Triticum aestivum L.)-summer fallow (W W-SF) systems with annual rotation of WW and spring pea (Pisum sativum L.). The
WW-SF consisted of crop residue (CR-LTE) (0-90 N ha~!yr~1, 11.2 Mgha=! yr~! of steer (Bos aurus) manure and 1.1 Mgha=! yr~lof
peavines additions, residue burning, and tillage fertility (TF-LTE) (tillage- plow, disc, sweep,and N (0-180 kg ha™1)). Winter wheat-
pea (WP-LTE) rotation treatments included maxi-till (MT-disc/chisel), fall plow (FP), spring plow (SP), and no-till (N'T). Soils were
sampled (0-60-cm depth) at 10-yr intervals, and grain yield and residue data collected every year. In WW-SF systems, SOC was
maintained only by manure addition and depleted at a rate of 0.22 to 0.42 Mg ha™! yr! in other treatments. In WP-LTE, MT, FP,
SP, and NT treatments increased SOC at the rate 0f 0.10, 0.11, 0.02, and 0.89 Mg ha! yr_l, respectively. Minimum straw biomass to
maintain soil organic carbon (MSB) in the CR-LTE, TF-LTE, and WP-LTE was 7.8,5.8, and 5.2 Mg ha! yr_l, respectively. Winter
wheat-SF straw production was lower than MSB, therefore residue removal would exacerbate SOC decline. Harvesting straw residues
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under NT continuous cropping systems is possible when MSB and conservation requirements are exceeded.

THE SEARCH FOR ALTERNATIVE ENERGY has
increased interest in the production of biofuels from more
than 453.5 Tg of crop residues produced each year in the United
States. Crop residues play an important role in soil conserva-
tion and SOC buildup. The removal of crop residues for biofuel
production could negatively impact soil quality and productivity
if the requirements for SOC maintenance and soil conservation
are not met. The exact amounts of crop residues that could be
retained will depend on cropping system and residue manage-
ment practices, soil type, and climate. Information on the
impacts of crop residue removal is limited and mostly based on
short-term studies (Mann et al., 2002; Blanco-Canqui and Lal,
2009a; Blanco-Canqui, 2010). Available studies indicated that
residue removal negatively impacted soil fertility and structure
(Blanco-Canqui and Lal, 2009b), SOC (Wilts et al., 2004;
Blanco-Canqui and Lal, 2009b), soil erosion (Lindstrom, 1986)
and crop productivity (Wilhelm et al., 2004; Lal, 2007; Wil-
helm et al., 2007). Wilhelm et al. (2007) estimated that between
5.2and 125 Mg ha lof crop residues were required just to main-
tain SOC in N'T continuous corn and CT corn (Zea mays L.)-
soybean [Glycine max (L.) Merr.] rotation, respectively. Lafond
ctal. (2009) reported that removing <40% of total aboveground
residues (1907 kg ha™) in 2 out of 3 yr did not affect SOC in

Oregon State Univ., Columbia Basin Agricultural Research Center, P.O. Box
370, Pendleton, OR 97801. Received 3 May 2010. *Corresponding author
(stephen.machado@oregonstate.cdu).

Published in Agron. J. 103:253-260 (2011)

Published online 9 Dec 2010

doi:10.2134/agronj2010.0205s

Copyright © 2011 by the American Society of Agronomy, 5585 Guilford
Road, Madison, WI 53711. All rights reserved. No part of this periodical may
be reproduced or transmitted in any form or by any means, electronic or
mechanical, including photocopying, recording, or any information storage
and retrieval system, without permission in writing from the publisher.

50 yr in medium to heavy textured soils. Johnson et al. (2006)
reported that an input of about 2.5 and 1.8 Mg C ha™! yr! was
required to maintain SOC under CT and N'T practices, respec-
tively. In the Pacific Northwest (PN'W), where W W-SF rotation
is the predominant cropping system in the low to medium
precipitation regions (150-400 mm) of north-central Oregon
and south-central Washington, it is estimated that between 3
and 5 Mg ha™! of crop residues should be retained in the field
for conservation purposes (Banowetz et al., 2007) and probably
another 5 Mgha™! yr™! for SOC maintenance (Rasmussen et
al,, 1980; Rasmussen and Smiley,. 1997). Changes in SOC have
been highly correlated with residue input in WW-SF system

in the PNW (Rasmussen and Parton, 1994) indicating that
this system will be particularly sensitive to residue removal. To
avoid detrimental effects of residue removal only crop residues
in excess of the minimum amounts required to maintain SOC

levels and for conservation purposes should be available for
other uses including biofuel production. However, information
on the amount of residue that can be removed without negative
impacts to SOC sequestration and soil productivity in the PN'W
is limited. This information is needed to determine whether crop
residues could be harvested for biofuels production. An indirect
way to provide the same information is to determine whether
current PN'W cropping systems are sequestering or losing SOC.
Tillage, fertility, crop rotations, and cropping intensity influ-
ence the rate at which C is added to or removed from soil (Fran-
zluebbers, 2004). Carbon balance is influenced by numerous and
complex interactions among plant, soil, water, and soil microbes.

Abbreviations: CR, crop residue experiment; CT, conventional tillage; FP, fall
plow treatment; LTE, long-term experiment; MSB, minimum straw biomass
required to maintain soil organic carbon; MSC, minimum amount of straw
biomass required to maintain soil organic carbon; MT, maxi-till treatment;
NT, no-tillage; PN'W, Pacific Northwest; SOC, soil organic carbon; SP, spring
plow treatment; TF, tillage fertility experiment; WP, wheat—pea rotation;
W W-SF, winter wheat—summer fallow.
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Table I. Long-term experiments at Pendleton, OR.

Year

Experiment Treatments initiated
Perennial grassland none 1931
Continuous cereal fertility (N), crop, tillage 1931

Residue management fertility (N, manure, pea vine), burning 1931

Tillage—fertility tillage, fertility (N) 1940
Wheat—pea tillage, fertility (N, liming) 1963
No-till wheat fertility (N) 1982
Moro long-term experiments tillage, crop rotations 2003

Effects of cropping systems on these interactions are often slow
and only well-established long-term experiments (LTEs) provide
the understanding of the processes involved in SOC dynamics.
Such LTE:s are few and likewise information to ascertain the
effects of residue removal on SOC dynamics and soil productiv-
ity is limited. Fortunately some information on this matter could
be gleaned from existing LTEs at the Oregon State University
(OSU), Columbia Basin Agricultural Research Center (CBARC)
near Pendleton, OR, some of which date back to the 1930s.

The objectives of this study were (i) to estimate the carbon
balance of the LTEs and (ii) from this analysis define crop-
ping systems that can be targeted for straw residue removal for
biofuel production in the PNW.

MATERIALS AND METHODS

The Pendleton LTEs are located at OSU CBARC near
Pendleton, OR. The research center is located in the Columbia
Plateau between the Cascade and Rocky Mountains (45°42° N,
118°35°60” W/, elevation 438 m). The climate is semiarid, but
partially influenced by maritime winds from the Pacific Ocean.
Winters are cool and wet, and summers are hot and dry. Annual
precipitation averages 400 mm, with nearly 70 to 80% falling
between 1 September and 1 April. Average temperature is 10°C,
but ranges from —1°C in January to 21°C in July. The Pendleton
LTEs are located on a gently sloping landscape, with slopes ranging
from 0 to 5%. Soils are Walla Walla silt loam (coarse-silty, mixed,

Table 2. Historical residue treatment (RT) and N-fertility
treatments (N) of the crop residue management experiment
since being established in 1931.

Treatment Organic-N _1931-1966 1967-1978 1979 to present

no. addition RT} Ni RT N RT N
| ) - - - - - -
2 - FD 0 NB 45 SB 45
3 - SD 0 NB 90 SB 90
4 - NB 34 NB 45 NB 45
5 - NB 34 NB 90 NB 90
6 - FB 0 FB 0 FB 0
7 - SB 0 SB 0 SB 0
8 manure]]  NB 0 NB 0 NB 0
9 peavines# NB 0 NB 0 NB 0
10 - NB 0 NB 0 NB 0
1 RT = Residue treatment: FD = fall disk, SD = spring disk, NB = no burn, FB =

fall burn, SB = spring burn.

+ N rate (kg ha™'); applied early October of crop year.

§2.24 Mg ha™! field weight alfalfa hay applied to plot Il from 1939-1949 -3 d
before plowing

9 Manure = (22.4 Mg ha™! wet wt; 47.5% dry matter; 1.69 Mg C ha~! and

0.14 Mg N ha™'; applied 1-3 d before plowing in April or May of plow year.

# Pea vines = (2.24 Mg ha™! field weight; 87.8% dry matter; 0.82 Mg C ha~! and
0.037 Mg N ha™'; applied 1-3 d before plowing.

superactive, mesic Typic Haploxerolls) that developed from loess
deposits overlying basalt. The area was first broken for cultivation
in the mid-1880s, and had been farmed for about 50 yr when the
research center was established in 1929. Several long-term experi-
ments have been established at CBARC (Table 1). For the present
study, two W W-SF cropping systems, the CR-LTE and the TF-
LTE, and one continuous annual cropping system, the WP-LTE,
were evaluated. The design and history of the Pendleton LTEs are
briefly summarized below. The Pendleton LTEs were described in
detail by Rasmussen and Smiley (1997).

Crop Residue Management

The CR-LTE was the most comprehensive of the Pendleton
LTEs. It was established in 1931 and has had only two major
modifications (1967, 1979) (Table 2). The objective of the experi-
ment was to determine the effects of N application, residue burn-
ing, and pea vine and manure application on soil chemical and
physical properties, and crop productivity under the traditional
W W-SF system using conventional moldboard plow tillage (CT).
Treatment history is shown in Table 2. The experimental design
was an ordered block with nine treatments and two replications.
The experiment had duplicate sets of experiments offset by 1 yr
so that all phases of the rotation are represented every year. Plot
size was 12 by 40 m. A single medium-tall variety (Rex M-1) was
grown from 1931 to 1966. Modern semi-dwarf varieties have been
grown since (Nugaines 1967-1973; Hyslop 1974-1978; Stephens
1979-1991; Malcolm 1992-1995, and Stephens 1996-2005).

Winter wheat was seeded in mid-October and harvested in
mid-July. Fall stubble burns were implemented in late September.
Spring stubble burns were implemented and organic amend-
ments (manure and pea vines) applied in the spring of the fallow
year (late March—early April from 1931-1994; late April-carly
May since then). Manure and pea vines were applied at a rate of
22.4and2.24 Mg ha™! biennially, respectively. Late-winter or
carly-spring herbicides were used to control vegetative growth in
wheat stubble until plots were plowed. Plots were plowed 20-cm
deep within 3 d after spring burning. Soil was then smoothed
with a field cultivator or harrow. Weeds were controlled by till-
age during the fallow phase and with herbicides during the crop
phase. For treatments receiving fertilizer, N at the rate of 45 and
90kg ha~! was applied 5 to 15 d before seeding of wheat.

Delayed spring tillage for fallow was implemented in 1994
in contrast to previous plowing in late March. Herbicide were
applied in either late fall or early spring to control downy
brome and volunteer wheat in wheat stubble. The herbicide
application permitted delaying spring plowing until late April
or early May when soil was drier. This change avoided spring
tillage when soils were wet and eliminated two to four tillage
operations. The SOC content was measured about every 10 yr
(1931, 1941, 1951, 1964, 1976, 1986, 1995, and 2005). In the
present study SOC in the 0- to 60-cm depth profile from 1976
to 2005 was evaluated (30 yr). Before 1976 some SOC data sets
exist as treatment means that could not be subjected to statisti-
cal analyses. Crop biomass (total dry matter, grain yield, straw
yield) was determined every year sincel977. In the present
study only crop biomass data from 1982 to 2005 (24 yr) was
evaluated to determine the yearly mean crop yield and biomass
production that could be related to SOC. Some data sets from
1977 to 1981 were incomplete. Carbon additions were derived
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from straw residue by dividing by 2.38 (wheat straws at the
Pendleton station consistently contained about 42% C during
the studied period). Rasmussen et al. (1980) found the same
percentage of C in wheat straws in the 1967 to 1976 period.
Carbon additions in manure and pea vines were based on a
27-yr period (1967-2002). In this period manure and pea vines
added an average of 1.69 and 0.82 Mg C ha™! yr™!, respectively.

Tillage Fertility

The TF-LTE evaluated tillage and N treatments on crop
and crop productivity under WW-SF cropping system. The
experiment was established in 1940 and has been modified in
1952, 1962, and 1988 (Table 3). This experiment had only one
set of plots, therefore yield and biomass were obtained only in
odd years. Treatment history is shown in Table 3. The experi-
mental design was a randomized block split-plot, with three
replications. Three primary tillage systems, the moldboard
plow, offset disc, and subsurface sweep were the main plots and
fertility (N) levels (0, 45, 90, 135, 180 kg ha™!) were subplots.
Individual plot size was 5.5 by 40 m.

Primary tillage was conducted in April. Secondary tillage and
other cultural operations were the same for all treatments. All
plots were cultivated and harrowed to a depth of 10 to 15 cm
following primary tillage and then rod-weeded as needed to
control weeds and maintain seed zone moisture. Nitrogen fertil-
izer was applied about 1 October and winter wheat seeded about
10 October. Nitrogen applied as ammonium nitrate (NH,NO;)
(21-0-0-24S) from 1963 to 1987, and thereafter as urea
CO(NH,),~ammonium nitrate (32-0-0). Weeds were con-
trolled by mechanical and chemical methods. Medium-tall soft
white winter wheat (Rex M-1) was grown from 1940 to 1962, and
semi-dwarf soft white WW since (Nugaines, Hyslop, Malcolm,
and Stephens). The SOC content of soil was measured about every
10 yr since 1984. In the present study SOC in the 0- to 60-cm
depth profile from 1984 to 2005 (22 yr) was evaluated. Crop
biomass (total dry matter, grain yield, straw yield) was determined
every year since 1977. In the present study only crop biomass data
from 1989 to 2003 (15 yr) was evaluated to determine the yearly
mean crop yield and biomass production that could be related to
SOC. Carbon additions were derived from straw residue by divid-
ing by 2.38. Time spans for biomass and SOC data do not match
because biomass data sets were incomplete in some years.

Wheat-Pea Rotation

The wheat—pea LTE was established in 1963, with modifications
in 1972, 1976, and 1989. Crop rotation was W 'W-pea. Treatment
history and plot layout is shown in Table 4. The experimental
design was a randomized block with four replications. Each replica-
tion contains eight plots (four treatments duplicated within each
replication). Duplicate treatments offset by a year allow yearly data
collection for both wheat and pea. Individual plot size was 7.2 by
36.5 m. Tillage intensity ranges from maximal- to minimal-inver-
sion of crop residue. The current tillage treatments were (i) M'T, (it)

Table 3. Historical tillage and N treatments of the tillage fer-
tility (TF) experiment since being established in 1940.

Primary treatment (tillage) Tillage
Symbol Type depth
cm
MP moldboard plow 23
DI offset disc 15
SW subsurface sweep 15
Sub-treatment (fertility)
Sulfur 1989-
N application  1941-1952 1953-1962 1963-1988 present
N rate, kg ha™!
| no 0 0 45 0
2 yes I 34 45 45
3 no 0 0 90 90
4 yes I 34 90 90
5 yes I 34 135 135
6 yes I 34 180 180

1 Nitrogen applied 7 to 14 d before seeding as ammonium sulfate ((NH,),SO,),
21-0-0-24 (N-P-K-S) from 1941 to 1962, ammonium nitrate (NH,NO;),
26-0-0 (N-P-K), from 1963 to 1988, and urea ((NH,),CO)—ammonium nitrate
solution since 1989. Nitrogen broadcast from 1941 to 1988, and banded 5-cm
deep with 30-cm row spacing since 1989.

cultivator in the spring before seeding peas. Before seeding wheat,
plots were moldboard-plowed in the summer after pea harvest fol-
lowed by secondary tillage using a spring-tooth cultivator. The SP
was identical to FP before sowing wheat but plots were plowed in
the spring before seeding peas. No-till involved no tillage and weeds
were controlled by herbicides. Pea vines and wheat residues were
now left on the plot rather than removed as in earlier years. Semi-
dwarf soft white WW was seeded in the fall (usually in October)
when soil moisture was sufficient for germination usinga double
disk drill with 18-cm row spacing. Spring pea was seeded in late
March or early April, and harvested in June or July. The type of pea
grown was changed from fresh-green processing to dry edible seed
in 1989. From 1963 to 1988, wheat received 45-90 kg N ha™! as
ammonium nitrate (NH,NOj; [34-0-0]) broadcast before
seeding. In 1989-1990, each wheat plot received 22 kg N ha™!
(16-20-0-14S). In 1991-1992, one-half of each plot received

90 kg N ha~! and the other half received no additional N. Nitrogen
application was reversed in 1993-1994, with the half receiving
90kgN ha™! for the previous wheat crop receiving no additional N
2 yr later. From then on to the present all wheat plots have received
90kgN ha™! every wheat year. Pea received 22 kgN ha1 as either
ammonium sulfate (21-0-0-24S) or ammonium phosphate
(16-20-0-14S) broadcast every pea crop year.

The SOC content of soil was measured in 1995 and 2005. In
the present study SOC in the 0- to 60-cm depth profile was eval-
uated. Crop biomass (total dry matter, grain yield, straw yield)
was determined every year since 1984. In the present study 10 yr
of data (1995-2004) were evaluated to determine the yearly

Table 4. Current treatments of the wheat-pea rotation ex-
periment since the last changes in 1989.

FP, (iii) SP, and (iv) N'T. Details of these treatments are described Treatment Primary tillage

in Machado et al. (2008). Bricfly, MT involved roto-tilling the land No. Identification Wheat stubble Pea vines

in the fall, and sweep and disc tillage in the spring before seeding I Max till (MT) Disk (fall) Chisel (fall)
pea. After pea harvest plots were cultivated with a sweep and chisel 2 Fall plow (FF) Plow (fall) Plow (fall)
plowed before seeding wheat. The FP involved moldboard plowing 3 Spring plow (SP) Plow (spring) Plow (fall)

in the fall and cultivating one to three times with a spring-tooth 4 No-till (NT) No-till No-till
Agronomy Journal <+ Volume 103, Issue | + 2011 255
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Fig. |. Crop residue management effects on soil organic
carbon changes in the crop residue long-term experiment
from 1976 to 2005 at the Oregon State University, Columbia
Basin Agricultural Research Center, Pendleton, OR.

mean crop yield and biomass production that could be related to
SOC. Carbon additions were derived from both wheat and pea
straw residue by dividing by 2.38. Carbon additions from wheat
and pea straw were based on a 2-yr period (1995-1996) in which
both wheat and pea straw contained an average of 42% C.

Soil Organic Carbon Analyses

Soil samples for SOC determination were taken every 10 yr
from most of the LTEs using hand probes in the carly years and
the Giddings Probe (Giddings Machine Co, Inc., Fort Collins,
CO) in recent years. Soil samples were taken at 10-cm intervals
in the top 30 cm and at 30-cm intervals down to restricting
zone. Before 1976 C was measured using the Walkley—Black
titration method (Nelson and Sommers, 1982). After 1976, C
was determined by combustion methods. From 1976 to 1994
C was measured using a LECO C Analyzer (Model CN200,
LECO Corp., St. Joseph, MI). From1995 to the present C was
measured using a Thermo Finnigan, N and C Soil Analyzer
(Flash EA 1112 series, Thermo-Finnigan, San Jose, CA).

Residue at Seeding

Surface residue cover reported in the present study was mea-
sured in the 1980s in the TF-LTE and in 2004 and 2005 in the
WW-WP LTEs using the line-transect method (Laften et al.,
1981). A 15 m steel tape was placed diagonally at a 45° angle
across crop rows after seeding and residues intersecting with
the tape at every 30-cm interval counted. This procedure was

repeated at least two to four times per plot depending on plot
size. Percent residue cover was derived from these data.

Grain Yield and Biomass

Data on yield and yield components were collected from each
plot and crop. At harvest, four bundle samples were obtained
from each plot. Each bundle consisted of four drill rows, 1 m
long. The bundles were hand cut, weighed to obtain total bundle
dry matter. The bundles were then threshed and grain weight
measured. Straw weight was obtained by difference. A Hege
plot combine (Wintersteiger AG, Eging am See, Germany) was
used to harvest the remaining crop. Bundle yields were highly
correlated to combine yields (» = 0.94, P < 0.001).

Statistical Analyses

Data from CR-LTE and TF-LTE and the WW-WP-LTE
within each year and across years were analyzed using PROC
GLM or MIXED procedures in Statistical Analysis System (SAS)
program (SAS Institute, 2003). Simple correlations (Pearson)
among variables were calculated using PROC CORR in SAS.
Means were separated using LSD at the 0.05 probability level. The
minimum amount of carbon additions required to maintain soil
organic carbon (MSC) in the respective time spans was estimated
by a simple linear relationship between changes in SOC and
organic carbon additions from manure, pea vines, and straw resi-
dues in each time span (Larson et al., 1972; Johnson et al., 2006).

RESULTS AND DISCUSSION

Dynamics of SOC were influenced by the crop rotation, crop
intensity, and tillage system. Results showed a clear distinction
between the WW-SF and annual cropping in SOC dynamics.
The WW-SF cropping system generally depleted SOC com-
pared to annual cropping systems.

Wheat-Summer Fallow

Differences in SOC levels were observed in both the 0- to
30-cm and the 30- to 60-cm depths (Fig. 1) and in the whole 0- to
60-cm depth profile (Table 5) in the CR-LTE, a W W-SF based
cropping system. In both depth profiles, the biennial application
of 22.4Mg ha™! of manure maintained SOC levels from 1976 to
2005. The addition of 2.24 Mg ha=Lof pea vines biennially or the
annual application of N at the rate of 45 to 90 kg ha™! could not
prevent the depletion of SOC during this period (1976-2005).
The 0N, 40N, 80N, and pea vine treatments lost 0.29, 0.26,
0.22,and 0.28 Mgha™! yr! or 13.4, 12.4, 104, and 11.9% of
1976 SOC in 30 yr, respectively (Table 5). The O N Fall Burn
treatment lost the most SOC, 0.34 Mg ha™! yr_1 or 17.3% of the
1976 SOC value. These results confirm earlier observations that
indicated that SOC was on the decline in all CR-LTE treatments
except where manure was applied starting in 1931 (Rasmussen
and Collins, 1991; Rasmussen and Parton, 1994; Rasmussen et
al,, 1998). The depletion of SOC under the WW-SF system was
mainly attributed to the limited amount of biomass returned to
the soil. In this WW-SF system only one crop was grown in 2 yr
and not enough straw biomass to maintain SOC was produced in
all treatments (Table 5). Increasing N levels both from synthetic N
sources and from pea vines significantly increased biomass produc-
tion but the total amounts produced per year were obviously not
sufficient to maintain SOC levels (Table 5). Total SOC in the 0- to

256

Agronomy Journal <« Volume 103, Issue | < 2011



60-cm depth profile observed in 2005 had significantly decreased
compared to levels observed in 1976 (Table 5). Only the manure
treatment that added C through both manure (22.4 Mg ha™! bien-
nially) and high straw biomass (4.8 Mg ha~lyr™!) maintained SOC
levels (Fig. 1, Table 5). This treatment has maintained SOC levels
since 1931 (Rasmussen and Collins, 1991; Rasmussen and Parton,
1994; Rasmussen ct al., 1998). Residue burning, a practice that was
very common in the PN'W till the 1990s but now practiced on a
limited scale, had the most negative impact on SOC (Fig. 1) and
total biomass production (Table 5). Burning destroys organic com-
pounds leaving ash that does not contribute to SOC (Rasmussen
etal, 1980; Malhi and Kutcher, 2007). In addition to reducing the
amount of residues returned to the soil, the WW-SF rotation using
CT (moldboard plowing) as was the case in CR-LTE exacerbated
SOM loss and CO, emission by enhancing oxidation of buried
crop residues (Rasmussen and Parton, 1994; Reicosky et al., 1995;
Rasmussen et al., 1980, 1998).

In the TF-LTE, another WW-SF cropping system involving
tillage and N treatments, there was no interaction between tillage
and fertilizer on SOC levels from 1984 to 2005. Increasing N
from to 90 kg ha™!increased total plant biomass and grain yield
(Table 6). Further increases in N up to 180 kgha™! did not resule
in further increases in both parameters. The increase in total
biomass, however, did not influence SOC levels measured in
1984, 1995, and 2005. Although biomass increased with increase
in N levels, it is apparent that the amounts produced (one crop in
2 yr) were not sufficient to influence SOC levels. Overall SOC
decreased by 0.47, 0.34, 0.40, and 0.48 Mgha™! yr ! or by 16, 12,
14, and 16% in 22 yr (1984-2005) in the 45, 90, 135, and 180 N
treatments, respectively (Table 6).

Soil organic carbon decreased in the 0- to 30-cm soil depth
profile under all tillage treatments involving plow, disc, and sweep
methods in TF-LTE (Fig. 2). In the 30- to 60-cm depth profile,
SOC in the plow and disc treatments decreased significantly while
SOC observed in 1984 under the sweep was maintained till 2005.
Overall, the 22 yr of plow, disc, and sweep treatments decreased
SOC by 0.37,0.46,and 0.46 Mgha™! yr! or by 13, 15, and 15% of
the 1984 levels, respectively (Table 7). The plow treatment had sig-
nificantly higher total biomass production than the disc and sweep
treatments in the studied period (1989-2003) (Table 7). However,
total SOC in the 0- to 60-cm depth profile under the plow treat-
ments was the lowest and significantly so in 1995 (Table 7). Soil
organic carbon in the disc treatment was the highest in all years
although not significantly so in 1984 and 2005. When only the
0- to 30-cm zone is considered SOC measured in 1984, 1995, and
2005 was significantly higher in the disc treatment and lowest in
the plow treatment (Fig. 2). The resules indicated that an increase in
biomass production per se did not guarantee an increase in SOC.
Residue management appeared to have an influence on SOC levels.
The plow treatment with the highest biomass production also had
the lowest residue cover probably indicating that more residues were
incorporated in this treatment than in the disc and sweep treat-
ments. All residue cover measurements were taken after implemen-
tation of tillage treatments on flat biomass that has been shown
to relate reasonably well to residue weight (McCool et al., 1995;
Steiner et al., 2000). Incorporation of residues into soil has been
shown to accelerate depletion of SOC. The loss of SOC through
increased biological oxidation under CT conditions has been quan-
tified (Rasmussen et al., 1980, 1998; Rasmussen and Parton, 1994;

Table 5. Crop residue management effects on crop biomass,
grain yield (1982-2004), and soil organic carbon (SOC) (1976-
2005) in the Crop Residue long-term experiment (LTE) (win-
ter wheat-summer fallow).

TDM{ GYD{ SDMj SOCi} Significance
Nt  Burn 1982-2004 1976 2005 level§
kg ha™! — Mghalyr!'— — _Mgha!—
0 NB 40d 14d 26d 648ab  56.Ic ek
40 NB 58 2lc 37 63.5ab  55.6c ok
80 NB 64b 24b 4lb 64.3ab  57.6bc *
Peaf] NB 59c 2lc 38 6962 613b o
Manure# NB 76a 282 48a 694a  688a nstt
0 FB 384 13d 25d 59.1b  489d ok
se 0.5 005 0. 23 1.5

* Indicates that SOC means in 1976 and 2005 are significantly different at the
0.05 probability level.

** Indicates that SOC means in 1976 and 2005 are significantly different at the
0.0l probability level.

*#* Indicates that SOC means in 1976 and 2005 are significantly different at the
0.001 probability level.

1 N, nitrogen; TDM, total bundle dry matter; GYD, combine grain yield; SDM,
bundle straw yield, SOC, soil organic carbon.

F Within columns, means followed by the same letter are not significantly differ-
ent according to LSD (0.05).

§ This column compares SOC across years.

9] Pea vines = (2.24 Mg ha™! field weight; 87.8% dry matter; 0.82 Mg C ha~! and
0.037 Mg N ha™'; applied 1-3 d before plowing.

# Manure = (22.4 Mg ha~' wet wt; 47.5% dry matter; 1.69 Mg C ha~! and 0.14 Mg
N ha~'; applied 1-3 d before plowing in April or May of plow year.

11 ns = not significant.

Table 6. Fertilizer effects on biomass, grain yield (1989-2003),
and soil organic carbon (SOC) (1984-2005). tillage fertility
LTE (winter wheat-summer fallow).

TDM{ GYD} SDMt Organic Cf Significance
Nt 1989-2003 1984 1995 2005 level§

kgha! — Mgha'yr! — ——— Mgha! ——

0 5.0d 1.9¢ 3.4d - 628a 554a ok

45 6.2c 2.6b 4.2c 669a 633a 56.5a ok

90 6.7b 2.8a 44b 6392 6192 564a ok

135 69ab 28a 4.6a 6492 634a 56.0a ok

180 7.1a 2.9a 4.8a 66.1a 626a 555a ok

se 009 004 008 1.4 1.1 1.2

* Indicates that SOC means in 1995 and 2005 for the 0 N treatment and in 1984
and 2005 for the other N treatments (45—180) are significantly different at the
0.05 probability level.

##* Indicates that SOC means in 1995 and 2005 for the 0 N treatment and in
1984 and 2005 for the other N treatments (45—180) are significantly different at
the 0.001 probability level.

1 N, nitrogen; TDM, total bundle dry matter; GYD, combine grain yield; SDM,
bundle straw yield, SOC, soil organic carbon.

F Within columns, means followed by the same letter are not significantly differ-
ent according to LSD (0.05)

§ This column compares SOC across years.

Reicosky et al,, 1995). In a study that compared tillage practices,
plowing buried all residues and increased SOC loss compared to
discing, chiscling, and N'T (Reicosky et al., 1995).

Results from the above two CT based WW-SF LTEs showed
that this system lost SOC from 1976 to 2005. This observation
is a continuation of the decline in SOC observed by Rasmussen
et al. (1980) in the WW-SF cropping system from 1931 to 1976.
Other studies have also demonstrated that fallow is associated with
loss of SOC (Rasmussen and Smiley, 1997; West and Post, 2002;
Machado et al.,, 2006). The main reason for the loss of SOC was the

Agronomy Journal <« Volume 103, Issue | -

2011

257



Soil organic carbon (Mg ha™") 2005

15 20 25 30 35 40 45 50

Soil arganic carbon (Mg ha'w) 1984

Disc 0-30 cm
Disc 30-60 cm
Plow 0-30 em
Plow 30-60 cm
Sweep 0-30 cm
Sweep 30-60 cm

OEpb>4dCe

Fig. 2. Tillage and fertility effects on soil organic carbon
changes in the tillage fertility long-term experiment from
1984 to 2005 at the Oregon State University, Columbia Basin
Agricultural Research Center, Pendleton, OR.
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Fig. 3. Changes in soil organic carbon (SOC) as influenced by
straw biomass produced from N, pea vines, and steer manure
additions and straw burning from 1976 to 2005 in the crop
residue long-term experiment under the conventional winter
wheat-summer fallow using plow cultivation at the Oregon
State University, Columbia Basin Agricultural Research
Center, Pendleton, OR. MSC: minimum amount of carbon
additions required to maintain SOC.
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Fig. 4. Changes in soil organic carbon (SOC) as influenced by
straw biomass produced under the winter wheat summer
fallow cropping system using Plow, Disc, and Sweep cultivation
from 1984 to 2005 in the Tillage Fertility (TF) long-term
experiment at the Oregon State University, Columbia Basin
Agricultural Research Center, Pendleton, OR. MSC: minimum
amount of carbon additions required to maintain SOC.

growing of one crop in 2 yr that produced insufficient biomass to
maintain SOC. Even converting WW-SF under CT to WW-SF
under N'T showed no significant increase in SOC (West and Post,
2002) for the same reason. Using data from 1976 to 2005 it was
estimated that additions of 3.3 Mg C ha™! yr ! or 7.8 Mgha™! yr™!
of straw biomass was required to maintain SOC at the 1976 SOC
levelin the CR-LTE, a WW-SF cropping system (Fig. 3). In the TF-
LTE, another WW-SF cropping system, data from 1984 to 2005
revealed that additions of 2.4 Mg C ha™! yr~lor 5.8 Mgha™! yr™!
of straw biomass were required to maintain SOC at the 1984 SOC
level (Fig. 4). The MSB in the TF-LTE was similar to the MSB of
5t05.5 Mg ha™! yr_1 estimated for the 1931 to 1986 period in the
same experiment (Rasmussen et al., 1980; Rasmussen and Smiley,
1997) and other MSBs estimated for other crops (Larson etal,,
1972; Johnson et al., 2006). In the CR-LTE, the MSB estimated
for the 1976 to 2005 period was higher than the MSB for the
same experiment before 1986. With continued SOC loss under
this WW-SF system, it is expected that the MSB would increase
overtime. The MSB for the CR-LTE was higher than the MSB for
TF-LTE probably reflecting the differences in SOC content of the
two experiments. More SOC has been lost in the CR-LTE that
was initiated in 1931 than in TF-LTE initiated in 1964. Obviously
the actual MSB for both experiments should be higher than the
estimated values if belowground biomass was considered (Wilts

Table 7. Tillage effects on biomass, grain yield (1989-2003), and soil organic carbon (SOC) (1984-2005) in the tillage fertility LTE

(winter wheat-summer fallow).

TDM{t GYDt SDM+t SOCi Significant _Residue cover at seeding %
Tillage 1989-2003 1984 1995 2005 level§ 2004-2005
————— Mgha ! yr! Mgha'! ———
Plow 6.8a 2.8a 4.5a 63.5a 61.3b 55.4a ok 22b
Disc 6.3b 2.6b 4.2b 66.9a 65.2a 56.7a oK 63a
Sweep 6.2b 2.5b 4.2b 65.9a 62.0b 55.8a ok 66a
se 0.07 0.03 0.05 1.2 0.9 0.9 oo 35
* Indicates that SOC means in 1984 and 2005 are significantly different at the 0.05 probability level.
*#* Indicates that SOC means in 1984 and 2005 are significantly different at the 0.001 probability level.
1 TDM, total bundle dry matter; GYD, combine grain yield; SDM, bundle straw yield, SOC, soil organic carbon.
F Within columns, means followed by the same letter are not significantly different according to LSD (0.05)
§ This column compares SOC across years.
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etal., 2004; Johnson et al., 2006). Unfortunately no consistent
belowground biomass data are available at the Pendleton LTEs.
Both the CR-LTE and the TE-LTE produced less biomass than the
estimated MSBs, a situation that has led to the depletion of SOC in
the WW-SF cropping systems of the PN'W. Only the manure treat-
ment which added 0.85 Mg C ha™! yr ! and 2.02 Mg C ha™! yr !
from straw biomass (4.8 Mgha™! yr™!) maintained SOC. The
continuous decline of SOC will, in the long-run, negatively impact
the physical, chemical, and hydrological properties of the 1.5 mil-
lion ha of soils under W W-SF fallow rotation in the PN'W. To this
end harvesting crop residues from WW-SF systems of the PN'W
for biofuel production would exacerbate the depletion of SOC from
these soils leading to negative impacts on soil productivity and crop
productivity in the long term.

Continuous Annual Cropping

With annual cropping, crop residues were added every year
resulting in different SOC dynamics compared to the WW-SF
cropping systems. In the WP-LTE, SOC level in the 0- to 30-cm
depth profile observed in 1995 was significantly reduced in the
SP treatment, maintained in the M'T and FP treatments, and
significantly increased in the N'T treatment (Fig, 5). In the 30 to
60 depth profile, all treatments increased SOC that was observed
in 1995 with NT showing the greatest increase. When the
0- to 60-cm profile was considered, all treatments had statisti-
cally similar SOC levels in 1995 (Table 8). In 2005, however,
all tillage practices had increased total SOC in the 0- to 60-cm
depth profile, and this was significantly so under the N'T practice
(Table 8). No-till increased SOC at the rate of 0.89 Mgha™! yr~!
or by 13.8% in 10 yr compared to 0.10, 0.11,0.02 Mg ha™! yr~!
orby 1.5, 1.7,0.3% in the MT, FP, and SP treatment in 10 yr,
respectively. However, the average yearly aboveground total and
straw biomass from 1995 to 2004 was not significantly different
among all treatments (Table 8). If the aboveground biomass was
the same then the degree of residue incorporation and below-
ground biomass may explain the differences in SOC. There was
significantly more residue cover under NT than under the other
treatments (Table 8). Based on the relationship between surface
residue cover and flat biomass (McCool et al., 1995; Steiner et
al., 2000) it is reasonable to assume that more crop residues were
incorporated under the FP, SP,and M T treatments that used
CT methods than under NT treatments. Indeed plowing has
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Fig. 5. Tillage effects on soil organic carbon changes in the
wheat-pea long-term experiment from 1995 to 2005 at
the Oregon State University, Columbia Basin Agricultural
Research Center, Pendleton, OR.

been shown to bury most residues and to exacerbate SOC loss
compared to disking, chiseling, and N'T (Reicosky et al., 1995).
Based on these results SOC was maintained or increased when
cropping intensity was increased and tillage eliminated. Collins et
al. (1992), working on the same LTEs, reached the same conclu-
sion. However, their estimates of SOC additions were lower
than rates observed in this study particularly under NT. They
estimated SOC in the top 20 cm while our present study used the
top 60 cm. Furthermore, when their study was conducted (1987),
the NT treatments had not been introduced in this experiment.
Based on this study, there may be potential for harvesting resi-
dues for biofuel production under the WP-LTE annual cropping
systems but only when straw biomass requirements for conserva-
tion purposes are exceeded. Using data from 1995 to 2005 it was
estimated that additions of 2.2 Mg C ha™ yr or 5.2 Mgha ! yr™!
of straw biomass were required to maintain SOC at the 1995 SOC
level in the WP-LTE (Fig, 6). All treatments in the WP-LTE

Table 8. Tillage effects on biomass, grain yield (1995-2004, wheat and pea combined), and soil organic carbon (SOC) (1995-2005) in
the wheat-pea rotation long-term experiement (Continuous annual cropping).

TDM} GYDt SDMt SOCi Significant Residue cover at seeding %
Tillage 1995-2004 2005 level§ 2005
——— Mgha ! yr! Mgha ! ——
Maxi-till (MT) 9.0a 4.0ab 5.1a 65.5a 66.5b ns 49b
Fall plow (FP) 9.1a 4.0ab 5.2a 65.9a 68.2b ns 27c
Spring plow (SP) 9.2a 4.la 5.2a 65.9a 66.1b ns 2lc
No-till (NT) 9.0a 3.8b 5.2a 64.3a 73.2a ok 97a
se 0.08 0.02 0.06 I.1 1.5 4.1

* Indicates that SOC means in 1995 and 2005 are significantly different at the 0.05 probability level.

** Indicates that SOC means in 1995 and 2005 are significantly different at the 0.01 probability level.

** |ndicates that SOC means in 1995 and 2005 are significantly different at the 0.001 probability level.

1 N, nitrogen; TDM, total bundle dry matter; GYD, combine grain yield; SDM, bundle straw yield, SOC, soil organic carbon.
I Within columns, means followed by the same letter are not significantly different according to LSD (0.05)

§ This column compares SOC across years.

9] ns = not significant.
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Fig. 6. Changes in soil organic carbon (SOC) as influenced

by straw biomass produced under the continuous winter
wheat-spring pea rotation long-term experiment using
maxi-till (MT), fall plow (FP), spring plow (SP), and no-till
(NT) cropping system from 1995 to 2005 at the Oregon State
University, Columbia Basin Agricultural Research Center,
Pendleton, OR. MSC: minimum amount of carbon additions
required to maintain SOC.

produced more straw biomass than the required MSB based on
1995 SOC levels. However, given that most agricultural land,
including the PN'W, has lost more than half the original native
praire SOC (Huggins et al., 1998; Lal et al., 1998), our priority
should emphasize retaining straw residues for SOC build-up and
conservation purposes and not for biofuel production.

CONCLUSIONS

Based on these results WW-SF, the predominant cropping
system in the PN'W depleted SOC. This was mainly attributed
to insufficient C input. Growing one crop in 2 yr did not produce
enough crop biomass to maintain or buildup SOC. Removal of
crop residues for biofuel production will likely exacerbate SOC
depletion and in the long term reduce soil and crop productivity.
Crop intensification through continuous annual cropping, on the
other hand, maintained or increased SOC. There may be a pos-
sibility of harvesting some biomass for biofuel production under
NT continuous annual cropping systems if MSB and conservation
requirements are exceeded. The period of record for the Pendleton
LTE:s involving continuous annual N'T cropping does not extend
as far back as the CT system and more time is needed to determine
if the NT system continues to build-up SOC over time. Continu-
ous annual N'T cropping is a starting point, however, to maintain
or increase SOC. Research to find ways to increase SOC using
crops that produce more aboveground and belowground biomass
and available soil amendments, should be conducted not only for
biofuel purposes but primarily to maintain or increase SOC in the
WW-SF cropping systems of the PN'W.
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