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ABSTRACT / We collected soil samples from 27 study sites
across Nerth Cantral United States 1o compare the soif car-
bon of short rotation poplar plardations to adiacent agricultural
crops and woodlots. Soil organic carbon (SOC) ranged from

20 1o more than 160 Mo/Ma across the sampled sites. Lowest
S0G levels were found in uplands and highest levels in ripar-
ian soils, We attributsd diffsrences in bulk density and S0C
among cover types to the inclusion of woodlot solls in the
analysis. Paired comparison found few differsncas between
poplar and agriculural crops. Sites with significant compari-
sons varded in magniude and direction. Relatively greater
S0OC was cften chserved in poplar when native soll carbon
was low, but there were important exceptions. Woodlots con-
sistently contained greater SOC than the other crops, espe-
cially at depth. We observed little difference between paired
poplar and switchgrass, both promising bicenergy crops.
There was no svidence of changes in poplar SOC relative to
adjacent sgricuitural solls when considered for stand ages up
to 12 yvears. Highly variabie native SOC levels and subtle
changes over time make verification of soil carbon sequestra-
Hon among land cover fypes difficull. In addition 1o soil carbon
storage polentsl, it is therslore imporiant 1o consider opportu-
nities offered by long-term saquestration of carbon in solid
wood products and carbon-offset through production of
bioenergy crops. Furthenmore, short rotation poplars and
switchgrass offer additional carbon seguestration and other
aenvironmental benefits such as soll erosion control, runoff
abaterment, and wildlife habitat improvement,

Atmospheric carbon dioxide (COg) has increased
dramatically since the beginning of the Industrial Rev-
olution as a result of human activities (Keeling and
others 1995, Houghton and others 2001). The primary
causes of CO, increases are worldwide fossil fuel burn-
ing, biomass burning, and cement manufacturing.
These activities are, in wrn, ted o the expanding
world population and a rising demand for energy. If
the steady increase of GOy continues, there may be
profound effects on the envirenment and the world
economy from a “greenhouse effect” that has led 1o
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global warming of the atmosphere {(Houghton and oth-
ers 2001).

Iven if energy wchnology improves, atmospheric
COy is predicted to continue increasing until the year
2100, Realistic mitigation optons are needed to de-
crease emissions to the aunosphere {Rubin and others
1992). The International Climate Change Treaty,
known as the Kyoto Protocol, recognized removai of
€Oy, from the atmosphere by plants as a valid approach
to  mitigating  climate  change (Marland  and
Schlamadinger 19949, and identified the need to con-
duct long-term mondtoring of carbon stocks with vark-
ous land uses (Sarmiento and Wofsy 1699).

Ideally, policies can be formed that simultaneously
achieve both carbon sequestration and increased agri-
cultural (and forest) productivity. The soil plays an
important intermediary roll between fixed organic car-
bon, and armospheric carbon, primarily through ex-
change of CO,. Retention and accumulation of soil

@ 2004 Springer-Verlag New York, LLC
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carbon is critical for sustaining quality and productivity
of agriculmml and forest soils. There are a number of
and management practices that can increase soil car-
bon sequestration inchading reestablishment of peren-
nial vegetation (Binkley and others 1897, Bruece and
others 1999).

Largescale forest plantations have great potential
for sequestering atmospheric carbon and offsetting the
greenhouse effect {Sedjo 1989, Birdsey 1992, Dewar
and Cannell 1992, Nisson and Schopfhauser 1995,
Sedjo and others 1997, Schimel and others 2000). Shor
rotation woody crops and other renewable bloenergy
crops can also offset carbon emissions to the ammo-
sphere through fossil fuel displacement
{Schiamadinger and Marland 1996, Tolbert and others
2000, Tuskan and Walsh 2001}, However, soil organic
carbon (SOCY may inidally decline during establish-
ment of short rotation poplar plantations {Hansen
1993), followed by a predicted increase afier 5 years
{Grigal and Berguson 1998). More information is
needed on carbon sequestration potental of short ro-
tation poplars. There is also a critical need to overcome
chalienges in measurement, monitoring, and verifving
changes of SOC in the field because of heterogeneity of
soils, environmental conditions, and land use history
{Post and others 1999},

In this research, we expand the baseline SOU seques-
tration information on short rotation poplar planta-
tions in comparison to adjacent agricultural crops.
switchgrass, and farm woodlots in North Central United
States, Our research addresses the following questions:
1} will short rotation poplar plantations accelerate soil
organic carbon sequestration when compared to agri-
cultural crops; 2} if s, when in the rotation, and 3) how
does soil carbon sequestration of short rotation poplars
compare to that of adjacent farm woodlots?

Materials and Methods

Site Selection

The 27 sites included in our inventory of soil carbon
stocks were located in Minnesoia, Wisconsin, lowa, and
North Dakota, USA, and selected from several poplar
plantation newworks established during the past 2 de-
cades (Figure I, Table 1}. We chose sites based on
stocking (1600 o 1333 stems/ha), stem quality, age (1-
to 12vear-old), and presence of adjacent agricuitural
crops and woodlots. Older stands were chosen from a
regional plantation network established by the US De-
partment of Agriculture (USDA)-Forest Service during
1987 and 1988 (Harnsen and others 1994, Netzer and
others 2002). Younger popiar stands were sclected from
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Figure 1. Location of soil organic carbon study sites across
the North Ceniral region, USA. Labels indicate the county in
which the sites are iocated (full names ave listed in Table 13,

o
3

plantations established (mostly in Minnesota) as part of
the Conservation Reserve Program {CRP} that encour-
ages tree planting (USDA 2002). We sampled a range
of plantation ages, including younger plantings, o eval-
vate the validity of model-predicted initial declines in
SGC in short rotation poplar stands (Grigal and Ber
guson 1998). Productivity of the regional plantation
network averaged 6.7 = 1.9 Mg/ha/yr at age & (Netzer
and others 2002}, Younger plantations were at the high
end of this range because of improved technology.
We also selected sites 10 represent the range of site
qualities used for poplar plantations. Bottomlands are
high-quality poplar sites, but difficult to farm because
of frequent flooding. These bottomiand sites have rich
organic soils compared o upland sites. Upland sites
varied in soil quality, some sandy with low nutrient
holding capacity and others with finer texwure soil.
Poplar stands were selected for occurrence of adja-
cent agricultural land. We chose two types of adjacent
agricultural lands for comparison: those with a history
of row crop agriculture with regular annual cultivadon,
and those with perennial hay crops where cultivadon
did not typically occur, and the forage crop was re-
moved ance or twice a year, Where possible we sampled
switchgrass, because it is emerging as a potential bloen-
ergy crop (Tolbert and others 2000), but in the North
Ceintral region, poplar and switchgrass plantations



8301

Sail Carbon of Poplar

WEMAMINDUL W PSS )

$BI w Sapronsp yogndag Nl ieaBosg SAEISNY UGLRAIISUC])  JYIY,

PRI PUR 3T 40ED UL S0l [ENPIAPUL 31 SSYBED Y Bomesor,

SURHIAOG ol 1961 ABERAHIG 19M AfRUOSTRG gy odaey
DIOYD(Y LN
Wiy 6% SH61 X1y HrRO urepd poogy FATET: S I010RIY ‘say
SURBAOY 1 FH6T XA ureorAep-Aig wepd poop A1015 SPUIE] ‘soury
noGy
e e s e meo{pueg puwidn g sHundg Mopm
JED 461 LE6T SN wropRg puepdny arepng opuew
IDTPOOM /UI67) e 961 QNN WO [ig puridn BHUHOT) o]
UOTIEIOL TEAM-LIGT) IR 1661 9NN WROME 28pry FICATSY IAgeIGE]
IOFPOOM S I3A0[) <t 2661 UOPUTLY HIPOTHIG 2Py IEOIYR] DEEOIYET
SO ] L8 1661 FOTIN pueg purdpy LIVI[SIRA SDUIURE]
LLO7Y 18 1661 WPORIG puepdpy BITHINON) a0y
UISUOISIAY
SSRIBUINIMNG 0e CHHT wzo puen atdog usreg oygsoy wodisogn
Awpy £0 661 ROApUES 108 A|BHOSROG ppo], sedeig
T0[pass /sisag deing c BE6T WEOFIG urz[d pooyy emaddiyry puoiiey
HG[PoOM /ssRIBUHMS /AR ¢TI 0661 ureoApueg TN AJEUOSEIG ey poy PO
SSRISY DMy <1 2661 PoNC wROS urepd poopy Moy Wi MaN
T8 24 $661 QNN wuo 1M AJ[euogesy uoLeT) DB ASOOP
1000y uemdry g 0002, SN IEOARE-AIG ure(d pooyy IR 0y ey IPAR UL COPIADTUOTY
o [$4 9661 SHINA/PENA weoriep-Ag puepy easaddign TOSHLe) “ORPIAITUGEY
HEIV e LB6L SN WeORIEG 1M Afruoseag R Wt H RO
R el 0661 QINN/PENG puws auy-durzoy 1am A[euosesg URULION] BIHAER
IOIPHIOM /SURIQAOL 1¢ PEET LINCE RO aserd poojy BilIauay Xepmg
degg 25t 8861 9NN WRGFIG pueidn voey aubor)
EH A 86 CHBBI GN(I arRoFieg) puepdny Funpmisooy afepyIg
U307} 14 6T GN ureoApuey preydny sefdnog] 1G0T BUPUTNIY
JOIPOOM /IRE) [ a6 GINN weopApung puepdn [EARREFTEY JBA0Y PRIy
suwaqiog Gt 661 TINN PUES Bty puepdpy seIdnogg UBWIPINLEY ‘RLPURXS[Y
Ji0 14 PHGT NN LIRORaUL puepdn SPSTLO(] STOR{DILIT ‘BLEpUEXalY
DIOSTETIY
A8 §ile1 28} arep dunuel] 207 AIMKDY [10G Aydeafodoy Arunony LSHORRDOTE
uorteduy Buypcuwes

e H8y

SOUS APNIS Uoue j1os edod voreiot Lous van fuoiBes [paus) yuoN | age)



S302

M. D. Coleman and others

rarely co-occur. We sampled farm woodlots if they oc-
curred near poplar sites. Woodlots are typically on
steeper stopes and may have soil with higher rock con-
tent, making them wunsuitable for agriculture. The
woodlots smmpled may also have been clearcut once or
more during the past century and were largely dvsgenic
and degraded. There was also litde available informa-
tion about their land use history. Although it is con-
founded with these other site factors, the comparison
of poplar stands with woodlots is usefu] for understand-
ing relative carbon stocks. Thus, we sampled three
cover types for SOC: 1) short rotation poplar siands, 2)
agricultural crops, and 3) woodiots.

Sampiing Protocol

Soil carbon was sampled in a representative spot
from each stand by taking three cores with a 5-cm
diameter coring device either in a 2-m circle (spaced
1207 around the center), or spaced along a line at 2-m
intervals. Three depths were sampled from each core: G
o 8 cem, 81to 32 cm, and 32 1o 128 cm. Therefore, a total
of nine samples were taken from each cover fype at
each location. A total of 5331 SOC samples were ana-
lyzed.

Analysis

Bulk density {g/ cm™ was also determined for each
depth increment. Soil samples were collected into a
container of known volume and weighted after oven
drving. The samples were passed through a 2-mm sjieve
and any rock or coarse root fractions were separated,
dried, and weighed. The sieved soil fracdon was
weighed and ground to pass through a 40-mesh screen.
Prepared soil samples were analyzed for total organic
carbon using a Dumas combuston analyzer (University
of Minnesota 2002y,

S0OC was expressed as a percentage on a dry weight
basis (g/kg). Bulk density and rock content were used
to express SOC on a unit volume basis (mg;’cm‘”’),
Depth of the core was used to express SOC on a surface
area basis (Mg/ha). Coarse root occurrence was vari-
able and was not included in the caleulations. Coarse
root fractions can be accurately predicted as a fraction
of above-ground biomass {e.g., Scarascia-Mugnozza and
others 1906).

Statistics

We analvzed SOC data by pairing the short retation
poplar, agricultural crop, and woodlot values 1o obain
relative differences. A paired ttest was used to deter-
mine differences between poplar and agricultural crops
at each location, or poplar and switchgrass at three
locations. We also used leastsquared linear regression

to compare poplar and agriculraral crops. The overall
difference among poplar, agricultural crops, and wood-
lots were tested in a factoria] analysis of varfance includ-
ing depth (three levels) and cover type {three levels),
All staustical analyses were performed in SAS (SAS
2000).

Resuits

300 showed a high level of variation across the 27
study sites. SOC on an area basis ranged from 20
Mg/ha to 160 Mg/ha (Figure 2. As expected, the
lowest SOC values were on saney soil sites and the
highest values were on lowland riparian sites. Rock
content was greatest at depth where it reached 31% by
weight, but it only reached 8% in the surface layer,
Stmnilar results were obtained for the top 8 em, the top
32 cm, or the entire soil profile. We have chosen to
focus on the top 32 an because it represents the agri-
cultural plow layer, and is the most common sampile
depth for similar studies,

The comparisons between short rowgon poplars
with adjacent agricultural crops were site dependent
and variable (Table 2). For many sites, the comparisons
for bulk density and SOC of the top 32 cm were not
significant (p > 0.1). Furthermore, results were incon-
sistent for those sites that were statistically different. In
some cases, the short rotation poplars were higher than
their agricultural counterparts; in some cases they were
lower. When short rotation poplar SOC was compared
to that of adjacent agricultural crops over the entire
study, there was no difference in the top 32 am of soil
{Figure 3}. Note that short rotation poplars were
greater than the 'l line on sites with lower SOC and
lower on sites with higher S0C; however, the overall
differences across the study were not significant, More
specifically, the SOC of short rotation peplars at Mon-
dovi, WL, Fairfax, MN, and Alexandria, MN, Grundman
were higher than their agricultural counterparis,
whereas the agricultural crops at Staples, MN and
Moose Lake, MN were higher than the adjacent short
rotation poplar stands (Figure 2, Table 2},

Bulk density and SOC of all three cover types were
compared across all soil depth increments (Figure 4.
Bulk density varied with cover gype and depth. Bulk
density was higher in agriculural crops and lower in
woodlots when compared with the poplar stands (each
is significanily different from the others, p = 0.05).
Bulk density increased with depth {or each of the cover
types, but the increase was greatest in woodlows, How
ever, the shallow soil layers of woodlos were relatively
low compared to those of poplar and agricultural crops
{Fignire 4A),
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Figure 2. Soil organic carbon

We expressed SOC on a weight, volume, and area
basis (Figure 4). SOC on a weight basis was significantly
higher in woodlots (p > 0.03) at all depths, but poplar
stands were not statistically different from agricultural
crops (Figure 48). SOC decreased with depth (each
depth is significandy different from the others). 5QC
differences when expressed on a volume basis were not
as great among cover fypes (Figure 4C). Differences
among cover tpes in both bulk density and SOC on a
weight basis tended to offset. Nonetheless, results for
carbon concentration were statistically identical when
expressed on per unit weight or per unit volume basis.

50C expressed on an area basis is the product of
S0OC by weight, bulk density, and sample depth. SOC
on an area basis was significanuy higher in woodiots,
but poplar stands were not statistically different from
agricultural crops {p > 0.05, Figure 413). SOC increased
wilth depth (each depth is significanily different from
the others), mainly because of the greater soil volume.
Comparisons for bulk density and SO0 were very sim-
itar when only row crops were included in the analysis
aned forage crops were excluded. Statistically, the results
for agricultural crops were identical to those for row
crops anty (data not shown).

At most sites, the woodlot SOC was higher than that
of the short rotation poplars and the agriculwural crops,
but not at all. It is noteworthy that the SOC of a mature
native hardwood forest on the Chequamegon National

{500} for the 27 study sites yanked
by agricultaral crop for the top 32
cm of soil. Data presented are the
mean 7 standard error {n = 8},
Significant paired #test results com-
paring poplar plantations o adja-
cent agricultural crops are indi-
cated with asterisks, (%% = p =
0,01 ¥ = fom 005, % = p = 010}
MN, Minnesota; WI, Wisconsing [A,
Towa; ND, North Dakota.

Forest ar Willow Springs, Wl was only 45 &= 6 Mg/ha.
This low value was a result of low site quality compared
10 agricultural sites.

There were significant statistical differences in bulk
density and SOC among cover types, depth, and their
interaction across all 27 sites (Table 3). The interaction
cccurred because of proportional, not directional dif-
ferences between cover types at cach depth. If the
direction had differed, it would 1ot have been possible
to combine layers and summarize results using the top
32 em.

SOC values on an area hasis were also compared
between short rotation poplar and adjacent agricultural
crops at different ages (Figure 5). Clearly, there was no
apparent relationship between age and the difference
hetween short rotation poplar SOC and adjacent crop-
land. There was a trend of higher SOC at the early ages
of the poplar rotation, but this trend did not continue
after 40 months. Our results differ in this regard from
results reported by Hansen (1993} and Grigal and Ber
guson {10983,

Bulk density and SOC were compared between short
rotation poplar and switchgrass for the top 32 cm for
three sites where they cooccurred (Table 4). There
were no significant differences in SOC for any of the
three poplar/switchgrass sites, and the overall averages
(although limited) were not significandy different (p >
0.10). The bulk densities were also not significantiy
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Table 2. Significance levels of paired I-tests

Bulk Soil organic carbon
density
g/cm“; g/kg 131;{;"(;{123 Mg/ ha
Minnesota
Alexandna, Erickson S #oow ns
Alexandria, Grundman ns R ek
Alexandria, Krever ns HE ns ns
Alexandria, Siroot ns 15 ns s
Birchdale # e ns #
Cloguet ns ns ns ns
Fairfax ns S e o
Milzea ns ns ns HkE
Montevideo, Gibson * ek 15 #H
Moaose Lake ns ns ng *
New Ulin ns s s ns
Oklee ns s ns ns
Raymond #* i ns GE
Westport, Rosholt Farm * ks ng Ti§
Wisconsin
Arlington ns s ns wE
Hancock wE HE d ns
EaCrosse 1% * s ns
Lancaster e * ns s
ELodi ns * ns 1%
Mondovi i R R HEE
lowa
Ames, Hinds 0ns s s ns
Ames, Reactor Site ns ns ns ns
North Dakola
Fargo ns ns ns ns

Tests compared bulk density and soil organic carbon for the top 32 cu
in short rotation poplars o that in agricntiural seils (08, not signifi-
canty FEF = h o= (01 = p = 005 ¥ = p o= 0016).

180
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Figure 3. Short rotation poplar soil organic carbon (80C)
content {y) plotted versus adjacent agricultural crop soil car-
bor content {x) for the wp 32 cm. Data presented are the
mean = standard error {n = 3). Solid line is leastsquares
linear regression (y = 1.2895x — 188.81; R = {.8549). Dotied
line is 1:1 line.
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Figure 4. Bulk density (A) and soil organic carbon (S00)
comparisons by cover type and depth, SOC is presented as a
concentration on a weight (g/kg) (B}, volume (mg/cm?’) (Q),
and area basis (Mg/ha) (D). Data presented are the mean =
standard error (poplar, n = 78; agricalure, n = 75; woodlots,
n o= 243,

Table 3. Analysis of variance significance levels

Seil organic carbon

Bulk density

{g/cm”) a/kg g/cm” Mg/ ha
or 2 stk wik
Crx D e ek ns *

Bulk density and soil organic carbon parameters were tested for their

response W cover type (€T} and depth (I3} {ns, not significant; #%% =
o GOl R = g (0B % = o= 010

different except for the Westport, MN, Roshelt Farm,
where the poplar was lower, More sites are needed to
make valid comparisons of short rotation poeplars and
switchgrass, More of these sites should be available in
the future as a result of new USDA Farm Bill programs.

Discussion

Comparing SOC for different crops across the di-
verse landscape of a region is challenging and expen-
sive. Numerous authors have pointed out the difficulty
of comparing SOC among locations and crops (Binkley
and others 1997, Rollinger and others 1998, Garten
and Wullschleger 1999, Post and others 1999, Yanai and
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Figure 5. The differences in soil organic carbon (SOC) be-
wween short rotation peplar stands and adjacent agricultural
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soil,

others 20000, In fact, there have been entire scieniific
workshops and texts dedicated to the science and meth-
odology of measuring, monitoring, and verifying SOC
sequestiation  {(Brown 1998, Rosenherg and others
E999).

Soil properties of owr 27 study sites varied across the
North Central region. SOC varied significandy by loca-
tion, crop, topography, depth in soil, and soils within
the location. Soll heterogeneity dominated the results

of our SOC comparisons. Adequate demonstration of

soil carbon sequestration will require muldple sam-
pling locations per site,

There are numerous conflicting reports of the ef
fects of agriculural and forestrv practices an SOC se-
questration (Rollinger and others 1998, Allmaras and
others 1998). In manv cases, the site and soil heteroge-
reity in a region is so great that it is difficult 1o monhor
ardd /or verify positive carbon sequestratdon in sotls
(Binkley and others 1997, Huggins and others 1998,
Garten and Wullschleger 1999}, This makes it difficult
o generalize about the positive SOC benefits on such
practces as no-till agricuiture, switchgrass cropping, or
short rotation poplar culture for the region.

SOC differences among adjacent crops were difficult
o quantiy for our study, For most of our sites, the short
rotation poplar performed simifarly 1o agricultural
crops {Figure 2. SOC for poplars did not differ signif-
icantly from that of agricultural crops except where
poplars were planted on poorer sails, which were mar-
ginal for agricubture. In those cases, short rowation pop-
tars sometimes had higher SOC than their agricultural
counterparts. On hester soils, agricultural crops some-
times had higher SOC than the short rotation poplars,
Again, these variable resules illustrate how diffieuit it
can be 10 monitor SOC effectvely, and thereby verify
carbon sequestration by cropping svstems in the region.

Soil Carbon of Poplar S305

Such large variation in seguestration potential
among sites reguires that verification occur on a site-
by-site hasis, To be reliable and accurate, proposed
modeling approaches would need to include processes
o control intersite differences in carbon accumulation.
The actual expense of documenting soil carbon seques-
tration using laboratory analysis also needs o be con-
sidered and can be determined through statistical sam-
pling computations. Data presented in this paper show
that overall variation (positive and negative) in the
poplar-to-agriculiure differendal is 3 Mg/ha. To iden-
tfy soit carbon sequestration of 10 Mg/ha, with 95%
confidence, would require four samples per hectare in
both the poplar and reference ficlds (SAS Analyst mod-
ule). To cover the cost of verification {(at §10 per sam-
pie), carbon credits for offsetting GO, emissions would
need to exceed $8/Mg.

We found that woodlots consistently had higher
SOC than the adjacent agricultural crops and short
rotation poplars (Figures 2 and 4). These woodlots
typically had a long history of disturbance and misman-
agement; however, they were not subject to as much of
the compacton that increases bulk density as their
agricultural and short rotation counterparts. Also, the
presence of more woody debris and larger older root
svsterns probably contributed to the higher SOC in
woodlots. This finding is consistent with other studies
{(Vance 2000),

We also found consistent patterns in the effect of
depth on bulk density and SOC. Bulk density was con-
sistently fower in the woodlots than in the short rota-
tton poplars and agricultural crops at lower soil depths.
Again, the short rotation poplar was not significantly
different from agricultural crops, indicating that the
cultural practices in agricultural and short rotation
popiar crops were probably having a similar effect on
soil compaction. This effect serves to increase bulk
density and decrease SOC on an area basis.

Our results did not show a decrease in SOC during
early vears of short rotation poplar stand establishment
as previously reported by Hansen (1993}, Grigal and
Berguson {1998), and Rollinger and others {1898), On
the contrary, we found a small increase in SOC in the
first 40 months of short rotation poplar foilowed by
inconsistent positive and negative results thereafter
(Figure 531, The model resuls of Grigal and Berguson
{1998) were based on five sites in the region that were
simeilar to our sites. Flowever, with such soil heteroge-
neity among sites, a large number of sites are needed to
draw conclusions about the positive or negative benefits
of poplar culture on 5OQC.

We compared short rotation poplar with switchgrass
on three sites where the wo crops co-occurred. Both
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Table 4. Comparison of short rotation poplar and switchgrass

Soil organic carbon

Location Btk density {g/em”) g'ky g/om? Mg/ ha
New Ulm, MN
Poplar 144 = 0.03a 32 = 1a 25 + 2a 68 = ba
Switchgrass 1.42 = 0.00a 2 =z la 20 7 la 60 = 2a
Westpori, MN, Rosholt Farm
Poplar 1.12 = 0.04b 102 + 2a 57 £ Ia 14} = 5a
Switchgrass 1.23 £ 0.02a 98 x 2a 60 2 9a 148 = ba
Okiee, MN, Fore
Poplar 1.40 = 0.04a 47 & 10a 33 = 6a 86 = 10a
Switchgrass 1.44 = 0.92a 31 = la 22 = fa 61 % la
Average
Poplar 1.32 = 0.04b 60 * da 37 = 3a 98 2 Ta
Switchgrass 136 = 0.01a B3 * la 34+ 1a 490 * 3a

Mean (£ standard error, 1 = 2} bulk density and soil organic carben are shown for the wop 32 cm. Paired values followed by different leuers are

significasuly different {p = 010}

crops have been promoted extensively in the United
States as bioenergy crops (Tolbert and others 2000},
However, our limited data set on the comparison of
switchgrass bulk density and SOC with adjacent short
rotation poplar data showed no differences between
the two {Table 4). Many more sites must be sampled
before conclusions can be rcached about the merits of
the two crops for carbon sequestration, Moreover, both
crops are lkely to sequester more SOC over longer
rotations and confinuous cropping.

If the intent is to use woody crops for soil carbon
sequestration in North Central United States w offset
greenhouse gas emissions, our study demonsirates that
resuits will vary. Soil and site vartability will make it
difficult and expensive to monitor and verity antici-
pated SOC gains. Moreover, there will probably be
major effects of the everchanging climate on S0C
sequestration  (Ceulemans and Mousseau 1994, Ise-
brands and others 2001). No-till agriculture and the
CRP provide some promise for increasing SOC in agri-
cultural systems (Gebhart and others 1994, Ismail and
others 1994, Allmaras and others 1998). However, farm-
ers in North Central United States have been siow o
adopt such practices because of lower soil temperatures
with no-till and uncertainties of government policies
with CRP. Moreover, the gains made with no-all agri-
culture are likely to have only incremental impact on
the growing greenhouse gas emission  probliem
{Houghton and others 2001), and therefore must be
considered one tool in an overall strategy for COy
offsets.

In our view, the primary benefits of short rotation
woody crops and switchgrass culture will come when
they are used as bioenergy crops to displace fossil fuels
{Tuskan and Walsh 2001). Woody crops also have the

added benefits of long-term carbon storage in the wood
products made from them, which can tie up carbon for
centuries. Both crops have added environmental ben-
efits {Isebrands and Karmnosky 2001} when they are
planted as riparian buffers, Riparian buffers decrease
soil erosion, as well as water, nutrient, and chemical
runoft, while at the same time enhancing wildlife hab-
itat. More importantly, the most positive carbon seques-
tration benefit from riparian buffers comes from the
decrease in soil erosion, which has been reported to
result in up to 30% of soil carbon lost from the agri-
cudtural belt of the North Central region (Allmaras and
others 1998, Lal and others 1998). In addition, these
benefits can often be accomplished on land considered
marginal for agriculture because of its close proximity
to streams and and the likelhood of flooding, Success-
ful soil carbon management wili consider practices that
sequester rather than deplete soil carbon stocks. It is
encouraging thatl improved genetic and cultural prac-
tices can increase the SOC sequestration of agriculiural
and short rotation woody crops in the North Central
region {Sedjo and others 1997}, Only dme will provide
the answers 1o this complex problem.
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