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ABSTRACT
The components of soil CO2 efflux are affected by many soil properties including temperature,
moisture, microbial abundance and activity, and other soil physical and chemical properties.
Changes in these factors can result in high spatial and temporal variability of total soil CO2
efflux. Low molecular weight organic acids (LMWOAs), dissolved organic carbon (DOC) and
dissolved organic nitrogen (DON), microbial biomass and activity were measured to evaluate the
impact of intercropping switchgrass (Panicum virgatum L.) in a loblolly pine (Pinus taeda L.)
plantation. Surface soil samples (0-15 cm) were collected on the bed (PSG-B), interbed (PSG-I)
and edge (PSG-E) of pine-switchgrass intercropped treatments, as well as pine only (P-B) and
switchgrass only (SG-I) treatments. Differences in most soil properties and processes of
intercropped treatments were sporadic and most did not show clear trends. However, significant
correlations between DOC, soil temperature, oxalic and acetic acids and soil CO2 efflux were
present. In an multiple regression model these factors explained 57% of the variance in total soil
CO2 efflux. Therefore we think that LMWOAs, as a labile component of DOC, are influencing
total CO2 efflux because they are being consumed by microbial community, increasing
heterotrophic respiration and as a result overall total CO2 efflux. The amount and distribution of
labile C controls microbial community dynamics, heterotrophic respiration as well as the
stabilization of soil C.
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Chapter 1
Introduction
1.1 Context and Justification
Soil carbon (C) is the largest terrestrial C pool and CO2 efflux from the soil surface is the
second largest C flux in terrestrial ecosystems (Raich and Schlesinger 1992; Yuste 2007).
Microbially mediated decomposition of soil organic matter (heterotrophic respiration) and root
respiration (autotrophic respiration) are two major pathways in which soil C is lost into the
atmosphere as CO2 (Raich and Schlesinger 1992). These components of soil respiration are affected
by temperature, moisture, root and microbial abundance and activity, and other soil physical and
chemical properties (Tang 2005; Yuste 2007). Spatial and temporal variations in soil CO2 efflux or
soil respiration also occur due to differences in soil and site factors (Raich and Nadelhoffer 1989;
Hanson et al. 1993; Norman et al. 1997). Soil temperature and moisture have been shown to be the
most important factors that influence soil CO2 efflux rates (Raich and Schlesinger 1992; Raich and
Potter 1995; Davidson et al. 1998; Suseela 2012; Buchmann 2000). However, the amount and
quality of C stored in the soil, N concentrations, photosynthetic activities and pH have also been
shown to have an effect (Grant et al. 1994; Randerson et al. 1996; Boone et al. 1998; Pregitzer et al.
1998). Additionally, soil physical and chemical properties (Borken et al. 2002) and stand age (Irvine
and Law 2002; Litvak 2003; Saiz et al. 2006) can influence soil CO2 efflux rates.
Agroforestry systems are intensively managed and deliberately designed to optimize the use
of space, time, and nutrient retention while minimizing competition among the components of the
system (Jose et al. 2000). Alley cropping, a form of agroforestry, optimizes these resources because
agricultural crops are combined with perennial woody species. With different growth cycles, plant
biomass production is distributed over the course of the year, enabling both species to flourish (Nair
1993). Combining perennial woody species with agriculture crops can provide several benefits
1

including increased soil organic matter (SOM) with depth, enhanced physical properties and nutrient
use. Understanding how soil processes are influenced by alley cropping is essential to the success
and long-term viability of agroforestry in temperate ecosystems. Therefore investigations on SOM,
nutrient cycling and microbially driven processes in agroforestry systems, and their relationship to
soil respiration, are justified.
An intensively managed loblolly pine (Pinus taeda L.) plantation with intercropped
switchgrass (Panicum virgatum L.) was evaluated to determine relationships between various soil
properties and processes. Our overall objective was to determine the relationship between dissolved
C and N, microbial biomass and activity, soil temperature and moisture, and soil CO2 efflux.
Subsequent objectives were developed to further investigate differences between soil properties in
intensively managed loblolly pine plantations intercropped with switchgrass versus monoculture
treatments of switchgrass and traditional pine.

1.2 Main Objectives
The specific objectives of this research were to:
1. Quantify changes due to intercropping switchgrass in loblolly pine plantations on soil
properties such as low molecular weight organic acids (LMWOAs), dissolved organic
nitrogen (DON), dissolved organic carbon (DOC), microbial community biomass and
activity, and soil nutrients [i.e., C, N, and phosphorus (P)].

2. Identify mechanistic relationships between soil properties and soil CO2 efflux.

2

1.3 Research Hypotheses
Based on the above objectives the following null hypotheses will be tested:

Ho. The presence of switchgrass in intercropped treatments does not alter microbial activity,

DOC, DON and LMWOAs of the pine.

Ho. The presence of pine in intercropped treatments does not alter microbial activity, DOC, DON

and LMWOAs of switchgrass.

Ho. There is no additive effect in combined area (PSG-E) verses bed (PSG-B) and interbed (PSG-

I) treatments.

Ho. There is no correlation between DOC, individual LMWOAs, PO43-, inorganic and organic

forms of nitrogen and soil CO2 efflux.
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Chapter 2
Literature Review
2.1 Biomass for Biofuels and Switchgrass
The global energy demand is projected to grow by more than 50% by 2025 with most of the
demand coming from rapidly growing developing nations. In order to meet these increasing demands
and shift society’s dependence for finite nonrenewable resources a multidimensional approach is
needed that includes solar, wind, biofuels, and other renewable energy sources. The utilization of
biomass as a biofuel is viewed as a major contributor in this shift away from nonrenewable resources
(Ragauskas 2006). Biomass fuels provided about 4% of the energy used in the United States in 2011.
Of this, about 45% was from wood and wood-derived biomass, 44% from biofuels (mainly ethanol),
and about 11% from municipal waste (http://www.eia.gov/). Renewable energy from biomass has
the potential to reduce the dependency on fossil fuels, though it is unlikely to completely replace
them. Realizing the potential of biomass requires more research on the development of high yielding
biomass production systems that can efficiently convert biomass into usable forms of energy
(McLanghin 1999).
Switchgrass is a warm season perennial and a potential biofuel because of its high
productivity and ability to be grown under a wide range of climatic conditions. Switchgrass is a C4
species (i.e., the first product of photosynthesis is a four C compound) that breaks winter dormancy
in late April and grows the most between June and August in the south (McLaughlin 1999, 2005;
Wolf 2009). Because switchgrass is a C4 species it has a high water use efficiency when compared
to a C3 species and in general fixes 30% more C per unit water (Samson et al. 1994; McLaughlin
1999). It also provides excellent erosion control and protection for wildlife (Wolf 2009). It is
resilient to handling and transportation and stores as both wet and dry feedstock. In the Southeastern
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United States, switchgrass can grow more than 3 m in height and develops a deep vigorous root
system that can extend more than 3.5 m (McLaughlin 1999). Typically it takes three years to reach
its full maturity and after establishment there are only minor disease problems and no known insect
pests (Parrish 2008; Sokhansanj 2009; Wolf 2009). Switchgrass is also a good candidate for genetic
improvement research due to the reproductive characteristics of the plant and its large genetic
variability (Parrish 2008; Sokhansanj 2009).
The allocation of C fixed during photosynthesis to the rooting system of a plant is an
important aspect that affects potential yields, ecological adaptability, and long-term C dynamics.
Switchgrass has an extensive rooting system and belowground biomass (Parker 1996; McLaughlin
1998; Bowden 2010). An extensive rooting systems increases turnover of soil C, and nutrient use
efficiency after fertilizer application (Kramer 1995). As with most plant systems, switchgrass roots
are predominantly in the surface horizons. In one study, approximately 87% of switchgrass roots
were located in the top 30 cm in a sandy loam soil (Bransby et al. 1998). Studies done on
switchgrass have estimated soil C gains in the surface horizons were from 1.1 Mg C ha-1 year-1 to 2.9
Mg C ha-1 year-1 (Gebhart et al. 1994; Liebig et al. 2008). Increases in soil C, affect both water and
nutrient retention, promote aeration, and result in increased root growth (Reeves 1997).
Research done by Wullschleger (2010) shows that total switchgrass yields are highly variable
across the United States but this data shows that all varieties have a clear response to Nitrogen (N)
fertilization. Average yields following N fertilization increased, reaching an optimum at 100 kg ha-1
of N. N is considered the most limiting nutrient for switchgrass production but relative to other
cultivated crops switchgrass requires less N (Bransby et al. 1998; Parrish 2005). N is translocated
out of the aboveground biomass prior to senescence allowing switchgrass to efficiently utilize
limiting N resources (Lemus 2008). Wullschleger (2010) also concluded that soils, climate
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(temperature and precipitation), management practices, and geographic location influence
switchgrass yields (Wullschleger 2010).

2.2 Intercropping Loblolly Pine and Switchgrass
Agroforestry systems are intensively managed and deliberately designed to optimize the use
of space, time and nutrient retention while minimizing competition among the components of the
system (Jose et al. 2000). According to the resource-ratio hypothesis proposed by Tilman (1985)
coexistence occurs where resource requirements differ among the species allowing for productive
agroforestry systems to exist (Tilman 1985). The combination of the right species mixture allows for
greater utilization of both non-limiting and limiting resources and the system as a whole can achieve
greater total biomass production on an equivalent land area (Jose 2004). Agroforestry systems that
combine agricultural crops with perennial woody species optimize spatial and temporal resources
because the two species can have different growth cycles that distribute biomass production over the
course of the year. Plant biomass production is distributed over the course of the year if selected
species have different growth cycles. In traditional monoculture systems there is more competition
between plants because they are genetically similar and have the same resource requirements (Nair
1993).
Alley cropping, a form of agroforestry, is where agricultural crops are grown in between
trees. Some of the potential benefits of alley cropping include increased cash flow, shorter return on
investment, improved efficiency of N cycling and increased biodiversity. Other benefits include the
potential for greater C sequestration relative to a monoculture cropping system due to different
sources of C inputs into the system (Udawatta 2011).
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Currently, land for new biofuel production is often created by switching from one crop to
another or diverting food crops into biofuel production. Intercropping biofuels in already intensively
managed systems, like loblolly pine plantations can reduce the total land area used for fuel
production and reduce the impacts resulting from land-use change (Fargione 2010). Very few studies
have been done on productivity of alley cropping practices but the limited data that does exist
suggests an above ground biomass production in alley cropping system as 26.8 Mg C ha-1 per year
for younger systems (i.e.,< 13 years old) (Udawatta, 2011). Even less work has been done on the
effects on biodiversity and sustainability from intercropping switchgrass in intensively managed
loblolly pine plantations. Intercropping switchgrass would likely alter surface and subsurface soil
horizons in these pine stands but also provides good ground cover. The potential competition and
shading between pine and switchgrass has yet to be determined. Despite the uncertainty of
intercropping switchgrass with pine, it offers an opportunity to produce traditional forest products
and cellulosic bioenergy crops on the same land base. (Dale 2010; Riffle 2011). More work still
needs to be done to evaluate the competition between the two species and effects on sustainability of
these species interactions. In 2008, Catchlight Energy LLC, a Chevron/Weyerhaeuser Joint Venture,
was formed to assess the large-scale viability of this type of system and currently research is being
done to answer some of these questions (http://www.catchlightenergy.com/). Spatial variations,
including planted space and rooting requirements between the loblolly pine and switchgrass also
potentially allow for reduced competition between the two species.
Despite limited data an economic model developed by Susaeta (2011) evaluated
intercropping switchgrass in loblolly pine plantations. This model determined that there would be
increased competition between the two crops and low stumpage and switchgrass prices would
greatly reduce the overall profitability of intercropping. When comparing systems, the loblolly pine

10

monoculture would be the most profitable option compared to intercropping systems if the price for
switchgrass is below $30 Mg-1. If the price for switchgrass exceeded $30 Mg-1, adopting
intercropping system would be beneficial and the decrease in growth due to competitive interaction
between the crops would be worth the costs of adopting this system. Findings from this study
suggested that the optimal system would depend mainly on the competitive interactions and
expected values of the two crops (Susaeta 2011).
Loblolly pine is an important commercial species and with slash pine occupies roughly 32
million acres of pine plantations in the south (Schultz 1997; Wear and Greis 2002; Fox 2007).
Intensively managed plantations are potentially some of the most productive forests in the United
States and also have the great potential to sequester atmospheric C (Johnsen et al. 2001; Maier
2004). In forested ecosystems, belowground C may account for over 70% of total C with soil C
being the largest component (Schlesinger et al. 2001). Rapidly growing young forests sequester C at
very high rates, in contrast to older forests, which store large amounts of C but sequester it more
slowly (Birdsey 1992). The ability to sequester C depends on rotation length, silvicultural
applications (e.g., fertilization, stocking rate) and genetic improvement, (Jayawickrama 2001; Oren
et al. 2001).
Most forests occur on soils that are less fertile than soils used for agricultural crops. In the
southeastern U.S. the major nutrient deficiencies that limit growth of forested systems are N and P
(Fox 2007; Stape et al. 2006). Therefore, N and P fertilization is needed in many forests to produce
higher yields and increase productivity (Fox 2007; Stape et al. 2006; Trichet et al. 2009). In a review
of elevated atmospheric CO2 experiments across a range of ecosystem types, De Graaff et al. (2006)
concluded that significant C accumulation in soils required rates of N supply above typical inputs
derived from atmospheric deposition and biological N fixation. This result is consistent with studies
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of ecosystem recovery following decades of agricultural soil organic matter (SOM) depletion,
showing that soil C accumulation is controlled by the availability of N from other sources (Knops
and Tilman 2000). Sequestration of C in soils is likely to be constrained by the availability of
sources of N (Hungate et al. 2003). Combining the right tree and crop species will allow for greater
utilization of site resources while accumulating SOM and potentially turning the site into a sink for
C while achieving greater aboveground biomass on an equivalent land area (Jose 2004).

2.3 CO2 Efflux in Agroforestry Systems
Total soil CO2 efflux at the soil surface, or soil respiration (Rs), is predominately a process that
includes root, microbial and faunal respiration. Chemical processes including oxidation of some soil
minerals also contribute to soil CO2 efflux. Soil CO2 efflux depends on diffusion and transport of
CO2 to the soil surface. Biotic processes, the largest factor influencing soil respiration can further be
subdivided into heterotrophic (microbial and faunal respiration) and autotrophic (root respiration)
both of which are influenced by various soil parameters (Buchmann 2000; Raich and Schlesinger
1992). Soil temperature and soil moisture are in most cases the most important factors that regulate
soil CO2 efflux (Raich and Schlesinger 1992; Davidson et al. 1998; Lin 1999). Soil temperature has
been found to be the principle factor in regulating soil respiration but is often coupled with soil
moisture. Elevated soil temperatures and moistures provide favorable conditions for decomposition
of organic matter. Other soil parameters that affect soil respiration include substrate quality and
quantity, texture, pH, vegetation type and activity along with nutrient concentrations in the
rhizosphere (Buchmann 2000; Reth 2005). Intercropping species will change the litter quality
because of the various types of litter inputs incorporated from tree and intercropped components.
This change can lead to microbial diversity and root dynamics leading to changes in soil CO2 efflux
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(Wardle and Lavelle 1997; Mungai 2005; Lee 2003). The presence of trees in alley cropping systems
can cause variations in soil temperature and water content creating microclimate differences in soil
CO2 efflux (Mungai 2005). The majority of the literature on the subject has shown increases in soil
respiration due to intercropping crop and tree species in older systems (Table 2.1). There was one
study in which researchers observed a decrease in soil respiration, but the crop species experienced
tillage and frequent disturbance (Bae 2013).

2.4 Soil Carbon and Microbial Communities in Agroforestry Systems
Total SOM content of soil changes relatively slowly because it is the largest terrestrial pool
of C and is difficult to accurately measure. However, soil microbial biomass, defined as the living
microbial component of soils, responds more rapidly to soil inputs and changes to the total SOM
pool. Therefore changes in microbial biomass that can be easily measured over a shorter time period
can provide insight into changes occurring in the total SOM pool (Polwson 1987; Sparling 1992)
Microbial biomass is predominately made up of bacteria and fungi, and most of the microbial
population can be found in the surface of the soil profile due to a greater availability of more easily
degraded organic compounds (Murphy 1998). However, bacteria and fungi vary in their ability to
store and use C and measures of total microbial biomass do not accurately measure the active portion
of the population. Total microbial populations and their activity are affected by many factors
including variations in temperature, moisture, management practices and soil type.
In agroforestry systems, differences in litter quantity and quality between tree and crop
components can greatly alter microbial populations and diversity (Mungai 2005). Of the literature
found on microbial biomass and soil C, most observed higher microbial biomass and SOM due to
intercropping in both young and old systems (Table 2.2).
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2.5 Soil Nitrogen
Nitrogen is the nutrient that controls net primary productivity in most ecosystems (Jansson
and Persson 1982; Jones 2004). Organic matter decomposition and mineralization of N are the
means by which organic forms of N are released into the soil as inorganic forms. Inorganic N
released in this way is then available for utilization by plants or microorganisms or is lost from the
system. Mineralization is the transformation process where ammonium (NH4+) is released by the
microbial community as they utilize organic C containing compounds containing N as an energy
source (Jansson and Persson 1982; Jarvis 1996). Ammonium (NH4+) is rapidly converted to nitrate
(NO3-), another inorganic form of N that can be lost from the system due to its mobility.
Mineralization of organic N to NH4+ before microbial integration is considered the dominant
pathway of soil-derived N supply (Jarvis 1996; Jones 2004). DON is an extremely labile N pool and
is a source of N for microorganisms that can also be directly utilized by some plants (Jones 2004).

2.6 Definition and Role of Low Molecular Weight Organic Acids (LMWOAs)
Soil C is important factor in maintaining soil quality, nutrient cycling and soil biological
activity (Raich and Schlesinger 1992; Murphy 1998). Carbon allocation belowground by a plant in
the form of root exudates can release 5 to 21% of all photosynthetically fixed C in the soil-root
interface (Marschner 1995; Walker 2003). This increases readily available labile C sources may
regulate soil microbial communities, create symbiotic relationships and change the chemical and
physical properties of the soil in the rhizosphere (Nardi 2000; Walker 2003; Phillips 2011). Root
exudates have traditionally been grouped into low and high molecular weight compounds. The
majority of root exudates are the low molecular weight compounds such as organic acids, amino
acids, sugars and phenolics; whereas high molecular weight compounds primarily include
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polysaccharides and proteins (Aiken 1992; Walker 2003). LMWOAs are water-soluble, hydrogen
and oxygen containing compounds, which are characterized as having of one or more carboxyl
groups. These can be further classified into hydrophilic and hydrophobic factions. The hydrophobic
acid fraction contains some aliphatic carboxylic acids, one- to two-ring phenols, and one- to two-ring
aromatic carboxylic acids. The hydrophilic acid fraction contains organic acids and aliphatic acids
(Aiken 1992). Roots typically exude many types of organic acids with varying chain lengths; some
of the aliphatic acids include acetate, citrate, formate, fumarate, lactate, malate, oxalate and
succinate (Marschner, 1995; Neumann, 2001). Some of the aromatic acids include caffeic, ferulic,
gallic, gentisic, p-hydroxbenzoic and salicylic (Neumann 2001). Root exudates are also involved
with many other metabolic processes including the uptake of C and N, the regulation of osmotic
potential, and balancing charge during excess cation uptake (Marschner 1995; Jones 1998; Ryan
2001; Strobel 2001a). Nutrient deficiencies (particularly P), exposure to toxic cations (e.g., Al3+),
and anoxia have been associated with enhanced organic anion exudation from roots (Marschner
1995; Jones 1998). LMWOAs that make up part of the dissolved organic C pool have also been
shown to increase the availability of nutrients in the rhizosphere (Giesler 2007). Understanding the
function of these LMWOAs in the rhizosphere requires knowledge of the main reactions they
participate in and their concentration in the rhizosphere (Bar-Yosef 1991; Bolan 1994; Hue 1986;
Ryan 2001). When LMWOAs compounds are released into the soil by plant roots, or from
decomposition, the microbial community uses them as an energy source (Qualls and Haines 1992;
Jones 1996; Jones and Darrah 1994; van Hees 2005). Root exudation largely determines organic
anion concentrations in the rhizosphere is also influenced by soil solid phase reactions (sorption and
desorption), losses from leaching, degradation by soil microorganisms, and complexation and
precipitation reactions (Jones 1998, Strahm and Harrison 2006).
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Research shows that LMWOAs comprise less than 10% of total DOC in most soil solutions
(Fox and Comerford 1990; van Hees et al. 1996; Strobel et al. 1999, 2001b; Neff 2001). DOC is
defined as the fraction of organic compounds in soil solution that pass a 0.45 μm membrane filter
(Herbert and Bertsch 1995; Neff 2001). The movement of DOC in soil solution is an important part
in the formation of SOM and is therefore important for understanding the distribution and
stabilization of soil C as well as the controls over the activity of microorganisms within the soil
(Trumbore 1993; Neff 2001). Dissolved organic matter (DOM) is a pathway for the loss of C, N, and
P from ecosystems. Over long time scales, small but constant losses of DOM, containing limiting or
essential nutrients can reduce the productive capacity of ecosystems (Hedin 1995; Vitousek 1998).
For these reasons, DOM fluxes (including LMWOAs and nutrients) are an important component of
the biogeochemistry of terrestrial ecosystems (Neff 2001).
Table 2.3 lists the types and concentrations of LMWOAs found under forested and cultivated
crop (wheat) systems found in the literature. Data on root exudates from switchgrass was not found
in the literature. The data displayed shows the concentration range for the surface mineral horizon in
these systems. Both the types and ranges of aliphatic LMWOAs are not consistent.

2.7 Relationship Between Microbial Biomass and Root Exudates
Microbial biomass is also a sensitive measure of changes in the status of SOM because of
rapid turnover rates (Powlson 1987; Sparling 1990, 1992). Microbially mediated degradation is
important in regulating the amount of LMWOAs in soil solution (van Hees 2005). Typically, 60% of
the organic acids are mineralized to CO2 and 40% incorporated into new cell biomass during
decomposition (Jones 1994, 1996, 1998). Roots exudates provide a C energy source for the
microbial community they may have a major influence on both the structure and function of these
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communities and ultimately the soil-root interface (Jones 1998; Marschner 1995; Shengjing 2011).
While microbes consume root exudates, they can also produce a wide range of organic acids
especially in nutrient limiting situations (Jones 1998). In soils with a high C:N ratio (>30:1)
decomposition is slower and microorganisms will readily deplete the limiting N (Cleveland 2007).
Having a concept of total C and N and nitrogen cycling is also crucial in understanding the quantity
and activity of the microbial community and its role in understanding the soil system itself.
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Table 2.1: Summary of studies examining CO2 efflux rates in response to intercropping various species sampled during different time
intervals and frequencies.
Intercropped Species
Species 1

Species 2

Hybrid
Poplar/Norway
Spruce

Barley

Gliricidia

Maize

Pecan

Cotton

Gamhar

Cacao/
Coffee/Zinger

Dipterocarps

Cacao/
Fern

Duration/
Frequency

Response to
intercropping

Potential Reasons

Source

7 1 day
measurements

Elevated soil
respiration

Tree root respiration or higher
microbial respiration

(Peichl 2006)

7/10

Weekly over 5
months

Root respiration or applied OM

(Makumba 2007)

3/47

7 months

Elevated soil
respiration
Elevated soil
respiration in oldest
system

Tree root respiration

(Lee 2003)

22

5 times in dry /5
times in wet
seasons

Reduced soil
respiration

Less disturbance in forested
system/reduced fine root &
microbial biomass

(Bae 2013)

22

5 times in dry /5
times in wet
seasons

Reduced soil
respiration

Less disturbance in forested
system/reduced fine root &
microbial biomass

(Bae 2013)

Age (yrs.)
13
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Table 2.2: Summary of studies examining organic carbon and/or microbial biomass carbon in response to intercropping various
species sampled during different time intervals and frequencies.

Intercropped Species
Species 1

Species 2

Age (yrs.)

Duration/ Frequency

Parameter measured

Response to
intercropping

Source

Hybrid Poplar/
Norway spruce

Barley

13

1 sampling period (3 reps.)

Total soil C

Increase due to
intercropping

(Peichl 2006)

Gliricidia

Maize

7/10

1 sampling period (3 reps.)

SOC (heated potassium
dichromate oxidation)

Pecan

Cotton

3/47

1 sampling period (2 reps.)

Pecan

Bluegrass

22

Maple

Maize

Gamhar

SOC/microbial biomass

Increase due to
intercropping
MBC highest in 47 yr.
pecan monoculture/
SOC highest in 47
intercropped

(Lee 2003)

1 sampling dates (5 reps.)

SOC (heated potassium
dichromate oxidation)

No difference

(Mungai 2005)

12

2 sampling dates (5 reps.)

SOC (heated potassium
dichromate oxidation)

Higher in tree row due
to intercropping

(Mungai 2005)

Cacao/
Coffee/Zinger

22

5 times in dry /5 times in wet
seasons

SOC

Higher SOC

(Bae 2013)

Dipterocarps

Cacao/fern

22

5 times in dry /5 times in wet
seasons

SOC

(Bae 2013)

D. Sissoo

Wheat/cowpea

3

1 sampling period (10 reps.)

SOC (heated potassium
dichromate oxidation)

Lower SOC
Increased with narrow
spacing of intercropped
species

Hybrid Poplar

Soybean/maize
Wheat/Maize/
Cowpea/Lentil/
Mustard/Potato

8

Annual sampling over 3 years
('93-'95)

Total soil carbon

No age
listed

1 sampling period (5 reps.)

SOC (heated potassium
dichromate oxidation)

Sugarcane

Higher near tree row of
intercropped
SOC increased with
intercropping/ highest
with maize

(Makumba
2007)

(Chander 1998)
(Thevathasan
2004)

(Suman 2006)

19

Cupuacu/Peach
palm/Brazil Nut/
Orleans tree

Cupuacu/Peach
palm/Brazil
Nut/Orleans
tree

10

2 sampling dates (8 reps)

Eucalyptus/Acacia/P
opulus

Rice-Berseem

5

Radiata Pine

Mixed
grassland

25

Microbial biomass C

Higher MBC in peach
palm monoculture

(Kurzatkowski
2004)

2 sampling dates (5 reps.)

Microbial biomass C

Highest MBC in Acacia
+ rice-Berseem

(Kaur 2000)

1 sampling period (25 reps.)

Microbial biomass C

Highest MBC in
grassland monoculture

(Saggar 2001)
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Table 2.3: Summary of studies examining types and concentrations of LMWOAs determined in monoculture forested and cultivated
crop systems.

Source

System

Soil
Horizon

Units

(Hue 1986)

Forest

E

μM

(Fox
&Comerford
1990)

Forest

A

μM

(Grierson 1992)

Forest

A

μg mL-1

(van Hees 2002)

Forest

A

μM

2

0.1

(van Hees 2005)

Forest

A

μM

<1-375

6-350

(Cieslinski
1998)

Cultivated
crop

A

nmol g−1

42.82898.5

1.6-6.0

(Strobel 1999)

Cultivated
crop

A

μM

0-15.5

(Lucas Garcia
2000)

Cultivated
crop

A

μg/g

319.81542

Acetic

tr

Citric

Formic

5-12

90

tr

tr-151

0.15-0.24

Fumaric

Malic

Oxalic

Succinic

12-52

101-137

3-22

125-282

tr

98-293

tr

0.7

0.7

3.1

<0.1

0-2500

<1-375

6-350

1.8-39.8

24.643.2

2.01941.2

0.926.5

0-0.8

0-3.7

0-1.1

40.19269.42

10.67627

6.2138.45

151.41483.82

1.5-12.1

76.43373.8

0.1-3.48

Propionic

0.090.14

0.61-0.09

9.3-12.7
87.141806.3

Lactic

6.8-40.0

Notes: tr = trace amounts (Aconitic, Fumaric, Malonic were tested but nothing was found)
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Chapter 3
Materials and Methods
3.1 Site Description & Experimental Design
In 2009, Catchlight Energy, LLC, a joint venture between Weyerhaeuser Company and
Chevron Corporation, initiated a long-term study to investigate the effects of managing biomass for
biofuels production in an existing 81 ha loblolly pine plantation in Lenoir County, NC (35.2506° N,
77.6306° W). Mean monthly temperatures range from a high of 24.1°C in July to a low of 10.4°C in
January. Average annual precipitation is 125.98 cm (U.S. Climate Data). The elevation is 18.9 m
and located on the Peedee geologic formation (LeGrand 1955). The study site was established
following harvest of a loblolly pine plantation, planted in 1974, which had a site index of 70 at 25
years. Soil water table levels are lowered using linear ditches that run along forest edges and parallel
each other through study site blocks (Figure 3.1). Site preparation comprising of biomass removal,
v-shearing, raking of switchgrass plots, bedding, aerial herbicide application, and pre-planting
fertilization (See Appendix B for details). Pine seedlings were planted 1-2 m apart on parallel raised
beds spaced 6.1 m apart in December of 2008. Switchgrass (Alamo cultivar) was planted in June of
2009.
Within the previous stand a 72-ha research area was designated for the present study. This
included a 38.4 ha reference unharvested stand and a 33.6 ha section divided into 28 experimental
plots that were clear-cut harvested. The experimental design for this study was a randomized
complete block with four replicates and five treatments per block. Treatments were randomly
assigned to plots which ranged 0.8 ha in size. Of the five treatments installed, only the plots with
biomass removed were used as part of this study (Figure 3.1). Treatments are depicted in Figure 3.2.

The three treatments used for this project are as follows:
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 Pine (P): All residual material suitable for biofuel production was removed by an excavator
and piled along the sides of the treatment area. Third generation loblolly pine seedlings were
planted on beds at a density of 1,100 trees ha-1. The remaining woody material was left as
groundcover within the plot boundaries.



Switchgrass (SG): A root-rake was utilized to pile all logging residuals along the edge of the
treatment boundary. Switchgrass (Alamo cultivar) was planted at a rate of 9 kg ha-1of pure
live seed and is harvested once annually, during the fall.



Pine intercropped with Switchgrass (PSG): All residual material feasible for biofuel
production was removed by an excavator and piled along the sides of the treatment area.
Pines were planted as described in the P treatment, and switchgrass (Alamo cultivar) was
planted in-between pine rows as described in the SG treatment. The intercropped switchgrass
was also harvested once annually in the fall.

3.2 Soils and Geology
The dominant soil types within the treatment areas were mapped as the Pantego (fine-loamy,
siliceous, semiactive, thermic Umbric Paleaquults) and Rains (fine-loamy, siliceous, semiactive,
thermic Typic Paleaquults) soil series. The parent materials for both soils are derived from marine
deposits. Both soils are very poorly drained with medium to coarse textures (sandy loam to sandy
clay loam). The diagnostic horizons of the Rains series include an ochric epipedon, argillic horizon.
Ochric epipedons fail to meet the definition of any of the other eight epipedons and an argillic
horizon is a subsurface horizon that has a significant accumulation of phyllosilicate clay. The
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diagnostic horizons of the Pantego series are an umbric epipedon, and an argillic horizon. An umbric
epipedon is similar to a mollic epipedon in color, organic carbon content and structure but has a base
saturation of < 50%. Both soils have aquic features, are acid (pH = 3.5 to 5.5) and in relatively flat
topographic positions (0 to 2 percent slope). These soils are widespread in the Lower, Middle and
Upper Coastal Plain region mainly in depressional landscapes. Table 3.1 displays the inherit soil
properties of the Pantego and Rains soil series (Soil Survey Staff 1999; 2006).

3.3 Field Measurements
Soil Sample Collection
Mineral soil (0-15 cm) was sampled roughly every six weeks with three subsamples averaged
for each treatment plot, in all four blocks. Thus, there were 60 subsamples per sampling period,
representing four samples per treatment. Soil samples were collected for microbial analysis to a
depth of 20 cm using a 2.5 cm push tube and transferred into a plastic bag for transport. In situ soil
samples were collected using constructed polyvinyl chloride (PVC) pipes (Figure 3.3) for the
centrifuge drainage portion of the study using a 2.5 cm diameter x 15 cm length PVC pipe (Giesler
and Lundstrom, 1993; Aiken, 1992). After collection all samples were immediately sealed in plastic
bags and transported on ice to the laboratory for analysis. Until processing soil solutions were kept
frozen at -4°C.

Soil CO2 efflux rate, soil temperature, and moisture measurements
Every six weeks, soil CO2 efflux rate was measured using a portable LI-6200 infrared gas
analyzer equipped with a Li-Cor 6000-09S chamber (Li-Cor, LI-6200, Lincoln, NE, USA). The
chamber volume was 926 cm3 and covered 72 cm2 of the soil surface. Prior to leaving for the field
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the gas analyzer was zeroed and spanned with a 359 ppm CO2 standard. Data was collected by block
starting shortly after sunrise and continuing until late afternoon and three subsamples were taken
from each treatment. The CO2 concentration in the cuvette chamber was allowed to come to
equilibrium with the ambient CO2 concentration near the soil surface and the chamber was then
placed on a vegetation free spot. Measurements began only when CO2 concentrations steadily rose
for at least a 30 second period.
At the same time, soil temperature and volumetric soil moisture were measured. Soil
temperature was measured for each plot at a depth of 7.5 cm using a digital thermometer. Volumetric
soil water content was measured across a 12 cm depth using a Hydrosense meter (Campbell
Scientific, Australia).

3.4 Lab Analysis
Active Microbial Biomass C (Microbial Activity):
Substrate-induced respiration (SIR) is a measure of the active microbial biomass C. It is
based on the respiration rates (CO2 production) measured over a short-time period when the soil is
given an excess supply of labile C (e.g., glucose). Respiration rates are proportional to the microbial
activity in the given soil (Fierer 2003).
Soil used for SIR was analyzed within 48 hours of sample collection but was first quickly
sieved to remove excess living plant and large woody biomass. Roughly 10 grams of sample were
weighed into 50 mL incubation vials and a glucose solution that delivered 6 mg glucose per gram
soil-1 was added to each vial based on the method developed by Fierer (2003). The soil and glucose
solution was mixed and caped with a septum for 20 min before initial CO2 concentration
measurements were taken from the headspace. Headspace gas was collected from each vial using a
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100 μl syringe and injected into a closed loop design containing a septa of an infrared gas analyzer
(Li-Cor 6200, Lincoln, NE). Samples were then shaken horizontally at 100 oscillations min-1 for 1 h
before additional headspace gas sampling. Samples where then returned to the shaker and resampled
every hour over a four-hour interval (Sparling 1995; Fierer 2003). A calibration curve to determine
concentrations of unknowns was established using a 5000 ppm CO2 standard where 50, 100, 250 μl
of the standard was injected into the septa of the closed loop. A moisture-correction was done to
correct for the percent water of the soil’s weight. The moisture correction is the ratio of dry weight
to the wet weight determined by placing 10 g of soil into an aluminum weight dish and placing the
dish into a drying oven at 105°C for 24 hours before weighing.

Total Microbial Biomass C (Microbial Biomass):
Chloroform fumigation was used to estimate total microbial biomass C (Fierer 2003; Bailey
2002). Fumigation is used to lyse the microbial cells and the difference is compared to nonfumigated samples to access the C released by soil microbial biomass (Arias 2005).
Field moist, sieved soil used for chloroform fumigation was analyzed within 96 hours of
collection based the methods developed by Vance (1987). Soils for fumigation (25 grams) were
placed into 50 ml beakers and put into a vacuum desiccator with 80 ml of chloroform and some
boiling chips. The vacuum was turned on for 4 minutes until the chloroform boiled and then the
pressure was released and the desiccator allowed to vent. This step was repeated three more times
and not allowed to vent the last time. The samples where left under vacuum for 24 h in a dark hood
before the vacuum was released. Non-fumigated samples (25 grams) were weighted into 50 ml
Nalgene bottles but not placed fumigated in a dessicator. For both fumigated and non-fumigated
samples 50 ml of 0.5 M K2SO4 was added to the samples in Nalgene bottles and agitated on a
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reciprocating shaker at a rate of 100 oscillations min-1 for 2 h and allowed to settle overnight after
shaking. After settling, samples were passed through a pre-wetted (with 0.5 M K2SO4) Whatman #2
filter paper into scintillation vials and analyzed for a total organic carbon (TOC) on a Apollo 200
combustion TOC analyzer (Teleclyne, Ohio). The difference in TOC between chloroformfumigation soils and the non-fumigated soils was calculated as microbial biomass C (Vance 1987).
A moisture-correction was done to correct for differences in percent soil water. The moisture
correction is the ratio of dry weight to the wet weight determined by placing 10 g of soil into an
aluminum weight dish and placing the dish into a drying oven at 105°C for 24 hours before
weighing.

Total Carbon & Nitrogen and Extractable Nutrients:
Total C and N and other extractable nutrient concentrations were analyzed for each grab
sample collected. Once microbial biomass and activity samples were analyzed leftover mineral soil
samples were removed from the freezer and dried at 65°C for 96 hours. After the samples were
oven-dry they were then passed through a 2 mm sieve and ground using a mortar and pestle to break
up the aggregates and analyzed for total C and N on a Vario MAX Dry Combustion CNS analyzer
(Elementar, Hanau, Germany) Samples were analyzed four times over the course of this study in
March 2012, June 2012, October 2012, and February 2013. Extractable P, K, Ca, Mg, Zn, Mn, Cu,
Fe, and B were analyzed by using the Mehlich 1 extraction with an automatic pipetting machine
(Sparks 1996). All elements are analyzed in the same extract by an ICP (inductively coupled plasma
atomic emission spectrometer). A combination electrode was used to measure soil pH in a standard
2:1 water to soil suspension.
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LMWOAs, DOC, Total Dissolved N, Ammonium and Nitrate:
The centrifuge drainage technique is based on the procedure by Giesler and Lundstrom
(1993) where intact soil cores (constructed pipes) seen in Figure 3.3 were centrifuged for 30 min at
1,340 g within 36 h of sampling to collect entrained soil solution. The soil solution was passed
through a 0.45 μm membrane filter and stored at -4°C until DOC, TDN, LMWOAs, NH4+-N and
NO3--N could be analyzed (Aiken 1992; DiStefano 1986; Giesler and Lundstrom 1993).
LMWOAs were analyzed on a Dionex Ion Chromatography System (IC) (Dionex Corp.,
Sunnyvale, CA) using an anion exclusion conductivity detector. The Dionex ASRS* 300 Anion SelfRegenerating Suppressor and a KOH elutant generator were also used and delivered at a rate of 1 ml
min-1. Dionex IonPac AS17 guard and AS17 analytical columns were used to separate the organic
anions. The Dionex IonPac AS17 columns are specifically designed for complex sample matrices of
wastewater solutions that contain inorganic and organic acids using a hydroxide gradient. Ten
species of LMWOA were analyzed including: acetate, citrate, formate, fumarate, lactate, malate,
malonate, oxalate, tartrate, and succinate. Phosphate was also analyzed on the IC (Fox and
Comerford 1990; Aiken 1992; Town 1993; Tani 2001). Citrate, fumarate, acetate, succinate and
oxalate are some of the listed species that are commonly found in cultivated C4 plants.
Determination of the chromatographic retention times for a single organic acid was made by running
duplicate chromatograms over the course of 30 min with the individual acids. Individual retention
times were determined before mixed standards were made. Linear calibration plots were generated
by the analysis of the mixed organic acid standards. Mixed acid standards containing 0.25, 0.5 and 5
ppm of each of ten acids and phosphate were analyzed three times and standards were not kept more
than five days. A conservative measure of the detection limit for an individual acid was estimated by
extrapolation of the standard linear calibration to the low concentration standard. Results were
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calculated using Camilion software (Dionex Corp., Sunnyvale, CA) and were converted to μM.
Since limited sample volume could be obtained using the centrifuge drainage technique, only a 0.5
ml was used for the analysis and no replicates were possible. Accurately measuring LMWOA
concentrations is extremely difficult and the centrifuge drainage technique used for this study only
measures the easily accessible acids present in solution collected during the specific time the sample
was taken and this method does not release significant amounts of the acids from live roots and
microbes (Jones 1998).
Soil water from constructed pipes was analyzed for NH4+-N and NO3--N concentration using
a TRAACS 2000 analytical console (Bran & Luebbe, Norderstedt, Germany). Mixed standards
containing 0.25, 0.5, 2.5 and 5 ppm of NH4+-N and NO3--N were used to calibrate the TRAACS
2000 analytical console (Leenheer 2007).
DOC and total dissolved N (TDN) were also measured using the centrifuge drainage
technique described above. Since soil water was limited, all samples were diluted to 7 ml before
being analyzed using Apollo 200 combustion TOC analyzer (Teleclyne, Ohio) and numbers were
corrected for moisture content in order to express values on a dry weight soil basis.
DON was calculated using TDN and NH4+-N and NO3--N data using the following equation:
DON = TDN – (NH4+-N + NO3-N)

3.5 Statistical Analysis
Treatment and time effects for DOC, TDN, DON, individual LMWOAs, CO2 efflux rate,
active and total microbial biomass carbon were determined with a repeated measures analysis using
the PROC MIXED procedure at α = 0.05 (Littell et al., 1998) (SAS Institute Inc., Cary, NC, USA).
Replicated subsamples within treatments were averaged for the statistical analysis. Differences in
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treatment means for each dependent variable were tested using Kramer-Tukey test (HSD) at α =
0.05.
Multiple linear regression analysis conducted in JMP software (SAS Institute Inc., Cary, NC,
USA) was used to examine significant relationships between the various soils parameters measured
during the study. A seasonal model was developed to predict soil CO2 efflux, microbial activity,
DOC, and TDN. The data set for the entire sampling period was used for this analysis.
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Figure 3.1: Lenior 1 site layout (Lenior County, NC) showing only plots sampled in each of the four
blocks. Dashed lines indicate man-made linear ditches to maintain water levels.
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Sampling on bed in pine only (PB) treatments indicated
by the orange arrow.

Sampling of switchgrass (SG-I) only treatments that are flat
planted.

Sampling on bed, boundary and interbed of pineswitchgrass (PSG) intercropped treatments.

Figure 3.2: Sampling location depicted (white arrow) in each of the treatments used as part of this
study.
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Figure 3.3: Sample device used to collect soil solution for the centrifuge drainage technique.
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Chapter 4
Results
4.1 Microbial Biomass and Activity
Microbial biomass did not differ significantly between treatments (P = 0.1026) for any of the
eight sampling periods from March 2012 to January of 2013 (Figure 4.1). It is worth noting,
however, that the mean microbial biomass for PSG-E was generally higher and P-B generally lower
than the other treatments over the course of the year. The microbial biomass data did show seasonal
patterns (P<0.0001). Microbial biomass increased during the growing season and peaked in
September 2012 before declining to its lowest point for all treatments in January 2013 (Figure 4.1).
Microbial activity showed highly statistically significant differences for both treatment
(P<0.001) and time (P<0.001) (Figure 4.2). Microbial activity, like microbial biomass, increased
during the growing season and peaked in September 2012 before declining to its lowest point for all
treatments in January 2013. PSG-E generally had the highest microbial activity of all treatments,
while P-B generally had the lowest (Table 4.2).
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Figure 4.1: Statistical analysis of mean microbial biomass (mg C/kg soil) for pure pine (P-B); pine +
switchgrass bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I) treatments.
P-values in upper right corner indicate the test effects for treatment and time for the Proc Mixed
analysis. Values represent the average of three subsamples and four blocks and error bars represent ±
one standard error from the mean. A star on the graph indicates significant treatment differences.
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Figure 4.2: Statistical analysis of microbial activity (mg C/kg soil) for pure pine (P-B); pine +
switchgrass bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I) treatments.
P-values in upper right corner indicate the test effects for treatment and time for the Proc Mixed
analysis. Values represent the average of three subsamples and four blocks and error bars represent ±
one standard error from the mean. A star on the graph indicates significant treatment differences.
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4.2 Total Carbon, Nitrogen and Extractable Nutrients
There were no treatment differences in total soil C, N, C/N ratio, pH, CEC, or any of the
extractable nutrients (Table 4.1). Further, there were no clear trends within the data with respect to
treatment.
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Table 4.1: Statistical Analysis of basic soil nutrient levels for pure pine (P-B); pine + switchgrass
bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I) treatments measured to
15 cm in a loblolly pine and switchgrass intercropped system. Collection dates in March, May,
October, and December 2012.
Mean Soil Nutrient Levels at 15 cm
Treatment
PSG-B
PB
PSG-I

SG-I

PSG-E

Soil C (%)

7.4±0.59(a)1

5.7±0.83(a)

6.2±0.14(a)

7.5±0.65(a)

7.3±0.86(a)

Soil N (%)

0.26±0.05(a)

0.30±0.02(a)

0.29±0.03(a)

0.29±0.04(a)

0.35±0.01(a)

C:N Ratio

28.5±1.64(a)

21.3±3.39(a)

21.5±3.00(a)

26.0±2.58(a)

20.9±3.21(a)

pH

3.8±0.07(a)

3.9±0.11(a)

3.6±0.06(a)

3.8±0.09(a)

3.9±0.04(a)

CEC (cmolc/kg)

10.1±0.27(a)

10.3±0.55(a)

10.0±0.46(a)

11.1±0.40(a)

10.7±0.56(a)

Base Saturation (%)
P (mg/kg)

11.0±1.18(a)
8.3±0.48(a)

10.5±1.82(a)
6.8±0.93(a)

6.5±0.60(a)
14.8±1.01(a)

12.3±2.55(a)
11.3±2.31(a)

9.2±1.02(a)
9.3±0.63(a)

K (mg/kg)

25.3±1.11(a)

24.8±2.45(a)

27.0±2.16(a)

30.8±1.03(a)

25.8±1.93(a)

78.8±4.78(a)

205.7±15.24(a)

121.5±8.19(a)

Ca (mg/kg)

148.0±11.03(a) 154.5±10.78(a)

Mg (mg/kg)

34.5±1.01(a)

29±1.68(a)

21.5±0.28(a)

34.5±3.35(a)

34.0±3.18(a)

Zn (mg/kg)

0.78±0.12(a)

0.55±0.03(a)

0.52±0.05(a)

1.1±0.26(a)

1.0±0.10(a)

Mn (mg/kg)

2.0a±0.59(a)

1.2±0.30(a)

0.9±0.06(a)

2.0±0.50(a)

1.2±0.13(a)

Cu (mg/kg)

0.2±0.01(a)

0.2±0.01(a)

0.2±0.05(a)

0.2±0.03(a)

0.2±0.02(a)

Fe (mg/kg)

13.4±0.88(a)

12.2±0.86(a)

23.3±2.11(a)

13.1±1.77(a)

17.6±1.59(a)

B (mg/kg)
0.1±0.00(a)
0.13±0.02(a)
0.1±0.00(a)
0.15±0.01(a)
0.1±0.00(a)
Means with different letters show significant differences for treatment by each date using Tukey’s HSD at
the 0.05 level.
1
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4.3 Dissolved Carbon and Nitrogen in Soil Solution
Mean DOC in soil solution had significant treatment effects (P = 0.0015) and highly significant
differences in concentration with time (P<0.0001) (Figure 4.3). Treatment differences were sporadic
and as with microbial biomass and activity the PSG-E treatments generally had the highest DOC and
P-B had the lowest DOC. This difference was significant on the June 16th and July 10th sampling
dates. Overall all treatments increased as they moved into the growing season, peaking in the July
sampling period and declined to the lowest point for all treatments in January (Figure 4.3).
Although some significant treatment differences were present for NO3- (P = 0.0521),
NH4+(P<0.0001), TDN (P<0.0001), and DON (P = 0.0122), there were no consistent or meaningful
patterns among the treatments (Figures 4.4, 4.5, 4.6, 4.7). Significant differences in time (P<0.0001)
were also evident. For the inorganic forms of N (NH4+ and NO3-), these differences occurred after N
fertilization of the switchgrass. Fertilization occurred in April of 2012 in treatments where
switchgrass was present (See timeline in Appendix B), and a spike in NO3-and NH4+can be seen in
June 2012 in all treatments. After NH4+ concentrations peaked PSG-B, PSG-I, PSG-E and SG-I
treatments continued to remain elevated above March 2012 data while P-B treatments, where no
fertilization occurred, showed less change over time (Figure 4.4). NO3-concentrations remained
relatively low when compared to NH4+. Like NH4+ a NO3- peak can be distinguished in June, but
NO3- declined from 1.13 mg NO3--N kg-1 to 0.61 mg NO3--N kg-1in September. There was a
significant time lag between NH4+ and NO3- response and NO3- concentrations for most treatments
continued to rise throughout the rest of the year (Figure 4.5).
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Figure 4.3: Statistical analysis of mean DOC (mg C/kg soil) for pure pine (P-B); pine + switchgrass
bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I) treatments. P-values in
upper right corner indicate the test effects for treatment and time for the Proc Mixed analysis. Values
represent the average of three subsamples and four blocks and error bars represent ± one standard
error from the mean. A star on the graph indicates significant treatment differences.
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Figure 4.4: Statistical analysis of mean NH4+ (mg N/kg soil) for pure pine (P-B); pine + switchgrass
bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I) treatments. P-values in
upper right corner indicate the test effects for treatment and time for the Proc Mixed analysis. Values
represent the average of three subsamples and four blocks and error bars represent ± one standard
error from the mean. A star on the graph indicates significant treatment differences.
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Figure 4.5: Statistical analysis of mean NO3- (mg N/kg soil) for pure pine (P-B); pine + switchgrass
bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I) treatments. P-values in
upper right corner indicate the test effects for treatment and time for the Proc Mixed analysis done in
SAS. Values represent the average of three subsamples and four blocks and error bars represent ±
one standard error from the mean. A star on the graph indicates significant treatment differences.
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Figure 4.6: Statistical analysis of mean TDN (mg N/kg soil) for pure pine (P-B); pine + switchgrass
bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I) treatments. P-values in
upper right corner indicate the test effects for treatment and time for the Proc Mixed analysis. Values
represent the average of three subsamples and four blocks and error bars represent ± one standard
error from the mean. A star on the graph indicates significant treatment differences.
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Figure 4.7: Statistical analysis of mean DON (mg N/kg soil) for pure pine (P-B); pine + switchgrass
bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I) treatments. P-values in
upper right corner indicate the test effects for treatment and time for the Proc Mixed analysis. Values
represent the average of three subsamples and four blocks and error bars represent ± one standard
error from the mean. A star on the graph indicates significant treatment differences.
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4.4 Low Molecular Weight Organic Acids in Soil Solution
Of the nine LMWOAs analyzed only seven were found, including: acetic, citric, formic, lactic,
malic, oxalic, and succinic acids. Fumarate, malonate and tartrate were not detected in this study.
Analyses of the individual acids show significant time effects for all detected acids (Figure 4.8).
Only malic and acetic acids showed significant treatment effects. Treatments with switchgrass
present (PSG-I, SG-I) showed significantly higher concentrations of malic acid in June and July.
Acetic acid only showed significant differences in March 2012 and January 2013 where bedded
treatments (PSG-B and P-B) were significantly higher than treatments with switchgrass (PSG-I and
SG-I). Despite the lack of treatment differences, some of the individual acids showed consistent
patterns. Concentrations were lowest during the growing season and highest during the winter
months for acetic, lactic, and formic acids. Malic and oxalic acids were the reverse with the highest
values occurring in the summer months and lowest in the winter. Citric and succinic acids remained
relatively low starting in the March 2012 and peaked in January of 2013 for most of the treatments.
The total percent of all of the LMWOAs that contributed to measured DOC ranged from 5.8% to
12.5% calculated from adding the concentrations for all of the acids from DOC concentrations.
Phosphate (PO43-) in soil solution showed slightly significant time effects (P = 0.0127) but not
significant treatment effects (P = 0.1147) (Figure 4.9). PO43- did not show any consistent patterns
and standard errors were generally quite high.
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Figure 4.8: Time series analysis of Acetic,
Lactic, Formic, Oxalic, Citric, Succinic, and
Malic acids as influenced by time and
management treatments. Values represent the
average of three subsamples and four blocks and
error bars represent ± one standard error from the
mean. P-values in upper left corner indicate the
test effects for treatment and time. A star on the
graph indicates significant treatment differences.
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Figure 4.9: Statistical analysis of mean PO43- (mg P/kg soil) for pure pine (P-B); pine + switchgrass
bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I) treatments. P-values in
upper right corner indicate the test effects for treatment and time for the Proc Mixed analysis. Values
represent the average of three subsamples and four blocks and error bars represent ± one standard
error from the mean. A star on the graph indicates significant treatment differences.
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4.5 Soil Temperature and Moisture
Average soil temperature did not differ significantly between treatments from March 2012 to
January 2013 (P = 0.6885) but temperatures differed with time (P< 0.0001) (Figure 5.0). There was
not a significant treatment interaction between treatment and time for soil temperature throughout
the study.
Average volumetric soil moisture showed highly significant differences between treatments
(P<0.0001) and for time (P<0.0001). The largest effect was the result of the bedding treatments,
where P-B and PSG-B treatments showed lower soil moisture than other treatments for all sampling
periods (Figure 5.1).
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Figure 5.0: Statistical analysis of mean soil temperature (°C) for pure pine (P-B); pine + switchgrass
bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I) treatments. P-values in
upper right corner indicate the test effects for treatment and time for the Proc Mixed analysis. Values
represent the average of three subsamples and four blocks and error bars represent ± one standard
error from the mean. A star on the graph indicates significant treatment differences.
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Figure 5.1: Statistical analysis of mean soil moisture (%) for pure pine (P-B); pine + switchgrass
bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I) treatments. P-values in
upper right corner indicate the test effects for treatment and time for the Proc Mixed analysis. Values
represent the average of three subsamples and four blocks and error bars represent ± one standard
error from the mean. A star on the graph indicates significant treatment differences.
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4.6 Soil CO2 Efflux
Repeated measures analysis of mean soil CO2 efflux shows a significant time (P<0.001) effect,
but treatment (P = 0.1230) effects were not significant. Soil CO2 efflux increased during the growing
season and peaked in July 2012 before declining to its lowest point for all treatments in January
2013 (Figure 5.0).
Multiple linear regression analysis was used to examine the relationships between CO2 efflux
and the other environmental parameters measured during over the course of this study. The model
developed for predicting CO2 efflux for all treatments showed that soil temperature, DOC, acetate
and oxalate were significant parameters and explained 57% of the variance observed (Table 4.2).
Partial R2, which measures the contribution of one explanatory variable when all others are already
included in the model showed that soil temperature with the greatest contribution to the model with
21% followed by oxalate with 14%, DOC with 13% and acetate with 10%.
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Figure 5.2: Statistical analysis of mean soil CO2 efflux (µg C-CO2/g soil/h) for pure pine (P-B); pine
+ switchgrass bed, edge and interbed (PSG-B, PSG-E, PSG-I); and pure switchgrass (SG-I)
treatments. P-values in upper right corner indicate the test effects for treatment and time for the Proc
Mixed analysis. Values represent the average of three subsamples and four blocks and error bars
represent ± one standard error from the mean. A star on the graph indicates significant treatment
differences.
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Table 4.2: Multiple linear regression was used to define relationships between CO2 efflux and other
environmental parameters.

Significant parameters influencing Soil CO2 Efflux in all Treatments
Soil CO2 Efflux (μmol m-2 s-1)
Parameter
Std. error
Estimate
Partial R2
P-value
Soil Temperature (°C)

0.029

0.139

0.205

<0.0001

DOC (mg C/kg soil)

0.006

0.020

0.126

<0.0001

Oxalate (μM/g soil)

0.008

0.017

0.136

0.0008

Acetate (μM/g soil)

0.011

-0.007

0.098

0.0569

Model

R2=0.565

MS(E) = 1.202

Intercept = -0.918

<0.0001

CO2 = -0.918 + 0.139 (temp) + 0.020(DOC) + 0.017(oxalate) - 0.007(acetate)
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4.7 Correlations between Soil Parameters and CO2 Efflux
Spearman’s correlation coefficients for all associations between each measured soil chemical and
biotic property are listed in Appendix C, with the associated p-values. Of the 20 soil properties and 189
correlations tested, 96 are significantly correlated at (α< 0.05) and 8 are additionally significant at an (α<
0.10). Table 4.3 shows the correlations of all of the parameters only with microbial activity, microbial
biomass, soil temperature, moisture, DOC and CO2 efflux. The correlations between the major
parameters and all of the soil properties measured show the strongest relationships in the analysis. These
include positive relationships between soil CO2 efflux and temperature (r = 0.7332) and between CO2
efflux and oxalic acid (r = 0.6716) and between DOC and CO2 efflux (r = 0.5715) listed in Table 4.6.
The strongest negative relationships are between soil temperature and acetic acid (r = -0.7165) between
CO2 efflux and acetic acid (r = -0.5904) and soil temperature and citric acid (r = -0.5899) also listed in
Table 4.6.
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Table 4.3: Spearman’s Correlations of selected parameters in this study. Values within parenthesis are the
correlation coefficients and outside are p-values. Values in bold represent significant (p < 0.1) correlations.
Microbial
biomass

Microbial
Activity

Temp

Moisture

DOC

CO2

Microbial
biomass
Microbial
Activity

0.39(<0.0001)

-

Temp

0.27(0.0007)

0.34(<0.0001)

-

Moisture

0.18(0.025)

0.30(0.0001)

0.45(<0.0001)

-

DOC

0.10(0.226)

0.15(0.059)

0.52(<0.0001)

0.27(0.006)

-

CO2

0.25(0.0013)

0.36(<0.0001)

0.73(<0.0001)

0.29(0.0002)

0.57(<0.0001)

-

TDN

0.15(0.06)

0.14(0.074)

0.28(0.0003)

-0.002(0.979)

0.46(<0.0001)

0.26(0.0009)

DON

0.18(0.034)

0.26(0.0015)

0.27(0.0009)

0.33(<0.0001)

0.31(0.0001)

0.31(0.0002)

NO3

0.19(0.014)

0.10(0.217)

-0.12(0.136)

-0.22(0.0048)

0.05(0.495)

0.08(0.321)

NH4

0.19(0.016)

-0.139(0.111)

-0.03(0.67)

-0.245(0.0019)

0.05(0.518)

0.016(0.8376)

%C

-0.12(0.2798)

0.26(0.021)

0.19(0.091)

0.33(0.0026)

0.16(0.143)

0.15(0.174)

%N

-0.15(0.197)

0.24(0.033)

0.45(<0.0001)

0.49(<0.0001)

0.11(0.325)

0.19(0.088)

Phosphate

0.02(0.761)

-0.013(0.87)

0.275(0.0004)

0.016(0.043)

0.469(<0.0001)

0.33(<0.0001)

Acetate

-0.21(0.009)

-0.21(0.008)

-0.717(<0.0001)

-0.22(0.0005)

-0.325(<0.0001)

-0.59(<0.0001)

Lactate

-0.06(0.583)

-0.15(0.178)

-0.157(0.168)

-0.07(0.521)

0.12(0.301)

-0.019(0.865)

Oxalate

0.39(<0.0001)

0.40(<0.0001)

0.79(<0.0001)

0.50(<0.0001)

0.44(<0.0001)

0.67(<0.0001)

Succinate

-0.03(0.765)

-0.17(0.069)

-0.54(<0.0001)

-0.36(<0.0001)

-0.24(0.008)

-0.37(<0.0001)

Citrate

-0.09(0.355)

-0.17(0.09)

-0.59(<0.0001)

-0.20(0.04)

-0.36(0.0002)

-0.37(0.0001)

Formate

-0.48(<0.0001)

-0.25(0.002)

-0.17(0.040)

-0.08(0.312)

-0.009(0.91)

-0.22(0.0074)

Malate

0.18(0.113)

-0.06(0.592)

0.16(0.172)

0.038(0.744)

0.22(0.052)

0.25(0.04)

-
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Chapter 5
Discussion
5.1 Soil Properties Influencing CO2 Efflux
Several soil properties and processes were associated with soil CO2 efflux in support of our
hypothesis. Soil temperature, DOC, oxalate and acetate were significant parameters in explaining some
of the variance in soil CO2 efflux (R2= 0.565). The contribution of soil temperature to soil respiration is
well documented in the literature and our observations agreed with these assessments concluding that
soil temperature explained the greatest amount of variance in soil CO2 efflux (Partial R2 = 0.205) in our
model (Raich and Schlesinger 1992; Davidson et al. 1998; Lin 1999; Maier and Kress 2000; Pangle and
Seiler 2002). Q10 is the factor by which CO2 efflux is multiplied when temperature increases by 10°C
(van’t Hoff 1898; Ryan 1991). Our calculated Q10 values ranged from 1.67 to 3.18 and averaged 2. Ryan
(1991) and Amthor (1984) found Q10 values also ranging from 1.6 to 3 with averages around 2 similar
to our study.
The presence of DOC (Partial R2 = 0.126), oxalate (Partial R2 = 0.136) and acetate (Partial R2 =
0.098) in the model show the importance of highly labile C in influencing respiration rates. DOC in soil
solution, and the contribution of LMWOAs to the DOC pool, provide an important energy source for
microbial communities. Based on the model we believe that LMWOAs, as a labile component of DOC,
are influencing total CO2 efflux because they are being consumed by microbial community, increasing
heterotrophic respiration and as a result overall total CO2 efflux. Other studies have also concluded that
the amount and distribution of labile C controls microbial community dynamics as well as the
stabilization of soil C (Kalbitz 2000; Michalzik 2001).
Correlations showed several significant associations between soil CO2 efflux and other
parameters studied. Several other LMWOAs, including citrate and formate, show strong negative
relationships with soil CO2 efflux and microbial biomass and activity have strong positive relationships.
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As the microbial biomass and activity increase and labile C is consumed, respiration increases.
Significant positive correlations between DON, PO43-, malic and oxalic acids show the importance of
other factors that could potentially influence soil CO2 efflux and the soil C balance.

5.2 Treatment Effects on C Dynamics
Differences in soil properties and processes of intercropped treatments and pine only treatments
were sporadic and most did not show clear trends. These trends lead us to believe that the presence of
pine in intercropped treatments does not alter the microbial activity, DOC, DON and LMWOAs of
intercropped switchgrass and vice versa. According to Tilman (1985), successful coexistence occurs
where resource requirements differ among the species allowing for greater utilization of both nonlimiting and limiting resources (Tilman 1985). Since the site was only established in 2009, the effects of
intercropping switchgrass on soil properties and processes may not be discernible yet. There may also
still be a temporary flush of nutrients from the post-harvest assart effect, site disturbance from biomass
removal and bedding (Kimmins 1997; Portnoy 1999). These findings are consistent with other shortterm studies that have shown no significant treatment differences in soil respiration and microbial
biomass in young alley cropping systems (Chander 1998; Kaur 2000; Lee 2003). Conversely, C budgets
of alley cropping systems show significant increases in soil respiration, microbial biomass and SOC in
older intercropping systems ranging from 7 to 47 years (Table 1.1 and 1.2). None of these systems were
pine-switchgrass, therefore further work needs to be done to assess the effects on these soil parameters
in this intercropping system as it ages.
The edge microsite location (PSG-E) showed higher rates of C cycling than other areas of the
system. Pine-switchgrass intercropped treatments had significantly higher microbial activity at the PSGE. We attribute these increases in edge treatments to variations in the quality and quantity of C inputs
from two processes: (1) enhanced root C supply from root exudation, and (2) the additive effect of
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having both pine and switchgrass roots present (Sparling 1996; Jones 1998; Nardi 2000; van Hees
2005). Higher concentrations of DOC in edge treatments relative to bedded treatments in June and July
of 2012 also support this conclusion. Werth (2008) stated that 16% to 39% of microbially derived C
comes from roots, with the majority resulting from root exudates (Wreth 2008). The concentrations of
acetate, formate and lactate declined as we moved into the growing season, suggesting rapid microbial
immobilization. Other studies also concluded that LMWOAs, as a component of DOC, are sustained at
low levels in soil solution because they are being directly consumed by microorganisms (Marscher and
Kalbitz 2003; Smolander et al. 2001; van Hees 2005). Krzysaowska (1996) also looked at the temporal
effects of LMWOAs in soil solution in Florida Spodosols. Concentrations of acetate and formate
remained low from July to August while oxalate concentrations were higher in June and July and
declined in August. Trends developed from our work showed seasonal variability in LMWOA
concentrations similar to Krzysaowska (1996). The edge or the interaction point between roots the two
species at this location could be having an additive effect since both pine and switchgrass roots are
present making DOC and microbial activity higher than they would be in PSG-B or PSG-I treatments
alone.
LMWOAs may contribute other vital uses other than providing an important energy source for
microbial communities. Oxalate, malate, succinate, and citrate are behaving differently than acetate
formate and lactate in this system. Oxalate and malate both increased as we moved into the growing
season while citrate and succinate only increased during the fall months. They are more complex, not as
easily degraded and potentially play a very different role in the soil system. Some LMWOAs such as
malate, citrate, and oxalate have been tied to the increased solubility of inorganic P in soil solution.
Elevated levels of these acids desorbed P from surface complexes by the dissolution of amorphous
coatings or by substituting for it in ligand exchange reactions (Fox and Comerford1990a; Fox and
Comerford 1990b; Fox 1995; Jones and Darrah 1994). The increase in concentrations of oxalate,
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malate, citrate and succinate in the growing season suggest that they are being exuded to help plants
acquire nutrients (Cleveland 2007). Since our LMWOA data consisted of point measurements analyzed
with 36 hours of collection microbes could also be consuming these acids as an energy source before
they can be processed.

5.3 Conclusions
Due to the temporal variations associated with our data we can conclude that intercropping
species supports the need for multiple seasonal measurements to get an accurate look at the
heterogeneity of soil and site features. Our study also indicates that intercropping switchgrass in already
existing loblolly pine plantations does not have a major short-term effect on soil properties and
processes. The site was only established in 2009 and both loblolly pine trees and switchgrass are not
fully established. We believe that the main drivers in the system are still the disturbance from site
establishment in 2009 and the post-harvest assart effect. Carbon budgets in young alley cropping
systems in the literature agree with our results showing no significant increases in soil respiration and
microbial biomass. Increases in soil respiration, microbial biomass, and SOC only occurred in older
systems. Increases in microbial activity and DOC in the edge treatments of summer months show
potential differences in the litter quality where the two species are interacting. This work also shows
important relationships and potential drivers of total soil CO2 efflux. Soil temperature, DOC, oxalate and
acetate are significant parameters in the regression analysis but there are also several highly significant
relationships between CO2 efflux and DON, PO43-, citric and succinic acids. These relationships
underline the complexity of these systems and the need for better understanding in the variability in
processes that govern C cycling. More work needs still needs to be done to access the affects of
intercropping on soil parameters and long-term site quality in this pine-switchgrass system as it ages.
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Appendix A
Greenhouse Experiment
6.1 Methods
To determine the quantities and types of the specific LMWOAs produced by each species, 14
loblolly pine seedlings and 14 switchgrass plugs were established in pots in a controlled greenhouse
study. The seedlings used were provided by Weyerhaeuser Company and were seedlings were injected
with fertilizer before being planted in pots. Seedlings were established in pots using acid washed sand
with 53 micron opening nylon mesh at the bottom of each pot to keep the sand in place. A known
amount of sand (roughly equal within 5 kg) was placed in each pot and both seedlings and plugs were
left to establish for roughly 6 months (October 2013). After 6 months the plants were extracted from
pots and lightly shaken to remove the mineral soil component, defined as bulk soil. Then the plant root
systems were vigorously shaken, and the remaining soil was defined as rhizosphere soil (Fox and
Comerford, 1990). Bulk and rhizosphere soils were weighed and a ratio of 5 parts deionized water to
every 1-part soil was added to Nalgene bottles and shaken at 100 rpm for 30 minutes. Samples were
allowed to settle before the solution was filtered using a 0.45μm membrane filter and stored at -4°C. The
rhizosphere and bulk soil were analyzed for LMWOAs on an ion chromatograph (Dionex Corp.,
Sunnyvale, CA). The same LMWOA species analyzed in the field component were also analyzed. This
pot study was used to establish a baseline for LMWOA production of both loblolly pine and
switchgrass. All data and information can be found in Appendix A of this document.
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6.2 Results
There are no statistical difference between bulk and rhizospheric soil when analyzed in JMP
using Tukey-Kramer HSD. Lactic and succinic acid concentrations were found in a field setting but not
in greenhouse settings. Citrate concentrations were found in switchgrass pots but not in pine. There was
a lot of variability between the 14 pots. In a field setting citric acid was found in all treatments but
switchgrass and other C4 species including Big Bluestem and Broomsedge were in some of the bedded
locations in all of the treatments (Table 4.4).
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Table 6.1: Greenhouse study data showing LMWOAs from an average of 14 pine and 14 switchgrass
pots in bulk and rhizospheric soil. Significant treatments indicated by letter. Analysis done in JMP using
1-way ANOVA and Tukey HSD.

Parameter
Pine Bulk (µM/g soil)
Pine Rhizosphere (µM/g soil)
SG Bulk (µM/g soil)
SG Rhizosphere (µM/g soil)

Acetate
0.188a
0.213a
0.233a
0.551a

Lactate
n.a.
n.a.
n.a.
n.a.

Formate
0.037a
0.041a
0.286a
0.513a

Succinate
n.a.
n.a.
n.a.
n.a.

Oxalate
0.145a
0.210a
0.500a
0.956a

Malate
0.042a
0.029a
0.110a
0.0327a

Citrate
n.a.
n.a.
0.089a
0.0155a
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Appendix B
Lenior 1 Site Timeline
Table 6.2: Lenior 1 establishment and site history including switchgrass fertilization.
Month
April
May
September
September
September
October
October
November

Day
8
15-30
11-12
15-20
22-1
16-31
30-31
1-14

Year
2008
2008
2008
2008
2008
2008
2008
2008

Lenior 1 Site History

November
November
December

17-18
24-27
4-5

2008
2008
2008

December
January
February
March
April
MarchJune
April
May
May
June
April
June
June
December
January
December
April
April

28-29
28-31
1-12
25
20-24

2008
2009
2009
2009
2009

Site Selection
Plot Layout
Layout treatment boundaries
Pre-Site Prep
Biomass removal with excavator
V-shearing
Raking of switchgrass only plots
Raking of switchgrass only plots
Aerial herbicide application: Rate 48 oz.
chopper/acre
Bedding and Pre-plant fertilizer
Planting of Containerized seedlings on beds
Planting of 3rd gen. bare root seedlings on extra row
treatments
Installed soil moisture probes
Installed soil moisture probes
Installed weather station
Install rain gauges

9
19-20
26-30
1-5
1
10-15
29
9-14
21-29
18-21
13-Dec
10

2009
2009
2009
2009
2009
2010
2010
2010
2010
2011
2011
2012
2013

Install electric fences around monitoring equipment
Tip Moth Application
Herbicide switchgrass and pine x switchgrass plots
V-shearing streaks for switchgrass alleys
Planting of switchgrass
Switchgrass Maintenance Mowing
Herbicide switchgrass and pine x switchgrass plots
Fertilized Switchgrass and Intercropped plots
Switchgrass cutting, raking, and bailing
Switchgrass cutting, raking, and bailing
Fertilization at 50lbs N rate
Fertilization at 50lbs N rate
Switchgrass Maintenance Mowing
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Appendix C
Complete Correlation Matrix
Table 6.3: Spearman’s Correlations of all parameters in study. Values within parenthesis are correlation coefficients and outside are p-values.
Microbial Microbial
biomass
Activity
Microbial
biomass
Microbial
Activity
Temp
Moisture
DOC
TDN
DON
NO3NH4+
CO2
%C

-

Temp

0.39(<0.0001) 0.27(0.0007)

-

Moisture

DOC

0.18(0.025)

0.10(0.226)

0.44(<0.0001)

0.30(0.0001) 0.15(0.059)

-

0.45(<0.0001) 0.52(<0.0001)

-

0.27(0.006)

-

NH4+

CO2

%C

%N

Phosphate

Acetate

0.19(0.016)

0.25(0.0013)

-0.12(0.28)

-0.15(0.197)

0.02(0.761)

-0.21(0.009)

0.14(0.074) 0.26(0.0015) 0.10(0.217) -0.139(0.111) 0.36(<0.0001) 0.26(0.021)

0.24(0.033)

-0.013(0.87)

-0.21(0.008)

TDN
0.15(0.06)

DON

NO3-

0.18(0.034) 0.19(0.014)

0.28(0.0003) 0.27(0.0009) -0.12(0.136)

-0.03(0.67)

-

0.17(0.038) 0.19(0.015)

-

0.05(0.518)

0.57(<0.0001) 0.16(0.143)

0.24(0.0018)

-0.07(0.388)

-0.08(0.31)

-

0.35(<0.0001)

-

Oxalate

Succinate

Citrate

-0.06(0.583) 0.388(<0.0001)

-0.03(0.765)

-0.09(0.355)

-0.48(<0.0001) 0.18(0.113)

-0.15(0.178) 0.40(<0.0001)

-0.17(0.069)

-0.17(0.09)

-0.251(0.002)

-0.06(0.592)

-0.17(0.040)

0.16(0.172)

-0.20(0.04)

-0.08(0.312)

0.038(0.744)

0.73(<0.0001) 0.19(0.091) 0.45(<0.0001) 0.275(0.0004) -0.72(<0.0001) -0.157(0.168) 0.79(<0.0001) -0.54(<0.0001) -0.59(<0.0001)

-0.002(0.979) 0.33(<0.0001) -0.22(0.005) -0.245(0.0019) 0.29(0.0002) 0.33(0.0026) 0.49(<0.0001) 0.016(0.043) -0.22(0.0005)
0.46(<0.0001) 0.31(0.0001) 0.05(0.495)

Lactate

-0.07(0.521) 0.50(<0.0001) -0.36(<0.0001)

0.11(0.325) 0.47(<0.0001) -0.33(<0.0001) 0.12(0.301)

Formate

Malate

0.44(<0.0001)

-0.24(0.008)

-0.36(0.0002)

-0.009(0.91)

0.22(0.052)

0.26(0.0009) 0.02(0.8396) -0.104(0.325) 0.40(<0.0001) -0.16(0.045)

-0.141(0.216) 0.28(0.0009)

-0.04(0.665)

-0.16(0.104)

-0.099(0.223)

-0.18(0.111)

0.31(0.0002) 0.025(0.835) 0.25(0.0068)

-0.055(0.648) 0.34(<0.0001)

-0.11(0.247)

-0.268(0.0095)

-0.21(0.016)

0.21(0.088)

0.08(0.345)

-0.09(0.284)

0.08(0.321) -0.238(0.033) -0.32(0.0039) -0.016(0.839)

-0.11(0.168)

0.20(0.072)

-0.06(0.475)

0.23(0.01)

0.11(0.264)

-0.39(<0.0001) -0.037(0.754)

0.016(0.8376) -0.024(0.029) -0.23(0.0042) -0.05(0.563)

-0.12(0.151)

-0.007(0.955)

-0.08(0.335)

0.24(0.0075)

0.04(0.684)

-0.32(<0.0001) -0.05(0.662)

-

0.15(0.174)

-

0.19(0.088) 0.33(<0.0001) -0.59(<0.0001) -0.019(0.865) 0.67(<0.0001) -0.37(<0.0001) -0.37(0.0001)

-0.22(0.0074)

0.25(0.04)

0.30(0.0068) -0.08(0.509)

0.047(0.684) -0.094(0.865)

0.07(0.577)

-0.20(0.125)

-0.15(0.329)

0.29(0.0095)

0.26(0.25)

-0.056(0.621) -0.178(0.116) -0.195(0.536)

0.15(0.271)

-0.08(0.508)

-0.24(0.114)

0.23(0.042)

-0.55(0.01)

0.160(0.062)

-0.13(0.144)

-0.11(0.293)

-0.006(0.942)

0.11(0.361)

0.268(0.003)

0.44(<0.0001) 0.37(<0.0001)

-0.24(0.04)

0.22(0.085)

0.091(0.543)

-0.13(0.248)

0.21(0.256)

-0.26(0.003)

0.19(0.098)

0.28(0.015)

-0.03(0.752)

-0.17(0.218)

-

0.06(0.587)

-0.31(0.01)

Formate

-

-0.12(0.348)

Malate

-

-

%N
Phosphate
Acetate
Lactate
Oxalate
Succinate
Citrate

-

-

-0.20(0.013)

-

0.141(0.195)

-0.10(0.216) -0.62(<0.0001)

-

-0.16(0.1966)

-

-0.50(<0.0001) -0.45(<0.0001)

-
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