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Abstract

As urban development continues to replace and transform native grasslands, restoration
has become increasingly critical for maintaining soil organic matter. This study explores
whether carbon storage in urban soils can be restored to pre-agricultural levels. Macro-
and microaggregate size classes were studied in soils from fifteen prairies under five
types of management around the Chicago area. Soil aggregate carbon content increased
significantly between early and model restorations, and aggregate carbon levels in model
restorations approached those in pristine prairie remnants. Lower quality intermediate
sites, however, showed little evidence of macroaggregate carbon accumulation. Stable
isotope 8'°C signatures and lignin phenol analyses were also performed. My findings
suggest that: (1) carbon accrual occurs with urban grassland restoration, (2) markers of
restoration success and perception of high quality restoration are reflected in carbon
accrual, and (3) management type rather than simply duration of management are

important in promoting carbon accrual.
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Chapter 1: Background

About this thesis

This thesis is divided into four chapters, not including the references. In Chapter
1, I provide important background information and a comprehensive literature review of
the importance of organic matter, soil aggregates, restoration, and the “100 Sites for 100
Years” project. Chapter 2 is an invited book chapter in Progress in Soil Science Series
that was published in 2014. This chapter includes analysis of data that demonstrate the
role of soil aggregates in carbon sequestration in restored prairies. Chapter 3 is a more in-
depth analysis of my study sites which makes up the body of this thesis. This chapter will
be converted into a journal article and submitted to Applied Soil Ecology. In Chapter 4, |
provide a brief synthesis of Chapters 1-3.
Organic matter and soil aggregates

More than two-thirds of the organic carbon (C) stored in terrestrial ecosystems is
contained in soil organic matter (SOM) (Cheng et al., 2011; Miltner et al., 2012;
Schlesinger, 1997; see also Figure 1.1). Soil organic matter consists of plant material and
microbial biomass (Kdgel-Knabner, 2001; Miltner et al., 2012). Primary productivity and
decomposition are both characterized by SOM and respond differently to land
management practices (Burke et al., 1989). The U.S. Central Plains Grasslands have lost
up to 50 percent of their soil organic carbon (SOC), depending on management practices
and location (Burke et al., 1989). Because SOM is a C pool, soil is considered to be a C
sink, which can help decrease the atmospheric carbon dioxide (CO,) concentration and
reduce the greenhouse effect (Cheng et al., 2011; Liitzow et al., 2006). Fixation of CO,
by plants helps regulate atmospheric CO; levels (Miltner et al., 2012). Restoration

practices may, therefore, be important for reducing CO; levels.
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Figure 1.1. Global Carbon Cycle. Storage measured in GIC (gigaton of carbon). Adapted from Global
Greenhouse Warming. (n.d.). The global carbon cycle. In The Global Carbon Cycle. Retrieved
from http://www.global-greenhouse-warming.com/global-carbon-cycle.html

Soil C levels are determined by organic matter (OM) inputs, primarily as plant
residues, roots, root exudates, fungi, and OM losses that result from microbial
decomposition (Liao et al., 2006; see also Figure 1.2). Organic matter inputs are
important since they are binding agents in soil. Organic binding agents are composed of
three different groups: persistent, temporary, and transient. Persistent binding agents
account for 52 to 98 percent of total SOM, creating an organo-mineral fraction of the soil
(Tisdall and Oades, 1982). Persistent binding agents consist of aromatic compounds
associated with polyvalent metal cation complexes (Six et al., 2004; Tisdall and Oades,
1982). Roots, hyphae, saprophytic fungi, and vesicular-arbuscular mycorrhizal fungi all

can serve as temporary binding agents. Transient binding agents consist primarily of



polysaccharides, and are decomposed by microorganisms quickly (Tisdall and Oades,
1982). Organic binding agents play an important role in soil C levels and in the formation

of soil aggregates.
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Figure 1.2. Breakdown of OM in soil. Adapted from Grunwald, S. (n.d.). In Soil organic matter (SOM).
Retrieved from http://soils.ifas.ufl.edu/faculty/grunwald/teaching/eSoilScience/organic.shtml

Soil aggregates play central roles in most ecosystems, both as storage complexes
of OM and mediators of belowground C transport (Verchot et al., 2011). Soil aggregates
are formed and stabilized by OM (An et al., 2010; McCarthy et al., 2008; Tang et al.,
2011), primarily from roots and arbuscular mycorrhizal hyphae (Miltner et al., 2012;
Tisdall and Oades, 1982). Traditional cultivation practices result in a decline in SOM,
which then reduces aggregation. When large aggregates break down, microbes
decompose the SOM, thereby decreasing aggregation in the soil (Six et al., 2000).

Erosion and degradation in soil may, therefore, be determined by the stability of soil



aggregates (An et al., 2010). Soil aggregate size and composition can be used as
indicators of soil quality because they help decrease erosion and degradation, which also
stabilizes C and prevents runoff into streams and rivers (An et al., 2010). Measurements
of SOM and aggregate size at restoration sites should be considered during restoration
practices.

Aggregate size is important because of the size-based variation in composition
and function. The three primary soil aggregate sizes are (1) primary particles, (2)
microaggregates, and (3) macroaggregates (Tisdall and Oades, 1982; Figure 1.3). Primary
particles have diameters less than 50 um, microaggregate diameters range from 50-250
um, and macroaggregates have diameters greater than 250 um (McCarthy et al., 2008;
Figure 1.3). Microaggregates are primarily held together by microbial polysaccharides
(Liao et al., 2006) and humic matter (Tang et al., 2011). Because microaggregates are
physically protected by SOM, they are also able to store C longer than in
macroaggregates (McCarthy et al., 2008). Macroaggregates are composed of multiple
microaggregates that are held together by fungal hyphae and plant roots (Brady and Weil,
2010). Typically macroaggregates contain higher concentrations of OM than
microaggregates (Jastrow, 1996). Macroaggregates also have a significantly faster
turnover rate than microaggregates (Liao et al., 2006; McCarthy et al., 2008; Tisdall and
Oades, 1982). That may be explained by chemical recalcitrance, organometallic
complexes, or physical protection from SOM in microaggregates (Jastrow, 1996). For

this study, only macro- and microaggregates were used.
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Figure 1.3. Soil aggregate size and composition. Adapted from Brady, N. C., and Weil, R. R. (2010). Elements of
the nature and properties of soils. Upper Saddle River, NJ: Pearson Prentice Hall.

Natural areas conservation, restoration, and the ecological importance of soil

carbon

In the 1800’s, tallgrass prairies from the central U.S. absorbed large quantities of

CO; from the atmosphere (Kucharik, 2007). When the prairies were converted to

agriculture, however, atmospheric CO, concentrations increased and runoff from

agricultural land decreased water quality and increased soil erosion (Metting et al., 2001).

In the mid-1980’s, approximately 14 million hectares out of 47 million hectares of

agricultural land were restored back to grasslands by planting native grasses and forbs

(Kucharik et al., 2006; Metting et al., 2001). The land use conversion increased water

quality, enhanced plant biodiversity, and improved carbon sequestration (Metting et al.,

2001). Although restoration practices have been used since the 1980’s, it has not been

determined whether these restorations will ever match the quality (soil, plant, and water)

of undisturbed prairie remnants (Baer et al., 2002). While pristine prairies clearly

sequester higher carbon levels than restorations or agricultural fields, restoration efforts




may create ecosystems that can contribute significantly to a reduction in atmospheric
COo2.

Soil organic matter plays an important role in C accumulation in restored prairies
(Kucharik et al., 2006; McCarthy et al., 2008). Restoration and management practices
have the potential to increase terrestrial soil C and mitigate the increase in atmospheric
CO; (O’Brien and Jastrow, 2013; Pacala and Socolow, 2004). Management strategies,
including the use of native vegetation (especially native legumes and grasses), and
limitation of disturbances such as grazing, are thought to increase soil C storage (Steffens
et al., 2008). Species planted, burn frequency, and age of ecosystems all affect the
amount of C that is stored in the soil (Kucharik et al., 2006). We can, therefore, identify
restoration strategies that focus on improving the quantity and quality of C inputs or
altering decomposition dynamics by changing soil physical properties and water
dynamics, to accumulate more SOM (Baer et al., 2002; Metting et al., 2001). Previous
research has shown that changes in land management practices could have a marked
impact on C storage in various aggregate size fractions. If so, aggregate C could serve as
an early indicator of the effects of restoration and management on soil C storage (Leifeld
and Kogel-Knabner, 2005). Multiple factors need to be considered when restoring
prairies and aggregate stability should be taken into account as well.

100 sites project

The Chicago Wilderness Land Management Research Program (CWLMRP), also
known as the “100 Sites for 100 Years” project, started in 2008 and encourages
collaboration between local conservation biologists and land managers. One mission of

the CWLMREP is to determine the effectiveness of current management practices for



restoring and conserving biodiversity and rehabilitating key ecosystem processes

(Heneghan et al., 2012).
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Figure 1.4. Study sites used for “100 Sites for 100 Years” project. Old fields (R0) are represented by red squares,
early restorations (R1) are represented by yellow squares, intermediate restorations (R2) are represented by
purple squares, high quality restorations (R3) are represented by blue squares, and remnant references (P3) are
represented by green triangles.



Former agricultural prairies, prairie remnants, and woodlands that are in different
management stages are currently being studied by the CWLMRP, in the hope that
management practices can be optimized for future restoration efforts (Figure 1.4). Over
100 sites are located in Lake, Cook, McHenry, and DuPage Counties, where CWLMRP
members are studying vegetation, soil nutrient dynamics, decomposition, earthworms,
litter dwelling insects, ant communities, bee communities, and bird communities
(Heneghan et al., 2012). This comprehensive approach allows conservation biologists and
land managers to analyze ecosystem level responses to land management regimes.

This study uses CWLMRP restoration sites to examine different size classes of
soil aggregates in 12 former agricultural sites (prairie restorations) and 3 pristine prairie
remnants. The restorations were divided into 4 different management categories: (1)
unrestored (old fields; R0O), (2) early management (< 10 years; R1), (3) intermediate
management (> 10 years; R2), and (4) model restoration management (R3) that are
considered by land owners to be high quality models for restoring former agricultural
land. Model restorations were based on the diversity of plant species (high), community
structure (a mix of forbs and grasses comparable to remnant prairies), and the presence of
conservative species. All prairie remnants (P3) in this study were pristine remnants,
identified by land owners as botanically accurate representations of the region’s historical
prairie habitat.

All of the sites in this study are considered to be urban. This is because the study
sites are protected natural areas within an urban/suburban matrix, since the sites are
within the Chicago Metropolitan area, which has a high human population density and
high development. Trees in urban locations in Illinois are able to store 28,570,000 tC and

the gross annual sequestration rate is 927,000 tC/yr. In the Chicago area alone, 854,800



tC is stored in trees and the gross annual sequestration rate is 40,100 tC/yr (Nowak and
Crane, 2002). Compared to rural ecosystems, urban locations emit more nitrogen gas.
The amount of carbon and nitrogen in the soil is also higher in urban locations than in
agricultural land (Edmondson et al., 2012). Urban locations also have a higher microbial
and fungal biomass and activity as well as a higher amount of organic matter than rural
locations (Edmondson et al., 2002; Scharenbroch et al., 2005).

Current land management practices include targeted removal of invasive plants,
herbicide spraying, prescribed burning, mowing, and targeted seeding. Each land
manager has his/her own management strategies, so practices may vary among prairies. [
measured the amount of C that is present in the soil, stable isotope signatures of 8'°C, and
biomarkers. By analyzing these variables, similarities and differences among the different

management categories can be determined.



Chapter 2: The Contribution of Soil Aggregates to Carbon Sequestration in

Restored Urban Grasslands

Jenifer L. Yost, Corey E. Palmer, and Louise M. Egerton-Warburton

Abstract As urban development continues to replace or transform native grasslands,
restoration has become increasingly critical for maintaining soil organic matter accrual.
We asked if carbon-depleted urban soils could be restored to carbon accruing grasslands.
Aggregate carbon content increased significantly between early (< 5 years) and model
restorations (those resembling pristine prairies), and aggregate carbon levels in model
restorations approached those in prairie remnants; more carbon was incorporated into the
macroaggregate (> 250 pm) than microaggregate fractions (53—250 um). However,
intermediate sites showed little evidence of macroaggregate carbon accrual. Stable
isotope 8'°C signatures indicated that Cs forbs were increasingly significant contributors
to macro- and microaggregate carbon accrual in restored grasslands and macroaggregates
in pristine prairies whereas microaggregates in the pristine prairie showed 5'°C signature
typical of C,4 plants. Our findings suggest that: carbon accrual occurs with urban
grassland restoration; markers of restoration success and perception of a high quality
restoration are reflected in carbon accrual; and management type rather than simply the
duration of management are important in promoting carbon accrual.
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Introduction

As urban development continues to replace or transform native grasslands,
restoration has become increasingly critical for maintaining soil organic matter (SOM)
accrual. Land use change coupled with disturbances, such as tillage and erosion, can
reduce SOM accrual by up to 50 percent by altering the physicochemical protection of
SOM within aggregates. A key question is whether SOM accrual can be reinvigorated
when disturbed soils are restored to grasslands. The beneficial effect of grassland
restoration on SOM accrual in agricultural fields is well established: SOM can
accumulate linearly for at least the first 40 years after conversion, and recover to near
pre-cultivation levels (e.g., Jastrow et al., 1998; McLauchlan et al., 2006; O’Brien and
Jastrow, 2013; Post and Kwon, 2000). Conversely, the comparison of a 65-year old
grassland restoration versus a remnant prairie showed that soil carbon (C) levels in the
restored site were significantly lower than those in the remnant, and that it was unclear if
the restored soils were functioning as a net C source or sink (Kucharik et al., 2006). Such
divergent outcomes underscore the uncertainties in soil C accrual processes in grassland
restorations and confirm the need to understand more broadly the role of restored
grasslands in C budgets. Few studies have examined the practice of grassland restoration
on degraded urban sites as a means for SOM accretion. In this study, we evaluated the
potential for SOM accrual and C stabilization in urban grassland restorations.

Terrestrial C sequestration is achieved through SOM stabilization by physical
occlusion within aggregates, chemical interactions with clay minerals, and biochemical
recalcitrance. Of these, the hierarchical organization of soil aggregate structure is
considered a major factor controlling SOM dynamics (Six et al., 2004, and references

therein). In the hierarchical organization, primary particles and plant residues are
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cemented together by organic binding agents, such as aromatic humic compounds, to
form microaggregates (53—250 um diameter) that, in turn, are bound together and
stabilized by microbial exudates, fungal hyphae, and labile organic matter (OM) into
macroaggregates (= 250 pm; Tisdall and Oades, 1982). This structural complexity allows
plant residues to be incorporated into aggregates with a range of residence times, and
produces fundamental differences in SOM content, stability, and turnover between
aggregate size classes. Microaggregates are more stable and have slower rates of C
turnover than macroaggregates, and persist following the breakdown of macroaggregates
to form a pool of physically protected C with much-reduced turnover rates relative to free
SOM (Six et al., 2004). In contrast, macroaggregates contain more organic C than
microaggregates, but are more susceptible to rapid decomposition with disturbance (Six
et al., 2000).

The shift from C loss due to agriculture to C replenishment with grassland
restoration is well documented. We ask: Could similar mechanisms occur in C-depleted
urban soils that are restored to grasslands? To answer this question, we investigated
aggregate C content from a sequence of grasslands established on urban sites in Chicago.
The Chicago region provides an excellent opportunity to study C cycling processes. The
region is characterized by a mosaic of land use including urbanization, old fields,
abandoned industries, restorations, and native prairie remnants. This urban fabric
provides unique historical, land-use, and anthropogenic factors that are likely to impact
SOM accrual. We examined whether: (1) the distribution of SOM in micro- and
macroaggregates in restored sites returned to levels in remnant prairies; and (2) the
duration of management influenced SOM accrual. To address these objectives, we

isolated and analyzed micro- and macroaggregates from 15 sites that comprised a
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replicated sequence of unmanaged lands (old fields), restored and managed grasslands,
and remnant (pristine) prairies in the Midwestern United States.
Materials and Methods

We selected 15 mesic prairie sites in northwestern Illinois that represented five
categories of restoration and management (n = 3 sites per category; Table 2.1). These
included unmanaged old fields (R0), early (R1) and intermediate (R2) restoration and
management, as well as a model restorations (R3), and pristine prairie remnants that have
never been farmed or developed and thus represent pre-settlement prairie conditions (P3).
The restored sites (R1-R3) were previously corn-soybean fields farmed by conventional
agriculture (tillage) and then abandoned. Prior to restoration, they were dominated by
invasive, non-native species. Current management includes burning, seeding, mowing,
and removal of invasive species by target herbicide spraying. The plant community in all
sites comprises Cs and Cy4 grasses (26—40%) and annual and perennial forbs (23-38%).
The soils are loamy, and texture and fertility are influenced by the percentages of sand
(30-52%) and silt (14-36%). The R3 and P3 soils also contain appreciable levels of
muck (Table 2.1). Muck is classified as a hydric soil, that is, one that forms under periods
of water saturation. Under these anaerobic conditions, microbiological activity results in
soils with large quantities of organic matter in various stages of decay. Annual
precipitation in the area averages 995 mm, and annual temperatures range from [14°C
(minimum) to 24°C (maximum). At each site, we collected five soil cores (each 7 cm
diameter, 15 cm deep) from a 1-ha plot. Soil samples were pooled, sieved to remove any
coarse debris, and then air-dried.

We determined the aggregate size distribution by wet sieving and separated the

aggregates into four aggregate-size classes using the methods outlined by Robertson et al.
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(1999). Aggregates were classified as large (> 2 mm) or small macroaggregates (250—
2,000 um), or microaggregates (< 250 um). Aggregate samples were dried to constant
weight and ground to a fine powder using a VQ-N Desktop High Speed Vibrating Ball
Mill, and analyzed for C content using a LECO TruSpec CN elemental analyzer. Sub-
samples were tested for carbonate content using HCI. Since no carbonates were detected,
the total C is considered to represent organic C. To estimate C stored in soil (Cs), we
calculated C; for each aggregate fraction on an area basis using the formula C =
fo*fo*b*z, where fc is C content of the aggregate fraction (g C.g ' aggregate); f, is the
aggregate fraction within the soil sample (g aggregate.g' soil); b is the soil bulk density

(g.cm ™), and z is the soil sample depth (cm).

Table 2.1. Management categories and associated plant community composition and soil texture

Plant community composition Soil texture

Manage.me.nt Grass | Forbs | Shrubs | Detritus | Sand | Silt | Clay Muck
(abbreviation) (%) (%) (%) (%) (%) | (%) | (%)
Unmanaged (RO) 26 33 2 32 41 23 | 36 None
Early restoration, 1-5
year management 27 38 1 16 33 36 |32 None
(RT)
Intermediate

ion. > 1
restoration, > 10 =) 3 1 28 30 |34 |36 | None
year management
(R2)
High quality model | ., )50 | 15 45 |24 |32 |High
restoration (R3)
Prairie remnant (P3) | 30 29 10 15 52 14 |34 High

Sub-samples of ground aggregates were also analyzed for the natural abundance
C/™C on a Costech CE Elemental Analyzer interfaced to a Thermo Delta V Plus
Isotope Ratio Mass Spectrometer at the Northwestern University Stable Isotope

Laboratory. The ">C isotope composition was expressed in standard notation (8"°C) in
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parts per thousand (%) relative to Vienna-Pee Dee Belemnite (VPDB), where §"°C =
1,000*[(Rsampie/Rstandard) — 1], and R is the atomic ratio BC/2C. Precision of the
laboratory standard, Acetanilide, was better than 0.1%.

Differences in aggregate C content and 8'°C were first analyzed using two-way
analysis of variance (ANOVA; aggregate size x management) to determine whether the
levels of C; and 8'"°C in macro- and microaggregates showed the same patterns of
response to management type. Because there were significant interactions between
aggregate size and management type for Cs (P =0.017) and §"°C (P = 0.002), aggregate C
levels was analyzed between sites using one-way ANOVA and post-hoc Fisher’s Least
Significant Difference (LSD) tests for each aggregate size and 8'°C was analyzed
between sites using two-sample t-Test assuming equal variances for each aggregate size.
Results

At all restoration levels, macroaggregates contained significantly greater levels of
C than microaggregates (F = 3.064, P = 0.017; Figure 2.1). Macro- (F=11.282, P <
0.001) and microaggregates (F = 7.048, P < 0.001) both significantly increased in C
content over the duration of management. Management also significantly influenced
aggregate-associated C. Pristine prairie remnants (P3) and model restorations (R3)
showed significantly higher macroaggregate C content than other management categories
(Figure 2.1). Interestingly, old fields (R0) showed higher aggregate C content than early
or intermediate restoration (R1, R2). No differences were detected in aggregate-
associated C between R1 and R2. The total mass of C in aggregate fractions (Cs)
followed similar patterns: soil C was significantly larger in pristine remnants and model
restorations than the other management categories. There was no significant difference in

total C content between early and intermediate restorations and old fields.
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Figure 2.1. Distribution of aggregate-associated carbon in restored sites and pristine prairie remnants.
Management codes correspond to those listed in Table 2.1. Vertical error bars indicate the standard error of the
mean. Across aggregate type, sites with different red capital (macroaggregates) or blue lowercase letters
(microaggregates) differ significantly at P < 0.05 by LSD test.

Distinctive aggregate 3'°C shifts were detected across management categories
(Figure 2.2). The restoration sites exhibited a shift in aggregate 5'°C signatures from near
constant values in the R1 sites ([118.5 £ 0.1%o) to more depleted values in R3 ([122.1 +
0.1%o0); values in both categories did not differ significantly between macro- and
microaggregates (R1 = P =0.372; R3 - P = 0.442). On the basis of mass balance,
source partitioning indicated that C4-derived SOM contributed, on average, to 50 and
28% of aggregate SOM in R1 and R3 respectively. In contrast, the macroaggregate 8'°C
signature was significantly depleted in ">C in comparison to 8'°C for microaggregates in
pristine remnants, and Cs-derived SOM contributed to 56% of SOM in microaggregates
versus 24% in macroaggregates. Both categories in P3 did differ significantly between

macro- and microaggregates (P = 0.012).
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Discussion

Our study was designed to measure and compare SOM accrual in urban old fields,
grassland restorations, and prairie remnants to test the underlying assumption that
grassland restorations may increase SOM accrual in urban sites as they do in agricultural
to grassland conversions. This expectation was partly supported by the data. The
distribution of soil C among measured pools changed substantially following the
establishment of tallgrass prairie. Notably, aggregate C increased between early (1-5
year; R1) and model restorations (R3) to approach levels in the prairie remnants.
However, soil C declined during the transition from old fields (RO) to early (R1) and
intermediate restorations (R2), which is consistent with the observed loss of soil C in
other long-term grassland restorations (Kucharik, 2007). A larger proportion of soil C

also occurred within macro- than microaggregates in the restorations and prairie
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remnants, which is consistent with the concept of hierarchical aggregate development
(Tisdall and Oades, 1982) and the patterns of aggregate C abundance in other restored
sites (e.g., Jastrow et al., 1998). Further, macroaggregate formation implies the rapid
incorporation and protection of C and that SOM is a major binding agent along with fine
roots and mycorrhizal hyphae (Six et al., 2004).

Unexpectedly, we found no substantial increase in macroaggregate C between
early and intermediate restoration sites. This pattern is more consistent with aggregate
dynamics in tilled fields than restorations (Six et al., 2004), and suggests a faster
macroaggregate turnover rate in intermediate sites than in model restorations. The
addition of new residues (litter) into the soil matrix, litter decomposability, and fungal
activity are key factors in macroaggregation. As a result, we can hypothesize that the
rapid turnover of macroaggregates may be due to the limited input of root residues, the
reduced availability of high quality litter (low C: N), or that the degradation of litter by
fungal communities is reduced or suppressed (Gentile et al., 2011; Helfrich et al., 2008).
The presence of muck (humus, black soil) in model restorations and remnant prairies, but
not restored sites (Table 2.1), provides support for some of these processes. Studies
elsewhere also indicate that the accumulating C may fill the pores within the
microaggregates (McCarthy et al., 2008) or form silt- and clay-sized aggregates (Chenu
and Plante, 2006). The larger amounts of silt and clay in early and intermediate sites
support these possibilities (Table 2.1). Thus, the management regime or intensity of
management (Kucharik, 2007), rather than simply the duration of management, are
critical for the stabilization of SOM.

The observed trend of increasing SOM and "°C depletion with restoration age (R1

to R3) indicates that C; forbs were increasingly significant contributors to SOM accrual.
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In addition, the increasing input of C;—C into microaggregates was equal to those for
macroaggregates indicating that aggregate turnover in restored systems was dynamic. In
the pristine prairie site, however, the two-end member isotope mass balance approach
using Andropogon gerardii (1115.3%o) as the C4 end member and grassland forbs as Cs
end member (mean [126.1%o), shows that the average input of C4—C shifted from 56% in
microaggregates to 24% in macroaggregates. This pattern parallels aggregate 5'°C
signature patterns in croplands converted to tallgrass prairie (Jastrow et al., 1998) and in
reclaimed mining soils after restoration (Wick et al., 2009). In addition, these findings
indicate that a significant portion of the microaggregate C is older and possibly stabilized
with mineral particles in pristine prairies. Thus, the model restoration and remnant
prairies may share similar structural components and functional attributes, including
aggregate C accrual, but the source and patterns of C input into aggregate fractions are
quite different.
Conclusion

We asked if C-depleted urban soils could be restored to C accruing grasslands.
Our findings show that: (1) C accrual occurs with urban grassland restoration; (2) those
markers of restoration success and perception of a high quality restoration are reflected in
C accrual; and (3) management type rather than simply the duration of management are
important in promoting C accrual. Notably, there was C accrual between early (< 5 years)
and model restorations, with aggregate C levels in model restorations approaching those
in pristine prairie remnants. However, the marked lack of macroaggregate C accrual in
intermediate restoration sites (> 10 years) raises a number of questions about the type of

management rather than simply the duration. Management strategies that enhance litter
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inputs, the decomposition rate of organic matter, and the active root-associated

belowground C cycle may be important in promoting C accrual.
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Chapter 3: Sources and Stabilization of Aggregate-Bound Soil Organic Matter in
Restored Urban Grasslands
Introduction

Soils store at least three times as much carbon (C) in soil organic matter (SOM) as
that found in either the atmosphere or in living plants (Lal et al., 1998). As a result, land
restoration and management is now seen as a strategic management option for increasing
soil organic carbon (SOC) sequestration to offset rising atmospheric carbon dioxide
(CO») concentrations. The conversion of conventionally tilled agricultural fields to native
prairie vegetation is known to enhance SOC sequestration (e.g., Hernandez-Ramirez et
al., 2009; Hutchinson et al., 2007; Jastrow et al., 1998; Jastrow et al., 2007; Omonode
and Vyn, 2006; Paustian et al., 2000; Six et al., 2002). However, little is known about the
role that restoration of disturbed and degraded soils plays in enhancing SOC
sequestration (Lal et al., 1998; Stahlet al., 2003). In this study, I use a combination of
physical fractionation (size, density separation) and chemical characterization (lignin
biomarkers; "°C) to quantify and characterize the organic matter (OM) in soil aggregates
in an urban restoration sequence.

Conceptual models suggest that the stability and longevity of SOC depend on the
quantity and quality of plant litter, occlusion within aggregates, and incorporation into
organo-mineral complexes (Tisdall and Oades, 1982; Six et al., 2004). For example,
studies in agricultural systems have shown a linear relationship between SOC and inputs
of plant residues. In addition, soil aggregate dynamics strongly influence C sequestration
(Six et al., 2000; Zhang et al., 2013). For example, long-term C stabilization occurs in
microaggregates (20-250 um). Microaggregates are comprised of occluded and mineral-

associated OM and their stabilization involves both persistent and transient binding

21



agents such as fungal hyphae and root hairs (Six et al., 2004; Tisdall and Oades, 1982).
On the other hand, macroaggregates (> 250 um) are dynamic and C-rich, and are
comprised of microaggregates, organomineral complexes, and OM particles held together
by transient and temporary binding agents (Brady and Weil, 2010; Tisdall and Oades,
1982). Thus, macroaggregates could be expected to effectively reveal short-term
responses of SOC dynamics to land-management practices and duration of restoration
(Puget et al., 2000).

Stable C isotopes have frequently been used to describe SOC dynamics (Boutton
et al., 1998; Dawson et al., 2002; Ehleringer et al., 2000). For example, "°C values may
be used to determine plant community type because different pathways (i.e. the
enzymatic C fixation mechanisms: C;, C4, CAM) are characterized by differing
magnitudes in C isotopic fractionation (Dawson et al., 2002). Owing to biochemical
discrimination against CO; during gas exchange, the biomass from C, plants differs in its
BC/"C ratio from that in C; plants. Plants following the C4 pathway (PEP carboxylase)
are characterized by 8"°C ranges from [18 to [116%o with a distinct peak around [113%o.
For plants following the C3 pathway (RUBISCO), plant community 5"°C values range
from 120 to [135%o, with a peak at [127%o (Boutton et al., 1998; Dawson et al., 2002;
Ehleringer et al., 2000; Liao et al., 2006; Wick et al., 2009). Stable isotope analyses thus
have the capacity to clearly indicate the plant functional group from which the aggregate
C was derived in each aggregate size class.

Soil organic matter 8'°C values should be similar to the §"°C values of the
dominant plant community (Boutton et al., 1998; Johnson et al., 2007), because of
contributions from plant foliage/stems and roots (Ehleringer et al., 2000). Hence, after a

vegetation change from C; to Cy4 plants, isotope analysis of SOM can be used to discern
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the contribution of C;-derived C from Cy-derived C (Boutton et al., 1998) within limits. It
is also important to account for diagenetic effects after rock formation (Ehleringer et al.,
2000). Habitat quality and C gain can also contribute to 8"°C values (Dawson et al.,
2002). For example, the invasion of C; plants into a native prairie that is dominated by C,4
grasses allows the partitioning of SOM to originate (Bekele and Hudnall, 2003;
McPherson et al., 1993). In this situation, current OM would be found in
macroaggregates while former OM would be stored in the microaggregates. Current and
past levels of SOM can be determined by measuring 8'°C levels (Boutton et al., 1998).
Once receiving the 3'°C levels, the plant communities per aggregate size will be known.
Lignin-derived products are also ideal tracers of vascular plant material in soils
and sediments (Hedges and Ertel, 1982; Hedges and Mann, 1979; Hedges and Parker,
1976; Hedges et al., 1988; Nierop and Filley, 2008; Wysocki et al., 2008; e.g.). Cellulose
and lignin are both important in the primary and secondary structures in the cell walls of
vascular plants (Hedges and Ertel, 1982; Kogel-Knabner, 2001). Lignin is the second
most common chemical biopolymer in vascular plants (Chefetz et al., 2002; see also
Figure 3.1), accounting for approximately 30% of wood mass (Filley et al., 2006). As the
C in lignin degrades, much of it is transformed into CO; because lignin is partially
biodegradable (Chefetz et al., 2002). However, lignin is more or less recalcitrant in soil
(Miltner et al., 2012; Stewart et al., 2011). Gymnosperms (including conifers) and
angiosperms (including hardwood trees, herbs, and grasses) both produce lignin-phenols
(Hedges and Mann, 1979; Wysocki et al., 2008). Since lignin is important to SOM,
lignin-phenols were measured to determine the degradation state and the total lignin

levels of the soil samples.
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Figure 3.1. Common lignin molecule Adapted from Sigma-Aldrich. (n.d.). Lignin peroxidase. In Enzymes for
alternative energy research: Enzymes for lignocellulosic ethanol research. Retrieved
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Information about the structure and composition of lignin is studied using a
process called tetramethylammonium hydroxide (TMAH) thermochemolysis. (Chefetz et
al., 2000). TMAH thermochemolysis can determine, amount other things, the degradation
state of lignin in terrestrial samples (Filley et al., 1999). The TMAH thermochemolysis
process helps with depolymerization and methylation of lignin in macromolecular OM
(Chefetz et al., 2002). In order to determine the relative degradation state of lignin, acid
to aldehyde ratios (Ad:Al) are determined in terrestrial samples (Chefetz et al., 2002;
Filley et al., 1999). Both the acid to aldehyde ratios and the total lignin will be measured

in this study.
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Questions and hypotheses
The goal of this study was to determine the potential for aggregate carbon storage
in restored urban grasslands. Since it is known that macroaggregate and microaggregate
organic matter have different sources (e.g. varying amounts of plant and microbial
biochemicals) and lifetimes (micro > macro), I hypothesize that isotopic and biochemical
composition of macro- and microaggregates will vary in response to different soil
management practices. In order to determine the potential for aggregate C storage in
restored urban grasslands, three sub-questions and related hypotheses were created:
Q1. Do restoration practices improve soil C sequestration (storage) over time, and in
which aggregate fraction (macro versus micro)?
Ho. As the duration of soil management increases, C storage in soil macro-
and microaggregates will remain constant.
H;. As the duration of soil management increases, there will be an increase in
C storage in the soil.
H,. As the duration soil management increases, there will be a decrease in C
storage in the soil.
Q.. How do macro- and microaggregates reflect litter input changes from Cs and Cy4
plants over the duration of soil management?
Ho. As duration of soil management increases, stable isotope signatures for
8"°C macro- and microaggregates will not change.
H;. As duration of soil management increases, stable isotope signatures for
8"C will show a shift from C; plants to C, plants.
H,. As duration of soil management increases, stable isotope signatures for

8"C will show a shift from Cy plants to C; plants.
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Q3. To what extent is organic C in macro- and microaggregates changing the amount
of lignin present in each management type?
Ho. As duration of soil management increases, the amount of lignin present in
aggregates will remain the same.
H;. As duration of soil management increases, the amount of lignin present in
aggregates will increase (increase in degradation).
H,. As duration of soil management increases, the amount of lignin present in
aggregates will decrease (decrease in degradation).
Materials and Methods
Soil collection
Twelve restored former agricultural sites (hereafter referred to as restorations) and
three prairie remnants from the CWLMRP were used in this study. Detailed descriptions
of the study sites are given in Chapter 2. Briefly, the restoration sites were categorized as
follows: (1) unrestored (old fields; RO0), (2) early management (> 5 years; R1), (3)
intermediate management (< 10 years; R2), and (4) model restoration management (R3)
that are considered by land owners to be high quality models for restoring former
agricultural land. Model restorations were based on the diversity of plant species (high),
community structure (a mix of forbs and grasses comparable to remnant prairies), and the
presence of conservative species. All prairie remnants (P3) in this study were pristine,
identified by land owners as botanically representative of the region’s historical prairie
habitat. Study sites and their geographic locations are listed in Table 3.1.
At each study site, soil samples were collected in permanent 1 ha quadrats
established by researchers in the CWLMRP. Ten soil cores (7 cm diameter, 10 cm depth)

were taken in each plot: two in the center of the plot and two in each cardinal direction,
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25 meters from the center, during summer of 2012. Samples were taken from each

location irrespective of biotic disturbances such as animal activity. One soil core per

sampling point was used for bulk density tests while the other soil core was used for the

rest of the experiments. In the lab, rocks, pebbles, and large plant debris were removed

and all soil samples were put through an 8 mm sieve. Soil samples were then air dried

and stored until analysis.

Table 3.1. Study sites and their locations used for this experiment.

County Site Name Site Type Latitude (DD) | Longitude (DD)
DuPage | 111 BartlettRd RO 41.954678 188.187622
Meadow
DuPage HH Northeast RO 41.971 1188.1632
DuPage HH Northwest RO 41.967864 1188.168447
DuPage Smith Rd Prairie R1 41.940028 1188.225472
DuPage SBP Central RI 41.7393 188.1836
Prairie
Cook Bergman R1 41.669472 [187.905833
DuPage SBP South Fields R2 41.7293 1188.1851
Lake Cuba Marsh R2 42.1741 188.0933
Lake Half Day R2 42.2111 1187.9332
McHenry | OF PioneerRd R3 42430158 1188.289083
South
Lake Grant Woods R3 42.386 1188.126167
GP Pioneer Rd
McHenry North R3 42.435164 1188.292367
McHenry Larson Prairie P3 42.191922 1188.301783
Cook Somme Prairie P3 42.141306 1187.838389
Lake Wadsworth P3 42.4396 1187.9287
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Isolation of water-stable aggregates and aggregate carbon analysis

I determined aggregate size distribution by wet sieving and separating aggregates
into four aggregate-size classes using the methods outlined by Robertson et al. (1999).
Aggregates were classified as large (> 2000 um) or small macroaggregates (250-2000
um), or microaggregates (< 250 pm). Aggregate samples were dried to constant weight
and ground to a fine powder using a VQ-N Desktop High Speed Vibrating Ball Mill, and
analyzed for C content using a LECO TruSpec CN elemental analyzer. Sub-samples were
tested for carbonate content using HCL. If the sub-sample fizzed, then carbonates were
present. Since no carbonates were detected, total C is considered to represent organic C.
To estimate C stored in soil (Cs), I calculated C; for each aggregate fraction on an area
basis using Equation 3.1, where fc is C content of the aggregate fraction (g C.g™
aggregate); f, is the aggregate fraction within the soil sample (g aggregate.g” soil); b is

the soil bulk density (g.cm™); and z is the soil sample depth (cm).

Equation 3.1.

Cs=fCXfAXbXZ

In order to account for sand, Equation 3.2 was used.

Equation 3.2.

C; (no sand) = (100 - % sand) x C,
BC/™C stable isotope analysis of aggregates
Sub-samples of ground aggregates were analyzed for natural abundance *C/"*C
ratios using a Costech CE Elemental Analyzer interfaced to a Thermo Delta V Plus
Isotope Ratio Mass Spectrometer at the Northwestern University Stable Isotope
Laboratory. The *C/"*C isotope composition was expressed in standard notation (8"°C) in
parts per thousand (%) relative to Vienna-Pee Dee Belemnite (VPDB). Equation 3.3 was

used to calculate 8"°Cyppg where R is the isotopic ratio *C/"*C.
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Equation 3.3.

Rsam (&)
5" Cupps = 1000 [ ( p! ) _ 1]

Rstandard

Precision of the laboratory standard, Acetanilide, was better than 0.1%. Based on
preliminary data, small macroaggregates (250-2000 um) and microaggregates (< 250
um) were used for the rest of the analyses (Table 3.2). I chose the small macroaggregates
(250-2000 um) category because the three macroaggregate size classes (= 250 pm)

showed similar §"°C values in the preliminary results from three different prairies.

Table 3.2. Mean aggregate 8"3C values in all aggregate class sizes in soil from a prairie remnant (P3).

Aggregate Class Size (um) Mean Aggregate 3"°C (%o)
4000 — 8000 123.1
2000 — 4000 1123.1
250 —2000 121.5
53-250 [17.7

Aggregate lignin-phenol analyses

Sub-samples of the ground soil aggregates were analyzed for lignin-phenols using
TMAH thermochemolysis, performed as described in Filley et al. (1999), with minor
alterations described below. Only one macroaggregate sample and one microaggregate
sample were used per prairie for the lignin-phenol analysis.

Analyses were performed using a CDS Pyroprobe 5200 with a /2 probe
interfaced with a Thermo Scientific Trace GC-DSQ II MS. Soil samples were placed into
clean quartz boats spiked with 1pg of deuterated hexadecane internal standard (D34;
98%; Cambridge Isotope Laboratories Inc.) and subsequently treated with 150 pg of
deuterated TMAH (TMAH: 5D,0 — D13, 98%; Cambridge Isotope Laboratories Inc.).

Samples then sat for 6 minutes in the pyroprobe interface chamber at 50°C in a helium
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atmosphere to ensure that TMAH had soaked completely through the soil. Then, the
sample was heated to 300°C for 30 seconds and swept into a 50°C Tenax-TA
adsorption/desorption trap. The trap was subsequently heated to 300°C at a rate of
2000°C/minute and stayed at 300°C for 15 minutes, to desorb samples and transfer them
to the Trace GC inlet via heated transfer line. Samples were separated on a Restek Rtx-
5SMS 30 m by 0.25 mm by 0.25 um column. The GC oven temperature was increased
from 50°C to 330°C at a rate of 10°C/minute. The DSQII mass spectrometer scanned GC
output from m/z 50-650 at an interface temperature of 320°C.

Standard lignin-phenols were targeted for analysis: vanillyl phenols (vanillin,
acetovanillone, vanillic acid), syringyl phenols (syringealdehyde, acetosyringone,
syringic acid), and cinnamyl phenols (p-coumaric acid, ferulic acid); structures of each
compound are shown in Figure 3.2. Vanillyl phenols (found in column 1 in Figure 3.2)
are common in all plant material, syringyl phenols (found in column 2 in Figure 3.2) are
common in angiosperms, and cinnamyl phenols (found in column 3 in Figure 3.2) are
common in non-woody vascular plant tissues (Hedges and Mann, 1979). Non-woody
vascular plant tissues are parts of plants that are not woody (e.g. leaves, cuticles, grasses,
and small roots; herbaceous plants) and contain larger amounts of cinnamyls (Thevenot et
al., 2010).

The following molecular formulae for each lignin-phenol were taken from the
National Center for Biotechnology Information via PubChem Compound Data base and
are labeled by the chemical structure identifier CID number. The molecular formulae are:
vanillin (CgHgOs; CID 1183), acetovanillone (CoH;¢O3; CID 2214), vanillic acid

(CgH3Oy4; CID 8468), syringealdehyde (CoH;9O4; CID 8655), acetosyringone (CioH204;
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CID 17198), syringic acid (CoH¢Os; CID 10742), p-coumaric acid (CoHgO3; CID

637542), and ferulic acid (C1oH;004; CID 445858).

Vanillyl Syringyl Cinnamyl
Vanillin (VAN) Synngealdehyde (SAN) P-coumaric acid (CAD)
0] H OYOH
\
/CH3 =
© -
OH N
Acetovanillone (VON) Acetosyrmgone (SON
0] CH,
Ferulic acid (FAD)
‘ | (@) OH
o e T
(@)
OH
Vanillic acid (VAD) Syringic aC|d SAD)
O.__OH 0
O/CH3 /[\ l
OH

Figure 3.2. Structures of the eight lignin-phenols targeted in this study. See text for full description of sources
for each compound.

Response factors were calculated from Equation 3.4 from a set of standard lignin-

phenol compounds.

Equation 3.4.

amount (ng)

chromatogram peak area

Equation 3.5 is an example of a response factor calculation for the internal standard.

Equation 3.5.

amount of internal standard (ng)

RFg = -
18 chromatogram peak area of the internal standard
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Relative response factors (Equation 3.6), calculated from the standard suite, were used to
determine absolute amounts of lignin-phenols in each sample. Two sets of standards were

run previous to the soil samples: aldehydes/ketones and acids.

Equation 3.6.

RFis

Two major corrections were made to the raw data obtained from the initial lignin-
phenol analysis. First, since there is potential for aldehyde phenols to oxidize to acid
phenols during the thermochemolysis process, a correction was made to determine the
original concentration (Fournillier, 2014). The amount of each aldehyde oxidized to the
corresponding acid was first calculated from each acid phenol from the standard runs

(Equation 3.7).

Equation 3.7.

(amount) X area
area /g phenol

RRF

Amountppen, =
phenol

The total amount of vanillic acid produced was added to the vanillin value and the total
amount of syringic acid produced was added to the syringaldehyde value. These new
amounts were used to calculate the RF and RRFs for the aldehyde phenols. Aldehyde
oxidation values were subtracted from the area of the vanillic and syringic acid peaks in

each sample (Equation 3.8).

Equation 3.8.

Amount (ng) acid from aldehyde

A t aldeh idation =
mount aldehyde oxidation Total amount (ng) aldehyde injected

Second, contributions from non-lignin-phenols had to be considered. Non-lignin-phenols
are present in soil, sediment, and plant material (tannins). Non-lignin-phenols, which
have the same structure as the eight lignin-phenols listed above, except they are already
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methylated, can erroneously contribute to the totals obtained in the analysis, and must be
subtracted from the final value. Deuterated TMAH was used to calculate the
contributions from non-lignin-phenols, because during methylation the deuterated TMAH
would add deuterated methyl groups, distinct from the already methylated non-lignin-
phenols. Deuterated TMAH determines lignin-phenols while unlabeled TMAH
determines both lignin-phenols and non-lignin-phenols. The lignin-phenols that have
measurable contributions from non-lignin-phenols are vanillin, vanillic acid, and syringic
acid. To determine the contribution from non-lignin-phenols in each peak, ratios of
abundances of specific ions in each peak were calculated. The contribution of non-lignin-
phenols was then subtracted from the vanillin (Equation 3.9), vanillic acid (Equation
3.10), and syringic acid (Equation 3.11) peaks for each sample run. After both corrections

described above, final amounts of lignin-phenols were obtained (in ng).

Equation 3.9.

m/z7
m/z¢5+ mM/zy7

Fraction of non-lignin-phenols =

Equation 3.10.

m/z 69+ M/Zy79+ M/z7;
(M/z1g9TmM/Z, 79+ mM/27) ) +(M/Z 66 +M/Z 7t M/Z65)

Fraction of non-lignin-phenols =

Equation 3.11.

m/Z0 +M/Zp0p M/ Zy 03T M/Z5 4

Fraction of non-lignin-phenols =
m m m m m m m m
(— += += += ) + (— += += +=
Z201  Z202 Z203 Z204 Z196 2197 Z198 Z199

The mg lignin-phenol per 100 mg of OC was calculated per sample and the sum
of the 8 lignin-phenols shown in Figure 3.2 was calculated (Ag). Acid to aldehyde ratios

were calculated for vanillyl (Equation 3.12) and syringyl (Equation 3.13).

Equation 3.12.

mg of vanillic acid / 100 mg of OC
mg of vanillin/ 100 mg of OC
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Equation 3.13.

mg of syringic acig/ 100 mg of OC

[Ad:Alls = mg of syringaldehyd¢ 100 mg of OC

Bulk soil analyses
1. Plant-available nutrients

Air-dried, sieved bulk soil was extracted using KCI. Five grams of soil was
shaken with 50 mL of 1M KCI for 30 minutes at a medium to high speed (100 RPM) on a
shaker platform. Samples were centrifuged for 5 minutes at 8,000x to pellet the soil and
10 mL of the supernatant was placed in clean vials for storage. Extracts were then
analyzed for plant-available ammonium (NH4), nitrate (NO3), and orthophosphate (P)
using microplate methods. The method I chose for NH4 was from Weatherburn (1967). In
this method, NHy reacts with salicylate in the presence of hypochlorite (oxidizer) and
nitroprusside (catalyst) to form an emerald green complex. Nitrate was measured
colorimetrically, using the protocol of Doane and Howrath (2003). In this method, any
NOj; in the extract is reduced to nitrite with vanadium (III) chloride, which then reacts
with Griess reagents (sulphanilamide; N-(1-naphthyl)-ethylenediamine dihydrochloride)
to form a pink colored diazodye. Phosphorus levels were quantified using the malachite
green method for orthophosphate as described by Baykov et al. (1998). The malachite
green assay capitalizes on the strong absorption shifts created when P forms a stable
malachite green-phosphomolydbate complex at low pH.
2. Texture analysis

Soil texture was analyzed using the method of Bouyoucos (1962). Twenty-five to
50 g of soil was placed into a dispersing cup with 100 mL of 5% w/v sodium
hexametaphosphate (Calgon, dispersing solution). The soil and solution were mixed in a

blender for approximately 2 minutes. The soil homogenate solution was transferred to a
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1000 mL cylinder and deionized water was added to bring the final volume to 1000 mL.
The suspension was mixed thoroughly with a plunger to redistribute soil particles. A
hydrometer was then placed into the cylinder and the reading was recorded after 40
seconds. Cylinders were kept undisturbed on the bench and hydrometer readings were
taken again at 2 hours. Hydrometer readings were adjusted for temperature and then used
to calculate percentages of sand, clay and silt in the soil samples as follows in Equations

3.14-3.17:
Equation 3.14.

corrected hydrometer readin S| L
% silt + clay = Y . . 9@ 9/L) 1100
dry weight of soil sample

Equation 3.15.
% sand = 100%4 (% silt + clay)

Equation 3.16.

corrected reading @ 2 hr (g / L)
dry weight of soil

% clay = 1100

Equation 3.17.
% silt = (% silt + clay ! % clay
In order to determine soil texture type, percent clay, sand, and silt were compared to the

USDA textural triangle (Thien, 1979; Figure 3.3).
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Figure 3.3. Texture triangle used to determine what type of soil our sample was based off of percent sand, silt,
and clay.

Statistics

Differences in aggregate C content and 8'°C were first analyzed using two-way
analysis of variance (ANOVA; aggregate size x management) to determine whether the
levels of C; and 8'"°C in macro- and microaggregates showed the same patterns of
response to management type. Because there were significant interactions between

aggregate size and management type for C (P = 0.035) and §"°C (P = 0.021), aggregate C
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levels were analyzed between sites using one-way ANOVA and post-hoc Fisher’s Least
Significant Difference (LSD) tests for each aggregate size. Differences in the levels of
lignin-phenol Ag ([Ad:Al]v, Ag acid: aldehyde; [Ad:Al]s) for each aggregate size were
tested using Chi-square tests and the null hypothesis that aggregates in each management
type contained the same amount of lignin-phenol.

One of the main objectives of the study was to estimate the contribution of soil
(abiotic) factors to the observed variation in Cg across management types. For this
purpose, aggregate C; was analyzed using a linear mixed model, wherein the model was
fitted using the restricted maximum likelihood (REML) approach. This approach
allowed me to obtain estimates of the effect size of each abiotic factor on C,. Variation in
C, among sites was analyzed using a normal distribution with C; as the response variable,
and % sand, % silt, % clay, available NH4, NOs and P, total % N, 83C, and Ag as fixed
factors. Aggregate size, management type, and size x type interactions were entered as
random factors. Once the best structure for the model was determined, using Akaike’s
information criterion (AIC), fixed effects were tested individually using a #-test.
Standardized coefficients were used to compare the effects of magnitude and direction of
abiotic variables included in the final model. Soil variables identified as significant in the
REML analysis were reduced using Principal Components Analysis (PCA). In PCA, the
soil variables were orthogonally transformed (Varimax rotation) into a linear combination
of the original variables, or principal components (PC). Most of the variance in the
original soil data was accounted for by PC1 (60.4% variation). Samples scores for PC1
were then regressed against Cs. All data sets were checked for normality using Doornik-

Hansen tests, and transformed using /n (1 +x), where necessary, to satisfy the
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assumptions of uni- and multivariate normality. All statistical analyses were performed
using SYSTAT v. 13 (Systat Software, Chicago, IL).
Results
Amount of carbon stored in aggregates

Overall, C content differed significantly between the two aggregate sizes across
management categories (size x management interaction, F = 3.189, P = 0.035; Figure
3.4). Because of this, each aggregate size was analyzed by management categories
separately. Microaggregate soil C levels differed significantly across management
categories (F = 8.270, P = 0.003); soil C levels were significantly higher in R3 and P3
categories than all other management categories. Similarly, macroaggregate C content
differed significantly across management categories (F = 6.036, P = 0.010), and the

highest C levels occurred in RO, R3, and P3.
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Figure 3.4. Amount of carbon present in each management categories for macro and microaggregates. Vertical
error bars indicate the standard error of the mean. Across aggregate type, sites with different red capital
(macroaggregates) or blue lowercase letters (microaggregates) differ significantly at P < 0.05 by LSD test.
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Biochemical markers of C inputs into aggregates - "°C

Patterns of stable isotope 8"°C signatures differed significantly between aggregate
sizes and management types (P = 0.021; Figure 3.5). Based on this result, each aggregate
size was compared to the management categories separately. Microaggregate 8'°C
became progressively more positive over the management sequence and 8"°C in P3
microaggregates was significantly more positive than that in RO microaggregates (P =
0.046). There was no significant difference in 8"°C between microaggregates in R1, R2,
and R3 sites. In contrast, there was no significant effect of management type on

macroaggregate 5" °C signature, even though 8'"°C showed a small spike in R1

macroaggregates.
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Figure 3.5. Stable isotope signatures for each management category for both macro and microaggregates.
Vertical error bars indicate the standard error of the mean. Across aggregate type, sites with different red

capital (macroaggregates) or blue lowercase letters (microaggregates) differ significantly at P < 0.05 by LSD
test.
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Biochemical markers of carbon inputs into aggregates - lignin-phenols
Lignin-phenols were analyzed for total lignin (Asg) in the soil samples. Figure 3.6
shows amount of lignin present in each management category for both macro- and
microaggregates. For microaggregates, the null hypothesis can be rejected because
microaggregates in each management type contained significantly different amounts of
lignin-phenol (W = 0.704, P = 0.010). However, for macroaggregates, the null hypothesis
cannot be rejected because macroaggregates in each management type contained the

same amount of lignin-phenol (W = 0.905, P = 0.435).
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Figure 3.6. Amount of lignin present in each management category for both macro- and microaggregates.

The [Ad:Al]v ratios measure lignin degradation in a sample. There were no
significant differences in [Ad:Al]v ratios between macro- and microaggregates (W =
1.32, P =0.251; Figure 3.7), so data were pooled for comparisons among management
types. Subsequent analyses showed that there was no significant difference in [Ad:Al]v

ratios among management types (W = 3.38, P = 0.496).
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Figure 3.7. Vanillyl acid to aldehyde ratio for each management category for both macro- and microaggregates.

Soil factors contributing to aggregate carbon

The results of the REML analysis determined which soil factors played a
significant role in aggregate C; levels across management types (Table 3.3). Aggregate C
levels were significantly and negatively influenced by % N (P = 0.026) and plant-
available P (P = 0.013). In contrast, C was significantly and positively influenced by
8"°C (P =0.030), % sand (P = 0.011), and % silt (P = 0.017). Aggregate lignin content
(As) was not a significant contributor to aggregate C content. Only one replicate per
management category (P = 0.609) was tested which could explain why lignin did not
contribute to aggregate C content. Soil NH4 and NOs levels and % clay also had no

significant effect on C; values.
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Table 3.3. Results of REML analyses of soil factors that contributed significantly to aggregate carbon content
across management types. P-values highlighted in bold text are significant at P < 0.05.

Estimate t Ratio Prob > |t|
% Nitrogen [131.267 -6.100 0.026
8" C 3.500 5.540 0.030
Lignin (As) 1.173 0.600 0.609
P 112.670 -8.670 0.013
% Sand 1.778 9.520 0.011
% Silt 1.393 7.520 0.017

Regression of Cs and PC1 as an index of soil properties confirmed the significant positive
relationship between aggregate C content and soil factors (F = 10.494, P = 0.004; Figure
3.8). PC1 accounted for 49 percent of the variation in the data set and consisted of
percent nitrogen (0.62), "°C (0.67), and phosphorous (0.81; an increase in plant litter

with increasing soil N and P enhances Cs).
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42




Discussion

The restoration of abandoned fields and former croplands to native grasslands
achieved substantial increases in SOC, especially within the first 10 years of restoration,
with C accumulation being closely tied to soil aggregation. In addition, the occluded
organic materials in each aggregate fraction were derived from two different pools of
carbon (Cs, Cy4), were in different stages of decomposition, and had different chemical
stabilities across sites. While these results support the general consensus that restoration
efforts can enhance soil C accrual (O’Brien and Jastrow, 2013; references therein), they
also demonstrate that restored urban grasslands are highly dynamic systems.

Both macro- and microaggregate C, content significantly doubled with time
between early (R1) and model restorations (R3). This result corroborates earlier findings
that the conversion from fields to native vegetation increases aggregate stabilization and
SOC content (Grandy and Robertson, 2007; Jastrow, 1987; Jastrow et al., 1998; Six et al.,
2004). Thus, sufficient organic materials were available during grassland restoration for
inclusion in water-stable aggregates. In addition, the aggregate C: N (~14.86) indicates
that organic inputs may have stimulated microbial growth and the resulting production of
extracellular polysaccharides to bind residue and soil particles into aggregates (Miller and
Jastrow, 1990; Tidsall, 1991; Tisdall and Oades, 1982). The observed C: N values fall
well within the expected range of C: N for microbial compounds (5 to 17; Cleveland and
Liptzin, 2007), and analyses of fungal to bacterial ratios over the same restoration
sequence showed an increase in fungal abundance across management categories (Palmer
and Egerton-Warburton, 2014).

When expressed on a per-mass soil basis, however, C accrual in old fields (RO)

was dominated by increases in SOC associated with macroaggregates. Studies in tilled
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agricultural fields similarly show that SOC is primarily associated with macroaggregates
(Puget et al., 1995). This result is notable because the polysaccharide content and high
turnover rate of macroaggregates may lead to C loss as oxidized pools of SOM rather
than sequestration (Six et al., 2002). In contrast, the accumulation of microaggregates
rich in C contributed to the greater total SOM in restored and managed sites.
Guggenberger et al. (1995) also found that microaggregates contributed to most of the C
accrual in pastures. Microaggregates contained more C than macroaggregates directly
contrasts with the concept of aggregate hierarchy (Tisdall and Oades, 1982) in which an
increase in aggregate size is expected to correspond with increasing C levels. It has been
suggested that changes in aggregate hierarchies may occur when binding agents other
than organic material contribute significantly to aggregation (Six et al., 2002). Two
important binding factors are silt and clay. In this study, silt was significantly and
positively correlated with aggregate C content, thereby supporting a role for a
physicochemical component of SOM stabilization in restored and managed sites as has
been noted elsewhere (Six et al., 2002; Yamashita et al., 2006).

Two pools of carbon (C; and C,) variously contributed to C accrual in macro- and
microaggregates. The more negative 8'"°C values of macro compared to micro suggest
that macroaggregates contained a large proportion of C; residues. The macroaggregate
8'°C values also became progressively depleted over the restoration sequence. Similarly,
Wick et al. (2009) found that macroaggregate 8'°C became increasingly depleted with
increasing site restoration age. This result might be explained by the presence of a
relatively abundant C; residue throughout much of the land-use history, the presence of
charcoal debris left after biomass burning (Krull et al., 2003), and/or microbial

discrimination against heavy C isotopes during decomposition (Balesdent and Mariotti,
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1996; Nadelhoffer and Fry, 1988). In contrast, microaggregates had a significantly less
negative mean 8'°C value than macroaggregates, thereby indicating a mixture of C; and
C4 residues within the microaggregate fraction. In addition, the increasing enrichment of
8'°C values over the sequence suggests an increasing input of C derived from C4 residues.
This result is consistent with other reports that C4—C is a critical driver of total SOC in
temperate grasslands (Knops and Tilman, 2000). These C4 residues may be derived from
corn that was previously cultivated on some of these sites, or from plants characteristic of
tallgrass prairie (warm-season Cy4 grasses) used in restoration. An alternative explanation
is that increasing 8"°C indicates a higher state of organic matter decomposition in the
microaggregates.

Macro- and microaggregates differed in the quantity and degradation state of
lignin among management categories. The acid to aldehyde ratio is commonly used to
assess the degradation state of lignin by microbes (Thevenot et al., 2010). The acid to
aldehyde ratios demonstrated two distinct trends. First, microaggregates showed
proportionally greater stabilization of highly decomposed materials than macroaggregates
in model restorations (R3) and remnant prairies (P3). Second, lignin was present mostly
as oxidized sub-units in macroaggregate in old fields (R0), early (R1), and intermediate
restorations (R2). These findings indicate that changes in vegetation through restoration
and management practices may be sufficient to promote the long-term stabilization of C
within microaggregates. However, these results should be interpreted with caution since a
limited number of samples were analyzed.

Overall, soil fractionation combined with stable isotope techniques and
thermochemolysis GC-MS provided insights into C accrual processes in restored and

managed grasslands. The conversion of abandoned sites or crop fields into grassland
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resulted in a significant increase in aggregate C from two pools of C (C;, C4), and SOM
was physically protected within aggregates and/or stabilized in association with silt. This
result supports the hypothesis that C storage in the soil increases as the duration of soil
management increases (Q; H;). However, more C was stored in micro- than
macroaggregates, except in old fields. In addition, macro- and microaggregates reflected
litter input changes from both Cs and C,4 plants over the duration of management (Q, H;),
and §"°C shifts were significant in the microaggregate fraction. Together, these findings
indicate that microaggregate C might serve as a useful indicator of C accrual in
restoration. However, the linkages between aggregate C and lignin content were less
clear. Notably, lignin content and degradation state reflected interactions between
aggregate size and management history. A more extensive examination of aggregate
lignin content and quality is required to tease out these interactions.

My results clearly show that increasing aggregate C content is coupled to 8°C, %
sand, and % silt. However, % N and P values negatively influenced aggregate C content.
This suggests that soil organomineral processes and biological processes are equally
important and work together to influence soil C levels. One limitation of this study was
only testing one macroaggregate and one microaggregate per management type for lignin
content. Because of this, data provide rough estimates of lignin content in the soil
samples. Another limitation of this study was difficulty finding previous studies to
support the data collected for lignin content. Scientists primarily study sediments, plant,
and soil samples, but not soil aggregates.

Conclusion
I was interested in determining the potential for aggregate C storage in restored

urban grasslands based on isotopic and biochemical composition in different soil
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management practices. My findings show that: (1) C content was highest in R3 and P3
for both macro- and microaggregates; (2) macroaggregates would like to stay in the Cs,
plant communities while the microaggregates started out in the C; plant communities and
then moved to C4 plant communities during restoration; and (3) total lignin differed
between the macro- and microaggregates among the RO and P3 management types. Since
the C4 plant communities were present in the microaggregates, this might show that the
C4 material is a relict. Both macro- and microaggregate C content did increase from R1 to
R3, with the R3 values getting closer to the P3 values. Macroaggregate and
microaggregate C content did not increase during the intermediate stages of restoration as
expected. This shows that the type of restoration practices might be more influential than
the duration of the restoration practices. Current restoration practices are promoting C

accrual by litter inputs and decomposition of organic matter.
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Chapter 4: Synthesis

The main question of this study was does restoration management help improve
soil carbon (C) sequestration? My results show that aggregate C content across
management types was affected significantly by % nitrogen, 8'°C, phosphorus, % sand,
and % silt. Phosphorus and % nitrogen negatively affect aggregate C content while 5"°C,
% sand, and % silt positively affect aggregate C content. The contribution of lignin to
carbon content is not clear.

Restoration plots and remnant prairies were studied in order to determine soil
organic matter (SOM) accrual in the Chicagoland area. The C analysis in Chapter 2
demonstrates that macroaggregates contained more C than the microaggregates, which
corresponds to the C abundance results from Jastrow et al. (1998) and also corresponds to
the hierarchical aggregate development presented by Tisdall and Oades (1982). In
Chapter 3, sand was accounted for, which changed my C abundance results. After
accounting for sand, microaggregates contained more organic C than macroaggregates.
My results correspond to Zhang et al. (2013), who compared soil organic carbon (SOC)
for different aggregate class sizes in three different tillage systems. Their results showed
that microaggregates had more C than macroaggregates, which is supported by my
results. Verchot et al. (2011) studied soil aggregates in different tillage systems in
Ferralsols and Arenosols in western Kenya. They determined that the C levels were
similar in tilled and untilled soils. They also found that microaggregates contained more
total organic C than macroaggregates. My results suggest that restoration practices
improve soil C sequestration over time for both macro- and microaggregates.

Carbon storage does not increase during early and intermediate restoration, as

expected. The lignin and stable isotope analyses show that as well. Although restoration

48



practices are being used, it does not appear that they are resulting in increased C accrual.
The significant differences in C accrual between early and intermediate restorations and
pristine remnants correspond with previous studies (Guzman and Al-Kaisi, 2009;
Kucharik et al., 2006). Prairies that have been restored for over 50 years function
similarly to remnant prairies (Kucharik et al., 2006). Baer et al. (2002) determined that
agricultural fields deplete nitrogen levels, which could be the reason why % nitrogen
negatively affected aggregate C content.

One potential factor that limits sequestration of large quantities of C is soil
erosion (Figure 4.1). Soil structure, root depth, and soil fertilities are all affected by soil
erosion. Although the impacts of soil erosion on soil degradation and water
quality/sedimentation have been well studied, the impacts on C and the emissions of CO,
and greenhouse gases have not (Lal, 2003). Wind and water erosion both disperse
aggregates and mineralizes the organic matter keeping the aggregates together.
Mineralization leads to emission of CH4 and N>O which can emit as much as 1 gigaton of
carbon per year (Lal, 2005). In North America, 46 Mha of land area is affected by severe
water erosion and 32 Mha of land area is affected by severe wind erosion. In the world,
soil erosion emits 10 times more CO, than fossil fuel combustion, emitting approximately
60 petagrams (Lal, 2003). Therefore, a prevention plan needs to be implemented in order
to reduce soil erosion in order to stop extra CO, and greenhouse gases from entering the

atmosphere.

49



Increase in soil erosion

v

Accelerated Soil
Erosion

I

v

Processes at the

Processes at the

v

Processes at the
depositional site

site of erosion redistribution site
Depletion of Increase in Burial of SOC
SOC pool mineralization with sediments
Ch in soil .
Breakdown of IEENRC Re-aggregation
D — temperature and | +——— . .
aggregates . . of dispersed soil
moisture regime
L . Burial of th . o
Decline in soil ;cl)nsoi(; b © Mineralization
quality p. Y of'labile fraction
sediments
; Run-on 4y 5
Increase in containine farm Emission of
mineralization . g N,O and CH,4
chemicals
Reduction in NPP o Alternative in
and the amount of soil structure
biomass returned e Possible
to the soil change in NPP

Increase in NPP

.

A

Net decline in ecosystem carbon pool, and increase in emission of CO2 and other gases to

the atmosphere

Figure 4.1. Soil processes affected by accelerated erosion at the erosion, redistribution, and deposition sites.
Adapted from Lal, R., 2005. Soil erosion and carbon dynamics. Soil and Tillage Research 81, 137-142.

The three types of C sequestration are oceanic, terrestrial, and geologic. Oceanic

C sequestration stores a lot of carbon (Figure 1.1). Water sequesters approximately 2

gigatons of C per year and all of the CO, emissions that are captured in water are human-

caused. This method of sequestration is unfortunately dangerous for marine organisms

and ecosystems since CO, makes the ocean acidic (Burruss et al., 2008). Terrestrial C

sequestration occurs via conservation practices that help store C and reduce CO,

emissions. Carbon storage can be enhanced by restoring wetlands, forests, and grasslands

(Burruss et al., 2008). Carbon dioxide emissions can be reduced by controlling soil
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erosion, reducing tillage, and suppressing wildfires in order to decrease the amount of
SOC that is converted to CO, (Brown, 2008; Burruss et al., 2008; Post and Kwon, 2000).
Only 30 percent of U.S. fossil-fuel CO, emissions are sequestered in the soil, which is a
very small amount (Burruss et al., 2008). Lastly, geologic C sequestration captures CO;
from fossil-fuel power plants and injects the CO; into the porous rock formations
underground (Burruss et al., 2008). More ways of sequestering C should be developed for
terrestrial and geologic areas in order to decrease atmospheric CO, and to decrease the
acidity of the oceans.

In the future, it would be interesting to see if prescribed burns affect soil carbon
and if it is better to burn in the spring or in the fall. It would also be interesting to
compare the 5"°C values from the aggregate class sizes to the 8'°C values from plant
material found in each aggregate size. I would like to perform a more in-depth analysis
on lignin-phenols to see how macro- and microaggregates differ in lignin content and if

the pattern that was observed in this study is accurate.
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