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ABSTRACT
EFFECT OF ABIOTIC FACTORS ON ENZYME ACTIVITY IN BROWNFIELD SOILS
by Diane Hagmann
Several factors can influence soil function, including biotic and abiotic. Biotic factors are those
that are living, like microorganisms. Abiotic factors are those that are non-living, and include
heavy metals, organic contaminants, pH, and nutrients. Liberty State Park in Jersey City (N.J.,
U.S.A), is a 100-ha brownfield was once a major rail yard that was restricted public access in
1969. The site without any intervention of humans grew a forest. The primary objective of this
dissertation is to understand the impacts of both inorganic and organic contaminants on soil
function in addition to provide strategies that can override the negative impacts of these abiotic
factors. Several studies were completed in order to attain the primary objective, which included
1) characterizing both organic and inorganic compounds present in Liberty State Park and
understand relationship with soil function, 2) further characterize coal particles that abundant in
the soil, 3) provide a potential strategy of improving soil function despite the presence of organic
and inorganic contaminants by adding different combinations of artificial root exudates on soil
enzymatic activities, 4) understand the influence of a gradient of abiotic factors on both soil
function and microbial communities. A variety of elevated heavy metals and organic
contaminants derived from fossil fuels, like polycyclic aromatic compounds were present in all
studied soils. Within Liberty State Park, soils from several vegetated sites within Liberty State
Park (43, 146 and 25F) had higher enzyme activities compared to the barren site 25R, which is
below detection limit. Optical microscopy analyses revealed bituminous and anthracite coal,
coke, tar/pitch, and ash particles were present in all soil samples. Upon further investigation

using density separation, pyrolysis gas chromatography confirmed the majority of coal present
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are anthracite and higher rank (medium volatile) bituminous. An inoculation with 25F soil into
an experimentally created gradient of 25F and 25R soils provided insights into the barren nature
of 25R. Some fungal classes decreased while others increased with increasing amounts of 25R
soils. One possible strategy of improving soil function is with the addition of artificial exudates,
which included sugars, organic acids, and amino acids. The combination of sugars, organic
acids, and amino acids, greatly increased phosphatase, cellobiohydrolase, and L-leucine
aminopeptidase activity over time in poorly-functioning, barren soil 25R. Phosphatase fold
change was the highest compared to the cellobiohydrolase and L-leucine aminopeptidase when
artificial exudates were added. The site provides a unique opportunity to understand the impact
of abiotic factors, such as inorganic and organic contaminants in the presence or absence of
vegetation on soil health. These data can provide a deeper understanding of the chemistry and
biochemistry, which can help to inform future remediation efforts in the public interest. These
data can also provide a possible strategy to improve soil function within contaminated

brownfield soils.

Keywords: brownfield, heavy metals, PAHs, industrial barren, artificial root exudates
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Table 2-1. Organic matter content (%, mean + SE; n = 3), extraction and liquid chromatographic
results from HMF, 43, 146, 25F and 25R soils. Fraction 1 contains saturated hydrocarbons;
fraction 2 — aromatic compounds and long chain (> C27) normal alkanes; fraction 3 — polar
compounds. The data show that soil from site 146 has the highest percent organic matter. The

LC results show the percentage of the total extract as well as yield per kg of dry soil.

Table 2-2: Symbols for peak identification used in Figures 1-7.

Table 2-3. Carbon preference index (CPI), odd-even predominance (OEP), pristine/phytane

(Pr/Ph), Pr/C17, Ph/C18, and weighted average carbon number of HMF, 43, 146, 25F and 25R.

Table 3-1. Pyrolysis-GC-MS peak identification for Figures 8-10.

Table 3-2. Dry weight percentages of density fractions separated from whole soil of LSP Sites

43 and 25R. See text and Figure 5 for procedural details.

Table 4-1. Concentrations of Cd, Cr, Co, As, Cu, Zn, Pb, and Na (mg/kg) in soil from LSP sites
25F and 25R. Concentrations of soils 100% 25F and 100% 25R were reported in Hagmann et
al., 2019. The concentrations of the other soil mixtures (25 % 25R, 50 % 25R, and 75 % 25R)
were calculated based on experimentally determined amounts of soils that were mixed and were

indicated by T.
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Table 5-1. Composition of artificial root exudates for high and low diversity treatments. Low
and high diversity treatments were comprised of a different number of exudate compounds.

These treatments were applied to soil from LSP site 25R.
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LIST OF FIGURES
Figure 2-1. Liberty State Park is located in Jersey City, New Jersey (A). Aerial images from: U.
S. Geological Survey: 1954 (B, E) and 2014 (C). Study sites within LSP are indicated on the map
(43, 146, 25F, 25R). A historical photograph of 25F and 25R from 1951 (D). Sites 25F and 25R
are adjacent; 25R is in a strip of land without vegetation (F). Photo credits: D: Andrew

Bologovsky, F: Mike Peters Montclair State University

Figure 2-2. Flow chart illustrating the experimental design for the experiment.

Figure 2-3. Total ion current (TIC) for Py-GC-MS of soil samples from sites HMF (A), 43 (B),
146 (C), 25F (D) and 25R (E). The data for 25R show predominantly mono- and polycyclic

aromatic hydrocarbons and aromatic hydrocarbons. See Table 2-2 for compound symbols.

Figure 2-4. Total ion current (TIC) for fraction 1 of soil extracts from sites HMF (A), 43 (B),
146 (C), 25F (D), and 25R (E). The data show distributions of alkanes (normal and isoprenoid

alkanes (m/z 71) and triterpenoids (m/z 191). See Table 2-2 for compound symbols.

Figure 2-5. Mass chromatogram (m/z 191) showing the distribution of hopanes and tricyclic
terpanes in the saturated fractions. The B-amyrin derivative is a soil microbe biomarker that was

observed in all sites except for 25R. See Table 2-2 for compound symbols.
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Figure 2-6. Total ion current (TIC) for fraction 2 of soil extracts from the HMF (A), 43 (B), 146
(C), 25F (D), and 25R (E) sites. The * indicates the peak was taller in the original chromatogram
before the top was cut off to reveal more detail for the shorter peaks. The data show fewer
polycyclic aromatic hydrocarbons in HMF. Distributions of aromatic compounds are similar for

chromatograms B, C, D, and E. See Table 2-2 for compound symbols.

Figure 2-7. Total ion current (TIC) for fraction 3 of soil samples from the HMF (A), 43 (B), 146
(C), 25F (D) and 25R (E). The * indicates the peak was taller in the original chromatogram
before the top was cut off to reveal more detail for the shorter peaks. See Table 2-2 for

compound symbols.

Figure 2-8. Organic petrographic composition (in volume %) of samples 43, 146, 25F, and 25R.
The data show that 25F and 25R have more tar/pitch compared to 43 and 146. HMF soil was not

analyzed for organic petrography because coal particles were not visible to the naked eye.

Figure 2-9. Examples of photomicrographs of anthropogenic particles identified in the samples.

Each sample has two photomicrographs. Reflected light, oil immersion.

Figure 2-10. Elements listed in order of atomic weight normalized to HMF. The data is arranged
from the lowest to the highest (43, 146, 25F and 25R) average metal concentration. The dotted

line present in A. and B. is the background HMF.
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Figure 2-11. Bacterial density (cells/g dry soil, mean and error bars are SE; n = 3) and
phosphatase activity (pmol*g™'*hr’!, mean and error bars are SE; n =3) of HMF, 43, 146, 25F,

and 25R soils are shown.

Figure 3-1. Index map showing location of Liberty State Park (LSP) in Jersey City (NJ), USA,
the principal anthracite coal fields of Pennsylvania, and the former Central Railroad of New
Jersey main line. Base map: Google Earth; coalfields: Pennsylvania Dept. of Environmental

Protection; rail line: Anderson (1984).

Figure 3-2. The Central Railroad of New Jersey's rail yard and marine terminal in Jersey City as
it appeared in a 1954 aerial image, overprinted with the location of the two soil samples (25R,
43) presented in this study. At the time of the photograph, coal transport operations were largely
confined to the zone seen in the lower part of the image, on the tracks leading to Pier 18. Note
the locations of the passenger terminal and roundhouse. Base image: U.S. Geological Survey;
identification of coal handling facilities: Anderson (1984); pier identification: Brooklyn

Historical Society Archives.

Figure 3-3. Historical images of CRRNIJ coal transport operations in the 1940's. (A) Loaded
coal trains in Jim Thorpe, Pennsylvania (Fig. 1; town formerly known as Mauch Chunk). (B)
Loaded coal cars approach Pier 18 in the Jersey City rail yard. View to the west showing the
yard's track network (Fig. 2). (C) View of Pier 18's two coal dumping towers for transfer of coal

from railcar to barge. View is to the west from the eastern end of the pier. (D) View to the
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northeast of Pier 18's coal dumpers. Note Ellis Island in the background. Photos: Anderson

(1984); used with permission.

Figure 3-4. Appearance of Liberty State Park in 2017. (A) Aerial view towards the southwest
showing the study area within the park. Note the former passenger rail and ferry terminal,
partially restored but non-functioning, and the Liberty Science Center museum, built on the site
of the former railroad roundhouse (Fig. 2). Photo: D. Hagmann. (B, C) Dense vegetation covers
most of the study area. The top of the Liberty Science Center tower appears in C. (D) Soil
sample 25R was collected from this anomalously barren strip within the study area. Photos B-D:

M. Peters, Montclair State Univ.; used with permission.

Figure 3-5. Experimental flow chart. See section 2 for details. No vegetation detritus was
picked from site 25R soil. * <2 mm size fraction previously studied in detail (Hagmann et al.,

2019).

Figure 3-6. Scanning electron micrograph of fragments of a single wet-sieved (> 2 mm) and

sonicated LSP 43 coal particle. Note surface encrustations. Scale bar is 300 um.

Figure 3-7. SEM EDS mapping images of a fragment of a single wet-sieved (>2 mm) and
sonicated LSP 43 coal particle. Scale bars are 50 um. (A) SEM image; box shows element
mapping area for B-D. (B) Multi-element map (O, Fe, S, Cl, Si, Al) superimposed on SEM
image. (C) Element map for aluminum. (D) Element map for silicon. Element mapping images

indicate clay mineral platelets adhering to coal.
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Figure 3-8. Py-GC-MS total ion current chromatograms of materials from the site 43 soil
sample: (A) typical soil organic matter (roots & twigs) and (B, C) two coal particles hand-picked
from the >2 mm size fraction after wet sieving and sonication. See Table 3-1 for peak

1dentification.

Figure 3-9. Py-GC-MS total ion current chromatograms. Forested LSP site 43: (A) whole soil,
(B) Fraction 1 floated in DI water, (C) Fraction 2 floated in Klaq (1.6 g/mL), and (D) Fraction 3

sank in Klaq (1.6 g/mL). See Table 3-1 for peak identification.

Figure 3-10. Py-GC-MS total ion current chromatograms. Barren LSP site 25R: (A) whole soil,
(B) Fraction 1 floated in DI water, (C) Fraction 2 floated in Klaq (1.6 g/mL), and (D) Fraction 3

sank in Klaq (1.6 g/mL). See Table 3-1 for peak identification.

Figure 4-1. Experimental design for the inoculation of 25F soils into an experimentally created
gradient of different soil mixtures. Soil mixtures included 0 % 25R, 25 % 25R, 50 % 25R, 75 %
25R, and 100 % 25R. The non-inoculated treatment were autoclaved soil mixtures with 5 %
autoclaved 25F soil. The inoculated treatment were autoclaved soil mixtures that were

inoculated with 25F soil. Fresh soils were non-autoclaved 0 % 25R and 100 % 25R soils.

Figure 4-2. Moisture (A) and organic matter (B) percentages (w/w) of fresh soils (non-

autoclaved) from sites 25F and 25R. Soil samples collected from 25F had higher percentages of
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moisture and organic matter. Bars represent the average of five replicates (n = 5) with standard

errors shown.

Figure 4-3. Moisture (A) and organic matter (B) of different percent ratio (w/w) of soils 25F and
25R for non-inoculated (dark gray) and inoculated (light gray) soils after 67 days in a growth
chamber. No statistically significant differences in moisture or organic matter were found
between non-inoculated and inoculated soils. Increasing percent ratios (w/w) of 25R soil
corresponded to decreased percent moisture and organic matter. Bars represent the averages of
five replicates (n = 5) with standard errors shown. Letters (a-e) over bars indicate significant

differences among the means of the different soil mixtures (Tukey test, p < 0.05).

Figure 4-4. NMDS of fungal genus (A) and bacterial genus (B) across the different treatments
(non-inoculated, inoculated and fresh soil). Both soil mixtures and treatments (non-inoculated,

inoculated and fresh soils) had a significant impact on fungal and bacterial communities.

Figure 4-5. Relative abundances of the top 15 fungal classes (A) and bacterial classes (B) across

different soil mixtures for non-inoculated, inoculated and fresh soils.

Figure 4-6. Correlations of relative abundance of fungal classes Mortierellomycetes (A) and
Sordariomycetes (B) across the ratios of soil mixtures containing increasing percent ratios (w/w)
of 25R soil for inoculated soils. There was a significant negative relationship between the
relative abundance of Mortierellomycetes and the percent ratio (w/w) of soil mixtures (A) (r = -

0.976, p <0.01, Pearson). There was significant positive relationship between the relative
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abundance of Sordariomycetes and the ratios of soil mixtures (B) with increasing amounts of

25R (r=1, p <0.05, Spearman).

Figure 4-7. Relationship between enzyme activities with the increasing percent ratios (w/w) of
25R soils (0 %, 25 %, 50 %, 75 %, and 100% 25R), for both non-inoculated and inoculated
treatments after incubation for 67 days in a growth chamber. The data were fitted to a Linear
equation. Phosphatase (A, B), cellobiohydrolase (C, D) and peroxidase (E, F) activities are
shown. Phosphatase and cellobiohydrolase activities decreased with increasing percent ratios
(w/w) of 25R soil for both non-inoculated and inoculated soils for phosphatase and
cellobiohydrolase activities. Peroxidase activity did not decrease with increasing percent ratios
(w/w) of 25R soil. However, peroxidase activity did not decrease with increasing percent ratios
(w/w) of 25R soil for the non-inoculated soil. The error bars indicate the standard errors with a

minimum of 3 replicates (n = 3).

Figure 5-1. Enzyme activity fold changes of LSP 25R soil are shown for each artificial exudate
combinations for phosphatase (A), cellobiohydrolase (B), and L-leucine aminopeptidase (C).

The values shown represent the averages of five time points. The data are shown for seven
different exudate combinations, (S-, O-, A-, S-O, O-A, S-A, S-O-A). Bars represent the averages
of four replicates (n=4) with standard errors shown. Significant differences among the means are

indicated by letters (Tukey test, p < 0.05).

Figure 5-2. Effect of low and high diversity treatments added to 25R soil on phosphatase activity

(umol*g *hr!) for four different combinations of artificial exudates (S-O, O-A, S-A, and
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S-0O-A) averaged over two times points (30 and 60 days). Dark grey and white bars represent
low and high diversity treatments respectively. The difference between phosphatase activities
where the soil was treated with low and high diversity treatments were not significant. Bars
represent the average of three replicates (n = 3) of each enzyme activity with standard errors

shown.

xx1
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Chapter 1

Introduction
Both biotic and abiotic factors can impact soil function. Biotic factors are living things like
microorganisms, while abiotic factors are non-living factors such as heavy metals, organic
contaminants, pH, soil texture, and nutrients. Previous studies have found correlations between
soil extracellular enzyme activity and abiotic factors, including soil texture (Sinsabaugh et al.,
2008; gnajdr et al., 2008; Sinsabaugh et al., 2010; Alvarez & Lavado, 1998). Extracellular
enzymes can be excreted into the soil by bacteria, fungi and plants (Gadd, 2007; Criquet &
Farnet, 2004). Soil microorganisms including bacteria and fungi are important, because it
reflects the ability of the soil to degrade organic matter that will provide essential nutrients for
vegetation (Sinsabaugh & Follstad, 2012, Haider and Schiffer, 2009).

Extracellular enzymes are involved in the breakdown of different molecules, like
cellulose, starch, polypeptides and lignin (Sinsabaugh et al., 2008; Henry et al., 2013; Allison et
al., 2007, Jian et al., 2016, Skujins, J., & Burns, 1976; Weedon et al., 2014). Measuring
phosphatase, cellobiohydrolase and L-leucine aminopeptidase activities serves as proxy measures
for nutrient cycling. For example, phosphatase catalyzes the hydrolysis of ester-phosphate bonds
found in nucleic acids, phospholips and other phosphates to yield inorganic phosphate (Jian et
al., 2016; Nannipieri et al., 2011; Sinsabaugh et al., 2008). Cellobiohydrolase activity measures
the hydrolytic enzyme, B-d-cellobiosidase that is produced by soil microbes, which catalyzes the
decomposition of polysaccharides, specifically cellobiose to glucose (Deng & Tabatabai, 1994,
Sinsabaugh et al., 2008). L-leucine aminopeptidase hydrolyzes amino acids from the N-terminus

(Sinsabaugh et al., 2008). Peroxidase activity is an example of an oxidative enzyme involved in
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lignin degradation that use a secondary oxidant, such as H>O», to degrade aromatic compounds
(Sinsabaugh et al., 2010).

Understanding the factors that influence enzyme activity, especially in contaminated
soils, is important because it provides understanding of the fundamental chemistry, biochemistry
and ecology of these sites. In contaminated soils, the interactions between biotic and abiotic
properties of the soil are complex (Krumins et al., 2015). Negative impacts on soil health and
function can result from the presence of both heavy metals and organic contaminants
(Thavamani et al., 2012; Shen et al., 2005). Such contaminants can decrease soil function and
alter the microbial community composition (Alisi et al., 2009b; Buettner and Valentine, 2011a;
Hamdi et al., 2007b; Sprocati et al., 2012a). Change in soil function can lead to an alteration of
enzyme activity (Baran et al., 2004; Shen et al., 2005). Contaminated soils can even become
inhospitable to plant growth if concentrations reach above certain limits (Wong et al., 2006).

Industrial activity can introduce a variety of heavy metals and organic contaminants into
soils. Some typical industrial activities that introduce contaminants include mining, smelting,
and sewage sludge disposal, as well as activities within rail yards, manufactured gas plants, and
petrol stations (Shen et al., 2005, Thavamani et al., 2012; Wang et al., 2008). Parcels of land
with high levels of heavy metal and organic contaminants introduced from anthropogenic
activities are prevalent across the globe and are referred to as brownfields. According to the U.S.
Environmental Protection Agency (EPA), a brownfield is defined as a “property... which may be
complicated by the presence or potential presence of a hazardous substance, pollutant, or
contaminant” (EPA, 2020). Within the United States there are approximately 450,000
brownfields, with a large number located in New Jersey (EPA, 2020). The contaminants

introduced from industrial activity can impede growth of vegetation in these areas and can also
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have detrimental impacts on human health. Both inorganic and organic contaminants, such as
heavy metals and polycyclic aromatic compounds, are persistent in soils. Additionally, these
contaminants can travel to nearby water systems through natural processes such as run off from
rain, and negatively impact ecosystem health (Arditsoglou & Samara, 2005; Zota et al., 2009).
Thus, characterizing the contaminants present in soils that were once areas of industrial activity

is important to promote positive environmental and human health outcomes.

RESEARCH QUESTIONS AND DISSERTATION STRUCTURE

Liberty State Park (LSP) will be used as a case study throughout this dissertation (Chapters 2-5).
LSP, located in Jersey City in Northern New Jersey, was an abandoned rail yard, and has been
undisturbed by humans since it was abandoned in 1969. The historical use of LSP is discussed
in greater detail in Chapters 2 and 3. A forest grew within the 100-ha plot in the core of LSP,
despite known levels of heavy metal/loids. The organic contaminants present in LSP have yet to
be elucidated. The sites within LSP investigated in this dissertation include several vegetated
sites (43, 146, and 25F) and one site barren of vegetation (25R). The vegetated site 25F is

adjacent to barren site 25R.

The overall goal of this dissertation work was to understand the impacts of both abiotic
properties on soil function and to investigate strategies that can override the negative impacts of

these abiotic factors, with aims to meet the following objectives:

Objective 1: To characterize both organic and inorganic compounds present in the soils of

several sites within LSP. To compare these results to an uncontaminated reference site to identify
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compounds that originated from industrial activity at the rail yard. Also, to identify differences

between a barren site (25R) and a vegetated site (25F) that are adjacent to each other within LSP.

Objective 2: To characterize anthracite and bituminous coals that are abundant in LSP using a

simple floatation method to isolate soil organic matter and various coal types.

Objective 3: To determine if the inoculation of 25F soil into an experimentally created gradient
of two contaminated soils would shift the microbial communities and if abiotic or biotic factors

would serve as primary drivers of soil function.

Objective 4: To determine if adding different combinations of artificial exudates (sugars,
organic acids and amino acids) is a possible strategy to improve soil function of a poorly-

functioning, barren soil, such as LSP 25R.

This dissertation was written as a series of individual manuscripts. The second chapter reports
the organic and inorganic compounds present in different sites of an urban brownfield in
northern New Jersey, Liberty State Park. The third chapter reports a further investigation of the
coal that is present in the brownfield to broaden our understanding of the fossil fuel biomarkers.
The fourth chapter reports a possible strategy to revitalize a poorly-function soil from LSP
through the additions of different combinations of artificial root exudates. The fifth chapter
reports studies on the mechanisms by which the abiotic factors within a gradient of soils

influence both microbial communities and soil function.
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Chapter 2
Environmental forensic characterization of former rail yard soils located adjacent to the
Statue of Liberty in the New York/New Jersey harbor
Published as: Hagmann D.F., Kruge M.A., Cheung M., Mastalerz M., Gallego J.L.R., Singh J.P.,
Krumins J.A., Li X., Goodey N. (2019) Environmental forensic characterization of former rail
yard soils located adjacent to the Statue of Liberty in the New York/New Jersey harbor. Science

of the Total Environment 690:1019-1034. https://doi.org/10.1016/j.scitotenv.2019.06.495

Abstract

Identifying inorganic and organic soil contaminants in urban brownfields can give insights into
the adverse effects of industrial activities on soil function, ecological health, and environmental
quality. Liberty State Park in Jersey City (N.J., USA) once supported a major rail yard that had
dock facilities for both cargo and passenger service; it was later closed off to the public, and a
forest developed and spread in the area. The objectives of this study were to: 1) characterize the
organic and inorganic compounds in Liberty State Park soils and compare the findings to an
uncontaminated reference site (Hutcheson Memorial Forest); and 2) identify differences between
the barren low-functioning areas and the forested high-functioning areas of the brownfield. Soil
samples were solvent-extracted, fractionated, and analyzed by gas chromatography-mass
spectrometry and subjected to loss-on-ignition, pyrolysis-gas chromatography-mass
spectrometry, inductively-coupled-plasma mass spectrometry, and optical microscopy analyses.
Compared to soil from the reference site, the forested soils in Liberty State Park contained
elevated percentages of organic matter (30—45 %) and more contaminants, such as fossil-fuel-

derived hydrocarbons and coal particles. Microscopy revealed bituminous and anthracite coal,
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coke, tar/pitch, and ash particles. Barren and low-functioning site 25R had a similar organic
contaminant profile but contained a higher metal load than other Liberty State Park sites and also
lacked higher plant indicators. These can obscure the signatures of contaminants, and data from
adjacent barren and vegetated sites are valuable references for soils studies. A deeper
understanding of the chemistry, biochemistry, and ecology of barren soils can be leveraged to

prevent desertification and land degradation and to restore dysfunctional and phytotoxic soils.

Keywords: Brownfield, heavy metals, polycyclic aromatic hydrocarbons, soil forensics,

pyrolysis-GC-MS, petrography, industrial barrens

2.1. Introduction

Past industries have altered ecosystems by introducing inorganic and organic contaminants into
soils (Alker et al., 2000; Gallego et al., 2016; Qian et al., 2017; Thornton et al., 2008).
Specifically, former rail yard soils remain contaminated years after operations have ceased
(Jackson, 1997). Loading, unloading, and the train engines themselves can introduce both
inorganic compounds such as heavy metals and organic contaminants including polycyclic
aromatic hydrocarbons (PAHs) into the soil (Jackson, 1997; Lacey and Cole, 2003; Liu et al.,
2008; Malawska and Wilkomirski, 1999; Malawska and Witkomirski, 2000; Malawska and
Wiotkomirski, 2001; Witkomirski et al., 2011). Organic contaminants can originate from
lubricating oils, coal, oil, fertilizers and herbicides (Biache et al., 2017; Witkomirski et al.,
2011). PAHs, many of which are toxic or mutagenic to humans, plants, and animals, (Brooks,
2004; Smith et al., 2006) can originate from incomplete combustion of coal (Haritash and

Kaushik, 2009).
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Liberty State Park (LSP) in Jersey City, New Jersey is located across the Hudson River
from lower Manhattan and the Statue of Liberty and once supported a rail yard (Fig. 1-1A).
Originally, LSP consisted of mudflats and salt marsh but was later filled in with New York City
construction debris and municipal waste to prepare for the construction of the Central Railroad of
New Jersey. The railroad was built between 1860 and 1919, operated until 1967, and was closed
in 1970 (Gallagher et al., 2008a). Part of LSP was remediated but a 100-ha un-remediated site,
our study area, was fenced to restrict public access. Despite its history of contamination, most
areas within our un-remediated study site support a biodiverse and productive forest (Gallagher
et al., 2008a). Figure 2-1C shows the locations of our sites within the study area (43, 146, and
25). The organic compounds at LSP had not been previously analysed but coal fragments are
visible throughout the site.

We previously discovered high enzyme activities at LSP site 146, which has high heavy
metal loads (Hagmann et al., 2015). This finding was surprising because heavy metal and
organic contaminants are often thought to decrease soil microbial functioning (Alisi et al., 2009a;
Buettner and Valentine, 2011b; Hamdi et al., 2007a; Sprocati et al., 2012b). Because organic
contaminants can play a role in soil functioning (Baran et al., 2004; Shen et al., 2005) and
display additive effects in combination with heavy metals (Maliszewska-Kordybach and
Smreczak, 2003; Shen et al., 2005), we identified organic contaminants at different sites within
LSP that might lead to differences in enzymatic activities. It is important to study both inorganic
and organic compounds to understand historic industrial activities (Ortiz et al., 2016a).

Figure 2-1
The use of pyrolysis gas chromatography — mass spectrometry (Py-GC-MS) is only

beginning to see wide application in characterization of brownfield contaminants (Kruge, 2015;
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Kruge et al., 2018; Lara-Gonzalo et al., 2015). Here we studied LSP soils via Py-GC-MS and
GC-MS combined with organic petrography and determination of soil enzyme activities, major
and trace elements, total organic matter, and microbial counts. This unique combination of
methods, including the concurrent identification of organic and inorganic pollution with
measurements of enzymatic function and microbial counts, provides a multidimensional
understanding of the contaminants in LSP soils.

Sites were chosen in LSP and at the reference site at Hutcheson Memorial Forest (HMF).
HMF is a non-contaminated site located Franklin Township, New Jersey, which was primarily
agricultural and then established as a nature preserve and research station administered by
Rutgers University. Comparing LSP and HMF, which are both located within the piedmont
region of New Jersey, would allow us to answer questions about the impact of industrial
activities and vegetation on organic contaminant profiles in the soils. Soils were characterized at
four sites (43, 146, 25F, and 25R) within the un-remediated and closed-off LSP area. Our first
hypothesis was that there will be more fossil fuel biomarkers at LSP compared to HMF.
According to historic photographs shown in Figure 2-1B, sites 43 and 146 lie along tracks to a
coal pier while sites 25F and 25R are located next to each other and along the route to “Pier 11”
(Fig. 2-1D). All LSP sites have a history of industrial contamination while the reference site
HMF does not. Site 25R lacks plants while the other three LSP sites (43, 146, and 25F) and
reference site are vegetated. Our second hypothesis was that the barren site 25R will have more
or different contaminants compared to the forested sites at LSP. Our two primary objectives were
to: 1.) characterize the organic and inorganic compounds at LSP and compare the findings to a
reference site HMF; and 2.) identify differences between the barren site 25R (area with no

vegetation) and forested areas at LSP.
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2.2 Methods

2.2.1 Site description

Soil samples were collected from four sites located within an un-remediated, restricted-access,
100-ha plot within LSP, Jersey City, NJ, USA (40° 42” 16 N, 74° 03’ 06 W, Fig. 2-1A, B). LSP
was formerly a major rail yard and dock facility built on estuarine marshland and was abandoned
around 1969 (Gallagher et al., 2008a). In the intervening decades, dense forest cover took over
the restricted access plot without human intervention.

Soils for this study were collected from three different vegetated sites within LSP,
including 43, 146, and 25F (Fig. 2-1C). A fourth site—25R that is adjacent to 25F—is from a
strip of land that remains anomalously barren (Fig. 2-1F). As a reference, soil was also collected
from a location within HMF in Franklin Township, N.J—an abandoned agricultural field with no
history of industrial use or contamination about 60 km southwest of LSP—having the same

natural successional timeframe.

2.2.2 Soil collection and preparation

Soil was collected in July 2016 from LSP sites 25F, 25R, 43, and 146 as well as the reference
site HMF. For this study, five samples were collected along a transect at intervals of 4 m for this
study into separate bags (depth of 10 cm below the leaf-litter). The samples were stored in a
refrigerator (4 °C). At the lab the soils were sieved through a 2-mm sieve and equal amounts of
the five samples along a transect were combined into one bag labelled with the transect name and
site (e.g., 43A). At each site, five samples were collected along three parallel transects 10 m
apart. Thus, fifteen soil subsamples from a 16 by 20 m field grid were combined into three

composite samples (one for each transect), as seen in Figure 2-2. For each site, the three
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composites samples were submitted separately for laboratory analysis. Figure 2-2 shows an
overview of the experimental procedures we used to determine the organic composition of the
soils as described in sections 2.4 and 2.5.

Figure 2-2

2.2.3 Percent organic matter

The percent organic matter was determined by loss on ignition (LOI). This procedure is
described in Hagmann et al. 2015. Briefly, soil was dried at 70°C for 24 hours. The soil was
ground using a mortar and pestle and samples were heated to 550°C for 4 hours. The percent
organic matter was determined gravimetrically. Results are presented as the mean values of the

three composite soil samples taken at each site.

2.2.4 Extraction, LC fractionation and GC-MS

For each site, only one analysis was performed, on a global sample combining each of the three
transect composites (Section 2.2) in equal measure. Dry soil samples <2 mm (0.009 - 0.08 g ary)
underwent solvent extraction as described in Lara-Gonzalo et al. 2015. Briefly, soils were
extracted using dichloromethane:methanol (3:1, v/v) in a Soxtherm system (Gerhardt analytical
systems: Konigswinter, Germany). The extract was concentrated by rotary evaporation. Aliquots
of the Soxtherm extract were fractionated and gravimetrically quantified by open column liquid
chromatography (LC). First, maltenes and asphaltenes were separated by filtering through 0.45
um filters using hexane and dichloromethane, respectively; then, maltenes were fractionated into
three fractions by LC in columns filled with silica gel and alumina. Fraction 1 (predominantly

aliphatic hydrocarbons) was eluted with hexane, Fraction 2 (predominantly aromatic
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hydrocarbons) with a mix of dichloromethane:hexane (7:3, v/v) and finally, Fraction 3
(predominantly polar compounds) with dichloromethane:methanol (1:1, v/v).

The analysis of the LC fractions was carried out by GC/MS. The injection of the extracts
was performed on a GC/MS QP-2010 Plus (Shimadzu: Kyoto, Japan). A capillary column DB-
5ms (5% phenyl 95% dimethylpolysiloxane; 60 m x 0.25 mm i.d. X 0.25 um film) from Agilent
Technologies was used with helium as carried gas at 1 mL/min. The initial oven temperature was
50 °C (held for 2 min) and ramped at 2.5 °C min! up to 310 °C and held for 45 min. The mass
spectrometer was operated in electron ionization mode (EI) at 70 eV. It was calibrated daily by
autotuning with perfluorotributylamine (PFTBA) and the chromatograms were acquired in full-
scan mode (mass range acquisition was performed from 45 to 500 m/z). Compounds were
identified using the NIST 2014 Mass Spectral Library (NIST 2014/EPA/NIH) and by reference

to the literature.

2.2.5 Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC-MS)

For samples HMF, LSP 43, and LSP 146, Py-GC-MS was performed using a CDS Analytical
5000 Pyroprobe (Pennsylvania, USA) coupled to a Thermo Electron DSQ GC/MS (Texas, USA)
equipped with an Agilent DB-1MS column (30 m X 0.25 mm i.d. x 0.25 um film thickness). The
GC oven temperature was programmed from 50 °C to 300 °C (at 5 °C min™"), with an initial hold
of 5 min at 50 °C and a final hold of 15 min at 300 °C. Pyrolysis was performed for 20 s at 610
°C. The MS was operated in full scan mode (50-500 Da, 1.08 scans s™'). Quality control was
performed by separately analyzing the three composited samples from each site (Section 2.2).

For each site, the three yielded very similar results; therefore, only one was used to represent the
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site in this paper. Compounds were identified using the NIST MS library and by reference to the

literature.

2.2.6 Organic petrography

For petrographic analysis, soil samples were mixed with Lucite powder and prepared into pellets
in a Leco PR-15 mounting press. A GPX200 grinder/polisher was used to polish the samples
according to the standard sample preparation techniques (Taylor et al., 1998). A reflected light
microscope Leica DM 2500P linked to a TIDAS PMT IV photometric system was used to
determine petrographic composition of the samples by counting 500 points, and the results were
recalculated into volume percent. Representative photomicrographs were taken of each sample
using the same microscope. Coal, coke, tar and pitch, fly ash/bottom ash, sediments, and other
materials were the petrographic categories counted, and each category included several

components identified based on their optical characteristics.

2.2.7 Elemental analysis

The concentrations of selected elements were determined using a Thermo i1CAP Qc inductively
coupled plasma mass spectrometry (ICP-MS, Thermo Fisher Scientific, Bremen, Germany). The
soil was extracted following EPA method 3050B, which is described in Hagmann et al. (2015).
Briefly, 5 mL of 50% HNO; was added to a 0.5 g homogenized sample. The solution was heated
to 95 £ 5 °C for 15 minutes. After the sample cooled down, 2.5 mL of concentrated HNO3 was
added to the solution and the sample was heated 95 + 5 °C for 30 minutes. This step was
repeated if brown fumes were present. Afterwards, the sample remained at 95 £ 5 °C until the

volume was reduced to approximately 2.5 mL. DI (ImL) water was then added to the solution
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and drops of 30 % H>0: (1.5 mL) were added. Further amounts of 30% H>O. were added until
effervescence was minimal. The sample remained at 95 = 5 °C until the volume dropped to 2.5
mL. The volume was brought up to 50 mL with DI water. The solution was then filtered
through a 1 um filter. Each sample was further diluted to run on the ICP-MS. Samples were
diluted to at least 20 times to minimize the matrix effect. An aqueous standard curve was
prepared for Li, Mg, Al, P, K, Ca, Sc, V, Cr, Mn, Co, Ni, Cu, Zn, As, Mo, Ag, Cd, Ba and Pb

from a stock solution.

2.2.8 Acridine orange direct count (AODC)

Bacterial cell density was measured using epifluorescence microscopy after staining the soil
suspensions with acridine orange. Briefly, soil samples were suspended in phosphate buffered
saline (PBS) (0.0088 M Na;HPO4, 0.0013 M NaH,PO4 e H,O, 0.15 M NaCl; pH 7.6) and fixed
in formalin. The fixed samples were then serially diluted in PBS with a final dilution of 1073,
The diluted samples were then stained with 0.1 % acridine orange and transferred on a black
polycarbonate 0.2 pm IsoporeTM membrane filter (Millipore, Waltham, M.A.) and observed
under an epifluorescence microscope with a 100X objective lens (Nikon eclipse Ti-S) (Hobbie et

al. 1977, Krumins et al. 2009).

2.2.9 Phosphatase assay

Phosphatase enzyme activity was measured for soil from each site as described in Hagmann et al.
2015. Briefly, moist soil (0.1 g) was added to 100 mL of 0.1 M MES buffer (pH 6.0) and then
sonicated for 3 min at 25W. The slurry was stirred continuously, and each sample was added to

the well (160 pL). 4-MUB-phosphate was added (40 pL) to three different wells (350 uM in the
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well). The concentration was determined by preparing a standard curve using different
concentrations of 4-MUB (0, 500, 1000, 1500 and 2500 pmols). Time points were collected on a
microplate reader at 30 °C every 20 minutes for 6 hours to measure fluorescence intensity (320

nm ex./450 nm em.).

2.3. Results and discussion
2.3.1. Bulk organic matter content
The soil from the reference site HMF has an organic matter content of 7.4 % (by LOI), similar to
typical forested soils in New Jersey (Table 2-1) (Osman, 2013). It should be noted that the
solvent extraction were conducted on soil particles that were less than 2 mm in diameter. In
contrast, forested LSP sites 43, 146, and 25F are unusually enriched in organic matter (30 - 45
%) compared to typical New Jersey soils. Compared to the other LSP sites, the barren LSP site
25R has a lower percentage of organic matter (10.8 %). The reference soil from HMF and barren
25R soil have low solvent extract yields (1.3 and 1.2 g/kgsoil, respectively), compared to the
forested LSP sites 43, 146 and 25F, which yielded 7.3 to 9.8 g/kgsii.  Asphaltenes, higher
molecular weight compounds (500 - 1,000 or more Da) (Lewan et al., 2014), are dominant in the
soils from HMF and LSP sites 43, 146 and 25F, composing > 70 % of the extracts. Fraction 3
(predominantly polar compounds) is also prevalent (14 — 22 %) in these same soils (Table 2-1).
Site 25R is distinctive: in addition to the low extract yield, it contains only 47 % asphaltenes and
considerably more saturated hydrocarbons (Fraction 1, 17.6 %) than the other samples.
Table 2-1
The forested sites at LSP (43, 146 and 25F) contain both biological materials and

contaminants. The additional organic matter and extract yield in soils from these sites is likely
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because of augmentation by fossil fuel materials. LOI measurements alone cannot distinguish
between coal and natural soil organic matter (Ball, 1964). However, we do indeed commonly see
chunks of coal in the LSP soils, which must obviously contribute to the elevated organic matter
at LSP. Samples HMF and 25R contain less soil organic matter and extract, but HMF is
forested, while 25R is barren (Fig. 2-1). The lower organic matter content and extract yield at
25R likely results from the lack of vegetation because plants provide constant organic inputs into
the soil and obviously 25R soil does not receive these inputs. The organic matter content at
HMF is normal for a forested soil and simply lacks the supplemental increment because of the
contamination found at LSP. We note that the asphaltene contents of the forested LSP sites are

high and further work must be done to characterize the asphaltenes, for example, by Py-GC-MS.

2.3.2. Py-GC-MS

Pyrolysis-GC-MS results (Table 2-2 and Fig. 2-3) showed that the reference site HMF contains
organic compounds found in typical forest soils including lignin [L1], polysaccharide [P1, P2,
P3, P4], and protein biomarkers [N2] (Fig. 2-3 A). Reference site HMF also contains low-
weight aromatic hydrocarbons [A1, A2, A4] and phenols [F1, F2, F3, F4] (Fig. 2-3 A).
Vegetated LSP sites 43, 146, and 25F contain the compounds present in HMF. These sites also
contain PAHs such as naphthalenes and phenanthrenes, where both parent and alkylated forms
are present, fluoranthene (Fig. 2-3 B), as well as dibenzofuran [DBF] and methyldibenzofuran
[DBF1]. The chromatogram of barren LSP site 25R shows a notable absence of organic
compounds with a biological derivation [e.g., L1, L2 etc.] and thus predominantly aromatic
compounds are seen in the trace. The aromatic compounds seen at site 25R are also present in

similar proportions at the other LSP sites (Fig. 2-3).
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Table 2-2
Figure 2-3

The presence of polysaccharides, lignin, and proteins in HMF was expected because
these compounds indicate plants and microorganisms in the soil (e.g., Hempfling & Schulten,
1990). These compounds are also present in vegetated LSP sites 43, 146, and 25F but not at
barren site 25R. The pyrolyzates of the LSP sites 43, 146 and 25F soils have similar organic
compositions to each other, which is not surprising because they are all vegetated and located
within the same brownfield. The PAHs present at LSP sites indicate fossil fuel contamination
and include naphthalenes, fluoranthene, and fluorene, and heterocyclic compounds, such as
dibenzofuran. One likely source is coal, particles of which are evident to the naked eye in the
park soils, and it is known that the presence of coal in the soil can increase the amount of
aromatic compounds including PAHs (Kdgel-Knabner, 2000; Laumann et al., 2011; Nadudvari
et al., 2018; Stout and Emsbo-Mattingly, 2008).

One example of coal indicators include dibenzofuran and methyldibenzofuran
(Nadudvari et al., 2018). In contrast to the other sites, 25R pyrolyzate shows a strong
predominance of aromatic compounds. These aromatic compounds include monoaromatic
hydrocarbons such as BTEX (benzene [A1], toluene [A2], ethylbenzene, xylene [A3]) and
polycyclic aromatic hydrocarbons (PAHs) [NAP, PHN, FLA, PYR, CHR, BAN]. Compared to
the other LSP sites, the different organic composition at site 25R can be largely attributed to the
absence of plants at 25R. Organic compounds at forested LSP soils come from vegetation or
industrial sources and compounds originating from plants can obscure signatures of
contaminants (Ortiz et al., 2016b). With many of the plant and microbial indicators missing, the

PAH indicators are more clearly visible in the 25R total ion current (TIC) trace. Our findings
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indicate that the organic contaminant profile of site 25R is similar to the other LSP sites. This
suggests that the lack of plants at site 25R is not a result of differences in organic contaminant

composition.

2.3.3. Solvent extractable organic matter
2.3.3.1. Fraction 1 (saturated hydrocarbons)
The saturated chromatograms (Fig. 2-4) contain two different sub-groups, normal and isoprenoid
alkanes (m/z 71) and triterpenoids (m/z 191). The distributions of saturated hydrocarbons
indicate that the soil of reference site HMF soil is distinctly different from soils from the four
LSP sites (Fig. 2-4, Appendix-A Fig. A1). The HMF samples show a predominance of two
higher plant triterpenoid biomarkers, diploptene [B2] and a -amyrin derivative [B6] as well as
the long-chain, odd carbon number alkanes n-Ca9 and n-Cs1 (Figs. 2-4A and 2-5A). For soil
samples 43, 146, and 25F, we see a lower relative abundance of the two biomarkers [B2] and
[B6] compared to HMF and a broader range of odd-carbon number n-alkanes (Co4— C31) (Fig. 2-
4 B-D, Fig. 2-5 B-D and Appendix-A Fig. A1). The Cy7 — Css triterpenoid and isoprenoid alkanes
are prominent in soils 43 and 146 (Fig. 2-4 B-D). The chromatogram for barren site 25R shows a
distinctive “baseline hump”, indicating an unresolved complex mixture (UCM) of hydrocarbons
(Fig. 2-4 E). Hopanes are relatively more abundant in site 25R compared to the other sites,
however, the biomarkers [B2] and [B6] are not detected (Fig. 2-4 E).
Figure 2-4

There is notably more pristane [Pr] than phytane [Ph] at all LSP sites having

pristane/phytane (Pr/Ph) ratios of ca. 3. In LSP soils, pristane was found more abundant than n-

Ci7 and phytane was found to be less abundant than n-Cg (Fig. 2-4, Table 2-3, Appendix-A Fig.
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A1l). Hopanes (m/z 191) are key compounds found in contaminated LSP sites (Fig. 2-5) and
were not found in the reference site HMF (Fig. 2-5 A). Soils from 25R do not show the
biomarkers [B2] and [B6], likely owing to the absence of plant biomass or low numbers of soil
microbes.

Table 2-3

Figure 2-5

The presence of pristane, phytane, hopanes, tricylclic terpanes, sesquiterpanes and

steranes in LSP soils indicates fossil fuel contamination (Fig. 2-4, Appendix-A Figs. A2 and A3)
(Killops and Killops, 2005; Peters et al., 2005; Wang and Fingas, 2003; Wang and Stout, 2010;
Wang et al., 2005). The distribution of these compounds is similar in all samples analyzed,
which indicates a similar blend of contaminating hydrocarbons at the four LSP sites. Hopanes,
clearly visible in Figures 2-4 and 2-5, suggest the presence of heavy petroleum products such as
fuel or lubricating oil in addition to coal (Peters et al., 2005). The reference site HMF does not
contain hopanes, consistent with HMF soils containing less contamination compared to LSP.
These findings support our first hypothesis that we will find more fossil fuel contaminants in
LSP compared to HMF. The reference site HMF also yielded less of Fraction 1 (43.0 mg/kgsoi)
compared to all LSP sites, where yields range from 211-549 mg/kgsoii. The high Pr/Ph ratios at
LSP sites (> 2.7) are consistent with the presence of bituminous coal (Table 2-3) (Peters et al.,
2005; Powell and McKirdy, 1973). The main railroad lines through sites 146 and 43 transported
coal from Pennsylvania to a coal pier to go to New York City (Fig. 2-1) (Caldes, 2010; French,
2002). Other railroad lines were directed to sites 25R and 25F and carried other cargo, however
all railroad tracks had locomotives that could spill coal. Our C27-Ca3-Ca9 sterane ternary diagram

pairs sites based on proximity to each other, for example, soils from sites 43 and 146 have higher
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abundance of C9 compared to soils from 25R and 25F (Appendix-A Fig. A4) (Peters et al.,
2005). The GC-MS data on the saturated fraction reflects the presence of both coal and
petroleum products at LSP.

An odd-even predominance (OEP) is observed for HMF and the forested LSP soils,
especially in extracted m/z 71 (Fig. 2-4 and Appendix-A Fig. A1), reflecting the presence of
higher plants, specifically plant waxes. The triterpenoid biomarkers [B2] and [B6] are chemical
signatures of soil microbes and are seen in HMF and forested LSP soils. Not surprisingly, soils
from barren site 25R do not display OEP or biomarkers [B2] or [B6], consistent with the site’s
lack of vegetation (Fig. 2-4). Within LSP, site 25R has higher isoprenoid to normal alkane ratios
(pristane/n-C17 and phytane/n-C18) compared to the other sites. This can be explained by
preferential biodegradation of n-alkanes compared to the isoprenoids at some point in the site’s
history (Table 2-3) (Peters et al., 2005). Biodegradation at site 25R is also supported by the
UCM as seen in Figure 2-4E. This is surprising because site 25R supports no vegetation. It is
possible that microbial degradation of fossil fuels at site 25R took place at the time of

contamination and the signs we observe are from an earlier period of degradation.

2.3.3.2. Fraction 2 (aromatic hydrocarbons)

Soil extract from the reference sitet HMF had lower amounts of Fraction 2 (predominantly
aromatic hydrocarbons) (52.0 mg/kgsoi) than did LSP soil extracts (Table 2-1). For the forested
LSP sites, extract Fraction 2 values ranged from 363 to 506 mg/kgs.ii while LSP soil 25R yielded
somewhat less than the other LSP sites, 119 mg/kgsoi of extract Fraction 2. We intended for the
LC separation to segregate saturated hydrocarbons into Fraction 1 and aromatic compounds into

Fraction 2 but some long chain aliphatic hydrocarbons (> C»7) also eluted into Fraction 2 (Fig. 2-
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6). We observed only one major aromatic compound in the solvent extract from the
uncontaminated reference site HMF (Fig. 2-6 A), which is an abietane derivative [B1]. In the
extracts from LSP, the primary aromatic compounds are PAHs (Fig. 2-6 B - E) and include
parent and alkylated napthalenes, phenanthrenes, pyrenes, chrysenes and their isomers [e.g.
NAPx, PHN, PYR, CHR]. Also notable in LSP soils are heterocyclic compounds including
dibenzofurans and benzonaphthothiophene [DBF, BNT]. Sample 25R’s PAH distributions
resemble those in the other LSP samples but there is also a noticeable UCM (Fig. 2-6 E).
Figure 2-6

The aromatic fraction data indicate that the chosen reference soil HMF is indeed relatively
uncontaminated while all LSP sites have significant PAH contamination. These data also
support our hypothesis that there are more fossil fuel biomarkers present at LSP compared to
HMF. The overall aromatic hydrocarbon distribution is similar for all LSP soils (Fig. 2-6 B-E),
reflecting similar mixtures of contaminants. Fraction 2 data for LSP 25R soil indicated a
significant UCM, which suggests weathering and biodegradation, in agreement with Fraction 1
data (Figs. 2-4 E, 6 E). If biodegradation is taking place, we might expect the concentration of
low weight molecular PAHs, like naphthalene, to decrease (Biache et al., 2017). We observe
PAHs in our data; perhaps these compounds are absorbed in coal particles and thus shielded
from biodegradation (Liu et al., 2008). We note that the PAH distributions in the pyrolyzates of
the LSP soils and extracted Fraction 2 show a greater predominance of parent PAHs than those
of the extract (Fraction 2), as seen by comparison of Figure 2-3E with Figure 2-6E and

specifically with PHN in Appendix-A Fig. A5 (Wang and Fingas, 2003). The greater

predominance of parent compounds indicates a pyrogenic source, which derives from incomplete

24
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combustion of fossil fuels (Chen et al., 2004; Given, 1987; Mici¢ et al., 2011; Stout and Emsbo-

Mattingly, 2008).

2.3.3.3. Fraction 3 (polar compounds)
The soil from the reference site HMF contains ergosterol and stigmasterol derivatives [S2, S3,
S4, S5, S6], a diterpenoid tentatively identified as totarol [B13], and octadecanoic acid butyl
ester [FA4] (Fig. 2-7 A). This ester and the steroids are also present in the forested soils from
LSP (Fig. 2-7 B-D). The plasticizer, diisobutyl phthalate [X1], is present in all soils.
Compounds present in all LSP sites, but not in HMF, include 1-heptacosanol and 1,2-
benzenedicarboxylic acid, bis(2-ethylhexyl) ester [B14, X2]. The triterpenoids tentatively
identified as 3B3-methoxy-D-friedoolean-14-ene and olean-12-en-3-one [B15, B16] were present
in LSP 43 and 146 soils, while lupeol and lup-20(29)-ene-3,28-diol [B17, B21] were found in
LSP 146 and 25R soils (Fig. 2-7 B-D). LSP site 25R has fewer polar compounds compared to
the other sites but includes the steroids stigmast-5-en-3-ol and stigmast-4-en-3-one [S4, S6] (Fig.
2-7E).
Figure 2-7

The soil at HMF contains both ergosterol and stigmasterol derivatives. Ergosterols are
generally found in fungi, while stigmasterol typically occurs in higher plants (Peters et al., 2005).
HMF also contains totarol [B13], which is a cyclic diterpenoid that is present in resins from
higher plants (Tinoco et al., 2006), and a long chain alcohol, 1-heptacosanol, which is present in
terrestrial organic matter (Wang et al., 2009; Yunker et al., 1995). All of these compounds are
compatible with a normal, temperate forest soil. The vegetation present at HMF is

predominantly cedar. The plasticizer diisobutyl phthalate [X1] is present in all the studied soils,
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possibly a result of having stored the soil samples in plastic bags. The origin of octadecanoic
acid butyl ester in soils is of unknown origin and could be another plasticizer introduced during
sample handling (Cabhill et al., 2006). The dominant species present at LSP is Betula populifolia,
which is present at 43, 146 and 25F (Evans et al., 2015; Gallagher et al., 2008b). Lupeol [B8]
and lup-20(29)-ene-3,28-diol [B12] are biological indicators of birch (Peters et al., 2005). The
microbially and plant-derived steroids and triterpenoids are much less abundant at site 25R, not
unexpected since it is void of vegetation. The presence of life in 25R is also apparent in the
polar compounds, specifically sitosterol (stigmast-5-en-3-ol) and the degradation product of

sitosterol, stigmast-4-en-3-one (Mackenzie et al., 1982; Pautler et al., 2013).

2.3.4. Organic petrography

All samples (soil particles smaller than 2 mm) from LSP had high amount of organic matter and
it was represented dominantly by anthropogenic material. Coal particles were prominent in all
four samples, accounting for 14.3 to 30.0 vol. %, and they were especially abundant in samples
25R and 43. Coal particles were of various ranks from high volatile bituminous to anthracite,
with the latter being the dominant rank in all samples (Fig. 2-8). Carbonization-derived material
(coke) is also common and ranges from 6.6 to 12.0 vol. %, with samples 43 and 146 having the
largest proportions (Fig. 2-8 and 2-9). Tar and pitch-like material were prominent in samples
25R and 25F (Figs. 2-8 and 2-9), and far less abundant in the other two samples. Combustion-
derived material accounted for 7.1 to 23.1%, being most common in sample 146 (Fig. 2-8). The
combustion-derived material was represented both by organic material (char) and mineral matter

(glass, spinel, etc.) (Fig. 2-9). In total, anthropogenic material accounted for more than 50 vol %
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of all the samples with site 25R soil having the largest contribution (Fig. 2-8). Recent organic
matter (classified as “other” in Fig. 2-8) was rare and represented by wood fragments.

Figure 2-8

Figure 2-9

Organic petrography was useful in comparing LSP sites in terms of soil organic

components, including different ranks of coal, coke, tar and pitch, fly ash/bottom ash, sediments,
and other materials (Sudrez-Ruiz et al., 2012). The organic petrography profiles of sites close to
each other at LSP share similarities; for example, soils from 43 and 146 that are located close in
proximity and are along train tracks to a coal pier based on historic aerial photographs (Fig. 2-
1B) have the highest abundance of coke. Soils from 25F and 25R, which are adjacent sites, were
both prominent in tar and pitch-like material. Site 25R has the largest proportion of non-mineral

material (Fig. 2-8), which could be a reason for or the result of a lack of vegetation at this site.

2.3.5. Inorganic elemental analysis

The concentrations of several inorganic compounds in HMF and LSP soils were also determined
(Appendix-A Table Al). As expected, we found the lowest concentrations of metals (V, Cr, Ni,
Cu, Zn, As, and Pb) at the reference site HMF; however, HMF soil showed a high Al
concentration (20,527 + 249 ppm), which was matched by only one of the LSP sites, 25R
(Appendix-A Table Al). There were elevated concentrations of Na, Co, Cu, Zn, As, and Pb at
both 25F ([Na]: 873; [Co]: 256; [Cu]: 2256; [Zn] 14435; [As] 630; [Pb] 7145 mg/kg, triplicate
measurements, see Appendix-A Table Al for errors) and 25R ([Na]: 4393; [Co]: 869; [Cul:
7165; [Zn] 41271, [As]: 1162; [Pb] 20302 mg/kg) compared to the other LSP sites (Appendix-

A Table Al).
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Sanders (2003) in a survey of New Jersey soils, determined background levels of metals;
the HMF metal concentrations closely match his values from northeastern New Jersey (“urban
Piedmont”) soils (Appendix-A Table A1) (Sanders, 2003), confirming that HMF is a good
reference soil for this study. The high concentrations of Al in HMF relative to LSP soils may
suggest a higher abundance of aluminosilicate clay minerals in HMF compared to LSP (Barton et
al., 2002; Buettner and Valentine, 2011b). Figure 2-10 shows element concentration anomalies
at LSP sites; metal concentrations were normalized to the reference site HMF values.
Specifically, we find anomalously high levels of Na, Co, Cu, Zn, As, and Pb in LSP soils,
especially at sites 25F and 25R (Fig. 2-10). For example, As concentrations in 25F and 25R
were found to be 119 and 220 times higher compared to HMF, respectively. Although these sites
are adjacent, As concentrations are about two times higher at 25R compared to 25F. It is
common to find As, Cr, Cu, Pb and Zn in contaminated soil. In particular, As, Cu, Cr, and Zn are
associated with chromated copper arsenate, which was used in some rail yards for treating wood
used for railroad ties (Kumpiene et al., 2008). Another possible explanation for the anomalously
high concentrations is that bulk minerals, perhaps pyrites, sulfides, or oxides, were transported
on the railroad lines, possibly supplying not only Fe but also As, Cd, Co, Cu, and Ni (Finkelman,
1995). It is also possible that coal and slag, which can include the trace elements in coal ashes,

were transported through LSP (Schweinfurth, 2003).

Figure 2-10
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2.3.6 Extracellular soil phosphatase activities and bacterial density
Site 146 has the highest bacterial density (cells/gary soil) (7.87 (£ 0.82) x 10®) of the sites (Fig. 2-
11 A). Soils from HMF (4.64 (+ 0.93) x 10%), 43 (4.37 (£ 0.35) x 10%), and 25F (4.97 (£ 0.61) x
10®) are forested and have similar bacterial densities to each other. The barren site 25R has
lower but measurable bacterial density (2.09 (£ 0.76) x 10® cells/gdry soil). The data in Figure 2-11
B show that site 146 has the highest phosphatase activity (2.60 (= 0.55) x 10® pmol/g/h) of the
soils studied here. This result agrees with previous findings where we found that site 146 has
higher phosphatase, cellobiohydrolase and L-leucine-amino peptidase activities compared to
three other LSP sites and to HMF (Hagmann et al., 2015). Despite the measurable bacterial
density, the phosphatase activity at barren 25R is below the threshold of detection. It is
surprising that site 25F, which is located next to site 25R, has high phosphatase activity
(pmol/g/h) (1.38 (+ 0.39) x 10°). The phosphatase activities at HMF and 43 are (0.47 (+ 0.38) x
10%) and (0.67 (+ 0.13) x 10°), respectively.
Figure 2-11

The low but measurable bacterial density we found at barren site 25R indicates the
presence of bacterial life. Even so, the phosphatase activity in the soil is below the threshold of
detection and it is possible the bacteria in 25R soil are dormant, perhaps owing to poor nutrient
cycling and availability. In a previous study, Singh and co-workers found via next-generations
sequencing that the bacterial community at site 25R 1is statistically distinct from the other LSP
sites (Singh et al., 2019b). The presence of bacteria in 25R soil is consistent with the
biodegradation at this site discussed in Section 3.3.1. It is possible that microbial degradation of
fossil fuels indicated by the UCM in the 25R GC-MS data took place at some time in the site’s

history.
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Site 146 has high bacterial density and phosphatase activity (Fig. 2-11) and also the
highest percent organic matter (44 %) (Table 2-1). We had originally hypothesized that the high
function at site 146 is due to differences in organic compound profiles, perhaps because of the
absence of specific contaminants that are present at other LSP sites. Conversely, we found that
site 146 has an organic composition similar to the other forested sites at LSP as seen in the
pyrolysis and GC-MS data (Figs. 2-3, 2-4, 2-5, and 2-6); however, organic composition may not
explain the high activity at this site. Site 25R is also distinct from the other LSP sites: it has no
plants and no detectable phosphatase activity. If this absence of function is a result of organic
contaminants, we would expect to observe differences in the organic contaminant profiles
between site 25R and the other LSP sites. Analogously to site 146, we found that the organic
composition at site 25R is similar to the other sites at LSP as seen in the pyrolysis and GC-MS
data except that compounds associated with higher plants are absent (Figs. 2-3, 2-4, 2-5, and 2-
6).

We considered the possibility that the low function at 25R is due not to differences in the
identity of organic contaminants but rather the concentration of specific compounds in the soil.
This is unlikely because the extract yields from 25R for soil particles less than 2 mm in diameter
are significantly lower than for the other LSP sites. These data together suggest that the organic
contaminant profile at site 25R is not responsible for the functional differences between this site
and other LSP sites. Previous findings by Singh et al. (2019a) showed that abiotic factors are
more important than biotic ones for enzymatic function in LSP soils. In light of these findings
and having now ruled out a different organic contaminant profile as the reason for the low
function at site 25R, our new hypothesis is that the higher concentrations of Na, Co, Cu, Zn, As,

and Pb at 25R (discussed in Section 3.5) are responsible for the poor function of the site (Singh
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et al., 2019a). The concentrations of these metals are about 2 to 5 times higher than in the
forested and high functioning site 25F that is located adjacent to site 25R. We plan to further
investigate whether these elevated metal concentrations at 25R affect soil extracellular enzymatic
activity and plant production. For example, it is possible that the As concentrations at site 25R
are sufficiently high to inhibit phosphatase activity (Lee et al., 2011; Lorenz et al., 2006; Speir et

al., 1999).

2.3.7 Insights into functional variation between LSP sites
All LSP sites are contaminated with PAHs and other fossil fuel-derived components that are
absent or barely detectable at reference site HMF. The presence of the PAHs, hopanes, steranes,
and sesquiterpanes supports our first hypothesis that there are more fossil fuel biomarkers at LSP
compared to HMF. Vegetated sites at LSP have unnaturally high organic matter content (30 to
45 %), relative to pristine vegetated soils, reflecting large quantities of anthropogenic
contaminants in these soils. The distributions of the PAHs and fossil fuel biomarkers are similar
for all soils within LSP. However, the yield of extractable organic matter at 25R is lower and
thus we suspect that the extraordinarily high content of inorganic contaminants rather than
organic contaminants explains the barren site's lack of vegetation. We hypothesized that the
barren site 25R would have more or different contaminants compared to the forested sites at
LSP. This was found to be true for several inorganic contaminants but not for the organic
contaminant profiles within LSP.

LSP’s history and the soils’ chemical and petrographic fingerprints agree with the
location of the sites within the rail yard. Sites 43 and 146 are located on what was once a dense

array of railroad tracks leading to the coal pier. Their soils contain more coal and less tar and
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pitch compared to sites 25F and 25R, which were on different railroad lines carrying other
unspecified cargo. We observe wider gaps between tracks in historical photographs of the 25F
and 25R area, in which we suspect that dumping activities occurred (Fig. 2-1 D and E). Itis
possible that 25F is forested and has high phosphatase activity, because it was on an active
railroad track whereas 25R was on a gap, where more dumping occurred, and thus has low
phosphatase activity. While we did not find evidence that would explain these differences in the
nonbiologically-derived organic contaminant profiles, we note significantly higher metal

contaminant concentrations in 25R compared to 25F.

2.3.8 Implications for investigating contaminated ecosystems
In this study, we used several experimental methods in conjunction with pyrolysis GC-MS to
study soils from three types of sites: an uncontaminated vegetated reference site (HMF),
contaminated vegetated sites (LSP 43, 146, 25F) and a contaminated, industrial barren (25R).
Our data are consistent with the presence and absence of biologically derived organic matter in
the study sites: biological pyrolysis products are not present in the organic chemical fingerprint
of soil 25R, which instead shows a predominance of contaminant-derived aromatic compounds.
These data serve as a case study or reference set for the differences in data observed for
contaminated vegetated and contaminated barren soils, especially because indicators from
vegetation can chemically obscure the signatures of contaminants.

Site 25R in LSP is an example of an area that is contaminated and barren as a result of
past anthropogenic activities and, possibly, the subsequent environmental and physical
conditions. Such “industrial barrens” are present worldwide and are considered “extreme

environments” (Kozlov and Zvereva, 2007a). Unfortunately, industrial barrens, and especially
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those that have high heavy metal loads, are often unlikely to recover naturally but, even so, they
are studied less than other extreme environments. Many studies on industrial barrens focus on
evaluation of damage and development of rehabilitation measures while more fundamental
studies on soil function and detailed soil characterization are lacking, limiting our understanding
of the fundamental chemistry, biochemistry and ecology of these sites. Kozlov and Zvereva
suggested that researchers often choose the most contaminated but planted sites within an area
for their studies because they are more comparable with less disturbed sites (Kozlov and

Zvereva, 2007a).

2.4. Conclusion

Site 25R is an example of an industrial barren and here we have conducted a multifaceted
chemical and biochemical analysis of this soil and compared the findings to those in nearby
vegetated sites. The phosphatase activity at site 25R is below our limit of detection, yet direct
bacterial counts indicate the presence of bacteria. Interestingly, these findings suggest that
microbes in 25R soils are present but lying dormant, perhaps as a result of either inorganic
contaminant loads or physical abiotic restrictions in the soil. Perhaps fostering plant growth,
aerating the soil, or adding root exudates to the contaminated 25R soil will revive some of the
microbes and subsequently improve nutrient cycling and overall soil function. The inactive
microorganisms may be waiting for an environmental nudge or input to revitalize them and
unleash their functional potential in the currently contaminated, poorly functioning, and barren
25R soil. This same story of dormant and abiotically limited microbes, waiting to be revitalized,
may be playing out in other industrial barrens throughout the world. It behooves the scientific

community to more fully investigate these sites to obtain a deeper and more fundamental



EFFECT OF ABIOTIC FACTORS ON ENZYME ACTIVITY 34

understanding, which can then be leveraged to prevent desertification and land degradation and

to restore dysfunctional and phytotoxic soils.
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Table 2-1. Organic matter content (%, mean + SE; n = 3), extraction and liquid chromatographic

TABLES

results from HMF, 43, 146, 25F and 25R soils. Fraction 1 contains saturated hydrocarbons;

fraction 2 — aromatic compounds and long chain (> C27) normal alkanes; fraction 3 — polar

compounds. The data show that soil from site 146 has the highest percent organic matter. The

LC results show the percentage of the total extract as well as yield per kg of dry soil.

. Fraction 1 | Fraction 2 | Fraction 3 | Asphaltenes
Organic Extract mo/kee: me/koe mo/koe.: me/kg.:
Sample Matter yield % gi«ml % g?l % gffo ! % gffo !
(% of soil) | (e/kgsor) | °° G o (oo (60
extract) extract) extract) extract)
43.0 52.0 287 918
451 506 929 7,314
LSP 43 29.8 £0.86 9.21 (4.9) (5.5) (10.1) (79.5)
549 451 1421 7,379
LSP 146 | 44.8+2.18 9.83 (5.6) (4.6) (14.5) (75.3)
429 363 1,095 5,513
211 119 307 563
LSP25R | 10.8+1.94 1.21 (17.6) 9.9) (25.6) (46.9)




EFFECT OF ABIOTIC FACTORS ON ENZYME ACTIVITY 45

Table 2-2: Symbols for peak identification used in Figures 2-1 through 2-7.

Aliphatic Hydrocarbons

Numerals normal alkanes

Pr pristane

Ph phytane

Hx hopanes (x is the carbon number)
Ts 18au(H)-22,29,30-trisnorhopane
Tm 170(H)-22,29,30-trisnorhopane
TRx tricyclic terpane

Aromatic Compounds
Alkylated aromatic compounds, “x” is degree of substitution

Al benzene

A2 toluene

A3 m-xylene & p-xylene

A4 styrene

AS biphenyl

NAP naphthalene

NAPx alkylnaphthalene isomers
PHN phenanthrene

PHNx alkylphenanthrene isomers
ANT anthracene

FLA fluoranthene

FLU fluorene

FLON 9H-fluoren-9-one

PYR pyrene

PYRx alkypyrene isomers

CHR chrysene

CHRx alkylchrysene isomers
BAN benzo[a]anthracene

BNT benzonapthothiophene
BFLA benzofluorene

DBF dibenzofuran

DBFx alkyldibenzofuran isomers
DBT dibenzothiophene

Polysaccharide Marker Compounds

P1 cyclopentenone

P2 furfural

P3 3-methylcyclopentenone
P4 methylfurfual

P5 levoglucosan

Phenolic Compounds

F1 phenol

F2 2-methylphenol

F3 3-methylphenol & 4-methylphenol
F4 vinylphenol

Lignin Marker Compound

L1 guaiacol

L2 methylguaiacol

L3 ethylguaiacol
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L4 vinylguaiacol

L5 syringol

L6 vanillin

L7 trans iso-eugenol

LS8 acetovanillone

L9 vinylsyringol

L10 prop-1-enyl syringol

L11 prop-2-enyl syringol (trans)
L12 acetosyringone

Fatty Acid

FAl n-hexadecanoic acid

FA2 n-octadecanoic acid

FA3 methyl ester (E) 9-octadecanoic acid
FA4 octadecanoic acid, butyl ester

Nitrogen Compounds

N1 benzonitrile

N2 benzeneacetonitrile

N3 indole

N4 diketodipyrole

Steroid

S1 C29 steradiene

S2 cholest-5-en-3-ol

S2 ergost-5-en-3-ol

S3 y-stigmasterol

S4 stigmast-5-en-3-ol

S5 stigmastanol

S6 stigmast-4-en-3-one
Plasticizer

X1 diisobutyl phthalate

X2 1,2-benzenedicarboxylic acid, bis(2-ethylhexyl) ester
Other Compounds

B1 abietane derivative

B2 B-amyrin derivative

B3 diploptene

B4 totarol

B5 1-heptacosanol

B6 3B3-methoxy-D-friedoolean-14-ene
B7 olean-12-en-3-one

B8 lupeol

B9, B10 dammarane isomers

Bl11 cyclolaudenol

B12 lup-20(29)-ene-3,28-diol
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Table 2-3. Carbon preference index (CPI), odd-even predominance (OEP), pristine/phytane

(Pr/Ph), Pr/C17, Ph/C18, and weighted average carbon number of HMF, 43, 146, 25F and 25R.

weighted

Sample CPI OEP Pr/Ph Pr/C17 Ph/C1g | 2Verase
carbon

number
HMF 2.573 2.782 0.634 2.464 2.137 26.33
43 4.726 4.480 3.533 2.667 0.539 23.82
146 6.770 6.689 2.720 2.430 0.635 25.23
25F 4.067 4.877 2.960 3.576 0.689 24.53
25R 1.533 1.225 3.148 11.853 1.264 23.80
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Figure 2-1. Liberty State Park is located in Jersey City, New Jersey (A). Aerial images from: U.
S. Geological Survey: 1954 (B, E) and 2014 (C). Study sites within LSP are indicated on the map
(43, 146, 25F, 25R). A historical photograph of 25F and 25R from 1951 (D). Sites 25F and 25R
are adjacent; 25R is in a strip of land without vegetation (F). Photo credits: D: Andrew

Bologovsky, F: Mike Peters Montclair State University
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Figure 2-3. Total ion current (TIC) for Py-GC-MS of soil samples from sites HMF (A), 43 (B),

146 (C), 25F (D) and 25R (E). The data for 25R show predominantly mono- and polycyclic

aromatic hydrocarbons and aromatic hydrocarbons. See Table 2-2 for compound symbols.

50



EFFECT OF ABIOTIC FACTORS ON ENZYME ACTIVITY

31 B B3
Saturated Mass Chromatograms
- 29
A)
© E 2
E LI“_’ 18 19 25 32 %
g o oR PH 21 Y B, u
o E K _JJAAA
[&]
b4
_— 2% 20
(B) 19
PR
43 8
17 o
>_ ﬁ
16 " g
NP »
Q.
2 20
© B2
146 19
18
20
® i z 2 Hog |H30 gy |/
PH 2 % % Bl ¥ |/ B3 1as
5 NP \ MJ JM/J 3434
gt |1 I O N SR VRO e
2 E 27 _
S5 —
g (D) % B2
25F
PR 19
7 18 0, 23
2 %
16 H
NP o
LMUJ - 5
o)
% 27 >
o
H30 s ‘<"
@
«Q
(0]
&
=
35

Figure 2-4. Total ion current (TIC) for fraction 1 of soil extracts from sites HMF (A), 43 (B),
146 (C), 25F (D), and 25R (E). The data show distributions of alkanes (normal and isoprenoid

alkanes (m/z 71) and triterpenoids (m/z 191). See Table 2-2 for compound symbols.
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Figure 2-5. Mass chromatogram (m/z 191) showing the distribution of hopanes and tricyclic
terpanes in the saturated fractions. The B-amyrin derivative is a soil microbe biomarker that was

observed in all sites except for 25R. See Table 2-2 for compound symbols.
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Figure 2-6. Total ion current (TIC) for fraction 2 of soil extracts from the HMF (A), 43 (B), 146
(C), 25F (D), and 25R (E) sites. The * indicates the peak was taller in the original chromatogram
before the top was cut off to reveal more detail for the shorter peaks. The data show fewer
polycyclic aromatic hydrocarbons in HMF. Distributions of aromatic compounds are similar for

chromatograms B, C, D, and E. See Table 2-2 for compound symbols.
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Figure 2-7. Total ion current (TIC) for fraction 3 of soil samples from the HMF (A), 43 (B), 146
(C), 25F (D) and 25R (E). The * indicates the peak was taller in the original chromatogram
before the top was cut off to reveal more detail for the shorter peaks. See Table 2-2 for

compound symbols.
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Figure 2-8. Organic petrographic composition (in volume %) of samples 43, 146, 25F, and 25R.
The data show that 25F and 25R have more tar/pitch compared to 43 and 146. HMF soil was not

analyzed for organic petrography because coal particles were not visible to the naked eye.
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Figure 2-9. Examples of photomicrographs of anthropogenic particles identified in the samples.

Each sample has two photomicrographs. Reflected light, oil immersion.
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Figure 2-10. Elements listed in order of atomic weight normalized to HMF. The data are
arranged from the lowest to the highest (43, 146, 25F and 25R) average metal concentration.

The dotted line present in A. and B. is the background HMF.
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Chapter 3
Characterization of coal particles in the soil of a former rail yard and urban brownfield:
Liberty State Park, Jersey City (NJ), USA
Published as: Hagmann D.F., Kruge M.A., Goodey N.M., Krumins J.A. (2020) Characterization
of coal particles in the soil of a former rail yard and urban brownfield: Liberty State Park, Jersey
City (NJ), USA. International Journal of Coal Geology 217:103328.

https://doi.org/10.1016/j.c0al.2019.103328

Abstract

From the 1850's until the 1960's, the Central Railroad of New Jersey was among several major
railways shipping anthracite and bituminous coal to the New York City area, transferring coal
from railcar to barge at its extensive rail yard and port facility in Jersey City. The 490 ha Liberty
State Park was developed on the site after the rail yard closed, but a ca. 100 ha brownfield zone
within the park remains off limits to visitors pending future remediation. As part of an
environmental forensic and industrial archeological investigation of this zone, the present study
characterizes anthracite and bituminous coal particles present in abundance in the soil by
scanning electron microscopy (SEM) and pyrolysis-gas chromatography-mass spectrometry (Py-
GC-MS). A simple pretreatment procedure employing density separation improved the
analytical results. This detailed information about the nature of contaminants at the site will help

to inform the remediation effort in the public interest.
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3.1. Introduction

The Central Railroad of New Jersey (CRRNJ) was one of several major private railways
operating from the mid-19th to the mid-20th century with an eastern terminus on New York
Harbor and the Hudson River in the U.S. state of New Jersey (Figs. 3-1, 3-2). Typical of these
intermodal operations, the CRRNIJ transported freight and passengers from the interior to a vast
rail yard along the shore for transfer to barges and ferries, respectively, for connection across the
water to nearby New York City and points east (Anderson, 1984). Due to unfavorable economic
conditions, including competition from highway transportation, all of these private railways
ceased operations during the mid-20th century. Some of the lines were subsequently
incorporated into the New Jersey Transit regional system, which still maintains a rail-to-ferry
passenger service out of the historic station in Hoboken (NJ). CRRNI's Jersey City station was
restored as a tourist attraction but no longer operates, as the tracks were removed when the rail
yard was abandoned in the late 1960's and subsequently converted into Liberty State Park (LSP)
(Gallagher et al., 2008a; b). The park takes its name from the iconic Statue of Liberty, situated
about 600 m across the water at its closest point, allowing park visitors a dramatic view of the
rear of the colossus.

Figure 3-1

Figure 3-2
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Coal transport was a major component of CRRNJ operations, for example, producing
about 26 % of the company's total revenue in 1943, with 28 % of the coal moving via Pier 18 and
its dedicated network of tracks at that time (Figs. 3-2, 3-3). The railroad conveyed anthracite
coal (Fig. 3-3A) from its own mines in eastern Pennsylvania and also hauled bituminous coal
trains originating further west belonging to other companies. Relative tonnages of anthracite and
bituminous coals were roughly the same, varying over time with market demand. Arriving at
Pier 18, massive coal dumping structures transferred the cargo to waiting coal barges (Figs. 3-
3B-D) (Anderson, 1984).

Figure 3-3

After the rail yard and its piers were closed and dismantled, the state of New Jersey
acquired the land and created the 490 ha LSP. About 100 ha of the park remains an
unremediated brownfield site, off limits to the public and constituting the study area of this
project (Fig. 3-4A). In recent years, the site's botanical succession, soil microbiology, and
contaminant geochemistry have been extensively studied (e.g., Gallagher et al., 2008a; b; 2018;
Hagmann et al., 2015; Hagmann et al., 2019 see Ch. 2; Krumins et al., 2015; Singh et al., 2019a;
b). In spite of evident inorganic and organic contamination, including abundant visible coal
fragments in the soil, most of the restricted zone supports lush plant life, the product of natural,
passive revegetation over a half century (Figs. 3-4B, C).

Figure 3-4

Unburned coal, particularly of high volatile bituminous rank, contains high
concentrations of polycyclic aromatic hydrocarbons (PAHs) among other compounds (Stout and
Emsbo-Mattingly, 2008; Laumann et al., 2011). While PAHs in soils may affect plant health

(Brooks, 2004; Smith et al., 2006), the extent to which this is an environmental concern in this
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case is linked to the degree of PAH bioavailability and biodegradability if sequestered within
coal particles in soil (Stout and Emsbo-Mattingly, 2008; Yang et al., 2008a; b; Achten and
Hofmann, 2009; Achten et al., 2011; Fabianska et al., 2016; Hindersmann and Achten, 2018;
Nadudvari et al., 2018a; b). Hagmann et al. (2019; see Ch. 2) undertook an environmental
forensic investigation of coal-contaminated soils from the LSP brownfield site, describing in
detail the distribution of saturated and aromatic hydrocarbons, heavy metals, and coal macerals.
However, they used only the <2 mm particle size fraction, to the exclusion of the visible coal
particles evident during field sampling. The present study re-examines soils from two of the
investigated sampling locales within LSP (Fig. 3-2), this time considering the full particle size
range with emphasis on coal, to aid in future remediation of the brownfield.

Micro-scale analytical pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS)
has been shown to provide a rapid, reproducible means of chemically characterizing a wide
variety of solid organic matter types with minimal sample preparation (Wampler, 2007). Py-GC-
MS has increasingly been applied to environmental investigation of soils and sediments
(summarized in Kruge, 2015), specifically including brownfield studies (Lara-Gonzalo et al.,
2015) and environmental forensics (Kruge et al., 2018). It is utilized here for the direct,
qualitative characterization of coal particles and coal-contaminated soil.

Sedimentary petrologists have long favored density separation for isolating heavy
minerals from sandstones for microscopic evaluation (e.g., Boggs, 2009). It has also been
employed extensively in coal studies, evolving into the use of the sophisticated analytical
technique of density gradient centrifugation for the separation of coal and kerogen macerals (e.g.,

Dyrkacz and Horwitz, 1982; Crelling, 1988; 1989; Stankiewicz et al., 1994a;b; Kruge et al.,
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1997). In the present study, a simple floatation method was employed to isolate soil organic
matter and various coal types to improve the chemical characterization results.

The restricted zone of LSP is slated for gradual remediation into managed wetland,
grassland, and forest with public access (McDonald, 2018). The environmental forensic and
industrial archeological approach of the present study will help to inform the remediation effort

in the public interest.

3.2. Methods
3.2.1. Site description

Soils for this study were collected within LSP in Jersey City (NJ, USA) include soil from
vegetated Site 43, formerly beneath a railroad track, and soil from Site 25R taken on what
remains an anomalously barren strip of land formerly between railroad tracks (Figs. 3-1 thru 3-
4). These sites are inside the unremediated, restricted-access 100-ha zone of the park. The
railroad tracks and their crossties were removed around the time the railyard was abandoned in
the late 1960s. Since the railyard was abandoned, a dense forest consisting mostly of hardwood

and herbaceous assemblages naturally grew within the restricted-access area (Gallagher et al.,

2008a; b) (Figs. 3-4A-C).

3.2.2. Soil collection

Soil was collected from LSP sites 43 and 25R from below the leaf litter to a depth of 10
cm and stored in at 4 °C. Sample coordinates were determined by reference to Global
Positioning System (GPS) satellite signals in the field, transferred to aerial imagery using the

Google Earth application, and carefully matched by graphical overlay to the 1954 aerial image
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(Fig. 3-2) in the U.S. Geological Survey archives (earthexplorer.usgs.gov) as previously detailed

(Hagmann et al., 2019; see Ch.2 Fig. 2-1).

3.2.3. Hand-picked coal and plant material

Vegetation detritus from LSP site 43 was hand-picked from whole soil. This plant
material, which consisted of roots and twigs, were rinsed in deionized (DI) water and dried (40
°C overnight). In another procedure, soil samples from sites 25R and 43 were wet-sieved
through a 2 mm sieve and sonicated in DI water. The > 2 mm fraction was further separated into
the following categories based on visual inspection under a binocular microscope: coal, coke,
and combustion spherules. Coal particles from both sites (2 to 10 mm in size) were designated

for further processing, as described in Sections 2.4 and 2.6 (Fig. 3-5).

Figure 3-5.

3.2.4. Scanning electron microscopy (SEM)

Before SEM, the hand-picked coal particles were individually air-dried and gently
crushed using a mortar and pestle. Fragments of a single coal particle were spread on the carbon
tape and then loaded on the SEM sample stub. After applying a thin layer of carbon film under a
Denton Desk 4 coater, the fragments were observed by the Hitachi S-3400N SEM and with

Bruker —AXS Energy Dispersive X-Ray Spectroscopy (EDS) detector.
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3.2.5. Soil separation by density

Soils from both sites were also separated based on density (Fig. 3-5). First, dried whole
soil (40 °C overnight) was ground using a mortar and pestle to pass through a 1 mm sieve. A5 g
aliquot was placed in 10 mL of DI water (1.0 g/mL) and the floating material after centrifugation
was collected (Fraction 1). An aqueous potassium iodide (ACS Reagent Grade, Ricca Chemical,
Fisher Scientific) solution (1.6 g/mL in DI water, 10 mL) was added to the remaining soil (i.e.,
the sink material after Fraction 1 was removed). The particles that were floating after
centrifugation were collected in filter paper and rinsed with DI water (Fraction 2). Finally, the
remaining residue was rinsed with DI water and collected (Fraction 3). For each fraction, the
suspension was thoroughly mixed and then centrifuged at 4,000 rpm for 15 minutes. Aliquots of
Fraction 3 residues were analyzed by SEM, following the procedure outlined in Section 2.4.
Fraction 1 was predicted to contain the natural biomass that floats in water, Fraction 2 was
expected to include the coal particles that float in the dense aqueous KI solution, while Fraction

3 should include the soil mineral matter that is too dense to float in either liquid.

3.2.6. Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC-MS)

The hand-selected vegetation detritus was crushed using a mortar and pestle and analyzed
by Py-GC-MS (Fig. 3-5). Several of the hand-picked coal particles were individually crushed
using a mortar and pestle and separately analyzed by Py-GC-MS. These included ten individual
coal particles from site 43 and three coal particles from site 25R. Whole soil samples and each
of the three fractions separated by density from LSP sites 43 and 25R were also pyrolyzed. For
quality control, Py-GC-MS of the 25R whole soil was performed twice. Py-GC-MS was

accomplished using a CDS 5150 Pyroprobe (CDS Analytical Inc., Oxford, PA) coupled to a
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Thermo Finnigan Focus DSQ GC/MS (Thermo Electron Corporation, Madison, WI) equipped
with an Agilent DB-1MS column (30 m % 0.25 mm i.d. x 0.25 um film thickness). The GC oven
temperature was programmed from 50 °C to 300 °C (at 5 °C min™'), with an initial hold of 5 min
at 50 °C and a final hold of 15 min at 300 °C. Pyrolysis was performed for 20 s at 610 °C. The
MS was operated in full scan mode (50-500 Da, 1.08 scans s™!). The MS was calibrated by
autotuning with PFTBA and blanks were run each day before samples were analyzed.
Compounds were identified using the W8NO8 mass spectral library (John Wiley and Sons, Inc.,
New York, NY), the online NIST Standard Reference Database Number 69
(webbook.nist.gov/chemistry/), and by reference to the literature. For this study, no internal or

external standards were employed, thus no attempts at quantitative determination were made.

3.3. Results and discussion
3.3.1. SEM of coal particles

Hand-selected coal particles from the > 2 mm fraction of soil from LSP site 43 were
imaged using SEM, revealing surface encrustations that had resisted sonication (Fig. 3-6). The
EDS mapping indicated that the encrustations like those imaged in Figure 3-7 are aluminosilicate
phases (strong Si, Al, and O spectral signals) adhering to the coal. The overlapping spectral
signals (Fig. 3-7B) can more clearly be seen in the individual mapping of Al and Si (Figs. 3-7C,
D). Other hand-picked coal particles from LSP sites 43 and 25R produced similar SEM images.
EDS also detected Fe and S in molar abundances roughly the same as those of Si and Al.

Figure 3-6

Figure 3-7
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Using organic petrography, Hagmann and co-workers demonstrated that the <2 mm size
fraction of the site 43 soil contained about 32 % detrital clay by volume (Hagmann et al., 2019;
see Ch. 2 Fig. 2-8). Itis likely therefore that the aluminosilicate phases observed by SEM are
clays. EDS spectra show approximately equal molar amounts of Si and Al, as well as an absence
of K and Na. This suggests that the observed clays are most likely kaolinite (Welton, 1984).

The iron and sulfur might be present as pyrite or a weathered derivative, however this was not
confirmed petrographically.

The aluminosilicate clay encrustations present on the site 43 and 25R coal particles, such
as those seen in Figures 3-6 and 3-7, have been interpreted as hallmarks of coal weathering in
that oxidation allows clay minerals to better adhere to the coal surface (Xia et al., 2014, Xia &
Yang, 2014). The LSP samples are from the top 10 cm of the soil profile. Thus the coal
particles were likely subjected to weathering over a half century or more, having been exposed to
atmospheric O in soil pore spaces, infiltrating meteoric water, seasonal temperature swings, and
action by resident soil microbes. If the coal particles had been weathered chemically as well as
physically, their composition would obviously have been affected. The particles were therefore

subjected to chemical analysis in part to determine if this indeed had been the case (Sec. 3.2).

3.3.2. Py-GC-MS of coal particles and plant material

The pyrolysis products of the vegetation detritus from site 43 included lignin marker
compounds [methoxyphenols, labeled as chromatographic peaks L1-L15], polysaccharide
derivatives [P1-P6], phenols [F1-F3], long-chain aliphatic hydrocarbons [*], steroids [S1, S2],
and triterpenoids similar to f-amyrone [BAM] (Fig. 3-8A, Table 3-1). Ten coal particles were

analyzed by Py-GC-MS. Nine of them had pyrograms resembling the one in Figure 3-8B,
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essentially showing only the simple monoaromatic hydrocarbons benzene [A1], toluene [A2],
and alkylated benzenes [A3-A6]. Only one out of ten site 43 coal particles had a distinctly
different pyrogram (Fig. 3-8C). This much more complex pyrolyzate, in addition to the
monoaromatics [A1-A7], contained phenol and alkylated phenols [F1-F8], dibenzofuran [DBF],
alkylated dibenzofurans [DBFx], parent and alkylated PAHs including naphthalenes [Nx],
phenanthrenes [PHNXx], fluorene [FLU], pyrenes [PYRx], and chrysenes [CHRx]. The alkylated
PAHs were relatively more abundant than the parent compounds, and pristane predominated

over phytane.

Figure 3-8

Table 3-1

The lignin and polysaccharide marker compounds present in the pyrolyzate of the plant
material (Fig. 3-8A), which is comprised of roots and twigs, are those typical of vegetation and
forest soil biomass (e.g., Saiz-Jiménez & de Leeuw, 1986; Hempfling & Schulten, 1990; Kuder
& Kruge, 1998; Kuroda & Nakagawa-izumi, 2006). The steroids and triterpenoids likely derive
from the plant matter and/or soil microbes (Hagmann et al., 2019, see Ch. 2). Fresh and
degraded plant materials obviously constitute important, non-contaminant soil components,
which furthermore produce strong pyrolytic signatures. In their prior study, Hagmann and co-
workers (2019) pyrolyzed whole LSP soils, yielding results in which the contaminant signals
were mixed with those of the natural vegetation present (Hagmann et al., 2019, see Ch. 2). One
objective of the present study is the isolation of the coal contaminant signatures from that of the

plant material, for which the first step is the characterization of the individual components. The
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next step (Section 3.3) is the experimental attempt to isolate these soil constituents by density
separation.

It was assumed that the coal particles hand-picked from the soil samples (Sec. 2.3) would
include coals of different ranks since the historical record documents bulk transport of
bituminous and anthracite by coal-fired locomotives (Anderson, 1984). One coal particle (Fig.
3-8B) produced simple alkylated benzenes nearly exclusively upon pyrolysis, consistent with
previously documented anthracite coal pyrolyzates (Xu et al., 2017). Organic petrography
indicated the presence of inertinite-dominant coal particles in soil samples from Site 43
(Hagmann et al., 2019, see Ch. 2 Fig. 2-8) but inertinite pyrolysis products are considerably
more complex (Stankiewicz et al., 1994a). Therefore, this coal particle and the other eight
yielding similar pyrograms are all deemed to be anthracite by their distinctive pyrolytic
fingerprint (although in the absence of confirmation by organic petrology or proximate and
ultimate analysis). The sample shown in the SEM images (Figs. 3-6, 3-7) is one of these eight
particles. About 70% of the coal at this site was previously determined to be anthracite by
petrographic examination (Hagmann et al., 2019, see Ch. 2 Fig. 2-8), so it would not be
surprising that most of the hand-picked coal particles in the present study would be anthracite.

Pyrolysis products from the remaining coal particle (Fig. 3-8C) closely resemble those of
bituminous coal (Hatcher et al., 1992; Kruge & Bensley, 1994; Stankiewicz et al., 1994a; b;
Laumann et al., 2011). These authors attest to the singular importance of oxygenated
compounds in high-volatile bituminous coal pyrolyzates, in particular the phenols, as well as
secondary amounts of dibenzofurans. These compounds are clearly evident in this particle's
pyrolyzate [F1-F7, DBF1, DBF2]. Alkylnaphthalenes are also important components of

bituminous coal pyrolyzates (Hatcher et al., 1992; Kruge & Bensley, 1994; Stankiewicz et al.,
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1994a) and are among the most abundant [NO-N3] in the present example (Fig. 3-8C). These
same authors also demonstrated that pyrolytic phenols predominate when analyzing vitrinite of
lower rank high volatile bituminous coals. However, in pyrolyzates of coals of increasing rank,
the relative importance of the phenols is progressively reduced, while both parent and alkylated
PAHs become more evident (Kruge & Bensley, 1994; Laumann et al., 2011). Although phenols
[F1-F7] are very significant components in the present case (Fig. 3-8C), the prevalence of
naphthalenes [NO-N3], and larger parent and alkyl-PAHs including the phenanthrenes [PAHXx],
pyrenes [PYRx], and chrysenes [CHRx] suggest that this is likely to be a higher rank bituminous
coal. Previous petrographic examination (Hagmann et al., 2019, see Ch. 2 Fig. 2-8) indicated
that 17% of the coal in the site 43 soil was medium volatile bituminous while only 8% was high
volatile. The particle in this case (Fig. 3-8C) is likely to be medium volatile based on its
pyrolytic signature. Pyrolysis did not reveal marked evidence of chemical weathering, such as

oxygenated PAHs.

3.3.3. Density separation of soil

Whole soils from vegetated site 43 and barren site 25R were separated into three fractions
based on density (Fig. 3-5, Table 3-2). To achieve a clean signal for the coal Py-GC-MS
fingerprints, the plant material, predicted to be Fraction 1, needed to be separated from the coal
particles, expected in Fraction 2, as explained in Section 3.3.2. The residue material anticipated
in Fraction 3 was anticipated to confirm that the coal particles had been successfully isolated in
Fraction 2. The site 25R soil yielded only 0.06 % by weight of light Fraction 1 while site 43

yielded 0.39 %. LSP site 43 had more of the intermediate Fraction 2 (3.10 %) compared to site
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25R (0.89 %). For both sites, most of the material remained in the heavy third fraction (92.6 and
95.9 %, respectively, for 43 and 25R).
Table 3-2

Previous work (on the <2 mm size fraction) indicated that the LSP soil samples were rich
in organic matter (soil biomass plus coal, coke and char). Site 43 soil was found to consist of
about 30 % by weight of organic matter, while 25R had about 11 % (Hagmann et al., 2019, see
Ch. 2 Table 2-1). Therefore the low Fraction 1 and 2 yields (Table 3-2) appear incongruous at
first glance. With bituminous coal and anthracite having specific densities of 1.32 and 1.47
g/mL, respectively (Flores, 2013; Wood et al., 1983), the KI solution with a density of 1.6 g/mL
employed in the present experiment was expected to be adequate for the floatation of both types
of coal. However, based on the SEM observations (Figs. 3-6, 3-7), stubbornly adhering mineral
phases evidently precluded a complete isolation of coal fragments by density, relegating most of
the material to the third (residual) fraction (Table 3-2). Adhering or embedded minerals increase
the bulk density of the coal particles, perturbing the outcome of float-sink procedures (Garcia et
al., 1991; Stankiewicz et al., 1994b; Suédrez-Ruiz & Crelling, 2008). SEM examination of the
residual fraction did indeed reveal abundant, widely-distributed mineral matter for both soil
samples. A more rigorous attempt to isolate the organic materials from the minerals by a
micronization pretreatment was beyond the scope of this project.
3.3.4. Py-GC-MS of soil density fractions

To investigate their organic chemical composition in detail, whole soil and each density
fraction were subjected to Py-GC-MS (Fig. 3-5). Results from the two field sites are presented

separately.
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3.3.4.1. Forested site 43 soil

Upon pyrolysis, forested site 43's whole soil revealed a predominance of simple
alkylbenzenes and naphthalenes [A1-A7, NO-N3] (Fig. 3-9A). Notable minor components
include polysaccharide and lignin marker compounds [P1-P3, L1], phenols [F1-F5],
dibenzofurans [DBFx], PAHs [FLUx, PHNx, FLA, PYR, CHR], diketodipyrrole [DKDP] and
long-chain n-alkanes [+]. Hagmann and co-workers (2019) noted a greater prevalence of
polysaccharide and lignin markers, as well as phenols in site 43 soil pyrolyzates, but it must be
kept in mind that they analyzed only the <2 mm soil size fraction (Hagmann et al., 2019; see Ch.
2 Fig. 2-3). The site 43 density Fraction 1 pyrolyzate is distinctly different from the whole soil,
with lignin and polysaccharide markers dominant [L1-L15, P1-P6], along with phenols [F1-F§],
diketodipyrrole [DKDP], fatty acids [FA1-FA3], long-chain n-alkenes ["], and sterols [S1, S2]
(Fig. 3-9B).

Figure 3-9

The complex pyrolyzate of Site 43's Fraction 2 has an overwhelmingly aromatic
signature (Fig. 3-9C). Significant compounds include monoaromatic hydrocarbons [A1-A7],
phenols [F1-F8], naphthalenes [N0O-N3], dibenzofurans [DBFx], and parent and alkylated PAHs
[FLU1, PHNx, PYRx, CHRx, BeP]. n-Alkanes [+] and triterpenoids [BAM] are also
noteworthy. In contradistinction, Fraction 3 produced mostly monoaromatic hydrocarbons [A1-
AT7] upon pyrolysis, accompanied by naphthalenes [NO-N2] with relatively minor phenols [F1-

F3] and aliphatics [+] (Fig. 3-9D).

3.3.4.2. Barren site 25R soil
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Site 25R is anomalously free of plant life (Fig. 3-4D), standing in stark contrast to its
lushly vegetated surroundings (Fig. 3-4B, C). Hagmann et al. (2019), see Ch. 2, concluded that
this is primarily due to the extraordinarily high heavy metal contamination of this narrow strip of
land, formerly between train tracks (Fig. 3-2) which were removed when the railyard was closed
in the 1960's (Gallagher et al., 2008a). The abundant coal particles in its soil are the subject of
the present study.

Simple monoaromatic [A1-A9] and diaromatic [NO-N2, BBO] compounds with a trace of
phenanthrene [PHN] comprise nearly all of site 25R's whole soil pyrolyzate (Fig. 3-10A). This
site's < 2 mm soil size fraction previously pyrolyzed (Hagmann et al., 2019, see Ch. 2) yielded
similar results but with a distinct shift towards the heavier aromatics. The first density fraction
(Fig. 3-10B) produced a contrastingly complex distribution of pyrolysis products, in particular,
monoaromatics [A1-AS5], polysaccharide and lignin markers [P1-P6, L1-L15], phenols [F1-F8],
diketodipyrrole [DKDP], fatty acids [FA1-FA3], and steroids [S1-S3].

Figure 3-10

The second density fraction's pyrogram is also complex, but indicates a very different
distribution of compounds (Fig. 3-10C). Monoaromatic [A1-A7] and diaromatic [NO-N3, BB1]
hydrocarbons predominate, along with phenols [F1-F8]. Three to five-ring aromatic compounds
are also in evidence, notably dibenzofurans [DBFx], phenanthrenes [PHNx], pyrenes [PYRx],
chrysenes [CHRx], and benzo[e]pyrene [BeP]. Pristane [Pr] and n-alkanes [+] attest to a minor
aliphatic component. The third, residual density fraction offered a very limited yield upon
pyrolysis, mostly benzene [A1], a few other monoaromatics [A2-AS5] and naphthalene [NO] (Fig.

3-10D).
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3.3.4.3. Coal contamination in soil: Insights from Py-GC-MS of density fractions

A temperate forest soil is naturally rich in organic material, with roots, leaf litter, humus,
fungi, and soil microbes. Forested soils in LSP have an anomalously high organic matter
content: 30 % by weight in the case of site 43 compared to a natural background value of about
7.5 %, attributed to the additional burden of coal, coke and char contamination therein (Hagmann
etal., 2019, see Ch. 2 Table 2-1). Pyrolysis of the whole soil should therefore yield a complex
mixture of products from all organic materials present, in proportion to the relative amounts of
each type. Pyrolysis proneness should also be considered as wood and coal would yield
abundant pyrolysis products, whereas coke and char would not. The combined effect can be
seen in Figure 3-9A, showing aromatic hydrocarbons together with polysaccharide and lignin
marker compounds in site 43's whole soil pyrolyzate.

The soil density fractionation experiment was undertaken in an attempt to separate the
soil's organic components to improve the specificity of the subsequent chemical analyses. A
critical factor was the isolation of the soil biomass from the fossil fuel contaminants present.
The pyrolysis products of the first density fractions of both soils (Figs. 3-9B, 3-10B) closely
resemble those of the soil vegetation detritus (Fig. 3-8A) in the predominance of lignin and
polysaccharide markers and steroids. Therefore, plant matter is evidently the main component of
the light fraction in both cases. The presence of diketodipyrrole [DKDP] — a known protein
pyrolysis product (Orsini et al., 2017) — and relatively more fatty acids in the density fractions is
most likely due to soil microbial contributions. Although site 25R is barren of plant life, trace
amounts of biomass were detected in its soil (Fig. 3-10B, Table 3-2), likely derived from the

adjacent vegetated areas (Fig. 3-4D).
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The second density fractions of both soils also produced very similar pyrolyzates (Figs.
3-9C, 3-10C). As described above, their pyrograms both show a predominance of mono- and
diaromatic hydrocarbons, and phenols, along with parent and alkylated PAHs. The
polysaccharide and lignin markers compounds characteristic of the vegetation debris are not
detected. These distributions in turn closely resemble those derived from the medium volatile
bituminous coal particle (Fig. 3-8C). It can be concluded that the second density fractions are
predominantly bituminous coal. The triterpenoids [BAM] evident in soil 43's pyrogram likely
indicate some, perhaps degraded, biomass contribution (Fig. 3-9C).

The third density fractions are alike in that their pyrolyzates contain predominantly
simple monoaromatic hydrocarbons (Figs. 3-9D, 3-10D). They bear a strong resemblance to the
anthracite pyrolysis products (Fig. 3-8B), indicating that anthracite is the primary pyrolyzable
component therein. The presence of anthracite in this residual density fraction is likely due to
the added mass of adhering mineral phases, as observed by SEM (Figs. 3-6, 3-7), precluding
floatation in the 1.6 g/mL fluid employed. The site 43 pyrogram shows more of the
alkylbenzenes and naphthalenes, along with trace amounts of phenols, suggesting that some
bituminous coal is also present in this fraction, similarly burdened with mineral matter. The
minor C11-Cos n-alkanes detected (Fig. 3-9D) may arise from petroleum or coal tar-derived
contamination in the soil adhering to mineral phases. Solvent extraction to test this supposition
was beyond the scope of this project, but it is compatible with the conclusions of the prior study
which did employ extraction and subsequent GC-MS (Hagmann et al., 2019, see Ch. 2). This
prior work also documented the presence of coke and char in these soils, confirmed during the
hand-picking procedure of the present study (Sec. 2.3), but these materials yield little upon

pyrolysis and thus escape detection by Py-GC-MS.
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3.4. Conclusions

Analytical pyrolysis provided compelling evidence for the presence of biomass and
bituminous and anthracite coal in the LSP soil density fractions. These insights should ideally be
checked by organic petrography. The simple density separation experiment undertaken in this
soil contamination study is shown to offer a helpful preparative technique, although not a
rigorously quantitative one. The procedure could be improved by a micronization pretreatment
step to more effectively permit separation of mineral components from the organic ones and by
organic petrographic confirmation of the fraction compositions.

Of primary concern with the presence of coal at Liberty State Park is the potential
environmental risk, principally due to coal's constituent PAHs. The abundant coal particles in
LSP soils are the legacy of the park's past as major rail yard and port for the large-scale
commercial transport and transfer of coal, powered by coal-fired steam locomotives, riding on
rails supported by wooden crossties likely treated with coal tar-derived creosote. However,
much of the LSP coal is anthracite and higher rank (medium volatile) bituminous. Extractable
PAH content in coal decreases markedly with increasing coal rank (Stout and Emsbo-Mattingly,
2008; Laumann et al., 2011), therefore high rank coal particles in soil should pose less of an
environmental concern on this basis. While the PAH-rich high volatile bituminous coal is
proportionately less abundant at LSP, the extent to which it might be toxic or mutagenic to
humans, plants, and animals is nonetheless linked to its degree of bioavailability. With the
evidently flourishing plant communities in great majority of the LSP brownfield zone, limited
hot spots of acute contamination therein (Hagmann et al., 2019, see Ch. 2) likely demand the

most intensive remediation efforts. Analysis of soil components by Py-GC-MS, particularly
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after a preparative density separation procedure, is shown to be effective in the environmental
forensic and industrial archeological investigation of this urban brownfield. This detailed
information about the nature of contaminants will help to inform future remediation efforts in the

public interest.
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Table 3-1. Pyrolysis-GC-MS peak identification for Figures 3-8 thru 3-10

Aliphatic Hydrocarbons

Polysaccharide markers

+ n-alkanes P1 furan-3-one

" n-alk-1-enes P2 2-furancarboxaldehyde

pr pristane P3 3-furancarboxaldehyde
P4 methylfuranone

Monoaromatic Compounds P5 methylfurancarboxaldehyde

Al benzene P6 benzenediol

A2 toluene

A3 ethylbenzene Lignin markers

A4 meta- & para-xylene L1 guaiacol

AS styrene L2 methylguaiacol

A6 ortho-xylene L3 ethylguaiacol

A7 C3-alkylbenzene L4 vinylguaiacol

A8 benzaldehyde LS eugenol

A9 benzonitrile L6 vanillin
L7 cis iso-eugenol

Polycyclic aromatic compounds L8 trans iso-eugenol

Nx naphthalenes L9 acetovanillone

BBx biphenyls L10 vinylsyringol

DBFx dibenzofurans L11 prop-1-enyl syringol

PHNx phenanthrenes L12 prop-2-enyl syringol (cis)

FLUx fluorenes L13 syringaldehyde

FLA fluoranthene L14 prop-2-enyl syringol (trans)

PYRx pyrenes L15 acetosyringone

BAN benzo[a]anthracene

CHRx chrysenes Fatty acids

BeP benzo[e]pyrene FA1l n-hexadecanoic acid

(x indicates extent of alkyl substitution) FA2 n-octadec-9-enoic acid
FA3 n-octadecanoic acid

Phenols

F1 phenol Steroids

F2 2-methylphenol S1 stigmastan-3,5-diene

F3 3-methylphenol & 4-methylphenol S2 stigmasta-5-en-3-ol

F4 2-ethylphenol S3 stigmasta-3,5-dien-7-one

F5 2,4-dimethylphenol S4 stigmasta-4-en-one

F6 4-ethylphenol S5 stigmasta-4,22-dien-3one

F7 3-ethylphenol & 3,5-dimethylphenol

F8 vinylphenol Other

F9 trimethylphenol isomers BAM terpenoids similar to B-amyrone

(C30Has0) or derivative
diketodipyrrole
X contaminant introduced during processing

Table 3-2. Dry weight percentages of density fractions separated from whole soil of LSP Sites

43 and 25R. See text and Figure 3-5 for procedural details.
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. Fraction 1 Fraction 2 Fraction 3
Soil T"t::":tdry (floatedin DI | (floatedin1.6 | (sankin 1.6
15 water) g/mL Kl.,) g/mL KL,
43 5.007 g 039% 3.10% 92.58 %
25R 5.046 g 0.06 % 0.89 % 95.94 %
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Figure 3-1. Index map showing location of Liberty State Park (LSP) in Jersey City (NJ), USA,

the principal anthracite coal fields of Pennsylvania, and the former Central Railroad of New
Jersey main line. Base map: Google Earth; coalfields: Pennsylvania Dept. of Environmental

Protection; rail line: Anderson (1984).
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Figure 3-2. The Central Railroad of New Jersey's rail yard and marine terminal in Jersey City as
it appeared in a 1954 aerial image, overprinted with the location of the two soil samples (25R,
43) presented in this study. At the time of the photograph, coal transport operations were largely
confined to the zone seen in the lower part of the image, on the tracks leading to Pier 18. Note
the locations of the passenger terminal and roundhouse. Base image: U.S. Geological Survey;
identification of coal handling facilities: Anderson (1984); pier identification: Brooklyn

Historical Society Archives.
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Figure 3-3. Historical images of CRRNIJ coal transport operations in the 1940's. (A) Loaded
coal trains in Jim Thorpe, Pennsylvania (Fig. 1; town formerly known as Mauch Chunk). (B)
Loaded coal cars approach Pier 18 in the Jersey City rail yard. View to the west showing the
yard's track network (Fig. 2). (C) View of Pier 18's two coal dumping towers for transfer of coal
from railcar to barge. View is to the west from the eastern end of the pier. (D) View to the
northeast of Pier 18's coal dumpers. Note Ellis Island in the background. Photos: Anderson

(1984); used with permission.
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Figure 3-4. Appearance of Liberty State Park in 2017. (A) Aerial view towards the southwest
showing the study area within the park. Note the former passenger rail and ferry terminal,
partially restored but non-functioning, and the Liberty Science Center museum, built on the site
of the former railroad roundhouse (Fig. 2). Photo: D. Hagmann. (B, C) Dense vegetation covers
most of the study area. The top of the Liberty Science Center tower appears in C. (D) Soil
sample 25R was collected from this anomalously barren strip within the study area. Photos B-D:

M. Peters, Montclair State Univ.; used with permission.
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Figure 3-5. Experimental flow chart. See section 2 for details. No vegetation detritus was

picked from barren site 25R soil. * <2 mm size fraction previously studied in detail (Hagmann

etal., 2019, see Ch. 2).
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Figure 3-6. Scanning electron micrograph of fragments of a single wet-sieved (> 2 mm) and

sonicated LSP 43 coal particle. Note surface encrustations. Scale bar is 300 um.
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Figure 3-7. SEM EDS mapping images of a fragment of a single wet-sieved (>2 mm) and
sonicated LSP 43 coal particle. Scale bars are 50 um. (A) SEM image; box shows element
mapping area for B-D. (B) Multi-element map (O, Fe, S, Cl, Si, Al) superimposed on SEM
image. (C) Element map for aluminum. (D) Element map for silicon. Element mapping images

indicate clay mineral platelets adhering to coal.
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Figure 3-8. Py-GC-MS total ion current chromatograms of materials from the site 43 soil
sample: (A) typical soil organic matter (roots & twigs) and (B, C) two coal particles hand-picked
from the >2 mm size fraction after wet sieving and sonication. See Table 3-1 for peak

1dentification.
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Figure 3-9. Py-GC-MS total ion current chromatograms. Forested LSP site 43: (A) whole soil,

(B) Fraction 1 floated in DI water, (C) Fraction 2 floated in Klaq (1.6 g/mL), and (D) Fraction 3

sank in Klaq (1.6 g/mL). See Table 3-1 for peak identification.
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Figure 3-10. Py-GC-MS total ion current chromatograms. Barren LSP site 25R: (A) whole soil,
(B) Fraction 1 floated in DI water, (C) Fraction 2 floated in Klaq (1.6 g/mL), and (D) Fraction 3

sank in Klaq (1.6 g/mL). See Table 3-1 for peak identification.
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Chapter 4
Soil microbial function and community composition along an experimentally created

gradient of two contaminated soils

Abstract

Vegetated soils can exist next to plots of land that are barren of vegetation. There are two sites
that are adjacent to each other within Liberty State Park, an abandoned urban brownfield in
Liberty State Park, in Jersey City, New Jersey, USA. One site is vegetated and is highly
functioning, 25F, while the other is barren and is poorly-functioning, 25R and both contain
PAHs and high concentrations of metal/loids. We determined whether the microbial community
composition and enzyme activity of an introduced microbial community through soil inoculation
was affected by an abiotic environment along an experimental gradient. We mixed these two
soils in different ratios to create an experimental gradient and then we autoclaved these soil
mixtures. We inoculated the different autoclaved soil mixtures with the highly functioning 25F
soil. We determined the fungal and bacterial compositions of the soil mixtures along the
experimental gradient after inoculation to test how the different soil environments would allow
all microbial communities to establish. We found that there were some fungal classes, like
Mortierellomycetes, decreased in relative abundance with increasing percent ratios (w/w) of
barren 25R soil. However, there were other fungal classes that decreased. We also tested if
enzyme activities of the soils inoculated with 25F soil remain the same regardless of the
environment. We found that the phosphatase, cellobiohydrolase activities of inoculated soils

decreased with increasing percent ratios (w/w) of barren 25R soil.
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4.1. Introduction
Soil microbial composition is shaped by both biotic and abiotic soil properties (Fierer and
Jackson, 2006; Lauber et al., 2009; Torsvik et al., 2002; Zak et al., 2003). Bacteria and fungi
play an important role in ecosystem functioning, such as mediating nutrient cycling (Bardgett et
al., 2008; Singh et al., 2010; Wagg et al., 2014). Abiotic factors include pH, texture, moisture,
temperature, and nutrient content. The abiotic factors referred to in this paper are the non-living
soil properties, which include organic matter, moisture, and heavy metals. In contaminated soils,
abiotic factors can also include heavy metals and organic contaminants, such as polycyclic
aromatic compounds. The interactions between biotic and abiotic constituents in contaminated
soils are complicated and can change with time (Krumins et al., 2015). Inorganic and organic
contaminants can be toxic to microorganisms and therefore anthropogenic contamination can
alter microbial community composition (Gadd, 2005). Contaminants can impose stress on the
soil environment, acting as a filter that allows some microorganisms to thrive while others
succumb to the stresses of the environment. Some microorganisms can survive in the presence of
metals and organic contaminants and some degrade or use as nutrients compounds from fossil
fuel contamination (Gadd and Griffiths, 1977; Johnson et al., 2004). Sites that have little plant
growth as a result of contamination due to heavy metals and organic contaminants introduced by
human activity are known as industrial barrens (Kozlov and Zvereva, 2007b). Even after years
of abandonment these sites can remain barren due to toxic levels of metals, but certain
microorganisms adapt to the contaminants (Hagmann et al., 2015; Puglisi et al., 2012).

Targeted microbial inoculation strategies are used to introduce new or different microbial
communities into soil, often with the goal of altering soil functioning in a contaminated soil

(Khan et al., 2000; Rajkumar et al., 2012). Soil microbial inoculations can in some cases
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increase extracellular enzymatic activities (Panke-Buisse et al., 2015). Other benefits of soil
inoculations can include improved plant yields, increased litter decomposition rates, and more
fertile soils (Bounaffaa et al., 2018; Ouahmane et al., 2007; Rodriguez-Caballero et al., 2018;
Tamayo-Vélez and Osorio, 2018). Often the soils into which new microbial communities are
introduced are contaminated or poorly functioning and the goal is to speed up the degradation or
transformation of contaminants. In many cases, the focus is on the identity of the microorganism
that are introduced, either as a monoculture, or as a consortium of two or a few microorganisms,
or in rarer cases an entire microbial community consisting of a large number of different
organisms. Many unanswered questions often remain about the way in which the abiotic
environment into which the microorganism/s is/are introduced impact the ability for the
microorganisms to successfully establish.

Rather than just introducing soil microorganisms into one poorly-functioning soil,
microorganisms can be added into a gradient of abiotic soil properties, to learn more about the
relationships between the abiotic environment and the outcome of the microbial inoculation. A
gradient of abiotic conditions can be created by mixing two soils with different abiotic properties
in a range of ratios. The introduction of microbial inoculum into a gradient of new soil
environments has the potential to elucidate the interactions between microbial communities and
soil abiotic environments, providing new insights, yet this approach largely remains unexplored
(Xun et al., 2015).

A site within an urban brownfield in Jersey City, New Jersey, Liberty State Park (LSP),
site 25R, 1s an example of an industrial barren. This site has remained barren for years, despite
being surrounded by other vegetated sites. LSP soils from sites including 25R and the adjacent

vegetated site 25F have been investigated to further understand the reasons why 25R remains
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barren despite being surrounded by large areas covered in plants and trees (Vaidya et al., 2020;
Hagmann et al., 2019, see Ch. 2). Soils 25F and 25R are the soils used in this study. Both are
contaminated with heavy metals and fossil fuel derived contaminants, including coal. Barren 25R
soil contains higher concentrations of metals and has poor enzymatic function while 25F has
slightly lower metal concentrations and is enzymatically active and vegetated. The well-
characterized and different properties of the two adjacent soils presented an opportunity to
examine the role of abiotic environment in the outcome of soil inoculation.

The goal of this study was to determine whether abiotic environment along an
experimental gradient affects microbial community composition and enzyme activity of an
introduced microbial community through soil inoculation. A gradient of abiotic
environments/conditions was created by mixing soils from the two adjacent sites 25R and 25R in
different ratios. The soil mixtures were then sterilized by autoclaving the soil with the goal to
eliminate the microbial communities present in the soil. After soils were autoclaved, soil
inoculum from 25F soil was added to the different ratios of 25F and 25R soils. Site 25F was
used as an inoculum because it is a site in closer proximity to the barren soil 25R and has
adapted to the high levels of contaminants but has higher soil function. These mixtures were
incubated for about two months to let the communities establish. We asked the following
questions about what happens when the microorganisms from 25F soil are introduced into a
gradient of different autoclaved environments: 1) Will the microbial communities of 25F
establish equally in all environments or will the microbial communities vary depending on the
ratio of soils 25F and 25R and 2) Will the enzyme activities of the soils inoculated with 25F soil
remain the same regardless of the environment or will enzyme activities decrease as more 25R

soil is present in the mixture? To answer the first question, we characterized the fungal and
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bacterial communities in the different soil mixtures. To answer the second question, we
measured phosphatase, cellobiohydrolase, peroxidase activities to understand how different
abiotic properties affect enzyme activities. Soil samples that had not been inoculated and soil

samples that had not been autoclaved were included in the study as negative controls.

4.2. Methods

4.2.1 Site description and soil preparation

The soil samples were collected from two sites (25F and 25R) within a 100-ha plot within LSP in
Jersey City, New Jersey (40° 42" 16 N, 74° 03’ 06 W). LSP was once a rail yard, but since 1969
the 100-ha plot of land was restricted to public access, and without any human intervention a
dense forest covers the abandoned site. There are both inorganic and organic contaminants
present in LSP soils, which include a variety of metals and polycyclic aromatic hydrocarbons
(Hagmann et al., 2019, see Ch. 2). The soils collected were from a barren strip of land, 25R, and
a neighboring site that is covered in vegetation, 25F. Soils were collected from barren site 25R
and vegetated site 25F within LSP on April 8, 2019. The soils were sieved using a 2 mm sieve

and stored in a refrigerator at 4 °C.

4.2.2 Experimental design

Soils from barren site 25R were mixed with soils from vegetated site 25F to create a gradient of
soils; 0 %, 25 %, 50 %, 75 %, and 100 % 25R, as illustrated in Figure 4-1. The mixtures were
autoclaved (121 °C, 30 min) twice in an autoclave bag, on two consecutive days, to sterilize the
soils. After autoclaving, equal weights (120 g) of the soil mixtures were added to flowerpots.

To create inoculated pots, equal amounts of the autoclaved soil was removed (6 g) and non-
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autoclaved 25F soil (6 g) was added in. The inoculated pots therefore contained 5% by weight of
25F soil that had not been autoclaved. To ensure that the inoculated and non-inoculated
experiments were otherwise similar, equal amounts of the autoclaved soil was removed (6 g) but
this time non-autoclaved 25F soil (6 g) was added into the pots. The non-inoculated pots were
created to serve as controls, allowing us to determine if any contamination, such as possible
input from microbes in the air, entered the pots. The percent ratios (w/w) of 25R soil in both
inoculated and non-inoculated treatments were 0 %, 23.8 %, 47.6 %, 71.4 % and 95.2% 25R.
The rest of the soil was 25R soil. The experimental conditions will be referred to as 0 % 25R, 25
% 25R, 50 % 25R, 75 % 25R, and 100 % 25R for simplicity. For example, the ratio labeled as 25
% 25R actually consisted of 23.8% 25R and 76.2% 25F soils (w/w) after the inoculation. In
addition to the inoculated and non-inoculated soils described above, fresh soils 0 % 25R and 100
% 25R served as a baseline comparison for the treatments. Fresh soils 0 % 25R and 100 % 25R

were not autoclaved nor inoculated, as seen in Figure 4-1.

Figure 4-1

There were five replicates for each treatment: inoculated (autoclaved soil mixtures + 25F
inoculation), non-inoculated (autoclaved soil mixtures + autoclaved 25F soil), and fresh soils
(non-autoclaved 0 % 25R and 100 % 25R). All pots were placed in a growth chamber.
Sterilized tap water was added to each pot to maintain the moisture of the soil throughout the
course of the experiment. The moisture was maintained by maintaining the same weight as the
initial weight that was determined at the beginning of the experiment. The initial time point

samples were collected the day the soils were potted, and were stored in a refrigerator at 4 °C.
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The final time point samples were collected after incubation in the growth chamber, 67 days
from the start of the incubation. Moisture of the soil was determined for each treatment and the
extracellular soil phosphatase, cellobiohydrolase and peroxidase activities were measured for soil

samples collected at the initial and final time points.

4.2.3 Phosphatase and cellobiohydrolase assays

Both phosphatase and cellobiohydrolase enzyme activities were measured for each sample as
described in (Hagmann et al., 2015). Briefly, 0.5 g of moist soil was combined with 0.1 M MES
buffer (100 mL, pH 6.0) and then sonicated for 3 min at 25W. The continuously stirred soil
slurry was added to the well (160 pL) in a 96-well black plate. 4-MUB-phosphate, for
phosphatase, was added (40 pL) to three different wells (350 uM in the well). 4-
Methylumbelliferyl B-D-cellobioside, for cellobiohydrolase, was added (40 uL) to three different
wells (650 uM in the well). A standard curve was created by combining a fluorescent product,
(40 uL of 4-MUB, at different concentrations with a soil slurry (160 pL), that resulted in the
following concentrations of product (0, 100, 1000, 1500 and 2500 pmols). Time points were
collected on a microplate reader at 30 °C every 7.5 minutes for 3 hours to measure fluorescence

intensity (320 nm ex./450 nm em.).

4.2.4 Peroxidase assay

The peroxidase activity was measured for each sample. Briefly,1 g of moist soil, was combined
with 50 mM sodium acetate buffer (125mL, pH 6.1) then sonicated for 3 min at 25W. The
continuously stirred soil slurry was added to the well (200 uL) in a 96-well black plate. The

substrate L-3,4-dihydroxyphenylalanine (L-DOPA) was added (50 uL) to the sample wells. In
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addition to the soil slurry, sample wells also contained 0.3% H>O, (10 uL), and of 25 mM L-
DOPA (50 pL). To correct for the substrate background, blank wells containing 0.3 % H>O> (10
puL), 50 mM acetate buffer (200 pL), and 25 mM L-DOPA (50 pL) were used. To correct for the
sample background, negative control wells containing soil slurry (200 pL), 0.3 % H>O2 (10 pL),
50 mM acetate buffer (50 uL) were used. Absorbance values measured at 460 nm were obtained

using a microplate reader running for 3 hours, with readings after every 7.5 minutes.

4.2.5 Microbial community analysis

An ITS rRNA amplicon survey was performed on soils that were sampled from the final time
point, after the non-inoculated, inoculated and fresh soils were incubated for 67 days. The DNA
was extracted from 0.25 g of soil using the Qiagen DNeasy PowerSoil Pro DNA extraction kit
following the manufacturer’s instructions. Four replicates were examined for each treatment.
After extraction, the samples were stored in a freezer at — 20 °C prior to sequencing. The fungal
ribosomal rDNA was amplified using primer sets ITS1. Paired-end sequencing (2 x 150 bp) was
carried out on an Illumina MiSeq sequencer. The trimmed sequences obtained were analyzed
using DADA?2 (Callahan et al., 2016). DADA?2 was used for quality filtering, where only quality
scores above 20 were used. Due to the low overlap between forward and reverse reads, only the

forward read was used. In addition, DADA?2 was used for chimera removal.

4.2.6 Data analysis
An analysis of variance (ANOVA) was conducted between the different percent ratio (w/w) of

soils 25F and 25R and soil properties (organic matter and moisture percentages) for non-
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inoculated and inoculated treatments with a significance cut-off value of p < 0.05. We
conducted a post-hoc test (Tukey’s HSD) where significant effects were found.

We used a non-metric multidimension scaling (NMDS) analysis to observe differences
among treatments and soil mixtures using the phyloseq package (McMurdie and Holmes, 2013).
A PERMANOVA was used to determine statistically significant differences between the
microbial communities of the different treatments (non-inoculated, inoculated and fresh soils)
and the different soil mixtures using the adnois function from the vegan package (Oksanen,
2011). For visual representation of the relative abundance of fungal classes, ggplot2 package in

R was used (Ginestet, 2011). All statistics were performed using R (version 3.6.2).

4.3. Results and discussion

4.3.1 Soil properties of bulk soils

The properties of the two soils, 25F and 25R, prior to autoclaving or mixing, have been well
documented. Both soils have high metal loads and similar organic contaminant profiles
(Hagmann et al., 2019a). Data in Figure 4-2B show that soil 25F, collected from the vegetated
site, had higher organic matter content (35 = 0.4 %) compared to soil 25R, which had an organic
matter content of 5.5 + 0.2 % (Fig. 4-2B). The percent moisture of soil 25F (45 + 0.67 %) was
higher than the percent moisture of soil 25R (2.8 + 0.41 %) (Fig. 4-2A). Since vegetated, soil
25F has input from plant debris, which can explain the higher amounts of soil organic matter
compared to soil 25R. The small amount of organic matter in site 25R consists of anthropogenic

contaminants, including coal (Hagmann et al., 2019a) .

Figure 4-2



EFFECT OF ABIOTIC FACTORS ON ENZYME ACTIVITY 105

The initial phosphatase, cellobiohydrolase, and peroxidase activities of fresh soil 0 %
25R were higher than fresh soil 100 % 25R: Phosphatase activities of 0 % 25R and 100 % 25R
were 3.4 + 0.3 umol*g " *hr! and 0.003 + 0.001 pmol*g'*hr’!, respectively. Cellobiohydrolase
activity of 25F was 0.10 £ 0.01 umol*g'*hr! while the activity of 25R was below detection
limit (BDL). Peroxidase activity was also higher at 25F (10. + 2.0 umol*g*hr") compared to
25R (3.3 £0.31 pmol*g'*hr!). As was observed here, the phosphatase, cellobiohydrolase, and
peroxidase activities of soils from vegetated site 25F (fresh soil 0 % 25R) have been previously
been found to be higher compared to soil from barren site 25R (fresh soil 100 % 25R) (Hagmann

etal., 2019).

4.3.2 Soil properties of non-inoculated and inoculated soils

A gradient of abiotic properties was created by mixing 25F and 25R soils in different ratios even
after autoclaving and 67 days of incubation. The percent moisture and organic matter were
determined for non-inoculated and inoculated. As one might expect, percent moisture and
organic matter decreased systematically with increasing percent ratios (w/w) of 25R soil for both
non-inoculated and inoculated soils (Fig. 4-3A-B). These results agreed with those found in
other studies where the metal concentrations, organic matter content, and aggregate particle size
distribution were consistent with the proportions of two soils that had been mixed together to
create a gradient (Don et al., 2017; O’Brien et al., 2017; Vaidya et al., 2020a). Percent moisture
or organic matter were not found to be significantly different between non-inoculated and

inoculated soils (P > 0.05) (Fig. 4-3). This is likely due to the same amount of 25F soil was
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added to both non-inoculated and inoculated soils. These data suggest that inoculation had little

effect on soil abiotic properties.

Figure 4-3

Vaidya and co-workers measured metal/metalloid concentrations across an experimental
gradient of two different soils and found that the concentrations were proportional to ratios of the
two soils in the mixtures (Vaidya et al., 2020). Sites 25F and 25R are adjacent to each other and
both have high metal concentrations, but there are several metals (Cd, Cr, Co, As, Cu, Zn, Pb,
and Na) that are present at 2 to 5 times higher concentrations in 25R soil compared to 25F soil
(Hagmann et al., 2019, Table 4-1). Therefore, by creating mixtures with different percentage
ratios (w/w) of 25R soil, we created a gradient of heavy metal concentrations as shown in Table

4-1.

Table 4-1

4.3.3 Fungal and bacterial community analysis

An NMDS displayed evidence the different treatments (non-inoculated, inoculated and fresh
soils) did not cluster together at the genus level (Fig. 4-4). A PERMANOVA analysis revealed a
significant difference in fungal community compositions between all three groups (non-
inoculated, inoculated and fresh soils) for both fungi (pseudo F = 32.6, p <0.001) and bacteria
(pseudo F =15.2, p<0.001). In addition, a significant difference was observed among different

soil mixtures for fungi (pseudo F = 6.8, p <0.001) and bacteria (pseudo F =2.0, p<0.05). A
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statistically significant interaction was observed between inoculum and soil mixture for fungi
(pseudo F =4.3, p <0.001) and bacteria (pseudo F =4.3, p <0.01). The interaction effect
between inoculum and soil mixture indicates it was not just the inoculation driving the fungal
and bacterial community composition, but it was also the different percent ratios (w/w) of 25F

and 25R soils that influences the microbial composition.

Fig. 4-4

The relative abundance of some fungal classes gradually changes along a gradient of
percent ratio (w/w) of soils 25F and 25R (Fig. 4-5). When microbial communities are introduced
into new environments, some groups of organisms will perish, while others may prosper
(Trabelsi and Mhamdi, 2013). For inoculated soils, the introduction of fungal communities
through inoculation of 25F soil are influenced by abiotic factors. Pearson correlation analysis
showed a significant negative relationship between the relative abundance of Mortierellomycetes
and increasing percent ratios (w/w) of 25R (r =-0.976, p < 0.01, Fig. 4-6). Mortierellomycetes
was more successful in establishing in soils that contained more 25F soils (67 %) and decreased
with increasing percent ratios (w/w) of 25R). One study found Mortierellomycetes were
sensitive to Zn pollution, where the relative abundance of Mortierellomycetes decreased
compared to their control soil, which was unpolluted soil (Guarino et al., 2020). This supports
the decrease in relative abundance of Mortierellomycetes, since in this study, the Zn

concentration were found to be about 2.9 times higher in 25R soil than in 25F.

Fig. 4-5
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Fig. 4-6

A Spearman correlation analysis showed a significant positive relationship between the
relative abundance of Sordariomycetes and increasing percent ratios (w/w) of 25R (r=1,p <
0.05, Fig. 4-6). Sordariomycetes have been found to be adaptable to different environments and
resistant to environmental stress since they are present in both contaminated and uncontaminated
soils (Thion et al., 2012; Ventorino et al., 2016; Ventorino et al., 2019). One possible
explanation that Sordariomycetes were able to survive in 25R soil, is their ability to metabolize
PAHs (Marchand et al., 2017; Ventorino et al., 2019). It is also possible that Sordariomycetes
are able to outcompete other fungal classes in the barren 25R soil. This implies the fungal
compositions of the inoculated treatments were driven by abiotic factors in a concentration
dependent fashion.

Visual inspection of Figure 4-6 suggested that the fungal community compositions were
qualitatively similar between non-inoculated and inoculated 100 % 25R soils. This indicates that
the barren 25R soil was unable to be successfully colonized by the fungal communities from 25F
soil. This implies that the abiotic environment in 25R did not support the establishment of all
fungal classes that were introduced. Soil abiotic factors have previously been found in several
studies to influence microbial composition (Brockett et al., 2012; Buyer et al., 2010; Fierer and
Jackson, 2006; Haack et al., 1995; Zhou et al., 2002). The abiotic factors, including metal
concentrations, percent moisture and organic matter, of 25F and 25R soils are different (Table 4-
1, Fig 4-3). Therefore, due to the difference in abiotic factors, some fungi may not establish,
including possible metal stress. This finding has implications for experiments where the goal

was to introduce a new microbial community into a soil for remediation purposes.
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Fungal community compositions at the class level for the two fresh soils (0% 25R and
100% 25R) were not different (Fig. 4-5). However, there were different relative abundances for
a few fungal classes. For example, Sordariomycetes was the most abundant taxa in fresh soil
100% 25R (60.2 %) while it was less abundant in fresh soil 0% 25R (20.1 %) (Fig. 4-5). This is
not surprising because (Singh et al., 2019b) also observed a different fungal community
composition between these two sites. Within LSP 25R, Singh and co-workers (2019b) found the
relative abundance of Sordariomycetes to be 19.3%. However, we found the relative abundance
of Sordariomycetes to be much higher, 60.2 %. One possible explanation for the variation
Within this study, to encourage establishment of the whole microbial community into the soil
mixtures, the inoculum of 25F was introduced as unautoclaved 25F soil. The fungal diversity of
fresh soils was higher compared to the inoculated soils, most likely due to the disturbance caused
by autoclaving the soils before inoculation with 25F soil for the inoculated soils (Appendix-B
Fig. A1). The fungal communities of 100% 25R were also similar for the fresh soil and
inoculated soils. The fungal class Sordariomycetes was the most abundant class in both the
fresh soil and inoculated soils. It is possible that this fungal class was able to survive
autoclaving.

The changes in bacterial communities along the soil gradient were less distinct than the
fungal communities for the inoculated soils (Fig. 4-5). Note that previous work studying 25R
soil determined that the bacterial communities were different compared to other LSP sites
including site 25F (Singh et al., 2019b). While upon visual inspection of the bacterial
community composition of the various inoculated soil mixtures, the relative abundance of the top
15 bacterial classes were similar (Fig. 4-5). For example, the relative abundance of the bacterial

class Alphaproteobacteria ranged between 13.2 % (75 % 25R soil) and 14.9 % (100 % 25R soil)
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for the inoculated soils (Fig. 4-5). It is possible that the bacterial communities present in each
soil mixture may be able to revert to the original state, with a similar composition to those of the
fresh soil after inoculation and incubation for 67 days (Mawarda et al., 2020). Indeed, the
relative abundances of the top 15 bacterial classes appear similar to the inoculum (25F).
Therefore, the inoculation appears to be successful for bacterial community composition.

The non-inoculated soils were autoclaved twice, but even after two months of incubation
in a growth chamber both the fungal and bacterial communities were not entirely eliminated as
shown by the presence of both fungal and bacteria classes (Fig. 4-5). Yet, there were a few
fungal and bacterial classes that did not survive autoclaving. For example, the non-inoculated
soils lacked Mortierellomycetes for all soil mixtures, where the relative abundance of
Mortierellomycetes was less than 0.02 %. There were fewer bacterial classes present in the non-
inoculated soils compared to both the inoculated and fresh soils (Fig. 4-5). The diversity of the
non-inoculated soils were less compared to the inoculated soils (Appendix-B Figs. A1l and A2).
For example, non-inoculated 100 % 25R soil had 5 bacterial classes that dominated the bacterial
composition, compared the inoculated 100 % 25R soil that had 15 bacterial classes. Within non-
inoculated soils, both fungal and bacterial community compositions appeared to be scattered
with increasing percent ratio (w/w) of 25R soils and not necessarily dependent on the soil

mixture (Fig. 4-5 A-B).

4.3.3 Effect of percent ratio (w/w) of soils on enzyme activity
Phosphatase activity had a negative relationship with increasing percent ratios (w/w) of 25R for
non-inoculated (y=-0.009x + 0.78, R%.qj = 0.84, P < 0.001) and inoculated soils (y = -0.0082x +

0.77, R%.4; = 0.78, P < 0.001) (Fig. 4-7 A-B). A similar negative trend was seen in the



EFFECT OF ABIOTIC FACTORS ON ENZYME ACTIVITY

relationship between cellobiohydrolase activity and increasing percent ratios (w/w) of 25R for
both non-inoculated and inoculated soils (Fig. 4-7 C-D). For peroxidase activity there was also
a negative relationship increasing percent ratios (w/w) of 25R for inoculated soils (y = -0.102x +
11.9, R%j = - 0.54, p < 0.001) (Fig. 4-7 F). Conversely, for non-inoculated soils there was no
relationship between peroxidase activity did not vary with increasing percent ratios (w/w) of 25R

soil (Fig. 4-7 E).

Figure 4-7

Overall, the non-inoculated and inoculated had similar phosphatase, cellobiohydrolase
activities. For example, the soil mixture 0 % 25R which had the highest phosphatase activity of
various soil mixtures 0 % 25R was similar for both non-inoculated (0.93 + 0.05 pmol*gary ' *hr!)
and inoculated soils (0.89 % 0.13 umol*ggr, ' *hr'!) (P > 0.05). In addition, the soil mixture 100
% 25R had similar cellobiohydrolase activities for both non-inoculated (0.0094 + 0.0014
pumol*gar, ' *hr!) and inoculated soils (0.0029 % 0.0015 pmol*gar, ' *hr!) (P > 0.05). Microbial
communities can influence soil enzyme activities (Gallo et al., 2004a; Schnecker et al., 2015;
Waldrop et al., 2000). Even though inoculated 100 % 25R soil were introduced with
microorganisms from a high functioning soil through soil inoculation, the fungal community
composition of the non-inoculated and inoculated soils was similar. This might explain the low
phosphatase and cellobiohydrolase activities of 100 % 25R soil, but both the bacterial and fungal
composition were different between the non-inoculated and inoculated soils for all soil mixtures.
The non-inoculated soils despite being autoclaved still contained both fungi and bacteria that

could release extracellular enzymes into the soil. This suggests that the extracellular enzymes
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regardless of inoculation could be limited by the abiotic environment. Phosphatase and
cellobiohydrolase activities are influenced by soil properties, such as organic matter, metal
concentration and moisture, which are different between sites 25F and 25R (Narendrula-Kotha
and Nkongolo, 2017).

Bacteria and fungi produce extracellular peroxidases, enzymes that use a secondary
oxidant, like H>O», to degrade aromatic compounds, like lignin and humus (Sinsabaugh, 2010;
Sinsabaugh et al., 2008; Tian and Shi, 2014). The soil mixtures containing higher percent ratios
(w/w) of 25R soil, which originates from a barren site, might provide poor habitats for these
organisms that are found to be more abundant in soils that have high lignin concentrations
(Sinsabaugh, 2010; Sinsabaugh et al., 2008). This supports a decrease in peroxidase activity in
inoculated soils, since the barren site lacks vegetation. Peroxidase activities have also been
found to increase with increasing metal concentrations. However, 25R soil has lower peroxidase
activity compared to 25F soil. One possible explanation for peroxidase activity not decreasing
with increasing percent ratio (w/w) of 25R soil is the scattered differences in the non-inoculated
fungal and bacterial communities (Fig. 4-5). It is possible that the peroxidase activities were
influenced by the microbial communities more than by the abiotic properties. Yet, for both non-
inoculated and inoculated treatments, phosphatase and cellobiohydrolase activities decreased
with increasing percent ratios (w/w) of 25R soil (Fig. 4-7 A-D). Since both non-inoculated and
inoculated fungal and bacterial community compositions did not decrease with increasing
percent ratios (w/w) of 25R soils, it is more likely phosphatase and cellobiohydrolase activities
were influenced by the abiotic properties more than by the microbial communities. This data
support previous findings that abiotic properties present in the soil limited enzyme activity

(Singh et al., 2019a; Vaidya et al., 2020a).
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4.4. Conclusion

The introduction of soil microbial communities through soil inoculation from 25F soil varied
depending on the ratio of soils 25F and 25R. The relative abundance of some fungal classes
increased while other fungal classes decreased with increased percent ratio (w/w) of 25R soils.
Introduction of 25F microbial communities into the barren 25R soil (100 % 25R) was
unsuccessful as demonstrated by the similarities in fungal community compositions found for
non-inoculated and inoculated soils. Singh and co-workers (2019a) found that fungal
communities were driven by inoculation. However, we found that fungal community
compositions of inoculated soils were driven by abiotic properties. Phosphatase,

cellobiohydrolase and peroxidase activities decreased with increasing percent ratios (w/w) of

25R soil for inoculated soils. If enzyme activities were increased in the barren soil, 25R, then the

degradation of organic matter can increase. An increase of organic matter in contaminated soils

can help retain metals in the soil, which can reduce their bioavailability to plants and
microorganisms. However, we found in the inoculated treatment that abiotic properties present
in 25R soil limited phosphatase, cellobiohydrolase and peroxidase activities. Inorganic
contaminants, moisture content and organic matter content are a few soil properties that could
explain the differences in both microbial community composition and enzyme activity.
Introducing microbial inoculum into a gradient of increasing percent ratios (w/w) of 25R
provided insights into how microbial communities and different abiotic environments interact,
which may explain the inability for certain microorganisms to survive. There may be other
barren sites like 25R that create an environment that are inhospitable to introduced microbial

communities.
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TABLES

Table 4-1. Concentrations of Cd, Cr, Co, As, Cu, Zn, Pb, and Na (mg/kg) in soil from LSP sites
25F and 25R. Concentrations of soils 100% 25F and 100% 25R were reported in Hagmann et
al., 2019. The concentrations of the other soil mixtures (25 % 25R, 50 % 25R, and 75 % 25R)

were calculated based on experimentally determined amounts of soils that were mixed and were

indicated by T.

mg/kg [Cd] [Cr] [Co] [As] [Cu] [Zn] [Pb] [Na]
0% 25R 3.88 79.2 257 630 2,256 14,435 7,145 873
’ + 0.63 +32 + 47 + 187 + 320 + 2,845 + 1351 + 129
2504 25R+ 4.85 100.7 410 763 3,483 21,144 10,434 1,753
’ + 0.90 + 7.8 + 80 + 192 + 618 + 4,265 + 2,065 + 264
50% 25R+ 5.81 122.2 563 896 4,711 27,853 13,724 2,633
’ +1.17 +12.4 + 113 + 197 + 916 + 5,685 + 2,777 + 399
7504 25R+ 6.77 143.7 716 1,029 5,938 34,562 17,013 3,513
’ + 145 +17.1 + 146 + 202 + 1214 + 7,106 + 3,490 + 534
100% 25R 7.74 165.2 869 1,162 7,165 41,271 20,302 4,393
? +2.91 +21.7 + 179 + 207 + 1512 + 8,526 + 4,203 + 669
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FIGURES

Fresh soil
control
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Fig. 4-1. Experimental design for the inoculation of 25F soils into an experimentally created

gradient of different soil mixtures. Soil mixtures included 0 % 25R, 25 % 25R, 50 % 25R, 75 %
25R, and 100 % 25R. The non-inoculated treatment were autoclaved soil mixtures with 5 %
autoclaved 25F soil. The inoculated treatment were autoclaved soil mixtures that were

inoculated with 25F soil. Fresh soils were non-autoclaved 0 % 25R and 100 % 25R soils.
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Fig 4-2. Moisture (A) and organic matter (B) percentages (w/w) of fresh soils (non-autoclaved)
from sites 25F and 25R. Soil samples collected from 25F had higher percentages of moisture
and organic matter. Bars represent the average of five replicates (n = 5) with standard errors

shown.
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Fig 4-3. Moisture (A) and organic matter (B) of different percent ratio (w/w) of soils 25F and
25R for non-inoculated (dark gray) and inoculated (light gray) soils after 67 days in a growth
chamber. No statistically significant differences in moisture or organic matter were found
between non-inoculated and inoculated soils. Increasing percent ratios (w/w) of 25R soil

corresponded to decreased percent moisture and organic matter. Bars represent the averages of
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five replicates (n = 5) with standard errors shown. Letters (a-e) over bars indicate significant

differences among the means of the different soil mixtures (Tukey test, p < 0.05).
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(non-inoculated, inoculated and fresh soil). Both soil mixtures and treatments (non-inoculated,
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Fig. 4-5. Relative abundances of the top 15 fungal classes (A) and bacterial classes (B) across

different soil mixtures for non-inoculated, inoculated and fresh soils.
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Fig. 4-6. Correlations of relative abundance of fungal classes Mortierellomycetes (A) and
Sordariomycetes (B) across the ratios of soil mixtures containing increasing percent ratios (w/w)
of 25R soil for inoculated soils. There was a significant negative relationship between the
relative abundance of Mortierellomycetes and the percent ratio (w/w) of soil mixtures (A) (r = -
0.976, p <0.01, Pearson). There was significant positive relationship between the relative
abundance of Sordariomycetes and the ratios of soil mixtures (B) with increasing amounts of

25R (r=1, p <0.05, Spearman).
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Fig. 4-7. Relationship between enzyme activities with the increasing percent ratios (w/w) of 25R
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soils (0 %, 25 %, 50 %, 75 %, and 100% 25R), for both non-inoculated and inoculated treatments
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after incubation for 67 days in a growth chamber. The data were fitted to a Linear equation.
Phosphatase (A, B), cellobiohydrolase (C, D) and peroxidase (E, F) activities are shown.
Phosphatase and cellobiohydrolase activities decreased with increasing percent ratios (w/w) of
25R soil for both non-inoculated and inoculated soils for phosphatase and cellobiohydrolase
activities. Peroxidase activity did not decrease with increasing percent ratios (w/w) of 25R soil.
However, peroxidase activity did not decrease with increasing percent ratios (w/w) of 25R soil
for the non-inoculated soil. The error bars indicate the standard errors with a minimum of 3

replicates (n = 3).
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Chapter 5

Revitalizing soil function through different combinations of artificial root exudates

Abstract

In vegetated soils, roots release exudates, impacting rhizosphere microbiome composition and
function. The change in composition of low molecular weight compounds present in root
exudates can change soil function (Strickland et al., 2015). However, unvegetated industrial
barrens and contaminated brownfields cannot capitalize on this ecosystem service when
conditions are too restrictive to support plant growth. We test this idea in soils from a barren
site within an abandoned brownfield that is contaminated with heavy metals and organic
pollutants, Liberty State Park, located in Jersey City, New Jersey, USA. Specifically, we tested
the effects of adding different combinations of artificial root exudates including sugars, organic
acids, and amino acids on soil enzymatic activities in otherwise barren and inactive soil. We
measured three soil enzymatic activities over several time points over 120 days. The
combination of sugars, organic acids, and amino acids increased phosphatase (1.26 + 0.12
umol*gar, *hr!), cellobiohydrolase (0.02 + 0.002 umol*gg4ry ' *hr!), and L-leucine

aminopeptidase (0.15 + 0.036 pmol*gqr " *hr!) activities to a greater degree than other

combinations. Phosphatase activity increased by a greater factor than the other enzyme activities

regardless of the root exudate combination added. The addition of exudate combinations that
included amino acids led to the greatest increase in L-leucine aminopeptidase. Our results
indicate that the different enzyme activities depend on the different components of root exudates

(ie sugars organic acids and amino acids).
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5.1. Introduction
Roots secrete a wide range of compounds (root exudates) into the surrounding rhizosphere soils,
including amino acids, organic acids, sugars and secondary metabolites (Rovira, 1969; Steinauer
et al., 2016). The quality and quantity of root exudates depends on the plant species, age of an
individual plant, and soil biotic and abiotic factors (Badri and Vivanco, 2009; Hertenberger et al.,
2002; Jones et al., 2004). The effect of root exudates on soil function is influenced by the soil’s
nutrient availability, including concentrations and substrate stoichiometry of C, N and P (Girkin
et al., 2018). Here, substrate stoichiometry is defined as the ratio of C, N, and P required by
organisms and how it affects nutrient cycling (Hessen et al., 2004). Priming effects result from the
input of labile C and/or N through amendments like artificial root exudates that cause strong
short-term changes in microbial decomposition of soil organic matter (Kuzyakov et al., 2000).
Artificial root exudates are solutions that mimic the composition of naturally occurring root
exudate mixtures can be prepared and usually comprise of a synthetic mixture of sugars, organic
acids and amino acids.

Root exudate composition can change extracellular enzyme activity (Kreyling et al.,
2008; Strickland et al., 2015). It is possible for extracellular enzyme activity to increase,
decrease or have no change. There can be an increase in enzyme activity in response to root
exudates, which may stimulate microbial demand for nutrients (Cheng and Kuzyakov, 2005).
Labile root exudate compounds can serve as co-metabolites where they provide easily
assimilated carbon, which can induce increase in enzyme activity and enzyme production
(Fontaine et al., 2003; Keiluweit et al., 2015; Kuzyakov et al., 2000). Sugars have been found to
be the most prominent fraction of root exudates present in agricultural plants such as maize and

perennial ryegrass (Baudoin et al., 2003; Benizri et al., 2002; Henry et al., 2008; Paterson et al.,
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2007). Conversely, organic acids have been found to a more significant component in root
exudates from forest trees (Hodge et al., 1996; Smith, 1976). Various combinations of sugars,
organic acids and amino acids are all exuded into the soil. Yet, it is also important to investigate
how each variation of the different components of root exudates influences extracellular enzyme
activity. For example, if sugars dominate and small amounts of amino acids are exuded, then
will the enzyme activity reflect only the addition of sugars or the combination of the two
individual components. One question arises, since the composition of root exudates can vary,
will enzyme activity be reflective of the different combinations.

Because different plant species release different quantities and varieties of low molecular
weight organic compounds, it is expected that a greater diversity of plant species will lead to a
more diverse composition of root exudates in the soil (Steinauer et al., 2016). It has been found
that soil microbial communities and function are connected with plant diversity, which can alter
soil enzyme activities (Chung et al., 2007; Steinauer et al., 2015). There has been speculation
that the quantity and diversity of root exudates can influence the effects of plant diversity on
microbial communities (Eisenhauer et al., 2017). Therefore, if plant diversity can affect
microbial communities, then will soil function change. High diversity treatment of root
exudates is defined here as a greater number of different compounds present in the exudate
solution compared to low diversity treatment (Steinauer et al., 2016).

Postindustrial barren and contaminated sites globally require strategies for revitalizing
soil microbial function. Contamination, including heavy metal presence, can have negative
effects on enzyme activities (Khan et al., 2010; Yang et al., 2006). A previous study showed that
by establishing conditions that allowed plant growth in a contaminated, poorly-functioning,

previously barren soil within Liberty State Park (LSP), an increase in soil phosphatase activity
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was observed (Vaidya et al., 2020b). The poorly-functioning, barren soil from LSP, is site 25R.
Instead of growing plants, addition of organic amendments, such as artificial exudates, can
potentially overcome the adverse effect of the contaminant/s by boosting microbial activity
(Gianfreda and Ruggiero, 2006; Nannipieri, 1994; Nannipieri et al., 2012). For example, Vaidya
and co-workers found phosphatase activity increased by 351-fold change compared to the control
where no exudates were added with the addition several root exudates, which included the
combination of sugars, organic acids and amino acids, to a poorly-functioning LSP 25R (Vaidya
et al., submitted). Root exudates that include a combination of sugars, organic acids and amino
acids provide both C and N sources into the soil. Since enzyme activities are indicator of
microbial nutrient demand, then different nutrient cycling enzymes, such as cellobiohydrolase
might not result in such a large increase due to the different inputs of nutrients (Caldwell, 2005;
Moorhead and Sinsabaugh, 2006; Schimel and Weintraub, 2003).

The aim of this experiment was to determine the impacts of different combinations of
artificial root exudates on the enzymatic function of a contaminated, barren, poorly functioning
soil. Specifically, we hypothesized that the addition of a combination of sugars, organic acids
and amino acids would yield a higher enzyme activity than the individual components alone. We
also determined whether phosphatase, cellobiohydrolase, and L-leucine aminopeptidase activities
would respond to artificial exudate treatments in the same way and to the same extent or whether
the responses were different among the enzyme activities studied. Selected combinations of
artificial exudate groups (sugars, organic acids and amino acids) were added to low functioning
soil LSP 25R, and phosphatase, cellobiohydrolase, and L-leucine aminopeptidase activities were
measured over 120 days. The other aim of this study was to determine how the diversity of the

composition of root exudates affects soil function in a contaminated poorly-functioning soil. We
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added low and high diversity artificial root exudates to LSP 25R and measured phosphatase

activity over 60 days.

5.2. Methods

5.2.1 Study site and soil collection

The soil samples were collected from a 100-ha plot within LSP in Jersey City, New Jersey (40°
42" 16 N, 74° 03’ 06 W). This plot of land has restricted access from the public since 1969, and
a naturally occurring mixed plant community (primarily temperate deciduous forest and
ephemeral wetlands) has assembled across much of the site. LSP has been investigated in
several recent studies that have characterized both the inorganic and organic contaminants
present in the soil (Hagmann et al., 2019, see Ch. 2). There are a variety of heavy metals in the
soil that are not evenly distributed within the restricted 100 ha brownfield (Gallagher et al.,
2008). In addition to the heavy metals, there is also presence of fossil fuel derived compounds,
like polycyclic aromatic hydrocarbons, in the soil (Hagmann et al., 2019, see Ch. 2). The soils
collected for each experiment described below were from a barren strip of land, 25R, that has
never supported vegetation. Soils were collected from barren site 25R within LSP on April 8,

2019. The soils were sieved and stored in a refrigerator at 4 °C.

5.2.2 Experimental design of different combinations of artificial root exudates

Consistent amounts of sieved soil (<2 mm, ~ 120 g) were added to pots. These soils were
placed in a climate-controlled chamber that maintained a temperature of 24 °C with the relative
humidity maintained at 65 % during the day and a temperature of 19 °C with the relative

humidity maintained at 55 % during the evening. Artificial root exudates solutions prepared
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consist of low molecular weight compounds that include sugars (S-), organic acids (O-) and
amino acids (A-), which will be in this manuscript referred to as exudate groups. Each exudate
group is comprised of different numbers of individual synthetic compounds as listed in Table 5-1
(top three rows). The specific compounds were chosen based on a previous study by (Steinauer
et al., 2016), but the concentrations of artificial exudates were 2.5x higher. Eight combinations of
compounds belonging to one or more exudate groups were examined: 1) sugars (S-), 2) organic
acids (O-), 3) amino acids (A-), 4) ‘sugars + organic acids’ (S-0O), 5) ‘organic acids + amino
acids’ (O-A), 6) ‘sugars + amino acids’ (S-A), 7) ‘sugars + organic acids + amino acids’ (S-O-A)
and 8) a control that had only sterilized tap water added (No exudates). The artificial exudates
for each factor were added to LSP 25R, every other day (3 days a week), for a total of 15 mL
each week. Sterilized tap water was added to each pot as needed to maintain soil moisture. We

implemented four replicates for each combination of exudates.

Table 5-1

Soil for each combination and replicate were analyzed for three different soil
extracellular enzyme activities, phosphatase, cellobiohydrolase, and L-leucine aminopeptidase;
which are representative of P-, C- and N-cycling respectively. These three enzyme activities
were determined using methods described in detail below. The experiment lasted four months
with soils collected at six time points; 1, 15, 30, 60, 90, and 120 days. Collected soil from each

time point was used for analysis of enzyme activity
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5.2.3 Experimental design of low vs. high diversity treatments of artificial root exudates
Constant weights of sieved soil (<4 mm, ~ 100 g) were added to small flowerpots and placed in
a greenhouse. This experiment used a high compound diversity treatment, which is made up of
more compounds compared to the low compound diversity treatment, these will be referred to as
low and high diversity treatments throughout the manuscript. For example, for the exudate
group S-, there are four compounds in the high diversity treatment compared to two compounds
in the low diversity treatment. The combination of exudate groups (S-O, O-A, S-A and

S-0O-A) were examined for both low and high diversity treatments. A total of three replicates
were made for each combination of exudates for both diversity treatments. The artificial exudate
mixtures for each combination of exudates were added every other day (3 days a week), for a
total of 20 mL each week. Sterilized tap water was added to each pot as needed to maintain
moisture. The control pots had only sterilized tap water added to the soil. After 30 and 60 days,

the soil was harvested to analyze for phosphatase activity.

5.2.4 Enzymatic assays

Phosphatase, cellobiohydrolase and L-leucine aminopeptidase activities were measured for the
six time points (1, 15, 30, 60, 90, and 120 days) of each combination of exudates (S, O, A, S-O,
O-A, S-A and S-O-A) for understanding the effect on soil function for different artificial exudate
combinations. In the second experiment, phosphatase activity was measured at days 30 and 60
to understand the effect of different number of compounds with low and high diversity of
treatments for P- cycling. All assays follow protocols described here and in detail previously in

Hagmann et al. (2015).
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Phosphatase, cellobiohydrolase and L-Leucine aminopeptidase assays

Briefly, moist soil, 0.1 g for phosphatase and cellobiohydrolase and 0.5 g for L-Leucine
aminopeptidase, was added to 100 mL of 0.1 M MES buffer (pH 6.0) and then sonicated for 3
min at 25W. The continuously stirred soil slurry was added (160 uL) to the wells of a 96-well
black plate. For the phosphatase assay, 4-MUB-phosphate was added (40 pL) to three different
wells (350 uM in the well). For the cellobiohydrolase assay, 4-Methylumbelliferyl B-D-
cellobioside was added (40 pL) to three different wells (650 uM in the well). For the L-Leucine
aminopeptidase, L-Leucine-7-amido-4-methylcoumarin hydrochloride was added (40 uL) to
three different wells (400 uM in the well). To determine the concentration of the fluorescent
product produced, a standard curve was created with the additions (40 pL) of different
concentrations of a fluorescent product (4-MUB for phosphatase and cellobiohydrolase assays,
and 7-MUC for L-Leucine aminopeptidase) combined with 160 uL of soil slurry. For
phosphatase and cellobiohydrolase assays, the combination of 4-MUB with a soil slurry
combined to yield concentrations 0, 500, 1000, 1500 and 2500 pmols of product in different
wells. The standard curve for L-Leucine aminopeptidase used four different concentrations 0,
500, 750, 1125 and 1500 pmols of product using 7-MUC. Time points were collected on a
microplate reader at 30 °C every 7.5 minutes for 3 hours to measure fluorescence intensity (320
nm ex./450 nm em.) for both phosphatase and cellobiohydrolase assays and (350 nm ex./440 nm

em.). for L-Leucine aminopeptidase.

5.2.5 Data Analysis
To fully appreciate the impact of the exudate combinations, the changes in enzyme activities

were expressed as fold changes. The fold change was calculated by dividing the enzyme activity
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of a soil treated with an artificial exudate factor by the mean enzyme activity of the
corresponding control soil (No exudates). This was done for data obtained at each time point
and the fold change values were averaged over time excluding the initial time point. An analysis
of variance (ANOVA) was conducted between different combinations of artificial exudates to
compare fold changes within a given enzymatic activity with a significance cut-off value of p <
0.05. Each enzyme activity was analyzed separately. Prior to analysis, the fold changes of each
enzyme activity were natural log-transformed to help meet assumptions of normality. In
addition, an ANOVA was conducted between low and high diversity treatments for different
combinations of artificial exudates to compare phosphatase activity with a significance cut-off
value of p < 0.05. We conducted a post-hoc test (Tukey’s HSD) where significant effects were

found. All statistics were performed using R (version 3.6.2).

5-3. Results

The three enzyme activities, phosphatase, cellobiohydrolase and L-leucine aminopeptidase. that
were measured increased over the course of the experiment (120 days) when artificial exudates
were added to LSP 25R. For example, with the addition of SOA, phosphatase activity increased
from 0.03 £ 0.01 to 1.26 + 0.12 umol*gqr " *hr! from day 1 to day 120, cellobiohydrolase
activity from 0.001 £ 0.0009 to 0.02 £ 0.002 pmol*gar, ' *hr!, and L-leucine aminopeptidase
activity from 0.01 £ 0.002 to 0.15 + 0.036 umol*gar, ' *hr'! (Appendix-C Figs A1, A2, A3). The
increases from day 1 to day 120 were statistically significant for phosphatase (Fs,18 = 37.46, p <
0.001), cellobiohydrolase (Fs,18 =32.15, p <0.001), and L-leucine aminopeptidase (Fs,i1s = 26.76,

p <0.001) activities.
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Phosphatase, cellobiohydrolase, and L-leucine aminopeptidase activities in soil 25R
responded differently to the addition artificial exudate combinations. For example, SOA
addition yielded a larger fold increase in phosphatase activity (136 = 38 fold increase) compared
to cellobiohydrolase activity (2.3 = 0.27 fold increase ) and L-leucine aminopeptidase activity
(8.0 £0.91 fold increase), which changed less in response to the exudates (Fig 5-1A-

C). Phosphatase activity fold changes varied widely and ranged from 9.7 £ 2.6 (A) to 136

+ 37.7 (S-O-A), depending on the exudate combination (Fig. 5-1A). Conversely, the effects of
different artificial exudate combinations on cellobiohydrolase activity fold change were similar
to each other and only ranged between 1.1 £ 0.06 (A) and 2.3 £ 0.27 (SOA) (Fig. 5-1B). Only
the combination SOA resulted in a cellobiohydrolase activity fold change that was significantly
larger than those observed for the other combinations (Fig. 5-1B, p < 0.05, Tukey). Similar to
phosphatase activity, L-Leucine aminopeptidase activity fold changes also varied widely
depending on the exudate combination. The fold changes for L-leucine aminopeptidase activity
ranged between 0.38 = 0.39 (SO) and 8.0 £ 0.91 (SOA) (Fig. 5-1 C). Interestingly, for L-
Leucine aminopeptidase activity, the two exudate combinations, A and SOA, were not the low
and high fold change values. Conversely for phosphatase and cellobiohydrolase activities the
two exudate combinations, A and SOA resulted in the low and high fold change values

respectively.

Figure 5-1

Changes in phosphatase, cellobiohydroalse, and L-leucine aminopeptidase activity

depended on the specific artificial exudates combination that was added. For example, the
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addition of each artificial exudate combination resulted in an increased soil phosphatase activity,
but the magnitude of this increase varied depending on which combination was added. The
differences between artificial exudate combinations were significantly different for the changes
in phosphatase activity (Fs,133 = 8.475, p <0.0001, Fig. 5-1A). For example, phosphatase fold
change was greater with the addition combination the three exudate groups (S-O-A) compared to
the other combinations. Similarly, the addition of S-O-A also resulted in a higher fold change in
cellobiohydrolase activity compared to the addition of the other combination of exudates. The
differences between artificial exudate combinations were significantly different for changes in
cellobiohydrolase activity (Fe,132 = 7.395, p <0.0001, Fig. 5-1B).

The fold changes for L-leucine aminopeptidase activity were significantly larger when
combinations that included amino acids (A, OA, SA, and SOA) were added compared to
combinations without amino acids (p < 0.0001, Fig. 5-1C). The differences in fold change for L-
leucine aminopeptidase activity were significant for the various combinations (Fs 119 = 28.65, p <
0.0001, Fig. 5-1C). Addition of amino acids alone (A) increased L-leucine aminopeptidase
activities by 6.0 £ 0.8 fold, while the combinations of amino acids O-A, S-A and S-O-A
increased L-leucine aminopeptidase activities by 5.5 £ 0.6, 5.7 £ 0.7, and 8.0 £ 0.9 fold change,
respectively (Fig. 5-1C). In contrast, the fold change of L-leucine aminopeptidase activity with
combinations that don’t include A were smaller, which include the addition of S- compared to
the control was 0.7 £ 0.2, the addition of O- was 1.2 £ 0.1 and the addition of S-O was 0.4 £ 0.4
(Fig. 5-1 C). The exudate combinations that contain A resulted in larger increases in L-leucine
aminopeptidase activity.

We were interested in whether the effects of exudate additions on enzyme activities were

additive or non-additive. For example, if addition of individual groups (S-, O- and A-) is
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additive, then the sum of the effects would equal the effect of adding the combination SOA.
Phosphatase activities that resulted from treatments S-, O- and A- averaged over 120 days after
the treatments were added were 1.0 + 0.1 pmol* gary soi ' *hr (S-), 0.64 + 0.07 pmol* gdry soil” *hr"
and 0.57 + 0.04 umol*gary soi” *hr! respectively. If there was an additive effect that resulted
from treatment S-O-A, then the calculated phosphatase activity would be 2.2 £ 0.2 pmol*gary soil”
B#hr!, However, the phosphatase activity that resulted from treatment S-O-A was measured to
be 16.1 £ 1.9 pmol*gary soii” ' *hr’!, which is significantly higher than the calculated value (t(3) =
7.36,p <0.01).

Cellobiohydrolase activity showed a non-additive effect for the combination SA. The
cellobiohydrolase activity averaged over 120 days after the treatments were added that
resulted with the addition of S-was 0.29 = 0.03 pmol*gdry soil'*hr! and the activity that
resulted with the addition of A- was 0.23 £ 0.02 umol*gdry soil"'*hr"!. If the effect was
additive, the treatment S-A would have a calculated cellobiohydrolase activity of 0.52
+0.05 pmol*gary soi *hr’!. However, the actual cellobiohydrolase activity that resulted from the
addition of S-A was measured to be 0.31 £ 0.03, which is significantly below the calculated
value (t(3) =-8.76, p <0.005). L-leucine aminopeptidase activity also showed a non-additive
effect for another combination of components, S-O. The L-leucine aminopeptidase activity
averaged over 120 days after the treatments were added that resulted from the addition of S- was
0.19 + 0.07 umol*ggry soi” *hr'! and the activity that resulted from the addition of O- was 0.30
+0.03 pmol*gary soi *hr!. If there was an additive effect. The actual L-leucine aminopeptidase
activity that resulted from treatment S-O was 0.11 % 0.03 umol*gary soii” *hr”!, which was
significantly less than the calculated value of 0.49 + 0.20 umol*gary soi *hr! (t(3) = -4.45, p <

0.05). There were, however, some combinations of treatments that did have an additive effect.
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One example is phosphatase activity for S-O (1.6 % 0.33 umol*gary soir *hr!), which is within
standard error of the calculated sum of S and O (1.64 % 0.33 umol*gar soi” *hr!, t(3) = 0.054, p <
0.05).

In a separate experiment, the effect of adding low and high diversity treatments of
artificial exudate on phosphatase activity were compared. Interestingly, there was no significant
difference in phosphatase activity that was measured after the addition of low and high diversity
treatments (p > 0.05, Fig. 5-2). Similar to the previous experiment, the additions of different
exudate groups, O-A, S-A, and S-O-A resulted in a greater change in phosphatase activity
compared to the control. For example, the phosphatase activities of the combinations of the high
diversity treatments were 0.93 + 0.25 umol*ggry soi” *hr! (O-A), 4.20 + 1.26 pmol* gdry soil” *hr’!
(S-A) and 9.89 + 3.64 umol*gary soil ' *hr! (S-0-A). There was a significant difference between
the different combinations of artificial exudates added to LSP 25R soil (F332=105.49, p <

0.0001, Fig. 5-2).

Figure 5-2

5-4. Discussion

In this study, we found that phosphatase, cellobiohydrolase, and L-leucine aminopeptidase
activities responded differently to the addition of artificial exudates. In other studies, soil
extracellular enzyme activities have also shown different responses to the addition of artificial
exudates depending on the specific enzyme being studied (Hernandez and Hobbie, 2010; Yin et
al., 2016; Zhang et al., 2019). For example, Zhang and co-workers found a greater increase in

phosphatase activity with the addition of only glucose, but not with the addition of only citrate
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(Zhang et al., 2019). In our study, the fold change in phosphatase activity was much greater
compared to the fold changes in the other two enzyme activities, regardless of the exudate
combination added. Phosphatase has been previously found to be the most sensitive enzyme to
the addition of artificial exudates (Zhang et al., 2019). Several studies have found that artificial
exudates, no matter the composition, increased phosphatase activity (Lv et al., 2013; Renella et
al., 2007; Zhang et al., 2019). However, Yin and co-workers found that exudates that did not
contain N resulted in a decrease in phosphatase activity (Yin et al., 2016).

Additionally, here we found that within a given enzyme the addition of different artificial
exudate combinations resulted in varying enzyme activities. Adding different root exudates to
the soil increases the C and N availability, thus resulting in different effects on enzyme activities
as likely explained by substrate stoichiometry (Carreiro et al., 2000; Gallo et al., 2004b;
Nannipieri et al., 2012; Sinsabaugh et al., 2008; Waldrop and Firestone, 2006; Wild et al., 2014).
Both sugars and organic acids only add labile C to the soil, while amino acids can act as both a C
and N source. The resource allocation theory can explain the differences in enzyme activity
between the varying root exudate combinations, stating that microorganisms produce more
enzymes that are related to the limiting nutrient (Allison et al., 2011). Studies have found that
the addition of either a nitrogen and/or carbon source increases the demand for P, thus resulting
in an increase in phosphatase activity (Allison and Vitousek, 2005; Elfstrand et al., 2007,
Hernandez and Hobbie, 2010; Keeler et al., 2009; Olander and Vitousek, 2000; Spohn et al.,
2013; Zhang et al., 2019). The amount of P present in LSP 25R is low, 4.5 ppm (data not
shown). A higher phosphatase activity has been found to relate with P limitation (Allison et al.,
2007). The addition of root exudates can contribute to the mobilization of P, which can increase

phosphatase activity (Lagomarsino et al., 2009; Romanya et al., 2017). Phosphatase is needed to
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catalyze the hydrolysis of phosphate bonds found in nucleic acids, phospholipids, and release
phosphates (P) into the soil (Jian et al., 2016; Nannipieri et al., 2011; Sinsabaugh et al., 2008).
Knowing this we now understand that the high phosphatase activity that resulted with the
addition of different combinations of artificial exudates was due to both the limitation of P in
25R and possible mobilization P into the soil,

In this study, there was no difference when sugars or amino acids alone were added
compared to the control in cellobiohydrolase activity. Since the additions of labile C, via
additions of sugars did not increase cellobiohydrolase activity suggests that the barren soil at
LSP, 25R, might not be C-limited. Note that site 25R is barren and but contains coal particles,
which can act as a potential C source. Soils from site 25R have a C:N ratio of 62.9, which
support that these soils are not C-limited. The cellobiohydrolase activity only increased when
S-O-A was added. Steinauer and coworkers also found an increase in cellobiohydrolase activity
with the additions of sugars, organic acids and amino acids, which had a composition of root
exudates similar to our S-O-A (Steinauer et al., 2016).

In our study, L-leucine aminopeptidase activity in was stimulated by the addition of
amino acids. Several studies have found that an amendment with N increased L-leucine
aminopeptidase (Herndndez and Hobbie, 2010; Lagomarsino et al., 2009), while others have
found a decrease in activity (Ramirez et al., 2012; Shi et al., 2018). L-leucine aminopeptidase
hydrolyzes amino acids from the N-terminus (Sinsabaugh et al., 2008). By adding the product to
the soil, it is surprising that there was an increase in L-leucine aminopeptidase activities. This is
surprising because the addition a product or N source would result in a decrease or no change in
L-leucine aminopeptidase activity (Hernandez and Hobbie, 2010). However, the exact

explanation for this is not fully understood.
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In order to understand the impact with the addition of a N source to the soil, several
studies have used inorganic forms of N, such as NH4Cl or NH4sNO; (Lagomarsino et al., 2009;
Ramirez et al., 2012; Yin et al., 2016). The impact on soil function through the addition of a N
source via amino acids is complicated by the simultaneous addition of both C and N components.
The reason we chose amino acids in our artificial root exudate composition is because they are
naturally constituents of root exudates. Organic N has been found to increase several
extracellular enzyme activities more than inorganic N additions (Yin et al., 2016).

There are limited studies analyzing the additive effects of individual components of root
exudates on enzyme activities. The addition of all three exudate groups (S-O-A) led to the
greatest increase in phosphatase and cellobiohydrolase activities, especially compared to the
individual exudate groups. Conversely, L-leucine aminopeptidase activities depended on one of
the individual exudates, amino acids. Drake and coworkers found the combination of C and N
exudates led to a greater enzymatic response compared to C exudates alone (Drake et al., 2013).
They suggested that since their soil was N-limited, the addition N containing compounds would
result in a greater response in enzyme activity (Drake et al., 2013). In our study, S-O-A resulted
in a non-additive effect, which could potentially be the interplay between these various groups
that led to the greater increase in phosphatase and cellobiohydrolase activities when the exudate
groups are combined.

The composition of artificial exudates is not the only factor that regulates enzyme
production, but enzyme activity can also be altered by the quantity of individual artificial
exudates (Hernandez and Hobbie, 2010; Kreyling et al., 2008; Steinauer et al., 2016). A higher
plant diversity has more diverse root exudate compounds present in the soil, which can influence

soil function (Chung et al., 2007; Steinauer et al., 2015). Steinauer and co-workers (2016) found
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that cellobiohydrolase activity was significantly higher in the high diversity treatment compared
to the low diversity exudate treatments (Steinauer et al., 2016). Conversely, we found that the
effects of low and high diversity treatments were the same. This infers that phosphatase activities
are driven by the composition of artificial exudates, which contains C and N sources and not the
diversity of compounds. The effect of these low and high diversity treatments may have varying

effects on different enzymes.

5-5. Conclusion

Within LSP, the barren strip of land 25R has high concentrations of heavy metals and barely
detectable enzyme activities and presents a unique opportunity to examine the role of artificial
exudates on soil functioning and revitalization. Despite having poor soil function, this barren
soil contained measurable counts of bacteria (Hagmann et al., 2019, see Ch. 2). It is possible that
microbes in the barren soil are dormant and the addition of artificial root exudates allows these
microbes to leave the dormant state and again produce more enzymes, which are responsible
for soil function. Indeed, this is what we show here. A complex mixture of sugars, amino acids
and organic acids can enhance enzymatic activity in this otherwise poorly-functioning soils.
However, not all enzyme activities studied responded the same, and the composition of the
exudates but not the diversity significantly affected enzymatic activities. For instance,
phosphatase activity increased more than cellobiohydrolase or L-leucine aminopeptidase when
exudates were added, but specifically, L-leucine aminopeptidase increased only when the
combination of exudates included amino acids. There are both ecological mechanisms that may
explain our results and remediation implications. Ecologically, these soils are barren and nutrient

limitation likely operates in conjunction with metal toxicity and microbial growth under the
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sudden pulse of nutrients. With respect to remediation, our results show that dormant soils can be
brought back to life by artificially priming the soil to mimic the benefits of rooted plants. Further
research will inform the long term benefits of a quick pulse of nutrients as opposed to a long
term pulse for primary production and plant community development. A reduced set of artificial
exudate compounds that achieve similar effects on enzyme activity could revitalize the soil in a
more economical and efficient manner if other enzyme activities have a similar response to

phosphatase activity.
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Table 5-1. Composition of artificial root exudates for high and low diversity treatments. Low

and high diversity treatments were comprised of a different number of exudate compounds.

These treatments were applied to barren soil from LSP site 25R.

Exudate Exudate Exudate Amount added each
Diversity composition Compounds week (mmeol)
S ©) Glucose, Fructose,
ugars Sucrose, Maltose 0.5 cach
Acetic acid, Citnic acid,
] Organic Acids (O)  Lactic acid, Malic acid, 0.2 each
High compound Succiic acid
diversity
Alanine, Arginine,
) ) Asparagine, Glutamic
Amino Acids (A) 3 Glycine, Histidine,  0.063 each
Leucine, Tyrosine
Sugars (S) Glucose, Sucrose 1.0 cach
Low compound ; ; . C .
diversity Organic Acids (O)  Acetic acid, Succinic acid 0.5 each
Amino Acids (o)  A1anine, Glutamic acid, 0.167 each

Glycme
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Figure 5-1. Enzyme activity fold changes of barren soil LSP 25R are shown for each artificial
exudate factor for phosphatase (A), cellobiohydrolase (B), and L-leucine amino peptidase (C).
The values shown represent the averages of five time points. The data are shown for seven

different treatments, (S-, O-, A-, S 0,0 A,S A, S O A). Bars represent the averages of four
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replicates (n=4) with standard errors shown. Significant differences among the means are

indicated by letters a, b, c, (Tukey test, p < 0.05).
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Figure 5-2. Effect of low and high diversity treatments added to 25R soil on phosphatase activity
(umol* g'l*hr'l) for four different combinations of artificial exudates (SO, OA, SA, and SOA
averaged over two times points (30 and 60 days). Dark grey and white bars represent low and
high diversity treatments respectively. The difference between phosphatase activities where the
soil was treated with low and high diversity treatments were not significant. Bars represent the

average of three replicates (n = 3) of each enzyme activity with standard errors shown.
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Dissertation Summary

The overall goal of this dissertation was to understand the impacts of both abiotic and biotic
properties on soil function. First, the inorganic and organic compounds present within the urban
brownfield Liberty State Park, LSP were characterized. Inorganic compounds, such as heavy
metals, and organic contaminants, such as polycyclic aromatic compounds (PAHs), pose threats
to the environment due to their persistence in the soil. The combination of heavy metals and
PAHs can have adverse effects on vegetation (Maliszewska-Kordybach and Smreczak, 2003;
Shen et al., 2005). We found that the heavy metal/loid concentrations of soils from several sites
(43, 146, 25F and 25R) within LSP were much higher compared to an uncontaminated reference
site, Hutcheson Memorial Forest (HMF). HMF has similar metal/loid concentrations compared
to northeastern NJ (“urban Piedmont”) soils (Sanders 2003). We also found that all the sites
within LSP 25R contained PAHs. A further investigation of the extracted aromatic fraction
determined that 25R had a similar fingerprint of PAHs compared to the other sites. It was
possible the concentration of the organic compounds, specifically PAHs, could explain the lack
of vegetation. However, the extract yields from 25R were much lower compared to the other
LSP sites which implies that the organic compounds present in 25R are not responsible low soil
function compared to the other sites at LSP.

The PAHs in the soil suggested fossil fuel contamination, which is not surprising since
LSP was once a rail yard. We further investigated the coal particles, which can potentially
introduce PAHs into the soil. The PAHs, which pose concerns to the vegetation and
microorganisms, might not be bioavailable. Most of the coal present in LSP are anthracite and

higher rank (medium volatile) bituminous, which was revealed by optical microscopy analyses.
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It has been found that extractable PAH content decreases with increasing coal rank (Stout and
Emsbo-Mattingly, 2008; Laumann et al., 2011). The hand selected coals from site 43 support
these findings, where the anthracite coal consisted of primarily of alkylated benzenes, while
bituminous coal consisted of both alkylated benzenes and a variety of PAHs. Bituminous coals
are less abundant at LSP compared to anthracite, so there is a reduced environmental concern.

We found that sites 25F and 25R, which are adjacent to each other had some metals (Na,
Co, Cu, Zn, As, and Pb) were about 2-5 times higher compared to an adjacent vegetated site,
25F. The differences in heavy metal concentration are not the only differences between sites 25F
and 25R. Soils from site 25F have higher organic matter and moisture content compared to 25R
soils. By mixing 25F and 25R in different proportions, an experimental gradient was created.
After autoclaving these different soil mixtures, both the moisture and organic matter content
were proportionate to the ratio of the two soils. Introducing communities from 25F soil, which is
highly-functioning soil, into an experimental gradient of increasing ratios of 25R provided some
insights into a possible reason why 25R is poorly-functioning. The abiotic factors present in the
soil were found to adversely affect phosphatase, cellobiohydrolase and peroxidase activities of
the inoculated soils. The microbial communities of the introduced microbial community (25F)
were also altered by abiotic factors systematically across the gradient, where some fungal classes
increased while others decreased.

A previous study found that by growing plants in the poorly-functioning 25R soil that
enzyme activity increased over time (Vaidya et al., 2020). Artificial root exudates mimic the low
molecular weight compounds that are the excreted by plants (Cite). The phosphatase activity at
site 25R is below our limit of detection, yet there are measurable bacterial counts, which indicate

the presence of bacteria. If these microbes in 25R soils are present but lying dormant, perhaps
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by adding different combinations of artificial root exudates will revive some of the microbes and
subsequently improve overall soil function. We found that not all enzyme activities studied
(phosphatase, cellobiohydrolase, L-leucine aminopeptidase) responded the same. Phosphatase
activity increased the most for any combination of artificial exudate compared to
cellobiohydrolase or L-leucine aminopeptidase. For a given enzyme, it depended on the specific
artificial exudates combination that was added, for example when the combination of exudates
includes amino acids then L-leucine aminopeptidase activity increases. Determining the optimal
combination of artificial exudates added to the soil suggests a potential strategy that can be used
to improve soil function of other poorly-functioning contaminated soils. Similar studies of the
impact of artificial exudate combinations added to contaminated soils from other brownfield sites
would be interesting.

Improving soil function as a step towards remediation, including allowing plants to
flourish, involves exploring different strategies, which is especially beneficial for barren soils.
Plants can help remove (phytoextraction) or stabilize (phytostabilization) the contaminants
within the soil (Cheraghi et al., 2011; Yang et al., 2014). One of these strategies examined in
this dissertation showed that the introduced microorganisms from a highly functioning soil (25F)
did not fully establish in the barren 25R soil. Thus, while introducing presumably beneficial
microorganisms into the soil could improve soil function. Instead, we found that they failed to
establish and improve soil function in the barren soil. Another strategy includes adding certain
combinations of artificial exudates, which seems to improve soil function at least over a short

duration.
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Appendix-A Figure Al. Mass chromatograph (m/z 71) for all five samples (HMF, 146, 43, 25F,
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25R), showing extracted normal alkanes with some isoprenoid compounds. See Table 2-1 for

compound symbols.
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m/z 123 Chromatograms
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Appendix-A Figure A2. Mass chromatogram (m/z 123), showing sesquiterpanes in all sample

sites (HMF, 146, 43, 25F, and 25R); an indication of fossilized higher plant biomass. They are
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bicyclic compounds and the building components for triterpenoids. The compound symbols are
as follows: nor-drimane (ND), farnesane (FR), 4A(H)-eudesmane (EU), 8B(H)-drimane (DR),

homofarnesane (HF), 8B(H)-homodrimane (HD). Sesquiterpanes were not detected in HMF.
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m/z 217 Chromatograms
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Appendix-A Figure A3. Mass chromatogram (m/z 217), showing steranes, which are indicators
of fossil fuels in sample sites (HMF, 146, 43, 25F, and 25R). The compound symbols are as

follows: Cag 20S-13B(H),17a(H)-diasterane (D28S), C2s 20R-13B(H),17a(H)-diasterane (D28R),
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C27 208-50(H),140(H),17a(H)-cholestane (S27AS), Ca9 20S5-13B(H),17a(H)-diasterane (D29+),
C27 20R-50(H),14B(H),17B(H)-cholestane (S27BR), C27 20S-5a(H),14B(H),17B(H)-cholestane
(S27BS), C27 20R-5a(H),14a(H),17a(H)-cholestane (S27AR), C29 20R-13B(H),17a(H)-
diasterane (D29R), Czs 20S-50(H),140(H),17a(H)-ergostane (S28AS), Cas 20R-
Sa(H),14B(H),17B(H)-ergostane (S28BR), C2g 20S-5a(H),14B(H),17B(H)-ergostane (S28BS), Cas
20R-5a(H),140(H),170(H)-ergostane (S28 AR), C29 205-5a(H),14a(H),17a(H)-stigmastane
(S29AS), C29 20R-5a(H), 14B(H),17P(H)- stigmastane (S29BR), C29 20S-5a(H),14B(H),17p(H)-

stigmastane (S29BS), Cx9 20R-5a(H),14a(H),17a(H)-stigmastane (S29AR).

/\Mcp
/W 5R B 43 Qq?
0.2 146

Co7 % 5 % % 29

Appendix-A Figure S4. Ternary diagram showing the relative abundance of Cz7, Cas, and Cao

regular steranes in Fraction 1 of LSP sites 43, 146, 25F and 25R.
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Aromatic Fraction
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Appendix-A Figure S5. Mass chromatograms (m/z 178, 192, 206, 220) showing the distribution

of phenanthrene and methylated phenanthrenes in the aromatic fractions (on left) and Py-GC-MS

(on right) of soil samples from HMF and LSP sites 43, 146, 25F and 25R. See Table 1 for

compound symbols.
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43 146 25F 25R HMF Urban NJ
Piedmont
mg/kg | Average + Average + Average + Average + Average + Median
standard standard standard standard standard
error error error error error
Li 7.7+0.8 54+0.7 24.1 +4.07 40.7+12.4 23.8+0.6
Na 99 + 8 218+ 12 873+ 129 4393 + 669 4713 90.1
Mg 1240 + 129 1477 £ 106 3132 +411 6213+ 1819 | 3153+60 2190
Al 4980 + 325 5563+ 1195 | 16132+ 20470 + 20527 + 249 | 10500
1519 4194
P 429 + 17 690 + 14 684 + 14 789 + 49 534 +48
K 839 + 80 686+ 16 1737 £ 113 2697 + 404 1927 +£78 693
Ca 1948 + 164 4065 + 775 8228 + 1402 | 10068 + 1542 + 107 1425
1685
Sc 2.06+0.13 2.82+0.25 2.40+0.24 343+£0.48 3.06 £0.02
A% 32.9+0.9 164 +8.3 70.7 773+11.8 30.1 +£0.1 29.6
+9.5
Cr 24.8 +£0.7 118.0+£2.1 792 +32 1652+21.7 }21.0+0.3 18.5
Mn 159+ 10 127+ 4 460 + 32 1042 + 141 674 + 56 311
Fe 34061+ 1819 | 17520 + 179062 + 266653 + 18722 + 14600
1491 22211 59863 1540
Co 55+04 6.2+0.3 256.5+46.5 | 868.7 + 6.0+ 0.1 6.3
178.8
Ni 21.1+14 46.7+0.9 1214+ 13.8 | 3174+62.5 | 18.5+0.3 12.4
Cu 79 + 4 93+3 2256 +320 7165+ 1512 | 18+2 29.5
7n 89+ 4 180+ 24 14435 + 41271 + 78 £ 4 75.3
2845 8526
As 17.8+1.0 374+45 630 + 187 1162 +207 5.3+0.1 5.2
Mo 35+0.1 47104 293+1.6 63.1 £10.1 1.6 +0.1
Ag 0.42 +0.02 0.97 £0.01 3.80 £ 0.07 7.04+0.79 0.58 £0.01 <D.L.
Cd 0.20+0.01 0.63 +£0.06 3.88 7.74 + 0.30+0.02 <D.L.
+0.63
Ba 88+ 3 181+ 15 533 +53 1467 + 267 139+4 80.6
Pb 21519 355+ 18 7145 + 1351 | 20302 + 281 111
4203

Appendix-A Table Al. Concentrations (pg/g) of elements listed in order of atomic weight for

the average of HMF, 43, 146, 25F and 25R of three replicates. (1 = S.E.). Urban NJ Piedmont is
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from Sanders 2003, where values indicated are the median concentration (mg/kg). <D.L. is

below detection limit, which is Ag = 0.2 and Cd = 0.4 mg/kg.
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APPENDIX-B

M Non-inoculated Inoculated [ Fresh soil
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N

Appendix-B Figure A1l. Shannon-Weaver diversity index of Fungal genus. Bars represent the

average of three replicates (n = 3) with standard errors shown.



EFFECT OF ABIOTIC FACTORS ON ENZYME ACTIVITY 173

B Non-inoculated Inoculated [Fresh soil
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Appendix-B Figure A2. Shannon-Weaver diversity index of Bacterial genus. Data is missing
due to low reads. Bars represent the average of three replicates (n = 3) with standard errors

shown.
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No exudates
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Appendix-C Fig. Al. Phosphatase activity (umol*gar'*hr!) of LSP 25R soil for the different

combinations of exudates and the control, where no exudates were added. Phosphatase activities

were measured at days 1, 15, 30, 60 and 90.
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Appendix-C. Fig. A2. Cellobiohydrolase activity (umol*gqr " *hr'!) of LSP 25R soil for the

different combinations of exudates and the control, where no exudates were added.

Cellobiohydrolase activities were measured at days 1, 15, 30, and 60.
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Appendix-C Fig. A3. L-leucine aminopeptidase activity (umol*gqr'*hr') of LSP 25R soil for
for the different combinations of exudates and the control, where no exudates were added. L-

leucine aminopeptidase activities were measured at days 1, 15, 30, and 90.
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