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Abstract Carbon sequestration in the woody

biomass of shelterbelts has been investigated but

there have been no measurements of the C stocks in

soil and tree litter under this agroforestry practice.

The objective of this study was to quantify C stored

in surface soil layers and tree litter within and

adjacent to a 35-year-old shelterbelt in eastern

Nebraska, USA. The 2-row shelterbelt was composed

of eastern red cedar (Juniperus virginiana) and scotch

pine (Pinus sylvestris). A sampling grid was estab-

lished across a section of the shelterbelt on Tomek

silt loam (fine, smectitic, mesic Pachic Argiudolls).

Four soil cores were collected at each grid point,

divided into 0–7.5 and 7.5–15 cm depth increments,

and composited by depth. Soil samples were analyzed

for total, organic, and inorganic C, total N, texture,

pH, and nutrient content. Under the shelterbelt, all

surface litter in a 0.5 · 0.5 m2 area at each grid point

was collected prior to soil sampling, dried, weighed,

sorted, and analyzed for total C and N. Average soil

organic carbon (SOC) in the 0–15 cm layer within the

shelterbelt (3,994 g m�2) was significantly greater

than in the cultivated fields (3,623 g m�2). The tree

litter contained an additional *1,300 g C m�2. Pat-

terns of litter mass and soil pH and texture suggested

increased organic inputs by tree litter and deposition

of wind-blown sediment may be responsible for

greater SOC beneath the shelterbelt. Further research

is needed to identify the mechanism(s) responsible

for the observed patterns of SOC within and adjacent

to the shelterbelt and to quantify the C in biomass and

deeper soil layers.

Keywords Soil organic carbon � Tree litter �
Shelterbelt � Red cedar � Scotch pine

Carbon (C) sequestration in woody biomass is

promoted as a practice to offset increasing atmo-

spheric carbon dioxide (CO2) concentrations. Exten-

sive analyses of forest productivity for various forest

types and management practices have been com-

pleted to quantify their potential for C sequestration

(Vitousek 1991; Harmon 2001; Kirschbaum 2003).

These analyses concern estimates of C sequestration

primarily in above-ground biomass. Paul et al. (2002)

reviewed global data on changes in soil C following

afforestation and found that, on average, soil C

decreased during the first 5 years of afforestation but

generally recovered to C contents comparable to

agricultural soils by 30 years. The data were highly
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variable and included both net increasing and net

decreasing soil C content. The most important factors

affecting changes in soil C were previous land use,

climate, and forest type. Deciduous hardwoods or N2-

fixing species established on formerly cropped land in

tropical or subtropical regions tended to produce the

greatest soil C accumulation. Davis and Condron

(2002), Paul et al. (2002), and Vesterdal et al. (2002)

each noted that decreasing C in the surface soil layer

after afforestation was partially offset by C accumu-

lation in tree litter on the forest floor.

A shelterbelt or field windbreak is an agroforestry

practice that consists of one or more rows of trees

planted across crop fields or grazing lands to reduce

wind speed and enhance the local microclimate for

crop and animal production. Shelterbelts are most

common in semiarid areas where they also protect the

soil from wind erosion. The largest shelterbelt-

planting program in the U.S. was the Prairie States

Forestry Project that planted nearly 30,000 km of

shelterbelts in six Great Plains states between 1935

and 1942 (Droze 1977). Brandle et al. (1992),

Schroeder (1994), and Kort and Turnock (1999)

estimated C sequestration in above-ground biomass

for different shelterbelt types in the U.S. and Canada.

These estimates ranged from <1 Mg C km�1 for

single-row shrubs to >100 Mg C km�1 of hybrid

poplar (Populus · deltoides). None of these assess-

ments considered the tree litter, below-ground bio-

mass, or soil C sequestration potential of shelterbelts.

Planting trees on soils previously managed for

crop or forage production has potential to signifi-

cantly alter soil properties through fundamental

changes in organic matter and nutrient cycling

processes. In forest systems, litter-fall on the soil

surface is the primary organic input, whereas in many

cropping and grassland systems the primary organic

input is the decomposition of roots (Pettapiece 1969;

Anderson 1987; Gale and Cambardella 2000).

Decomposition of tree litter on the soil surface in

forests tends to occur rapidly and, in the absence of

mineral colloids, results in few stabilizing clay-

humus complexes. Forest soils are often character-

ized by a thin, organic-rich O horizon over an A

horizon and deeper horizons having relatively low

concentrations of clay and nutrients with significant

losses of soluble organic N, S, and P components and

cations (Ca, Mg and K) due to leaching (Anderson

1987).

Nair and Nair (2003) recommended that, to fully

assess the C sequestration potential of agroforestry

systems, C stock estimates should include forest

products, detritus (tree litter), and soil components.

Since the 1930s, shelterbelts have been planted

extensively in the Great Plains of the U.S. Accurate

assessment of the C stocks of existing and potential

shelterbelt plantings is needed to determine the full

capacity of this agroforestry practice to sequester C.

The objective of this study was to quantify the C

stored in surface soil layers and in tree litter within

and adjacent to a 35-year-old shelterbelt in eastern

Nebraska.

Materials and methods

The study site was located at the University of

Nebraska-Lincoln Agricultural Research and Devel-

opment Center near Mead, NE (418 90 N, 968290 W,

356 m asl). The soils at this location formed on a

loess-mantle over an ancient terrace of the Platte

River. In the fall of 2003, a section of a shelterbelt

located on Tomek silt loam (fine, smectitic, mesic

Pachic Argiudolls) was selected for sampling. The

shelterbelt was planted in 1968, had a north–south

orientation, and consisted of two rows of three tree

species (eastern red cedar (Juniperus virginiana),

scotch pine (Pinus sylvestris), and eastern cotton-

wood (Populus deltoides)). The tree rows were 400 m

long and spaced 3.65 m apart with 1.8 m between

trees within rows. The original cottonwood trees were

removed after *15 years although some trees grown

from their seed were present in 2003. At the time of

sample collection, the scotch pine and red cedar trees

were approximately 8 m tall and 0.25 m in diameter

(DBH). Red mulberry (Morus rubra), honeylocust

(Gleditsia triacanthos) and various grasses and forbs

had invaded the margins of the shelterbelt. Cropping

histories of the adjacent fields were available for

growing seasons after 1974. The fields were cropped

primarily to soybean [Glycine max (L.) Merr.], wheat

(Triticum aestivum), and grain sorghum or milo

[Sorghum bicolor (L.) Moench] (Table 1).

A sampling grid (7 · 17 parallel-to · perpendicu-

lar-to shelterbelt) was established at a 1.8-m spacing

except for the two columns of points between the tree

rows. These two columns were only 1.2 m apart to

allow better representation and greater separation
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between these sample points and the tree rows. Prior

to soil sampling, aboveground tree litter was col-

lected from a 0.5 · 0.5 m2 area centered on each grid

point within the shelterbelt (n = 62). Samples were

placed in plastic bags, transferred to paper bags, dried

at 558C for 48 h, weighed, and sorted into litter

classes. Eight of the 10 litter classes (sticks, pine

needles, pine cones/juniper seeds, deciduous leaves,

annuals, corn residue, worm casts, and insect carap-

aces) were sorted by visual identification. Remaining

litter was separated into coarse duff (>2 mm-diam.)

and fine duff (<2 mm-diam.) using a 2-mm sieve.

Samples of each litter class were ground in a Wiley

mill1 (Model 4, Thomas Scientific, Swedesboro, NJ)

and a subsample was placed on a roller mill (Bailey

Mfg., Inc., Norwalk, IA) for 12 h to create a finer

sample for analysis. Total C (TC) and total N (TN) in

the litter were quantified using dry combustion

methods (Fison NA 15000 Elemental Analyzer,

ThermoQuest Corp., Austin, TX). Standing stocks

of C and N in each litter class (g m�2) were computed

using litter C and N concentrations, litter mass, and

sample area (0.25 m2).

Four 3.2 cm-diam. soil cores were collected within

0.25 m of each grid point, divided into 0–7.5 and 7.5–

15 cm depth increments, and composited by depth. At

the time of sampling, the field east of the shelterbelt

was in winter wheat following harvest of soybean and

tillage. The field west of the shelterbelt had been

cropped with corn (Zea mays L.) and the stubble

remained on the surface after recent harvest of the

grain. Surface crop residue was brushed aside before

collection of soil cores from the cultivated field grid

points.

All soil samples were weighed and a subsample

removed and dried at 1058C for 24 h to determine soil

water content and bulk density. All remaining field-

moist samples were passed through a 8-mm sieve,

visible roots removed, and a *100-g subsample of

this sieved soil was passed through a 2-mm sieve. All

soil samples were then air-dried. A *15-g sample of

the air dry <2 mm-diam. soil was placed on a roller

mill for 12 h to create a fine powder for total C and N

analysis. TC and TN were measured using dry

combustion and soil inorganic carbon (SIC) were

quantified using the pressure calcimeter method of

Sherrod et al. (2002). Soil organic C (SOC) was

calculated as the difference between soil TC and SIC.

Samples of air dry, 2 mm soil were used to determine

particle size (hydrometer method, Gee and Or 2002),

pH in water (1:1 paste) , pH in a buffer solution

(SMP, Watson and Brown 1998), Bray P (P-1, Frank

et al. 1998), and K, Ca, Mg, and Na via ammonium

acetate extraction (Warncke and Brown 1998). Esti-

mates of cation exchange capacity (CEC) and

exchangeable acidity were obtained from the extract-

able K, Ca, Mg, and Na data and from SMP buffer

pH, respectively (Warncke and Brown 1998). Single-

Factor ANOVA and Fisher’s Protected LSD were

used to test for differences in soil parameters between

samples from cultivated (n = 56) and uncultivated

soil (n = 62). ANOVAs were also completed on the

litter class data and on 3 litter fractions; Woody

Table 1 Management history from 1975 to 2003 for cultivated fields west and east of the Mead shelterbelt

Time

period

West field crops West field

fertility

East field crops East field

fertility

1995–2003 corn (2), wheat (1), soybean (1); soybean (1),
wheat (1), oats (1), sunflower (1), milo (1)

manure (4), N

fertilizer (1),

lime (1)

soybean (5), wheat (1), milo (1),

sunflower (1), corn (1)

N fertilizer (5),

lime (1)

1985–1994 soybean (5), wheat (3), milo (2) N fertilizer (3) soybean (5), wheat (3), milo (2) N fertilizer (5),

lime (2)

1975–1984 milo (6), wheat (4) milo (5), wheat (4), soybean (1)

Total milo (9), wheat (9), soybean (7), corn (2),

sunflower (1), oats (1)

manure (4), N

fertilizer (4),

lime (1)

soybean (11), milo (8), wheat

(8), sunflower (1), corn (1)

N fertilizer

(10), lime (2)

Values in parentheses are number of years in each crop and number of applications for manure, fertilizer, and lime. Crops in italics

were grown under organic cultural practices

1 Mention of trade names or commercial products in this article

is solely for the purpose of providing specific information and

does not imply recommendation or endorsement by the U.S.

Department of Agriculture.
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(sticks, pine needles, pine cones/juniper seeds, and

deciduous leaves), Non-woody (annuals and corn

residue), and Mixed (worm casts, insect carapaces,

coarse and fine duff).

Results and discussion

Significant differences were observed between soil

under the shelterbelt and soil from the cultivated fields

for most parameters in both the 0–7.5 and 7.5–15 cm

layers (Table 2). For the 0–7.5 cm layer, SOC

concentration was 55% greater under the shelterbelt

than in the cultivated fields (3.04 vs. 1.96%). SOC

under the shelterbelt was also greater when expressed

as an areal mass (g m�2) of SOC although, due to

significantly lower bulk densities beneath the shelter-

belt (1.02 vs. 1.27 Mg m�3), the difference was only

24% (2,310 vs. 1,856 g m�2). There were no

significant differences for SIC, which accounted for

< 0.3% of the TC. For TN, both concentration and

mass were significantly greater under the shelterbelt

with again a proportionally smaller difference when

expressed on a mass per unit area basis. The difference

in C:N ratio (calculated as %SOC/%TN) was also

highly significant with values of 11.9 and 10.6 for

the shelterbelt and cultivated fields, respectively.

Amounts of C and N parameters were consistently

lower in the 7.5–15 cm layer and had generally

smaller differences between the shelterbelt and

cultivated fields as compared to the 0–7.5 cm layer.

SIC was again a very small (<0.3%) component of

TC and was not different between the shelterbelt and

cultivated fields. Although concentrations of SOC

and TN were still significantly greater under the

shelterbelt, both parameters were significantly lower

than in the cultivated fields on a mass per unit area

basis although only at P < 0.05. For both SOC and

Table 2 Mean values of soil properties for upper (0–7.5 cm) and lower (7.5–15 cm) layers in the shelterbelt and cultivated fields

Soil property 0–7.5 cm 7.5–15 cm

Shelterbelt Fields Shelterbelt Fields

SOC (%) 3.04*** 1.96*** 1.99*** 1.77***

SIC (%) 0.009 0.004 0.004 0.004

TC (%) 3.04*** 1.96*** 2.00*** 1.78***

SOC (g m�2) 2,310*** 1,856*** 1,684* 1,767*

SIC (g m�2) 7.1 4.3 3.2 3.2

TC (g m�2) 2,317*** 1,860*** 1,687* 1,770*

TN (%) 0.254*** 0.185*** 0.180*** 0.167***

TN (g m�2) 194** 176** 152*** 166***

C:N 11.9*** 10.6*** 11.1*** 10.7***

Bulk density (Mg m�3) 1.02*** 1.27*** 1.13*** 1.34***

Sand (%) 19.4* 17.9* 18.0** 16.7**

Silt (%) 44.0*** 46.7*** 44.7*** 46.7***

Clay (%) 36.6** 35.4** 37.3* 36.6*

CEC (cmol kg�1) 19.3** 17.4** 16.3 16.8

pH (water) 6.1** 6.4** 5.5*** 6.1***

pH (SMP buffer) 6.7** 6.9** 6.4*** 6.7***

Exch. acidity (meq 100 g�1) 3.61** 1.96** 6.60*** 3.96***

Phosphorus (mg g�1) 7.9*** 11.7*** 3.3*** 6.7***

Potassium (mg g�1) 58.5 62.0 52.2 50.4

Calcium (mg g�1) 277** 246** 220* 238*

Magnesium (mg g�1) 42.9** 37.3** 43.3** 39.2**

Sodium (mg g�1) 8.8 8.9 8.8** 9.6**

Means for samples from shelterbelt and fields from the same depth followed by *, **, or *** indicate significant differences at the

0.05, 0.01, and 0.001 probability level as determined by the Fisher’s Protected LSD

166 Agroforest Syst (2007) 71:163–174

123



TN, differences in concentration were statistically

highly significant although absolute differences were

much smaller than for the 0–7.5 cm layer. However,

due to the large difference in bulk density between

the shelterbelt and fields (1.13 vs. 1.34 Mg m�3), the

areal masses of SOC and TN were greater in the

cultivated fields, although only by a relatively small

percentage (4.9% and 9.2%). The small differences

between the 0–7.5 and 7.5–15 cm layers for SOC,

TN, and C:N in the cultivated areas are likely due to

mixing of the soil during tillage operations. Patterns

of SOC and TN on a mass per unit area basis and C:N

with distance across the shelterbelt graphically illus-

trate the spatial relationship between cultivation, tree

rows, and soil parameters (Fig. 1). Greater SOC and

TN and elevated C:N especially in the 0–7.5 cm layer

within the shelterbelt are clearly evident. Even

though the field west of the shelterbelt was under

organic crop production from 1996 to 2000 and

received cattle manure applications in 1997, 1998,

2000, and 2003, neither SOC nor TN in the west field

were significantly greater than in the east field, which

remained under conventional crop management.

To aid in interpretation of the tree litter input, the

litter classes were grouped into 3 litter fractions; (1)

Woody (sticks, pine needles, pinecones/juniper seeds,

and deciduous leaves), (2) Non-woody (annuals and

corn residue), and Mixed (worm casts, insect carap-

aces, and coarse and fine duff). Total litter mass

varied from *1,000 g m�2 to 8,000 g m�2 with the

least amount of litter near the shelterbelt margins and

the greatest amount just east of the eastern tree row

(Fig. 2). Less litter (*4,000 g m�2) between the tree

rows may be due to significant natural pruning as

there were no live branches near the ground between

the tree rows. Fewer live branches would result in

0 5 10 15 20 25 30

1500

2000

2500

3000

3500

m g
2-

SOC

0 5 10 15 20 25 30

Distance from West (m)

10

11

12

13
C:N

0 5 10 15 20 25 30

120

160

200

240

280

m g
2-

TN

West
Field

East
Field

West
Field

West
Field

East
Field

East
Field

Fig. 1 Mean values by

position across shelterbelt

of soil organic carbon

(SOC), total nitrogen (TN)

and C:N for 0–0.7.5 (closed
squares) and 7.5–15 cm

(open squares) layers. Tree

symbols indicate position of

tree rows and arrows

indicate extent of

uncultivated area. Error bars

are standard deviations
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lower organic inputs through annual needle/leaf

turnover. Overall, >77% of the litter mass was in

the Mixed fraction with increasing amounts of

Woody litter from west to east (average 21% of

total) and significant amounts of Non-woody litter

only at the shelterbelt margins. Greater amounts of

litter just outside the tree rows suggest that these

areas had more live branches and greater annual

inputs from needle/leaf turnover. Greater litter on the

eastern side of the shelterbelt may also be due to

microclimate effects on plant growth as the western

side of the shelterbelt received full sun during the

afternoon. Less natural regeneration was noted for

this side of the shelterbelt, perhaps due to hotter, drier

conditions. Prevailing westerly winds may have

caused some litter redistribution as well.

Within the litter fractions, the coarse and fine duff

classes accounted for 92% of the mass of the Mixed

litter fraction (Table 3). The fine duff class contained

an appreciable amount of soil. A sub-sample of each

fine duff sample was ashed in a muffle furnace to

determine the mineral content. The average mineral

content in the fine duff was 54.4 ± 10.2%. If this

mineral component is subtracted from the fine duff

class, this class still had the greatest mass

(1,418 g m�2) and the average total litter mass was

reduced by 30% to 3,248 g m�2. Some of this soil

was likely collected with the litter as the boundary

between litter layer and soil surface was sometimes

uneven and diffuse. Other possible sources of soil in

the litter include incorporation via soil arthropods and

deposition of sediment deposited by wind or water.

The organic component of the fine duff class included

the scale-like leaves of the red cedar, which were too

numerous to be sorted by visual identification, and

small fragments of the other litter classes. Sticks and

pine cones/juniper seeds comprised 88% of the mass

of the Woody fraction while annuals comprised 88%

of the Non-woody fraction. Overall, the greatest mass

of litter was found in fine and coarse duff classes

followed by sticks, pine cones/juniper seeds, and

worm casts.

The Mixed litter fraction also had a significantly

greater mass of TC and TN, representing 62% and

76% of the TC and TN, respectively (Table 3). Sticks

and pine cones/juniper seeds again made intermediate

contributions to TC and TN mass with the other litter

classes making minor contributions. The Mixed

fraction had the lowest % TC however, as the coarse

and fine duff classes had average TC of 28.3% and

22.0%, which were significantly lower than all other

classes except worm casts (8.6%). The Woody

fraction had significantly greater % TC with pine

needles, sticks, and pine cones/juniper seeds all

having TC >45%. The Mixed fraction had the

greatest % TN but also contained the litter classes

with the greatest (insect carapaces, 2.29%) and lowest

(worm casts, 0.63%) concentrations. All other litter

classes ranged from 1.06% to 1.37% TN. Due to the

significantly lower TC in the Mixed fraction, this

fraction also had the lowest C:N ratio averaging 20.6

compared to 37.6 and 39.8 for the Woody and Non-

woody fractions. The sticks, annuals, and pine needle

classes all had C:N >40. However, the Non-woody

fraction contributed <2% of the litter mass so the

primary contribution of high C:N litter was by the

Woody fraction (20.8% of mass with an average C:N

of 37.6).

7.3 9.2 11.0 12.8 14.0 15.9 17.7 19.5 21.4

Distance from West (m)

0

2000

4000

6000

8000

m g
2-

Woody Litter
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Fig. 2 Total litter mass by

position across shelterbelt.

Woody litter includes

sticks, pine needles, pine

cones/juniper seeds, and

deciduous leaves, non-

woody litter includes

annuals and corn residue,

and mixed litter includes

worm casts, insect

carapaces, and coarse and

fine duff. Tree symbols

indicate position of tree

rows
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Figure 3 presents the sum of SOC and TN and the

average C:N by position for both soil layers (i.e. 0–

15 cm) and the average TC, TN, and C:N for all litter

and for the 3 litter fractions. Carbon in the SOC of the

surface 15 cm beneath the shelterbelt was greater

than the C contained in the litter (TC) by a factor of

*3 (3,994 vs. 1,291 g m�2). TC in the litter generally

increased from west to east following the pattern

observed for litter mass (Fig. 2) with the peak litter

TC coinciding with a downtrend in SOC. Conversely,

the maximum SOC between the tree rows coincides

with an area of relatively low litter TC. These

observations may indicate lower input and/or more

rapid decomposition of litter and incorporation into

SOC between the tree rows and/or greater input and

slower degradation of litter outside the tree rows.

Similar spatial relationships were observed for TN,

although average soil TN exceeded average litter TN

by a factor of over 6 (346 vs. 54.5 g m�2). Litter C:N

averaged 31.2, which was nearly three times greater

than for the soil beneath the shelterbelt (11.5). Aside

from Non-woody litter at one location between the

tree rows, there was a general small reduction in litter

C:N from west to east with an increase just at the

eastern shelterbelt boundary.

Greater SOC and TN in the shelterbelt soil are

attributed to several factors including absence of

disturbance by tillage, increased organic inputs by

tree litter, reduction of surface soil loss by wind and

water erosion, and deposition of wind-blown sedi-

ment. The area between and adjacent to the tree rows

would have been uncultivated since shortly after

planting of the trees. The width of the uncultivated

area outside the tree rows would have slowly

increased over time as the trees grew and extended

their branches. Numerous studies of tillage effects on

SOC have consistently shown a strong positive

relationship between lack of soil disturbance and

greater SOC (Kern and Johnson 1993; Dick et al.

1998; West and Post 2002). The areas just outside the

tree rows had some of the thickest litter layers. The

margin areas closer to the cultivated fields had

progressively thinner litter layers and had a mixed

understory of perennial grasses, small trees, and

shrubs. Shelterbelts are designed to reduce wind

speed thereby reducing entrainment of soil particles

in their lee but also settling out any sediment already

in the air (van Eimern 1964; Plate 1971; Gupta et al.

1983). The presence of permanent ground cover

would also have reduced soil detachment by raindrop

impact and improved trapping of sediment in surface

runoff.

Soil physical and chemical properties were ana-

lyzed to characterize afforestation effects on soil

Table 3 Mean values of total dry mass, TC and TN mass and concentration, and C:N ratio by litter class and fraction for litter

samples collected beneath the shelterbelt

Litter class Mass (g m�2) TC (g m�2) TN (g m�2) TC (%) TN (%) C:N

1. Sticks 497.0c 231.6b 4.9c 45.5b 1.06e 44.5a

2. Pine needles 91.2e 45.2d 1.2d 49.2a 1.26bcd 40.0b

3. Pine cones/jun. seeds 363.0d 165.8c 5.3c 45.2b 1.36bc 34.8c

4. Deciduous leaves 21.2fg 8.6fg 0.30e 40.6d 1.37b 31.1c

5. Annuals 76.0f 32.6ef 0.86e 44.0c 1.13de 41.2b

6. Corn residue 10.9g 4.4g 0.10f 40.8d 1.20de 39.7b

7. Worm casts 267.1d 23.1de 1.7d 8.6g 0.63f 13.6f

8. Insect carapaces 9.3g 3.7g 0.22ef 41.4d 2.29a 26.9d

9. Coarse duff 723.1b 202.6b 8.6b 28.3e 1.21bcd 23.6d

10. Fine duff 2607.0a 573.5a 31.4a 22.0f 1.20de 18.2e

Litter fractions

Woody (1–4) 972.3b 451.2b 11.7b 45.1a 1.26a 37.6a

Non-woody (5–6) 86.8c 37.0c 1.0c 42.3b 1.18b 39.8a

Mixed (7–10) 3606.4a 803.0a 41.8a 25.0c 1.33a 20.6b

Overall sum/average 4665.5 1291.2 54.5 36.4 1.27 31.2

Means followed by the same letter within columns for individual litter fraction and fraction classes were not significantly different as

determined by the Fisher’s Protected LSD (P < 0.05)
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properties and perhaps elucidate which of the above

processes may have affected the observed patterns of

SOC. Bulk density and silt content were consistently

lower while sand and clay content were greater in the

soil beneath the shelterbelt (Table 2, Fig. 4). The

*20% average reduction in bulk density beneath the

shelterbelt is most striking and, as already discussed,

had important implications when expressing SOC and

TN on a mass per unit area basis. Lower bulk density

beneath the trees would be expected as there had been

no compaction by farm machinery for over three

decades and natural ameliorization would occur due

to soil arthropod activity and with fine roots exploring

and decaying in the surface soil layers. The marked

increase in silt and decrease in clay in the east field

suggests deposition of wind blown silt on the leeward

side of the shelterbelt. Silt content for both soil layers

averaged 44.4%, 44.4%, and 48.8% in the west field,

under the shelterbelt, and in the east field, respec-

tively. Clay contents for the same locations were

38.0%, 37.0%, and 34.1%. This interpretation, while

consistent with accepted theory, would require

further testing to verify, perhaps using analysis of
137Cs content in the soil profile to determine if

significant wind-blown sediment deposition had

occurred (Ritchie and McHenry 1990).

Soil beneath the shelterbelt had lower pH and

greater exchangeable acidity (Table 2, Fig. 5).
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Although the average differences in pH were small

(0.2–0.6 units), they were consistent and significant at

P < 0.05 or 0.01. There was extreme variation in pH

within the shelterbelt as, for instance, pH in water for

the 0–7.5 cm layer had a range of 3 units (4.3–7.3)

compared to only 1.2 units in the cultivated fields

(5.9–7.1). Soil pH in water for both layers decreased

sharply (*2 units) just outside the tree rows from

approximately 6.5–4.5 and *1 unit from approxi-

mately 7–6 when measured in the SMP buffer

solution. The west field had a slightly higher pH

values (0.1–0.9 units) for both solutions and depths

compared to the east field, perhaps a result of

multiple manure applications (instead of nitrogen

fertilizers) and a recent aglime application in 1997.

The introduction of pine species is often assumed

to acidify the soil (Coile 1933; Millar 1974; Sariyil-

diz et al. 2005) while eastern red cedar has been

found to raise the soil pH (Coile 1933; Spurr 1940;

Read and Walker 1950). In this study, it is clear that
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soil acidification is occurring in localized areas

within the shelterbelt suggesting that the effects of

the scotch pine on soil pH is dominant at these

locations (just outside the tree rows). These same

locations have high exchangeable acidity and low

CEC compared to other areas within the shelterbelt.

The CEC also shows a general pattern of decreasing

values from west to east, which is consistent with the

pattern of soil clay content.

Within the shelterbelt, areas of low pH coincided

with areas of low SOC and TN and greater litter mass

(Figs. 2, 3, 5). These results suggest that low soil pH

may be inhibiting litter decomposition and the

incorporation of litter C into SOC. Williams (1972)

observed increased rates of decomposition of scotch

pine humus at higher pH following lime application.

In general, tree litter decomposition rates are most

affected by litter quality, soil temperature, and soil

moisture conditions (Millar 1974; Berg 1986; Facelli

and Pickett 1991). Although the C:N ratio is tradi-

tionally considered a critical indicator of potential

decomposition rate and a determinant of whether

immobilization or mineralization of C occurs, lignin

and cellulose concentrations are also important fac-

tors (Millar 1974; Berg et al. 1982). Berg (1986)

reported that lignin concentration in scotch pine

needle litter was affected by site fertility with

measured concentrations of 24% and 27% lignin at

nutrient-poor and nutrient-rich sites, respectively.

Thus, for the Mead shelterbelt, appreciable amounts

of sticks, pine needles, and pine cones/juniper seeds

with relatively high C:N and perhaps elevated lignin

content in the needles appear to be accumulating

under a productive tree canopy with high soil fertility

(compared to typical forest soils) and reduced soil pH.

Although there were no significant differences

between the shelterbelt and cultivated fields for K and

only small differences for Na, distinct differences and

spatial patterns were observed for Ca and especially

for Mg and P (Table 2, Fig. 6). Eastern red cedar

leaves are known to have very high concentrations of

Ca (Read and Walker 1950; Millar 1974), which

may explain the high soil Ca concentration in the

0–7.5 cm layer beneath the shelterbelt. Although on
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average Mg was significantly lower and P was

significantly greater in the cultivated fields, both

Mg and P concentrations exhibited dramatic de-

creases from west to east. In the 0–7.5 cm layer, Mg

and P concentrations averaged 47.1 and 17.0 mg kg�1

in the west field and only 27.4 and 6.3 mg kg�1 in the

east field. It is likely that the greater concentrations in

the west field reflect nutrient inputs from the recent

manure applications, although Mg concentrations are

actually greatest in the western margin of the

shelterbelt.

Conclusions

Measured SOC in the top 15 cm of soil within the

shelterbelt and in the adjacent cultivated fields

averaged 3,994 and 3,623 g m�2, respectively. The

371 g m�2 greater SOC measured within the shelter-

belt was significant and represents an annual accrual

of 10.6 g m�2 year�1 over the life of the shelterbelt.

Tree litter on the soil surface contained an additional

*1,300 g C m�2. These SOC and litter C stocks

represent 5.4 and 19.4 Mg C km�1 of shelterbelt,

respectively. Clearly, the increase in SOC and C

contained in the tree litter are significant contributors

to the overall C sequestration potential of this

shelterbelt. Additional effort is necessary to identify

the mechanism(s) responsible for the observed spatial

patterns of SOC within and adjacent to the shelter-

belt. Ideally, a complete C stock assessment should

be made of this shelterbelt including quantifying the

C stocks in above- and below-ground biomass and in

the deeper soil layers. Such a complete dataset is

necessary to provide a full accounting of the C

sequestration potential of this system.
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