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Effects of Fertilization and Clone on Aboveground and Soil
Carbon Storages in a Willow(Salix spp.) Bioenergy Plantation
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ABSTRACT

The influences of fertilizer treatment and clones of five willows and one hybrid poplar on above
ground and soil carbon (C) accumulations in a willow biocenergy plantation were studied, The above-
ground and soil samples were collected in the winter of 1992 and 1993 from the previously established
willow plantation at Tully, New York, U.S.A. in 1987. Half of the plots were fertilized annually
with 336kg/ha N, 112kg/ha P, and 224kg/ha K. All trees were harvested annually. The most pro-
ductive clone, willow clone SV1 with fertilization, accumulated 5.4 and 6.8 t/ha/yr aboveground C
contents during the sixth(1992) and seventh(1993) growing seasons, respectively. The average per-
centage of C in bolewood, bolebark, and branches for the five willow clones and one hvbrid poplar
clone ranged from 57.1 to 57.5, from 54.0 to 55.4, and from 53.6 to 56.5, respectively, among all
treatment combinations. Only two of the six clones(SA22 and SA2) responded significantly to the ad-
dition of fertilizer by increasing the amount of aboveground C accumulated for the 1992 sampling
period(clone-by-fertilizer interaction). No fertilization effect, on aboveground C content, was noted for
the 1993 sampling period. No significant fertilization effect on soil C accumulation for all soil
sampling depths(0-10, 10-20, and 20-40cm) was found in 1992 and 1993 sampling vears. Little clone
effect on soil C content was found in 1992 and 1993 sampling vears, except at 0-10cm soil depth in
1992. The significant clonal effect on soil C content at 0-10cm soil depth could be because of stone
content variation rather than clonal effect, The significant clone-by-fertilizer treatment interaction
observed requires that evaluation of response to fertilization by willows be made for each clone
individually,
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INTRODUCTION

After the earth's average air temperature
reached an all-time high recently, many scientist
expressed concern about the potential for signifi-
cant global warming as a result of the increased
carbon dioxide(CO2) and other greenhouse gases
(CFCs, CH4, and NxO) within the coming cen-
tury(Schlesinger, 1991 ; Hansen, 1993). Even small
changes in temperature can have dramatic impacts
on the earth's complex atmosphere, ocean, land,
and life systems(Hair and sampson, 1992). In-
creasing population and economic activity will
increase the concentration of CO: in the atmo-
sphere and may accerelate changes in global cli-
mate which may have important consequences
for the earth's ecology.

Forests have received considerable attention
because they are a major sink for C and play an
important role in the global C cycle. Most pro-
posals for reducing global warming have focused
on large-scale reforestation or afforestation that
increase the forested area that actively sequesters
C(Sedjo, 1989 ; Vitousek, 1991). Little attention
has been paid to the replacement of fossil fuel
energy sources with fuels from biomass that can
reduce the input of fossil C into the atmosphere.
If biomass is grown for energy, with the amount
grown equal to that converted to energy for a
given period, there would be no net build-up of
CO: in the atmosphere because the amount re-
leased in conversion to energy would be compen-
sated for by the amount released by the biomass
during photosynthesis(Hall et al., 1991). Reduc-
tions in fossil fuel C conservation also decreases
the rate at which inactive fossil fuel C enters

the active biosphere C cycle.

High rates of biomass production are necessary
for efficient C sequestration. All woody plant
systems can be used for biofuels, but short-
rotation woody crops have an advantage as a
primary source of bioenergy because of high
annual productivity. Yields obtained with short-
rotation woody crops are two to five times
greater and more frequent than vields currently
obtained in natural forests(Wright et al., 1992 ;
Hall et al., 1991). While the aboveground bio-
mass could be used as an energy source to reduce
the use of fossil fuel, short-rotation woody plan-
tations also store C in the roots and litter added
to the soil. The soil functions as a C sink and
thus helps ameliorate increases in atmospheric
C.

Short-rotation woody crops can be harvested
annually or more typically on three-to ten-year
cycles, with planting densities of 1,000 to 440,000
trees per hectare. Hardwoods are preferred for
short-rotation woody crops because of the advan-
tage of coppicing from stumps and rapid juvenile
growth. Short-rotation woody crop systems em-
ploy intensive techniques to attain maximum bio-
mass, e.g., optimizing nutrient and water con-
ditions, controling pests, and using genetically
improved plants(Anderson et al., 1983). These
techniques promote rapid juvenile growth rates
in selected species allowing maximum yields at
various ages depending on initial spacing, spe-
cies, and climate(Wright et al., 1992).

Many fast-growing hardwood genera have been
assessed for their biomass production potential.
Willows, have
been extensively used in short-rotation cultures
in U.S.A., Sweden, New Zealand, Ireland, and

as fast growing tree species,
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Canada because of their rapid growth, resprout-
ing capacity, and ease of vegetative propagation
(Ericsson, 1984). Controlled pollination and inter-
specific hybridization of willows is relatively easy
to achive compared with most forest tree genera
(Kopp et al., 1993). Many species flower as early
as two years of age. Willow biomass production
as high as 40 dry t/ha during one growing season
has been achieved experimentally{Christersson,
1987).

Short-rotation woody crops sequester large
amounts C in the above~ and belowground bio-
mass. However, most researchers working to
reduce atmospheric CO2 with energy crops have
focused on the use of short-rotation energy crops
(Dixon et al., 1994 ; Sedjo, 1989 ; Vitousek, 1991)
and the harvestable aboveground biomass produc-
tivity(Hall et al., 1991 : Wright et al., 1992).
With the recent concerms over increases in atmo-
spheric CO» levels and global warming, the esti-
mation of potential for soil and belowground se-
questering C under short-rotation woody crops is
timely.

The objective of this study was to estimate
the annual aboveground C storage and the amount
of C stored in the soil as affected by fertilization
treatment and clones of fast-growing trees, five
willows(Salix spp.) and one hybrid poplar(Populus

spp.).

MATERIALS AND METHODS

The field experiment was established in 1987
at the SUNY College of Environmental Science
and Forestry's Genetics Field Station near Tully,
New York(42 47 30" N, 76" 30” W) to determine
the effect of willow clones and fertilization on
biomass production, The soil is a Palmyra grav-

elly silt loam(Glossoboric Hapludalf), an agricul-
tural soil representative of significant acreage
that potentially is available for energy plantation
establishment in the Northeastern United States.
The soil have a gravelly loam subsoil at depths
greater than 30 to 60cm and are well drained.
The water table in Palmyra soils is generally at
a depth of more than (.91m, but may fluctuate
to less than 0.91m of the surface in spring and
during wet periods(Hutton and Rice, 1977).

Five willow clones(Table 1) that have been
shown to produce high biomass yields in Cana-
dian test plots were selected in consulation with
the Ontario Ministry of Natural Resources. The
hybrid poplar clone selected had performed excep-
tionally well in ultrashort rotations at a location
near the planting site and was included for com-
parison purposes.

Site prepararion was done mechanically and
chemically in 1986. Glyphosate(Roundup), with
surfactant, was applied at the rate of 2.3kg
active ingredient per hectare in late August,
1986 to kill vegetation. After confirmation of
glyphosate effectiveness, the site plowed, disked
and raked, To prevent weed establishment dur-
ing the first part of the 1987 growing season,
1986 at the
rate of 4.5kg active ingredient per hectare.

Unrooted stem cuttings, 25cm in length, were

simazine was applied in October,

collected from the one-year-old stems of six
clones during winter 1986 from nursery stool beds
at Kemptville, Ontario, Canada and stored at C
before planting. Cuttings were hand planted flush
with the ground, using steel planting dibbles
from April 6 to 9, 1987.

Five willow clones and one hybrid poplar clone
were planted at 0.3x0.3m spacing in 6.0%6.0m
plots including two exterior border rows in 1987.

Table 1. Origin of clones planted at SUNY Genetic Field Station at Tully, New York to determine
the biomass production potential of willows.

Clone Origin

NM5 Populus nigra X P. maximowiczii, Munden, Germany
SV1 Salix dasyclados. Branford, Ontario, Canada

SA22 S. alba. Zagreb, Yugoslavia

SA2

SH3

S, alba Var. sanguinea. Novi Sad, Yugoslavia
SAM3 S. X rubens. Toronto, Ontario, Canada
S. purpurea. Munden, Germany
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The treatments included fertilized and non-
fertilized, with three replications(6 clones <2 fer-
tilizer treatments <3 replications) with a total of
36 plots providing 256 measurement per plot. A
split-plot design with three replications per treat-
ment for the main-plot factor was employed
(Peterson, 1985). Fertilization treatment was the
main-plot factor and clone was the sub-plot fac-
tor.

In study plots, three of the replications received
annual applications of 336kg/ha nitrogen(ammoni-
um nitrate), 112kg/ha phosphorous(treble super-
phosphate), and 224kg/ha potassium(muriate of
potash) for five years. From 1987 to 1989 and
1991, the entire amount of P and K, and first
application of 56kg ha/N was hand broadcast
every three weeks after the first application. In
1990 fertilization of P and K was identical as in
previous years, except N was applied as urea
through an irrigation system. No fertilizer was
applied in 1992, and only N was applied at the
rate of 224kg/ha in six equal applications during
1993.

To minimize water as a growth limiting factor
during the 1989-1993 growing seasons, study
plots were irrigated with a drip irrigation sys-
tem. Soil moisture tension was maintained at
close to field capacity to a depth of 30cm from
May until September each year.

All aboveground woody biomass was harvested
during November each year using a power scythe,
cutting within S5cm of the ground. After weighing
the total fresh weight biomass per plot in the
field, about a 1-Z2kg random subsample of trees
was taken to the laboratory for determination of
Three aboveground samples
were randomely selected from each plot to esti-
mate branch, bark, and wood carbon accumula-
tion from November to December, 1992 and 1993.
Three soil samples were also randomely taken in
each plot for soil carbon. At each sampling
point, samples were collected from 0-10cm, 10-
20cm, and 20-40cm depth by using an Oakfield
soil sampler of 10cm diameter. Bulk density sam-
ples at these depths were collected using the
excavation method.

All soil

moisture content.

and aboveground woody biomass

samples were analyzed by methods detailed by
Bickelhaupt and White(1982). Aboveground bio-
mass samples were dried at 65T in a forced-air
drying oven. The branch, bark, and bole sam-
ples were ground in a Wiley mill to pass through
a 1-mm stainless steel sieve and subsamples
were used for organic matter analysis by loss on
ignition. Soil were air-dried and sieved to pass
through a 2mm sieve. One g soil subsamples
were analyzed for organic matter concentration
using the Wakely-Black wet oxidation method.

Analysis of variance using a split-plot design
with three replications was used to test the null
hypothesis that fertilization(main effect) and
clone(sub-plot factor) had no significant effect on
soil and aboveground carbon content for the 1992
and 1993 data, respectively. Tukey's HSD test
were used to statistically separate means. The
SAS computer software system was used in this
study. Test of significance were at the 0.05
level unless otherwise stated. Test of signifi-
cance for interaction was set at the (.15 level
(Stehman and Meredith, 1995).

RESULTS AND DISCUSSION

1. Aboveground carbon storage

One-year-old stems were harvested from six-
(1992) and seven-year-o0ld(1993) root stocks. Per-
sons(1992) reported that carbon percentage in
wood and bark was about 50 and 47 for willow
and cottonwood, respectively.
study, the average percentage of carbon in bole-

In the current

wood, bolebark, and branches for five willow
clones and one hybrid poplar clone ranged from
57.1 to 57.5, from 54.0 to 55.4, and from 55.6
to 56.5, respectively, among all treatment com-
binations(Table 2). There were little clonal dif-
ferences in bolewood, bolebark, and branch car-
bon concentration(each clonal carbon percentage
was applied to the clonal C accumulation). Also,
the C concentration among bolewood, bolebark,
and branches was not greatly different. There-
fore, the differences in total aboveground C ac-
cumulation among clones or between fertilized
and non-fertilized trees were mainly from differ-
ences in biomass production.
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The aboveground C(bolewood + bolebark +
branches)(t/ha/yr) accumulated annually ranged
from 1.4 to 5.4t/ha/yr in 1992 and from 1.1 to
6.8t/ha/yr in 1993(Tables 3). The most produc-
tive clone SV1, with fertilization, accumulated
5.4 and 6.8t ha/yr aboveground carbon content
during the 1992 and 1993 growing seasons, re-
spectively. In Scotland and Nothem Ireland wil-
low clones grown in high-yielding short rotation
research plots accumulated 4.5 to 5(one-year-old
roots) and 4 to 8.5 t C ha/yr(one- to three-year-
old roots), respectively(Cannell, 1988).

It was expected that fertilization would increase
annual aboveground C accumulation. However,
only two of the six clones(SA2 and SA22) re-
sponded significantly to the addition of fertilizer
by increasing the amount of aboveground C ac-
cumulated for the 1992 sampling period(six-year~
old root stock)(Table 3). No fertilization effect,
on aboveground C content, was noted for the

Table 2. The percent carbon(%) in bolewood,
bolebark, and branch of the five willow
clones and one hybrid poplar clone

plots.

Clone Bolewood Bolebark Branch

SVl  57.5(0.02)' 54.8(0.25)  56.5(0.92)
SH3 57.5(0.29)  54.4(0.28)  55.6(0.3D)
NM5  57.100.25)  54.6(0.06) -t
SA22 57.3(0.34) 54.0(1.47)  56.5(0.03)
SAM3 57.5(0.06) 55.4(0.37)  56.5(0.51)
SA2 57.5(0.06)  55.4(0.15)  56.1(0.09)

Note : ! Values in parentheses are standard errors
(n=2).

2 No branch found.
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1993 sampling period(seven-year-old root stock).

The nutrient requirements of the willow and
hybrid poplar clones used in this study area may
have been satisfied by the existing soil nutrient
conditions. The soil of this study site was a Pal-
myra gravelly silt loam(Glossoboric Hapludalf), a
good quality agricultural soil(Hutton and Rice,
1977). Hansen and Tolsted(1985) reported that
fertilization of a moderately fertilized silt loam
soil increased hybrid poplar biomass production
during vears two and three but not during years
one, four, or five, while a less fertilized site
responded to fertilization during all five years of
their study. Kopp et al.(1993) reported that fer-
tilization significantly increased biomass produc-
tion during years two and three of the current
study but not during years one, four, or five.

Clonal comparison among the fertilized plots
indicates that clones SV1, SA2, SH3, and NM5
accumulated more carbon than SAMS3 during the
1992 growing season(Table 3). Similar results
were observed in the non-fertilized plots where
clones SH3 and SV1 accumulated the most
aboveground carbon with SAM3 and SA22 accu-
mulating the least(Table 3). During the 1993
growing season aboveground C content accumu-
lated by clones SV1, SH3, NM5, and SA2 was
significantly greater than the amount accumu-
lated by clones SA22, and SAM3(Fig. 1).

The differences in the amount of aboveground
C accumulated among clones during the two
growing within fertilized and non-
fertilized plots was most likely due to genetic
differences in yield among the clones. Clonal dif-

seasons

Table 3. Annual aboveground carbon contents(t/ha/yr) produced by coppiced five willow clones and
one hybrid poplar clone grown on six— and seven—year—old root with fertilizer treatment.

o 1992 B ) 9
e F NF F NF
NM5 4.220.1Da 4.23(0.4Dab 5.670.15a 6.05(0.50)a
SAM3 2.3900.58)b 1.420.3)c 2.60(1.92a 1.73(0.37a
SA2 £.790.20° 3.20(1. 34)bc* 6.0700.53)a £.810.140a
SAZ2 3.6101.5Dab* 1.620.61)c” 1.60(0.82)a 1.03(0.42)a
SH3 1.570.2)a 5.27(0.35)a 5.58(0.28)a 5.68(0.08)a
SVl 5.38(0.38)a 5.110. 15)a 6.79(0.59)a 5.97(0.89)a

I?ote : Values in the same colums followed by a different letter are different at p=0.05.

*

within 1992 and 1993 at p=0.05.

indicates statistical difference between fertilized and non—fertilized treatment within each clone
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ferences can be a significant source of variation
in yield as illustrated by clonal productivity com-
parisons of 450 willows(McElroy et al., 1985).

2. Soil carbon storage
Effect of N, P, and K fertilizer of five wil-

-~ o o

Aboveground Carbon
Content (t/ha)

o N

SAM3 SA22

NMS  SH3 SA2 swv1

Clone

Fig. 1. Aboveground C accumulation by annually
coppiced five willow clones and one hy-
brid poplar clone on seven-year-old root
stock(1993).

! Different letter indicates statistical differ-
ence among clones at p=0.05.

low clones and one hybrid poplar clone on soil C
content(Mg/ha) at three different soil depths(0-
10, 10-20, and 20-40cm) are discussed. No signi-
ficant fertilization effect for all soil depths was
found in 1992 and 1993 sampling vears(Table 4).
However, there was significant clone effect on
soil C content at (-10cm soil depth in 1992, Seil
C content in clone SH3 plot was signficantly
greater than in clones NM5 and SV1 plots(Table
5).

According to Johnson(1992) and Henderson(1995)
fertilization usually causes an increase in soil C.
This is expected because of the increase in pri-
mary productivity associated with fertilization.
However, the current results were different from
other published reports because fertilization did
not effect soil carbon content at all soil sampling
depth for both years.

Nutrient status of the willow strongly effect
the production of leaves with improved nutritional
status increasing leaf production in relation to

Table 4. Mean soil C contents(Mg/ha) at three soil depths in fertilized(F) and non—fertilized(NF) five
willow clones and one hybrid poplar clone plots.

Year Treatment 0 - 10am 10 - 20cm 20 - 40cem

1992 F 21.1(2.43)a 18.6(1.79)a 29.0(6.19)a
NF 23.1(3.48)a 18.02.09)a 31.7(56.91)a

1993 F 23.5(3.08)a 19.0(1.97a 33.5(7.70)a
NF 25.0(2.31a 18.0(1.68)a 29.5(5.07)a

Note : Values in the same column followed by a different letter are different within 1992 and 1993 at

p=0.05.

Table 5. Mean soil C contents(Mg/ha) at three soil depths in five willow clones and one hybrid poplar

clone plots.

Year Clone 0 - 10em 10 - 20cm 20 - 40cm
NM5 20.5(1.34)b 18.5(2.22)a 33.8(5.68)a
SAM3 23.2(3.16)ab 18.4(1.72)a 29.4(3.40)a

1992 SA2 22.1(3.31)ab 17.4(2.48)a 28.1(4.73)a
SA22 22.3(2.95)ab 18.9(2.54)a 30.1(7.3Da
SH3 24.3(3.86)a 19.1(1.08)a 30.4(10.a
SVl 20.2(2.56)b 17.5(1.24)a 30.1(4.13)a
NM5 23.0(2.09)a 19.4(2.43)a 37.1(8.43)a
SAM3 24.9(1.15)a 18.7(1.95)a 33.5(5.04)a

1993 SA2 24.6(2.52)a 17.0(1.32)a 30.1(5.90)a
SA22 24.9(3.01)a 18.1(1.03)a 30.4(4.32)a
SH3 24.9(3.01)a 19.2(1.48)a 26.4(7.70)a
Sv1 22.3(3.15)a 18.4(2.38)a 31.7(5.53)a

Note : Values in the same column followed by a different letter are different within 1992 and 1993 at

p=0.05
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stems and roots(Ericsson, 1984). Also, research
conducted by Adegbidi(1994) showed in a 1993
study, on the same site, that fertilized trees pro-
duced more litter than non-fertilized trees, except
clone SV1. According to his calculation, six
years of increased litter production would be re-
quired to increase soil C 0.035%, where soil C
concentration was 3.22% in fertilized plots and
3.29% in non-fertilized plots at 0-10am soil depth.
This small difference in litterfall was too small
to be detected in soil C concentration at the end
of seven growing seasons. There was no evi-
dence of a litter laver at the willow experimental
site. The lack of a litter layer could be because
of the effect of wind on the foliage litterfall.
After the annual harvest during late fall tremen-
dous amounts of the current litter may be re-
moved by strong winds before canopy closure the
next vear and even during canopy closure. Also,
small plot size(6m < 6m), with open areas between
the plots, may increase the effect of wind on
the amount of foliage litterfall C input to the
soil surface. Annual cutting may increase soil
temperature and the decomposition rate at soil
surface layer. A rapid decomposition rate would
result in less C content and also decrease the
effect of the foliage litterfall C input to soil
surface.

Another potential reason for no differences in
soil C content between the fertilized and non-
fertilized plots involves differences in root growth.
Differences in root production between the fertil-
izer treatment and control may be explained by
root/shoot partitioning. Assimilates are used pre-
ferentially by the shoots if conditions limit pho-
tosynthesis, and preferentially by the roots if
conditions limit nutrient or water uptake(Cannell,
1988). As a result,
increase shoot growth relative to root growth in
both herbaceous and woody species(Ledig, 1983).
Altered root biomass and productivity have been
reported after N fertilization of willow(Ericsson
et al.,
plants, grown in nutrient solution, expends less
of their photosynthetic products on root growth
compared to nutrient-deficient plants. Decreased

high levels of nutrients

1981) where properly fertilized willow

root production after fertilization was also reported

by Linder and Axelsson(1982), but Binkley(1986)
reported that fertilization had no effect on root
production. Vogt and Bloomfield(1991) noted that
as nutrient availability decreases, the contribu-
tion by senesced roots to carbon and nutrient
cycling in the soil increases while that of above-
ground litterfall decreases.

In this study, according to early research by
Kopp et al.(1993), annual fertilization signifi-
cantly increased aboveground biomass production
during only second and third growing season{on
average, 26% and 28% more production in fer-
tilized plots) due to original adequate soil nutrient
as described earlier. Therefore, if
functional equilibrium could be adaptive to our

conditions,

willow experiment trees(changed root production
by fertilized treatment), the response of root
growth change to fertilization would be adapted
to second and third growing season. However,
the relatively small aboveground biomass differ-
ences between fertilized and non-fertilized plots
may not indicate much difference in root produc-
tion between the two treatment plots, Possible
small differences in root production for only two
years could result in small differences in root
detritus input that are difficult to detect in soil
C concentration between the two treatments.
Fertilization effect on soil C content in this
study plots was non-significant because of small
differences in root turmover between fertilized
and non-fertilized plots combined with the small
amounts of litterfall input to the soil.

Significant clonal effect on soil C content at 0~
10cm soil depth only in 1992 could be because of
stone content variation rather than clonal effect.
That is, no significant clonal differences in soil
C concentration(%) was found at 0-10cm soil
depth. Also, the differences were not detected
in 1993. Because soil C content could be stable
for one vear, no significant differences in soil C
content between fertilized and non-fertilized plots
in 1993 may support the hypothesis that the
significant clonal differences could be from inher-
ent site variation.



184

10.

11.

12.

. Christersson, L.

W=7 (Salix spp.) MR FES S8 ML W Td REEW v BE

LITERATURE CITED

. Adegbidi, H.G. 1994. Nutrient return via

litterfall and removal during harvest in a one
-year rotation bioenergy plantation. M.,S.
Thesis. SUNY Coll. Envir, Sci, and For.,
Syracuse, N.Y. 149pp.

. Anderson, H.W., C.S. Papadopol and L.

Zsuffa. 1983. Wood energy plantations in
temperate climates. For. Ecol. Manage. 6 :
281-306.

. Bickethaupt, D.H. and E.H. White. 1982.

Laboratory manual for soil and plant tissue
analysis. SUNY Coll. Envir. Sci. and For.,
Syracuse, N.Y. 67pp.

. Binkley, D. 1986. Forest Nutrient Manage-

ment. John Wiley and Sons, N.Y. 290p.

. Cannell, M.G.R. 1988. The scientific back-

ground. Pages 83-137 in F.C. Hummel, W.
Palz, and G. Grassi eds. Biomass Forestry
in Europe : A strategy for the Future, Else-
vier Applied Science, N.Y.

1987. Biomass production
by irrigated and fertilized Saflix clones. Bio-
mass 12 : 83-95.

. Dixon, R.K., S. Brown, R.A. Houghton,

A.M. Solomom, M.C. Trexler and J.
Wisniewski. 1994. Carbon pools and flux of

global forest ecosystems. Science 263 : 185-
190.

. Ericsson, T. 1981. Growth and nutrition of

three Salix clones in low conductivity solu-
tions. Physiol. Plant 52 : 239-244.

. Ericsson, T. 1984. Nutrient cycling in wil-

low. IEA/FE PG'B' - ENFOR CFS, Report
5:1-32.

Hair, D. and R.N. Sampson. 1992, Climate
change-history, prospects, and possible im-
pacts. Pages 1-10 in Sampson, R.N, and
Hair, D. eds. Forests and Global Change.
Vol.I: Opportunities for Increasing Forest
Cover. Am. For., Washington, D.C.

Hall, D.O., H.E. Mynick and R.H. Wil-
liams. 1991. Cooling the greenhouse with
bioenergy. Nature 353 : 11-13.

Hansen, E.A. 1993. Aid for global warming

13.

14.

15.

16.

17.

18.

19.

20.

21.

: forests store carbon deep in soil. Poplar
Council of the U.S. Newsletter. No. 6. Vol
1:1pp.

Hansen, E.A. and D.N. Tolsted. 1985, Ni-
trogen sources and fertilizer rates affect
growth of hybrid poplar. Pages 71-77 in
J.D. Dawson and K.A, Marjerus eds. Fifth
Central Hardwood Conference : April 15-17,
Urbana-Champaign. IL.

Henderson, G.S. 1995. Soil organic matter :
A link between forest management and pro-
ductivity. Pages 419-436 in W.W. McFee
and J.M. Kelly eds. Carbon Forms and

Functions in Forest Soils. Soil Sci. Soc.
Am,, Inc. Madison, WI.

Hutton, F.Z. and C.E. Rice. 1977. Soil
Survey of Onondaga County, New York.

U.S.D.A. Soil Cons. Serv. 235pp.

Johnson, D.W. 1992. Effects of forest man-
agement on soil carbon storage. NCASI.
Technical Bulletin No. 628 : 1-41.

Kopp, R.F., E.H. White, L.P. Abraham-
C.A. Nowak, L. Zsuffa and K.F.
Bums. 1993. Willow biomass trials in central
New York State. Biomass and Bioenergy 5 :
179-187.

Ledig, F.T. 1983. The influence of genotype
and environment on dry matter distribution
in plants. Pages 427-454 in Huxley, P.A.
ed. Plant Research and Agroforestry, Inter-
national Council for Research in Agroforestry.
Nairobi, Kenya.

Linder, S and B. Axelsson. 1982. Changes
in carbon uptake and allocation patterens as
a result of irrigation and fertilization in a

son,

young Pinus sylvestris stand. Pages 38-44 in
R.H. Waring ed. “Carbon Uptake and Allo-
cation : Key to Management of Subalpine For-
est Ecosystems”, IUFRO Workshop, For.
Res. Lab. OR. State Univ., Corvallis.
McElroy, G.H., M. Dawson, K.G. Stott
and R.I. Parfitt. 1985. Willow biomass as a
Long Ashton Res., Stat.,
Bristol, England : 11pp.

Persons, M. 1992. Estimation of carbon stor-
age and suburban lands for three Southeastern
States. Pages 263-277 in Sampson, R.N,

source of fuel.



22.

23.

24.

25.

26.

WEMNEE 86(2)%.

and D. Hair eds. Forests and Global Change ;
Volume [ : Oppurtunities for Increasing Forest
Cover.

Peterson, R.G. 1985. Design and Analysis
of Experiments. Marcel and Dekker, N.Y.
429pp.

Schlesinger, W.H. 1991. Biogeochemistry :
an Analysis of Global Change.
press, N.Y. 443pp.

Sedjo, R.A. 1989. Forests : a tool to moder-
ate global warming? Environment 31 (1) : 15-
21.

Stehman, S.V. and M.P. Meredith. 1995.
Practical analysis of factorial experiments in
forestry. Can. J. For. Res. 25 446-461.
Vitousek, P.M. 1991. Can planted forests

Academic

28.

19974 6A 185

counteract increasing atmospheric carbon di-
oxide? J. Environ. Qual., 20 : 348-3b4.

. Vogt, K.A. and J. Bloomfield. 1991. Tree

root turmnover and senescene. Pages 287-306
in Y, Waisel, A. Eshel and U. Kafkafi eds.
Plant Roots : The Hidden Half, Marcel Dek-
ker, N.Y.

Wright, L.L., R.l1. Graham, A,F. Turhol~
low and B.C. English. 1992. The potential
impacts of short-rotation woody crops on car~
bon conservation. Pages 123-156 in Sampson,
R.N. and D. Hair eds. Forests and Global
Change ; Volume 1 : Opportunities for Increas-
ing Forest Cover. Am. For., Washington,
D.C.



