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Abstract

It is not known if a short-rotation woody crop (SRWC), grown on an agricultural

site, will affect subsequent row crops if the site is returned to agricultural production after

harvest of the SRWC. In this study, a woody biomass crop was integrated with an annual

row crop system in a row crop-woody crop-row crop rotation. The objectives were to: i)

document the post-harvest effects of a woody crop rotation on soil C, N, and aggregate

stability, ii) determine the woody crop's impact on future row crop production and N

fertilization efficacy, and Hi) measure changes in C and N fluxes due to the woody crop

rotation. The study was in southwestem TN on a Memphis-Loring silt loam intergrade

(Typic Hapludalfs - Oxyaquic Fragiudalfs). Soybean [Glycine max (L.) Merr.] was

followed by four-year (SY4C) and five-year (SY5C) rotations of American sycamore

{Platanus occidentalis L.), followed by no-till corn {Zea mays L.). Continuous row crops

(soybean converted to corn) served as a control (SBC). Four rates of broadcast NH4NO3

were applied to com (0, 73, 146, and 219 kg N ha ').

Four- and five-year sycamore rotations significantly affected soil properties and

post-sycamore com grain production. During three years of com production immediately

following sycamore harvest, increases in total soil C and N concentrations below a 2.5

cm depth were attributed to the sycamore rotation, specifically to sycamore roots. Soil

inorganic N concentrations were higher in the SBC than the SY4C system at a depth of 0

to 2.5 cm. Soil aggregate stability, at depths from 2.5 to 15 cm, was greater in the SY4C

than the SBC system. No mechanical problems were encountered when planting no-till

corn over sycamore stumps. Significant increases in N were observed in decomposing

sycamore roots and stumps. Microbial immobilization of soil inorganic N during
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decomposition of woody sycamore residues was suspected to have reduced the amount of

N available to corn plants during the first two years following sycamore harvest. First-

and second-year com after sycamore harvest required a 50% higher rate of N fertilization

to maximize yield than com in the SBC system.
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CHAPTER 1

Introduction and Background

Introduction

Humans have used wood as an energy source since prehistoric times. Only in the

last two centuries have other sources of energy, primarily fossil fuels, become more

important than wood. In the USA, wood as a fuel was surpassed by coal between 1850

and 1870 (Tillman, 1978). Although this trend was likely facilitated by improvements in

transportation, coal also produces approximately 55% more energy per unit mass than dry

hardwood (Ince, 1979; Tillman, 1978). By 1960, use of petroleum, which produces more

than 130% more energy than wood per unit mass, was twice that of coal in the USA. But

with the oil embargoes and energy shortages of the 1970s, wood was reexamined as a

potential energy source.

The U.S. Department of Energy and Tennessee Valley Authority, in addition to

numerous other public and private institutions, have studied the production of fuel wood

through fast-growing bioenergy crops during the past two decades. Many tree species

and a variety of plantation establishment practices have been tested. These woody

bioenergy crops consist of closely-spaced hardwood forest plantations grown for periods

of approximately 3 to 12 years before harvest. They are commonly known as short-

rotation woody crops (SRWCs). Upon harvest the wood can be burned in a biomass-

fiieled power plant, co-fired with coal in a standard power plant, or converted to gas.

Bioenergy crops are viewed as an environmentally-friendly alternative to fossil

fuels. Upon combustion, fossil fuels release formerly earth-bound C to the atmosphere as
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CO2. This is a concern because CO2 is a greenhouse gas that has increased in

concentration by 31% since the beginning of the industrial revolution (IPCC, 2001).

Although the combustion of bioenergy crops also releases CO2, the C in the bioenergy

crops is former atmospheric CO2 incorporated into the plants during the process of

photosynthesis. Thus, bioenergy crops cycle C to and from the atmosphere while fossil

fuels simply transfer C to the atmosphere.

Large-scale production of biomass fuel from SRWCs would require a significant

landbase. A 25-megawatt biomass-fueled power facility, capable of providing electricity

for approximately 25,000 people, would require 10,000 hectares of land devoted to

SRWCs (BFDP, 2001). A potential source of land for SRWC production is former

agricultural land. Several studies have demonstrated that establishing SRWCs on

agricultural land significantly improves soil properties such as erosion, bulk density,

organic matter content, and runoff quality (Mann and Tolbert, 2000; Tolbert et al., 2000;

Kort et al., 1998; Thornton et al., 1998).

Woody crops are typically regenerated soon after harvest, but when they are

grown on agricultural sites, situations could arise in which it is more profitable to convert

the site back to row crops than to regenerate the harvested SRWC. This may result from

market fluctuations or even improvements in soils created by the SRWC. For example,

the organic matter input from the tree residues may lead to improvements in infiltration

rate, water holding capacity, and fertility of soils (Mann and Tolbert, 2000). This may

subsequently increase the yields and profitability of row crops that are grown after a

SRWC.



Objectives

This study was initiated to test the feasibility of integrating a SRWC with an

annual row crop system. This was accomplished through a row crop to woody crop to

row crop sequence. A soybean field located in southwestern TN was planted with

American sycamore {Platanus occidentalis L.) in 1995. Portions of this sycamore

plantation were harvested after four and five years of growth, and the site was

subsequently converted to a no-till com {Zea mays L.) system. This dissertation

examines the latter half of the rotation process: the conversion from sycamore to com.

The post-harvest effects of the sycamore plantation on soils and subsequent com

production are the primary focus.

The objectives of the study were to i) document the effects of one rotation of a

woody crop on soil C and N, ii) understand the woody crop's effect on soil physical

properties through analysis of aggregate stability, in) determine the woody crop's impact

on future row crop production and N fertilization efficacy, and iv) measure changes in C

and N fluxes due to the woody crop rotation.

This dissertation contains three chapters that describe various aspects of the

research (Chapters numbered 2 through 4). Chapter 2 is devoted to the belowground

effects of the harvested sycamore plantation. Changes in soil C, N, aggregate stability,

and the decomposition of sycamore roots in the former plantation are discussed. Chapter

3 focuses on the effects of the sycamore crop on subsequent com grain yields. The

decomposition of the sycamore stumps and availability of soil mineral N are included in

this chapter. Chapter 4 describes the roots of living and decomposing sycamore root

systems and includes estimates of C and N pools and fluxes associated with the cropping
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systems investigated. Preliminary results from this study were reported in Devine (2002a

and 2002b).

Literature Review

Short-Rotation Woodv Crops

The idea of SRWCs for fiber production was conceived in 1965 at the Eighth

Southern Forest Tree Improvement Conference in Savannah, Georgia (Herrick and

Brown, 1967). American syceimore was selected as the ideal species for a SRWC

because prior research indicated it resists many insects and diseases, adapts to a wide

range of sites, and sprouts vigorously. Early SRWC studies involved two- to three-year

sycamore rotations. Trees were planted at close spacings, and coppice regeneration was

used (McAlpine et al., 1966). The close spacings were designed to make use of the

complete site, optimizing yield on a spatial basis. The short rotation lengths optimized

fiber yield on a temporal basis since the trees grew fastest in the early years after

planting. Coppice regeneration made use of existing root systems, "recycling" them in

future crops (McAlpine et al., 1966).

Hybrid poplars {Populus sp.) eind willows {Salix sp.) are the most frequently

planted SRWC in the USA, but other species including American sycamore, black locust

(Robinia pseudoacacia L.), and sweetgum {Liquidambar styraciflua L.) have also been

tested. Rotation lengths for SRWCs are typically 3 to 12 years (Cox, 1996). A variety of

cultural treatments including irrigation, fertilization, herbicides, and pesticides are

applied to optimize growth rates by improving resource availability and reducing weed

competition (Coleman, 1996).
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In response to the energy shortages of the 1970s, woody biomass crops were

investigated as a renewable energy source. Woody biofuels could be gasified or burned

with coal to generate electricity in power plants. The production, economic feasibility,

and environmental effects of producing SRWCs were studied for more than two decades

by the U.S. Department of Energy's Bioenergy Feedstock Development Program

(BFDP). From 1978 to 2002 the BFDP researched both woody and herbaceous energy

crops on sites throughout the USA. Many organizations have been involved in numerous

aspects of biomass research including genetics, environmental effects, stand

establishment, nutrient cycling, and fuel conversions. In addition to the U.S. Department

of Energy, examples of orgamizations that conducted biomass research are educational

institutions such as The State University of New York which began a SRWC bioenergy

research program in 1986 (Adegbidi et al., 2001), regional power providers such as

Tennessee Valley Authority, and forest products companies including Weyerhaeuser

Company and Boise Corporation.

Today, many agricultural sites in Tennessee, including some which are currently

only marginally profitable (land capability class 111 to VI), are potential sites for SRWC

establishment (Fribourg et al., 1989). Planting SRWCs for the production of fiber or

biofuels is an alternative to traditional agriculture on these sites. In recent years, SRWCs

in southern USA were most frequently established on plantations less than 40 hectares in

size on land farmed within the past 10 years (Coleman, 1996).

In addition to their role as a fuel or fiber source, woody biomass crops improve a

variety of environmental parameters. Bandaranayake et al. (1996) examined the soils of

1- and 12-year-old sycamore plantations and of corn and soybean row crops. Soil bulk
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density was lower for the 12-year-old plantations than for the row crops and the 1-year-

old sycamore plantation. Soil surface residue cover was significantly greater under the

12-year-old plantation than under the first-year plantation or the row crops. Thus,

improvements in soil physical properties likely occur sometime between the 1 st and the

12th year of SRWC growth.

Because frequent harvests, equivalent to as much as 20 Mg dry biomass ha"' yr"',

may remove significant amounts of nutrients from a site, there has been concern that

SRWC production may eventually reduce a site's fertility (Blackmon, 1979). Significant

variation exists among estimates of nutrient contents of sycamore biomass plantations

(Table 1-1); however. Wood et al. (1977) found that, for a three-year sycamore rotation,

N removed in harvesting approximated the natural N input estimates. On an annual basis,

30 kg N ha"' were removed through harvesting, and it was estimated that 22 to 34 kg N

ha"' entered the system through mineralization of organic matter and other inputs.

Wood et al. (1977) found that foliage, which is often removed with the woody

biomass in SRWC harvests, contained more N than any other tree component. On

unfertilized plots, foliage contained 30.9 kg N ha"', while bole wood, bole bark, and

branches contained 15.5, 6.1, and 8.0 kg N ha"', respectively. Researchers have

suggested that if foliage and/or small branches were not removed in the harvest operation,

nutrient removals from the site would be significantly less (Heilman and Norby, 1998;

Wittwer and Stringer, 1985; Wood et al., 1977; Blackmon, 1979). Wittwer and Stringer

(1985) found that sycamore aboveground biomass contained less N than several other

SRWC species. This indicated that a sycamore biomass crop may result in less N



Table 1-1. Cumulative aboveground nutrient content (stem, branches, bark, and foliage) of
unfertilized American sycamore.

Nutrient

Site

Stocking Age N K Ca Mg Mn Source

trees ha"' years .— kg ha' —-

Terrace 12,346 3 24.2 4.3 15.9 16.7 8.3 0.19 Wood et al..
1977

Floodplain 12,346 3 60.5 14.3 42.6 43.1 16.8 0.23 Wood et al..
1977

Floodplain 11,111 4 146.4 31.6 94.1 100.6 18.9 0.29 Blackmon, 1979

Floodplain 5,556 4 144.0 35.6 89.7 95.5 21.5 0.35 Blackmon, 1979

Floodplain 18,519 5 63 17.3 40 39 12.7 0.22 Wittwer and

Stringer, 1985

Floodplain 3,333 4 112- - - - - - van Miegroet et
197 al., 1994
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removal than other SRWC species. The belowground components of sycamore

plantations have been studied less than the aboveground fraction. Steinbeck and

Nwoboshi (1980) reported that the average belowground dry mass of several sycamore

plantation studies was 21.3 Mg ha"'.

Biofuels and the Global Carbon Cvcle

The earth's C is distributed among four major pools: oceanic, terrestrial,

atmospheric, and geologic. Although significant amounts of C cycle annually among the

former three pools (e.g. approximately ICQ Pg C are transferred annually between the

atmospheric and terrestrial pools), the geologic pool remains relatively inactive unless it

is disturbed (Johnson, 1995). The burning of fossil fuels is a major disturbance of the

geologic C pool that results in the annual release of approximately 5.3 Pg C to the

atmosphere (Sundquist, 1993). This release of C is a concern because the primary

atmospheric form of C is CO2, a greenhouse gas.

Biofuels, specifically woody and herbaceous biomass crops, represent a potential

means of reducing the net transfer of C from the geological pool to the atmospheric pool.

They accomplish this through several pathways (Batjes, 1998). First, biofuels can be

directly substituted for fossil fuels in generating power, reducing fossil fuel consumption.

Second, CO2-C is removed from the atmosphere in photosynthesis during the growth of

biomass crops. Although this photosynthesized, or 'fixed,' C is released back into the

atmosphere when it is combusted as fuel, this does not create a net increase in

atmospheric C. Finally, the production of biomass crops stores fixed C in the form of

aboveground plant residues and increased soil C (Tolbert et al., 2000). The reduction in
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fossil fuel use and the sequestration of C in plant residues and soils theoretically reduces

the net rate of atmospheric C increase.

Agricultural practices leading to increases in soil C storage, or soil C

sequestration, have been studied extensively in recent years (Metting et al., 1999).

However, there is a limited amount of data on soil C sequestration associated with woody

biomass crops. Furthermore, most of these data were collected in experiments that were

conceived years after the biomass crops were established. Ideal documentation of soil C

changes associated with biomass crops would include baseline soil data gathered before

crop establishment.

Based on soil samples taken from poplar plantations in Minnesota and adjacent

states, Hansen (1993) reported that soil C was increased under plantations. This increase

in C did not occur until the plantations had reached an age of 6 to 12 years, perhaps

because some soil C was mineralized, or released as CO2, in the first years after

plantation establishment. The soil C increase attributed to tree roots was significant after

approximately 12 years of plantation growth. Grigal and Berguson (1998) sampled soils

of five poplar plantations in Minnesota and found no difference in soil C between the

plantations and adjacent non-plantation sites. Mehdi et al. (1999) found no difference in

soil C at a depth of 0-60 cm between crops of willow and conventionally tilled com at

two sites in southwestem Quebec. Three study sites in the southeastem USA showed

increased soil C under three- and four-year-old woody biomass crops (Tolbert et al.,

2000). In one of these studies a fescue cover crop, grown between tree rows, had a

significant positive effect on the amount of soil C after four years of plantation growth.
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The ability of biomass crops to increase soil C likely depends on a variety of

environmental factors, many of which have not yet been quantified.

Management of Soil Organic Carbon

Carbon is the most common element in soil organisms and the energy source for

the majority of soil biota. On a global basis, it is estimated that the mass of SOC (1400 to

1500 Pg) is approximately 50% greater than the mass of soil inorganic C (800 to 1000

Pg) (Schlesinger, 1995). Most current research on soil C focuses on the factors that

determine the amount of organic C in soils. In many managed ecosystems SOC levels

are closely related to soil quality. Soil organic C contributes significantly to a soil's

cation exchange capacity and increases fertility by increasing the ability of a soil to hold

nutrients and water. Soil organic C improves soil structure by increasing soil aggregation

and porosity which in turn lead to improved infiltration rates and aeration. Management

practices including conservation tillage, cover crops, afforestation, agroforestry, and use

of scientifically-sound agricultural systems result in increased SOC and land

sustainability (Lai et al., 1995; Schlesinger, 1999). Continued use of non-sustainable

management practices such as deforestation, tillage of erosive soils, overgrazing, and

intensive use of sensitive lands result in soil C losses and long-term declines in

productivity (Lai et al., 1995).

Tillage practices affect the concentration and distribution of organic C in the soil

profile. Tillage mixes the soil and exposes organic C to oxygen, increasing the likelihood

of microbially-mediated mineralization. In a Texas com field, 5 tillage treatments were

applied continuously for 16 years (Salinas-Garcia et al., 1997). Under no-till, SOC levels
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in the top 5 cm of soil were 39 to 105% higher than for tillage treatments. This was

attributed to slower decomposition of residue, which, under no-till, was not incorporated

into the soil where the majority of microbial decomposers reside. Moldboard plowing

resulted in the least SOC after 16 years. It was concluded that reduced tillage was the

most efficient way to increase SOC. Reduced tillage, when combined with fertilization,

provided the greatest increase in total soil organic matter.

Van Veen and Kuikman (1990) proposed that physical barriers were the primary

cause for the slowing of organic matter decomposition by soil microbes. The authors

cited two major mechanisms which limited organic matter decomposition in soils:

adsorption of organic matter to clays and incorporation of organic matter into soil

aggregates. Both processes prevented microorganisms from metabolizing SOC. Positive

correlations between clay content and SOC supported the assertion that C can thus be

immobilized and made unavailable to decomposers. Organics may be adsorbed to clay

surfaces or be immobilized by complexation. Van Veen and Kuikman (1990) also stated

that the total soil surface area is largely uninhabited by microbes. Soils high in clay

content have much more surface area for OM adsorption, a large portion of which is

largely inaccessible to microbes due to the relatively large size of the microbes compared

to the size of the pores. Thus, finer-textured soils present an increased opportunity for

storage of SOC.

In north-central Alberta, a study was conducted in which barley was grown for 11

years under various combinations of tillage, residue disposal, and N fertilization (Nyborg

et al., 1995). Zero-tillage, as opposed to conventional tillage, increased the mass of C in

the top 15 cm of soil. However, when crop residues were removed and fertilizer was not
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added, zero-tillage did not differ from conventional tillage in the amount of C added to

the soil. Therefore, tillage practice did not affect soil C concentration unless crop

residues were left on the site. It was noted that soil C levels changed little during the

course of the study under conventional tillage without N fertilization.

A study conducted in the Southern Great Plains assessed the effects of ten years

of crop rotation, tillage, and fertilization on soil C sequestration (Potter et al. 1997). In

the top seven cm of soil, no-till resulted in higher SOC concentrations than stubblemulch

tillage, but tillage practice did not affect soil C concentrations below seven cm.

Fertilization had no effect on soil C in the study. Rotations with fallow resulted in lower

soil C concentrations than continuous cropping. When total SOC on a per hectare basis

was calculated to a depth of 20 cm, no-till systems increased C for continuous wheat

{Triticum aestivum L.) and continuous sorghum [Sorghum bicolor (L.) Moench] but not

for rotation crops.

Many studies have demonstrated that the application of N fertilizer can increase

SOC (Table 1-2). Salinas-Garcia et al. (1997) concluded that a significant increase in

SOC accompanying N fertilization was likely due to the increase in crop biomass (and

thus residue) production. Halvorson et al. (1999) stated that practices that maintain

adequate N fertility help to sequester atmospheric CO2 in soil organic matter.

N'dayegamiye and Angers (1993) conducted a study in which three rates of wood

residue (25, 50, and ICQ Mg ha"') were applied to a sandy loam soil on a biennial basis.

A four-year crop rotation (wheat, barley-clover, corn, com) with conventional tillage was

used. The effect of N fertilizer (100, 150, and 200 kg ha"') applied in addition to the

wood residue was examined. With all three rates of wood application, SOC and N were
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Table 1-2. Effect of N fertilization on soil organic carbon (SOC).

N fertilization rate

Years of

application Result Source

kg N ha"

22 to 134

45 to 200

90 and 180

252

11

12 to 36

Increased SOC with increased

N at

0 to 7.5 cm depth

All N rates increased SOC

Both N rates increased total

soil C and N

Slight increase in SOC

Halvorson et al.,
1999

Robinson et al.,
1996

Varvel, 1994

Havlin et al., 1990
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increased, while the soil C:N ratio decreased slightly. However, N fertilizer in

conjunction with wood residue had no added effect on SOC or soil N levels. It was

concluded that the application of woody residue could have directly increased SOC

and/or it could have increased crop production and thus increased soil C through the

increase in crop residues.

Carbon input from fine and coarse tree roots is important in both organic and

mineral soil horizons of forests and SRWCs. Root C enters the soil C pool through root

senescence, respiration, and exudation (Vogt et al., 1991). Fine root turnover constitutes

a significant input of C to the soil. The lifespan of fine tree roots ranges from weeks to

over a decade depending on genetic and environmental factors (Vogt et al., 1991). Friend

et al. (1991) reported that total root biomass of a two-year-old poplar plantation was 6.3

Mg ha"', of which 2.3 Mg ha"' were fine roots. This represents a significant contribution

of organic C to the soil.

To model the effects of SRWCs or traditional row crops on soil C storage, the

many fluxes of C within the soil ecosystem must be understood. Numerous scientists

have attempted to model the flow of C and organic matter in terrestrial ecosystems

(Falloon and Smith, 2000). Conceptual C pools, identified by their turnover rates, have

often been used in these models. Carbon turnover rates vary from rapid to essentially

inert (refractory C pools). Factors such as soil water, temperature, N availability, tillage,

and depth below the surface have been used to model rates of organic matter

decomposition. A better understanding of the refractory C pool is vital to research on soil

C sequestration. Currently, difficulties in measuring refractory SOC limit the
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effectiveness of models in predicting future changes in this C pool (Falloon and Smith,

2000).

Soil Nitrogen and the C:N Ratio

Nitrogen in the soil matrix exists in organic, inorganic, and gaseous forms.

Organic N exists in a variety of compounds in plants, living soil biota, and non-living

organic matter. Nitrogen is a component of amino acids and thus proteins and enzymes.

Although a significant fraction of organic N is in amino acids, many of the N-containing

compounds in soils are still unidentified or poorly understood (Stevenson and Cole,

1999). The most important types of soil inorganic N are ammonium and nitrate, the

forms available for plant uptake. Soil gaseous N (N2) is important because it may be

fixed by N-fixing bacteria to ammonia via the nitrogenase enzyme complex. Soil

nitrogen-fixing bacteria may be free-living or symbiotic. The most commonly-known

examples are of the symbiotic Rhizobium genus associated with the roots of leguminous

plants (Stevenson and Cole, 1999).

The mineralization of organic matter and its nitrogenous components by soil

organisms yields inorganic N in the form of ammonium. This release of inorganic N,

termed ammonification, is a byproduct of the catabolism of N-containing organic

compounds by soil heterotrophs (Myrold, 1999). The degradation of the organic

compounds is facilitated first by extracellular enzymes and then by intracellular enzymes.

Following ammonification, ammonium may be taken up by plants, adsorbed to soil

organic or mineral matter, immobilized by soil microorganisms, or oxidized by nitrifying

bacteria (Tisdale et al., 1993).
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Nitrifying bacteria oxidize ammonium to nitrate in a process known as

nitrification. Nitrification is a two-phase process: ammonium is first oxidized to nitrite

and then nitrite is oxidized to nitrate (Tisdale et al., 1993). Soil nitrate may be

assimilated by plants or microbes, but must first be reduced to ammonium in an energy-

consuming process. Alternatively, nitrate may be reduced to ammonium by bacteria

without assimilation in anaerobic process known as dissimilatory nitrate reduction

(Myrold, 1999).

Immobilization is the removal of nutrients from the plant-available pool by their

assimilation by soil organisms for cell synthesis. Immobilization of N is important in

agricultural systems because it reduces the amount of inorganic N available to crop

plants. Plant-available N may also be lost through leaching. While the positive charge of

the ammonium ion leads to retention in the predominately negatively-charged soil profile,

nitrate's negative charge repels the soil and makes it susceptible to downward movement

with water. Another loss of plant-available N occurs through denitrification in which

nitrate is reduced by bacteria to gaseous N (Tisdale et al., 1993). Denitrification occurs

in anaerobic conditions when nitrate is used by denitrifying bacteria in place of oxygen as

a terminal electron acceptor. Denitrification is an enzyme-assisted process that involves

a series of reduction reactions. Nitrate is first converted to nitrite, then to nitric oxide,

nitrous oxide, and finally to N2 gas (Myrold, 1999).

Nitrogen has been applied to agricultural soils in a variety of forms for nearly

three millennia (Hairston, 1990). Since N is the most frequently limiting nutrient in crop

growth, the N cycle and N fertilization have been studied exhaustively. The earliest
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known N fertilizer recommendations are attributed to Theophrastus (372-287 BC) who

prescribed varying rates of manure for different soils (Hairston, 1990).

The cycles of C and N, two of the most important and most studied elements in

the soil, are closely related. Because soil organisms require specific amounts of C and N

for growth and energy, the ratio of soil C to N is important to soil biota and soil fertility.

Early observations on the soil C:N ratio were made by Dyer (1902) on soils that had been

in long-term wheat production. Dyer observed a progressively smaller C:N ratio with

increasing soil depth, to a minimum of 5:1 at which point the C:N ratio remained constant

with increasing depth. He concluded that at a depth of approximately 1.1 to 1.4 m and

deeper, there was no longer a significant influence of crop residues on soil C and N.

Read (1921) examined 37 different soils and found that yields of corn were not related to

the soil C:N ratio.

Prior to the 1920s, it was understood that the addition of different soil

amendments affected different fractions of the soil microbial community. Waksman and

Starkey (1924) found that while dextrose stimulated growth of bacteria, cellulose

selectively stimulated fungal growth. The authors believed that the N requirement of

fungi was much higher than that of bacteria. This belief was based on the observation

that fungal growth increased more than bacterial growth when high-C residues were

supplemented with NaNOs. Waksman and Starkey (1924) did not attempt to analyze the

C and N content of the microorganisms themselves.

Salter (1931) studied the effect of the C:N ratio on accumulation of soil organic

matter. Residues were combined with ammonium nitrate to create soil amendments with

C:N ratios ranging from 15:1 to l.T. The 15:1 ratios resulted in the net release of very



18

little mineral N, while the 1:1 ratios released the equivalent of 2,800 kg ha"' nitrate. In a

typical agricultural system much of this nitrate would be lost through leaching. Salter

(1931) also observed that addition of residues with C:N ratios of less than 20:1 did not

cause soil nitrate losses while residues with wider C:N ratios did lead to nitrate losses.

These nitrate losses observed after the residue additions were temporary and were due to

immobilization.

Today it is recognized that when plant residues with C:N ratios between 20:1 and

30; 1 are added to a soil, there is usually little change in soil mineral N (Stevenson and

Cole, 1999). Residues with C:N ratios larger than 30:1 cause immobilization of soil

mineral N by microorganisms, and residues with ratios less than 20:1 lead to N

mineralization. The basis of these trends is the N requirement for structural growth by

the soil biota. If a residue substrate contains insufficient N relative to C, microbes must

draw on, or immobilize, soil mineral N for their growth. If a substrate contains excess N

relative to C, the N not needed for microbial structural growth is mineralized during

decomposition and thus becomes available for plant uptake.

Since bacteria have an average C:N ratio of 4:1 and fungi have an average C:N

ratio of 10:1, it is not surprising that bacteria require approximately twice as much N per

unit mass of structural growth than do fungi (Wagner and Wolf, 1999). The disparity

between the C:N ratio of a typical substrate (i.e. 25:1) and that of the average microbial

biomass (i.e. 8:1 for fungi plus bacteria) can be explained by microbial efficiency.

Microbial efficiency, the percent of total substrate C that is incorporated into microbial

biomass, is often between 30 and 50% in aerobic soils (Wagner and Wolf, 1999). The

remaining substrate C is released as CO2 or is not used by the microbial community. For
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example, with a substrate C:N ratio of 25:1 and a microbial efficiency of 35%, the C:N

ratio of the substrate fraction which is incorporated into microbial biomass becomes

8.75:1.

Different types of plant residues contain vastly different ratios of C:N. Composts

and legume residues both have C:N ratios in the range of 15:1 to 20:1 while cereal and

straw residue have C:N ratios of 60:1 to 80:1 (Stevenson and Cole, 1999). Woody

residues from the aboveground portions of trees have C:N ratios ranging from 150:1 to

500:1. In forest plantations, residues from harvested trees such as stumps, roots, and

dead limbs all have a high C:N ratio. The high C:N ratios of the woody residues in

SRWC systems have not yet been proven to cause N immobilization, but studies of

woody amendments in agricultural systems have shown immobilization. Lalande et al.

(1998) conducted a study in which chopped wood from twigs was added to a loamy soil

at a rate of 600 m^/ha for two years. Nitrogen immobilization was observed in the first

year, and a significant increase in total soil C and N was observed in the second year.

Beauchemin et al. (1990) examined the effects of wood residues on N fertilizer

availability. Fifty Mg ha'' of either fresh or humified woody residues with a C:N ratio

between 50:1 and 175:1 were applied to a potato crop that was fertilized with N. In the

same year that the wood residues were applied, 46 kg N ha"' was immobilized. It was

calculated that, to compensate for the N lost through immobilization due to the wood

residue, 1.9 kg N would have to be added for each ton of wood residue. However, in the

second year after wood residue application, N immobilization was significantly less.

When wood residues were allowed to decompose for one year prior to application, there
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was no decrease in crop yields compared to treatments with no wood residues. A

significant increase in water retention was observed for soils after addition of residues.

In 1986, N'dayegamiye and Dube investigated the effects of bark application on

crop yields and soil chemical properties. In the first year of bark application, yields and

N uptake by plants were very low due to N immobilization resulting from the bark

application. But during the following three years, yields and N uptake improved

significantly. Soils that were amended with bark also had higher C:N ratios (21:1) than

soils without bark (19:1). When pig manure, as a N source, was applied with bark, soil

organic matter (SOM) content increased slowly but significantly. Cation exchange

capacity of the soil did not change after soil amendments.

Risasi et al. (1998) conducted a study in which the fine roots of four tree species

and those of com plants were added to soil in which com was grown. The objective was

to determine what effect the decomposing roots would have on soil N availability. Roots

with a low C:N ratio (13:1 to 14:1) increased N uptake by com plants, while the addition

of decomposing com roots, which had a C:N ratio of 40:1, reduced N uptake by corn

plants. Incubation of decomposing roots in soil prior to the planting of com increased N

uptake by corn. The authors concluded that although N immobilization occurred after the

addition of high C:N roots, a period of incubation prior to planting could reduce this

negative effect on plant-available soil N.

Soil Aggregate Stabilitv

Kemper and Rosenau (1986) defined a soil aggregate as "a group of primary

particles that cohere to each other more strongly than to other surrounding soil particles."
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Soil aggregates provide structure in the soil that is essential for infiltration, drainage,

aeration, and plant growth. The aggregation of soil particles into water-stable aggregates

with a porous structure reduces the likelihood of erosion (Tisdall and Oades, 1982).

In 1946, Kroth and Page proposed that there were two types of binding agents

involved in aggregation of soil particles: i) polar organic substances and ii) Fe and A1

oxides, fats, waxes, and resins. The polar organic substances were reported to be either

soil humus or the recent organic products of microbial metabolism. These substances

were believed to bind clay particles through chemical bonds, while the Fe and A1 oxides,

fats, waxes, and resins bound particles strictly through physical mechanisms. Kroth and

Page (1946) found that soil aggregates were not coated or surrounded by binding agents;

instead, the binding agents were evenly distributed throughout the inside of the

aggregates.

Tisdall and Oades (1982) classified organic soil binding agents as transient,

temporary, or persistent according to their rate of decomposition. Transient binding

agents were part of the labile C pool and consisted primarily of polysaccharides from

microorganisms and plant roots. Temporary binding agents consisted of plant roots and

fungal hyphae that lasted for periods of months to years. Binding agents classified as

persistent included complexes of clay particles and humic substances. Tisdall and Oades

(1982) identified microaggregates, defined as aggregates less than 250 pm in diameter, as

clusters of smaller aggregates, 2-20 pm in diameter, held together by persistent binding

agents. Macroaggregates (>250 pm in diameter) were formed mainly by temporary

binding agents such as roots and fungal hyphae.
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Aggregate stability is measured by applying disintegrating forces to a sample of

soil aggregates of a known size fraction and then measuring the proportions of aggregates

broken down into one or more smaller size fractions (Kemper and Rosenau, 1986). The

disintegrating forces are designed to simulate the effects of cultivation, wind and water

erosion, and wetting. In the wet-sieving technique, pioneered by Yoder (1936), a soil

sample is sieved underwater through a nest of sieves with various opening sizes (Kemper

and Rosenau, 1986). The larger soil aggregates are eventually broken down by water

movement into smaller, water-stable aggregates (WSA). In multi-sieve procedures, the

proportion of water-stable aggregates in each size class is measured, and a mean weight

diameter (MWD) of aggregates is calculated (Kemper and Chepil, 1965).

Scientists have debated whether air-drying of samples prior to wet-sieving affects

aggregate stability measurements. Rapid wetting of air-dry soils results in substantial

slaking as air bubbles are forced out during the swelling of moistened soil (Dickson et al.,

1991). Haynes (2000) stated that soils rarely reach an air-dried state in the field. Thus,

analysis of field-moist samples would provide a more realistic measure of wet aggregate

stability than would air-dried samples. However, Haynes (2000) found a significant

linear correlation (r = 0.90) between the MWD of samples that were prepared using the

field-moist and air-dry techniques. Perfect et al. (1990) and Raimbault and Vyn (1991)

found that wet aggregate stability increased during summer months when soil moisture

content was lowest. Ellsworth et al. (1991) also found a small but significant increase in

MWD when soil moisture was lowest. However, a number of earlier studies reported that

soils higher in moisture were also higher in wet aggregate stability (Harris et al., 1966).

The effects of wetting or drying on soil aggregate stability is variable. Factors such as
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soil texture, initial moisture, and the type of wetting treatment affect results (Harris et al.,

1966).

Because soil organic matter and living microorganisms are largely responsible for

soil aggregation, soil C concentration often is positively correlated with the degree of

aggregation. Haynes (2000) found a positive, curvilinear relationship between SOC and

stable aggregate size for samples from a silt loam soil. The relationship was strong

between 20 and 30 g kg"' SOC but became weak when SOC concentrations were higher

than 30 g kg"'. The authors hypothesized that this weakening trend was likely due to the

fact the soil highest in organic C came from a pasture with abundant microbes, roots, and

earthworms. These organisms raised soil aggregation to a maximum level that could not

be further increased by additional amounts of humic materials.

Although soil macroaggregation is often correlated with soil C, it is not always

obvious whether the source of that C is above- or belowground plant litter. In a

laboratory study designed to simulate a no-till system. Gale et al. (2000a) determined that

the C derived from plant roots was more important than C derived from surface residues

in stabilizing macro aggregates. Carbon originating from surface residues, which entered

the soil through fiingal hyphae and particles of organic matter, was associated with

relatively less stable macroaggregates. In a related study. Gale et al. (2000b) examined

the formation process of soil microaggregates. Prior investigations had supported one of

two hypotheses: that microaggregates were precursors to macroaggregates, or

microaggregates formed inside already-existing macroaggregates. Gale et al. (2000b)

made observations of macroaggregate stability and particulate organic matter origin that
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indicated microaggregates formed as a result of biological activity (and C turnover)

inside of macroaggregates.

Bossuyt et al. (2001) found that fungi, but not bacteria, had a significant positive

effect on the formation of soil macroaggregates. Fungal growth was stimulated by

additions of high C:N residues without supplemental mineral N but not after additions of

high C:N residues with supplemental mineral N. Furthermore, low C:N residues did not

increase fungal growth. These trends indicate that woody residues, with their inherently

low levels of organic N (relative to C), are conducive to fungal growth and subsequent

soil aggregation while mineral N may actually hinder these processes.

In agricultural systems, soil macroaggregation is often a function of management

practices. Strickling (1950) examined the effects of various crop rotations on soil

aggregation and organic matter and determined that soybean [Glycine max (L.) Merr.]

and com crops had approximately the same effect on soil aggregate stability. In a study

that examined the effect of root growth on soil aggregate stability, Monroe and Kladivko

(1987) found no signifieant difference in aggregate stability among com, soybean, and

wheat crops on a silt loam soil. Although root length densities differed among crops,

there was no evidence that these differences were enough to affect aggregate stability.

There was a significant difference in aggregate stability between crop soils and fallow

soils, and this was attributed to root entanglement of soil particles and root exudates and

their positive effect on microbial activity.

Lalande et al. (1998) found that two annual applications of chopped woody twigs

to a loamy soil significantly increased soil microbial populations, most notably fungi.

This increase was accompanied by a significant increase in water-stable
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macroaggregates. However, in a study that involved the long-term application of woody

residues, N'dayegamiye and Angers (1993) found that these residues did not increase

macroaggregate stability. The authors suggested that the high lignin content and high

C:N ratio of the woody residues resulted in very slow decomposition and had only a

minimal effect on soil microbes. Given the high sand content (65%) of the soil in this

study, the fungal growth may not have been sufficient to significantly increase soil

aggregation. Formation of water-stable aggregates in sandy soils is less likely than in

finer-textured soils.

Soil aggregation can limit SOM decomposition by making SOM physically

inaccessible to microbes or by reducing the oxygen supply within soil aggregates. Van

Veen and Kuikman (1990) modeled SOM levels following cultivation of a virgin prairie

soil and concluded that the rapid decline in SOM was due to an increase in microbial

accessibility of formerly aggregate-bound SOM. Six et al. (2000) reported that the

increased soil C typical of no-till systems was due in part to the reduction in

macroaggregate turnover rate and the increase in C stabilization in microaggregates.

When a soil macroaggregate is broken apart in an aerobic environment the organic matter

within is exposed to oxygen and the likelihood microbially mediated oxidation is

increased.

Site Description

The study site was located on an upland field on the Ames Plantation in Fayette

County, TN (35° 08' N, 89° 13' W). The Ames Plantation was purchased in 1901 by

Hobart Ames. After his death, his widow Julia Colony Ames created the Hobart Ames
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Foundation whose trustees today oversee the operation of the Ames Plantation for

education, research, and The National Championship for Field Trialing Bird Dogs. In

cooperation with The University of Termessee, the Ames Plantation has provided

resources for numerous environmental, agronomic, forestry, and wildlife research

projects since 1954.

Soils on the study site consisted of loess over marine sediments. The sediments

were deposited during the Mississippi Embayment, which lasted from the late Cretaceous

period to the early Quaternary period (Miller, 1974). During the Mississippi Embayment,

sea levels periodically rose and fell, each time depositing a layer of sediment over what is

now the Mississippi Valley. The overlying loess is a wind-deposited silt of glacial till

origin. From approximately 190,000 to 9,000 years before present, three major deposits

of loess covered the Mississippi River Valley region and areas eastward (Krinitzsky and

Turnbull, 1967; Rodbell et al., 1997). The depth of the loess deposits decreases eastward;

at the study site loess was approximately one meter deep. Loessal soil is highly prone to

erosion, and on many historically agricultural sites significant amounts of soil have been

lost.

Soils of the study site were a Memphis-Loring silt loam intergrade (fme-silty,

mixed, active, thermic Typic Hapludalfs - fine-silty, mixed, active, thermic Oxyaquic

Fragiudalfs) with a slope of less than two percent. A variably developed fragipan was

reported on the site between a depth of 90 and 150 cm (Kirchner, 1999). Mean annual

precipitation was 135 cm (Dickson and Springer, 1964). Soil 1:1 water pH was 6.0 to

6.5. Soil mineralogy of the region has been identified as dominated by hydroxy-

interlayered vermiculite, a non-expanding 2:1 clay mineral (M. Essington, personal



27

communication, 2002). Inman (2000), in soil profile descriptions of a nearby site,

reported approximately one meter of loess over 1.5 meters of alluvium which was

underlain by Tertiary-aged sands. Silt content was 70% to 80% from the surface to a

depth of one meter, declining at depths greater than one meter. Sand content increased

from less than 10% to approximately 50% with increasing depth from one meter to 2.5

meters, while silt content simultaneously declined from 70% to 30% on this same depth

interval. Clay content averaged approximately 20% to a depth of three meters (Inman,

2000).

Prior to the initiation of this study, the site was in soybean. A diagram of the

cropping system treatments appears in Figure 1-1. Detailed descriptions of the treatments

are in the Materials and Methods sections of Chapters 2, 3, and 4.
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Figure 1-1. Arrangement of cropping system treatments. Five-year sycamore-corn (SY5C),
four-year sycamore-corn (SY4C), and soybean-corn (SBC) treatments consisted of 16 plots
each.
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CHAPTER 2

Conversion from a Sycamore Biomass Crop to a No-till Corn System:

Effects on Soils

Introduction

Biofuels such as herbaceous and woody biomass crops are a renewable alternative

to fossil fuels. Because the amount of land required to produce biomass crops for a

developed bioenergy industry would be substantial, agricultural land could make up a

major portion of this land base (Walsh et al., 2000). In addition to biomass production,

establishing perennial crops, such as short-rotation woody crops (SRWCs), on highly-

eroded or otherwise degraded agricultural lands increases residue inputs and decreases

soil disturbance compared to conventional agricultural practices. Conversion of cropland

to SRWCs has been shown to improve soils by lowering bulk density and reducing

sediment in runoff (Mitchell, 1997; Thornton et al., 1998; Tolbert et al., 1999). A limited

number of studies have examined the effect that converting croplands or grasslands to

SRWCs has on soil C sequestration (Hansen, 1993; Grigal and Berguson, 1998; Mehdi et

al., 1999; Tolbert et al., 2000). However, there is still a need for further quantification of

the aboveground and especially the belowground C fluxes in the SRWC system.

The residue from SRWCs can affect soils differently from residue from annual

row crops. A major source of litter in a woody crop system is the turnover of fine roots

(Friend et al., 1991). However, the effects of root decomposition in an undisturbed soil

environment are difficult to quantify (Waird, 1974; Urquiaga, 1998). The woody root

residues from SRWCs have a high C:N ratio and therefore have the potential to cause
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immobilization of N during the microbial decomposition process. An increase in root N

concentration, likely due to microbial immobilization, was reported during

decomposition of fine tree roots (Arunachalam et al, 1996). Nitrogen immobilization

after the addition of high C:N plant residues to agricultural soils is well documented

(Schomberg et al., 1994), and the addition of woody residues to agricultural soils also has

been shown to cause significant N immobilization (Beauchemin et al., 1990;

N'dayegamiye and Dube, 1986; Lalande et al., 1998). The effect of decaying tree roots

from a harvested SRWC on soil plant-available N is not well quantified.

Soil aggregate stability, or the ability of soil aggregates to resist breakdown, is a

measure of soil structure that affects aeration, infiltration rate, and resistance to erosion

(Kemper and Rosenau, 1986). With a few exceptions, increased soil organic C is

positively correlated with increased aggregate stability (Tisdall and Oades, 1982). While

this correlation may be due to amounts of organic binding agents in the soil, aggregation

itself can protect soil organic C from oxidation by making it less accessible to microbes

(Van Veen and Kuikman, 1990). Fungi play a major role in decomposition of high-C

woody and herbaceous residues (Kaarik, 1974), and fungal hyphae are important in the

formation of soil aggregates (Beare et al., 1997; Tisdall and Oades, 1982). In recent

years, studies have been established to investigate the effects of SRWCs on soil physical

properties including aggregate stability (Thornton et al, 1998; Tolbert et al., 1999;

Bandaranayake, et al., 1996).

Although several studies have shown positive effects of establishing SRWCs on

former agricultural soils, there is a lack of information on whether these soil

improvements endure after a site is converted back to agricultural crop production.
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Conversion of land from SRWC production back to traditional row crop production is a

realistic possibility given fluctuations in crop prices and uncertain bioenergy markets.

Alternatively, a farmer could plan a row crop-SRWC-row crop sequence if there were

sufficient evidence that significant improvements in soil quality would result from the

SRWC. This study examines such a sequence, focusing on the conversion of a site from

a woody biomass crop back to a row crop system. Preliminary results were reported in

Devine et al. (2002a, 2002b). The objective of this portion of the study was to document

the residual effects of a sycamore biomass crop on soil total C, N, inorganic N, and

aggregate stability after the site was converted to a no-till com system.

Materials and Methods

The study began in 1995 on the Ames Plantation in Fayette County, located in

southwestem TN (35° 08' N, 89° 13' W). Soils were a Memphis-Loring silt loam

iritergrade, formed in aeolian loess. Soil pH was 6.0 to 6.5. The study was analyzed as a

completely-randomized, split plot design with a whole-plot factorial treatment

arrangement and four replications. The whole-plot treatments were cropping system and

N fertilization rate, and the split-plot treatment was sampling depth. The three cropping

systems were: /) soybean converted to sycamore in 1995 converted to com in 1999

(SY4C), ii) soybean converted to sycamore in 1995 converted to com in 2000 (SY5C),

and Hi) soybean converted to com in 1999 (SBC; control treatment). Nitrogen fertilizer,

in the form of NH4NO3, was broadcast at 4 rates (0, 73, 146, and 219 kg N ha"'). No-

tillage systems were used for all row crops.
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A 0.6-ha section of a soybean field was planted with one-year-old American

sycamore seedlings on a 1.5- x 3.0-m grid (2,222 trees ha"') in Feb. 1995. Approximately

640 sycamore were harvested in Oct. 1998 after four growing seasons in the field, and

equal number were harvested in Oct. 1999 after five growing seasons in the field. At

harvest, trees were cut as close to the ground as possible (approximately 2 to 5 cm from

the soil) with chainsaws, and stumps were treated with glyphosate to prevent sprouting.

After both the SY4C and the SY5C sycamore harvests, the same procedure was used to

convert the site to com production. Wheat (Triticum aestivum L.) was planted as a winter

cover crop and killed the following April with an application of glyphosate (Roundup )

and atrazine (Bleep II® and AaTrex®). Sixteen plots, each 10.7 by 15.2 m, were then

established on the site. Each plot encompassed approximately 35 sycamore stumps. The

16 plots consisted of 4 randomly assigned replications of the 4 N fertilization rates.

When the first set of post-sycamore plots (SY4C) was established in April 1999, a set of

16 plots was also established on the adjacent SBC treatment that had been in no-till

soybean through 1998. After plots were designated, com was planted over the sycamore

stumps and lime was applied at a rate of 4.5 Mg ha"'. Planting dates were 12 Apr. 1999,

21 Apr. 2000, and 30 Apr. 2001. Ammonium nitrate was broadcast on 3 May 1999, 4

May 2000, and 30 May 2001. Com grain was harvested 2 Sept. 1999, 15 Sept. 2000, and

25 Sept. 2001. The SY4C and SBC cropping systems remained in com for three years

(1999-2001), while the SY5C system was in corn for two years (2000-2001).

Soil samples for chemical analysis were collected on April 22, June 16, and

December 1 of 1999 in the SY4C and SBC systems and on May 2 of 2001 in all three

systems. Abnormally dry conditions prevented collection of soil samples in 2000. In
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1999, the April samples were collected 11 days before N fertilization, and the June

samples were collected 44 days after fertilization. The May 2001 samples were collected

28 days prior to N fertilization. Soil samples for chemical analysis («= 1,920) each

consisted of a composite of eight to ten soil cores (1.75 cm diameter) sampled with a

steel soil probe. All samples for chemical analysis were collected from four depths (0-

2.5, 2.5-7.5, 7.5-15, and 15-30 cm). On SBC plots, these cores were collected from two

randomly chosen row middles. On SY4C and SY5C plots, each sample consisted of soil

cores collected in a circular pattern around each of two randomly chosen stumps per plot.

Two sampling circles per stump with radii of 5 and 37.5 cm were used. An exception

was May 2001 when plots fertilized at 146 kg N ha"' also had cores removed in circles

with radii of 75 and 150 cm. For this set of samples taken at four distances from the

stump, distance was analyzed as an independent variable. For all other analyses, data

extracted from the samples taken 5 and 37.5 cm from the stumps were used to represent

the SY4C and SY5C systems.

Fine organic particles (<2 mm) were not removed from soil samples prior to

analyses. Soil samples were air-dried, ground to pass through a 250-pm sieve, and

analyzed for total C and N by the dry combustion method (Matejovic, 1997) using a

LECO CNS-2000 elemental analyzer (LECO Corp., St. Joseph, MI). Concentrations of

NO3' and NH4^ were measured by the modified indophenol blue technique described by

Sims et al. (1995), following a 1 M KCl extraction.

Soil aggregate stability samples {n=\92) were collected on June 16, 1999 from

SY4C and SBC treatments. Samples were taken at two randomly selected locations per

plot at three depths (0-2.5, 2.5-7.5, and 7.5-15 cm). Mean weight diameter (MWD) of
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water-stable aggregates was determined by wet sieving after samples were wetted at

atmospheric pressure (Kemper and Chepil, 1965). Sieve screen sizes were 2000, 1000,

500, and 250 pm.

The intact sycamore stumps and first-order roots that were impossible to sample

with a soil probe were sampled by excavating one randomly chosen stump per plot («=16

for SY4C; n=\6 for SY5C) on May 16, 2001. A backhoe was used to excavate the stump

as well as the soil within an approximate one-meter radius of the stump. The depths of

these excavations were determined by the rooting depth and state of decomposition of the

individual stump but were generally about one meter. Intact root and stump fragments

were sorted by hand from the excavated soil in the field. These fragments were cleaned,

dried, weighed, sub-sampled, and analyzed for total C and N concentration by dry

combustion (Matejovic, 1995).

Treatment effects at each sampling date were evaluated with analysis of variance

(ANOVA) using Proc Mixed in SAS (SAS Institute, 1997). Repeated measures analysis

was not used due to within-subject variation from the uneven root distribution around

each stump. Post-ANOVA mean separations were performed with single degree of

freedom contrasts (Steel and Torrie, 1980). A minimum confidence level of a=0.05 was

used in all analyses.

Results

Soil total C, N, and inorganic N concentrations were not affected by sampling

distance from sycamore stump, nor were there interactions between distance from stump

and sampling depth or cropping system (Table 2-1). Estimates and data pertaining to the
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Table 2-1. Analysis of variance for treatments affecting soil total C, N, and inorganic N
(NO3' + NH/) concentrations for a Memphis-Loring silt loam intergrade in southwestern
TN, May 2001. Data represent only plots fertilized at 146 kg N ha"'.

Source of variation

Degrees of
freedom Total C Total N Inorganic N

Cropping system (C) 1 NS * NS

Stump distance (S) 3 NS NS NS

C * S 3 NS NS NS

Depth (D) 3 *** *** ***

C * D 3 NS NS NS

S * D 9 NS NS NS

C * S * D 9 NS NS NS
* *** Significant at the 0.05 and 0.001 probability levels, respectively.
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sycamore stumps and extractable roots appear in Table 2-2. Large differences between

the 84- and 136-week-old stump and root residues were observed for all parameters other

than C concentration. These data were not used in conjunction with the soil data to

estimate C and N pools since an undetermined fraction of the roots were extracted from a

greater depth than the soil samples (below 30 cm).

At each of the three sampling dates in 1999 (27 to 58 weeks after sycamore

harvest) total soil C concentration was significantly greater in the SY4C system than in

the SBC system (Table 2-3). Soil C concentration varied significantly by depth at every

sampling date, and in April 1999 and May 2001 there also was a significant cropping

system x depth interaction. This was due to higher concentrations of soil C at the lower

sampling depths (especially 7.5-30 cm) for SY4C and SY5C systems compared to the

SBC system (Figure 2-1). The only significant difference in soil C between cropping

systems at the 0-2.5 cm depth occurred in June 1999. Nitrogen fertilization rate did not

affect total soil C concentration.

Total soil N concentration was significantly affected by sampling depth at each

sampling date. Cropping system affected total N at all dates except June 1999. There

also was a significant cropping system x depth interaction at each date. In April 1999 the

SBC treatment had a higher total N concentration than SY4C at depths from 0 to 7.5 cm

(Figure 2-2). By December 1999 the SY4C system had higher total N than the SBC

system from depths of 2.5 to 30 cm. In May 2001 the SBC system had more total N than

the sycamore cropping systems from 0 to 2.5 cm, but not at the lower depths. Nitrogen

fertilization rate did not affect total soil N, although there were two interactions involving
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Table 2-2. Properties of 84-week-old (SY5C) and 136-week-old (SY4C)
extractable sycamore roots and stumps on a Memphls-Loring silt loam
intergrade in southwestern TN.

Cropping system

Parameter SY5C SY4C

C concentration, g kg"' 428.3at 422.1a

N concentration, g kg"' 5.3a 9.3b

C:N ratio 85.3:1b 48.8:1a

Estimated dry mass, Mg ha"' 4.95b 1.50a

Estimated C content, Mg ha"' 2.12b 0.63a

Estimated N content, kg ha"' 26b 14a

t Within each row, values followed by the same letter are not significantly
different {P > 0.05).



 

38

Table 2-3. Analysis of variance for treatments affecting soil total C, N, and inorganic N
(NO3" + NH/) concentrations for a Memphis-Loring silt loam intergrade in southwestern
TN.

Sampling
Date Source of variation

Degrees of
freedom Total C Total N Inorganic N

April, 1999 Cropping system (C) 1 **♦ *** ♦ *

N fertilization (N) 3 NS NS NS

C *N 3 NS NS NS

Depth (D) 3 *** *** ***

C * D 3 *** *** NS

N * D 9 NS NS NS

C *N * D 9 NS NS NS

June, 1999 Cropping system (C) 1 *** NS NS

N fertilization (N) 3 NS NS ***

C *N 3 NS NS NS

Depth (D) 3 Hc9|e9|c

C * D 3 NS *** ***

N*D 9 NS * %9)C9|C

C*N*D 9 NS NS NS

Dec., 1999 Cropping system (C) 1 *** *** NS

N fertilization (N) 3 NS NS NS

C *N 3 NS NS NS

Depth (D) 3 *** *** ***

C * D 3 NS ***

N * D 9 NS NS NS
C * N * D 9 NS NS NS

May, 2001 Cropping system (C) 2 NS * NS

N fertilization (N) 3 NS NS NS

C *N 6 NS * NS

Depth (D) 3 *** ***

C * D 6 *** NS

N*D 9 NS NS NS

C *N * D 18 NS NS NS
* ** ***

9 9 Significant at the 0.05, 0.01, and 0.001 probability levels, respectively.
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Figure 2-1. Soil total C concentrations for soybean-corn (SBC), four-year
sycamore-corn (SY4C), and five-year sycamore-corn (SY5C) cropping sequences on
a Memphis-Loring silt loam intergrade in southwestern TN. SY4C sycamore were
harvested in October 1998 and SY5C sycamore were harvested in October 1999.
Within each depth, points with different letters are significantly different (P < 0.05).
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Figure 2-2. Soil total N concentrations for soybean-corn (SBC), four-year
sycamore-corn (SY4C), and five-year sycamore-corn (SY5C) cropping sequences on
a Memphis-Loring silt loam intergrade in southwestern TN. SY4C sycamore were
harvested in October 1998 and SY5C sycamore were harvested in October 1999.
Within each depth, points with different letters are significantly different (P < 0.05).
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N fertilization. The interaction between N fertilization rate and depth that occurred in

June 1999 reflected a higher total soil N from 0 to 2.5 cm on the plots receiving 219 kg N

ha"' fertilizer (data not shown). The May 2001 interaction between cropping treatment

and N fertilization rate is due to a low total N concentration that occurred in the SY5C

system at 73 kg N ha"'.

Before the application of N fertilizer in the first season of com, soil inorganic N

was significantly greater under the SY4C system than the SBC system at a depth of 2.5 to

7.5 cm (Figure 2-3). At the next three (post-fertilization) sampling dates there was no

overall effect of cropping system on soil inorganic N, although there were interactions

between cropping system and sampling depth in June and December of 1999. On these

dates, SBC systems had higher inorganic N concentrations at the 0-2.5 cm depth only

(Figures 2-4 and 2-5). In May 2001, soil inorganic N did not differ among cropping

systems at any fertilization rate or depth (Figure 2-6). Rate of N fertilization affected soil

inorganic N concentration only at the June 1999 sampling date. There also was a

significant fertilization rate x depth interaction at this time as N fertilization increased

soil inorganic N to a greater extent at 0-2.5 cm than at lower depths.

While MWD of water-stable soil aggregates did not differ between cropping

systems at a depth of 0-2.5 cm, the SY4C system had a larger MWD than the SBC

system at depth intervals both of 2.5 to 7.5 and of 7.5 to 15 cm (Table 2-4). The

difference was reflected by a greater fraction of macroaggregates larger than 2 mm under

the SY4C system and a greater fraction of microaggregates (<0.25 mm) under the SBC

system.
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Figure 2-3. Soil inorganic N (NOa" + NH/) concentrations for soybean-corn (SBC)
and four-year sycamore-corn (SY4C) cropping sequences on a Memphis-Loring silt
loam intergrade in southwestern TN, 22 April 1999. Sycamore were harvested in
October 1998.
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Table 2-4. Mean weight diameter (MWD) and distribution among size classes of water-stable soil aggregates from
soybean-corn (SBC) and sycamore-corn (SY4C) cropping sequences on a Memphis-Loring silt loam intergrade in
southwestern TN, June 1999.

MWD >2 mm 1 - 2 mm 0.5 - 1 mm 0.25 - 0.5 mm <0.25 mm

Depth SBC SY4C SBC SY4C SBC SY4C SBC SY4C SBC SY4C SBC SY4C
cm mm %■

0-2.5 2.42at 2.49a 44.6a 46.1a 4.9a 5.0a 6.4a 6.9a 10.1a 9.8a 35.0a 33.7a
2.5-7.5 1.13a 1.56b 17.9a 26.7b 6.1a 5.9a 7.7a 8.1a 9.9a 10.4a 59.8b 49.9a
7.5- 15 0.96a 1.30b 13.8a 20.8b 6.4a 6.6a 8.9a 8.9a 10.7a 10.9a 61.1b 54.1a
t Within each row and size class heading, values followed by the same letter are not significantly different {P > 0.05).

4^
OS
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Discussion

The spatial uniformity of soil C and N concentrations observed in 2001 indicates

that the effect of the woody crop rotation on the top 30 cm of soils was evenly distributed

across the plantation. There was no evidence that the com rows that coincided with the

tree stump rows were subjected to different soil conditions than the com rows located

between the stump rows. The uniformity of the soil indicates that randomly located soil

samples are adequate for similar SRWC studies. In contrast, Kaur et al. (2000) found that

soil C and N decreased to a horizontal distance of three meters from six-year-old

hardwoods in a agroforestry system on a semiarid site in India. A higher initial

concentration of soil C and N and closer tree spacing in our study may explain the

difference in results.

Estimates of belowground C and N must include the tree stumps and intact first-

order roots, which, unless substantially decomposed, are unlikely to be sampled

representatively by a soil probe. A three-fold difference in intact belowground dry

biomass between the 84- and the 136-week-old residues was clearly due in part to time

since harvest but was also affected by the differences in stump size and root system

development between the four-and five-year-old trees. The decomposition process was

considerably more advanced in the 136-week-old root residues than in the 84-week-old

residues. This was evidenced by the higher N concentration and lower C;N ratio of the

136-week-old SY4C roots. Although the estimated amount of N contained in tree roots

was quite small, this was likely due to the fact that many small roots and some larger

ones were in advanced stages of decomposition and were not extractable. Decomposed



48

roots such as these were sampled by the soil probe and thus contributed to soil C and N

concentrations.

Soil and vegetation disturbance have been suggested to cause soil C oxidation in

the first years after establishment of SRWCs (Hansen, 1993; Grigal and Berguson, 1998).

A study conducted in Minnesota and adjacent states that compared hybrid poplar

{Populus sp.) plantations to grasslands and row crops documented net soil C losses

among four- to six-year-old plantations presumably due to the increased oxidation of

organic C near the surface of the soil (Hansen, 1993). Another study in Minnesota found

no significant change in soil C attributable to poplar plantations with an average age of 7

to 8 years (Grigal and Berguson, 1998). The significant soil C increases associated with

the SRWC in our study were probably due in part to a relatively low initial soil C

concentration of <8 g C kg"' at a depth of 0 to 30 cm (Tolbert et al., 2000). Thus, the

relative loss of soil organic matter due to disturbance was substantially lower in our study

than in Hansen's study, where soil C concentration was approximately 25 g C kg"' (0 to

30 cm depth), and Grigal and Berguson's study where average soil C concentration was

>37 g C kg"' (0 to 25 cm depth). Alternatively, the relative contribution of root residues

to total soil C may have been higher in our study than in either Hansen's study or Grigal

and Berguson's study. Three studies conducted on low-C soils (<10 g C kg"') in the

southeastern USA found increases in soil C three to four years after establishment of

SRWCs (Tolbert et al., 1999). Garten (2002) observed a significant soil C increase at a

depth of 10 to 30 cm but not at 0 to 10 cm for an 11-year-old sweetgum {Liquidambar

styraciflua L.) plantation in TN.
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Since the April 1999 soil C concentration at a depth of 0 to 2.5 cm was similar for

SY4C and SBC soils, the effect of four years of aboveground sycamore residue on soil C

concentration was no different than that of four years of residue from a no-tillage soybean

system. A significant litter layer did not accumulate in the sycamore plantation until the

end of the third year after planting. By this point there was sufficient litterfall and

enough dropped limbs to trap abscised leaves, preventing them from being blown away

during winter. Cottonwood (Populus deltoides Bartr. ex Marsh.) plantations have shown

significant surface litter accumulation, sufficient to affect soil hydrologic properties, in

their second growing season (Mitchell, 1997). However, Hansen (1993) found no

evidence of C accumulation from the trapping of wind-blovra detritus in plantations of

hybrid poplar {Populus sp.). The fact that most of the C increases observed in SY4C and

SY5C soils occurred at the lower soil depths (2.5 to 30 cm) indicates that sycamore roots

were a more important source of soil C than aboveground residues including leaves and

dropped limbs. Although the soil C increases 134 weeks after sycamore harvest (relative

to the SBC system) were not as large as those observed in the first year after harvest, their

significance suggests that the effect of a SRWC on soil C lasts at least two and a half

years, and perhaps much longer. The use of a no-till system in this study after the harvest

of the SRWC likely helped to minimize oxidation of accumulated soil C. Since N

fertilization rate had no effect on soil C in the SY4C system during the first two and a

half years after sycamore harvest, any significant effect of repeated fertilization on the

microbially-mediated oxidation of sycamore roots will likely be either long-term or

nonexistent. Halvorson et al. (1999) found a significant positive relationship between N
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fertilization rate and soil organic C, but this was due to cumulative increases in

aboveground plant residues at higher N rates.

Higher total N concentrations for SBC than for SY4C soils at shallow depths (0 to

7.5 cm) in April 1999 suggest greater N inputs under no-till soybeans than under four

years of sycamore. The observed increase in total N for SY4C soils relative to SBC soils

during 1999 is due to both an increase in SY4C soil N and a slight decrease in SBC soil

N. The cause of this phenomenon is not known. The differences in total N found in the

upper 15 cm of soils in May 2001 are small and may have no practical significance.

The higher level of inorganic N under the SY4C system in April 1999 may have

been a result of increased microbial activity close to tree stumps. Samples taken 5 cm

from stumps had a higher inorganic N content than those taken 37.5 cm away (data not

shown). Kaur et al. (2000) found increased soil N mineralization rates in an agroforestry

system compared to an agricultural system, possibly due to the organic inputs of tree

litter. Slightly lower post-fertilization (June and December 1999) inorganic N at a depth

of 0 to 2.5 cm under the SY4C system may have been due to immobilization of N during

decomposition of shallow sycamore roots. Nitrogen immobilization was not detected in

preliminary results from this study (Devine et al., 2002b). Effects of the lower inorganic

N in the SY4C system on corn grain production are discussed in Chapter 3.

In June 1999, the significant increases in soil C for the SY4C system relative to

the SBC system were accompanied by significant increases in soil aggregate stability at

the same depths. The improved aggregate stability may have been due in part to the high

C;N ratio of the decomposing sycamore root residues. Seventy-six weeks after trees were

harvested, the sycamore roots in this study had a C:N ratio of 80:1 (unpublished data).
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Addition of high-C residues to soil has been shown to cause increases in fungal

populations and soil aggregate stability (Bossuyt et al., 2001; Lalande et al., 1998). In

mostly undisturbed soil environments such as no-tillage systems, or the woody crop

systems of this study, plant root C plays a much larger role than surface residue C in the

formation of stable soil macroaggregates (>250 pm) (Gale et al., 2000). Since the

increases in aggregate stability under the sycamore cropping system occurred at deeper

sampling depths (2.5-15 cm) and not at the surface (0-2.5 cm), it is likely that the C from

sycamore roots, rather than that from surface residues, was responsible for this trend.

The time required for a woody biomass crop to improve soil structure has not yet

been conclusively determined, although this study suggests that it may take as little as

four years. Mitchell (1997) found that soil aggregate stability three years after

cottonwood {Populus deltoides Bartr. ex Marsh.) establishment was greater than that of a

conventionally tilled cotton {Gossypium hirsutum L.) system. However, Houston et al.

(1997) found no increase in soil aggregate stability at a depth 0 to 15 cm after three years

of sycamore growth on a site adjacent to the present study. Twelve-year-old sycamore

had lower soil bulk density and a much increased infiltration rate compared to no-till row

crop systems and one-year-old sycamore (Bandaranayake et al., 1996). An important

factor in the improvement of soil structure under SRWCs is the formation of a perennial

litter layer composed of leaves and fallen tree limbs. A seven-year-old sycamore

plantation adjacent to this study exhibited a thick litter layer which was beginning to form

an O horizon. Although the sycamore crop in the present study did not improve

aggregation in the soil fraction prone to erosion (0 to 2.5 cm below the surface), other

studies have shown significant reductions in erosion after establishment of woody crops
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(Mann and Tolbert, 2000; Kort et al., 1998; Thornton et al., 1998; Mitchell, 1997). Most

of these reductions occurred after the woody crop had become established on the site,

usually two or more years after planting. Erosion is decreased under SRWCs not only by

improved soil aggregation and infiltration but also by the thick litter layer that reduces the

impact of raindrops on the soil and slows overland flow. This effect can also be achieved

by growing cover crops between tree rows during the establishment of SRWCs (Tolbert

et al., 2000).

Conclusions

Two and a half years after a field was converted from a sycamore biomass

plantation to a no-till com system, increases in soil C from the sycamore plantation were

still present. The source of this added C appeared to be from tree roots rather than

aboveground residues. Soil aggregate stability also was improved by the sycamore

plantation, but not at the shallowest sampling depth. Plant-available N after fertilization

was not affected by the sycamore residues at lower soil depths, but N immobilization

may have occurred near the surface. For soils initially low in organic matter, it is

possible for a sycamore biomass crop with a rotation length as short as four years to

increase soil C concentrations and improve soil structure. Longer rotation lengths would

likely lead to greater increases in soil C and aggregate stability and perhaps

improvements in erosion resistance and infiltration rates. This could, in turn, benefit

subsequent row crop production.
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CHAPTER 3

Conversion from a Sycamore Biomass Crop to a No-till Corn System:

Management and Yields

Introduction

Crop rotation has been used to increase agricultural production for centuries

(Grigg, 1974). Some agroforestry practices use crop rotation systems such as shifting

cultivation and managed tree fallows that combine trees and crops (Smith, 1986). These

systems alternate periods of unmanaged or managed forest growth with food crops, using

the forests to improve soil fertility that is depleted during cultivation (Young, 1997). In

much of the USA, a history of wind and water erosion has resulted in loss of surface soil

eind soil fertility on row-cropped lands (Miller et al., 1985). Where forests regenerate on

such lands, increases in soil organic matter and soil fertility occur (Kimmins, 1987).

With the advent of SRWCs in the USA for fiber (1960s) and fuel (1970s) production,

historically eroded agricultural lands became a potential site for establishment of fast-

growing tree plantations. Carefully managed SRWCs and herbaceous biomass crops can

lead to reductions in soil erosion (Kort et al., 1998; Thornton et al., 1998), increases in

soil organic matter, and improvements in soil physical properties (Mann and Tolbert,

2000; Bandaranayake et al., 1998; Mitchell, 1997).

Early SRWC experiments used American sycamore because prior research

indicated it was fast-growing, relatively disease resistant, adaptable to a wide range of

sites, and suited to coppice (sprout) regeneration (Herrick and Brown, 1967). Pioneer

SRWC researchers recognized the importance of close tree spacings, rotations lengths as

short as 2 to 3 years, genetic improvement, and increased mechanization in harvesting to
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maximize biomass production (McAipine et al., 1966). When investigation of SRWCs as

a renewable energy source began in the late 1970s, American sycamore was again a

promising species (Ezell et al., 1983). Since then, hybrid poplars (Populus sp.) and

willows {Salix sp.) have shown the most potential of the SRWC species studied in the

USA, but American sycamore and sweetgum {Liquidambar styraciflua L.) biomass

research continues in some areas, particularly in the southeastern USA.

After harvest, SRWCs are typically regenerated by coppicing or replanting.

When SRWCs are established on former agricultural lands, however, multiple rotations

may not always be practical. If SRWCs were to become less profitable than an

alternative row crop, cropland would likely be converted to that row crop. The effect of a

woody crop to row crop conversion on subsequent row crop yields is not known. It has

been shown that conversion from the production of the herbaceous biomass crop

switchgrass {Panicum virgatum L.) to corn has no significant effect on subsequent corn

yields at standard N fertilization rates (Anderson et al., 1997). Because stump extraction

is practical only in situations of wood shortage (Czereyski et al., 1965), and stump

grinding would be prohibitively expensive, stumps from a woody crop must remain in the

ground during the ensuing row crop production. No-till systems may be the only way to

produce row crops during the years immediately following woody crops since tree

stumps prohibit tillage until they decompose.

Decomposition of woody tree litter such as stumps, roots, and dropped branches

will likely affect the properties and productivity of an agricultural soil. The low surface

area:volume ratio and high polysaccharide and lignin contents of woody residues limit

the invasion and activity of decomposing microbes (Brown et al., 1996; Wagner and
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Wolf, 1999). This subsequently reduces decomposition rate and may have a different

effect on nutrient cycling than typical agricultural residues. Kirchner (1999) reported that

sycamore roots had a significantly higher C;N ratio than roots of com plants. The high

C:N ratio of woody residues often leads to the microbial immobilization of N during

decomposition (Brown et al., 1996; Fahey and Arthur, 1994). This N immobilization

may have a negative effect on crop yields.

In this study we investigated the conversion of a site from SRWC production to a

no-till com system. The objectives of this portion of the study were to determine the

feasibility of following a SRWC with a no-till row crop system and to understand the

effect of the SRWC on com grain yields and N fertilizer efficacy.

Materials and Methods

The study was located on a Memphis-Loring silt loam intergrade on the Ames

Plantation in southwestem TN (35° 08' N, 89° 13' W). Soils were composed of deep

aeolian loess and had a pH of 6.0 to 6.5. The study was analyzed as a completely-

randomized design with a factorial treatment arrangement and four replications. The

treatments were cropping system and N fertilization rate. Cropping systems were: /)

soybean converted to sycamore in 1995 converted to com in 1999 (SY4C), ii) soybean

converted to sycamore in 1995 converted to com in 2000 (SY5C), and in) soybean

converted to corn in 1999 (SBC) that served as a control treatment. All row crops were

no-tillage systems.

In Feb. 1995, a 0.6-ha portion of a soybean field was planted with one-year-old

American sycamore seedlings on a 1.5- x 3.0-m grid (2,222 trees ha"'). Sycamore was
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fertilized at a rate of 134 kg N ha"' in Apr. 1996 and 67 kg N ha"' in Apr. 1997 and Apr.

1998. Lime was applied at 2.24 Mg ha"' in Apr. 1995 and Apr. 1997 and P was applied

at 56 kg ha"' in Apr. 1997. Approximately 640 sycamore trees were harvested in Oct.

1998 (SY4C), and an equal number were harvested in Oct. 1999 (SY5C). At harvest,

trees were cut as close to ground level as possible (approximately 2 to 5 cm from soil)

with chainsaws, and stumps were treated with glyphosate to prevent sprouting. After

both the SY4C and SY5C sycamore harvests, the same field procedure was applied to

convert the site to com production (Table 3-1). Wheat (Triticum aestivum L.) was

planted as a winter cover crop and killed the following April with an application of

glyphosate (Roundup®) and atrazine (Bleep II® and AaTrex®). Sixteen plots, each 10.7

by 15.2 m and encompassing approximately 35 tree stumps, were established on the

former sycamore plantation. In Apr. 1999, when the SY4C com plots were established,

another 16 plots (SBC) were established where the field had been in no-till soybean. The

SY5C plots were established in Apr. 2000. No-till com was planted on plots in April of

each year, at a row width of 76.2 cm. Each set of 16 plots contained four randomly

assigned replications of four rates of NH4NO3 (0, 73, 146, and 219 kg N ha"') broadcast

approximately two weeks after planting. These N rates represented 0%, 50%, 100%, and

150% of the recommended rate for com production on the study site. Com grain was

harvested in September. Equipment used in the study included a John Deere no-till drill

(JD 750), a John Deere six-row planter (JD 7000), and a John Deere combine (JD 9500).

The SY4C and SBC cropping systems remained in com for three years (1999-2001),

while the SY5C system was in com for two years (2000-2001).
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Table 3-1. Treatments and sampling for corn after soybeans and sycamore on a
Memphis-Loring silt loam intergrade in southwestern TN, 1998-2001.

Year

Activity 1998 1999 2000 2001 Notes

Harvest sycamore Oct. Oct. - -

Plant wheat cover
Nov. Nov.

crop

Plots established

for corn

Plant corn
:

Apr.

12 Apr.

Apr.

21 Apr. 30 Apr.

1999 plots were for SBC and SY4C
systems; 2000 plots were for

SY5C.

Pioneer 3335 in 1999 and 2000;
Dekalb DK697 in 2001. 76.2 cm

row width.

Apply herbicide
to cover crop

- 13 Apr. 10 Apr. -

Glyphosate (Roundup®) and atrazine
(Bicep II® and AaTrex®).

Apply lime - 14 Apr. - - Rate of 4.5 Mg ha"'.

Fertilize with

NH4NO3
- 3 May 4 May 30 May Applied to plots at four rates.

Fertilize with P

and K
- - 11 Apr. - Applied at recommended rate.

Thin corn plots - 13 May 19 May 29 May
Thinned to 54,340 plants ha"' in
1999 and 2000; 49,400 plants ha"'

in 2001.

Sample corn ear
leaves

- June 29 June 27 Aug. 9
Ten leaves plot"' removed from
random plants in center rows.

Harvest corn

grain
- 2 Sept. 15 Sept. 25 Sept.

Two rows per plot harvested to
measure grain yield.
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For each of the harvested trees («=1,280), total aboveground green weight, total

height, and diameter at stump and breast height (5 and 137 cm above the ground,

respectively) were measured. A subset of the harvested trees, consisting of 31 trees in

1998 and 16 trees in 1999, were oven dried to constant weight at 65° C and then re-

weighed. Using the measured parameters from the dried trees, equations were developed

for estimation of individual tree dry biomass for the remaining sycamore. Estimation

variables were chosen by stepwise variable selection using Proc Corr in SAS (SAS

Institute, 1997). For the 1998 and 1999 sycamore harvests the individual tree dry weight

estimation equations used were, respectively,

Y=ho + b,W- - biD + b4D^

Y=bo+b,W-b2H

where Y is the estimated harvested dry weight (kg) of the tree, W is the harvested green

weight (kg), D is diameter at 137 cm above ground level (cm), H is total height (m), and

b coefficients were determined from the data. Harvestable dry sycamore biomass ha"'

was calculated using estimated dry biomass of individual trees, survival rate, and number

of trees planted ha"'. Foliage was not included in the harvest estimates. Sub-samples

from the limbs and stems of the 16 SY5C trees that were dried after harvest in 1999 were

analyzed for N concentration by combustion analysis (Matejovic, 1995) using a LECO

CNS-2000 analyzer (LECO Corporation, St. Joseph, Michigan, USA). Limb and stem
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samples from the SY4C trees harvested in 1998 were lost; thus, N concentration could

not be determined.

Com ear leaves from each plot were sampled at tasseling on 27 June 1999 and 29

June 2000. In 2001 ear leaf samples were inadvertently collected late, on 9 Aug. Com

grain yields for all three years were measured by harvesting two center rows from each

plot, for a total of 21.4 m of row per plot. This grain was sub-sampled for N analysis.

Ear leaf samples and grain sub-samples were dried at 65° C, ground, and total N

concentration was determined by combustion analysis (Matejovic, 1995).

On 30 Oct. 2000, sycamore stump samples were collected from SY4C plots (104

weeks post-harvest), SY5C plots (52 weeks post-harvest), and from living trees in an

adjacent study (0 weeks post-harvest). On SY4C and SY5C plots, chainsaws were used

to remove the intact aboveground portion of the stump (a cross-section two to three cm

thick) from four randomly selected stumps per plot. Six living sycamore trees, planted in

1995 for an adjacent study, were felled and then sampled in the same manner as the

SY4C and SY5C stumps. Wood density of all stump samples was calculated by water

displacement. Samples were dried at 65° C, ground, and total C and N concentrations

were determined by combustion analysis (Matejovic, 1995).

Stump C, N, and density data and com ear leaf N data were analyzed with analysis

of variance (ANOVA) using Proc Mixed in SAS (SAS Institute, 1997). Protected post-

ANOVA mean separations were performed with Fisher's least significant difference test

(Steel and Torrie, 1980). Linear and quadratic response functions of com grain yield to

N fertilization rate were tested with Proc Mixed and Proc Reg (SAS Institute, 1997). A

minimum confidence level of a=0.05 was used in all analyses.
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Results

Survival rates for four- and five-year sycamore rotations were 97.2 and 98.4

percent, respectively (Table 3-2). These rotations yielded 19.9 and 26.9 Mg ha"' dry

aboveground biomass, respectively (excluding foliage). The four-year SY4C rotation

yielded an average of 5.0 Mg ha"' yr"' dry aboveground biomass, while the five-year

SY5C rotation yielded an average of 5.4 Mg ha"' yr"'. The woody aboveground biomass

of the SY5C rotation contained an estimated 77 kg N ha"'.

No mechanical problems were encountered when corn was planted over the 26-

week-old tree stumps. Wood density of 52-week-old stumps did not differ significantly

from that of freshly-cut stumps, but wood density was significantly greater for 52-week-

old than for 104-week-old-stumps (Table 3-3). Concentration of total N was significantly

greater for 52-week-old than for fresh stumps, and 104-week-old stumps had a

significantly higher N concentration than 52-week-old-stumps. There was a small but

significant decrease in C concentration between freshly-cut stumps and both 52-week-old

and 104-week-old stumps. The C:N ratio was significantly lower after 52 weeks and

continued to significantly decline after 104 weeks. The difference in C:N ratio after 104

weeks was approximately four-fold the initial level (224.9:1 and 55.7:1, respectively).

Stump absolute N content (i.e. mass of N expressed on a volumetric basis) was

significantly greater for 52-week-old than for fresh stumps but was not greater for 104-

week-old stumps than for 52-week-old stumps. Stump absolute C content was

significantly less for 104-week-old than for 52-week-old stumps, but there was no
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Table 3-2. Attributes of four- (SY4C) and five-year-old (SY5C) sycamore
plantations on a Memphis-Loring silt loam intergrade in southwestern TN.
Foliage is not included in data.

Cropping system

Parameter SY4C SY5C

Survival, % 97.2 98.4

Height, m 8.0±0.9t 9.9±1.3

Diameter at 137 cm above ground, cm 5.9±1.1

1+

Diameter at 5 cm above ground, cm 10.0±1.9 11.1±2.3

Estimated dry aboveground mass, Mg ha"' 19.9 26.9

Estimated annual dry aboveground biomass
production, Mg ha"' yr"' 5.0 5.4

N concentration of harvested sycamore, g kg"' -t 2.9

Estimated N removal in harvested sycamore, kg ha"' - 77

t Standard deviation.
J Data unavailable.
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Table 3-3. Physical and chemical properties of stumps of short-rotation sycamore on a
Memphis-Loring silt loam intergrade in southwestern TN. Absolute C and N content is
the mass of the element expressed on a volumetric basis.
Stump Wood Absolute Absolute
age density Total C Total N C/N ratio C content N content

weeks g cm"^ g kg"' g ni ̂
0 0.46bt 482.8b 2.2a 224.9c 2.2* lO'b 1.0* 10\

52 0.45b 468.6a 6.3b 76.0b 2.1 * lO'b 2.8 * lO^b

104 0.34a 468.9a 8.5c 55.7a 1.6 * lO'a 2.9* lO'b

t Same letter within column denotes no significant difference {P > 0.05).
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difference between fresh and 52-week-old stumps. Neither stump density nor stump N

concentration was significantly affected by N fertilization rate (data not shown).

Com grain yields differed greatly among years due to differences in growing

season moisture. This was especially apparent in the low yields of 2000, an abnormally

dry year. Com grain yields for the SBC system had a significant quadratic response

function to N fertilization rate in all three years of the study (Fig. 3-1, 3-2, and 3-3).

Maximum yields were achieved at the recommended N rate for the site (146 kg ha"'), and

yields did not increase when N was applied at 219 kg ha"'. A similar quadratic response

function was observed for the SY4C system in 2001, the third year of com following

sycamore harvest. However, a linear grain yield response function to N fertilization rate

occurred in the SY4C system and in the SY5C system in the first two years of com

immediately following sycamore harvest (1999, 2000 and 2000, 2001, respectively). In

these instances, maximum grain yields were reached only at the highest N fertilization

rate (219 kg ha"').

Com ear leaf N concentration was significantly correlated with grain yield in all

cropping systems and all years (Table 3-4). In 1999, com plants in the SY4C system had

significantly lower ear leaf N concentrations than those of the SBC system at all N rates

except 219 kg ha"' (Table 3-5). In 2000, com ear leaf N was significantly lower under

the SY5C system compared to the SY4C and SBC systems only at 0 kg N ha"'. Data

from 2001 show a trend in which ear leaf N was lowest under the SBC system; however,

the 2001 data were affected to an undetermined extent by the delayed sampling date.
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Figure 3-1. Yield response functions for corn after soybean (SBC) and corn after
four-year-old sycamore (SY4C) in 1999 on a Memphis-Loring silt loam intergrade
in southwestern TN.
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Figure 3-2. Yield response functions for corn after soybean (SBC), corn after four-
year-old sycamore (SY4C), and corn after five-year-old sycamore (SY5C) in 2000 on
a Memphis-Loring silt loam intergrade in southwestern TN.
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Figure 3-3. Yield response functions for corn after soybean (SBC), corn after four-
year-old sycamore (SY4C), and corn after five-year-old sycamore (SY5C) in 2001 on
a Memphis-Loring silt loam intergrade in southwestern TN.
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Table 3-4. Correlation coefficients for the relationships
between corn grain yield and ear leaf N concentration for
corn after soybean (SBC), corn after four-year-old sycamore
(SY4C), and corn after five-year-old sycamore (SY5C) on a
Memphis-Loring silt loam intergrade in southwestern TN.

Year

Cropping system 1999 2000 2001

SBC 0.84*** 0.91*** 0.73**

SY4C 0.70** 0.71** 0.58*

SY5C - 0.60* 0.80***

**, *** Significant at the 0.05, 0.01, and 0.001 probability levels,
respectively.
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Table 3-5. Concentration of ear leaf N for corn on a Memphis
Loring silt loam intergrade in sonthwestern TN. Samples were
collected in late June of 1999 and 2000 and early August of
2001.

Fertilization rate (kg N ha')

Cropping system 73 146 219

gNkg"

SBC

SY4C

SBC

SY4C

SY5C

SBC

SY4C

SY5C

1999

19.0bt

13.5a

2000

19.5b

20.3b

14.6a

2001

7.0a

9.8b

10.2b

23.5b

19.1a

25.4a

25.1a

22.9a

9.5a

11 .Oab

13.7b

27.1b

24.0a

31.0a

31.6a

32.0a

12.8a

15.8b

18.2b

24.2a

25.1a

30.2a

32.5a

32.1a

11.8a

18.4b

21.3c

t Values within the same year and column followed by the same
letter do not differ {P > 0.05).
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Discussion

Sycamore biomass yields were equal to or greater than those of other short-

rotation sycamore studies (Fribourg et al., 1989; Dickmatm et ah, 1985; Wittwer and

Stringer, 1985; Francis, 1984; Wittwer et al., 1980; Blackmon, 1979; Wood et ah, 1976),

but were inferior to yields typical of hybrid poplars and willows (DeBell et ah, 1997;

Kopp et ah, 1997).

The estimated N removal of 77 kg ha"' in the 1999 sycamore harvest was

comparable to that of other sycamore plantation studies that estimated N removals

(excluding foliage) of 30 kg ha"' for a five-yr-old plantation (Wittwer and Stringer,

1985), 27.5 and 127 kg ha"' for fertilized and unfertilized five-year-old plantations,

respectively (Wittwer et ah, 1980), and 144 kg ha"' for a four-year-old plantation

(Blackmon, 1979). In a review of SRWC studies, Adegbidi et ah (2001) reported armual

N removals ranging from 23 to 86 kg ha"' for a variety of species. Blackmon (1979)

estimated aN gaindoss ratio of 0.93 for a four-year coppiced, unfertilized sycamore

rotation. For this estimate N influxes were mineralization and precipitation and efflux

was harvest.

Estimated N removal in the harvest of the 5-year-old sycamore plantation was

only slightly greater than the N removal estimated for the 1999 SBC com grain harvest

(68 kg N ha"') fertilized at the recommended rate of 146 kg N ha"' and was less than that

removed in the 2001 grain harvest for the SBC system (99 kg N ha"') fertilized at the

same rate. Thus, as Heilman and Norby (1998) suggested, N removed in the harvest of

woody biomass plantations is comparable to or less than the N harvest removed from an

agricultural system, especially if the woody biomass crop is harvested after leaf
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abscission. Removal of leaves in a SRWC harvest represents a significant N loss. The

foliar N content of a four-year-old sycamore plantation was reported to be 90 kg N ha"'

(Wittwer et al., 1980).

Following harvest, the surface area of the sycamore stumps was 0.18% and 0.22%

of the total site for the SY4C and SY5C plantations, respectively. Most com rows did not

coincide with rows of sycamore stumps, and when they did, coulters cut directly through

the stumps. There appeared to be no reduction in germination or vegetative growth of

com plants due to the presence of the stumps. During the first season of corn after

sycamore harvest, tree stumps showed little sign of decomposition other than occasional

radial splits and separation of the bark. Stump decomposition was much advanced by the

second season of post-sycamore com, especially in stumps that had been damaged by the

planter. Many stumps had broken into several pieces and most of the bark had separated

from the wood. These physical breakdowns facilitate rapid invasion of the wood by

microbial decomposers (Kaarik, 1974). Kuhnelt (1976) reported that when stumps of

harvested trees decomposed, the flat-sawn surface of the stump often formed a hardened

lid that was much more resistant to decay than the rest of the stump. In the present study

this phenomenon was observed in some stumps two years after harvest, but these stump

lids never impeded the planting process. By the third season of com after sycamore

harvest, many stumps were so decomposed that they were undetectable from the surface.

Significant {P < 0.0001) negative correlations observed between stump N

concentration and absolute C content and between stump N concentration and wood

density (data not shown) were expected because the microorganisms oxidizing the stump

C resulted in a concentrating of N in the stumps. Stumps undergoing active
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decomposition would have had a reduced density due to greater amounts of C oxidation.

Thus, the C:N ratio of the stump was lowered by both the addition of microbial N and the

loss of fixed C. The difference in absolute C content between 52- and 104-week-old

stumps suggests that the rate of microbial C oxidation was maximized during this period.

The relatively small differences in stump C concentration observed among different-aged

stumps were comparable to results of other studies that found C losses proportionate to

mass losses for decomposing woody debris (Keenan et al., 1993; Idol et al., 2001;

Stewart and Burrows, 1994).

Although it was initially anticipated that N fertilization in this study would

increase the rate of stump decomposition by providing available N to decomposers, there

was no evidence that this occurred. The absence of significant correlations between N

fertilization rate and stump decomposition rate as measured by wood density (r = 0.28 for

SY4C; r = -0.16 for SY5C) may have been due to the fact that only a relatively small

amount of fertilizer actually landed on or adjacent to the stumps. Furthermore, there was

a relatively rapid uptake of this N fertilizer by corn plants, thus reducing the amount of

fertilizer N available to microorganisms. Soil N losses such as leaching and

denitrification also reduced the amount of N available to decomposers. It is also possible

that inorganic fertilizer N is not a source of N that would stimulate decomposition by

fungi. Boyle (1998) found that degradation of lignin by white-rot fungi was inhibited

significantly more by amendments of simple N forms than by complex forms such as

proteins. Fungal growth also was increased by complex N sources more than by simple

N sources.
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Studies of wood decomposition have consistently reported increases in N

concentrations with increasing time of decomposition (Camire et al., 1991; Keenan et al.,

1993; Beauchemin et al., 1990; Idol et al., 2001; Stewart and Burrows, 1994). This trend

is also well documented in forest leaf litter (Berg and Staaf, 1981) and herbaceous plants

(Urquiaga et al., 1998). In Chapter 2 it was reported that, for this study, a litter layer did

not begin to form on the sycamore plantation until the end of the third year. Before that

point there was not sufficient litterfall accumulation or dropped limbs to keep the fallen

leaves from blowing off site during winter. Thus, there was not a significant buildup of

leaf matter on the soil surface at the time of sycamore harvest, and leaf litter probably did

not affect N cycling significantly. Since the absolute N increase in stumps in this study

appeared to occur primarily in the first 52 weeks after harvest, the majority of microbial

colonization likely occurred during this period. Staaf and Berg (1977) reported that N

accumulation in surface litter of a Scots pine forest ceased when the litter reached one

and a half years of age. In the present study, the primary mechanism of N transfer from

the soil to the aboveground stump wood was probably the extension of fungal hyphae.

Frey et al. (2000) reported that fungi were responsible for the majority of N translocated

from an agricultural soil to high-C:N surface residues. Berg and Sdderstrdm (1979)

reported transfer of N by fungal hyphae into aboveground tree litter.

The consistent correlation between corn grain yield and ear leaf N concentration

suggests that N was a factor that limited yield in this study. The significant reductions in

ear leaf N concentration in the SY4C system (compared to the SBC system) in 1999

indicate a loss of plant-available N within the SY4C system for the first-year of post-

sycamore com. In 2000, abnormally low growing season moisture led to extremely low
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yields on some plots of first-year com (SY5C) and a corresponding weakening of the

relationship between grain yield and ear leaf N. Com ear leaf N concentration in 2001

was sampled during reproductive growth instead of at tasseling, and thus trends observed

in 2001 cannot be compared to those of 1999 and 2000.

Com grain yield response functions indicated that the N requirement for

maximum grain yield was increased by the prior sycamore biomass crop for the first two

years of post-sycamore com. This may have been due to a loss of plant-available soil N

to microbial immobilization during decomposition of woody residues. A significant

decrease in soil inorganic N from a depth of 0 to 2.5 cm was observed in this study in the

first growing season after sycamore were harvested (Chapter 2). If microbial N

immobilization was occurring, the post-sycamore com production would likely have

benefited from a split application of N fertilizer rather than a single application. The

single application of N in this study may have resulted in excessive immobilization of

that fertilizer N not soon taken up by the com plants.

Whereas most of the N immobilization [the absolute N increase in stumps and the

N increase in large roots (Chapter 2)] in this study was observed in the first two years, it

is likely that the N immobilized by decomposers had peaked by the third year after

sycamore harvest. This would explain the return to a typical N fertilization response

function for grain yield of SY4C com in 2001. Devine et al. (2002) reported that the

intact remnants of 1.5-year-old root systems in this study had a C:N ratio of 80:1 and

were much less decomposed than 2.5-year-old root systems. Although 2.5-year-old intact

roots had a C:N ratio of 46:1, much of these roots, especially the small ones, were very

decomposed and may have become a source of mineralized N. Small live roots (< 2 mm
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diameter) from a depth of 0 to 30 cm in a sycamore plantation adjacent to this study had a

C:N ratio of 36:1 (unpublished data). Small roots, with their lower C:N and higher

surface area:volume ratios, may have served as a source of mineralized N much sooner

than larger roots. Ehrenfeld et al. (1997) and Fahey et al. (1988) reported that fine tree

roots in mineral soil were a source of mineralized N for up to one year after root death. It

is possible that, during root decomposition, the mineralization of N from small roots may

occur at the same time as N immobilization in the larger roots. This may mask the effects

of N immobilization and result in only a small net change in plant-available soil N.

Conclusions

Aboveground residues from a SRWC, including tree stumps, did not hinder the

establishment of a no-tillage com system six months after harvest of the trees. Microbial

colonization of tree stumps appeared to take place in the first year after harvest, but

substantial loss of stump mass did not occur until the second year. The quantity of N

removed in the sycamore harvest was similar to that of one com grain harvest. Com

grain yield response functions to N fertilizer rate and differences in ear leaf N

concentration indicated that the prior sycamore crop affected N availability for up to two

years after its harvest. Increased N fertilization or a split fertilizer application may be

necessary for com production during the two years immediately following harvest of a

SRWC. Further research is needed to quantify N transformations in above- and

belowground residues of SRWCs.
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CHAPTER 4

Conversion from a Sycamore Biomass Crop to a No-Till Corn System:

Quantification of Aboveground and Belowground Carbon and Nitrogen

Introduction

While Chapters Two and Three addressed the post-harvest effeets of a sycamore

plantation on an agricultural system, further quantification of the biomass and chemical

content of the sycamore and com crops was desirable. Although many of the C and N

influxes and effluxes were beyond the scope of this study, the no-till com systems and the

belowground portions of the sycamore plantation warranted a more detailed examination.

There has been little research conducted on the mass and tumover of tree roots in SRWC

systems (Heilman and Norby, 1998; Friend et al., 1991). Sycamore roots in particular

have rarely been studied (Steinbeck and Nwoboshi, 1980).

Due to the laborious nature of the field work, it is resource-intensive to obtain

adequate sample sizes when researching the belowground portion of trees. However, C

cycling in a forested ecosystem cannot be fully understood until estimates of root growth,

root biomass, and fine root tumover rates are determined. With the relatively recent

surge in C cycle and C sequestration research, the need for a better understanding of the

C fluxes in the belowground portion of trees has been emphasized (Janssens et al., 2001;

Caims et al., 1997). While tree root C originates from photosynthesized CO2, significant

amounts are annually transferred from the tree to the soil C pool through the processes of

root senescence, respiration, and exudation (Vogt et al., 1991). Thus, eoneems about

atmospheric CO2 concentrations are addressed through tree root and forest soil research.
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Annual fine root turnover eonstitutes a significant input of tree litter to the soil

(McClaugherty et al., 1982). Nadelhoffer and Raich (1992) reviewed 59 studies of fine

root production in forests and found that production estimates ranged from 52 to 1708 g

m'^ year"'. Joslin and Henderson (1985) review 15 forest ecosystem studies that reported

fine root turnover of 218 to 1150 g m"^ year"'. Fine root turnover may occur as trees

adapt to changes in soil moisture and nutrient availability by adjusting their fine root

mass through senescence and regrowth. It has been demonstrated in some studies that on

sites with low concentrations of soil nutrients such as N and P, some tree species allocate

more C to root production in search of these nutrients (Vogt et al., 1991). Roots of

different diameters are known to differ in longevity. For example, in a Belgian Scots

pine plantation, fine roots (<1 mm diameter) were estimated to have a longevity of 1.4

years, while 1-2 mm roots were estimated to live an average of 3.3 years (Janssens et al.,

2001). However, root production research is presently limited by technologies for

estimating root growth (Nadelhoffer and Raich, 1992).

The only definitively measured nutrient input in this study was N fertilizer.

Measured nutrient removals included harvested sycamore N and com grain N. Com

grain N removal increases with increased N fertilization and increased yield (Cerrato and

Blackmer, 1990). Thus, N removed in harvested grain is a function of plant-available

soil N. Yamoah et al. (1998) found that crop rotations increased both N removal and the

amotmt of N in crop residues. The residue from the com plants is an important factor in

the present study because it represents the formation of a mulch layer in the newly-

established, post-sycamore no-till system. Com has been estimated to produce, on

average, one kilogram of residue per kilogram of grain (Aldrich et al., 1986). Such a
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relationship suggests that, if yields are reduced for com following sycamore, crop residue

production will also decline, perhaps with a negative effect on soils. The objective of this

portion of the study was to quantify the above- and belowground biomass of sycamore

and corn in a row crop-woody crop-row crop rotation system.

Materials and Methods

Experimental Design

The study was located on a Memphis-Loring silt loam intergrade on the Ames

Plantation in southwestern TN (35° 08' N, 89° 13' W). Soils were composed of aeolian

loess with a pH of 6.0 to 6.5. The study was analyzed as a completely-randomized

design with a factorial treatment arrangement and four replications. The treatments were

cropping system and N fertilization rate. Cropping systems were: /) soybean converted

to sycamore in 1995 converted to com in 1999 (SY4C), ii) soybean converted to

sycamore in 1995 converted to com in 2000 (SY5C), and Hi) soybean converted to com

in 1999 (SBC) that served as a control treatment. All row crops were no-tillage systems.

In Feb. 1995, a 0.6-ha portion of a soybean field was planted with one-year-old

American sycamore seedlings on a 1.5- x 3.0-m grid (2,222 trees ha"'). Sycamore was

fertilized at a rate of 134 kg N ha"' in Apr. 1996 and 67 kg N ha"' in Apr. 1997 and Apr.

1998. Lime was applied at 2.24 Mg ha"' in Apr. 1995 and Apr. 1997 and P was applied

at 56 kg ha"' in Apr. 1997. Approximately 640 sycamore were harvested in Oct. 1998

(SY4C), and an equal number were harvested in Oct. 1999 (SY5C). At harvest, trees

were cut as close to ground level as possible (approximately 2 to 5 cm from soil) with

chainsaws, and stumps were treated with glyphosate to prevent sprouting.
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After both the SY4C and SY5C sycamore harvests, the same process was applied

to convert the site to com production. Wheat {Triticum aestivum L.) was planted as a

winter cover crop and killed the following April with an application of glyphosate

(Roundup®) and atrazine (Bicep II® and AaTrex®). Sixteen plots, each 10.7 by 15.2 m

and encompassing approximately 35 tree stumps, were established on the former

sycamore plantation. In Apr. 1999, when the SY4C com plots were established, another

16 plots (SBC) were established where the field had previously been in soybean. The

SY5C plots were established in Apr. 2000. No-till com was planted on 12 Apr. 1999, 21

Apr. 2000, and 30 Apr. 2001, at a row width of 76.2 cm. Each set of 16 plots contained

four randomly assigned replications of four rates of NH4NO3 (0, 73, 146, and 219 kg N

ha"') broadcast on 3 May 1999, 4 May 2000, and 30 May 2001. These N rates

represented 0%, 50%, 100%, and 150% of the recommended rate for no-till com

production on the site. Com grain was harvested 2 Sept. 1999,15 Sept. 2000, and 25

Sept. 2001. The SY4C and SBC cropping systems remained in com for three years

(1999-2001), while the SY5C system was in com for two years (2000-2001).

Harvested Svcamore

For each of the harvested trees («= 1,280), total aboveground green weight, total

height, diameter breast height (DBH; 137 cm above ground level), and groundline

diameter (OLD; 5 cm above ground level) were measured. Limbs were removed from 48

harvested trees in 1998, and stems and limbs were weighed separately. Thirty-one of

these 48 trees, representing at least one tree per plot, were oven dried to constant weight

at 65° C and then re-weighed. In 1999, one tree per plot (n=16) was separated into limb
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and stem components, weighed, oven-dried to constant weight at 65° C, and then re-

weighed.

Using the measured parameters from the trees selected for drying, equations were

developed for estimation of individual tree dry biomass, stem dry biomass, and limb dry

biomass of the remaining sycamore. The variables used in equations were selected from

the variables that were measured for all plantation trees (height, DBH, OLD, and green

mass). Separate equations were created for the 1998 and 1999 harvests. Estimation

variables were chosen by stepwise variable selection using Proc Corr in SAS (SAS

Institute, 1997). The variables available for selection were: height, height^, DBH, DBH^,

OLD, GLD^, green mass, green mass^, DBH^*height, and (DBH^*height)^. Harvestable

dry sycamore biomass ha"' was calculated using estimated dry biomass of individual

trees, survival rate, and number of trees planted ha"'. Sub-samples from the limbs and

boles of the 16 trees that were dried after harvest in 1999 were ground and analyzed for C

and N concentrations by combustion analysis (Matejovic, 1995) using a LECO CNS-

2000 analyzer (LECO Corporation, St. Joseph, Michigan, USA). Foliage samples were

not preserved, and thus foliage was not included C and N analyses.

Root Svstems of Living Svcamore

The root systems of ten living sycamore were sampled on April 19-20,2001 to

estimate belowground biomass and nutrient content of the sycamore plantation. These

sycamore were planted in February, 1995 as part of the same plantation as the SY4C and

SY5C systems. At the time of sampling, the trees were in their seventh growing season

after outplanting. These trees are subsequently referred to as "age 6.5". The ten trees
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selected for sampling were chosen to represent a range of diameter sizes. Diameters at

groundline and breast height were measured prior to root sampling. Root systems were

sampled in a two-phase procedure similar to that used by Steinbeck and Nwoboshi

(1980). In Phase I, soil cores were removed around each sample tree to estimate root

mass at horizontal distances greater than 75 cm from the selected tree. In Phase II, intact

root systems were excavated by backhoe.

Soil cores, seven cm in diameter, were augered from each of three locations 75 to

150 cm from each of ten sample trees (Figure 4-1). Cores were removed from depth

intervals of 0-15, 15-30, 30-60, 60-90, and 90-120 cm below the surface for a total of 150

soil core samples. Core samples were stored at 4° C until analysis. In the laboratory,

roots were separated from soil by washing. First, each soil core was placed in a bucket

with approximately six liters of warm water. Sodium hexametaphosphate was added as a

deflocculant. This mixture was stirred intermittently by hand for approximately 2 hours

and then poured through a 1-mm sieve. For most samples, numerous soil aggregates

were retained on the sieve. These aggregates were then disintegrated by a gentle shower

of water that fell from a height of approximately 50 cm. After this treatment was applied

for 30 minutes to 1 hour, the majority of the soil aggregates were reduced to a size of 5

mm or less in diameter. These aggregates, as well as the tree roots and any other pieces

or organic matter that were retained on the sieve, were then poured onto a light-colored,

absorbent paper. The tree roots were then separated from the soil and miscellaneous

organic matter with forceps. These root samples were washed of residual soil and then

dried to a constant weight at 65° C. The roots were separated into two classes according

to diameter: greater than 2 mm, and equal to or less than 2 mm. Roots from each
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Soil core

locations

O

Sample tree

Figure 4-1. Locations of soil cores for root sampling.
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diameter class and each sampling depth were then analyzed for total C and N

concentration by combustion analysis (Matejovic, 1995) using a LECO CNS-2000

elemental analyzer (LECO Corp., St. Joseph, MI).

After soil cores were removed from each of the ten designated trees, the trees

were felled and removed from the site. The root systems then were pulled slowly from

the ground by backhoe, and all roots connected to the stumps subsequently washed in the

field. The spread of the primary roots of each of these excavated root system was

measured in two perpendicular directions on a plane equivalent to ground level. The first

direction spanned the longest spread and the second was perpendicular to the first. The

distance from the stump face to the tip of the deepest primary root was measured for each

root system. The root systems were dried to constant weight at 65° C and each was

weighed. Roots were sub-sampled, and sub-samples were analyzed for total C and N

concentration by combustion analysis (Matejovic, 1995). Estimates of dry root biomass,

C, and N per hectare for excavated root systems were calculated using initial planting

density and an assumed survival rate of 97%.

Estimates of total sycamore root mass, C content, and N content per hectare to a

depth of 120 cm were calculated by combining the root estimates from the core samples

with the measurements of the excavated root systems. Based upon observations of the

excavated root systems, it was determined that the soil volume containing the excavated

portions of the roots could be approximated by the volume of an inverted pyramid

(Figure 4-2). The volume of soil within this pyramid was calculated and this volume was

subtracted from the theoretical volume of soil occupied by each tree (to a depth of 120

cm). The difference was the volume of soil from which the root mass was estimated by
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144 cm

1. ! •■,A
/

300 cm

Figure 4-2. Diagram of the technique used to estimate root mass. The root mass
within the inverted pyramid was estimated by excavation; the root mass in the
remainder of the volume was estimated by core samples.
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the soil core method. The two complimentary estimates (the inverted pyramid and the

remainder of the volume) were added to create an estimate of the total root mass per tree

to a depth of 120 cm.

Svcamore Stumps

Samples from sycamore stumps were collected from SY4C plots on 27 June 2000.

The aboveground portion of one stump per plot was removed. Because this sampling

methodology differed from the stump sampling in October 2000 (i.e. one instead of four

samples per plot and manual instead of chainsaw sampling), June and October results

were analyzed separately. Wood density of stump samples was calculated by water

displacement. Samples were then dried at 65° C, ground, and total C and N

concentrations were determined by combustion analysis (Matejovic, 1995) using a LECO

CNS-2000 analyzer (LECO Corporation, St. Joseph, Michigan, USA).

Com Plant and Grain Harvest Analvses

On June 6, 1999, September 15, 2000, and August 29, 2001, whole com plant

samples were collected. Aboveground portions of plants from 91.4 cm of row were

removed from each plot («=32 in 1999; «=48 in 2000 and 2001). These samples were

dried, weighed, and then ground and analyzed for total C and N concentration by

combustion analysis (Matejovic, 1995) using a LECO CNS-2000 analyzer (LECO

Corporation, St. Joseph, Michigan, USA). Corn grain yields were measured by

harvesting two center rows from each plot, for a total of 21.4 m of row per plot. This

grain was sub-sampled for C and N analysis. The grain sub-samples were dried at 65° C,
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ground, and total C and N concentration was determined by combustion analysis

(Matejovic, 1995). Per-hectare estimates of whole plant mass and plant C and N contents

were calculated using the total length of row per hectare.

Data Analyses

Correlation coefficients among measured parameters of the SY4C harvested trees,

the SY5C harvested trees, and the ten living root systems were calculated with Proc Corr

in SAS (SAS Institute, 1997). Equations for estimation of biomass were then created in

Proc Reg in SAS. Stump C, N, and density data and com whole plant and grain data

were analyzed with analysis of variance (ANOVA) using Proc Mixed in SAS (SAS

Institute, 1997). Protected post-ANOVA mean separations were performed with Fisher's

least significant difference test (Steel and Torrie, 1980). A minimum confidence level of

a=0.05 was used in all analyses.

Results

Harvested Svcamore

All measured parameters of the harvested SY4C system sycamore were

significantly correlated (Table 4-1). All measured parameters of the SY5C system

sycamore, with the exception of limb mass and height, also were significantly correlated

(Table 4-2). Height and green mass of sycamore were variables most often chosen by

stepwise variable selection to predict dry mass of individual trees (Table 4-3).
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Table 4-1. Correlation coefficients and significance for measured parameters of sycamore harvested four years after out-
planting (/i=622 for DBH, GLD, height, and total green mass; /i=48 for stem green mass and limb green mass; /i=31 for
total dry mass, stem dry mass, and limb dry mass).

Total green Stem green Limb green Total dry Stem dry Limb dry
DBH GLD Height mass mass mass mass mass mass

DBH
1.0000 - - - - - - - -

GLD 0.8081
***

1.0000 - - - - - - -

Height 0.7031
***

0.5716
***

1.0000 - - - - - -

Total green
mass

0.8823 0.8387
***

0.6803
***

1.0000 - - - - -

Stem green
mass

0.9505
♦+*

0.9222
***

0.8242
**♦

0.9847
***

1.0000 - - - -

Limb green
mass

0.8426
**♦

0.8118
***

0.6207
***

0.9326
***

0.8686
1.0000 - - -

Total dry
mass

0.9655
***

0.9362
***

0.8135
***

0.9889
***

0.9919
***

0.8959
***

1.0000 - -

Stem dry
mass

0.9695
***

0.9359
***

0.8337
**♦

0.9805 0.9928
***

0.8715
***

0.9955
***

1.0000 -

Limb dry
mass

0.8996
***

0.8848
***

0.7073
***

0.9588
***

0.9340
***

0.9193
***

0.9579
***

0.9262
*** 1.0000

*** Significant at the 0.001 probability level.



 

Table 4-2. Correlation coefficients for measured parameters of sycamore harvested five years after out-planting (/i=630
for DBH, GLD, height, and total green mass; /i=16 for stem green mass, limb green mass, total dry mass, stem dry mass,
and limb dry mass).

Total green Stem green Limb green Total dry Stem dry Limb dry
DBH GLD Height mass mass mass mass mass mass

DBH
1.0000 - - - - - - - -

GLD 0.8420
***

1.0000 - - - - - - -

Height 0.6885
***

0.5864
***

1.0000 - - - - - -

Total green
mass

0.9211
***

0.8596
***

0.6961
***

1.0000 - - - - -

Stem green
mass

0.9708
***

0.9204
***

0.8307
***

0.9811
1.0000 - - ^ - -

Limb green
mass

0.7561
***

0.7044
**

0.3042

NS

0.7931
***

0.6603
**

1.0000 - - -

Total dry
mass

0.9800
***

0.9284
if**

0.7055
]fC]fC

0.9942
***

0.9629
***

0.8277
*** 1.0000 - -

Stem dry
mass

0.9797
***

0.9325
***

0.7987
***

0.9875
***

0.9935
***

0.7052
**

0.9807
***

1.0000 -

Limb dry
mass

0.7701
***

0.7170
**

0.2941

NS

0.7989
***

0.6705
**

0.9909
***

0.8386
**♦

0.7158
** 1.0000

**, *** Significant at the 0.01 and 0.001 probability levels, respectively.

oo
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Table 4-3. Coefficients used to estimate dry mass of individual sycamore trees and components. Model was
Y=bo + A/*Height + 62*DBH + + 6<*GLD + 6j*Green mass + A«*Green mass^ + 67*DBH^*Heigbt (/i=31 for
SY4C treatment and «=16 for SY5C treatment).

Y bo b, b2 b} b, bs bo b-

Total dry mass, SY4C

Total dry mass, SY5C

3.0132

5.9847 -0.7608

-1.6238 0.1840

-

0.5917

0.5453

-0.0052

-

0.9923

0.9925

Stem dry mass, SY4C

Stem dry mass, SY5C

-0.4049

-6.0213 0.7872

- 0.1953 0.1575

0.3549

- 0.0076 0.9862

0.9823

Limb dry mass, SY4C

Limb dry mass, SY5C

1.5771

12.0060

-0.3226

-1.5480

- - 0.2163

0.1904

-0.0018

_

0.9566

0.8551
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The C:N ratio of limbs was lower than that of stems for SY5C sycamore (Table

4-4). While sycamore stem mass was 9 Mg ha"' greater for SY5C sycamore than for

SY4C sycamore, limb mass was 1.6 Mg ha"' less. The estimated C removed from the site

(excluding foliage) in the SY5C sycamore harvest was 13.1 Mg ha"', and estimated N

removal was 77 kg ha"'.

Root Svstems of Living Svcamore

Several of the variables measured for the ten excavated sycamore root systems

were significantly correlated (Table 4-5). Root system dry mass was significantly

correlated with diameter at breast height (DBH) and root area (i.e. maximum horizontal

root spread*root spread in perpendicular direction) but not groundline diameter (GLD).

Root area and root volume (inverted pyramid estimate) were significantly correlated with

DBH but not GLD. Core sample root mass was not correlated with any other variable.

Because ANOVA showed no difference in soil core root mass among the three sampling

locations (Table 4-6), these data were combined by sampling depth for all subsequent

analyses and estimates. Table 4-7 shows C and N concentrations and volumetric

estimates of root mass by depth and root diameter based on soil core root samples.

Because the data were highly unbalanced due to minimum sample size requirement for

combustion analysis, ANOVA was not performed on these data. There were apparent

differences in root N concentration and C:N ratio between the two root size classes and

among the five sampling depths. Nitrogen concentrations in roots ̂ 2 mm diameter

decreased with depth, but at all depths concentrations were greater than those of roots >2

mm in diameter.
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Table 4-4. Sycamore C and N concentrations and estimated mass, C content, and N content. Carbon and nitrogen
data were not available for SY4C sycamore.

Parameter

C N Estimated Estimated Estimated
concentration concentration C:N ratio dry mass C content N content

Total dry mass, SY4C

Total dry mass, SY5C

gkg"

485.9 2.9 167.6:1

Mg ha"'

19.9t

26.9 13,071

kg ha"'

77

Stem dry mass, SY4C

Stem dry mass, SY5C 488.4 2.8 174.4:1

14.4

23.4 11,429 66

Limb dry mass, SY4C

Limb dry mass, SY5C 471.2 3.2 147.3:1

5.0

3.6 1,696 12

t Estimates of stem plus limb mass may not equal estimates of total dry mass due to discrepancies in models.



Table 4-5. Correlation coefficients and significance for measured parameters of sycamore root systems sampled in April of their

Parameter

Core root

mass

Root green
mass

Root dry
mass DBH DBrf OLD GLD^

Maximum

root depth Root area

Root

volume

Core root

mass
1.0000 - - - - - - - - -

Root green
mass

0.1701

NS
1.0000 - - - - - - - -

Root dry
mass

0.2112

NS

0.9414
***

1.0000 - - - - - - -

DBH 0.2591

NS

0.9031
***

0.8746
***

1.0000 - - - - - -

DBtf 0.2473

NS

0.9110
***

0.8908
***

0.9989
***

1.0000 - - - - -

OLD -0.1642

NS

0.5444

NS

0.6083

NS

0.5599

NS

0.5617

NS
1.0000 - - - -

GLD^ -0.1708

NS

0.5416

NS

0.6108

NS

0.5593

NS

0.5620

NS

0.9993
***

1.0000 - - -

Maximum

root depth
-0.4282

NS

-0.1205

NS

-0.0941

NS

0.0274

NS

0.0123

NS

0.2144

NS

0.1994

NS
1.0000 - -

Root area 0.1057

NS

0.6134

NS

0.7440
*

0.6352
*

0.6631
*

0.3665

NS

0.3843

NS

-0.3088

NS
1.0000 -

Root volume -0.1937

NS

0.4950

NS

0.6213

NS

0.6358
*

0.6510
*

0.4721

NS

0.4786

NS

0.3822

NS

0.7554
*

1.0000

♦, *** Significant at the 0.05 and 0.001 probability levels, respectively.
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Table 4-6. Analysis of variance for dry mass of roots determined by
soil core sampling.

Effect Degrees of freedom Pr>F

Depth 4 0.0392

Location 2 0.1600

Depth*Location 8 0.7372



 

Table 4-7. Properties of sycamore root systems sampled by soil coring. Samples were collected in April of the seventh
year after out-planting.

Soil depth
Root

diameter

Root C

concentration

RootN

concentration

Root

C:N ratio

Estimated

root

dry mass
Estimated root

C concentration

Estimated root

N concentration

cm mm
. .■1g Kg

0-15 ^ 2 479.0 14.4 33.4 248 119 4

>2 481.4 8.6 56.1 159 77 1

15-30 ^ 2 505.4 13.4 37.8 103 52 1

>2 481.9 8.8 55.1 79 39 1

30-60 ^ 2 477.7 11.1 43.2 155 74 2

>2 454.4 7.5 60.5 256 116 2

60-90 ^ 2 466.8 10.5 44.4 118 55 1

>2 475.8 6.8 69.6 262 125 2

90-120 ^ 2 478.2 11.2 42.9 94 45 1

>2 487.5 7.4 65.9 20 10 <1

0-120 < 2 475.6 11.1 45.7 136 65 2

>2 474.8 8.9 54.9 164 77 1

0-120 All 475.2 10.0 50.5 300 142 3

vo
u)
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Diameter of roots appeared to vary by depth. At depth intervals from 0 to 30 cm

and 90 to 120 cm, the majority of root mass was composed of roots <2 mm in diameter.

At depth intervals from 30 to 90 cm, the majority of root mass was composed of roots >2

• * 3
mm in diameter. Concentration of root C expressed on a soil volumetric basis (g C m"

soil) followed a similar trend: greater C was in roots ̂ 2 mm in diameter at 0 to 30 cm

and 90 to 120 cm depth intervals and greater C was in roots >2 mm in diameter at depth

intervals from 30 to 90 cm. Concentration of root N in soil was greatest at a depth of 0 to

15 cm due primarily to the N in roots ̂ 2 mm in diameter. To a depth of 120 cm, the

average concentration of root N in soil, as estimated by the soil core samples, was 3 g

m .

Excavated root systems averaged 5.35 kg dry mass per tree (Table 4-8). The

majority of this mass was in roots >30 mm in diameter. The roots had a lower N

concentration and a higher C:N ratio with increasing diameter. It was estimated that the

excavated portions of the root systems in the 6.5-year-old sycamore plantation

represented over 11.5 Mg ha"'.

When the root estimates from the excavated root systems were combined with the

soil core root estimates, it was determined that the total dry mass of roots in the 6.5-year-

old sycamore plantation was 13.38 Mg ha"' (Table 4-9). The total root C content was

6.36 Mg ha"' and the N content was 112 kg ha"'. Assuming a linear rate of growth, the

total dry root mass was estimated to have been 8.23 Mg ha"' at age 4 and 10.29 Mg ha"' at

age 5. Estimated root C content was 3.91 Mg ha"' for the age 4 plantation and 4.89



Table 4-8. Properties of sycamore root systems sampled by excavation. Samples were collected in April of the seventh
year after out-planting.

Individual root systems

Root Mean Fraction C N Estimated Estimated Estimated

diameter dry mass of total concentration concentration C:N ratio dry masst C contentt N contentt

mm kg % o Wo"'g Kg N.g lid

< 10 0.57 10.7 483.0 13.0 37.2 1228 593 16

10-30 1.58 29.8 478.7 8.9 53.8 3405 1630 30

>30 3.20 59.5 471.6 6.9 68.3 6896 3252 48

All 5.35 474.9 8.2 60.8 11529 5475 94

t Estimates assume 97% survival rate.

vo
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Table 4-9. Mean values and estimates for sycamore root systems derived from
samples collected in April of the seventh year after out-planting.

Parameter Value

Total soil volume per tree to a depth of 120 cm, 5.40

Estimated mean soil volume per tree sampled
by root excavation, m^ 0.43

Soil volume per tree not sampled by root excavation, m^ 4.97

Mean dry mass of roots per tree in excavated fraction, kg 5.35

Estimated mean dry mass of roots per tree in
non-excavated soil fraction (from core samples), kg 0.86

Estimated total dry root mass per tree (excavated + core), kg 6.21

Estimated total dry root mass (excavated + core), Mg ha"'t 13.38

Estimated total root C (excavated + core), Mg ha''t 6.36

Estimated total root N (excavated + core), kg ha''t 112

Estimated total root C:N ratio (excavated + core) 56.8:1

Estimated total dry root mass at age 4, Mg ha''tj 8.23

Estimated total dry root mass at age 5, Mg ha 'tj 10.29

Estimated total root C at age 4, Mg ha''tt 3.91

Estimated total root C at age 5, Mg ha''tj 4.89

Estimated total root N at age 4, kg ha 'tj 69

Estimated total root N at age 5, kg ha 'tj 86

t Assumes 97% survival rate.

X Assumes a linear growth rate.
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Mg ha"' for the age 5 plantation. Root N content was estimated to have been 69 kg ha" in

the age 4 plantation and 86 kg ha"' in the age 5 plantation.

Sycamore Stumps

Wood density, N concentration, C:N ratio, and absolute N content of the 88-

week-old stumps were not significantly affected by N fertilization rate (Table 4-10).

Com Plant and Grain Harvest Analyses

Estimates of total dry mass of com plants did not differ by cropping system at

each N rate, but large differences in dry mass among years were apparent (Table 4-11).

Nitrogen concentration of whole com plants was higher for SBC plants than for SY4C

plants at all N fertilization rates except 219 kg N ha"' in 1999 (Table 4-12). In 2000 and

2001 there were no significant differences in whole plant N concentration among

cropping systems.

The estimated C in com plants was significantly lower in the SY5C system in

2000 at 146 kg N ha"' and in 2001 at 73 kg N ha"' (Table 4-13). Estimated com plant N

was significantly lower in the SY5C system in 2000 at 146 kg N ha"' and in 2001 at 73

and 219 kg N ha"'. The estimated amount of C removed in grain harvest in 2000 was

significantly less in the SY5C system than in the SBC system at 73 and 219 kg N ha"' and

in 2001 at 0 and 146 kg N ha"' (Table 4-14). Estimated com grain N removal was

significantly lower in the SY5C system in 2000 at 73 kg N ha"' and 219 kg N ha"' and in

2001 at 146 kgNha"'.
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Table 4-10. Properties of 88-week-old sycamore stumps in the SY4C cropping system.
Absolute C and N content is content of each element expressed on a volumetric basis.

Fertilization rate (kg N ha"')
Property 0 73 146 219 Average

Wood density, g cm'^ 0.33at 0.30a 0.33a 0.34a 0.32

C concentration, g kg"' 452.9a 463.5a 462.5a 450.0a 457.2

N concentration, g kg"' 6.6a 7.3a 7.6a 7.6a 7.3

C:N ratio 70.6:1a 64.8:1a 61.5:1a 60.5:1a 64.3:1

Absolute C content, g m'^ 1.5 * lO'a 1.4 * lO'a 1.5 * lO'a 1.5 * lO'a 1.5 * 10'

Absolute N content, g m'^ 2.2 * lO^a 2.2* lO^a 2.5 * lO^a 2.6 * lO^a 2.4 * 10'

t Within each row values followed by the same letter are not significantly different (P > 0.05).
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Table 4-11. Estimated dry biomass of whole corn plants.
Samples were collected on June 6,1999, September IS, 2000, and
August 29,2001.

Fertilization rate (kg N ha-1)
Cropping
system 0 73 146 219

Mg ha"'

1999

SBC 3.30at 3.67a 4.51a 4.56a

SY4C 3.97a 4.06a 4.84a 4.77a

2000

SBC 5.05a 11.27a 12.34a 11.44a

SY4C 4.67a 10.84a 8.92a 8.66a

SY5C 4.10a 7.78a 7.16a 9.14a

2001

SBC 9.96a 15.29a 17.44a 17.78a

SY4C 9.36a 18.89a 18.05a 19.44a

SY5C 6.03a 12.64a 17.17a 17.01a

t Values within the same year and column followed by the same
letter do not differ {P > 0.05).
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Table 4-12. Nitrogen concentration of whole corn plants.
Samples were collected on June 6,1999, September 15, 2000,
and August 29,2001.

Fertilization rate (kg N ha"')
Cropping —
system 0 73 14^ 219

1999

g N kg"'

SBC l.Sbt 2.3b 2.4b 2.5a

SY4C 1.1a 1.5a 2.1a 2.3a

2000

SBC 0.8a 0.9a 1.1a 1.1a

SY4C 1.0a 0.9a 1.3a 1.2a

SY5C 0.9a 1.0a 1.2a 1.3a

2001

SBC 0.5a 0.8a 0.9a 1.0a

SY4C 0.5a 0.7a 0.8a 1.1a

SY5C 0.5a 0.8a 0.9a 0.9a

t Values within the same year and column followed by the same
letter do not differ (P > 0.05).



Table 4-13. Estimated C and N contents of whole corn plants. Samples were collected on June 6,1999,
September 15,2000, and August 29,2001.

Cropping
system

Fertilization rate (kg N ha') Fertilization rate (kg N ha')

73 146 219 73 146 219

Mg C ha' kg N ha''

1999

SBC 1.45at 1.64a 2.00a 2.02a 49a 84a 108a 114a

SY4C 1.71a 1.81a 2.17a 2.08a 43a 60a 101a 107a

2000

SBC 2.37a 5.35a 5.63b 5.39a 41a 106a 136b 129a

SY4C 2.15a 5.00a 4.20ab 4.05a 44a 102a llOab 99a

SY5C 1.89a 3.65a 3.39a 4.26a 37a 78a 80a 124a

2001

SBC 4.34a 6.79ab 7.74a 8.34a 54a 121ab 159a 191b

SY4C 4.11a 8.38b 8.02a 8.61a 49a 139b 147a 210b

SY5C 2.64a 5.59a 7.66a 7.54a 32a 93a 147a 149a

t Values within the same year and column followed by the same letter do not differ (P > 0.05).
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Table 4-14. Estimated C and N removed in grain harvests of 1999,2000, and 2001.

Cropping
system

Fertilization rate (kg N ha") Fertilization rate (kg N ha")

73 146 219 73 146 219

Mg C ha' kg N ha'

1999

SBC 0.84at 1.72a 2.42a 2.34a 25a 49a 68a 68a

SY4C 0.72a 1.14a 1.86a 2.27a 21a 32a 56a 69a

2000

SBC 0.50a 0.96b 1.22b 1.09b 15a 28b 39b 35b

SY4C 0.53a 0.68ab 0.89a 1 .OOab 16a 20ab 29a 34b

SY5C 0.28a 0.43a 0.70a 0.76a 9a 13a 23a 24a

2001

SBC 1.12ab 2.34a 2.87ab 2.84a 32a 73a 99ab 95ab

SY4C 1.52b 2.23a 3.18b 2.65a 42a 63a 102b 90a

SY5C 0.75a 2.12a 2.43a 3.34a 23a 62a 78a 113b

t Values within the same year and column followed by the same letter do not differ {P > 0.05).
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Discussion

Harvested Sycamore

Using the measured variables it was possible to accurately model (R^ >0.99) total

dry mass of individual trees for subsequent estimation of dry biomass production per

hectare. While most of the measured variables of the harvested sycamore were

correlated, the variables with the greatest practical importance, total dry mass and DBH,

were highly correlated in both the SY4C and SY5C systems. Total dry mass has practical

importance because it is the standard measure of biomass production. Diameter at breast

height is important because it can be measured rapidly in the field. Based on the

observed correlations between these two variables, future measurements and growth

estimations for sycamore biomass plantations may be expedited by intensive

measurement of a sample of trees as small as 2.5% of the total population (e.g. 16 of 640

trees). The relationship between DBH and total dry mass then may be used develop an

equation for prediction of individual tree dry mass based upon DBH measurements.

The higher correlation coefficients among some variables in the SY4C system

than in the SY5C system (e.g. limb mass and height) may have been due in part to larger

sample sizes for the SY4C system. The weaker correlations at plantation age five also

may have been due to an increase in heterogeneity of tree form with increased age. The

'y

best-fitted model for dry limb mass estimation for SY5C trees had a lower R value

(0.8551) than the SY4C dry limb mass model (0.9566). This may be an indication of

increased variability timong trees as different crown classes began to develop as a result

of competition among trees for direct sunlight.
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Witter et al. (1980) reported a decrease in the amount of biomass allocated to

sycamore limbs relative to that of stems between plantation ages four and five. This was

observed in the present study as estimated dry limb mass decreased from 5.0 Mg ha"' to

3.6 Mg ha"' in the SY4C and SY5C systems, respectively. Physiological changes in the

trees were likely responsible for this phenomenon. Canopy closure in the sycamore

plantation resulted in less sunlight reaching the lower limbs of the trees. These limbs

were dropped as the trees relied on leaves in the upper portions of their crowns for

photosynthesis.

Witter et al. (1980) found that the aboveground N content (excluding foliage) of

five-year-old sycamore plantations ranged from 27.5 to 130.4 kg N ha"' depending on site

and fertilization. Fertilized sycamore plantations on a terrace site contained an average of

127 kg N ha"'. Blackmon (1979) estimated an average N removal of 145 kg ha"' during

the dormant season (without foliage) for a four-year-old unfertilized sycamore plantation

that yielded 28.8 Mg ha"' dry biomass. Van Miegroet (1994) reported N removals

(excluding foliage) of 112-197 kg N ha"' for a four-year old sycamore plantation, but

Wood et al. (1977) found that the woody portion of a three-year-old fertilized bottomland

sycamore plantation contained only 25.5 to 60.8 kg N ha"' depending on tree spacing. In

the present study, estimated N removal was 77 kg N ha"' for a five-year-old plantation.

While the variability in N removal estimates among the aforementioned studies can often

be explained by differences in dry biomass yield, estimates are heavily dependent upon

the accuracy of N tissue analyses. Because stem bark of young sycamore has a much

higher N concentration than stem wood (Wood et al., 1977), it must be proportionally
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analyzed and estimated. Branches also have a higher N concentration than stems (Wood

et al., 1977), and thus must be weighed and analyzed separately.

Generalized estimates of C storage, or sequestration, can be made from the

sycamore measurements. Assuming a constant rate of growth through plantation age

five, the 13.1 Mg C ha"' in the SY5C sycamore plantation represents a mean storage of

approximately 2.6 Mg C ha"' yr"' in the aboveground woody portion of the sycamore

during the rotation. If the sycamore trees were subsequently burned for power

production, the period of time after harvest and before combustion constitutes an

additional period of C sequestration. The harvested portion of the sycamore is only one

component of the total C storage resulting from the plantation. Inclusion of estimates of

aboveground litter C and soil C increases due to the sycamore raises the total estimated C

storage resulting from the plantation.

Trees grown as energy feedstock, such as the ones in this study, are most often

combusted within a year of harvest. Thus the amount of time that the aboveground C is

fixed, from photosynthesis to mineralization, is relatively brief for SRWCs. Their

potential as a C sink lies in their rapid growth rates, their potential for large-scale

production, and the residual C in plantation soils and tree litter. Thus, SRWCs can

sequester C by two mechanisms: i) storing large quantities of "short-lived" C in

plantations, and ii) increasing the amount of "long-lived" C in plantation soils. Although

most of the short-lived C in SRWCs (e.g. wood and leaf litter) is mineralized in less than

10 years, the plantation ecosystems maintain an increased level of C, relative to many

alternative land uses, constituting sequestration of C.
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Of the various C forms in a SRWC plantation, the only long-lived form of C is in

soil recalcitrant C. Although only a small fraction of the C fixed by a SRWC reaches the

recalcitrant C pool, this C may remain fixed in soils for centuries to millennia. Soil

recalcitrant C is bound in humus which is a variety of complex organic molecules that are

resistant to microbial decomposition. Humus may be the end product of microbially-

decomposed plant residues or resistant tissues synthesized by the decomposers

themselves (Brady, 1974).

Root Svstems of Living Sycamore

The strong correlation (r = 0.8908) between DBH and excavated dry root mass

indicates that accurate belowground biomass estimations may be made for young

sycamore based on DBH. Heilman et al. (1994) created equations to predict the mass of

stumps and attached coarse roots of four-year-old poplar hybrids. Diameter at breast

'y

height predicted root mass of various poplar clones with R values ranging from 0.887 to

0.988. Thies and Cunningham (1996) developed equations for prediction of Douglas-fir

[Pseudotsuga menziesii (Mirb.) Franco] root biomass from diameter at stump height and

DBH measurements. Their intensive study involved extraction of 84 trees with

belowground woody biomass of up to 614.4 kg per tree. The resultant equations

predicted root biomass from DBH with an average R value of 0.86.

Although estimates of root system mass exist for short-rotation sycamore

(Steinbeck and Nwoboshi, 1980), little is know about the rate of root growth. In this

study, estimates of root biomass at plantation ages 4 and 5 assumed a linear rate of

growth between plantation age 0 and plantation age 6.5. Heilman et al. (1994) found the
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root:shoot ratios for four-year-old Populus clones ranged from 0.22:1 to 0.33:1. The

root: shoot ratio of the sycamore plantation in the present study was estimated to have

been 0.41:1 at plantation age 4 and 0.38:1 at plantation age 5. These estimates suggest

that young sycamore trees allocate a greater portion of biomass to roots than do poplars.

If this is the case, it may partially explain why poplars produce greater aboveground

biomass than sycamore in their first years of growth.

Heilman and Norby (1998) speculated that although the root systems and stumps

of a harvested SRWC appear to represent a substantial amount of organic matter, this

amount is likely no greater than that produced by a grassland during the same period.

While this may be accurate in some instances, the composition and microbial

accessibility of the organic matter in a SRWC root system is significantly different from

that found in a grassland root system.

Friend et al. (1991) reported that roots of 2-year-old poplars extended more than

400 cm from the stem and reached depths of 150 cm. Roots of plantation-grown eastern

cottonwood {Populus deltoides Bartr.) have been reported to extend over 360 cm from

the stem (Tolbert et al., 2000). The relatively small root spread observed in the present

study may be primarily due to root breakage, especially of small roots, as the root

systems were pulled from the ground. At the time of sampling, the objective was to

extract the majority of the root mass, not the majority of the root length. Differences in

root spread between the sycamore of this study and the Populus studies may also be

genetic.

The finding of significant correlations between DBH and root area and volume

may be used in the future to better understand competition among plantation trees for
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belowground resources. Such competition may be especially important for sites where

moisture or nutrients are particularly limited (Brisson and Reynolds, 1994). Mou et al.

(1995) found that while the larger roots in plantation sweetgum seldom overlapped, small

roots often did. Friend et al. (1991) found significant overlap for trees planted at a close

(Im X Im) spacing.

The lack of correlation between aboveground parameters (i.e. DBH and GLD)

and fine root mass (as measured from soil cores) was not surprising. Much variation has

been reported in the ratio of aboveground mass to fine root mass for poplars (Heilman et

al., 1994). Mou et al. (1995) reported that the distribution of fine roots in monospecific

plantations was unrelated to aboveground biomass; abundance and distribution of fine

roots was instead related primarily to soil nutrient availability. The vertical trends in fine

root distribution observed in this study do not differ from those of other studies (Gale and

Grigal, 1987; Janssens et al., 2001; Heilman et al., 1994). The greater mass of fine roots

closer to the surface likely corresponded to greater nutrient availability in this zone (Mou

et al., 1995). The C in woody roots at lower depths (e.g. 60-120 cm) is important due to

the typical decrease in soil biological activity with greater soil depth (Blume et al., 2002).

If there are fewer heterotrophs at lower soil depths, C mineralization rates may be much

less and the potential for soil sequestration of C may be greater.

Average estimated root biomass (6.21 kg tree"') was less than that of loblolly pine

{Pirns taeda L.) (8.2 kg tree"') in a six-year-old plantation (Kormanik et al., 1998). Root

biomass per hectare in the present study (13.4 Mg ha"') was approximately twice that of a

two-year-old poplar plantation (6.3 Mg ha"') at a 1- x 1-m spacing (Friend et al., 1991),

but was much less than that of a 7-year-old sycamore plantation (25.2 Mg) (Steinbeck
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and Nwoboshi, 1980). Heilman et al. (1994) reported belowground biomass estimates of

19.2 to 37.8 Mg ha"' for four-year-old poplar clones. From the studies to date, site

quality and sampling methodology appear to be important factors in production and

estimation of root mass, respectively.

Sycamore Stumps

Nitrogen fertilization rate did not significantly affect the decomposition of

sycamore root systems (Chapter 2) or the aboveground portion of stumps (Chapters 3 and

4). While the lack of effect may have been due to insufficient N fertilizer in close

proximity to the woody materials, a significant fraction of the fertilizer N was taken up

by the com plants during the growing season. This resulted in less inorganic soil N

available to decomposers. Furthermore, fungi have shown a preference for complex

forms of N, such as those in proteins, over mineral N (Boyle, 1998). The C:N ratio of the

88-week-old stumps (64.3:1) was lower than that of 84-week-old woody root systems

(85.3:1; Chapter 2). This may be a result of the exposed surface area of the stump that

facilitated entry of moisture and microorganisms. Much of the root system mass was in

large-diameter woody roots that were likely less accessible to decomposers.

Com Plant and Grain Harvest Analyses

The large differences in com plant dry mass among years were probably due to an

early sampling date in 1999 and an abnormally dry growing season in 2000. Of the three

years in which plants were sampled, the mass of plants in 2001 was the most typical for

the site. Com plant N concentration was substantially higher in 1999 than in 2000 and
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2001 because samples were collected when the com was still in its vegetative growth

stage. Much of this N would be later translocated to the grain during reproductive growth

(Hanaway, 1963). Although whole com plant N concentration is not used to gauge N

sufficiency, the significant differences between cropping systems in June 1999 may

represent less plant-available N in the SY4C system. Similar differences were observed

in ear leaf N concentration in samples collected three weeks later (Chapter 3).

The estimated C and N contents ha"' of com plants are important because they

represent the C and N that is retumed to the soil annually as crop residue. Since com

plant C concentration is virtually constant regardless of management practice, any factor

that increases plant growth leads to an increase in crop residues and a potential increase

in soil C over time. Greater residue also represents an increased mulch layer in the no-till

system. The lower estimated plant C in the SY5C system in 2000 and 2001 was

accompanied by a lower grain yield (Chapter 2). Thus, the same fertility factors that

increase yields (in this case probably N availability) simultaneously increase residue C.

The organic N contained in residues is eventually mineralized and made available

for plant uptake after it is consumed and released by the soil biota. The decreases in

residue N content under the SY5C cropping system in 2000 and 2001 represent a lower

soil organic N input. However, the high C:N ratio of com plant residues means that

mineralization of this organic N will likely be slow and will follow a period of N

immobilization. Because there were no differences in crop residue N content between

third-year com after sycamore (SY4C) and the continuously row-cropped system (SBC)

in 2001, the reduction in com residue N content due to the sycamore crop lasted no

longer than two years after sycamore harvest.
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The com grain C and N harvest removals represent losses of these elements from

the system. While the grain C is short-lived and thus of little importance, the grain N

removal must be considered in conjunction with annual N inputs to the system. In this

study fertilization was the only documented N input, but mineralization of organic N, N

fixation by non-symbiotic N-fixing bacteria, and atmospheric deposition certainly

occurred to some degree. The differences in grain N removal among cropping systems

are a result of differences in plant-available N, and thus grain yield, in the systems. The

observed differences in N removal were small enough, relative to N inputs such as

fertilizer, that they will likely be of little importance in long-term site fertility.

Conclusions

Due to uniformity among the plantation sycamore, it was possible to create

equations for prediction of individual tree dry mass based on a small sample of trees.

Tree form changed between plantation ages four and five as lower, shaded limbs were

dropped following canopy closure. The amount of N removed in the harvest of five-year-

old sycamore was probably not enough to significantly affect soil fertility.

Belowground biomass of the short-rotation sycamore plantation was substantial.

Mass of woody root systems of individual trees could be estimated by DBH, but fine root

mass was not related to DBH or proximity to tree. Decomposition rate of sycamore

stumps was not affected by the rate of N fertilizer applied to them.

When com was grown after sycamore, amounts of C and N in crop resides were

slightly reduced, likely due to less plant-available N in the post-sycamore soils. This

reduction in crop residue was detected only during the first two years immediately
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following sycamore harvest. Increases in N fertilization rate during these two years,

intended to counteract reductions in N uptake and grain yield of com plants, would likely

eliminate this decrease in residue production.
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CHAPTER 5

Summary and Conclusions

Prior research has shown improvements in soil chemical and physical properties

after establishment of SRWCs on formerly agricultural sites. However, it was not known

whether these soil improvements would endure after a site was converted from SRWC

production back to row crop production. Also, the effect of a woody crop rotation on

subsequent row crop yields was unknown. This study was conducted to determine the

residual effects of one woody crop rotation on soils and subsequent row crop production

on a historically agricultural site.

Results showed that four- and five-year sycamore rotations significantly affected

chemical and physical properties of a loessal soil in southwestern TN. From 0.5 to 2.5

years after the site was converted from SRWC to row crop production, significant

increases in soil C, due to the SRWC, were detected. The majority of these increases

were at soil depth intervals from 2.5 to 30 cm and appeared to be from tree roots rather

than from surface litter. A leaf litter layer did not begin to accumulate in the sycamore

plantation until the end of the third year after planting. After harvest, there was no

residual litter layer. Sycamore leaves appeared to be more resistant to decomposition

than leaves of other SRWCs such as hybrid poplars. The observed soil C increases in this

study were similar in magnitude to those of other studies conducted in the southern USA.

There were no detectable trends in the spatial distribution of soil C or N 1.5 or 2.5 years

after sycamore were harvested. This spatial uniformity indicates that the effects of the

woody crop rotation on the top 30 cm of soil were evenly distributed on the site.
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Mean weight diameter of water-stable soil aggregates at depth intervals from 2.5

to 15 cm was greater six months after the harvest of a sycamore plantation than under a

continuously row-cropped system. Other studies have indicated that additions of high-C

woody residues to soil cause increases in fungal populations and soil aggregate stability.

Prior to the present study, research on the Ames Plantation indicated that, while sycamore

plantations did not improve soil structure after three years of growth, twelve-year-old

sycamore plantations had significantly reduced soil bulk density and improved

hydrologic properties. The present study showed that soil aggregation improvements

were present after four years of sycamore plantation growth.

Soil plant-available, inorganic N concentrations were higher in the SBC system

than in the SY4C system at a depth of 0 to 2.5 cm at 2 of 4 sampling dates. However,

there were few overall differences in soil inorganic N among the three cropping systems.

This may have been due to rapid uptake of soil inorganic N by com plants after

fertilization. Additionally, sampling intensity and precision during the growing season

may not have been sufficient to detect differences in soil inorganic N among cropping

systems.

The sycamore biomass crop yielded 19.9 and 26.9 Mg ha"' dry aboveground

biomass for four- and five-year rotations, respectively. Yields were similar to or greater

than those of other short-rotation sycamore studies but were inferior to those reported in

studies of poplar and willow. Changes in tree form were observed between plantation

ages four and five as lower, shaded limbs were dropped following canopy closure. As

these dead limbs accumulated on the ground they began to trap leaf litter and hold it on

the site. Previously, wind had carried leaves away during winter, a phenomenon
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attributed to the relatively small size of the sycamore plantation in this study. The

aboveground woody biomass of a five-year sycamore rotation contained an estimated 77

kg N ha"', less than that of a typical corn grain harvest. Belowground sycamore dry

biomass was estimated to be 8.2 and 10.3 Mg ha"' for the four- and five-year-old

plantations, respectively. Mass of individual root systems was significantly related to

tree DBH, facilitating future estimates of belowground tree biomass.

Significant changes occurred in sycamore stumps during the two years following

tree harvest. Stump wood density decreased significantly between 52 and 104 weeks

after harvest. Stump N content per unit volume increased significantly during the first 52

weeks after harvest, suggesting that substantial microbial colonization occurred during

this period. Stump C content per unit volume declined significantly between 52 and 104

weeks after harvest, indicating that this was a period of rapid C mineralization by

microbes. Sycamore stump decomposition was not affected by rate of N fertilization.

This may have been due to the relatively small amount of fertilizer in close proximity to

the stumps and the short period of time before this fertilizer was taken up by com plants.

Root system decomposition was considerably more advanced 136 weeks post-harvest

than 84 weeks post-harvest. This was evidenced by a higher N concentration and lower

C;N ratio in the 13 6-week-old roots, suggesting N immobilization and C mineralization.

This study revealed no obstacles that would prevent production of com on a site

that had been a short-rotation sycamore plantation the previous year. Although com

grain yields differed greatly among years due to differences in growing season rainfall,

statistically significant yield response functions to N fertilization rate existed for all

cropping systems in all years. First- and second-year corn following sycamore had a
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linear yield response function to N fertilizer rate, with grain yield maximized at 219 kg N

ha"'. Corn grown for three consecutive years after soybean and third-year com after

sycamore both reached maximum yields at 146 kg N ha"'; yields did not increase at 219

kg N ha"'. These trends indicated that there was less plant-available soil N present for the

two years immediately following sycamore harvest. This may have been due to a loss of

soil inorganic N to microbial immobilization during decomposition of woody residues.

Most of the N immobilization in stumps and large roots was observed in the first two

years after sycamore harvest, and it is likely that immobilization had peaked by the third

year after harvest. This would explain the return to a typical N fertilization grain yield

response function in the third year of corn after sycamore harvest.

In 1999, the first year of corn after sycamore, corn plants in the SY4C system had

significantly lower ear leaf N concentrations than those of the SBC system at all N

fertilization rates except 219 kg ha"'. Differences among cropping systems in grain yields

and ear leaf N concentrations indicate that N fertilizer requirement during the first two

years of corn following sycamore was increased.

Based on corn grain yield data, increasing the rate of N fertilization to 150% of

the standard rate for the system may be necessary to maximize yields for the first two

years of corn grown immediately following sycamore harvest. Alternatively, a

management practice that could potentially reduce fertilizer N immobilization is a split

application of N fertilizer. A split N application may increase the total amount of

fertilizer N recovered by com plants. In addition to increasing grain yields, improved N

availability for crops maintains high residue inputs important to the success of the no-till

system.
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The observed increases in soil C suggest improvements in nutrient- and water-

holding capacities after the sycamore rotation. Evidence of these improvements in com

grain production was not observed in this study. However, immobilization of soil

inorganic N in decomposing woody residues may have masked the beneficial effect of

increased soil C. After the mineralization rate of N surpasses that of immobilization,

perhaps in the fourth or fifth year after sycamore harvest, there may be a detectable

benefit of the sycamore rotation in terms of com grain yield.

Field observations and the results of other research indicate that a longer (>5

years) woody crop rotation than the one in this study would likely increase the

contribution of aboveground litter to soils. The formation of an organic soil horizon by

decomposing surface litter would likely improve soil physical, chemical, and biological

properties. Coppicing multiple woody crop rotations, using inter-row cover crops, or

planting faster-growing tree species are known to increase the organic inputs to soils

during SRWC growth. But greater inputs of high-C:N residues could lead to increased

immobilization of plant-available N.

This "agro-woody crop" system may be well-suited to sites that are in particular

need of soil organic matter. Eroded or otherwise degraded agricultural land may benefit

from the soil organic C and aggregation improvements that follow a woody crop rotation.

However, rotations lengths longer than the ones used in this study, or multiple rotations,

may often be necessary to achieve such improvements. But by following the woody crop

with a no-till system, the soil improvements will not be lost through the destruction of

soil aggregates and the oxidation of organic matter that result from tillage.
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Due to current energy policy in the USA, the agro-woody crop system examined

in this study will probably not soon be adopted for biofuel production. However, this

system is equally applicable to SRWC production for fiber. In regions with sufficient

demand for wood fiber, this system provides the flexibility to produce either woody crops

or row crops on the same site. Although a woody crop rotation can have a short-term

negative effect on yields of subsequent row crops, increases in soil C may lead to long-

term improvements in soil quality.
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Appendix. Diameter at breast height (DBH), groundline diameter (GLD), total height,
green mass, and dry mass of American sycamore grown on a Memphis-Loring silt loam
intergrade in southwestern TN.

Total Stem Limb Total Stem Limb

Tree Total green green green dry dry dry
Plot no. DBH GLD height mass mass mass mass mass mass

cm cm m kg kg kg kg kg kg

1 29 4.6 8.1 7.60 11.804 8.626 2.27 5.448 4.086 1.362

2 14 4.8 8.1 6.96 12.258 8.626 2.27 5.448 4.086 1.362

2 25 5.8 10.9 8.21 28.602 19.976 5.902 13.166 9.534 3.632

2 28 6.4 11.2 8.30 24.516 17.252 4.994 11.35 8.172 3.178

3 14 5.3 7.6 7.48 14.074 10.896 2.27 6.356 4.994 1.362

3 26 7.9 13.0 9.00 34.05 24.97 6.356 15.436 11.35 4.086

4 9 2.5 4.1 5.11 3.632 2.724 0.454 1.816 1.362 0.454

4 19 7.6 11.7 7.96 29.51 20.884 6.81 14.074 10.442 3.632

5 22 4.8 8.6 7.81 10.896 8.626 1.816 5.448 4.086 1.362

5 23 8.9 15.0 9.15 46.762 29.964 14.074 19.068 14.528 4.54

6 11 4.6 6.6 7.69 8.626 6.356 1.362 4.54 3.632 0.908

6 12 8.9 12.7 9.70 37.228 28.148 6.81 18.614 14.528 4.086

7 7 7.9 12.4 9.06 35.866 24.97 8.172 15.436 10.896 4.54

7 38 2.8 4.8 5.32 4.994 4.086 0.908 2.27 1.362 0.908

8 22 7.4 12.4 9.03 26.786 22.246 2.724 12.258 9.988 2.27

8 23 6.4 9.4 8.33 19.976 15.436 2.724 9.534 7.264 2.27

9 33 6.1 10.2 8.18 19.522 13.62 4.086 9.08 6.356 2.724

10 19 7.6 12.2 9.24 28.148 21.338 5.448 14.074 10.896 3.178

10 29 6.1 10.7 8.03 19.068 14.074 3.178 9.08 6.81 2.27

11 6 7.6 15.5 8.72 31.326 24.062 5.902 15.436 11.804 3.632

11 14 5.1 8.6 7.87 11.35 9.08 1.816 5.448 4.086 1.362

12 6 7.6 15.5 8.72 31.326 24.062 5.902 15.436 11.804 3.632

12 14 5.1 8.6 7.87 11.35 9.08 1.816 5.448 4.086 1.362

13 13 6.1 11.2 8.21 26.332 16.798 6.356 11.804 8.172 3.632

14 34 6.4 8.9 7.81 16.344 12.712 2.724 8.626 6.356 2.27

14 37 3.8 7.6 7.02 8.626 6.356 1.362 4.54 3.178 1.362

15 2 4.3 6.6 7.75 8.172 7.264 0.454 4.54 3.632 0.908

15 12 9.1 14.5 9.03 34.504 25.878 6.81 17.706 13.62 4.086

16 26 6.9 10.7 6.69 25.424 16.798 6.81 12.258 8.172 4.086

16 27 4.6 9.9 7.08 12.258 9.08 2.27 6.356 4.54 1.816

16 28 3.6 5.3 5.93 6.356 4.54 0.908 3.632 2.724 0.908

17 8 9.9 14.2 9.48 47.67 33.142 14.528 25.424 17.252 8.172



134

Appendix. Continued.

Total Stem Limb Total Stem Limb

Total green green green dry dry dry
Plot Tree no. DBH OLD height mass mass mass mass mass mass

cm cm m kg kg kg kg kg kg

18 18 6.4 8.4 9.09 18.614 17.252 1.362 9.08 8.172 0.908

19 24 6.9 12.2 8.72 20.43 18.614 1.816 10.442 9.08 1.362

20 36 6.1 7.9 9.30 19.522 18.16 1.362 9.988 9.08 0.908

21 35 7.1 10.7 10.00 27.24 24.062 3.178 12.258 10.896 1.362

22 17 6.4 10.7 10.18 20.884 19.522 1.362 10.896 9.988 0.908

23 22 8.6 11.9 10.46 35.866 31.78 4.086 18.16 15.89 2.27

24 38 5.1 7.1 8.85 17.706 15.436 2.27 7.718 6.356 1.362

25 18 4.1 5.8 8.60 9.08 8.626 0.454 4.994 4.54 0.454

26 32 5.3 7.1 9.55 13.166 11.804 1.362 5.902 5.448 0.454

27 13 7.6 9.9 11.10 30.418 28.602 1.816 14.074 12.712 1.362

28 39 7.6 12.7 10.73 33.142 28.602 4.54 15.89 13.62 2.27

29 37 10.2 15.2 11.43 50.848 45.854 4.994 24.516 21.792 2.724

30 40 4.6 6.9 9.03 11.35 9.534 1.816 4.994 4.54 0.454

31 28 8.1 12.2 10.18 30.418 27.694 2.724 14.528 12.712 1.816

32 16 11.4 15.8 11.07 54.48 45.4 9.08 27.24 22.246 4.994
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