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Abstract 

Rising atmospheric CO2 concentration, currently about 390 ppm, causes climate 

change and is expected to reach 500 ppm or higher this century due to human activities.  

Soils are the largest terrestrial pool of carbon, and changes in soil carbon storage due to 

plant and microbial activities could affect atmospheric CO2 levels.  This dissertation 

studies soil carbon and microbial responses to an experimental preindustrial-to-future 

CO2 gradient (250-515 ppm) in a grassland ecosystem.  Two contrasting soil types are 

studied in the gradient, providing insight on how natural ecosystem variation modifies 

CO2 effects. 

Although total soil organic carbon (SOC) did not change with CO2 treatment 

after four growing seasons, fast-cycling SOC pools did respond to CO2, particularly in 

the black clay soil.  Microbial biomass increased 18% and microbial activity increased 

30% across the CO2 gradient in the black clay, but neither factor changed with CO2 in the 

sandy loam.  Similarly a one-year laboratory soil incubation showed that a fast-cycling 

SOC pool increased 75% across the CO2 gradient in the black clay.  Size fractionation of 

SOC showed that coarse POM-C, the youngest and most labile fraction, increased four-

fold across the CO2 gradient in the black clay, while it increased 50% across the gradient 

in the sandy loam.  CO2 enrichment in this grassland increased the fast-cycling soil 

organic carbon pool as in other elevated CO2 studies, but only in the black clay soil. 
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CO2 also induced changes in microbial community composition, and we 

explored the functional consequences in a microcosm experiment.  Soil collected in the 

third growing season of CO2 treatment was used to inoculate Indiangrass seedlings 

grown in the lab.  The elevated CO2 soil inoculum had higher microbial biomass C/N 

(C/N = 21) than the subambient CO2 soil inoculum (C/N = 16), suggesting a difference in 

community composition.  Mean plant height in elevated CO2 soil inoculum (475 ppm) 

was 57% greater than in subambient CO2 soil inoculum (300 ppm), but the difference 

was not statistically significant.  Similarly, total leaf N from plants in elevated CO2 soil 

was 28% greater on average than in subambient CO2 soil, but not significantly different.  

CO2-induced microbial effects on plant growth were either negligible or occurred at 

finer microbial taxonomic levels, making them difficult to resolve at the whole-

community level. 

Soil fungi decompose soil organic matter, and studying fungal community 

responses to CO2 could improve our understanding of soil carbon responses.  We 

studied fungal communities in the CO2 gradient using Sanger sequencing and 

pyrosequencing of rDNA.  As in our soil C study, fungal community responses to CO2 

were mostly linear, and occurred mostly in the black clay soil.  Fungal species richness 

increased linearly with CO2 treatment in the black clay.  The relative abundance of 

Chytridiomycota (chytrids) increased linearly with CO2 in the black clay, while the 

relative abundance of Glomeromycota (arbuscular mycorrhizal fungi) increased linearly 
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with CO2 in the sandy loam.  Increased labile C availability at elevated CO2 and/or 

decreased inorganic N may explain the increase in fungal species richness and 

Chytridiomycota abundance in the black clay, while increased P limitation may explain 

the stimulation of Glomeromycota at elevated CO2 in the sandy loam.  Across both soils, 

fungal species richness increased linearly with soil respiration, an index of 

decomposition rate (p = 0.01, R2 = 0.46).  Adding fungal species may have improved 

decomposition efficiency, but it is also possible that species richness and decomposition 

increased due to another factor such as C quantity.  Soil type strongly structured both 

fungal community and arbuscular mycorrhizal fungal community composition. 

Together, these studies suggest that soil C and fungal community responses to 

CO2 were mostly linear, and were most apparent in the black clay soil.  Soil type 

strongly influenced fungal community composition as well as which phyla responded to 

CO2.  Therefore, soil type could be a useful addition to predictions of soil carbon and 

microbial responses to future CO2 levels. 
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1. Introduction  

Atmospheric CO2 has risen from a preindustrial level of 280 ppm (IPCC 2007) to 

a present-day concentration of about 390 ppm (Tans and Keeling 2012).  This 40% 

increase is primarily due to human activities including fossil fuel combustion, cement 

manufacturing, and conversion of forests to agriculture (Houghton 2007).  Molecule for 

molecule, CO2 is not the most potent greenhouse gas, but it is most linked to climate 

change due to its high atmospheric concentration relative to other greenhouse gases 

(IPCC 2007).  CO2 levels are predicted to double by the end of this century, but the exact 

course of rising CO2 is unknown, as it depends on human actions and biological 

feedbacks. 

The balance between photosynthesis and respiration regulates atmospheric CO2 

concentration.  Since CO2 is a major plant nutrient, plant productivity is expected to rise 

as atmospheric CO2 rises.  CO2-enrichment experiments have found increased plant 

growth in a variety of ecosystems (Ainsworth and Long 2005).  This would sequester 

carbon in plant biomass, litter, and soil, mitigating to some extent the rise of atmospheric 

CO2.  However, it is possible that CO2-fertilized plant growth will plateau due to 

nitrogen or other element limitation (Luo et al. 2004, Gill et al. 2006).  For instance, 

modeling predicts net ecosystem productivity of Kansas and Colorado grassland will 

increase under elevated CO2, then saturate due to reduced mineral N availability in soil 

(Pepper et al. 2005).  
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Sustained plant productivity under rising CO2 depends on soil microbial activity 

supplying mineral nutrients to plants.  Fungi and bacteria perform a recycling function 

within soil, breaking down dead organic matter and releasing plant-available nutrients.  

Since CO2 is much more concentrated in soil (> 2000 ppm) than in the atmosphere, rising 

atmospheric CO2 is unlikely to affect soil microbes directly, but rather through plant-

mediated effects (Drigo et al. 2008).  CO2 enrichment can alter the quality and quantity of 

plant inputs to soil, which are substrates for microbial metabolism.  Many studies have 

found increases in root biomass, turnover, and exudation under elevated CO2 (Hungate 

et al. 1997, Cheng and Johnson 1998, Anderson et al. 2010, Zak et al. 2000b).  Plant tissue 

chemistry can also change under elevated CO2; a meta-analysis of litter chemistry under 

CO2 enrichment found a 7.1% decline in N concentration and a 6.5% increase in lignin 

concentration across species (Norby et al. 2001).  Leaf C/N (Gill et al. 2002), root C/N 

(Gill et al. 2006, Gorissen et al. 1995, Franck et al. 1997), root phenolic content (Gill et al. 

2006) and root N concentration (Zak et al. 2000b) have also been shown to change with 

CO2 enrichment. 

Such substrate changes can affect the population size and activity of soil 

microorganisms (Drigo et al. 2008).  For example, in a prairie ecosystem, microbial 

biomass declined under elevated CO2 while the C/N ratio of soil organic matter and 

plant litter increased (Gill et al. 2002, 2006).  A study with perennial ryegrass found that 

roots grown under elevated CO2 had higher C/N ratio and decomposed up to 24% 
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slower than roots grown under ambient CO2 (Gorissen et al. 1995).  CO2 enrichment has 

also been shown to stimulate microbial enzyme activities in soil (Kandeler et al. 2006, 

Ebersberger et al. 2003). 

Some of these changes in microbial activity may be the result of changes in 

microbial community composition.  Elevated- CO2 experiments have demonstrated 

community shifts such as increased abundance of fungi relative to bacteria (reviewed by 

Drigo et al. 2008).  Fungi are better adapted than bacteria to decompose organic matter 

under low-N conditions (Gill et al. 2006, Billings and Ziegler 2005). 

Microbial responses to elevated CO2 are not well understood.  They are 

inconsistent across the literature, perhaps due to the variety of approaches used in CO2 

enrichment experiments.  These experiments vary in CO2 concentration, timescale 

(months to years) and plant species (single species to communities).  In a chaparral 

system, elevated CO2 increased the proportion of fungi in microbial biomass (Lipson et 

al. 2005); but in a poplar system, CO2 enrichment produced no change in microbial 

community composition (Zak et al. 2000b).  In one survey of CO2 experiments across a 

variety of plant species, an equal number of studies found increases in SOM 

decomposition as found decreases (Cheng 1999).  In a more extensive survey, Zak et al. 

(2000a) found that microbial respiration (assayed in root-free incubations) increased 

under elevated CO2 in nearly every experiment reviewed, but most responses were 

nonsignificant.  Notably, most of these experiments apply only an ambient and elevated  
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CO2 treatment, so it is difficult to predict microbial responses to the more gradual, 

current CO2 rise.  Also, most elevated CO2 experiments test a single soil type, yet soils 

vary in texture and other properties which may influence microbial responses.  Elevated 

CO2 experiments have been conducted across a tenfold range of soil clay content, in at 

least six soil orders (Table 1.1). 

This dissertation addresses these knowledge gaps—the effects of intermediate 

CO2 levels, and the role of soil type--by studying microbial and soil carbon responses to 

a CO2 gradient (250-515 ppm) in a grassland with contrasting soil types.  The soil types 

we studied represent the low (15%) and high (55%) ends of the clay content range in 

published CO2 experiments (Table 1.1).  Grasslands are a useful system for studying soil 

carbon because they compose 20% of global land area and contain 22% of global soil 

carbon (Jobbagy and Jackson 2000).  Grasslands play an important role in soil C 

sequestration, since a large portion of their productivity is belowground, and their soil 

decomposition rates are slow (Gill et al. 2006).  Chapter 2 in this dissertation investigates 

the quantity and quality of soil carbon in the CO2 gradient experiment.  It asks how CO2 

treatment has affected the size of fast- and slow-cycling soil organic carbon pools, and 

how soil type has influenced these responses.  Chapter 3 investigates feedback between 

CO2 treatment, plant growth, and soil microbes.  It asks how elevated and subambient 

CO2 treatment has affected soil microbial communities, and measures microbial effects 

on plant growth in a microcosm experiment.  Chapter 4 focuses on a subset of soil  
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Table 1.1:  A survey of elevated-CO2 field experiments, ranked by soil clay content.  

The two soil types studied in this dissertation are highlighted. 

Ecosystem CO2 treat. (yr) Soil order Clay Reference 

pine forest 9 Alfisol 60% Lichter et al. 2008 

Tallgrass prairie 4 Vertisol 55% Fay et al. 2009 

Tallgrass prairie 3 Mollisol 55% Polley et al. 2003 

grassland 30+ Entisol 52% Ross et al. 2000 

Ponderosa pine 6 Ultisol 50% Haile-Mariam et al. 2000 

Tallgrass prairie 8 Mollisol 40% Williams et al. 2000 

sweetgum 5 Ultisol 40% Jastrow et al. 2005 

annual grassland 3 Inceptisol 40% Hungate et al. 1997 

annual grassland 3 Mollisol 40% Hungate et al. 1997 

grassland 9 Cambisol 30% Xie et al. 2005 

beech-spruce 4 Alisol 18% Hagedorn et al. 2003 

Tallgrass prairie 4 Alfisol 15% Fay et al. 2009 

scrub-oak 6 Entisol 10% Carney et al. 2007 

beech-spruce 4 Fluvisol 6% Hagedorn et al. 2003 

 

microbes: the diverse community of soil fungi.  Using a PCR-based approach, this 

chapter asks how mycorrhizal fungi and the broader fungal community are influenced 

by CO2 treatment and soil type. 
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Each chapter in this dissertation represents a collaboration.  To characterize soil 

C in Chapter 2, soil core subsamples were analyzed by myself at Duke and by Richard 

Gill at Brigham Young University using two complementary methods.  The microcosm 

experiment in Chapter 3 was planned in collaboration with Alexia Kelley.  She 

conducted the microbial biomass analyses, while I set up the experiment and made post-

harvest measurements and analyses.  The 454 pyrosequencing data in Chapter 4 was 

generated using a primer set designed by Gregory Bonito.  I performed the “wet lab” 

work, then analyzed the sequences jointly with Chris Ellis.  I analyzed sequence 

diversity with an OTU-based approach, while Chris determined sequence taxonomy 

using a program he wrote (see LaTuga et al. 2011), then sent me this data for statistical 

analysis.
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2. Effects of past and future CO2 on soil carbon storage 
in a prairie ecosystem 

2.1 Introduction 

Globally, soils contain about three times as much carbon as the atmosphere and 

are the largest terrestrial pool of carbon (Jobbagy and Jackson 2000, Schlesinger 1997).  

Since carbon cycles between the atmosphere and soil through photosynthesis and 

respiration, changes in soil carbon storage could significantly affect atmospheric CO2 

levels.  Conversely, changes in atmospheric CO2 could affect soil carbon storage through 

changes in plant and soil ecology.  Whether soils will be a CO2 source or sink under 

future CO2 levels is uncertain, however (Pepper et al. 2005).  Some of this uncertainty is 

due to the mechanisms by which soils sequester C, and how elevated CO2 alters these 

mechanisms. 

There are several hypothetical outcomes for soil C under elevated CO2 (Figure 

2.1).  One is an increase in soil C due to CO2 fertilization of plant growth.  The increased 

plant growth leads to greater rhizodeposition into soil (Hungate et al. 1997), some of 

which becomes stabilized as soil organic carbon (SOC).  Some meta-analyses have found 

that soil C increases about 6 % in elevated CO2 experiments (Jastrow et al. 2005, Luo et 

al. 2006).  Alternatively, soil C could decrease as atmospheric CO2 rises, due to increased 

decomposition rates.  Soil respiration, a measure of decomposition, commonly increases 

in elevated CO2 studies (Zak et al. 2000a).  Some of this increase could be due to priming, 

in which labile C released from roots stimulates microbial growth and greater 
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decomposition of soil organic matter (Fu and Cheng 2002, Carney et al. 2007).  Priming 

would especially limit long-term soil C sequestration, since older soil organic matter is 

more stable than new labile C.  Finally, soil C could remain unchanged in elevated CO2.  

Increases in C input could be balanced by increases in decomposition, or gains in 

younger SOC pools could be offset by losses in older SOC pools.  The latter mechanism 

was found in a prairie CO2 enrichment experiment after four years of CO2 treatment; the 

most labile fractions of SOC increased, while the most recalcitrant fractions decreased, 

leading to a negligible increase in total SOC (Gill et al. 2006, Gill et al. 2002).  It is also 

possible that SOC responses to CO2 are simply too small to detect, which was the 

conclusion of a later meta-analysis (Hungate et al. 2009). 

Plant 
growth 
(ANPP)

1. Root-derived labile C 
(coarse POM C, modeled 
active C, soil respiration)

2. Microbial 
biomass (SIR)

3. SOM decomposition
(Cmin, modeled slow C, 
physical fractions, soil 
respiration)

CO2

Soil organic C

 

Figure 2.1:  Conceptual diagram for prairie soil C cycle responses to elevated CO2.  

Soil organic C (SOC) accumulates if plant C inputs exceed decomposition losses, and 

decreases if decomposition exceeds plant inputs.  A priming mechanism requires (1) 

change in quality or quantity of plant inputs to soil, (2) change in microbial biomass, 

and (3) change in decomposition of SOM.  Variables measured in the CO2 gradient 

experiment are in parentheses. 
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When soil C does respond to elevated CO2, the shape of soil C response to CO2 is 

also unclear.  Most elevated CO2 experiments contain only one elevated CO2 

concentration,  so it is uncertain whether soil C cycling will change linearly as 

atmospheric CO2 rises, or instead show a threshold response.  Given the wide range of 

atmospheric CO2 levels that terrestrial ecosystems have experienced over the past 250 

years, and the range predicted for this century, it is useful to study ecosystem responses 

to CO2 under a range of CO2 levels.  Field-scale experiments involving a range of CO2 

levels include chaparral (Treseder et al. 2003), wheat (Polley et al. 1993) and grasslands 

(Ross et al. 2000, Gill et al. 2006).  We address this uncertainty in the response shape to 

CO2 by studying soil carbon dynamics in a prairie ecosystem exposed to a continuous 

gradient of preindustrial-to-future CO2 levels (250-515 ppm). 

Most CO2 experiments also test only one soil type, so it is not well understood 

how soil type influences CO2 effects on ecosystems.  Soils can vary widely in silt and 

clay content; for instance, maize fields in Malawi and Honduras have soils ranging from 

<10% to nearly 90% silt + clay content (Brady and Weil 2002), soils that developed under 

a Canadian grassland contain 16-60% clay, and soils that developed under forest in Ohio 

contain 25-50% clay (Plante et al. 2006).  Soils with higher silt and clay content tend to be 

more productive, and also have slower decomposition due to lower aeration and organic 

matter protection by clay-humus complexing (Brady and Weil 2002).  Consequently soils 

with higher silt and clay content, everything else being equal, should sequester more C 



 

10 

than sandier soils.  Consistent with this, SOC content is positively related to soil clay 

content both at a global scale (Jobbagy and Jackson 2000) and a kilometer scale (Plante et 

al. 2006).  A survey of SOC responses to elevated CO2 in published studies shows a 

positive but nonsigificant trend with clay content (Figure 2.2).  The study with the 

greatest SOC increase (Ross et al. 2000) had 52% clay, while the study with a SOC 

decrease (Carney et al. 2007) had about 10% clay. 

 

Figure 2.2:  Percent change in SOC between ambient and elevated CO2 treatments in 

10 elevated CO2 field studies, two of which used 2 soil types.  A linear regression is 

not significant (p = 0.23, R2 = 0.14).  Studies are listed in Table 1.1. 

For the CO2 gradient experiment, we hypothesize that elevated CO2 will 

stimulate greater plant growth in the black clay soil compared to the sandy loam, and 
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we expect slower decomposition in the black clay than the sandy loam, leading to 

greater C sequestration under elevated CO2 in the black clay than the sandy loam.  We 

also hypothesize that soil carbon responses to CO2 will be linear, and we investigate 

microbial biomass responses to determine whether a priming mechanism is operating.  

Our study addresses several uncertainties in soil carbon storage—the mechanism, the 

response shape to CO2 level, and the effect of soil type.  We use a combination of field 

measurements, laboratory soil incubation, and soil physical fractionation to study how 

fast- and slow-cycling pools of SOC are affected by CO2 treatment and soil type. 

2.2 Methods 

Study system.  The research was conducted at a prairie CO2-enrichment facility 

operated by the USDA-ARS Grassland Soil and Water Research Laboratory in Temple, 

TX (Fay et al. 2009).  The facility consists of two elongated “tunnels” covered in clear 

plastic.  Air is fanned across each tunnel, and plant photosynthesis progressively 

depletes the air of CO2.  CO2-enriched air is injected in one tunnel to create an elevated 

CO2 gradient; ambient air is injected into the second tunnel to create a subambient CO2 

gradient.  Computer control of airflow rate (fan speed) maintains a continuous gradient 

of CO2, from 515 ppm at the entrance of the “elevated” tunnel to 380 ppm at its exit; and 

from 380 ppm at the entrance of the “subambient” tunnel to 250 ppm at its exit.  At night 

the direction of airflow is reversed, and the CO2 gradient is created by the action of plant 



 

12 

and soil respiration.  The gradient is 130 ppm higher at night, running from 380-500 ppm 

and 500-620 ppm in the subambient and elevated tunnels, respectively. 

Table 2.1:  Plant species in the CO2 gradient experiment 

Plant type Species Common name 

C4 grass Sorghastrum nutans  Indian grass 

C4 grass Bouteloua curtipendula  side-oats grama 

C4 grass Schizachyrium scoparium  little bluestem 

C4 grass Tridens albescens  white tridens 

Forb Salvia azurea  pitcher sage 

Forb Solidago canadensis  goldenrod 

Legume (N fixer) Desmanthus illinoensis  Illinois bundleflower 

 

The tunnels are planted with a mixture of perennials--grasses and forbs--

representative of Texas Blackland Prairie (Table 2.1).  This ecosystem, found nearby the 

experimental site, is known for the black color of its fertile soil.  We focus on two soil 

types installed throughout the gradient:  a sandy loam Alfisol (Bastrop series) with up to 

15% clay and 60-73% sand in the upper 50 cm, and a black clay Vertisol (Houston series) 

with up to 55% clay in the upper 50 cm (Table 2.2).  Soils are contained in metal boxes 

(1m x 1m x 1.5m deep) resting on weighing lysimeters, allowing monitoring of 

ecosystem nutrient loss and water balance.  Soils were excavated as intact monoliths 
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from sites near the facility, placed in the tunnel boxes, and herbicided to remove existing 

vegetation.  They were planted with a standardized species composition in 2003.  Soils 

are watered with a metered drip irrigation system using temporal and volume patterns 

from an average year in central Texas (Fay et al. 2009, Polley et al. 2012).  CO2 treatment 

began in 2006, and typically extends from April-October, a portion of the growing 

season where photosynthesis is strong enough to maintain the CO2 gradient. 

Aboveground Net Primary Productivity (ANPP).  ANPP was measured at 

the end of each growing season of CO2 treatment (November) by clipping vegetation to 

5 cm height (Polley et al. 2012).  Harvested biomass was oven dried for 72 h at 60°C 

before weighing.  Each following January, harvested biomass was returned to its 

respective plot in the CO2 gradient to minimize harvest effects on element cycling.  

Biomass was shredded with a wood chipper before it was returned to plots, to simulate 

the effect of late-season mowing. 

Soil sampling and organic C measurement.  Soils from the CO2 gradient were 

sampled at the end of the fourth growing season of CO2 treatment (Nov 9, 2009).  Soil 

were cored to 15 cm depth, shipped to Duke University (Durham, NC) and air dried.  

Soils were broken into an aggregate size allowing passage through a 5.6 mm sieve, then 

aggregates were passed through a 2 mm sieve to remove roots.  Soil C was determined 

by combustion gas chromatography (NC 2100 Soil analyzer, ThermoQuest Italia, S.p.A., 

Italy).  Air-dried, homogenized soil (50-70 mg) was combusted at 600°C for organic C. 
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 Subsamples of the fresh November 2009 soil cores were also shipped to Brigham 

Young University (Provo, UT) for physical fractionation, using methods described in 

Gill (2007).  First, all roots > 2 mm long were removed from the soil.  Soil was then 

dispersed in 0.5 M sodium hexametaphosphate, and the resulting soil slurry was passed 

through 250 µm and 53 µm sieves.  Coarse particulate organic matter, or POM C (>250 

µm) represents the youngest organic carbon, with residence time < 5 years; fine POM C 

(53-250 µm) is 5-20 years old, and mineral-associated C ( < 53 µm) is between 100-10,000 

years old (R. Gill, pers. comm.).  The C/N ratio typically decreases from coarse POM to 

mineral-associated C.  Mineral-associated C was collected from the soil slurry that had 

passed through the 53 µm sieve.  Each fraction was ground, then acid-treated to remove 

carbonates.  The remaining (organic) carbon was scaled using bulk density of its soil 

type to calculate soil C per unit area. 

Microbial biomass determination.  Active microbial biomass was determined 

by substrate-induced respiration (SIR), following the methods of Gill et al. (2006, 2007).  

SIR is an index of potential microbial activity in the absence of substrate limitation.  In 

preparation for SIR, air-dried soils were re-moistened to 60% field capacity and pre-

incubated for 9 days.  Two grams of soil was weighed into 40 mL TOC vials with septa.  

Ten milliliters of 4 g/L autolysed yeast solution was added to the soil as a substrate, then 

vials were capped and headspace CO2 was measured immediately.  Headspace CO2 was 

measured again at 2h and 4h using a LI-6200 portable photosynthesis system and LI-
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6250 CO2 analyzer (LI-COR, Lincoln, NE).  Vials with the yeast-soil slurry were placed 

on a table shaker at room temperature (21°C ) when not being measured for CO2 

concentration.  Respiration rate was determined based on the change in headspace CO2 

over this time interval.  The rise in headspace CO2 was approximately linear over 4 h.  

Microbial biomass was calculated from SIR according to the equation:  SMBC = (40.04 x 

CO2) + 0.37, where SMBC is soil microbial biomass carbon (µg C/g soil) and CO2 is the 

respiration rate after substrate addition (µL CO2 /g soil/h) (Bailey et al. 2002, Anderson 

and Domsch 1978). 

Carbon mineralization.  The remaining soil (not subjected to SIR) was pre-

incubated for three more days, then entered in a one-year incubation experiment to 

assess long-term carbon mineralization (Cmin) kinetics.  Soils were maintained at constant 

moisture and temperature in the dark to isolate the effect of native microbial biomass 

and available carbon on decomposition rates.  Soils were incubated at room temperature 

(21°C) in 1 pint (473 mL) canning jars with septa added to their lids (Gill 2007, Paul et al. 

2001).  Each jar contained 40 g (dry mass) soil moistened to 60% field capacity, housed 

within a plastic cup.  Field capacity was determined using soil of the same series 

(Bastrop, Houston, and Austin), from locations that were the source of soils used in the 

CO2 gradient (V Jin, pers. comm.)  Ten milliliters of water was added to the bottom of 

each jar (not contacting the soil) to reduce soil drying.  Soils were weighed monthly to 

determine evaporation, and an equivalent weight of water was added back.  When jars 
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were not being measured for Cmin, the septa were removed, and the jars were placed 

uncapped in a dark cabinet.  With septa removed, the lids had a small (~0.5 cm diam.) 

hole for air exchange, to reduce CO2 buildup in the jars. 

Carbon mineralization was measured using a LI-6200 portable photosynthesis 

system and LI-6250 CO2 analyzer (LI-COR, Lincoln, NE).  Cmin rate was calculated based 

on the rate of CO2 buildup in jars.  Jars were capped, then CO2 was measured 

immediately, and again after 2 and 4 hours to determine the linearity of CO2 buildup.  

Jar headspace air was sampled using a 1 ml glass syringe.  Cmin rate was measured 

initially at 4 day intervals up to day 12, then approximately 12 day intervals up to day 

74, then approximately 24 day intervals up to day 233, with final measurements at day 

277 and 365.  The long term trend in Cmin rate was modeled using a two-pool model of 

SOC decomposition (Gill 2007, Paul et al. 2001): 

C(t) = Ca*exp(-kat) + Cs*exp(-kst), 

where C(t) is total soil C at time t, Ca is the active C pool at time 0, Cs is the slow-cycling 

C pool at time 0, ka and ks are the decay constants for the active and slow pools, 

respectively.  Mean residence time (MRT) for a given pool is the reciprocal (1/k) for its 

respective decay constant.  Taking the derivative of both sides gives an expression for 

Cmin rate, 

dC/dt = -ka Ca*exp(-kat) + -ksCs*exp(-kst) 
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Soil respiration.  Soil respiration was measured as a field index of 

belowground carbon bioavailability and microbial activity, to complement the 

laboratory measures of these variables.  It is roughly 50% root respiration and 50% 

microbial respiration, though these contributions can vary (Hanson et al. 2000, Raich 

and Schlesinger 1992).  As the second largest flux in the global carbon cycle (behind 

primary productivity), soil respiration also represents a potential feedback to rising 

atmospheric CO2 and climate change (Raich and Schlesinger 1992).  Soil respiration has 

been measured monthly (May-October) since the start of CO2 gradient operation in 2006.  

Soil respiration is measured instantaneously through vegetation-free soil collars using a 

LI-COR 6400 infrared gas analyzer (LI-COR, Lincoln, NE). 

Statistical analyses.  Soil variables including organic C, microbial biomass, 

carbon mineralization, modeled active and slow C, and soil respiration were analyzed 

by regression against CO2.  All statistics were performed in R (R Foundation for 

Statistical Computing, Vienna, Austria, 2010) with the exception of the incubation 

kinetics model, which used nonlinear regression in SigmaPlot v. 6 (SPSS 2000).  That 

regression was in the form: 

Cmin rate = a*exp(b*t) + c*exp(d*t), 

where a/b = Ca (active C) and c/d = Cs (slow-cycling C).  In addition, regressions of soil C 

physical fractions were performed in SigmaPlot v. 11 (Systat Software 2008) . 
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Table 2.2:  Soil properties in the CO2 gradient experiment 

Property Sandy loam (Bastrop series) Black clay (Houston series) 

Organic C (%) 0.8 2.7 

Total C (%) 0.9 5.5 

Total N (%) 0.08 0.22 

Organic C/Total N 10.8 12.2 

Sand (%) 60-72 9-11 

Silt (%) 20-26 36-40 

Clay (%) 7-14 49-55 

pH (H2O) 8.09 7.98 

Organic C was measured by combustion at 600°C; total C and N by combustion at 

1050°C.  Soil textures are for the upper 50 cm of soil (Fay et al. 2009). 
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2.3 Results 

 

Figure 2.3: Aboveground net primary productivity in 2008 and 2009, the third and 

fourth growing seasons of CO2 treatment.  Linear regressions are significant in the 

sandy loam for both years (p < 0.05) but not in the black clay. 

We measured aboveground net primary productivity (ANPP) to test the 

hypothesis that at elevated CO2, plant growth would be greater in the black clay soil 

compared to the sandy loam.  We also used ANPP as an index of belowground C 

availability, given that root biomass is roughly four times shoot biomass in prairie (IPCC 

2006) and temperate grassland (Jackson et al. 1996).  In 2009, the fourth growing season 

of CO2 treatment, ANPP increased linearly with CO2 concentration in the sandy loam (R2 

= 0.32, p = 0.02) but not the black clay (R2 = 0.07, p = 0.27, Figure 2.3).  In the sandy loam, 

ANPP increased from about 500 to 800 g/m2 across the CO2 gradient, a 60% increase.  

(ANPP increased 30% from ambient levels of 390 ppm to future levels of 470 ppm CO2, 

from about 600 to 800 g/ m2.)  A similar pattern in ANPP was seen in 2008; ANPP 
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increased linearly with CO2 (and had a higher peak value) in the sandy loam but not the 

black clay.  Contrary to the hypothesis, plant productivity was more responsive to CO2 

and was greater at elevated CO2 in the sandy loam than the black clay soil. 

When our study was included with a survey of published ANPP responses to 

elevated CO2, there is a trend of greater ANPP responses on sandier soils (Appendix 1).  

The two soils with the greatest ANPP responses (from this study and Carney et al. 2007) 

had among the lowest clay content, 15% and 10% clay respectively.  The one soil with a 

negative response (also from this study) had 55% clay, among the highest clay content in 

the elevated CO2 literature.  Again, this is contrary to the hypothesis that plant 

productivity would increase more with elevated CO2 on more clay-rich soils. 

In the CO2 gradient experiment, belowground responses to CO2 and soil type 

were not predictable from aboveground responses.  Although ANPP increased linearly 

with CO2 in the sandy loam but not the black clay (Figure 2.3), data from the one-year 

laboratory soil incubation indicate linear responses to CO2 in the black clay but not the 

sandy loam.  Active microbial biomass (SIR) and Cmin rate were significantly higher in 

the black clay than the sandy loam at the start of incubation, (t-tests: p < 0.05, Figure 2.4).  

This is contrary to the hypothesis that decomposition would be slower in the black clay.  

SIR increased 18%, and Cmin rate increased 31% across the CO2 gradient in the black clay, 

suggesting decomposition rate was also more responsive to CO2 in the black clay than 

the sandy loam. 
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Figure 2.4: Upper panels: Active microbial biomass measured by substrate-induced 

respiration (SIR).  Lower panels:  Carbon mineralization rate (Cmin) at the start of the 

one-year soil incubation. 
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Figure 2.5: Carbon mineralization rate over one-year laboratory incubation, using a 

two-pool exponential model.  The figure shows a representative curve for one sandy 

loam sample and one black clay sample. 

Using data from the one-year incubation, the two-pool exponential model of Cmin 

rate was significant for all samples (p < 0.01, Figure 2.5) but better fit the sandy loam 

data (R2 > 0.91 for each CO2 level) than the black clay (R2 > 0.83 for each CO2 level).  

Based on the model results for active C pool size in our system (Figure 2.6), active C 

increased linearly by 75% across the CO2 gradient in the black clay, but there was no 

linear relationship between active C and CO2 in the sandy loam.  The model indicates 

that active C is roughly 0.03-0.07 g/kg soil mass in the sandy loam, and between 0.03-

0.09 g/kg soil in the black clay.  These estimates are lower than in other studies that used 

long-term incubation to measure active C.  Active C was estimated as low as 0.13 g/kg in 

forest soil (Haile-Mariam et al. 2000), as high as 4 g/kg in rangeland (Gill 2007) and 0.5 
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g/kg in agricultural soil (Collins et al. 2000).  Slow-cycling C had no linear response to 

CO2 treatment in either the black clay or sandy loam.  The model indicates that slow C is 

roughly 2 g/kg soil mass in the sandy loam and 3-9 g/kg in the black clay.  Again, these 

estimates are lower than in similar studies, which measured slow C as 7-10 g/kg (Haile-

Mariam et al. 2000, Gill 2007, Collins et al. 2000). 

 

Figure 2.6: Active and slow-cycling SOC pools as calculated by the incubation kinetics 

model. 
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Figure 2.7: Left:  SOC lost over the one-year incubation, expressed as a percent of 

initial SOC.  Right: SOC lability based on Cmin rate/g SOC at the start of incubation.  

Linear regression:  R2 = 0.53, p = 0.04. 

SOC loss over the one-year incubation, or cumulative C mineralization, suggests 

that sandy loam soils had more bioavailable SOC than black clay soils.  SOC 

measurements of pre and post-incubation samples showed 18-30% SOC loss in sandy 

loam soils, and 2-16% SOC loss in black clay soils (with one sample increasing by 3%, 

Figure 2.7, left panel).  The incubation model estimates for SOC loss were in a similar 

range:  15-20% loss in sandy loam, and 6-8% loss in black clay (data not shown).  

Measured SOC loss declined with CO2 treatment in the sandy loam, but modeled SOC 

loss increased with CO2 in the sandy loam.  Neither relationship was statistically 

significant (p = 0.07 in both cases).  In the black clay, both measured and modeled SOC 

loss had no linear relationship to CO2 treatment.  If SOC became more labile under 

elevated CO2 as hypothesized, the loss due to incubation might increase with CO2 
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concentration, but this was not supported by the data.  It is possible that the labile 

component of SOC which increased with CO2 (detected by the model as “active C”), was 

too small to make a difference in total SOC loss.  In the black clay, active C is about 

0.22% of total SOC, while slow C is about 19% of total SOC, nearly 100 times larger.  

Similarly, in the sandy loam, active C is about 0.67% of total SOC, while slow C is about 

23% of total SOC. 

Patterns in bioavailability of SOC estimated by the model are partially supported 

by calculating initial Cmin rate per g SOC, another index of bioavailability.  Cmin per g 

SOC was greater in the sandy loam compared to the black clay soil (Figure 2.7, right 

panel), indicating that the sandy loam had the most labile SOC.  Cmin rate/g SOC 

increased linearly with CO2 in the sandy loam but not in the black clay.  Although 

cumulative Cmin and Cmin /g SOC data agree that SOC was more bioavailable in the sandy 

loam than the black clay, Cmin /g SOC suggests SOC bioavailability increased with CO2 

treatment in the sandy loam, while the cumulative Cmin data suggests it did not change.  

Growing-season average soil respiration is an index of long term patterns in 

labile C availability and microbial activity.  Averaged across monthly measurements 

from May-September 2009, soil respiration increased linearly with CO2 treatment in the 

black clay but not the sandy loam (Figure 2.8).  Soil respiration in the black clay 

increased roughly 30% between 270-510 ppm CO2.  Mean soil respiration did not differ 

between the two soil types (t test, p = 0.78).  Soil respiration response to CO2 varied by 
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year; in 2008 it increased linearly in both soil types, with steeper slope in the sandy loam 

than the black clay soil.  If soil respiration indicates labile C and microbial activity 

response to CO2, these responses may also vary by year. 

 

Figure 2.8: Soil respiration in the field averaged over the 2009 growing season (May-

September). 

 

Figure 2.9:  Soil organic carbon after four years of CO2 treatment. 
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We used soil physical fractionation and combustion to test the hypothesis of 

greater C sequestration under elevated CO2 in the black clay compared to the sandy 

loam.  At the whole soil level, there was no CO2 effect on SOC concentration in either 

soil type (Figure 2.9).  However, some physical fractions of SOC responded to CO2.  In 

the black clay soil, coarse POM-C increased exponentially with CO2 concentration, a 

four-fold increase from about 50 to 240 g C/ m2 (Figure 2.10).  Coarse POM-C represents 

the youngest, most labile fraction of organic C, while fine POM-C is older and less labile, 

and mineral C is the oldest and most recalcitrant fraction.  In the sandy loam, coarse 

POM-C increased linearly with CO2, a 50% increase from 14 to 21 g C/ m2.  Fine POM-C 

also increased linearly with CO2 in the sandy loam.  Although total SOC did not change 

with CO2 in either soil, the coarse and fine POM-C responses suggest slight SOC gains 

with CO2, particularly in the black clay, consistent with the hypothesis that this soil 

would sequester more carbon in elevated CO2 than the sandy loam. 
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Figure 2.10: Organic C in physical fractions of the black clay soil (upper panels) and 

sandy loam (lower panels). 

 

2.4 Discussion 

We studied prairie soil organic carbon (SOC) responses to the CO2 gradient in 

two soil types:  a sandy loam, and a black clay.  The sandy loam contained about 1% 

SOC by mass, and the black clay contained about 3% SOC (Figure 2.9).  Although SOC 

was more concentrated in the clay, it was less bioavailable.  In a one-year laboratory 

incubation, the black clay soils lost 2-16% of their SOC, while the sandy loam soils lost 

18-30% of their SOC (Figure 2.7).  This supports the hypothesis that decomposition 
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would be slower in the clay soil due to physical protection of SOC.  SOC is composed of 

many materials, including dead leaf and root litter, living microbes and animals, as well 

as substances produced by soil organisms (Brady and Weil 2002).  Contrary to our 

predictions, total SOC did not respond to four growing seasons of CO2 treatment in 

either soil (Figure 2.9).  However, portions of SOC defined either by bioavailability or by 

physical fractionation did respond to CO2.  These SOC pool responses show support for 

a priming mechanism, especially in the black clay, but there was no evidence for 

priming-induced losses of SOC. 

Priming is a process where the addition of a substrate to soil either increases or 

decreases microbial decomposition of existing soil organic matter (Kuzyakov et al. 2000).  

Under CO2 enrichment, the increase in labile C input from roots might fuel greater 

microbial biomass, which decomposes more soil organic matter (SOM) to meets its 

metabolic needs (Cheng 1999).  Finzi et al. (2006) mention priming as an explanation for 

a consistent increase in labile C-degrading enzymes in forest soil under CO2 enrichment 

followed by an increase in recalcitrant C-degrading enzymes in the fourth and fifth year 

of CO2 treatment.  Carney et al. (2007) found that elevated CO2 soil from a scrub-oak 

ecosystem had a greater SOM decomposition response to added litter compared to 

ambient CO2 soil, and showed that soils with this greater priming response had greater 

loss of light fraction SOC. 
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In our study, the increase in plant productivity with rising CO2, particularly in 

the sandy loam soil, suggests an increased belowground supply of labile C which could 

start a priming response.  However, since labile SOC, microbial biomass, and microbial 

activity increased linearly with CO2 in the black clay but showed smaller or negligible 

CO2 response in the sandy loam (Figures 2.4, 2.6, 2.10), only the black clay has evidence 

for a priming mechanism.  Also, coarse POM-C, a labile physical fraction which could 

stimulate microbial growth, showed a much steeper increase with CO2 in the black clay 

than the sandy loam (Figure 2.10).  Soil respiration also suggested greater labile C 

availability and microbial activity response to CO2 in the black clay than the sandy loam 

(Figure 2.8).  Since soil respiration combines root and microbial respiration, these data 

suggest that root growth and/or C inputs to soil responded in a different manner to CO2 

than shoot growth in this system.  While aboveground plant productivity increased 

more with CO2 in the sandy loam, soil respiration increased more with CO2 in the black 

clay.  Although the increases in labile C, microbial activity, and microbial biomass with 

elevated CO2 suggest parts of a priming mechanism in the black clay, there was no 

evidence for a decline in recalcitrant SOC with CO2 that would suggest a priming effect 

(Figure 2.10).  The soil incubation also did not support a decline in slow-cycling SOC 

with CO2 (Figure 2.6).  If CO2 is producing a priming response in the black clay, perhaps 

it is too early in the experiment to detect losses in older SOC. 
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Besides changes in the quantity of plant inputs to soil, changes in their quality 

could also affect soil C accumulation under elevated CO2.  Plant community 

composition changed due to CO2 treatment in our study; in 2008 and 2009 there was a 

three-fold increase in the abundance of a dominant C4 grass, Sorghastrum nutans, and a 

decline in another C4 dominant, Bouteloua curtipendula, across the CO2 gradient in both 

soils (Polley et al. 2011).  However, since Sorghastrum had only 3-10% lower tiller [N] 

than Bouteloua, this community shift with CO2 likely had a small effect on soil N 

availability and therefore microbial activity.  At the same time, tiller [P] of these grasses 

plus a third dominant C4 grass declined more than 20% across the CO2 gradient in both 

soils (Polley et al. 2011).  If soil microbial activity is P-limited, as suggested by increased 

alkaline phosphatase activity with elevated CO2 in the sandy loam soil (Kelley et al. 

2011), tiller [P] decline across the CO2 gradient may have reduced the decomposition 

rate of aboveground litter, contributing to some accumulation of soil C. 

Another factor in soil C accumulation is soil moisture, which can affect 

decomposition rate.  Soil respiration can increase linearly with soil moisture in a 

grassland (Chou et al. 2008) and increased between 0 and 30% volumetric soil water 

content (SWC), but declined above 30% SWC in a tallgrass prairie on Houston Black clay 

soil (Mielnick and Dugas 2000).  In our experiment, soil type affected soil moisture due 

to differences in water-holding capacity.  Although the two soils we studied received the 

same volume of water each growing season by irrigation, soil water content was about 
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50% greater in the black clay than the sandy loam soil (Polley et al. 2012).  In addition, 

due to greater plant water-use efficiency at higher CO2, soil water content increased 24% 

across the CO2 gradient in the sandy loam and 7% across the gradient in the black clay.  

If moisture was driving decomposition responses to CO2, these values would suggest a 

greater response in decomposition across the CO2 gradient in the sandy loam than the 

black clay.  If soil respiration in our experiment followed the same soil moisture 

relationships as in Mielnick and Dugas (2000), it would increase across the CO2 gradient 

in the sandy loam, but decrease across the CO2 gradient in the black clay, being at above 

30% SWC for that soil type.  But since we observed a greater and positive decomposition 

response to CO2 in the black clay compared to the sandy loam, SOM quantity and 

quality, more than moisture, may have driven decomposition responses to CO2. 

Comparison to other CO2 experiments: shape of CO2 response.  A general 

pattern across elevated CO2 literature is that SOC in ecosystems changes with elevated 

CO2 only when paired with N fertilization (Hungate et al. 2009).  Our study supports 

this trend, as the ecosystem was unfertilized and showed no change in total SOC with 

CO2 enrichment.  However, we detected CO2 responses in rapidly-cycling pools of SOC, 

and their response shapes can be compared to other studies.  A preindustrial-to-future 

CO2 experiment in chaparral found a significant linear increase in soil C within water-

stable aggregates over a 250-650 ppm CO2 range, and a linear trend of increased total 

soil C with increased CO2 (Treseder et al. 2003).  Carbon within water-stable aggregates 
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may be more protected from decomposition than carbon in bulk soil (Treseder et al. 

2003).  A grassland experiencing a natural CO2 gradient (368-674 ppm) near a CO2 spring 

also showed increased SOC with CO2 concentration (Ross et al. 2000).  In that study a 

nonlinear model (y = a + bcx) described the relationship between each soil variable (y) 

and CO2 concentration (x) better than a linear model.  The linear model was significant 

for many variables including organic C, microbial C, and Cmin rate, which all increased 

with CO2.  In our study, SOC pools showed both linear and nonlinear responses to CO2.  

Microbial biomass and labile SOC in the black clay increased linearly with CO2, while 

coarse POM-C increased exponentially with CO2.  A main finding was that response 

shape, and the degree of response, differed by soil type. 

Our study can also be compared to a previous iteration of the CO2 gradient 

experiment, which showed nonlinear rather than linear soil carbon responses to CO2 

(Gill et al. 2006).  In that experiment, native grassland on one soil type was exposed to a 

preindustrial-to-future (200-560 ppm) CO2 gradient for four years.  Compared to 

pretreatment values, total SOC declined from ambient to subambient CO2, and had a 

small but nonsignificant increase from ambient to elevated CO2.  Nonlinear responses to 

CO2 also appeared in soil microbial biomass and soil respiration, which peaked at about 

440 ppm CO2 (Gill et al. 2006, 2002).  Our current study showed one nonlinear response; 

the exponential increase in coarse POM-C suggests a threshold at 450 ppm CO2.  

However, since microbial biomass and soil respiration did not show similar threshold 
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responses, different mechanisms may cause the nonlinear pattern in our current study 

compared to the previous study. 

Comparison to other CO2 experiments: effects of soil type.  Although soil 

type is well known to influence organic carbon accumulation, few elevated CO2 studies 

have included more than one soil type.  Studies which have included different soil types 

provide inconsistent results on the size of soil type effects.  In model beech-spruce 

ecosystems, four years of CO2 enrichment induced greater tree growth on a calcareous 

sand compared to an acidic loam, but greater net input of CO2 enrichment-derived C in 

the loam (Hagedorn et al. 2001, 2003).  The authors argue that C mineralization rates 

were higher in the sandy soil, leading to lower retention of new C inputs.  

Interpretations of total SOC sequestration are inconsistent in that study; at 10 cm depth, 

SOC concentration increased significantly with elevated CO2 in the acidic loam but not 

the calcareous sand (Hagedorn et al. 2001), but when the soils were physically 

fractionated, the calcareous sand had significantly higher SOC with elevated CO2 in the 

largest and smallest particle-size fractions, while the acidic loam was unchanged in any 

fraction (Hagedorn et al. 2003).  This discrepancy highlights the difficulty of measuring 

total changes in SOC, especially over a short time period.  In contrast, soil type did not 

appear to affect soil C sequestration in an annual grassland under elevated CO2 

(Hungate et al. 1997).  The study included two annual grasslands--one on sandstone-

derived soil and one on serpentine-derived soil.  Although the grasslands differed in 
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plant community and productivity, both had similar soil C responses to elevated CO2.  

The SOC pool size did not change significantly with CO2 in either grassland, and in both 

cases the actively cycling C pools increased under elevated CO2, including root, surface 

detritus, and microbial C pools. 

In our study, the effects of soil type were more like those in Hagedorn et al. 

(2001, 2003) in that soil type likely influenced SOC accumulation through the capacity to 

protect soil organic matter from decomposition.  Due to its higher clay content, the black 

clay in our study likely protected organic matter from decomposition to a greater extent 

than the sandy loam.  Consistent with this, the modeled active C pool (Figure 2.6) and 

the labile pool of coarse POM-C (Figure 2.10) both increased more with CO2 in the black 

clay than the sandy loam.  It is worthwhile to note that these examples of soil type 

effects on SOC responses to CO2 —our study and Hagedorn et al. (2001, 2003)—used 

model ecosystems, rather than naturally-occurring ecosystems.  To further study the 

effect of soil type on ecosystem response to CO2, it would be best to study the same 

ecosystem naturally formed on a variety of soil types, as done in Hungate et al. (1997). 

Future research.  The bioavailability or lability of soil organic matter may have 

implications for the feedback of SOM decomposition on climate warming.  According to 

kinetic theory, recalcitrant SOM decomposition would be more stimulated by warming 

than would labile SOM decomposition, since recalcitrant SOM requires more activation 

energy for decomposition (Hartley and Ineson 2008).  Accordingly, the temperature 
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sensitivity of soil organic matter decomposition has been negatively associated with its 

lability, both in a continental-scale survey of soils (Fierer et al. 2006) and in a laboratory 

manipulation of SOM lability (Hartley and Ineson 2008).  In our study, the lability of 

SOM can be estimated by calculating an initial carbon mineralization rate per unit SOC, 

or by measuring the percent of SOC lost over the one-year incubation (Figure 2.7).  Both 

of these approaches suggest that the sandy loam SOC was more bioavailable than the 

black clay SOC, and Cmin /g SOC suggests sandy loam SOC became more labile with 

increased CO2, while black clay SOC lability did not change with CO2.  We hypothesize 

that the Q10 (the increase in microbial respiration with a 10°C increase in temperature) is 

higher in the black clay than the sandy loam in this ecosystem, and that it may decline 

with increased CO2 in the sandy loam.  Therefore, SOM decomposition in the black clay 

may be more sensitive to warming, creating a stronger positive feedback on rising CO2 

than in the sandy loam.  CO2 enrichment could decrease this feedback to the extent that 

it makes SOM more labile.  Further study, perhaps in a CO2 x warming experiment, is 

necessary to test these hypotheses. 

Conclusion.  In this prairie ecosystem, increases in aboveground productivity 

with CO2 enrichment, coupled with increases in microbial biomass and soil carbon 

mineralization rate, support a priming mechanism.  Lack of CO2 response in recalcitrant 

organic C as well as total SOC suggest it may be too early in the experiment to detect 

priming-induced losses in SOC.  Microbial biomass and activity responses to CO2 
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appeared in the black clay but not the sandy loam, suggesting that soil properties can 

override CO2 effects on soil C cycling.  These results are consistent with other studies 

showing CO2 enrichment accelerates soil carbon cycling, and soil type alters ecosystem 

responses to CO2.  Therefore, landscape-scale models or predictions of SOC response to 

rising CO2 could be informed by better understanding of soil type variation and how 

CO2 response differs by soil type.  Our data indicate that grasslands on clay-rich soil 

may have more rapid soil carbon responses to rising CO2 than grasslands on sandy soil, 

and that soil carbon responses are not predictable by aboveground productivity 

responses.
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3. Does CO2 treatment induce microbial feedbacks on 
plant productivity?  

3.1 Introduction 

The effects of soil microbial communities on plant growth are evident in many 

ecosystems.  In agriculture, crop rotation reduces the growth of pathogenic, crop-specific 

microbes (Bever 1994).  The corn-soybean crop rotation in North America counteracts 

negative feedback from corn-specific versus soybean-specific root-feeding nematodes.  

Positive microbial feedbacks on plant growth are also well known.  Attempts to 

establish pines in Costa Rica failed until the trees were inoculated with appropriate 

ectomycorrhizal fungi, which improved root access to nutrients.  The success of other 

plants depends on the presence of symbiotic N-fixing bacteria (Bever 2003). 

Microbes also play a role in how plants respond to rising atmospheric CO2.  In a 

growth chamber experiment with shrub seedlings, Klironomos et al. (1998) showed that 

root growth responses to CO2 depended on the species of arbuscular mycorrhizal (AM) 

fungi used to inoculate the soil.  Elevated CO2 stimulated more root growth with Glomus 

inoculum compared to Acaulospora or Scutellospora inoculum.  Interestingly, other 

studies have demonstrated changes in abundances of these AM fungal genera due to 

CO2 enrichment (Treseder et al. 2003, Insam et al. 1999), suggesting a possible feedback 

loop between plant responses and microbial responses to CO2.  To test whether AM 

fungal communities that develop under elevated CO2 compared with ambient CO2 have 

different effects on plant growth, Gamper et al. (2005) isolated AM fungal strains from 
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grassland soil after 8 years of CO2 treatment.  In a laboratory experiment, they grew 

white clover with single-strain inocula from either elevated or ambient CO2.  After 73 

days of growth, plants inoculated with an elevated CO2 AM fungal strains had higher 

foliar N concentration and acquired more foliar N from soil than plants inoculated with 

an ambient CO2 strains.  This result suggests that plants grown under elevated CO2 can 

promote AM fungal strains that improve plant N nutrition. 

If CO2 enrichment causes plants to select for a functionally different microbial 

community, can this be tested with whole-soil inoculum, rather than single-strain 

inoculum?  In other words, are the findings of Gamper et al. (2005) true for the larger 

soil microbial community, which includes many species of fungi and bacteria?  Other 

studies have successfully measured plant-microbial feedbacks in whole-soil 

communities.  In a study of old-field grasses and forbs, Bever (1994) demonstrated that 

plants receiving whole-soil inoculum from a heterospecific plant grew larger than plants 

receiving whole-soil inoculum from a conspecific plant.  Later experiments found that 

AM fungal species (Bever 2002) or soil pathogens (Mills and Bever 1998) may have 

mediated this negative feedback.  Using a similar microcosm approach, our study 

explores the feedback between plants and grassland microbial communities grown 

under different CO2 levels. 

The microcosm experiment described here is linked to a larger field experiment 

in which a prairie ecosystem is exposed to a gradient of 250 to 515 ppm atmospheric 



 

40 

CO2.  Plant growth has consistently increased with CO2 concentration along the 

gradient, particularly in the sandy loam soil type.  In 2008, soil respiration increased 

linearly with CO2 in the sandy loam, suggesting increased belowground C availability at 

elevated CO2 from root growth and rhizodeposition.  Although soil N data was pending 

at the time of this study, we expected that N availability had decreased in the sandy 

loam due to plant N demand at elevated CO2.  These biogeochemical shifts suggest the 

following hypotheses, which we tested:  (1) the microbial community in the field will 

differ between elevated and subambient CO2; mycorrhizal and saprotrophic fungi that 

thrive in high-C, low-N environments will increase at elevated CO2, while bacteria that 

require lower-C, higher N environments will increase at subambient CO2; and (2) 

elevated CO2 will induce positive microbial feedback on plant growth and N uptake.  If 

elevated CO2 history has selected for a microbial community that meets higher plant N 

demand, plants receiving elevated CO2 soil inoculum will grow larger and have greater 

leaf N than plants receiving subambient CO2 soil inoculum.  We tested these hypotheses 

in a growth chamber experiment, which compared the growth of a dominant, obligately 

mycorrhizal plant species from the field experiment (Indiangrass, Sorghastrum nutans) on 

soil inoculum from either elevated CO2 or subambient CO2 sections of the field 

experiment. 
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3.2 Methods 

Study system.  The gradient experiment is described extensively in Fay et al. 

(2009).  It is located in Temple, Texas, USA (31°05’ N, 97°20’W).  Briefly, prairie 

vegetation is exposed to a gradient of atmospheric CO2 spanning from preindustrial 

(250ppm) to future (515 ppm) levels.  The gradient is created in two transparent, plastic-

covered “tunnels”, one from 515 ppm to ambient CO2, and the other from ambient CO2 

to 250 ppm.  There is a continuous flow of air down the length of each tunnel, and 

photosynthesis progressively depletes the air of CO2, creating the gradient.  The gradient 

exists from May through October (most of the growing season, which lasts from about 

March to October).  At the time of this experiment, the gradient had operated for three 

growing seasons. Vegetation in the gradient is a mixture of seven species of grasses and 

forbs (Sorghastrum nutans, Bouteloua curtipendula, Salvia azurea, Tridens albescens, Solidago 

canadensis, Schizachyrium scoparium, Desmanthus illinoensis) chosen to represent Texas 

Blackland prairie (Southern tallgrass prairie).  The obligately mycorrhizal C4 grass 

Indiangrass (Sorghastrum nutans, Hetrick et al. 1990, Hartnett and Wilson 1999) is a 

dominant species in the CO2 gradient plant community.  Soils in the gradient are 

contained in 1 m x 1 m x 1.5 m deep plots, for a total of 80 plots.  Three soil types are 

represented in the gradient, but the research described here uses only the sandy loam 

Alfisol (Bastrop series) because its coarser texture was the easiest to homogenize and use 

in a microcosm experiment.   
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Growth medium.  Potting soil of the Bastrop series was collected from the 

White Flint WMA site near Lake Belton in October 2008.  This site was the original 

source of Bastrop sandy loam soil used in the CO2 tunnel, collected in 2002.  The soil was 

air-dried, sieved (2mm), and autoclaved (121°C, 90min) twice, with two days between 

(44h) to allow cooling.  Autoclaving is often used to sterilize soil and has been used to 

create non-microbial control inocula in plant growth experiments (Mills and Bever 1998, 

van der Heijden et al. 1998, Miller et al. 2002) 

Collection of inoculum.  Bastrop soil was collected from eight monoliths in the 

tunnel on November 12, 2008: four subambient CO2 monoliths (two at 316 ppm and two 

at 289 ppm CO2) and four elevated CO2 monoliths (two at 490 ppm and two at 463 ppm 

CO2).  Two 2.5 cm diameter x 15 cm deep cores were taken per plot, near Indiangrass 

(Sorghastrum nutans) plants.  Indiangrass is the dominant plant species in the Bastrop 

plots in the tunnel.  Subambient and elevated CO2 cores were composited into one 

subambient CO2 inoculum and one elevated CO2 inoculum.  Roots in each inoculum 

were clipped to ~1 cm length to allow better homogenization throughout the inoculum.  

To create a non-microbial control, half of each inoculum was autoclaved (121°C, 90 min) 

twice, with one day between (30 h) for cooling.  Inocula were stored at 4ºC until use.  

Each inoculum was sampled for microbial biomass C and N determination before 

planting.  Microbial biomass C and N were determined using a chloroform-fumigation 

technique modified from Brookes et al. (1985).  Briefly, 5 g inoculum subsamples were 
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placed into ten replicate 50 mL centrifuge tubes, five for an immediate extraction, and 

five for an extraction following seven days of C2H5OH-free CHCl3 fumigation.  Samples 

were extracted with 2M KCl (Murage and Voroney 2007).  Microbial biomass C and N 

were estimated by the difference in extracted C and N following fumigation compared 

to that extracted initially.  This difference in extracted C or N was converted to microbial 

biomass using a C extraction efficiency (KC) of 0.45 (Murage and Voroney 2007, Wu et al. 

1990) and an N extraction efficiency (KN) of 0.69 (Brookes et al. 1985) 

Seedling establishment and growth conditions.  The experiment consisted of 

48 plants divided among 8 treatment combinations (n = 6 per treatment).  Treatment 

factors were inoculum source, autoclaving, and growth chamber CO2.  Each factor had 

two levels (elevated vs. subambient CO2 inoculum, live vs. autoclaved inoculum, 

elevated vs. subambient growth chamber CO2).  Plants were grown individually in 

tapered pots, 7.5 cm top diam., 5.5 cm bottom diam., and 15 cm tall.  Pots were 

disinfected using Prevent (Correlated Products, Indianapolis, IN), rinsed with deionized 

water, and filled with 390 g dry, autoclaved Bastrop soil, then layered with 20 g field-

moist inoculum.  Pots were watered with 100 ml autoclaved Nano-Pure water, then 

planted with three Indiangrass seeds.  Prior to planting, seeds were surface-sterilized for 

15 min using a 0.06% sodium hypochlorite solution, then rinsed twice with deionized 

water.  After germination, seeds were thinned to one seedling per pot.  In some cases 

this required transplantation from pots which had identical inoculum or from extra pots 
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which received no inoculum.  Seedlings were grown for two weeks (25 days) before 

starting the CO2 treatment. 

CO2 treatment began on 18 December 2008 and lasted 62 days, using four growth 

chambers (1 m3) in the Duke University Phytotron.  Two chambers received 475 ppm 

CO2 and two received 300 ppm CO2.  Phytotron CO2 levels were chosen to mimic the 

CO2 level originally experienced by the inocula in the Temple, TX CO2 tunnel.  

Phytotron CO2 levels were typically controlled to within 5% of the set point.  Chambers 

received light at 900 ± 6% μmol m2s-1, on a 14 h day/10 h night cycle.  Chamber 

temperature was 25ºC day/20ºC night.  To minimize chamber effects, pots were rotated 

within and between chambers every two weeks, with chamber CO2 levels changed 

accordingly.  Plants were watered with 75 ml Nano-Pure H2O approximately every 3 

days.  Two repeated tests of the Nano-Pure water yielded no microbial cultures on PDA 

agar. 

Harvest.  Individual plant heights were measured on day 0, 3, 6, then weekly 

until day 62.  Height was measured from the soil surface to the tip of the largest leaf.  

Plants were harvested on day 62 of CO2 treatment.  Aboveground and belowground 

biomass were dried and weighed.  Leaf C and N were determined by combustion gas 

chromatography (NC 2100, ThermoQuest Italia, S.p.A., Italy). 

Statistical analyses.  Prior to inoculation in the growth chamber experiment, 

inoculum microbial C and N were analyzed using two-way ANOVA (inoculum and 
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autoclaving) to determine main effects and interactions, followed by Tukey’s HSD test to 

further describe main effects.  Plant biomass and leaf N were analyzed with three-way 

ANOVA (inoculum, autoclaving, and growth chamber CO2) to determine main effects 

and interactions.  Plant growth was analyzed using repeated-measures ANOVA to 

determine main effects and interactions.  Factors were inoculum, autoclaving, CO2, time, 

and chamber.  Since plants were rotated between chambers throughout the experiment, 

chamber was included in the repeated-measures ANOVA but not the three-way 

ANOVA.  All statistical analyses were performed in R (R Foundation for Statistical 

Computing, Vienna, Austria, 2010) with the exception of microbial C and N analyses, 

which were performed in JMP version 7 (SAS Institute, Cary, NC). 

3.3 Results 

Microbial biomass was measured in soil inocula at the beginning of the 

microcosm experiment to determine microbial community differences between elevated 

and subambient CO2 inocula, and whether autoclaving created successful non-microbial 

controls.  Live elevated CO2 inoculum had about 50% more microbial C but only 10% 

more microbial N than live subambient CO2 inoculum (Figure 3.1).  Elevated CO2 

inoculum therefore had greater microbial C/N (C/N = 21) than subambient CO2 

inoculum (C/N = 16), which suggests a difference in microbial community composition.  

Fungal communities in the two inocula had similar composition (see Appendix 2), 

suggesting the inocula C/N difference was in non-fungal microbes or total fungal 
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abundance, rather than species composition.  Basidiomycota and Ascomycota were the 

two dominant fungal phyla, representing 76-77% and 18-20% of classified sequences, 

respectively.  Glomeromycota (AM fungi) and Chytridiomycota each represented < 1% 

of classified sequences.  Autoclaving reduced microbial N by more than 80% in both 

inocula (p < 0.001), and reduced microbial C by at least 40%, but significantly only in 

elevated CO2 inoculum.  Autoclaving therefore did not create truly sterile controls, but 

did reduce the microbial populations in both soils to a similar C and N content.  If CO2-

related microbial community differences cause differences in plant growth, this should 

be more apparent in the live treatments than in the autoclaved treatments. 
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Figure 3.1:   Inoculum microbial biomass C (left) and N (right) at the beginning of the 

growth chamber experiment.  Soil inocula (Elev, elevated CO2; Sub, subambient CO2) 

were sampled from the CO2 gradient experiment in Texas in November 2008.  L, live; 

A, autoclaved.  Means with different letters are significantly different by Tukey’s 

honestly significant difference (HSD) test (p < 0.05). 
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Plant heights at harvest (62 days of growth)
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Figure 3.2:  Final plant heights by inoculum type.  Means with the same letter are not 

significantly different  (Tukey’s honestly significant difference, p > 0.05).  Error bars 

show standard error (n = 12 per treatment, including both growth CO2 levels). 

The purpose of the microcosm experiment was to measure microbial effects on 

plant growth and N uptake, and determine whether microbial effects differed by 

inoculum source (elevated CO2 history vs. subambient CO2 history).  The microbial 

effect on plant growth is seen by comparing live and autoclaved inoculum treatments 

(Figure 3.2).  Plants receiving live elevated-CO2 inoculum grew 111% taller than plants 

receiving autoclaved elevated-CO2 inoculum (p < 0.05).  Plants receiving live 

subambient-CO2 inoculum grew 48% taller than those receiving autoclaved subambient-

CO2 inoculum, but the effect was not statistically significant.  Since plant height varied 

significantly with autoclaving (ANOVA, p < 0.01), these data suggest that the general 

microbial effect on plant growth is positive, and that elevated CO2 microbes have a 

larger effect on plant growth than subambient CO2 microbes.  Also, comparing only the 

live treatments, plant height was 57% greater in elevated CO2 inoculum than subambient 
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CO2 inoculum, but in the autoclaved treatments, plant height was 10% greater in 

elevated CO2 inoculum than subambient CO2 inoculum.  The greater difference in the 

live treatments, though not statistically significant, suggests that CO2-history effects are 

microbial. 
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Figure 3.3:  Plant growth during growth chamber experiment.  Average plant height 

for plants receiving elevated CO2 inoculum (circles) or subambient CO2 inoculum 

(triangles) is plotted over time of CO2 treatment in growth chambers.  Error bars are 

standard error. 

Microbial effects on plant height were also seen in growth over time (Figure 3.3).  

Across all treatments, plants receiving live inoculum grew faster than those receiving 

autoclaved inoculum (autoclaving x time  p < 0.01), indicating a positive microbial effect 

on plant growth.  Plants receiving elevated CO2 inoculum grew faster than plants 

receiving subambient CO2 inoculum, indicating a significant effect of inoculum source 

(repeated-measures ANOVA, inoculum source x time  p < 0.01).  The fact that this was 

significant across all treatments (both live and autoclaved) suggests that the effect of 
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inoculum source may have a non-microbial component.  Plants tended to grow larger in 

the elevated CO2 chambers, but the effect of growth CO2 was not statistically significant 

(CO2 x time p > 0.05). 
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Figure 3.4:  Plant biomass at the end of the microcosm experiment.  Inocula are EL 

(elevated CO2 live), EA (elevated CO2 autoclaved), SL (subambient CO2 live), SA 

(subambient CO2 autoclaved).  Results from both elevated and subambient CO2 

growth chambers are shown. 

Plant biomass at the end of the microcosm experiment showed similar trends to 

plant height, but the effects were not statistically significant (Figure 3.4).  Autoclaving 

the inoculum significantly reduced plant biomass, both in roots and shoots (ANOVA, p 

< 0.01).  This supports the finding in plant height that the microbial effect on plant 
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growth was positive.  Inoculum source had a marginally significant (p = 0.10) effect on 

aboveground biomass only.  As with plant height, shoot biomass was greater in elevated 

CO2 inoculum than subambient CO2 inoculum.  Again, the size difference between live 

and autoclaved inoculum for any treatment is assumed to be a microbial effect.  It is 

unlikely the complete microbial effect, since autoclaving did not fully sterilize the 

inocula, and microbes from the environment probably entered the inocula as the 

experiment proceeded. 
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Figure 3.5:  Left:  Total leaf N per plant at the end of the growth chamber experiment.  

Treatment averages plus standard errors are shown for plants grown in each inoculum 

type (n = 12, growth CO2 levels are combined).  Right:  Leaf N concentration at the end 

of the growth chamber experiment.  Inoculum codes follow the previous figures.  

Means plus standard errors are shown (n = 10 or 11 per inoculum combination). 

Plants with live inoculum had significantly higher total leaf N than plants with 

autoclaved inoculum (Figure 3.5, left panel).  Total leaf N per plant was six-fold higher 

in live versus autoclaved elevated-CO2 inoculum, and four-fold higher in live versus 

autoclaved subambient CO2 inoculum.  This suggests that for both inoculum sources, the 
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net microbial effect on plant N uptake is positive.  Total leaf N was also 28% greater in 

live elevated-CO2 than live subambient-CO2 inoculum.  Although this suggests that 

elevated CO2 microbes promoted more N uptake than subambient CO2 microbes, the 

effect is not statistically significant.  Growth chamber CO2 had no effect on total leaf N (p 

= 0.82). 

Although total leaf N per plant was higher in plants receiving live compared to 

autoclaved inoculum, N was less concentrated in live-inoculum leaves than autoclaved-

inoculum leaves (Figure 3.5, right panel).  This suggests a microbial effect of higher plant 

N uptake through larger, but less N-rich leaves.  Leaf N concentration was higher in 

plants receiving subambient CO2 inoculum compared to elevated CO2 inoculum (p = 

0.04), regardless of whether the inoculum was live or sterile.  This suggests non-

microbial effects from the inocula on leaf N concentration in addition to microbial 

effects.  There was no effect of growth chamber CO2 on leaf N concentration (p = 0.51). 

Our experiment was designed as a reciprocal “microbial transplant” experiment, 

testing the effects of both inoculum source and growth chamber CO2 on plant growth.  

Does the effect of elevated CO2 inoculum on plant growth depend on the CO2 

environment?  The same question can be asked for subambient CO2 inoculum.  The fact 

that neither height, biomass, leaf N nor leaf N concentration responded significantly to 

growth chamber CO2 suggests that for this experiment, inoculum effects were stronger 

than CO2 environment effects.  It is possible this is due to the plant species used.  Since 
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Indiangrass is a C4 grass, its photosynthetic rate should be less responsive to CO2 level 

than in C3 plants. 

3.4 Discussion 

Soil microbial community composition can change due to long-term CO2 

enrichment (Lipson et al. 2005, Treseder et al. 2003, 2005), but the functional 

consequences of these changes are rarely explored (Weber et al. 2011, Carney et al. 2007).  

In our study, soil microbial communities that received three growing seasons of either 

elevated CO2 or subambient CO2 in a grassland field experiment were subjected to a 

laboratory test for effects on plant growth.  We tested two hypotheses:  (1) in the field, 

the microbial community will differ between elevated and subambient CO2; mycorrhizal 

and saprotrophic fungi that thrive in high-C, low-N environments will increase at 

elevated CO2, while bacteria that require lower-C, higher N environments will increase 

at subambient CO2; and (2) elevated CO2 will induce positive microbial feedback on 

plant growth and N uptake.  Plants receiving elevated CO2 soil inoculum will grow 

larger and have greater leaf N than plants receiving subambient CO2 soil inoculum. 

In our experiment, plants receiving live soil inoculum had significantly greater 

mean height than plants receiving autoclaved soil inoculum, indicating a positive 

microbial effect on plant growth (Figure 3.2).  Plants receiving live inoculum from the 

elevated CO2 endpoint of the field CO2 gradient had 57% greater mean height than 

plants receiving live inoculum from the subambient CO2 endpoint of the field gradient, 
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but the difference was not significant.  This inoculum source effect was statistically 

significant for growth as measured by height across time (Figure 3.3).  A similar 

inoculum source effect appeared in plant biomass at the end of the growth chamber 

experiment, but this was not statistically significant (Figure 3.4). 

These trends suggest that the microbial community from elevated CO2 soil was 

more favorable to plant growth than the microbial community from subambient CO2 

soil.  We found that the microbial community at elevated CO2 was larger and also 

compositionally different from the community at subambient CO2.  The elevated CO2 

soil inoculum had greater microbial biomass and higher microbial C/N (= 21) than the 

subambient CO2 soil inoculum (C/N = 16) (Figure 3.1).  Studies have found increased 

microbial biomass with elevated CO2 in other ecosystems, including a chaparral (Lipson 

et al. 2005) and a grassland by a natural CO2 spring (Ross et al. 2000).  A higher 

microbial C/N under elevated CO2 also appeared in an artificial tropical ecosystem 

experiment (Insam et al. 1999).  Greater fungal abundance within the microbial 

community could explain the higher microbial C/N at elevated CO2.  Fungi tend to have 

a higher C/N ratio (5-15) than bacteria (3-6) (Wallender et al. 2003), so a microbial 

community with greater fungal abundance might have higher overall C/N.  This is 

consistent with our prediction that elevated CO2 favored fungal growth over bacterial 

growth.  Other experiments have also found greater fungal relative abundance within 

the microbial community under elevated CO2 (Lipson et al. 2005), though this is not 
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always the case (Insam et al. 1999, Zak et al. 2000b).  Quantitative PCR data from soil 

sampled in our field experiment in the previous year (July 2007) do suggest greater 

relative abundance of fungi at elevated CO2 (data not shown). 

Although the relative abundance of arbuscular mycorrhizal fungi (phylum 

Glomeromycota, Appendix 2) differed little between elevated and subambient CO2 

inocula, the 50% greater microbial biomass C in the elevated CO2 inoculum, as well as 

the greater fungal abundance suggested by the microbial C/N and quantitative PCR 

data, suggest greater total mycorrhizal abundance in the elevated CO2 inoculum 

compared to the subambient CO2 inoculum.  Mycorrhizal abundance often increases 

with elevated CO2 in field studies (Treseder 2004), likely as a plant response to acquire 

more soil nutrients (Rillig et al. 2000, Treseder 2005).  The plant species in our 

experiment, Sorghastrum nutans, is obligately mycorrhizal, and might benefit from 

greater mycorrhizal abundance.  Therefore greater mycorrhizal abundance in the 

elevated CO2 inoculum could contribute to its positive effect on plant growth in our 

experiment. 

Although our first hypothesis was supported in that microbial community 

composition differed between elevated and subambient CO2, other data from the field 

experiment do not support the hypothesis of decreasing N availability at elevated CO2.  

We focus on data from the sandy loam, the soil used in the microcosm experiment.  

Unexpectedly, soil inorganic N and P availability in the sandy loam increased across the 
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CO2 gradient in November 2008, the time of inoculum sampling (R. Gill, unpublished).  

Data from the field experiment are consistent with increasing C availability at elevated 

CO2, however.  Soil respiration, an index of microbial activity and therefore 

belowground C availability, increased linearly with CO2 concentration in the sandy loam 

in 2008.  In the same year, the biomass of C4 plants, and Indiangrass specifically, 

increased linearly with CO2 concentration in the sandy loam (W. Polley, unpublished).  

This increase in plant growth also suggests increased belowground C flow at elevated 

CO2.  Given that microbial C increased and microbial N remained constant while 

belowground C and N availability both increased between subambient and elevated 

CO2, the microbial community in this soil type may be C-limited. 

Comparison to microbial feedbacks in Gamper et al. (2005).  Our 

experiment produced both similar and contrasting results to that of Gamper et al. (2005), 

who tested how 8 years of CO2 enrichment affected mycorrhizal stimulation of plant 

growth and N uptake.   Like Gamper et al., we found that total plant dry weight was 

unaffected by inoculum type.  Unlike Gamper et al. we found that inoculum type did 

influence plant growth, as measured by height.  In our experiment, plants receiving 

elevated CO2 inoculum grew taller than those receiving subambient CO2 inoculum 

(Figure 3.2).  We did not find strong evidence for the improvement in plant nutrition 

found by Gamper et al.  In their study, plants receiving elevated-CO2 AM fungal strains 

took up more N from soil and had higher leaf N concentration than plants receiving 
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ambient-CO2 AM fungal strains.  In our experiment, leaf N concentration was actually 

lower in plants receiving elevated CO2 inoculum compared to subambient CO2 

inoculum (Figure 3.5), regardless of whether the inoculum was live or sterile.  The 

reasons for this are unclear.  It is possible that elevated CO2 soil inoculum had a negative 

feedback on plant nutrition in our experiment, but a positive feedback in Gamper et al.’s 

study.  The two experiments use different plant species to test for microbial feedback; 

Gamper et al. used white clover, an N-fixing legume, while we used Indiangrass, a C4 

grass.  Also, Gamper et al. specifically tested the effect of AM fungal isolates on plant 

growth, while we did not isolate specific microbial species but tested the soil microbial 

community as a whole.  We did find that total leaf N was 28% higher in plants receiving 

elevated CO2 inoculum than in plants receiving subambient CO2 inoculum, but the effect 

was not statistically significant (Figure 3.5).  Together, these data suggest that plants 

receiving elevated CO2 inoculum may have taken up slightly more soil N in our study, 

but due to faster growth, leaf N was less concentrated than in plants receiving 

subambient CO2 inoculum. 

Photosynthetic enzymes including Rubisco contain a large proportion of leaf N 

(Leuning et al. 1995), and maximum photosynthetic rate has been modeled as a linear 

function of leaf N concentration (Leuning et al. 1995, Luo et al. 1994).  Since plants 

receiving elevated CO2 inoculum had lower leaf N concentration in our experiment, this 

suggests their capacity to capture CO2 and grow might also be lower than in plants 
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receiving subambient CO2 inoculum.  However, plants receiving elevated CO2 inoculum 

tended to be larger and have more biomass than those receiving subambient CO2 

inoculum.  Leaf N effects on plant carbon uptake may have been offset by other 

inoculum effects, such as the presence of mycorrhizae or parasitic microbes; or leaf N 

differences might have appeared after significant plant growth, late in the experiment.  

Also, since Sorghastrum nutans leaf [N] of did not change along the field CO2 gradient 

(Polley et al. 2011), different mechanisms may have created the leaf [N] differences 

between inoculum treatments in the microcosm experiment compared to the field 

experiment.  The microcosm experiment is by necessity a simplification of the field 

experiment, and factors such as soil volume, presence of other plant species, and 

experiment duration could lead to a diverging outcome in the field experiment. 

Comparison to other studies of microbial feedback on plant growth.  

Other studies have found examples of microbial feedback on plant growth from a whole 

soil community.  Bever (1994) found that plants in an old field can select for a soil 

community which provides negative feedback on their own growth relative to growth of 

other plant species.  The accumulation of plant species-specific soil pathogens is one 

possible explanation for this effect (Mills and Bever 1998), and the accumulation of 

mycorrhizae that promote the growth of a heterospecific plant (Bever 2002) is another 

possible explanation.  As with Bever’s 1994 study, we tested microbial feedback from 

whole-soil inoculum, but with feedback effects operating through a different 
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mechanism.  We expect that plant physiological responses to CO2, rather than plant 

species differences, have altered the soil community because inocula were collected 

beneath Indiangrass plants in the field CO2 gradient. 

Comparing studies of microbial feedback can indicate how long it takes an 

environmental stimulus to functionally change a microbial community, and how long it 

takes the community to produce a feedback response.  Soil communities have been 

found to differentiate due to host plant species in as little as 5 months (Bever 2002), and 

feedbacks from differing soil communities in a plant growth experiment have been 

found in as little as 9 weeks (Gamper et al. 2005).  In our study, we studied soil 

communities that have differentiated, presumably due to plant physiological changes, 

under 3 years of CO2 treatment.  We detected feedbacks on plant growth in an 8 week 

growth chamber experiment.  The microbial feedbacks may subtle due to the short 

duration of the growth chamber experiment. 

Linking change in microbial community composition to function.  It is 

challenging to link changes in microbial community composition to function.  In our 

experiment, a change in microbial community composition, a change in microbial 

population size (biomass), or both may have caused feedbacks on plant growth.  

Although microbial C/N was higher in the elevated CO2 inoculum, suggesting a 

different microbial community composition from the subambient CO2 inoculum, total 

microbial C was also higher in the elevated CO2 inoculum compared to subambient CO2 
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inoculum.  It is difficult to say whether the change in microbial feedback was due to a 

particular microbial group increasing in abundance (such as mycorrhizal fungi), another 

group decreasing in abundance (such as a root pathogen), or both. 

Although our study demonstrated CO2-specific microbial effects on plant 

growth, there may be an abiotic component to the effects.  We made the soil inoculum a 

small proportion of the total soil used in the microcosm pots to reduce abiotic effects, 

but it is possible that elevated CO2 changed nutrient availability or aggregation in the 

soil inoculum in a way that affected plant growth.  Also, autoclaving soil, albeit a 

standard method for creating non-microbial control inoculum (Miller et al. 2002, Mills 

and Bever 1998, Van der Heijden et al. 1998), reduced microbial biomass C in this 

experiment by only 40-60%.  The remaining microbial biomass in the autoclaved 

treatments makes it difficult to separate abiotic effects from biotic effects. 

Conclusion.  We found suggestive evidence that CO2 treatment can change how 

soil microbes affect the growth of a prairie grass.  We detected CO2-specific microbial 

feedbacks on plant growth, but the effects were small—significant when measuring 

plant height response, but not when measuring biomass response.  We also found that 

CO2-specific feedback changes leaf N concentration, but in a direction contrary to our 

original hypothesis.  Plants receiving elevated CO2 inoculum had significantly lower leaf 

N concentration than plants receiving subambient CO2 inoculum.  Although total leaf N 

was greater in plants with elevated CO2 inoculum compared to subambient CO2 
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inoculum, the effect was not statistically significant.  Therefore our experiment does not 

support the hypothesis that the elevated CO2 soil community promotes plant nutrition, 

at least for Indiangrass (Sorghastrum nutans).  In grassland ecosystems, future levels of 

CO2 may alter plant growth and inputs to soil in ways that cultivate a different microbial 

community.  Further research would be needed to determine how feedbacks from that 

community on plant growth are affected by the warmer environment expected under 

future CO2 levels. 
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4. Soil type structures fungal community responses to 
past and future CO2 

4.1 Introduction 

As the “recycling unit” of an ecosystem, soil is home to a complex array of 

microbial processes, including decomposition and nutrient acquisition, as well as 

numerous plant-microbial symbioses.  Soil fungi are central to these processes and to 

symbioses such as mycorrhizae. Incapable of photosynthesis, fungi acquire nutrients by 

secreting digestive enzymes into the soil, or by tapping plant roots as a carbon source.  

By decomposing organic matter and releasing nutrients to plants, fungi can regulate the 

rate of ecosystem C cycling.  Fungal abundance and community composition can affect 

this rate, as decomposition of complex soil carbon requires a greater diversity of 

enzymes than individual species can supply (Sinsabaugh 2005, Allison et al. 2007). 

The soil fungal community could change in form and function as atmospheric 

CO2 increases.  Many studies have found increased fungal abundance with elevated 

CO2.  Soil fungal:bacterial ratio increased in a scrub-oak ecosystem under CO2 

enrichment, and fungal abundance was correlated with lignin-degrading phenol oxidase 

enzyme activity in this ecosystem (Carney et al. 2007).  Fungal abundance increased with 

CO2 enrichment in a chaparral ecosystem as well (Lipson et al. 2005), although in other 

ecosystems this is not always the case (Insam et al. 1999, Zak et al. 2000b).  The 

abundance of mycorrhizal fungi in particular is predicted to increase as atmospheric 

CO2 rises.  Plants will likely capture and shuttle more atmospheric C to roots, as well as 
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take up more soil N and P for their increased growth.  Under elevated CO2, plants might 

increase their number of mycorrhizal associations, which would benefit from the 

increased root C supply in exchange for increased root access to soil N and P.  

Mycorrhizal abundance increased about 47% across 14 elevated CO2 field experiments 

(Treseder 2004). 

Fungal diversity could also change with rising CO2, but experimental evidence 

for this is mixed.  Fungal species are often defined using a percent similarity cutoff for a 

conserved gene, creating an operational taxonomic unit (OTU).  OTU richness of a 

fungal cellulose-degrading enzyme (cellobiohydrolase I) increased in an aspen 

plantation and in the root zone of creosote after 10 years of CO2 enrichment, but showed 

no response to elevated CO2 in scrub oak/palmetto, loblolly pine, or marsh ecosystems 

(Weber et al. 2011).  Cellobiohydrolase I is an extracellular enzyme used in decomposing 

soil organic matter, and is widespread among Ascomycete and Basidiomycete fungi 

(Edwards et al. 2008, Weber et al. 2011).  Similarly, species richness and Shannon 

diversity of pine forest ectomycorrhizal communities was unaffected by 6 years of CO2 

enrichment, relative abundances of dominant taxa changed with CO2 (Parrent et al. 

2006).    

Although the effects of rising CO2 are expected to be gradual, few elevated CO2 

studies have tested a range of CO2 levels.  Two studies provide insights on how soil 

fungi might respond to a gradient of CO2:  a grassland by a natural CO2 spring, 
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experiencing a 368-674 ppm CO2 gradient (Rillig et al. 2000), and an open-top chamber 

experiment in chaparral, spanning 250-750 ppm CO2 (Treseder et al. 2003).  In the 

grassland, hyphal length of arbuscular mycorrhizal (AM) fungi increased linearly with 

CO2, a nearly four-fold increase across the gradient.  In the chaparral, AM fungal hyphal 

length in water-stable soil aggregates increased linearly up to 650 ppm CO2 (about a six-

fold increase in hyphal length), but declined at 750 ppm.  Taxonomic shifts were also 

observed, with Glomus being the dominant AM fungal genus at 350 ppm, while 

Scutellospora and Acaulospora became dominant at elevated CO2.  Our study expands on 

these two studies by examining responses of the broader fungal community in a 

grassland exposed to a preindustrial-to-future (250-500 ppm) CO2 gradient. 

Our study also addresses the uncertainty of how soil type influences fungal 

responses to CO2.  Soils can select for different microbial communities due to differences 

in organic matter, pH, texture, and cation exchange capacity (Garbeva et al. 2004).  Few 

elevated CO2 studies include more than one soil type, however (Rillig et al. 1999, 

Hagedorn et al. 2003, Fay et al. 2009).  If different soil types favor different fungal 

communities, the effects of CO2 enrichment on fungi may depend on soil type.  For 

example, the AM fungal genus Glomus has been associated with clay-rich soil, while 

genus Gigaspora is associated with sandy soil in several ecosystems (Lekberg et al. 2007, 

Landis et al. 2004, Johnson et al. 1992).  Our study expands on these studies by 

examining both AM fungal and broader fungal community responses to CO2 on two 
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contrasting soil types:  a black clay and a sandy loam, both represented along the 

experimental CO2 gradient. 

A survey of elevated CO2 field experiments (Table 4.1) suggests a conceptual 

model for how elevated CO2 might affect the soil fungal community in our ecosystem.  

Most studies mention increased plant productivity, including root biomass, as a driver 

of fungal responses.  Many studies hypothesize that increased root litter and exudation 

affect fungi due to an increase or chemical change in C substrate entering soil (Drissner 

et al. 2006, Weber et al. 2011, Chung et al. 2007).  This may lead to faster soil C cycling, 

since fungal enzyme production, including cellulolytic enzymes, can be stimulated by 

substrate availability (Chung et al. 2007).  Increased root biomass could also mean 

additional colonizable sites for mycorrhizal and rhizosphere fungi, and greater root C 

could allow more new species to invade, increasing fungal diversity (Parrent et al. 2007, 

Weber et al. 2011).  Other hypothesized drivers of fungal responses to CO2 are soil N and 

P availability, which can decline as plant productivity increases (Treseder 2005, Gill et al. 

2006, Luo et al. 2004).  Mycorrhizal species differ in nutrient requirements, and low-N 

adapted genera such as Scutellospora may peak at elevated CO2, while genus Glomus, 

which has greater N requirement, might peak at subambient CO2 (Treseder 2005).  

Under N limitation, plants might also promote greater mycorrhizal species richness, 

which more efficiency acquires soil nutrients due to complementarity (Parrent et al. 

2007).
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Table 4.1: Fungal responses to elevated CO2 in field experiments, and hypothesized mechanisms 

Ecosystem Fungal response to elevated CO2 Hypothesized mechanism Reference 

Desert shrub, Aspen, 
Loblolly pine, Scrub 
oak, Tidal marsh 

Cellulolytic enzyme diversity increased 
or showed no response, depending on 
ecosystem 

Increased root C exudation; also fungal community 
difference by ecosystem type 

Weber et al. 2011 

Pine forest Relative abundance of dominant EM 
fungi, but not species richness, changed 
with elevated CO2.  EM communities 
grew more dissimilar with elevated CO2 

Greater fine root biomass increased the number of 
colonizable sites for EM fungi; also, greater 
resource availability with elevated CO2 increased 
the opportunity for new species to invade 

Parrent et al. 2006 

Chaparral AM fungi shifted from Glomus 
dominance at low CO2 to Scutellospora 
and Acaulospora dominance at high CO2; 
AM hyphal length in bulk soil did not 
increase with elevated CO2 

Decreased N availability at elevated CO2 may 
explain AM fungal community shift.  Collembola 
increased with elevated CO2, and may be eating 
the AM fungal hyphae, reducing apparent CO2 
response in their length. 

Treseder et al. 2003, 
Treseder 2005 

Aspen (Populus 
tremuloides) 

Fungal abundance in PLFA profiles did 
not change with CO2 in low-N or high-N 
soil 

Increased production and changed chemistry of 
plant compounds entering soil 

Zak et al. 2000b 

Grassland AM fungal hyphae increased linearly 
across a natural CO2 gradient 

Resource balance model: greater aboveground 
resources (CO2) leads plants to allocate more 
carbon to acquiring belowground resources, as 
through increased mycorrhizal symbiosis 

Rillig et al. 2000 

Grassland Elevated CO2 did not affect soil microbial 
community composition or biomass 

Greater plant productivity with elevated CO2 
increases organic C input into soil, particularly 
cellulose, stimulating cellulolytic enzyme activity 

Chung et al. 2007 

Grassland Elevated CO2 increased microbial 
biomass and enzyme activities.  Elevated 
CO2 stimulated bacterial biomass but 
decreased fungal biomass 

Change in quantity and type of root litter and 
rhizodeposition 

Drissner et al. 2007 
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Several of these drivers suggested by the literature are present in our CO2 

gradient experiment, leading to three predictions about how fungal communities might 

respond to CO2 treatment on the two soil types.  First, carbon availability might drive 

community shifts with CO2 due to increased root growth and rhizodeposition.  Labile C 

pools have increased with elevated CO2 in the black clay soil (Chapter 2), which could 

relieve C limitation, allowing additional fungal species to colonize.  Therefore, we 

predict that fungal species richness will increase with elevated CO2 in the black clay but 

not the sandy loam.  We also predict faster decomposition rates in the black clay, as the 

increase in labile C could stimulate fungal enzyme production.  Second, nitrogen 

availability could drive fungal responses to CO2.  Inorganic N availability in the black 

clay soil declined with increasing CO2 in the year we sampled fungal communities 

(Kelley et al. 2011).  Recalcitrant N-degrading enzyme activity also increased with 

elevated CO2 in the black clay, suggesting N limitation (Kelley et al. 2011).  We predict 

that the AM fungal community could shift along the N-availability gradient, from 

Glomus being dominant at subambient CO2 to Scutellospora being dominant at elevated 

CO2.  Finally, P limitation could promote greater mycorrhizal abundance at elevated 

CO2.  Aboveground productivity (Chapter 2) and soil alkaline phosphatase activity both 

increased linearly with CO2 in the sandy loam but not the black clay, suggesting plant 

demand may be creating soil P limitation.  We predict plants will relieve P limitation by 

stimulating greater mycorrhizal abundance in the sandy loam soil. 
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4.2 Methods 

Study system.  The research was conducted at a prairie CO2-enrichment facility 

operated by the USDA-ARS Grassland Soil and Water Research Laboratory in Temple, 

TX (Fay et al. 2009, Kelley et al. 2011).  The facility consists of two elongated “tunnels” 

covered in clear plastic.  Air is fanned across each tunnel, and plant photosynthesis 

progressively depletes the air of CO2.  CO2-enriched air is injected in one tunnel to create 

an elevated CO2 gradient (515-380 ppm); ambient air is injected into the other tunnel to 

create a subambient CO2 gradient (380-250 ppm).  Computer control of fan speed 

maintains each gradient despite varying photosynthesis.  At night, the direction of 

airflow is reversed, and the CO2 gradient is maintained by plant and soil respiration.  

The gradient is 130 ppm higher at night, running from 380-500 ppm and 500-620 ppm in 

the subambient and elevated tunnels, respectively. 

We focus on two soil types installed throughout the gradient:  a sandy loam 

Alfisol (Bastrop series) with up to 15% clay and 60-73% sand in the upper 50 cm, and a 

black clay Vertisol (Houston series) with up to 55% clay in the upper 50 cm.  Soils were 

excavated as intact monoliths from sites near the facility, placed in underground metal 

boxes (1m x 1m x 1.5m deep) within each tunnel, and herbicided to remove existing 

vegetation.  In 2003, the boxes were planted with a mixture of perennials (grasses and 

forbs) representative of Texas Blackland Prairie:  Sorghastrum nutans, Bouteloua 

curtipendula, Salvia azurea, Tridens albescens, Solidago canadensis, Schizachyrium scoparium, 
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and Desmanthus illinoensis.  This ecosystem, found nearby the experimental site, is 

known for the black color of its fertile soil.  CO2 treatment began in 2006, and typically 

extends from April-October, a portion of the growing season where photosynthesis is 

strong enough to maintain the CO2 gradient. 

Soil sampling and DNA extraction.  We sampled soil in July 2009 and 

November 2008 to study the effects of CO2 treatment and soil type on fungal 

communities.  Soil cores from July 2009 represent the middle of the fourth growing 

season of CO2 treatment, and were taken from the black clay soil at 6 CO2 concentrations 

between 271-514 ppm, and from the sandy loam at 8 CO2 concentrations between 290-

480 ppm.  The CO2 gradient is divided into 20 sections, each containing four plots, two 

of one soil type and two of another.  Cores 3 cm deep were taken with a 1-cm-diameter 

cork borer, then composited for each soil type within a CO2 gradient section as one 

sample representing one CO2 concentration.  Soil samples were stored at -80°C prior to 

analysis.  Soil cores from November 2008 represent soil inocula from the microbial 

feedback experiment (details in Chapter 3).  These inocula contain soil with ~475 ppm 

CO2 history and soil with ~300 ppm CO2 history.  November 2008 cores were from the 

sandy loam, taken near Indiangrass (Sorghastrum nutans) plants, the dominant plant 

species in that soil type within the CO2 gradient. 

DNA was extracted from all soil samples using a PowerSoil DNA kit (MO BIO 

Laboratories, Carlsbad, CA, USA).  Three replicate DNA extractions, each using 0.25 g 
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soil, were performed on each composited soil sample at a given CO2 level for a total of 

48 extractions (8 black clay samples and 6 sandy loam samples from July 2009, and 2 

sandy loam samples from November 2008, each extracted three times).  DNA was eluted 

in autoclaved NANOpure water (Barnstead International, Dubuque, IA) and stored at -

20°C. 

Cloning and Sequencing of AM fungi.  A nested PCR approach, modified from 

Pivato et al. (2007), was used to selectively amplify ribosomal DNA from communities of 

arbuscular mycorrhizal fungi in the July 2009 samples.  The first PCR amplification used 

the general eukaryotic primers LR1 and NDL22 (van Tuinen et al., 1998), and its PCR 

product was used as the template for a second PCR amplification with the AM fungal-

specific large ribosomal subunit primers LR1 and FLR4 (Gollotte et al., 2004).  The final 

product was ~700 bp.  The first PCR had initial denaturation at 95°C for 15min, 30 cycles 

of 94°C for 45s, 60°C for 45s, 72°C for 45s, followed by final extension at 72°C for 5min.  

Each 25 μl reaction contained 3 μl template DNA (1 μl from each of 3 replicate extracts 

per soil sample), 1 μl bovine serum albumin, 0.5 μl Apex Hot Start DNA polymerase, 1 

μl MgCl2, 4 μl dNTPs, 1.25 μl each primer, 2.5 μl 10x Apex Buffer I, and 10.5 μl water.  

Stock concentrations were as follows:  10 mg/ml BSA, 5 units/μl DNA polymerase, 50 

mM MgCl2, 1 mM dNTPs, 10 μM each primer.  For the second PCR, the first PCR 

product was diluted 1:1000 (black clay soil) or 1:100 (sandy loam soil) and used as 

template.  A more concentrated template was used for the sandy loam soil because in 
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initial tests, more dilute template yielded less product (or no product) compared to the 

black clay soil DNA.  This suggests that AM fungal DNA was less abundant in the 

sandy soil, or that the second round primers amplified less efficiently in DNA extracts 

from the sandy loam.  The second PCR was identical to the first, except it used 26 cycles 

rather than 30, and each 25 μl reaction contained 6 μl diluted template rather than 3 μl. 

The second PCR product was cloned in E. coli using a TOPO-TA cloning kit 

(Invitrogen, Carlsbad, CA).  At least 50 clones per sample were amplified using a colony 

PCR protocol (O’Brien et al. 2005).  Colony PCR products were purified using the 

ExoSAP-IT kit (Affymetrix, Santa Clara, CA).  Cycle sequencing was performed using 

the M13F forward primer and BigDye v3.1 chemistry (Life Technologies, Carlsbad, CA). 

AM fungal sequence editing and diversity analysis.  AM fungal sequences 

were edited using Sequencher 4.9 (Gene Codes, Ann Arbor, MI).  All sequences were 

BLAST-searched against the NCBI database, and non-Glomeromycota sequences were 

removed (< 5% of all sequences) for a final dataset of 50 sequences per sample.  A 

multiple sequence alignment was constructed and manually edited in Mesquite, using 

Clustal W2 (Maddison and Maddison 2010, Larkin et al. 2007).  The edited aligned 

sequences were clustered in Mothur (Schloss et al. 2009) using a 95% similarity and 

furthest neighbor definition for operational taxonomic units (OTUs).  This 95% similarity 

cutoff estimates species richness more conservatively than 97%, and better matches the 

OTUs defined by Pivato et al. (2007), who used a similar nested PCR approach to 
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sequence AM fungi in soil samples.  Diversity analyses for our samples were performed 

in PC-ORD 6 (MJM Software, Gleneden Beach, OR).  We used non-metric 

multidimensional scaling (NMS) and a Mantel test to determine the effects of CO2 and 

soil type on community composition. 

Pyrosequencing of the broader fungal community.  We performed 454 

pyrosequencing of the broader fungal community in both the July 2009 and November 

2008 samples.  We used the fungal-specific primer ITS1f (Gardes and Bruns 1993) and 

the general-eukaryotic primer ITS2 (White et al. 1990) to amplify the first internal 

transcribed spacer region of the rRNA gene.  Primers included a unique 10 nt barcode 

for each sample.  The PCR protocol was as follows:  initial denaturation at 95°C for 15 

min, ten touchdown cycles of 94°C for 45s, 60°C for 30s (declining 1°C with each cycle), 

72°C for 45s, followed by 25 cycles of 94°C for 45s, 50°C for 30s, 72°C for 45s, with final 

extension at 72°C for 10 min.  The 25 ul PCR contained 3 ul template DNA (1 ul from 

each of 3 replicate extracts per soil sample) and was otherwise identical to the AM 

fungal PCR reactions mentioned above.  The amplicons, about 350-400 bp long, were 

sequenced unidirectionally from the ITS1f primer on a Roche 454 GS-FLX system using 

Titanium and LibL chemistry (454 Life Sciences, Branford, CT). 

ITS sequence editing and diversity analysis.  We used the bioinformatics 

software Mothur to trim and analyze sequences (Schloss et al. 2009). After screening for 

quality, removing primer sequences, and eliminating sequences shorter than 180 nt, the 
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dataset contained 20371 sequences, with each soil sample (out of 16 total) representing 

about 1000 sequences.  The average sequence length was 223 nt.  After producing a 

distance matrix based on pairwise alignment of sequences, we clustered sequences at 

97% similarity using average-neighbor linkage.  This similarity cutoff is often used to 

define fungal species based on the ITS region (O’Brien et al. 2005, Buee et al. 2009, 

LaTuga et al. 2011).  To compare species richness, communities were rarefied to a 

common size of 800 sequences.  Further diversity analyses for our samples were 

performed in PC-ORD 6 (MJM Software, Gleneden Beach, OR).  We used non-metric 

multidimensional scaling (NMS) and a Mantel test to determine the effects of variables 

including CO2 and soil type on community composition.  Community distance for the 

NMS and Mantel test was calculated using Bray-Curtis dissimilarity of OTU relative 

abundances.  The Mantel test measured correlation between a community distance 

matrix and soil type difference matrix, coded as 0 if samples shared the same soil and 1 

if they did not. 

ITS sequence taxomonies were analyzed using a BLAST-based classifier program 

described by LaTuga et al. (2011).  The 20371 sequences trimmed in Mothur were 

classified using a database of > 600,000 ITS sequences downloaded from NCBI.  After 

excluding sequences with < 75% maximum identity to a database sequence, the first 

match with the highest E-value was used for identification.  The classified sequences 
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were grouped by Phylum, Class, Order, Family, and Genus, and tabulated abundances 

were used to represent community composition. 
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4.3 Results 

A. 

 

B. 

 
Figure 4.1: The species richness of AM fungal (A, Sanger sequencing) and fungal ITS 

(B, pyrosequencing) communities in the sandy loam and black clay soils.  AM fungal 

OTUs are defined at 95% similarity, while fungal ITS OTUs are defined at 97% 

similarity.  All ITS libraries were rarefied to 800 sequences to calculate OTU richness, 

which increased linearly with CO2 in black clay soil (p = 0.035, R2 = 0.71). 
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AM fungal communities.  Sanger sequencing of 6 black clay and 6 sandy loam 

soils from July 2009 produced a total of 600 AM fungal sequences, 50 from each clone 

library.  All sequences matched genus Glomus in a Blast search against the NCBI 

database, but at least 4 genera were suggested by a phylogeny using the recently revised 

AM fungal taxonomy (Schüßler and Walker 2010, Kruger et al. 2012, see Appendix 3).  

The sequences grouped into 104 operational taxonomic units (OTUs) using a 95% 

similarity, furthest neighbor definition.  The two soil types did not differ significantly in 

AM fungal OTU richness (t-test, p = 0.61).  When both soil types are considered together, 

OTU richness followed a U-shaped trend with CO2 level:  communities below 300 ppm 

CO2 had about 20 OTUs, communities at ambient CO2 (380 ppm) had about 10-15 OTUs 

and communities at or above 500 ppm had 20-25 OTUs (Figure 4.1A).  As predicted, 

species richness increased from ambient to elevated CO2, suggesting higher C-

availability favored greater fungal diversity; however, species richness also increased 

between ambient and subambient CO2, contrary to our prediction.  Therefore C 

availability is not sufficient to explain AM fungal diversity responses across the entire 

CO2 gradient; some other factor is likely involved. 

Pyrosequencing of the same soils sampled for AM fungal communities produced 

20371 ITS sequences representing the broader fungal communities.  These sequences 

grouped into 792 OTUs using a 97% similarity, average neighbor definition.  As with 

AM fungal communities, ITS fungal OTU richness did not differ by soil type (t test, p = 
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0.93).  However, unlike the AM fungal communities, the broader fungal communities in 

the black clay soil increased linearly in species richness with CO2 treatment.  Since labile 

C increased with elevated CO2 in the black clay soil but not the sandy loam, the fungal 

ITS OTU data support the hypothesis that increased soil C promotes greater fungal 

diversity as CO2 increases.  Linear regressions against CO2 were not significant for 

fungal species richness in the sandy loam soil, or for AM fungal species richness in 

either soil.  When data from both soils are combined, the U-shaped pattern of species 

richness in both AM fungi and broader fungi has low statistical significance (Figure 

4.1A, both panels of 4.1B); a quadratic model fits the AM fungal data poorly (R2 = 0.37, p 

= 0.12) and fits the broader fungal data marginally (R2 = 0.34, p = 0.09).  The C availability 

hypothesis best explains fungal ITS diversity response to CO2 in the black clay, but does 

not explain why fungal ITS species richness increased from ambient to subambient CO2 

in the sandy loam, or why AM fungal species richness increased from ambient to 

subambient CO2 in either soil type. 
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Figure 4.2:  Left:  Fungal OTU richness as a function of July 2009 soil respiration.  The 

linear regression is fitted to the combined data from both soils, and is significant 

when the outlier (61 OTUs) is removed (p = 0.01, R2 = 0.46).  Right:  Fungal OTU 

richness in July 2009 soils as a function of carbon mineralization rate in soils sampled 

in November 2009.  The linear regression is significant for black clay (p = 0.03, R2 = 

0.72) and marginally significant for sandy loam (p = 0.08, R2 = 0.43). 

Species richness of the broader fungal community increased linearly with soil 

respiration rate in July 2009, the month soils were sampled for DNA extraction (Figure 

4.2, left panel).  Soil respiration is a field measurement of belowground metabolism that 

integrates root and microbial respiration.  It can indicate the availability of carbon 

substrates to the fungal community, as well as the decomposition rate of that 

community.  Interestingly, fungal OTU richness was also linearly associated with carbon 

mineralization rate (Figure 4.2, right panel), but with slope differing by soil type.  Cmin 

rate is a laboratory measurement of microbial decomposition in the absence of live roots, 

under constant temperature and moisture.  It isolates the effect of native organic carbon 

and the native microbial community on decomposition rate.  Fungal OTU richness 
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increased significantly with Cmin rate in the black clay, and decreased with Cmin rate in 

the sandy loam, but with marginal significance.  Based on soil respiration and Cmin data, 

increased fungal OTU richness may be associated with faster soil carbon cycling, 

particularly in the black clay soil. 

 

Figure 4.3:  The four dominant fungal phyla in ITS sequences, graphed by soil type.  

Glomeromycota increased linearly with CO2 in the sandy loam (R2 = 0.63, p = 0.02), 

and Chytridiomycota increased linearly with CO2 in the black clay (R2 = 0.76, p = 0.02). 
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Fungal community composition revealed differences with soil type as well 

(Figure 4.3).  Basidiomycota was the dominant fungal phylum in the ITS dataset, 

representing 60% of classified sequences on average in each community.  (In this 

analysis, 11960 sequences that did not receive a phylum-level classification against our 

database were excluded.)  Ascomycota represented 25% of classified sequences in each 

community, Chytridiomycota 1.3%, and Glomeromycota 0.3%.  Glomeromycota (AM 

fungi) abundance increased with elevated CO2 in the sandy loam only, consistent with 

the hypothesis that plants, experiencing greater P demand and soil P limitation, 

stimulated mycorrhizal growth at elevated CO2.  Chytridiomycota abundance increased 

linearly with CO2 in the black clay but not the sandy loam.  A pilot pyrosequencing 

study based on the soil DNA in the present study also showed increased 

Chytridiomycota abundance at 514 ppm CO2 in the black clay soil (data not shown).  

Most soil chytrids are saprotrophs, but some are plant, animal, or fungal parasites.  

Some species of Spizellomycetales (an order of chytrids present at elevated CO2 in the 

black clay) grow saprotrophically on a variety of soil substrates including cellulose, 

while other species are plant or fungal parasites or pollen saprotrophs (Webster and 

Weber 2007, Gleason et al. 2004). 
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Figure 4.4:  NMS plot of AM fungal communities (AMF, left) and broader fungal 

communities (right) in the CO2 gradient.  For July 2009 samples, sandy loam soils are 

shown in white and black clay soils are shown in black.  November 2008 samples 

(sandy loam soils used in the microcosm experiment in Chapter 3) are included as 

plusses (+) in the right panel.   

Although mean species richness of AM fungi and broader fungi did not differ by 

soil type (Figure 4.1), their community composition differed much more by soil type 

than by CO2 treatment (Figure 4.4).  Non-metric multidimensional scaling (NMS) of 

community composition produced a 3-axis solution for AM fungi and a 2-axis solution 

for broader fungi.  For the NMS on AM fungal communities, Axis 2 captured 41% of 

community variation and Axis 3, 40%.  For the NMS on total fungal communities, Axis 1 

captured 75% of community variation and Axis 2, 10%.  Axis numbers for each NMS are 

assigned randomly, and are not informative.  Final stress for the AM fungal NMS was 

4.14, and for the fungal NMS, 5.709; these low values suggest consistency between 

community distances and distances in ordination space.  AM fungal community 
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distance was marginally correlated with soil type difference (Mantel r = 0.17, p = 0.06 or 

0.048 depending on method).  For broader fungi, community distance was significantly 

correlated with soil type difference (Mantel r = 0.82, p = 0.001).  Therefore, AM fungal 

communities differed slightly by soil type, while broader fungal communities differed 

strongly by soil type. 

 

Figure 4.5: NMS Axis 2 scores from fungal communities in the CO2 gradient sampled 

in July 2009, detected by 454 sequencing.  NMS scores decrease linearly with CO2 

concentration in the black clay (right panel: R2 = 0.71, p = 0.04) but are not linearly 

related to CO2 in the sandy loam, even after one outlier is removed (left panel: 290 

ppm, -1.4 on Axis 2). 

Similar to its effect on broader fungal species richness (Figure 4.1B), CO2 

structured broader fungal community composition in the black clay but not the sandy 

loam.  For communities sampled in July 2009, CO2 explained 71% of the variation in 

NMS Axis 2 scores in the black clay, but in the sandy loam, Axis 2 scores were not 
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associated with CO2, even after one outlier was removed (Figure 4.5).  Axis 1 scores were 

not correlated with CO2 in either soil type, or in both combined; instead, soil type 

explained nearly all variation in Axis 1 scores (R2 = 0.97, p < 0.01 by linear regression). 

 

Figure 4.6:  The relative abundance of dominant AM fungal (left) and fungal ITS 

(right) OTUs as a function of CO2 level.  AM fungal OTUs are defined at 95% 

similarity, while fungal OTUs are defined at 97% similarity. 

The relative abundance of dominant AM fungal and broader fungal OTUs 

shifted with CO2 treatment.  AM fungal OTU4 was the dominant OTU in both soil types, 

composing between 10-70% of each AM fungal library (Figure 4.6, left panel).  AM 

fungal OTU4 displayed a different response to CO2 in each soil.  In the sandy loam it 

peaked at about 350 ppm, while in the black clay it peaked at about 400 ppm.  The 

closest BLAST match to AM fungal OTU4 is an uncultured Glomus from soil of Bromus 

rubens (red brome, Table 4.2), while a phylogenetic analysis placed OTU4 in the revised 
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genus Claroideoglomus (Schüßler and Walker 2010, also see Appendix 3).  The second and 

third most abundant AM fungal OTUs (OTU18 and OTU9) grouped with genus Glomus 

and genus Funneliformis, respectively, according to the revised classification.  The 16 

most abundant AM fungal OTUs compose 70% of total AM fungal sequences (Table 4.2).  

The closest NCBI database matches to these 16 OTUs are primarily genus Glomus (before 

the revised classification), and are found in roots and soil from a variety of plant species 

on several continents (Europe, South America, North America).  Although our results 

indicate that the relative abundance of AM fungal species varied along the CO2 gradient, 

they differ from our prediction of Glomus dominance at subambient CO2 shifting to 

Scutellospora dominance at elevated CO2. 

Unlike the dominant AM fungal OTU, the dominant fungal OTU was detected 

mostly in the black clay soil (Figure 4.6, right panel).  OTU9 composed 7-54% of black 

clay fungal libraries, but less than 5% of sandy loam libraries.  The closest NCBI 

database match to OTU9 was phylum Basidiomycota, class Tremellomycetes, and 

possibly genus Cryptococcus, but at only 25% coverage, this identification is uncertain 

(Table 4.3).  Tremellomycetes are mostly terrestrial, and species of Cryptococcus are 

found in all climate zones in soil and on plant material (Webster and Weber 2007).  The 

32 most abundant OTUs compose 70% of the sequences from the broader fungal 

community.  The closest NCBI database matches to these OTUs are mostly phylum 

Basidiomycota or Ascomycota, although 7 OTUs had uncertain phylum, and one 



 

84 

(OTU132) represented a basal fungal lineage.  These NCBI database matches came from 

roots and soil of a variety of plant communities including temperate forest, tallgrass 

prairie, and arctic tundra.  As with database matches for the AM fungal OTUs, these 

reference sequences represented several continents (Europe, North America, Australia, 

Asia).
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Table 4.2: The 16 most abundant AM fungal OTUs in the CO2 gradient experiment (both soil types, Sanger sequencing) 

Rank Otu ID % of total 
sequences 

Cumulative 
% of total 

Accession 
number 

Closest NCBI database match Query 
coverage 

Max 
Identity 

1 4 31% 31% FR871375.1 Uncultured Glomus 74% 98% 

2 18 9% 40% AB710222.1 Uncultured Glomus 85% 100% 

3 9 5% 45% AM397822.1 Uncultured Glomus 72% 91% 

4 2 4% 49% EU379997.1 Uncultured glomeromycete 86% 96% 

5 26 3% 51% HM216142.1 Uncultured Glomus 73% 92% 

6 13 2% 53% AY394694.1 Uncultured Glomus 78% 84% 

7 60 2% 56% JF439185.1 Glomus sp. 85% 94% 

8 10 2% 58% JQ650496.1 Uncultured Glomeromycota 48% 100% 

9 29 2% 60% AM397822.1 Uncultured Glomus 79% 89% 

10 27 2% 62% FR871345.1 Uncultured Glomus 66% 92% 

11 12 2% 63% GQ149201.1 Uncultured glomeromycete 72% 87% 

12 25 2% 65% FR871375.1 Uncultured Glomus 74% 98% 

13 15 1% 66% AB640742.1 Uncultured Glomus 87% 98% 

14 38 1% 67% GQ149214.1 Uncultured glomeromycete 78% 99% 

15 11 1% 68% AY394694.1 Uncultured Glomus 71% 85% 

16 17 1% 70% JQ048859.1 Glomus deserticola 77% 88% 

 

Table 4.3:  The 32 most abundant fungal OTUs in the CO2 gradient experiment (both soil types, 454 sequencing) 

Rank Otu ID  % of total 
sequences 

Cumulative 
% of total 

Closest NCBI database match Phylum Accession 
number 

Query 
coverage 

Max 
Identity 

1 9 12.3% 12% Uncultured Tremellomycetes Basidiomycota HQ212291.1 25% 98% 

2 3 5.0% 17% Uncultured Agaricomycetes Basidiomycota FJ554395.1 32% 99% 

3 11 4.2% 21% Uncultured Ascomycota Ascomycota HQ212178.1 100% 82% 
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4 1 3.9% 25% Uncultured soil basidiomycete Basidiomycota DQ672274.1 92% 95% 

5 59 3.7% 29% Stropharia rugosoannulata Basidiomycota FJ810166.1 98% 90% 

6 37 3.3% 32% Uncultured Agaricomycetes Basidiomycota FJ208851.1 100% 95% 

7 78 3.3% 36% Conocybe moseri  Basidiomycota JF907826.1 100% 92% 

8 10 3.1% 39% Junghuhnia crustacea  Basidiomycota JN710554.1 26% 98% 

9 14 3.1% 42% Uncultured fungus ? FJ778504.1 100% 93% 

10 17 2.8% 45% Uncultured Sordariales Ascomycota GQ924019.1 91% 95% 

11 2 2.5% 47% Uncultured fungus ? GU366746.1 100% 92% 

12 13 2.2% 49% Uncultured fungus ? FJ779951.1 84% 84% 

13 7 2.1% 51% Alternaria alternata Ascomycota HE579227.1 100% 100% 

14 72 1.8% 53% Coprinopsis lagopus  Basidiomycota JF907845.1 100% 95% 

15 45 1.6% 55% Cryptococcus sp. Basidiomycota EU626069.1 70% 99% 

16 23 1.4% 56% Uncultured fungus ? GQ921800.1 23% 100% 

17 134 1.3% 58% Parasola setulosa Basidiomycota HQ847030.1 81% 99% 

18 28 1.2% 59% Uncultured fungus ? JQ038365.1 26% 97% 

19 60 1.1% 60% Uncultured root-associated fungus Ascomycota FJ362287.1 87% 95% 

20 56 1.1% 61% Uncultured Lasiosphaeriaceae Ascomycota FN689696.1 100% 99% 

21 246 1.0% 62% Uncultured fungus ? FJ777991.1 42% 100% 

22 49 1.0% 63% Psathyrella sp. Basidiomycota DQ389688.1 100% 97% 

23 132 0.8% 64% Mortierella alpina Fungi incertae sedis HQ607903.1 100% 100% 

24 36 0.8% 65% Uncultured soil basidiomycete Basidiomycota DQ672274.1 92% 95% 

25 99 0.8% 65% Hygrocybe conica var. conicoides Basidiomycota EU784300.1 99% 94% 

26 39 0.8% 66% Tetracladium furcatum Ascomycota GU586842.1 91% 92% 

27 16 0.7% 67% Pleosporales sp. Ascomycota EF060651.1 100% 93% 

28 64 0.7% 68% Uncultured Hypocreales Ascomycota EF027374.1 85% 94% 

29 51 0.7% 68% Uncultured Pyronemataceae Ascomycota FJ210748.1 100% 84% 

30 38 0.6% 69% Ericoid mycorrhiza Ascomycota AY059412.1 89% 96% 

31 71 0.6% 69% Uncultured fungus ? GQ921800.1 30% 100% 

32 117 0.6% 70% Steccherinum litschaueri Basidiomycota JN710587.1 25% 97% 
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4.4 Discussion 

In this experiment we studied the shape of fungal community responses to past 

and future CO2 concentrations, and asked how soil type modifies these responses.  We 

found that CO2 effects often differed strongly by soil type; species richness of the 

broader fungal community, as well as Chytridiomycota abundance, increased with CO2 

in the black clay soil, while Glomeromycota (arbuscular mycorrhizal fungi) abundance 

increased with CO2 in the sandy loam soil ((Figures 4.1B, 4.3). 

Fungal responses to CO2 were often linear in this ecosystem, similar to findings 

of other CO2 gradient studies (Rillig et al. 2000, Treseder et al. 2003).  Both fungal species 

richness and the relative abundance of Glomeromycota and Chytridiomycota showed 

linear increases with CO2.  An exception to the pattern of linear fungal responses in the 

literature is a chaparral exposed to a CO2 gradient, where AM fungal abundance 

declined at 750 ppm CO2 after rising linearly from 250 to 650 ppm CO2.  In our system, 

AM fungal abundance increased about fifteen fold in the sandy loam soil between 290 to 

480 ppm CO2 (Figure 4.3).  It is possible that CO2 levels higher than those we examined 

produce threshold responses in fungi. 

Mechanisms of fungal community response.  The increase of Glomeromycota 

with CO2 in sandy loam soil supports the hypothesis that plants, experiencing greater 

productivity and soil P limitation at elevated CO2, stimulated mycorrhizal growth.  

Aboveground net primary productivity (ANPP) increased linearly with CO2 in 2008 and 
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2009 in the sandy loam but not the black clay, and alkaline phosphatase activity 

(September 2009) increased with CO2 concentration in the sandy loam, suggesting P 

limitation (Kelley et al. 2011).  Experiencing CO2-fertilized growth, plants may have 

allocated more carbon to mycorrhizae in the sandy loam to alleviate P limitation.  In the 

black clay, mycorrhizae may have been less beneficial to plants experiencing less CO2-

fertilized growth and less P limitation. 

The increase in broader fungal species richness with CO2 in the black clay also 

supports the hypothesis that elevated CO2 effects on the soil ecosystem were mediated 

by increasing C availability.  Labile C pools--including coarse particulate organic matter 

and an incubation-based active C pool--increased more with CO2 in the black clay than 

the sandy loam (Chapter 2).  Likewise, fungal species richness increased from about 75 

to 100 OTUs across the CO2 gradient in the black clay, but did not respond significantly 

to CO2 in the sandy loam.  Relative to ambient CO2, at least 20 new fungal OTUs may 

have colonized the black clay soil at elevated CO2, possibly due to greater niche space 

available with greater root growth and labile C availability.  In contrast, at least 5 OTUs 

may have been lost at subambient CO2, perhaps due to greater competition for labile C.  

It is also possible that fungal species were not gained or lost from the system, but simply 

increased or decreased in abundance relative to the detection threshold by PCR-based 

methods.  We also cannot know whether belowground C availability directly caused 
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shifts in fungal species richness, since we did not independently manipulate 

belowground C; instead we must speculate based on correlations. 

Connecting fungal diversity to function.  Fungal diversity has been positively 

associated with decomposition rate, but mostly at low levels of diversity (12 or fewer 

species), suggesting functional redundancy at higher levels of diversity (24 and 43 

species, Setala and McLean 2004).  There may be high functional redundancy in the 

broader fungal communities we studied, which contained 60-110 OTUs.  Most of the 

fungal OTUs are likely saprotrophic, since cellulolytic ability is widespread among 

Ascomycota and Basidiomycota (Weber et al. 2011), the two dominant phyla in the CO2 

gradient.  Many OTUs also appear to be generalists, as their NCBI database matches are 

associated with a variety of plant species on several continents.  It is also possible that 

many of the OTUs are dormant propagules, an interpretation by Jumpponen et al. (2010) 

of their pyrosequencing study of prairie soil fungi.  That said, it is interesting that fungal 

OTU richness in our system increased linearly with soil respiration rate across both soils, 

and increased linearly with potential C mineralization rate in the black clay (Figure 4.2).  

It is possible that increased fungal OTU richness at elevated CO2 caused more efficient 

decomposition due to fungal species having complementary enzymes.  Our initial 

hypothesis is also possible, and difficult to distinguish from the previous mechanism:  

that greater soil carbon availability at elevated CO2 stimulated greater enzyme 

production in the black clay and also allowed more species to colonize the soil.  To test 
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which of these mechanisms are operating would require a manipulation experiment, 

such as a reciprocal transplant of fungal communities between the subambient and 

elevated ends of the CO2 gradient, followed by measurement of decomposition rate. 

Our Sanger sequencing study did not support our predictions of AM fungal 

community shifts along the CO2 gradient.  As in the broader fungal community, many of 

the AM fungal OTUs may be functionally redundant.  Although some studies have 

found genus-level shifts in AM fungal communities with elevated CO2 (Treseder et al. 

2003, 2005, Klironomos et al. 1998), AM fungal communities in the CO2 gradient 

experiment appear to be all genus Glomus, even in both soil types (or all Glomus-like 

genera, using the revised taxonomy of Schüßler and Walker 2010).  This is unexpected, 

given other studies showing that Glomus is dominant in clay rich soil while the genera 

Gigaspora and Scutellospora are dominant in sandy soil (Lekburg et al. 2007, Landis et al. 

2004, Johnson et al. 1992).  However, Glomus is often the dominant AM fungal genus in 

grasslands (Santos et al. 2006, Vandenkoornhuyse et al. 2002) and was the only genus 

detected by Pivato et al. (2007, the reference for our AM fungal PCR method) in a 

Mediterranean soil.  Although genus Glomus has recently been reclassified as two 

families including five genera (Schüßler and Walker 2010), these new taxa may be 

functionally redundant.  Species under the old definition of Glomus occupy a “low-

carbon” niche, having most of their hyphae within roots, an adaptation for extracting 
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root carbon.  Their cells contain vesicles for carbon storage in times of carbon limitation 

(Treseder 2005). 

Fungal diversity in this site compared to other studies.  The phylum-level 

abundances in our pyrosequencing study were similar to those in a pyrosequencing 

study of soil fungi along a depth gradient in tallgrass prairie (Jumpponen et al. 2010).  

Basidiomycota and Ascomycota were the two dominant phyla, in descending order, in 

that study as well as ours.  In both studies, Chytridiomycota and Glomeromycota (AM 

fungi) composed 1% or less of total sequences.  From a species-richness perspective, our 

study found comparable or slightly lower soil fungal diversity than in other 

pyrosequencing studies.  The 20371 broader fungal sequences from our site clustered 

into 792 OTUs at 97% similarity; 600-1000 OTUs at 97% similarity were found in French 

forest soils at a similar sequencing level (~30,000 sequences per site, Buee et al. 2009).  

Other studies have found higher fungal species richness:  a study of forest soil fungi in 

Korean islands found 736 OTUs in only ~10,000 sequences (Lim et al. 2010), while the 

study of tallgrass prairie soil fungi (~14,000 sequences) found 1100 OTUs at 95% 

similarity (Jumpponen et al. 2010).  Even higher diversity would be expected there at 

97% similarity.  Explanations for fungal diversity differences between these studies 

could include plant community composition as well as the region of ribosomal DNA 

used to classify species. 
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AM fungal species richness (104 OTUs at 95% similarity) was higher in our study 

compared to other cloning-based AM fungal studies.  Twelve and twenty-four AM 

fungal species were reported in Mediterranean agricultural soil and Scottish grassland, 

respectively (Pivato et al. 2007, Vandenkoornhuyse et al. 2002).  The lower species 

diversity in these other studies may be due to less sampling intensity (100-250 sequences 

compared to 600 in our study) or defining AM fungal groups phylogenetically rather 

than by percent similarity.  A 454 pyrosequencing study of AM fungi in Italian 

agricultural soils found species richness comparable to our study (117 OTUs at 97% 

similarity, Lumini et al. 2010). 

Our 454 pyrosequencing and Sanger sequencing datasets provide 

complementary but contrasting views of the AM fungal community in the CO2 gradient 

experiment.  Although both datasets were generated independently from one set of soil 

DNA samples, the 454 data suggest that family Acaulosporaceae dominates the 

community, while families Ambisporaceae and Glomeraceae are minor members.  In 

contrast, the Sanger data suggests that Glomeraceae is the only AM fungal family 

present (or Glomeraceae plus Claroideoglomeraceae, according to the revised 

classification of Schüßler and Walker 2010).  It would be unusual for Acaulosporaceae 

rather than Glomeraceae to be dominant in a grassland soil, so the 454 data on AM fungi 

must be taken with uncertainty.  The discrepancy between the 454 and Sanger datasets 

could be due to primer specificity; the 454 data was generated using universal fungal 
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primers, while the AM fungal data was generated using AM fungal-specific primers.  

Since AM fungi were < 1% of the fungal community, sampling error could have altered 

the AM species abundances detected by pyrosequencing.  Sequence classification in both 

datasets also depends on the availability and accurate classification of reference 

sequences.  Since the two primer sets targeted different regions of rDNA, they were 

compared against two different sets of reference sequences.  The 454 data therefore 

present a broader, lower-resolution taxonomic view of the AM fungal community, while 

the Sanger data gives finer resolution of species-level diversity.   

Soil type effects on community composition.  Although the two soils in our 

experiment had similar fungal species richness, they differed in community composition 

and response to CO2 (Figures 4.1, 4.4, 4.5, 4.6).  This is similar to the finding that CO2 

effects on fungal cellulolytic gene communities differed by ecosystem, and that 

ecosystems with contrasting soil properties harbored distinct gene communities (Weber 

et al. 2011).  Soils our study differed in clay content, organic matter, and plant 

productivity, all of which could have influenced fungal diversity.  Elevated CO2 studies 

that involve more than one soil type are rare, but they demonstrate soil type effects on 

plant productivity, fungal hyphal length, and microbial decomposition rates (Hagedorn 

et al. 2003, Rillig et al. 1999).  In annual grasslands, AM fungal length increased with 

elevated CO2 in a nutrient-rich soil but not a nutrient-poor soil (Rillig et al. 1999).  AM 

fungal abundance at our site also increased with elevated CO2, but in the lower-nutrient 
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sandy loam rather than the black clay (Figure 4.3).  In forest mesocosms, soil microbial 

decomposition rate varied significantly by soil type but not by CO2 treatment (Hagedorn 

et al. 2003).  If decomposition rate is a measure of fungal enzyme activity, our study 

provided the contrasting conclusion that fungal activity increased with CO2 treatment, 

but only in the black clay soil.  Although soil type is rarely discussed in the elevated CO2 

literature, CO2 enrichment experiments represent a variety of soil types.  Our results 

suggest that soil type effects could help explain the variation in fungal responses to CO2 

in the literature, but more study is necessary to understand the mechanisms involved. 

One limitation to our data is the degree of sampling.  Soil was sampled at two 

time points (November 2008 and July 2009) with coverage of the CO2 gradient and two 

soil types only in July 2009.  It is difficult to suggest long-term trends in this ecosystem 

from this data.  The fact that ANPP and soil respiration responses to CO2 and soil type 

were similar in 2008 and 2009 at least suggests some stability in aboveground and 

belowground responses to CO2 in this ecosystem (Ch. 2).  Also, the fact that sandy loam 

samples from November 2008 clustered with sandy loam samples from July 2009 (Figure 

4.4) suggests year-to-year consistency in how soil type structured fungal communities.  

Further sampling of the full CO2 gradient at a later date would test how fungal diversity 

responses to CO2 vary with time. 

Conclusion.  In this experiment we found that soil type significantly structured 

fungal communities and their responses to elevated CO2.  The CO2-gradient approach in 
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this prairie ecosystem demonstrated that total fungal species richness and the 

abundance of two fungal phyla (Glomeromycota, Chytridiomycota) responded linearly 

to CO2 in the 250-515 ppm range.  However, the sensitivity of these groups to CO2 

depended on soil type, as did the response of total fungal diversity.  Connecting 

diversity to function is challenging, but fungal species richness was positively associated 

with decomposition rate, particularly in the clay-rich soil.  Since soils have considerable 

natural variation, soil type could be an important predictor of fungal responses to CO2. 
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Appendix 1: ANPP responses to elevated CO2, as a 
function of soil texture 

 

Appendix 1.  Above: ANPP responses to elevated CO2 on ten soils from published 

studies and two soils from this study.  When all datapoints are considered, ANPP 

change from ambient to elevated CO2 has a nonsignificant linear trend with clay 

content (R2 = 0.22, p = 0.13).  In studies with a gradient of CO2 levels, 370-380 ppm was 

taken as ambient.  Below: experiments referenced in this figure.  The two soils in this 

dissertation are shaded. 

Ecosystem CO2 treatment (yr) Soil order Clay Reference 

Tallgrass prairie 4 Vertisol 55% Fay et al. 2009 

Tallgrass prairie 3 Mollisol 55% Polley et al. 2003 

sweetgum forest 5 Ultisol 40% Jastrow et al. 2005, 

Norby et al. 2002 
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annual grassland 3 Inceptisol 40% Hungate et al. 1997 

annual grassland 3 Mollisol 40% Hungate et al. 1997 

grassland  9 Cambisol 30% Xie et al. 2005, 

Hebeisen et al. 1997 

aspen forest 6 Spodosol 20% Karnosky and 

Pregitzer 2006, King 

et al. 2005 

beech-spruce forest 4 Alisol 18% Hagedorn et al. 2003 

Tallgrass prairie 4 Alfisol 15% Fay et al. 2009 

scrub-oak forest 6 Entisol 10% Carney et al. 2007, 

Dijkstra et al. 2002 

grassland 

(16, 9 spp average) 

8 Entisol 10% Adair et al. 2009, 

Tilman 1987 

beech-spruce forest 4 Fluvisol 6% Hagedorn et al. 2003 
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Appendix 2: Inoculum fungal communities in the 
microcosm experiment 

 

 

Appendix 2: Fungal communities in live inocula at the beginning of the microcosm 

experiment (Chapter 3).  Phylum abundances are relative to a community of 1000 

sequences.  Data was generated in the 454 sequencing run mentioned in Chapter 4, 

using the fungal-specific primers ITS1f and ITS2.  Sequences were classified against 

an in-house database as in LaTuga et al. (2011). 
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Appendix 3: AM fungal phylogeny in CO2 gradient 

 67 (1)
 69 (1)
 84 (1)
 89 (1)
 73 (2)
 16 (1)
 36 (1)
 34 (1)
 63 (5)
 83 (1)
 19 (1)
 EF066671 Glomus 6
 60 (14)
 92 (1)
 2 (21)
 79 (1)
 EF066694 Glomus 5
 EF066654 Glomus 5
 15 (8)
 48 (5)
 90 (2)

 18 (56)
 45 (6)
 52 (3)
 40 (3)
 24 (2)
 51 (3)
 93 (1)
 98 (1)
 53 (3)
 26 (15)
 41 (6)
 57 (2)
 88 (2)
 Glomus macrocarpum FR750527
 Glomus macrocarpum FR750371
 Glomus macrocarpum FR750526
 23 (1)
 5 (5)
 49 (1)
 8 (1)
 22 (2)

Glomus

 29 (12)
 44 (4)
 47 (2)
 12 (9)
 56 (1)
 Funneliformis mosseae FR750024
 97 (11) Glomus mosseae AY639277
 Funneliformis mosseae FN547474 (Glomus mosseae)
 Funneliformis coronatum FM876794 (Glomus coronatum)
 Funneliformis caledonium FN547494 (Glomus caledonium)
 EF066661 Glomus 2
 EF066659 Glomus 3
 94 (2)
 102 (1)
 35 (1)
 62 (1)
 28 (1)
 17 (7)
 95 (1)
 82 (6)
 EF066663 Glomus 4
 3 (1)

 9 (28)
 33 (1)
 50 (1)

Funneliformis

 1 (1)
 11 (7)
 13 (15)
 91 (1)
 58 (3)
 54 (1)
 96 (1)
 100 (1)
 86 (6)
 66 (2)
 68 (4)
 EF066676 Glomus 12
 75 (3)
 80 (2)
 74 (1)
 72 (5)
 77 (1)
 30 (1)
 103 (2)
 101 (1)
 85 (1)
 104 (1)
 78 (1)
 37 (1)
 46 (1)
 55 (1)
 43 (1)
 31 (3)
 87 (1)
 38 (8)
 71 (1)
 6 (6)
 7 (1)
 14 (2)
 42 (2)
 Glomus clarum AJ510243
 Rhizophagus intraradices FR750372
 39 (6)
 Rhizophagus intraradices FM865597 (Glomus intraradices)
 Rhizophagus clarus FM865536 (Glomus cf clarum)
 70 (1)
 21 (11)
 EF066656 Glomus 10
 EF066667 Glomus 8
 65 (4)
 EF066703 Glomus 7
 59 (2)
 EF066706 Glomus 11
 10 (13)
 EF066655 Glomus 11
 EF066709 Glomus 11

Rhizophagus

 Claroideoglomus claroideum FR750055
 20 (9) Glomus claroideum AY639195
 Claroideoglomus etunicatum FN547623 (Glomus etunicatum)
 61 (4)
 81 (1)
 64 (1)
 27 (10)
 32 (1)
 25 (9)
 76 (2)

 4 (186)
 99 (1)

Claroideoglomus

 Scutellospora gregaria AJ510232  
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Appendix 3: Neighbor-joining tree showing evolutionary relationships of AM fungal 

OTUs from the CO2 gradient (Chapter 4).  Four genera suggested by the classification 

scheme in Kruger et al. (2012) are labeled on the right.  Bootstrap support is shown for 

nodes appearing in > 75% of 500 replicate trees.  Taxa found in the CO2 gradient are 

numbered by OTU ID, followed by the number of sequences in that OTU in 

parentheses.  All other taxa are reference sequences.  The three dominant OTUs are 

marked with circles.  Scutellospora gregaria is the outgroup.
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