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ABSTRACT
Wetland ecosystems provide vital ecological services important to human wellbeing such as flood control, essential breeding habitat for certain species of wildlife, and
water purification. In recent decades, significant progress has been made to understand
the ability and capacity of these ecosystems to mitigate climate change through carbon
(C) sequestration. Although considerable research has focused on the concentrations and
fluxes of total C, however, the quantity and distribution of the mineral-associated soil
organic carbon (SOC) fraction, and the mechanisms that regulate this essential ecosystem
property, have received considerably less attention. This dissertation explores SOC
dynamics in two physiographic provinces that differ in parent material and topography.
Through field work, laboratory experiments, and modeling this dissertation elucidates the
interrelationships between total C, the mineral-associated SOC fraction, vegetation, and
climate across different spatial and temporal scales.
Specifically, the goals of this dissertation were to (1) improve the use of the acid
hydrolysis chemical fractionation procedure in highly organic soils, (2) examine the
impact of bryophyte biomass and species richness on the quantity of total C and mineralassociated SOC, (3) investigate the genesis of soil and vegetation dynamics throughout
the Holocene, and (4) develop predictive equations for total C and mineral-associated
SOC on two landscape scales using mid-infrared spectroscopy (MIR) and partial least
square (PLS) regression analysis.
The first goal of this dissertation was developed due to difficulties with the
laboratory analysis of collected soil samples. During routine chemical analysis of samples
with high total C contents it was discovered that the equation used to determine the
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recalcitrant index for carbon (RIC) was incorrect. The RIC, which represents the amount
of mineral-associated SOC in a sample, produced higher C values in the acidified soil
residue than in their un-acidified sample. An adjustment to the RIC equation was
developed and mineral-associated SOC values determined using our adjusted equation
and the conventional, or unadjusted, equation were compared on soil samples collected
throughout the Mid-Atlantic region of the United States. While the adjustment of the RIC
equation improves the applicability of the chemical fractionation methodology for highly
organic soil substrates, it also improves the disproportionate overestimation of the
mineral-associated SOC fraction in all soils.
Results for the second objective showed that there are distinct, regional
differences in bryophyte species count and biomass between vernal pool environments
located in the Ridge and Valley and Appalachian Plateau physical provinces. Although
both indices of bryophyte diversity spanned broad patterns of soil nutrient availability,
neither bryophyte species count, nor bryophyte biomass were significantly correlated to
the mineral-associated fraction of SOC. This project helps to clarify soil and vegetation
dynamics in vernal pool environments by expounding the impact of prominent
contributors of C, such as bryophytes, on the total and long-term mineral-associated SOC
fraction concentrations in wetland ecosystems.
The aim of the third objective was to conduct an integrative assessment of soil
and vegetation dynamics in two vernal pool environments using charcoal, pollen,
sedimentological, and geochemical indices. The AMS radiocarbon dates indicate that
environmental development was captured between ~10,000 cal. yr. BP and ~4,800 cal.
yr. BP and present in the Ridge and Valley and Appalachian Plateau physiographic
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provinces, respectively. While vernal pool development in each province had varied
histories, the vegetation histories in each region were controlled by the regional climatic
regime. It was found that the successional pathways of soil and vegetation in each area
differed due to secondary differences in parent material and disturbance legacies.
Results from the fourth objective demonstrated that the combined application of
MIR spectroscopy and PLS spectral analysis was an effective and reliable technique for
the prediction of total C and the mineral-associated SOC fraction in two physiographic
provinces of the northern Appalachians. Results of the cross-validation prediction
statistics showed that in both physiographic provinces, MIR-PLS was a slightly better
predictor of mineral-associated SOC when compared to total C results. This suggests that
models for the mineral-associated SOC fraction reliably predicted the intended
components of the spectral data. Although developed models of total C and the mineralassociates SOC fraction were generated for soils collected in six vernal pool
environments, the strength of model results supports the potential for the MIR-PLS
approach to be used as a rapid, non-destructive, cost-effective method for analyzing soils
that range widely in total C content.
Findings from this dissertation can be used to improve understanding of total C,
and its component fractions. The integrated approach of soil science used in this
dissertation has improved understanding of the relationship between soil and vegetation,
and the analytical approaches used to determine the quantity and distribution of the
mineral-associated SOC fraction. Products produced from this dissertation, such as the
improvement to the acid hydrolysis chemical fractionation procedure and spectral data
collected during model development, can be used by others within the scientific
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community to develop more efficient tools that facilitates further investigations of soil C
and the underlying mechanisms that control this important ecosystem property.
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Chapter 1
Introduction
Advanced understanding of the quantity and distribution of soil organic carbon
(SOC) and the development of cost-effective methods to accurately measure this essential
ecosystem property remain among the highest priorities for mitigating climate change
(Lal, 2004). Although wetlands comprise less than 6% of the global landscape (Whiting
and Chanton, 2001), wetland soils represent the largest reservoir of terrestrial carbon (C)
and play a critical role in mitigating the impacts of climate change through C
sequestration. Similarly, as C cycles throughout the atmosphere, biosphere, and soil,
effects of climate change such as predicted episodic precipitation events and increased
temperatures can impact complex feedbacks between wetland hydrology, soil, and
vegetation (Jobbágy and Jackson., 2000). Therefore, understanding the impact of these
alterations combined with previous geomorphic and anthropogenic disturbance regimes
on wetland structure and function is vital.
The overall objectives of my dissertation were to increase applied and
mechanistic knowledge of the quantity and measurement SOC and its component
mineral-associated fraction in wetland environments. The soils within wetlands such as
vernal pools and those found in floodplains provide a natural medium to examine these
priorities as the anoxic soils characteristic of these environments promote ideal
conditions for C sequestration (Mitsch et al., 2013). These soils also provide a
challenging medium for the development of analytical techniques for examining SOC
because dynamic soil properties such as total C content, color, and soil texture range
widely with depth throughout the soil profile (Cyle et al., 2016). To achieve these
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objectives, a multi-disciplined approach that incorporates the fields of soil science,
wetland ecology, paleoecology, and spectroscopy was employed to examine SOC
resources in wetlands across different spatial and temporal scales. This dissertation is
comprised of four studies that employed a mixture of field and laboratory techniques, as
described in Chapters 2-5.
The first study in this dissertation developed from a need to address complications
with the acid hydrolysis chemical fractionation technique on soil samples with high total
C contents. This fractionation method is commonly used to separate the two fractions of
SOC, however the limitations of this procedure for highly organic soil has been noted in
the literature (Silveira et al., 2008; Strosser, 2010). After numerous trial studies to
evaluate the accuracy of the laboratory procedure, it was determined that the recalcitrant
index for carbon (RIC) equation used to represent the mineral-associated SOC fraction
was erroneous. Therefore, the objective of Chapter 2 was to examine whether there were
significant differences between determinations of mineral-associated SOC derived using
the conventional and adjusted equations for the RIC. Results of each equation were tested
using wetland soil samples collected with depth, throughout the Mid-Atlantic region of
the United States. Samples were also separated in accordance to their physiographical
province, as differences in topography and parent material (which characterize the Ridge
and Valley and Appalachian Plateau provinces) may result in different SOC dynamics
(Rumpel et al., 2002). The underlying hypothesis was that determinations of the mineralassociated SOC fraction will be significantly higher when RIC is determined using the
conventional equation than the revised equation that accounts for the mass loss of the
subsample.
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The objective of Chapter 3 was to better understand the correlations between a
prominent contributor of C and the amount of total C and mineral-associated SOC
sequestered in different physiographic provinces. To better understand this relationship,
bryophyte biomass and species richness were correlated to SOC resources in vernal pool
environments located in the Ridge and Valley and Appalachian Plateau, two
physiographic provinces that divide Centre County, Pennsylvania. Three vernal pools in
each region were assessed for differences in bryophytes (the collective term that
describes moss, liverworts, and hornworts) diversity. Bryophytes are non-vascular plants
that lack roots and specialized conductive tissues (Shaw et al., 2011). These organisms
are the primary focus of this study because their unique physiology directly and indirectly
influence the flux of C in wetland environments through their metabolism and growth
(Turetsky et al., 2008). This chapter also investigated the quantity and distribution of total
C and the mineral-associated SOC fraction within the top 20 cm of the soil profile.
Although considerable research has focused on the plant-soil feedback relationship
between bryophytes and total C (Turetsky, 2003), the association between bryophyte
diversity and the mineral-associated SOC fraction is absent in the literature. This lack of
mechanistic knowledge limits understanding of the factors and mechanisms that impact
this long-term SOC fraction. Therefore, examining the correlation between vegetation
known to contribute large amounts of C material and SOC resources aids in our effort to
conceptualize a clearer picture of the impact of these types of vegetation on regional soil
C resources.
To expound upon soil and vegetation dynamics further, Chapter 4 takes a deep
dive into the correlation between vegetation and soil dynamics throughout the Holocene.
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The objectives of this study were to determine the impact of climate, soil parent material,
and disturbance on soil and vegetation dynamics over long timescales. Chapter 4
combined methodology from soil science and paleoecology to examine vernal pool
development in the Ridge and Valley and Appalachian Plateau physiographic provinces.
Climate and wildfire disturbances are major drivers in plant species compositions
(Abrams, 1992), and distinct differences in geology and parent material can influence a
wide array of soil properties including soil texture (Jenny, 1994) and soil moisture (Arya
and Paris, 1981). A multiproxy experiment using soil cores collected from two vernal
pool environments were used to highlight similar and fundamental differences in
vegetation species assemblage and pedogenesis. In addition to examining the quantity
and distribution of total C in each region, patterns of the mineral-associated SOC fraction
were investigated as well, as a long-term analysis of this essential soil property may
inform scientists and land managers in the development of long-term climate change
strategies.
The objective of Chapter 5 was to develop predictive equations for total C and
mineral-associated SOC in soils that ranged widely in total C content using the combined
approach of mid-infrared spectroscopy (MIR) and partial least-squares (PLS) analysis.
Wetland soils exhibit substantial natural heterogeneity in their physical, chemical, and
biological attributes (Mitsch and Gooselink, 2000) and anthropogenic disturbance can
worsen this (Jobbágy and Jackson, 2000; Ricker et al., 2013). Laboratory analyses of
wetland soils can be substantial due to the large sample size requirements necessary to
capture this variability (Bernal and Mitsch, 2012). Understanding of wetland soil carbon
dynamics and associated wetland functions would be improved, if more affordable, but
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similarly accurate analytical tools were available. MIR-PLS was investigated to address
the growing need for simple, cost- and time-effective methods for accurate soils
information. The development of a rapid, and nondestructive analytical method that
accomplishes this goal can be used to support the management of wetland environments.
The final chapter summarizes the overall conclusions from my doctoral research
and directions for future research.
This dissertation focuses on wetland environments located in the Northern
Appalachian region of the United States. However, knowledge gained from this
dissertation has broad scale implications. The objectives of each chapter aimed to
improve understanding of C sequestration in small, isolated vernal pool environments
because they have been often overlooked in the literature. Compared to coastal wetlands
and northern bogs or peatlands, there is a paucity in understanding of vegetation and soil
C dynamics in geographically isolated vernal pool environments. Furthermore, my study
of vernal pool and riverine environments challenged conventional determinations of SOC
fractions and improved methodologies for the accurate determination of the mineralassociated fraction in different environments. The application of multi-proxy techniques
employed in this collective body of work highlights the benefits of multi-discipline
approaches to foster the development of innovative, accurate, rapid, and cost-effective
tools and solutions to combat climate change.
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Chapter 2
A modified acid hydrolysis chemical fractionation procedure to characterize the
mineral-associated soil organic carbon fraction in wetland soils

Abstract
Knowledge of the quantity and distribution of soil organic carbon (SOC) fractions in
wetland ecosystems enhances basic understanding of SOC dynamics and can aid wetland
sustainable use and management decisions. The acid hydrolysis chemical fractionation
procedure is one of several operationally defined methods for quantifying labile (LOC)
versus recalcitrant (ROC) SOC fractions. We present a revision to this procedure that
improves the accuracy with which the mineral-associated SOC fraction in soils with high
organic carbon contents is determined. Our results indicate that ROC values for samples
processed using standard techniques that do not undergo a mass adjustment prior to the
combustion of the non-hydrolysable residue can be significantly higher for high SOC
samples, typical of wetlands. By applying a mass correction to the soil sample prior to
combustion, which accounts for mass loss that occurs during the acid hydrolysis
procedure, our method adjustment significantly lessens the inadvertent overestimation of
the recalcitrant index for C (RIC), a common calculation that represents the percent
mineral-associated SOC in a sample. The RIC calculated using this revised equation
mitigates the disproportionate estimation of mineral-associated C in the hydrolyzed
samples that occur when subsamples are used to determine the total C of soil samples.
We found that a mass adjustment of the subsample prior to combustion improves the
applicability of this methodology for highly organic substrates.
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Introduction
As the largest reservoir of terrestrial carbon (C), soil contains more organic C than
is present in biomass and in the atmosphere combined (Lal, 2007). Soil organic C (SOC)
consists of a complex and heterogenous mixture of organic materials at various stages of
decomposition. The characterization and quantification of SOC fractions are typically
performed when describing and modeling the C dynamics of an ecosystem, as these
parameters are indicative of soil health, soil fertility, and the soil’s ability to sequestrate C
(von Lützou et al., 2007).
SOC is often divided into two major fractions based on its chemical composition
and residence time within the soil profile. Fractions of SOC are frequently referred to
conceptually as active or non-active, light or heavy, passive or slow or inert, labile or
recalcitrant (Strosser, 2010). SOC is typically characterized by its elemental composition,
molecular confirmation, and/or presence/absence of functional groups, while its fractions
are quantified by their resistance to degradation (Sollins et al., 1996). Easily degradable
organic substrates such as carbohydrates, proteins, amino acids, polysaccharides, fatty
acids, organic acids, lipids, and waxes are considered more susceptible to decomposition
or consumption by microbial organisms, while complex organic polymers, such as lignin,
are deemed less susceptible to microbial degradation (Poirier et al., 2005; Cyle et al.,
2016). Compounds with a less complex chemical nature are perceived to have a shorter
residence time that is limited between months and a few decades (Strosser, 2010).
Conversely, the more persistent organic C fraction is characterized as having a long
residence time of centuries to millennia (Sollins et al., 1996).
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Several operationally defined fractionation procedures have been developed to
separate and quantify SOC fractions utilizing biological (Kolar et al., 2003; Majumder et
al., 2007), physical (Baldock, 2007; Rovira and Vallejo, 2002), and chemical (Silveira et
al, 2008; Strosser, 2010) fractionation methodologies. Among these methods, hydrolysis
with strong acids, such as hydrochloric acid (HCl) or sulfuric acid (H2SO4), is commonly
used to isolate the mineral-associated fraction of SOC as it is suitable for various types of
substrates and efficiently characterizes both the decomposability and size of the SOC
fractions (Oades et al., 1984; Rovira and Vallejo, 2002; Strosser, 2010). A chemicallybased hydrolysis fractionation procedure that utilizes strong acids assumes that acid
hydrolysis mimics microbial decomposition by breaking the hydrolytic bonding within
organic compounds and removing organic C that is highly susceptible to degradation
(von Lützow et al., 2007). The mineral-associated SOC fraction is characterized as the
carbon that remains on the non-hydrolyzed residue.
Despite the use of acid hydrolysis to provide meaningful estimates of the nonmineral-associated SOC fraction in soils of low organic content (see Belay-Tedla et al.,
2008), some studies suggest that its use for determining this fraction in high SOC soils,
like those found in wetland environments, is susceptible to substantial errors (Silveira et
al., 2008; Strosser, 2010). We present a mathematical revision to the acid hydrolysis
chemical fractionation procedure that improves the determination accuracy of the
mineral-associated SOC fraction in soils with high organic C contents. Here, organic and
mineral soil are differentiated by the percent (by weight) organic C as defined by the
United States Department of Agriculture’s (USDA), which characterizes mineral soil as
soil that contains less than 20% total C and organic soil as soils that contains greater than
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20% total C (Soil Survey Staff, 2014). Our method adjustment applies a mass correction
to mineral and organic soil sample prior to combustion, which accounts for mass loss that
occurs during the acid hydrolysis procedure. Adding this mass correction significantly
lessens the overestimation of the recalcitrant index for C (RIC, a common calculation that
represents the percent mineral-associated SOC in a sample).
Determinations of the quantity and distribution of the mineral-associated SOC
fraction in soils with high SOC, such as wetland environments, are not only important for
improving our understanding of soil C dynamics, but they are also important for
accurately modeling and predicting SOC change in environments that range in organic
content. The objective of this study is thus to improve the determination of mineralassociated C in high SOC content soils using a chemically-based fractionation approach
that relies on hydrolysis with strong acids (Oades et al., 1984; Rovira and Vallejo, 2002).
To demonstrate the effectiveness of this modified technique, we hydrolyzed the top-soils
from wetland environments throughout the mid-Atlantic region (Pennsylvania, Maryland,
and West Virginia) of the United States of America (USA) that represented a range in
lithology, soil texture, and organic C content.
Materials and Methods
Soil Collection and Characterization
The mineral-associated SOC fraction was studied in both the organic and mineral
horizons (~30 cm) of 8 wetland environments located in the Appalachian Plateau and
Ridge and Valley physiographic provinces of Pennsylvania, Maryland, and West Virginia
(Figure 1). The Ridge and Valley province is comprised of northeasterly-southwesterly
oriented narrow to broad valleys separated by long, narrow parallel ridges (Shultz, 1999).
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The Appalachian Plateau province is characterized by undulating hills with a local relief
greater than 365 m (Shultz, 1999). Soil samples were collected as part of the United
States Environmental Protection Agency’s (EPA) National Wetlands Condition
Assessment (NWCA) initiative (2011-2016) and were retrieved from the USDA’s
National Resource Conservation Service (NRCS) soil archives at the USDA-NRCS,
Kellogg Soil Survey Laboratory in Lincoln, Nebraska (Table 2-1). All sampled soils were
located on flood plains or terraces, identified as hydric soils via existing descriptions, and
were representative of saturated environments typical of wetland systems (Vasilas et al.,
2010). Soils were formed from alluvial material derived from a variety of sedimentary
rocks (such as sandstone and shale) and soil textures ranged from silt loam and loam at
the surface to silty clay loam and silty clay at depth.
Soil samples were collected between 2011 and 2016 by the EPA Office of Water
and Office of Research and Development, and their state, tribal, and federal partners and
collaborators (USEPA, 2016). More detailed descriptions of the survey design and data
collection were reported previously in the NWCA’s technical report (USEPA, 2016).
Briefly, four soil pits were dug within a 0.1 - 0.5 ha assessment area. Soils were
described, collected in plastic bags, homogenized by horizon and stored in ice chests until
further analyses. At the Kellogg Laboratory, soil samples were oven dried at 38°C for 3-5
days, ground to < 2 mm using a FritschTM Planetary Ball Mill Pulverisette 5 and stored at
constant temperature in an opaque container. Soil samples were retrieved from the
Kellogg Laboratory in June 2017.
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Figure 2-1. Location of sampling sites in the Appalachian Plateau and Ridge and Valley
Physiographic Provinces.

1

2

Table 2-1. Site locations in the Mid-Atlantic region.
Kellogg Lab
Physiographic
Project Name(s)
Longitude
Latitude
Province
C2011USPA139
-77.8611
40.7229
Ridge and Valley
C2011USPA139
-77.7188
40.4242
Ridge and Valley
C2016USWV105
-78.6690
39.1937
Ridge and Valley
C2016USWV105
-81.9781
38.6204 Appalachian Plateau
C2011USWV150
-81.9769
38.6198 Appalachian Plateau
C2011USWV150
-80.5776
40.0369 Appalachian Plateau
C2016USWV105
-81.2820
37.7326 Appalachian Plateau
C2016USWV105
-81.4181
39.1070 Appalachian Plateau
C2016USOH145
C2011USWV150
C2017USMD005
-79.2646
39.5632 Appalachian Plateau
C2016USMD076

Soil Great
Group
Endoaquepts
Endoaquults
Endoaquepts
Argiudolls
Endoaquepts
Hapludolls
Dystrudepts
Hapludalfs

Mean Annual
Temperature (°C)
8.8
9.4
11.6
12.5
12.5
11.1
11.4
12

Mean Annual
Precipitation (cm)
101.3
102.6
96.0
105.4
105.4
100.6
114.0
106.2

N
2
2
4
4
2
2
3
10

Endoaquults

9.2

124.7
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Soil Analysis
Total C was determined by dry combustion of air-dried, finely ground (< 200 µm)
subsamples using the CHNS-O Carlo Erba elemental analyzer (CE Instruments Elemental
Analyzer EA 1110, Thermo Fisher Scientific, U.S.). Total percent organic matter in each
soil sample was measured as the loss-on-ignition (LOI), determined by the weight
difference when samples were dried at 105°C overnight and then 550°C for 2 hours
(Schulte and Hoskins, 2011). Mineral-associated carbon was measured according to the
one-step acid hydrolysis procedure (Oades et al., 1984; Rovira and Vallejo, 2002). One
gram of oven dried, finely ground soil was mixed with 20 mL of 6 M HCl in a sealed
Pyrex tube (Figure 2-2). The sample was placed on a temperature-controlled digestion
block and hydrolyzed for 16 hours at 105°C. During digestion, compounds with oxygen
(O-) and nitrogen (N-) containing functional side-groups are solubilized and disrupted,
while chemically complex materials remain intact (von Lützow et al., 2001). The
hydrolysate is composed of organic compounds that are more susceptible to chemical
degradation. The hydrolysate, which was recovered by centrifugation and decantation,
was discarded. The non-hydrolyzed residue was centrifuged, washed with 100 mL of
deionized water three times, and dried overnight at 80°C. Dry combustion analysis of
duplicate subsamples (12 mg - 14 mg) of the non-hydrolyzed residue for each soil sample
were used to determine the quantity of this total mineral-associated C.
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Figure 2-2. The acid hydrolysis chemical fractionation procedure (a-b), the mass loss that
occurs with the original sample (c) and thus the subsample (d) that is used to determine
RIC, and the proposed justification for an adjustment to account for mass loss (e-f).

Recalcitrance Index for Carbon
The mineral-associated SOC fraction was determined by calculating the
recalcitrance index for C (Silveira et al., 2008), which relates the C concentration of a
subsample of the non-hydrolyzed residue to the total C concentration of the original
sample. By dividing the product of the C concentration and mass of the non-hydrolyzed
residue by that of the original whole sample, the RIC allows for the comparison of
mineral-associated C to total C (equation 1). However, this equation does not account for
mass loss of the soil that takes place during the acid hydrolysis procedure (Figure 2-2).
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Failing to take this mass loss into account incorrectly relates the mass of a hydrolyzed
subsample that has undergone mass loss to the mass of the whole original sample that has
not experienced any mass loss. Since the determination of C content on an elemental
analyzer is mass dependent, it is important to adjust for the mass loss in the subsample
prior to combustion analysis, otherwise the instrument would calculate the C content
based on a mass that is not representative of the subsample (Figure 2-2).

𝑅𝐼𝐶 (%) = (

𝐶 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 × 𝑀𝑎𝑠𝑠𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝐶 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑜𝑖𝑙 × 𝑀𝑎𝑠𝑠 𝑜𝑟𝑖𝑔𝑖𝑛𝑖𝑎𝑙 𝑠𝑜𝑖𝑙

) × 100

(1)

For this reason, we propose an adjustment to the mass of the subsample be
calculated prior to combustion (equation 2). The conventional calculation for RIC would
subsequently be applied to determine the percent mineral-associated C of the soil sample
(equation 1).

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑀𝑎𝑠𝑠 =

𝑚𝑎𝑠𝑠𝑠𝑢𝑏𝑠𝑎𝑚𝑝𝑙𝑒 𝑜𝑓 𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑚𝑎𝑠𝑠𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑𝑟𝑒𝑠𝑖𝑑𝑢𝑒

(

𝑚𝑎𝑠𝑠𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑜𝑖𝑙

)

(2)

Statistical Analysis
An unpaired two-sample Student’s t-test was used to determine differences in RIC
values determined using our adjusted equation and the conventional equation for wetland
soils (McDonald, 2009). The assumption of normal distribution was tested using the
Shapiro-Wilk test and homogeneity of variance was evaluated using the F-test. Statistical
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significance was determined at P < 0.05. Statistical analyses and graphs were conducted
using the statistical program R (Team R.C., 2017).
Results
There were significant differences in the mean organic matter contents and total C
concentrations between the Appalachian Plateau (LOI = 14.76 %, total C = 6.36 %) and
Ridge and Valley physiographic provinces (LOI = 33.03 %, total C = 15.05 %) (Figure 23). While total C contents were significantly higher in the Ridge and Valley province,
there were no significant differences in the adjusted and unadjusted RIC values between
the two physiographic regions (Figure 2-3). Therefore, wetlands in each physiographic
province sequestered similar amounts of mineral-associated SOC.
RIC values of subsamples determined using unadjusted masses, however, were
significantly higher than RIC values determined for mass adjusted subsamples (p <
0.001) (Figure 2-4). Moreover, we observed two instances in which the RIC values of
subsamples calculated with unadjusted masses were greater than 100% (Figure 2-4). This
erroneously implies that after undergoing acid hydrolysis, there is more mineralassociated C than total C in the subsamples. After the mass adjustment calculation was
applied, the RIC content of the two subsamples decreased from 106.33% and 103.19% to
75.79% and 86.74%, respectively. This decrease in RIC values after applying the mass
adjustment calculation was also observed when applied to all soil subsamples.
In the context of comparing these samples, we define the index for the
overestimation of the mineral-associated C fraction as the percent difference in RIC
values calculated using the subsample’ unadjusted and adjusted masses. We found that
while there was an index of error for every subsample, regardless of the total C content,
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the overestimation of mineral-associated C was larger for samples with higher total C
contents (Figure 2-5). We observed the coefficient of determination (R2) change from a
positive relationship to a negative relationship at the threshold for mineral and organic
soils, 20% total C content vs. RIC % (Figure 2-6). Without the mass adjustment, the
index for the overestimation of mineral-associated C, was lower for mineral soils (1536%) than organic soils (34-53%) (Figure 2-5). Further, by applying a mass adjustment to
the subsamples the proportion of the variance in the amount of mineral-associated C that
is explained by the total C content of the mineral soil samples decreases from R2 =
0.7519 to R2 = 0.6752 and increases from R2 = 0.5333 to R2 = 0.5986 for the organic soil
samples (Figure 2-6).
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Figure 2-3. Comparison of mean LOI (a), total C (b), adjusted RIC (c), and unadjusted
RIC (d) values across physiographic provinces. Significance is denotated by * (p < 0.05)
above boxplot (N= 40).
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***

Figure 2-4. Soil recalcitrance index for carbon (RIC) determinations with subsamples
with adjusted (circle) and unadjusted (triangle) masses. Data points are separated by soil
type with mineral in orange and organic soils in blue). Significance is denotated by ***
(p < 0.001) above the boxplot (N = 40).
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Figure 2-5. Percent difference between RIC values of soil samples with unadjusted and
adjusted masses across total C contents. The dashed red line denotes the cutoff between
samples with total C contents less than and greater than 20%, with mineral soils to the
left of the line and organic soils to the right of the line (N = 40).
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Figure 2-6. The recalcitrant index for carbon as a function of total soil C for soil samples
with adjusted (a) and unadjusted (b) masses. Data points are fitted to parabolic curves of
mineral samples (LOI < 20%, displayed in blue) and organic samples (LOI > 20%,
displayed in orange).
Discussion
In our study, we demonstrate an improvement in the calculation for determining
mineral-associated C using the acid hydrolysis chemical fractionation technique in high
SOC soils, typical of wetland environments. Specifically, we propose that a mass
adjustment of soil subsamples prior to combustion resolves the problem of sample mass
loss during the hydrolysis procedure. While others have noted the need for a correction
factor due to mass loss of the mineral portion of subsamples during acid hydrolysis (e.g.
Paul et al., 2006), we show such mass adjustment may be even more important for
determining the mineral-associated C in high organic soils. When mass loss was not
accounted for in subsamples, an overestimation of the RIC estimates is significantly
higher than mass adjusted subsamples.
Apart from two outliers, our calculations of high RIC estimates using subsamples
of unadjusted masses (28 to 85%) are most similar to the findings of Akinsete and
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Nkongolo (2016) who reported values of 99% RIC content in a grassland soils located in
central Missouri. The two outliers highlight a problem with the conventional calculation,
as the mineral-associated C was larger than the C content of the sample prior to
hydrolysis. This would imply that either C was created after the acid hydrolysis
procedure or there was an over estimation of mineral-associated C. The total C content of
the two outliers were 23% and 5% and samples were collected from the Appalachian
Plateau and the Ridge and Valley physiographic province, respectfully. Information
regarding ecosystem factors that may impact the amount of mineral-associated C retained
in these soils, such as soil texture and carbon inputs, is unknown. However, this
overestimation of unadjusted RIC values in samples of high (> 20% total C) and low (<
20% total C) highlight the fact that a mass adjustment of subsamples prior to combustion
is required for all samples. Although the percentage difference in RIC values is larger for
samples with higher total C contents, the unadjusted RIC values of all samples are
incorrect if mass loss of the non-hydrolyzed residue is ignored when estimating the
mineral-associated SOC content of subsamples.
The relationship between the RIC and total C differs greatly between mineral and
organic soil. RIC values increase with total C to a plateau of approximately 60% and are
similar to the findings of others in the literature (Rovira and Vallejo, 2006). The
relationship between total C and RIC for organic soils, however, is differs greatly as RIC
values of highly organic soils decrease with increasing total C. It is expected that the RIC
values would plateau with increasing total C. However, it is rational to presume that there
would be less mineral-associated C in the highly organic soils, due to a higher proportion
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of non-mineral associated, or labile, C. Therefore, this reversal of trend is rational as the
mineral-associated and labile SOC fractions comprise total C.
Oades et al. (1984) noted the inadequacy of the acid hydrolysis technique in
characterizing SOC pools in highly organic soils due to the mass loss that occurs during
the procedure (Figure 2-7). Paul et al. (2006) suggested that mass loss of the original
sample occurred because of the solubilization of inorganic constituents such as
carbonates, metal oxides, and some clay minerals, but not hydrolyzed organic matter
(Figure 2-7). It is highly probable that mass loss of the soil sample occurs when clay
minerals are not recovered during the decantation process, and during the transfer of the
non-hydrolyzed residue between the Pyrex vial and centrifuge tubes. However, we
alternatively hypothesize that mass loss occurs due to the loss of the hydrolyzed organic
matter (Figure 2-7), as the mass of the recovered non-hydrolyzed residue of organic soil
was generally lower (μ = 0.64 mg soil) than mass recovery of mineral soil samples (μ =
0.78 mg soil).
Differences in sample recovery between high and low organic content samples
may also result from the degradation of organic matter that is more susceptible to
decomposition, with the highly organic samples having more organic material, and thus a
higher potential that a portion can be more easily decomposed (Figure 2-7). While
differences in soil chemical and physical properties such as pH and texture can impact the
soil’s ability to sequester mineral-associated SOC, this observation may explain why acid
hydrolysis was previously unsuitable to samples of high organic content. Mineralassociated SOC is known to be an important mechanism for the preservation of SOC in
surface and subsoil horizons due to the strength of the chemical bonds between the soil
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particles and the mineral-associated C fraction (Jones and Edwards, 1998; Kaiser and
Guggenberger, 2003; Mikutta et al., 2006). However, the less protected C in the organic
horizons (as they are not bound to soil particles) create a higher mass deficient of the
non-hydrolyzed reside after hydrolysis (Figure 2-7).

Figure 2-7. Possible hypotheses for mass loss that occurs during the acid hydrolysis
procedure. When soil is hydrolyzed with a strong acid (a) the mass of the recovered nonhydrolyzed sample is less than the amount of the original sample (b). Mass loss of the
non-hydrolyzed sample may be caused by sediment loss (c), the solubilization of
inorganic constituents (d), or the hydrolysis of organic material (e).
Without the mass adjustment of the subsamples, there was an overestimation in
the RIC values of all soil samples. Indeed, the percentage difference in RIC values is
generally larger for organic soils, as more of the hydrolysable material might have played
an important role in the increased amount of mass loss of the samples. Since the
determination of RIC is mass dependent, the loss of soil residue either during vial
exchange or due to hydrolyzation of the organic material must be acknowledged in the
subsamples of the non-hydrolyzed material if it is to be compared to the subsample of the
original sample (Figure 2-2). As highlighted by the two outlier samples, if mass loss is
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not adjusted, then the elemental analyzer accounts for more C than was present in the
original sample. When the mass is adjusted to account for the mass loss in the subsample,
the results of the combustion analysis represents the correct proportion of the soil being
analyzed, as the amount of the mineral-associated SOC (the non-hydrolyzed residue)
accurately reflects the amount of soil used to measure the total C content of the original
subsample (Figure 2-2).
We suggest that a mass adjustment is needed for subsamples prior to combustion
to obtain the correct measurement of RIC in the acid hydrolysis chemical fractionation
procedure. This adjustment should be used for chemical fractionation techniques that
measure mineral-associated C via combustion analysis, as some studies have avoided this
error by measuring the C content of the hydrolysate, and not the non-hydrolyzed residue
(see Belay-Tedla et al., 2009). However, due to the low cost and accessibility of an
elemental analyzer, the non-hydrolyzed residue is usually analyzed, meaning RIC is
frequently reported. The findings of this experiment provide a resolution to complications
that arise from the acid hydrolysis method by shedding light on a simple, cost effective
way to accurately determine mineral-associated SOC fraction in all ecosystems.
Conclusions
Here we highlight an improvement in acid hydrolysis fractionation of soils high in
SOC, which results in a more accurate quantification of SOC fractions for such soils.
Determination of RIC on soil samples of high or low C content, without a mass
adjustment in chemical fractionation procedures, will overestimate the mineral-associated
SOC fraction. Mass adjustment results in a more accurate quantification of soil SOC
fractions and improved capability to model changes in SOC dynamics.
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Future research would benefit from investigating the chemical and functional
characterizations of the two SOC fractions, as this experiment did not delve into those
parameterizations. Doing so will improve our understanding of the materials that
contribute to mass loss, be it fine grained soil particles or hydrolyzed organic matter.
Additionally, the robustness and applicability of this technique should be tested with
more soils that consist of different mineral compositions and lithologic sources. Though
the difference between the RIC values of adjusted and unadjusted samples in forested and
arable environments may not be as large as the values we observed for wetland soil, we
believe it is important to learn whether the mass adjustment we propose can be
universally applied.
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Chapter 3
Patterns of bryophyte diversity and soil nutrient availability in vernal pools located
in the Northern Appalachians

Abstract
Bryophytes are important contributors to carbon (C) sequestration in wetland
environments and play a critical role in regulating the impacts of global climate change
on C and nitrogen (N) cycles. As such, it is important to understand patterns in nutrient
availability and bryophyte diversity in wetlands. Here, bryophyte biomass, species
richness, and several soil nutrient indices (i.e., organic C, N, phosphorus (P), mineralassociated soil organic C (SOC), pH, cation exchange capacity (CEC), and base cation
percent saturation) are compared in six vernal pools spread across the Appalachian
Plateau and the Ridge and Valley physiographic provinces. These two regions of central
Pennsylvania, USA differ in topography and parent material. A four-level nested
ANOVA was used to compare bryophyte and soil nutrient attributes at four depths (0 - 5
cm, 5 - 10 cm, 10 - 15 cm and 15 - 20 cm) between the two regions. Results show that the
number of bryophyte species and amount of biomass were significantly higher in the
Ridge and Valley than in the Appalachian Plateau. Total C and N were significantly
higher in the Ridge and Valley at depths of 0 - 5 cm, 5 - 10 cm, and 10 - 15 cm, but
demonstrated no significant differences at the 15 - 20 cm depth. Soil C:N and the
mineral-associated SOC, as revealed by the recalcitrant index for C (RIC), however, were
not significantly different between the regions at any of the four depths. We observed a
constant retention of mineral-associated SOC with depth in all vernal pools except for
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one site located in the Ridge and Valley, for which RIC increased in the soil at 0 - 5 cm
depth. P content was significantly higher in the Ridge and Valley than in the Appalachian
Plateau at all depths, likely due to differences in parent material between the two
provinces. Our results suggest that wetland soils of different physiographic origin may
experience differences in bryophyte species richness, biomass, and C and N availability,
yet differences in these properties do not appear to impact the ability of such wetland
soils to sequester C in terms of its mineral-associated SOC retention capacity. Therefore,
variations in C input via bryophyte species richness and biomass may lead to vernal pools
having different total C retention capacities, but similar long-term C sequestration
abilities throughout this North American region.
Introduction
The Significance and Quantification of C in Wetland Soil
As the largest reservoir of terrestrial carbon (C), soils play a critical role in
mitigating the impacts of climate change through C sequestration (Lal, 2004). Among all
terrestrial ecosystems, wetlands are perhaps the largest sinks of C as the saturated soils
present within these environments provide optimal conditions for the sequestration of
carbon dioxide (CO2) from the atmosphere and the long-term retention of mineralassociated soil organic C (SOC) (Bernal and Mitsch, 2012). Retention of C in wetlands is
driven by the incomplete decomposition of soil organic matter (SOM) by various
mechanisms under anaerobic conditions (Kayranli et al., 2010). SOM is composed of a
complex mixture of plant and animal material with a chemical makeup consisting of
proteins, carbohydrates, amino acids, lignin, and cellulose (Kögel-Knabner, 2002).
Nevertheless, at its most basic chemical composition, the broad continuum of SOM
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material is C, and it is susceptible to decomposition in accordance to its interaction with
different physicochemical and biological factors in the surrounding environment
(Schmidt et al., 2011).
While a variety of methods have been used to characterize the amount of C in
SOM, including chemical, biological, and physical fractionation procedures, SOC is
usually separated into two operationally defined fractions. When characterized as an
essential ecosystem property (Schmidt et al., 2011), the fractions of SOC are separated
based on their resistance to degradation. SOC that is highly susceptible to degradation is
termed labile (LOC), while the more resistant fraction is termed recalcitrant (ROC) or
mineral-associated C since this is the C that binds most closely to the soil particles.
Quantification of soil LOC and ROC fractions is essential for estimating C
sequestration and predicting how SOC fractions may change due to disturbances such as
climate change. While studies have demonstrated that the amount and distribution of
SOC are affected by land use change, rising temperatures and other forms of disturbance
(Pastor and Post, 1986; Ricker et al., 2012; Ireland and Booth, 2012; Mazurczyk and
Brooks, 2018), knowledge of how SOC fractions vary in relation to producers of
recalcitrant litter is not well understood.
Bryophytes, Prominent Contributors of SOC
Bryophytes is the collective term that describes moss, liverworts, and hornworts
(Shaw et al., 2011). Although they have no specialized tissue such as roots or stems,
bryophytes have a tremendous impact on essential wetland ecosystem functions including
nutrient cycling, organic matter production, and ecosystem succession (Turetsky, 2003).
For this reason, bryophytes often serve as bio-indicators of environmental change in soils
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as they directly and indirectly influence the flux of C in ecosystems through their
metabolism and growth (Gignac, 2001). For example, bryophytes indirectly effect the
decomposition of other organisms by reducing soil temperatures, and/or increasing soil
moisture (Turetsky et al., 2008). However, the effect of bryophytes on C flux in the
surrounding environment is species dependent. Waite and Sack (2011) demonstrated that
bryophytes function similarly to vascular plants in that they vary in their effectiveness to
fix C and can be affected by environmental factors such as elevation, climate, and soil
morphology and composition.
Despite extensive study of these organisms, our knowledge of the impacts
bryophyte species biomass and abundance have on SOC fractions is incomplete. The
work of Weintraub and Schimel (2003) for instance, suggests that reduced decomposition
of organic matter in tundra soil is the result of unfavorable conditions, such as low soil
temperature and abundant moisture, not litter quality. As all forms of SOM are
susceptible to mineralization (Schmidt et al., 2011), understanding the relationship
between the biomass and abundance of prominent regulators of C and long-term SOC in
different environments is essential to improving our understanding of C dynamics in
wetland ecosystems.
Several studies have investigated the relationship between vegetation types and
SOC fractions under varying environmental factors in forests (Rovira and Vallejo, 2007;
Deluca and Boisvenue, 2012; Ricker and Lockaby, 2015), large-scale wetland
ecosystems (Dodla et al., 2012), and urban environments (Pouyat et al., 2002). For
example, while Belay-Tedla et al., (2009) were able to effectively simulate the effects of
climate change and hay mowing through in situ warming and clipping in a grassland
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ecosystem, they found that neither of these factors had a significant effect on total C, the
ROC fraction, or N concentrations in the soil. The SOC fraction, however, was
significantly affected by changes in warming and clipping amounts (Belay-Tedla et al.,
2009), which agrees with much of the current literature that suggests SOC is sensitive to
changes in ecosystem properties, such as soil moisture, soil temperature, and plant
community structure (Trumbore et al., 1996). For the most part (with the exception of
Mitsch et al., 2013), empirical data regarding the impact of plant community structure on
LOC and mineral-associated SOC fractions is still lacking in isolated wetland
ecosystems. Therefore, gaining a better idea of how these fractions vary in small-scale
wetland ecosystems is necessary for increasing our understanding of soil C storage in
hydric soil, which it is vital for predicting future changes in C sequestration.
Disturbance Legacy of Central Pennsylvania
Vernal pools, or ephemeral depressions, are small (typically < 0.5 ha) wetland
environments found in the forested regions of PA. The disturbance history of the forests
and vernal pools of the northern Appalachians is punctuated by many geomorphic and
anthropogenic disturbance events. Central Pennsylvania (PA) has an extensive
disturbance legacy (Abrams et al., 1992, 1995), which includes periglacial climate
conditions (Ciolkosz, 1986), surface mining (Townsend et al., 2009), and logging (Black
and Abrams, 2004). For instance, the iron and timber industries of the early- to mid1800’s significantly impacted soils and landscapes in the Ridge and Valley and
Appalachian Plateau physiographic provinces, as disturbance from iron ore, coal, and
clay extraction and timber harvesting were a central part of the regional economy
(Swank, 1878). Present day disturbances to the ecosystems of the two provinces include
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insect defoliation (De Beurs and Townsend, 2008), altered soil chemistry caused by
atmospheric deposition (Horsley et al., 2008), and changed composition of invasive and
native forest species caused by the construction of forest roads (Nord et al., 2010). The
synergistic effect of these current alterations with previous geomorphic and
anthropogenic disturbance regimes has greatly impacted the current structure and
function of central PA’s wetland ecosystems. Thus, understanding current correlations
between bryophyte diversity and mineral-associated SOC in different wetland
environments of central PA may provide much needed insight as to what conditions may
be necessary for these prominent producers of recalcitrant litter to mitigate the effects of
ecosystem disturbance through the long-term sequestration of C.
In this study we investigated the relationship between bryophyte diversity
(defined here by species count and biomass) and the quantity and distribution of the
mineral-associated SOC fraction in two physiographic provinces of central
Pennsylvania—the Ridge and Valley and the Appalachian Plateau—that differ in
topography and parent material. Bryophyte species count denotes the number of
bryophyte species identified at each vernal pool site, while bryophyte biomass represents
the collective weight of collected bryophytes. The objectives of this study were to: (1)
determine the community composition of bryophytes in wetland environments of two
northern Appalachian Physiographic Provinces, (2) examine the association between
bryophyte species richness and biomass and total C and the mineral-associated SOC
fraction in the surface horizons of the soil, and (3) determine the quantity and distribution
of total C, mineral-associated SOC, N, and P across four depths in the two physiographic
provinces of interest.
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Materials and Methods
Study Sites
Soil and bryophyte samples were collected from six vernal pools in Centre
County, Pennsylvania. Three sites were in Black Moshannon State Forest, and three in
Rothrock State Forest (Figure 2-1). Black Moshannon State Forest lies within the
Appalachian Plateau physiographic province, which is characterized by broad, rounded to
flat uplands and deep angular valleys with bedrocks of sandstone and shale (Sevon and
Fleeger, 1999). Soils in this area reside on the Mauch Chunk and Burgoon Sandstone
Formations, which formed during the Mississippian Period in shale and sandstone
residuum (Pennsylvania Bureau of Topographic and Geologic Survey, 2001). Vernal pool
sites in Rothrock State Forest, which is part of the Ridge and Valley physiographic
province were selected from a chain of 13 vernal pools located parallel to a forest access
road (Kepler Road). The Ridge and Valley province is characterized by northeasterlysouthwesterly oriented long, nearly parallel sandstone ridges separated by narrow to
broad shale or limestone valleys (Fail et al., 1999). Vernal pools in the Ridge and Valley
are located between the two crests of Tussey Mountain on the less resistant Juniata
Formation. The Juniata is comprised of grayish-red to greenish-gray Ordovician siltstone
and shale colluvium (Pennsylvania Bureau of Topographic and Geologic Survey, 2001).
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Figure 3-1. A 0.333 arc-second digital elevation model (DEM) (www.nationalmap.gov)
of Centre County, Pennsylvania USA. Study sites Tram1and Tram2 (a) and Strawband
Beaver (b) are located in Black Moshannon State Forest, which lies within the
Appalachian Plateau physiographic province. The Kepler Road study sites (c) are located
in Rothrock State Forest, which lies within the Ridge and Valley physiographic province.
The composition of pre-settlement forests consisted of oak (Quercus spp.), pine
(Pinus spp.), and American chestnut (Castanea dentata), however, though historic
disturbance led to long-term oak dominance throughout central Pennsylvania (Nowacki
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and Abrams, 1992). As disturbance decreased in the 1900’s, shade tolerant species such
as maple (Acer spp.) and birch (Betula spp.) became more prominent in the two provinces
(Abrams and Ruffner, 1995). Currently, the plant species composition in the Appalachian
Plateau consists of mix-deciduous forest composed of American beech (Fagus
grandifolia), chestnut oak (Quercus montana), river birch (Betula nigra), hoary sedge
(Carex canescens), and ericaceous plants such as vaccinium (Vaccinium spp.) and sheep
laurel (Kalmia angustifolia). The Ridge and Valley province consist of by a mixeddeciduous forest dominated by chestnut oak, American beech, white pine (Pinus strobus),
and red maple (Acer rubrum). Cosmopolitan bryophyte species such as common haircap
moss (Polytrichum commune), willow feather moss (Amblystegium varium), and peat
moss (Sphagnum spp.) are present in both regions.
Bryophyte Collection and Sorting
A nested random effects design with four levels was used to sample bryophytes
species physiographic province (N = 2), vernal pool site (N = 3 within each province),
plot (N = 3 within each vernal pool), and quadrat (N = 3 within each plot). The region
factor was considered a fixed effect, while the vernal pool site, plot and quadrat levels
were treated as random effects. Within each vernal pool site, three 1 m2 quadrates were
randomly distributed inside three 25 m2 plots. This experimental design was used to
create a standardized sampling scheme for bryophyte and soil sampling at each vernal
pool, as sites ranged in shape and size (Oliver and Webster, 1986).
In September 2016, the live, photosynthetically active green portions of
bryophytes at the surface of each quadrat were clipped, collected, and placed in opaque
brown paper bags until they were transported to the laboratory. Following collection,
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bryophytes were air dried, sorted and identified. To increase the efficiency of observing
and identifying all bryophyte species in each sample, a plant-capture model, an
alternative to the conventional capture-mark-recapture model, was conducted to estimate
the probability of detection of bryophyte species present within the two regions (Lee and
Chao, 1994). Plant-capture methods have a long history of use in ecology, and it is often
utilized to estimate population size from a single sample as it accounts for imperfect
detection of individual species (Laska et al., 1993; Dorazio et al., 2006). Ten randomly
selected quadrat samples from each of the two regions were randomly selected for
analysis to fulfill the plant-capture method requirement (see below) that the population
under study be sampled multiple times (usually > 2) (Pollock et al., 1990). For each
sample, bryophytes collected within the entire 1m2 quadrat were sorted and identified.
According to Laska et al. (1993), “the capture history of each individual in the population
corresponds to a K-dimensional vector whose ith element is 1 if the individual is on the
ith list or sampling occasion and 0 otherwise.” Therefore, the presence or absence of each
unique bryophyte species was noted for each quadrat sample. Dr. Duane Diefenbach
(Pennsylvania State University) executed the plant-capture model using Program Mark
version 8.1 (White and Burnham, 1999). Results of the model indicated that there was an
average of three bryophyte species present in both the Ridge and Valley and the
Appalachian Plateau physiographic regions. The results of the close plant-capture model
found that the probability of detecting a species at least once (of the 10 tries within each
of the physiographic regions) if it were present is 0.9999 (with the probability of
detecting a given species in each sampling quadrat equal to 0.7777).
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Next, a biodiversity accumulation curve as a function of species occurrence
versus effort was conducted to determine how many subsamples were required to observe
the accurate species count for each sample. The number of bryophyte species observed
was determined for effort increments of 3, 5, 10, 15, and 20, for 10 cm x 10 cm
subsamples of the 1m2 quadrat of previously sorted samples within each region. Results
of the biodiversity accumulation curve found that a sampling effort of 10 was sufficient
to accurately detect bryophyte species count in both regions. Therefore, bryophyte
species count was determined by the number of bryophytes observed from the sorting and
identification of bryophyte species found in ten 10 cm x 10 cm subsamples (of the 1m2
quadrat). Bryophyte species were identified with the aid of Dr. Susan C. Munch (see
Munch, 2006) and Dr. Scott Schuette (Western Pennsylvania Conservancy), with the use
of the bryophyte taxonomy field guide (McKnight et al., 2013).
Soil Sampling and Analysis
Three 5.08 cm-diameter, 20-cm deep soil cores were excavated in each 1 m2
quadrat using an AMS slide-hammer and a split soil corer after quadrats where cleared
for bryophyte collection. The soil cores were then covered with plastic and aluminum foil
and kept in an ice chest until processing. Soil samples were described according to
Schoeneberger et al., (2012), air dried, and separated into four depths, each at 5-cm depth
intervals between 0 and 20 cm. Visible plant roots and rocks were removed prior to
sample homogenization after which soil samples were passed through a 2-mm sieve.
Total organic C and N were determined on ground subsamples by combustion with a
CHNS-O Carlo Erba elemental analyzer (CE Instruments Elemental Analyzer EA 1110,
Thermo Fisher Scientific, U.S.) (Nelson and Sommers, 1996). Another set of subsamples
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were sent to Pennsylvania State University’s Agricultural Analytical Services Lab to
determine the following soil chemical properties: concentrations of phosphorus (P),
potassium (K), magnesium (Mg), calcium (Ca), zinc (Z), copper (Cu), and sulfur (S)
using a Mehlich 3 extraction (Wolf and Beegle, 2011), pH (1:1 water) (Eckert and Sims,
2011), soil cation exchange capacity (CEC) and base cation percent saturation (P, K, Mg,
and Ca) via summation (Ross and Ketterings, 2011).
SOC was fractionated into labile (LOC) and recalcitrant or mineral-associated
(ROC) pools via chemical fractionation procedures found in Rovira and Vallejo (2002)
and Silveira et al. (2008). Briefly, SOC was separated into two chemical fractions using
one-step acid hydrolysis. Air-dried soil samples (5 g) were ground using a high-energy
ball mill (SPEX SamplePrep 8000D Dual Mixer/Mill). Subsamples (1 g) were then
refluxed with 20 mL of 6M hydrochloric acid (HCl) in sealed Pyrex tubes for 16 hours at
100°C. The non-hydrolyzed residue was isolated using a centrifuge spun at 3500
rotations per minute (RPM) for 10 minutes, washed three times with 100 mL of deionized
water, and dried overnight in an 60℃ oven. Due to discrepancies in the total C
measurements between un-acidified and acidified soil residue (i.e. non-hydrolyzed
sample), we noted that the sample loss that is often experienced during acid-hydrolysis
was unaccounted for in the mass of the non-hydrolyzed subsample (see Chapter 1 for
more details). Therefore, prior to combustion analysis the following (equation 1) was
used as a modification to that of Silveira et al. (2008) to adjust the mass of the nonhydrolyzed subsample by including the mass loss of the subsample during acid
hydrolysis:
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𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑀𝑎𝑠𝑠 =

𝑚𝑎𝑠𝑠𝑠𝑢𝑏𝑠𝑎𝑚𝑝𝑙𝑒 𝑜𝑓 𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑚𝑎𝑠𝑠𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑𝑟𝑒𝑠𝑖𝑑𝑢𝑒

(

𝑚𝑎𝑠𝑠𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑜𝑖𝑙

(1)

)

The mineral-associated SOC fraction is characterized by the chemically resistant
or non-hydrolyzed residue, and a subsample (12 mg – 14 mg) was combusted with a
CHNS-O Carlo Erba elemental analyzer (CE Instruments Elemental Analyzer EA 1110,
Thermo Fisher Scientific, U.S.). The recalcitrance index of carbon (RIC) (Silveira et al.,
2008) was derived using the combustion results of the corrected mass and the mass of the
acidified sample using the following (equation 2):

𝑅𝐼𝐶(%) = (

𝐶 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 × 𝑀𝑎𝑠𝑠𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝐶 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑜𝑖𝑙 × 𝑀𝑎𝑠𝑠 𝑜𝑟𝑖𝑔𝑖𝑛𝑖𝑎𝑙 𝑠𝑜𝑖𝑙

) × 100

(2)

Soil data were analyzed for all depth intervals as a mixed four level nested design
analysis of variance (ANOVA), with region, vernal pool site, plot, and quadrat as the
levels of the model (McDonald, 2009). Patterns in bryophyte species richness and
biomass and soil characteristics were assessed only for the top depth interval (0 – 5 cm).
All statistical analyses were performed using the R statistical program (R version 3.4.3,
2017). Separation of means was tested using Tukey’s post hoc analysis with a
significance level of P < 0.05 (McDonald, 2014), and a Pearson’s correlation was used to
determine the relationship between total C and RIC (Evans, 1996).
Results
Bryophyte Biomass and Species Count
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The amount of bryophyte biomass was significantly different between the
Appalachian Plateau and the Ridge and Valley regions. Sites located in the Ridge and
Valley physiographic province had significantly greater amounts of bryophyte biomass,
with less variation across sites than the sites located in the Appalachian Plateau, which
tended to contain very low amounts of bryophyte biomass, with a few instances of very
high amounts of biomass (Figure 3-2a).

a)

b)

Figure 3-2. Comparison of (a) bryophyte biomass (g) and (b) species count (number)
between the two physiographic regions: Appalachian Plateau (AP) and Ridge and Valley
(RV) Letters indicate differences in significance α = 0.05. For each whisker plot, from
top to bottom vertical lines represent the maximum, mean, and minimum biomass values
and circles represent outliers.
Bryophyte species count was also found to be significantly different between the
two regions, with the Ridge and Valley sites, on average, having more species (max
species count = 5) than in the Appalachian Plateau, which had one site – Strawband
Beaver – that had no bryophytes (Figure 3-2b). While there were three bryophyte species
- Sphagnum spp., P. commune, and L. riparium – found within both regions (though not
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at all sites), the dominance of these species differed in each region (at the sites where
bryophytes were found) (Figure 3-3). P. commune was the dominant bryophyte species in
the Appalachian Plateau, while Sphagnum spp. was dominant in the Ridge and Valley.
The liverwort species Bazzania spp., meanwhile, was found only in the Ridge and Valley
province, though in very low amounts, only contributing less than 1% to the overall
bryophyte biomass of the region (Figure 3-3).
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Figure 3-3. Total biomass (g) of different bryophyte species found in each of the two
physiographic regions, the Appalachian Plateau (AP) and the Ridge and Valley (RV).
Bryophytes are ordered in the sequence they appear on the data table below the graph.
Groupings of multiple bryophyte species are denoted by spp.
Soil and Vegetation Dynamics
Total organic C had strong, positive correlations with total N (r = 0.97) and
extractable P (r = 0.72), but negative correlations with RIC (r = -0.44), Mg base cation
percent saturation (r = -0.43), and Ca base cation percent saturation (-0.35) (Figure 3-4).
In contrast, RIC was positively correlated with Mg base cation percent saturation (r =
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0.36) and Ca base cation percent saturation (r = 0.29), but negatively correlated with total
N (r = -0.49) and extractable P (r = -0.27) (Figure 3-4). Total N and the recalcitrant index
for N, RIN, showed different levels of correlation, with total N most strongly correlated
with extractable P (r = 0.76) and Mg base cation percent saturation (r = -0.52), while
there were no significant correlations between RIN and other soil characteristics (Figure
3-4). The base cation percent saturation Mg and Ca, however, were similarly correlated
with other soil characteristics, being positively correlated to the extractable trace metals
Zn and Cu, but negatively correlated to total N and extractable P (Figure 3-4).
Six soil characteristics were significantly correlated with bryophyte species count:
total organic C (r = 0.40), total N (r = 0.34), RIN (r = 0.37), P (r =0.33), Mg base cation (r
= -0.36), and Ca base cation (r = -0.34) (Figure 3-4). Bryophyte biomass was correlated
with total organic C (r = 0.47), N (r = 0.41), P (r = 0.31), Cu (r = -0.27), Mg base cation
percent saturation (-0.32), and Ca base cation percent saturation (r = -0.35) (Figure 3-4).
Furthermore, bryophyte species count and biomass were strongly and positively
correlated (r = 0.75), were similarly correlated to a number of soil properties such as total
C (0.4; 0.47), N (0.34; 0.41), P (0.33; 0.31), Mg base cation percent saturation (-0.36; 0.32), and Ca base cation percent saturation (-0.34; -0.35), respectively (Figure 3-4).
Soil Characteristics with Depth
Total organic C, total N, and extractable P were significantly different at all
depths between the two regions (Figure 3-5). For both the Appalachian Plateau and the
Ridge and Valley physiographic provinces total organic C and total N values decreased
with soil depth, while RIC and extractable P remained relatively constant across all soil
depths. Vernal pools located in the Ridge and Valley had significantly greater values of
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total organic C, total N, and extractable P, and a lower amount of RIC with depth than
sites in the Appalachian Plateau at all depth intervals. In contrast, there were no
significant differences between regions with depth for any other soil properties including
RIC, K, Mg, Ca, Zn, Cu, pH, CEC, or the base saturations of K, Mg, and Ca, except Zn
from 0 – 5 cm and S from 0 – 10 cm (Table 3-1).
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Figure 3-4. Correlogram of correlation statistics between soil properties bryophyte
species count (Spp.Cnt), bryophyte biomass, total soil organic X (TC), recalcitrant index
for X (RIC), nitrogen (N), recalcitrant index for nitrogen (RIN), phosphorus (P),
potassium (K), magnesium (Mg), calcium (Ca), zinc (Z), copper (Cu), cation exchange
capacity (CEC), and base cation percent saturation for K, Mg, and Ca . Positive
correlations (r > 0) are displayed in blue and negative correlations (r < 0) are in red. The
color intensity and the size of the circle are proportional to the correlation coefficient.
The legend on the right relates to the correlation coefficient, r, to a color intensity (found
within the colored circles on the correlogram). On the bottom diagonal half of the
correlogram r-values are displayed in black. Insignificant correlations are blank (p >
0.05).
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Figure 3-5. Profile distribution of total soil organic X (TC), recalcitrance index for X (RIC), total
nitrogen (TN), phosphorus (P), and the C:N ratio (C_N) of soil with depth in the Ridge and
Valley province (RV; dark blue solid line) and the Appalachian Plateau (AP; medium blue
dashed blue). Median values are bounded by the 25th and 75th percentiles. Percent values
represent percentage of the measured data used in model. N = 213 in the AP and N = 245 in the
RV.
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Table 3-1. P-values of the four level, mixed-model nested ANOVAs comparing soil properties between vernal pools located in two
physiographical regions. Significant differences (p < 0.05) between total C (TC), the recalcitrant index for C (RIC), total nitrogen
(TN), phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), zinc (Zn), copper (Cu), the cation exchange capacity (CEC),
base saturation for K, Mg, and Ca, and pH the physiographic provinces is represented by an asterisk (*).
RIC

TN

RIN

P

K

Mg

Ca

Zn

Cu

CEC

K
CEC

*0.001

0.782

*0.006

*0.047

0.165

0.449

0.334

0.467

*0.046

0.893

0.416

0.581

0.478

0.612

0.693

5-10

*0.002

0.453

*0.003

0.098

*0.015

0.796

0.371

0.354

*0.090

0.721

0.96

0.723

0.706

0.886

0.786

10-15

*0.011

0.823

*0.018

0.644

*0.023

0.759

0.562

0.233

0.141

0.427

0.96

0.946

0.854

0.568

0.944

15-20

*0.044

0.863

0.097

0.818

*0.025

0.518

0.881

0.188

0.134

0.363

0.211

0.739

0.54

0.313

0.960

Depth

TC

(cm)

(%)

0-5

Mg
CEC

Ca
CEC

pH
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Recalcitrance Index of Carbon
While there were significant differences between total organic C between regions
at an α = 0.05 level, overall RIC did not differ significantly with depth between the two
physiographic regions (Figure 3-5). Moreover, the relationship between RIC and total
organic C were very dissimilar not only between regions, but also among the individual
vernal pool sites (Figure 3-6). At each site, total organic C decreased with each
successive depth interval; it was highest and most varied near the soil surface and
decreased and became less scattered with depth. When total C is graphed as a function of
RIC, RIC values ranged between 20% and 60% across all sites, and exhibited a linear, or
positive slope, across soil depths for the sites located in the Ridge and Valley (Figure 36). Conversely, there was a parabolic, or negative slope, across soil depths for the sites
located in the Appalachian Plateau province (Figure 3-6). While the amount of the
mineral-associated C remained constant or slightly increased in the topmost depth
intervals of the Ridge and Valley physiographic province, the amount decreased or
reached a plateau in the upper soil depth intervals of in sites located in the Appalachian
Plateau.
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Figure 3-6. The relationship between the recalcitrant index for carbon (RIC) (%) and total
C (%) for each depth interval at each of the six wetland sites. Sites located in the Ridge
and Valley, Kepler Road sites 1 (K1), 2 (K2), and 3 (K3) are displayed on the left, and
sites located on the Appalachian Plateau Strawband Beaver (SB), Tram 1 (T1), and Tram
2 (T2) are shown on the right. The different symbols represent the four depth intervals 0 5 cm (solid circle), 5 – 10 cm (triangle), 10 – 15 cm (solid rectangle), and 15 – 20 cm
(cross).
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Discussion
My results indicate that neither bryophyte species count, nor biomass, is
correlated to the mineral-associated, long-term index of SOC. A correlation analysis
showed that total C, total N, and P were significantly correlated with bryophyte species
count and bryophyte biomass, but not RIC. The significant differences in the amount of
bryophyte biomass and species count between the Ridge and Valley and the Appalachian
Plateau provinces supports the observation that there may have been past differences in
the C and nutrient inputs between the two areas. Given this result, it was unexpected that
neither bryophyte species count, nor biomass, was correlated with RIC in either region.
Bowen and Rovira (1991) found that there is a positive feedback between bryophyte
biomass accumulation and N, and the positive, linear relationship between bryophyte
accumulation and total C has long been established (Turetsky, 2003; De Deyn et al.,
2008). This relationship, however, may not provide a complete picture of the long-term C
dynamics in wetland ecosystems. While prominent contributors of C may influence total
C input, the long-term C input in the soil is not significantly affected by differences in
bryophyte community assemblages.
In both physiographic provinces, total organic C (%) concentrations decreased
with increasing depth from the surface, indicating that all sites are C sinks, and
effectively sequestrate more C than it releases as CO2 as time progresses. Total C was
greater at all depth intervals in the Ridge and Valley province than in the Appalachian
Plateau, which suggests that the mechanisms to protect C are more effective in the Ridge
and Valley province. However, differences in soil texture may also be a major factor
driving the lower C accumulations in the Appalachian Plateau. Soils in the Appalachian
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Plateau physiographic province are derived from sandstone, which are sandier and
coarser in texture than the clay dominant sandstone and shale derived soils in the Ridge
and Valley province (Pennsylvania Bureau of Topographic and Geologic Survey, 2001).
Therefore, C sequestration potential in the Appalachian Plateau may be lower due to
chemical and physical processes controlled by soil texture that regulate the retention of
SOC such as fewer interactions between mineral surfaces and metal ions (which effects
the particles’ charge and ability bind to SOC) and a reduced capacity for soil aggregation
and stability (Von Lützow et al., 2006).
This study focuses on bryophytes, and therefore, may be biased against the C
contribution of other plants observed within and around the vernal pools. As well, this
experiment combines the jargon of bryophyte species and genera. Therefore, it is possible
that the specific contributions of individual species such as those categorized within the
Sphagnum moss grouping are being overlooked. Analyzing the impact of bryophyte
species on SOC resources at a higher resolution of species detail may be an avenue of
exploration for future research. Nevertheless, Sphagnum moss is known to increase soil
organic C by increasing soil moisture conditions and decreasing soil temperature (Clymo
and Hayward, 1982). Additionally, it has been shown that Sphagnum may inhibit the
decomposition and mineralization of other organisms by acidifying its surrounding
environment (Gagnon and Glime, 1992; Kooijman and Bakker, 1994); thus, increasing its
contribution to the overall C inputs to the ecosystem. In the Ridge and Valley province,
Sphagnum contributed more bryophyte biomass than all the bryophytes found in the
Appalachian Plateau combined (Figure 3-3). This suggests that Sphagnum moss may
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contribute more soil C in the Ridge and Valley province than the dominant bryophyte in
the Appalachian Plateau province, P. commune.
Our results do not agree with others in the literature (e.g., Vanderpoorten and
Engels, 2003) that have found that aspects of bryophyte diversity, such as species count
and biomass, are directly impacted by soil properties. For example, Hejcman et al. (2007)
conducted a field experiment that assessed the relationship between bryophyte biomass
and elemental concentrations in a grassland environment that has experienced 65 years of
fertilizer application. They found that the unfertilized control plot had the highest
biomass accumulation and there was a significant fertilizer treatment effect for all
analyzed elements, including arsenic (As), cadmium (Cd), chromium (Cr), iron (Fe),
manganese (Mn), nickel (Ni), lead (Pb), P, Ca, Mg, K and N. This result implies that
bryophyte biomass production was affected by the presence or absence of certain
elements in the soil (Hejcman et al., 2007). In our study, apart from a few elements, there
were no significant differences in the elemental composition between the two regions, yet
bryophyte biomass was significantly greater in the Ridge and Valley than in the
Appalachian Plateau. Differences in bryophyte biomass between the two regions may be
explained by other factors that were not examined in this experiment, like direct or
indirect plant competition and/or niche abiotic characteristics.
Depth patterns for total N (%) generally followed the trends of total organic C in
each region, with total N and total C both decreasing with increasing depth. Extractable P
content (%), in contrast, remained relatively constant at all depth intervals. Studies have
shown that in wetland soils organic matter best predicts N retention, while extractable P
is associated most closely with mineral soil (Noe and Hupp, 2005). The larger extractable
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P content in the Ridge and Valley province compared to the Appalachian Plateau may
indicate differences due to parent material and mineralogy, P runoff from watersheds,
pH, or clay content between the two regions (Reddy et al., 1999). We can rule out
differences in extractable P due to soil pH, as we did not observe significant differences
in soil pH between the Ridge and Valley and Appalachian Plateau provinces (Table 3-1).
Nor can we draw conclusions about differences in P loading in the vernal pools, as both
areas have experienced some historic disturbance. We did observe that extractable P
increases with increasing clay content (Craft and Casey, 2000), as the Ridge and Valley
province has a finer textured soil, and this may explain why it also had greater contents of
P (Pennsylvania Bureau of Topographic and Geologic Survey, 2001). Wetland soils can
function as sinks or sources of extractable P depending on present vegetation
communities, soil physiochemical properties, and water residence time (Reddy et al.,
1999). Wang et al. (2006) reported that extractable P content in vernal pools and riparian
freshwater wetlands are dependent on soil genesis, development, and land use change.
Although they argue that vernal pools are P sinks, the dynamics of soil extractable P in
the Ridge and Valley and Appalachian Plateau provinces may have been altered by
disturbance and geology, and thus, differences in plant biomass production in each
ecosystem (Solomon et al., 2002).
In both physiographic provinces, the amount of RIC was near constant quantity
with depth, indicating that controls of long-term C storage are not significantly different
in each region. Our result that RIC represents roughly 20% - 60% of total SOC was
consistent with previous findings (Rovira and Vallejo, 2007; Garten et al., 1999). Our
finding that the distribution of RIC does not change through the soil profile was
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unexpected, and conflicts with others who have reported that RIC decreases with
increasing depth, as the soil sequesters more total C overtime (Garten et al., 1999).
Rovira and Vallejo (2007) argued that the expected pattern of decreasing RIC with
increasing depth may result from the translocation of labile SOC from the upper layers of
the soil profile to the lower depth intervals as water percolates through the soil profile
over time. They also purport that the decomposition of previously recalcitrant organic
matter to labile forms through the soil profile dilutes the overall percentage of RIC in the
lower depth intervals (Rovira and Vallejo, 2007). Therefore, it is inferred that the
movement of labile SOC from the upper soil depth intervals to the lower soil depth
intervals, and the turnover of recalcitrant SOC, to labile SOC decreases the amount of
RIC with depth (Rovira and Vallejo, 2007); this pattern was not observed in either region
of our study. Rather, we found that RIC does not decrease with depth throughout the soil
profile, but the amount of the mineral-associated SOC fraction declines in the upper
depth intervals. In waterlogged soils, the rate of decomposition of SOM is primarily
driven by the lack of oxygen, with the form of protection (biological, physical, and
chemical) of recalcitrant SOC also varying with depth (Sollins et al., 1996). Given that
RIC remains constant throughout the soil profile, either labile SOC is not readily
translocated in these soils, or biotic and environmental controls prohibit the
decomposition of recalcitrant plant/soil material with depth. This issue is further
complicated by the fact that we observed a constant distribution of RIC in both regions,
which differ in soil texture, geology, and landscape position. That the patterns of longterm SOC sequestration would be similar in both regions is quite unexpected.
Conclusions

61
This study demonstrates that although there are distinct, regional differences in
bryophyte diversity among the Ridge and Valley and the Appalachian Plateau – two
physiographic provinces of central Pennsylvania – neither bryophyte species count, nor
bryophyte biomass, are correlated to the mineral-associated, long-term soil C fraction for
either region. While vernal pools in both provinces are C sinks, most of the study sites do
not meet the expectation that RIC values decrease with total organic C with depth. A
better understanding of the mechanisms that control the sequestration and long-term
retention of this dynamic ecosystem property requires both field and lab studies. Rates of
mineral-associated SOC with depth relative to different vegetative covers, soil textures,
and land use are needed to be addressed because the distribution patterns may not
conform to theory and may adversely impact predictions for climate change. This project
helps to clarify soil and vegetation dynamics in vernal pools across the northern
Appalachians with the intention that data and knowledge gained from this experiment
will aid in the development of better management strategies to conserve these small, but
essential wetland environments.
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Chapter 4
The reconstruction of vernal pool environments: An integrative assessment of
charcoal, pollen, sedimentological, and geochemical indices

Abstract
The successional pathways of wetland and upland ecosystems are likely derived
from local and regional factors, such as endogenous changes in soil and vegetation
dynamics and climate. For example, analyses of vegetation communities through time
has revealed that common trends underlie all pathways, as communities undergo the
same series of stages. However, development of the underlying soil sediment is often
overlooked in literature as it is regarded as a constant and unchanging variable. Here,
paleoecological observations of fossil pollen and charcoal content were combined with
pedological methodologies to determine changes in vegetation assemblages, natural
disturbance, and pedogenic processes throughout the Holocene in Northern Appalachia.
We reconstructed the paleoecological records of vernal pools located in the Ridge and
Valley and Appalachian Plateau, two physiographic regions of central Pennsylvania that
differ in topography and parent material. The reconstructed vegetation history in the
Ridge and Valley (RV) Province was captured from ~10,000 cal. yr. BP and followed a
transition from an evergreen-oak forest to a mixed deciduous-conifer forest. In the
Appalachian Plateau (AP) Province, the paleoecological record spans ~4,800 cal. yr. BP
and followed the transition from an open, oak dominated forest to a closed, mixed
deciduous forest filled with numerous herbaceous taxa tolerant of acidic soils.
Sedimentological and geochemical analyses indicated that the soil histories in each
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region are marked by similar pedogenic processes such as chemical weathering and
ferrolysis, but these processes occurred at different periods. Comparison of vegetation
and soil records reveals similar associations between the timing of changes at both sites
and changes in the paleoclimate reported in the Mid-Atlantic region of the United States.
However, differences in local factors such as parent material and fire regimes were major
influencers in the development of different successional pathways of the vernal pool
environments in the Northern Appalachians.
Introduction
Vernal pools, or temporary wetland depressions, have ephemeral water tables
driven by seasonal changes in precipitation and tend to be sinks for inputs from
atmospheric or local transport processes (Keeley and Zedler, 1998). Due to their small
size, limited spatial extent, and oftentimes unique vegetation, vernal pools have a high
conservation importance worldwide and are especially valued where rare like in the
northern Appalachians. To the best of our knowledge, few studies have examined the
genesis and vegetation history of vernal pools (southern France, see Le Dantec et al.,
1998, Muller et al., 2008, and Dolez et al., 2015; and western Morocco, see Amami et al.,
2013). However, vernal pools are known to record temporal changes in their surrounding
ecosystem such as shifts in climate and associated vegetation patterns, because these
isolated environments act as sinks of material transported from the surrounding and
distant ecosystem (Foster and Zebryk, 1993). Where information on vegetation and
climate shifts through time is minimal, vernal pool systems can greatly enhance
knowledge of long-term ecosystem evolution.
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Various factors such as a site’s bedrock lithology, climatic history, and
disturbance legacy can influence past and current vegetation assemblages and pedogenic
processes in wetland ecosystems by changing the physical and chemical forms of soil
materials and affecting their rate of development (Hupp and Osterkamp, 1996; Winkler,
1988; Ireland and Booth, 2012). Rains et al. (2008) demonstrated that differences in
geologic characteristics such as lithology can lead to distinct differences in the chemical
and physical hydrology in vernal pools. The impact of geology on soil development and
the distribution and structure of vegetation communities is well documented in the
literature (Jenny, 1994; Kruckeberg, 2004). Aerts (1997) reported the interconnections
between climate, leaf litter chemistry, and litter decomposition at sites located in the
temperate, Mediterranean, and the low humid lowland tropical regions of the world. He
found that climate was the primary, and leaf litter chemistry the secondary control on the
decomposition process (Aerts, 1997). Yu (2006) also demonstrated the control of climatic
and autogenic factors on carbon (C) sequestration patterns in Canadian fens and bog
wetlands throughout the Holocene. However, little information is available on the longterm soil and vegetation dynamics in vernal pool environments.
Here we describe the long-term soil development and surrounding landscape
vegetation change associated with two vernal pool ecosystems in the northern
Appalachians. The objectives of our study were to: (1) describe the genesis and
vegetation history of vernal pool sites representative of two distinct physiographic
provinces; (2) assess the relative influence of climate, natural and anthropogenic
disturbance, and the interactions between soil and vegetation on successional pathways of

73
vernal pools throughout the Holocene; and (3) evaluate these vernal pools in terms of
their carbon sequestration potential.
Materials and Methods
Study Sites and Field Sampling
The study areas lie some 94 km southwest of the southernmost extent of a
terminal moraine at Williamsport, Pennsylvania which is of Wisconsin age (Sevon et al.,
1999). Remnants of a periglacial climate such as ice-wedge casts, block fields, boulder
rings, and boulder strips have been identified in many areas within proximity of
continental ice sheet (Marsh, 1987). The study site in the Ridge and Valley (RV)
Province lies in a depression oriented on an east-west axis between two adjacent ridge
crests. To the south and upslope lies the Tuscarora Formation, which consist of Silurian
light- to medium-gray quartzite and quartzitic sandstone and minor interbedded shale and
siltstone. Under the vernal pool lies the Bald Eagle Formation which is characterized as
Ordovician gray to olive-gray and grayish-red, fine to coarse-grained cross-bedded
sandstone (Berg et al., 1980). To the south and upslope is the Juniata formation which
consists of Ordovician grayish-red, very fine to medium-grained, cross-bedded sandstone,
and grayish-red siltstone and shale. This vernal pool is situated on deep, well to poorly
drained residual and colluvial sandstone and shale soils (Ciolkosz et al., 1990). In the
Appalachian Plateau (AP) Province, the vernal pool site is situated on the Mauch Chunk
Formation which is Mississippian grayish-red shale, sandstone, siltstone and some
conglomerate (Berg et al., 1980; Clark and Ciolkosz, 1988). The vernal pool in the AP
Province is 0.6 km long in a north-south direction by 0.03 km wide.
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The study area (40.70666667 N, 77.92500000 W) in the RV physiographic
province is one of several pools located between the two crests of Tussey Mountain in
Centre County, Pennsylvania (Figure 4-1). The RV Province is comprised of
northeasterly-southwesterly oriented valleys with long, narrow parallel ridges (Shultz,
1999). Block fields and boulder rings present within this region are indicative of the
former periglacial climate conditions during and shortly following the last Glacial
Maximum (Clark and Ciolkosz, 1988). Mean annual temperature and precipitation in the
nearby town of State College are 50°C and 8.4 cm (NOAA, 2017; Arguez et al., 2012).
Most of the area is covered by a mixed deciduous-coniferous forest dominated by
Quercus montana, Fagus grandifolia, Nyssa sylvatica, Tsuga canadensis, Pinus strobus,
and Acer rubrum, with a forest floor dominated by bryophytes such as Polytrichum
commune and Sphagnum spp. Located approximately 4.83 km southwest of Tussey
Furnace (active, 1810-1818) and approximately 6.44 km east of Pennsylvania Furnace
(active, 1815-1911), this area has experienced significant regional anthropogenic
disturbances that include deforestation, wildfires, and agriculture (Stevens, 1985).
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Figure 4-1. Map of Centre County, PA. The digital elevation map displays changes in
elevation between the Appalachian Plateau and the mountainous Ridge and Valley
physiographic provinces. White circles represent site locations.
The vernal pool site (40.95111111 N, 78.00250000 W) in the AP Province is
located next to a similarly sized, hydrologically disconnected pool in Black Moshannon
State Forest (Figure 4-1). The AP Province is characterized undulating hills with a local
relief generally greater than 365 m. Mean annual temperature and precipitation of the
nearby Philipsburg Mid-State Airport are 47°C and 9.0 cm (NOAA, 2017; Arguez et al.,
2012). Vegetation immediately surrounding the sampling site is composed of mixdeciduous forest composed of Fagus grandifolia, Quercus montana, Tsuga canadensis,
Betula nigra and Acer rubra. Ericaceous shrubs, such as Vaccinium spp. and Kalmia
latifolia, are present in the surrounding uplands. Wetland plants located in the vernal pool
consist of Polytrichum commune, Carex crinita, and Carex canescens. Located
approximately 9.66 km northeast of Plumbe Forge (active, 1828-1842) (Stevens, 1985),
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the land surrounding the vernal pool has experienced some mining and logging in the late
1800s to early 1900s, and regionally today has some surface mining and extensive
logging.
A single core was collected at each study site in May 2017. An engine powered
vibracore drill head (850 Series Brings and Stratton OHV Horizontal Engine 205cc) was
used to extract the cores by emitting low amplitude vibrations on a 7.62 cm aluminum
barrel. Continuous and intact cores were collected from the deepest point between the
edge of the vernal pool and the extent of the vibracore drill extension (3 m); core depth
was limited by depth of refusal and confirmed via hand auguring. In the RV Province, a
58 cm soil core was collected in 35 cm of standing water that overlaid a bed of sphagnum
moss. The 57 cm core collected in the AP Province was extracted from a non-vegetated
area overlaid with 20 cm of water. Cores were extruded vertically by hand, capped with
rounded pieces of perforated Styrofoam to release excess water and prevent material loss,
and secured with plastic end caps and duct-tape.
With attention to orientation, the two soil cores were split into working and
archive halves with an electric sheet metal cutting shear and a fishing line. The archive
half was wrapped in plastic wrap and aluminum foil and stored under refrigeration at 4⁰C.
The working half of the core was removed from the barrel and cleaned by lightly
scrapping a microscope slide at an acute angle along the edges of the core. Soil horizon,
horizon depth, moist color, and redoximorphic features were described according to
standard methods (Schoeneberger et al., 2012) and sampling intervals separated into 5 cm
increments between 0 and 55 cm.
Soil Analysis
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Volumetric samples for pollen, bulk density, loss-on-ignition (LOI), and charcoal
analyses were removed with a 10 ml ‘cut-tip’ plastic syringes (Berglund, 1986). Samples
were air-dried and homogenized by depth interval for other analyses. Dry bulk density
was measured at each depth interval by drying a known volume (1 cm3) at 105°C for 14
hours and dividing dry mass by volume. Sediment organic matter content was determined
by percent weight LOI by combusting the dried samples at 550°C for 1 hour. Soil
samples for each depth interval were measured in duplicate.
Total organic C and N were measured by combusting a 12-14 mg of air-dried,
finely ground soil with a CHNS-O Carlo Erba elemental analyzer (CE Instruments
Elemental Analyzer EA 1110, Thermo Fisher Scientific, U.S.) (Nelson and Sommers,
1996). Mineral-associated soil organic carbon was isolated by acid hydrolysis using the
single-step chemical fractionation procedure modified from Rovira and Vallejo (2002).
Briefly, 1 g of soil was mixed with 20 ml of 6M HCl and heated at 100°C in a sealed
Pyrex tube for 16 hours. After hydrolysis, the mixture was centrifuged at 3500 rotations
per minute (RPM) for 10 minutes. The supernatant was decanted, and the nonhydrolysable residue was rinsed three times with 100 ml deionized water. The nonhydrolysable residue was transferred to a pre-weighed aluminum container, dried at 60℃
overnight, and ground with a mortar and pestle. In this study, only the non-hydrolysable,
mineral-associated organic C was determined. The recalcitrant index for carbon (RIC)
was calculated to characterize the mineral-associated SOC fraction using the equation
(Silveira et al., 2008):
𝐶 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 ×

𝑅𝐼𝐶(%) = (

𝑚𝑎𝑠𝑠𝑠𝑢𝑏𝑠𝑎𝑚𝑝𝑙𝑒 𝑜𝑓 𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑚𝑎𝑠𝑠𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑𝑟𝑒𝑠𝑖𝑑𝑢𝑒
(
)
𝑚𝑎𝑠𝑠𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑜𝑖𝑙

𝐶 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑜𝑖𝑙 × 𝑀𝑎𝑠𝑠 𝑜𝑟𝑖𝑔𝑖𝑛𝑖𝑎𝑙 𝑠𝑜𝑖𝑙

) × 100

(1)
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Concentrations of base cations (Mg, K, Ca, Na), minor metals (Cr, Cu, Ni, V, Y,
Zn), and other metals (Rb and Al) were determined by supertrace ICP-MS at ALS
Minerals, Reno, Nevada, USA. Determinations of sand, silt, and clay were measured
using the hydrometer method (Gee and Bauder, 1986) at the Pennsylvania State
University’s Agricultural Analytical Services Lab. Soil texture class was determined as
the relative percentages of sand, silt, and clay measured in each 5 cm depth interval.
To develop a record of the fire history in the immediate vicinity of the vernal
pool, charcoal count was determined using the sieve method (Whitlock and Larsen,
2001). Soil samples (1 cm3) were treated with 6% hydrogen peroxide (H2O2) to remove
organic matter, soil was passed through a 177 μm sieve, dried in a petri dish at 50°C for
24 hours, and charcoal pieces greater than 177 μm were counted using a stereo
microscope (Leica S6 D).
Pollen Analysis
For pollen analysis, volumetric samples (1 cm3) were analyzed at each 5 cm depth
interval from 5 - 55 cm along the soil core. Samples were prepared for microscopy using
standard pollen processing procedures following Faegri and Iversen (1989). Pollen
samples were mounted onto slides using glycerol and counted under a light microscope
(Leica DMLB) at 400X magnification. A minimum of 400 grains were identified and
counted in each sample, unless pollen recovery was poor and the minimum could not be
achieved. Identification of pollen grains was aided by reference to McAndrews et al.
(1973), Faegri et al. (1989) and the pollen reference collection at the University of
Minnesota.
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Pollen diagrams are presented as pollen percentages based on the pollen sum of
arboreal pollen, including trees and shrubs (AP) and non-arboreal pollen (NAP),
excluding spores of Bryophyta and Pteridophyta and pollen of sedges and aquatic plants.
All observed pollen grains were reported, and taxa were separated alphabetically into
functional groups of arboreal (coniferous and deciduous trees and shrubs) and nonarboreal (herbs, aquatic plants, and spores) plant taxa (Appendix A). Pollen grains were
identified to species, except when grains were highly degraded. To facilitate description
of the pollen diagram, pollen sequences were separated into different assemblage zones.
Pollen diagrams were constructed by the paleoecology data software Tilia 1.5.11
(Grimm, 2011), and a stratigraphically constrained cluster analysis with square root data
transformation was used to separate zones of similar pollen assemblages (Grimm, 1987).
Chronology
Accelerator mass spectroscopy (AMS) radiocarbon dates were obtained for
charcoal and plant bark and root fragments. Radiocarbon ages were calibrated to calendar
years before present (cal. yr. BP) relative to the A.D. 1950 datum using CALIB 7.1
(Reimer et al., 2013). IntCal13 (Reimer et al., 2013) and the Bacon software for Bayesian
age modeling in R (Blaauw and Christen, 2011) were used for calibration of the
radiocarbon dates. The age model output from Bacon is based on the probability density
function for each calibrated radiocarbon age and a prior estimate of the mean
sedimentation rate throughout the core (10 yrs./cm).
Results
Radiocarbon Dating
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Accelerator mass spectroscopy (AMS) radiocarbon dates were obtained for
charcoal and plant bark and root fragments (Table 4-1). The five AMS radiocarbon dates
indicate that the 58 cm core captured environmental change throughout most of the
Holocene between ~11,142 cal. yr. BP to present at the site located in the RV Province
(Figure 4-2). In the AP Province, the two AMS dates suggest this core captured
environmental development since at least ~6,124 cal. yr. BP (the interpolated age at the
44 cm level) (Figure 4-2).
Table 4-1. Radiocarbon ages for vernal pool sites in the Appalachian Plateau (AP) and
the Ridge and Valley (RV) physiographic provinces.
Physiographic
province

Depth
(cm)

Material
dated

Laboratory
number

Percent
Modern
Faction

Error

Radiocarbon age
(14C yr. BP)

AP

11

charcoal

PSU-4372

0.8220

0.0016

1,575 ± 16

AP

44

root

PSU-4373

0.5136

0.0016

5,352 ± 25

RV

4

bark

PSU-4375

1.0579

0.0016

-445 ± 15

RV

14

charcoal

OS-134217

0.9252

0.0081

625 ± 70

RV

24

charcoal

PSU-4376

0.8289

0.0018

1, 505 ± 20

RV

31

charcoal

PSU-4377

0.7198

0.0015

2,640 ± 20

RV

58

charcoal

OS-134185

0.2915

0.0039

9,902 ± 107
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Figure 4-2. Bayesian age model output from Bacon (Blaauw and Christen, 2011) for the
Ridge and Valley (RV) and Appalachian Plateau (AP) physiographic regions. The profile
includes calibrated 14C dates (transparent blue), age-depth model (darker greys indicate
more likely calendar ages; grey stippled lines show 95 % confidence intervals; red curve
shows single ‘best’ model based on the weighted mean age for each depth) and
sedimentation rates (mm/yr) along the depth profile based on weighted mean age for each
depth. Inset figures show the prior (lines) and posterior densities (area fills) for the mean
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accumulation rate (middle; sedimentation rate) and memory (right; autocorrelation
strength at 1 cm intervals), the two prior estimates in the age model.
Soil Analysis
Sedimentology and Chronology
In the RV Province, the core consisted of weathered clay horizons overlain by
organic horizons of sandy loam and sandy clay (Figure 4-3). The clayey soil below 20 cm
(1,077 cal. yr. BP) is under more carbon rich (LOI > 20%) soil. In the Appalachian
Plateau, the sandstone residuum lithology formed iron rich sandy clay loam horizon that
was overlain by a small loam horizon (45 – 50 cm) and layers of sandy clay loam and
sandy loam (Figure 4-3). Sand was the dominant soil size particle throughout the core,
however, clay increased slightly with depth (Figure 4-3).
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Figure 4-3. Sedimentology of the Ridge and Valley (a) and Appalachian Plateau cores
(b). Percentages represent soil separate absolute percentages that summed equal one
hundred.
Wildfire Disturbance
Throughout much of the early- to mid-Holocene, fire activity in the RV Province
was relatively low, and for some time periods non-existent (between 30 cm and 40 cm).
Most of the fire activity in the RV occurred between ~1,517 cal. yr. BP (5 pieces cm-3)
and ~681 cal. yr. BP (20 pieces cm-3) in the late-Holocene and gradually declined to 13
pieces cm-3 at the top of the record (5 cm; ~ -153 cal. yr. BP) (Figure 4-4). Conversely,
fire activity in the Appalachian Plateau spiked between the bottom of the core (55 cm; 15
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pieces cm-3) and 45 cm (579 pieces cm-3) (not shown due to inability to interpolate
calibrated ages for this section of the core). Fire activity on the Appalachian Plateau
declined by ~5,594 cal. yr. BP (18 pieces cm-3) and remained at an average of 29.2 pieces
cm-3 until ~2,694 cal. yr. BP when fire activity increased to 358 pieces cm-3 at the core’s
surface (5 cm) (Figure 4-4). Results of increased fire events during the late-Holocene in
both physiographic regions are in general agreement with other fire histories in the
northeastern United States (Clark and Royall, 1996).
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Figure 4-4. Charcoal count (pieces cm-3) as a proxy of fire disturbance in the Ridge and
Valley (RV; circles) and the Appalachian Plateau (AP; triangles) with depth.
Geochemical Analyses
The vernal pool in the RV Province decreased in bulk density from approximately
0.81 g cm-3 in the clay horizons at the bottom of the core (55 cm; ~10,195 cal. yr. BP) to
0.28 g cm-3 (5 cm; ~ -153 cal. yr. BP) in the sandy loam subsurface horizon at the top of
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the record (Figure 4-5). Bulk density varied with depth at the AP vernal pool site as
values decreased from 1.44 g cm-3 at 55 cm to 1.23 g cm-3 around 5,594 cal. yr. BP. Bulk
density then increased to the highest value measured along the core, 1.76 g cm-3, by
~4,156 cal. yr. BP, before returning to approximately 1.36 g cm-3 by ~1,348 cal. yr. BP.
At the top of the core, bulk density decreased to the lowest value along the core (0.98 g
cm-3) at ~603 cal. yr. BP. (Figure 4-5). Results indicate that throughout the Holocene
LOI, total C, N, and P were higher in the RV than the AP. While the concentrations of C,
N, and P were relatively similar throughout much of the sedimentary record, soil
nutrients in both regions began to increase rapidly around 2,000 cal. yr. BP (Figure 4-5).
At the RV vernal pool, the RIC content decreased from 55.9% at the start of the
record to 37% around 3,800 cal. yr. BP (Figure 4-5). RIC remained low throughout the
rest of the mid-Holocene and then recovered to 45.5% by ~2,517 cal. yr. BP (Figure 4-5).
However, as percent LOI and total C increased throughout the late-Holocene, RIC values
continually decreased to a record low of 14.7 % at the surface of the core (Figure 4-5).
Conversely, at the AP vernal pool site, RIC steadily increased from the start of the record
to 80.9% at ~3,430 cal. yr. BP (Figure 4-5). Like the RV vernal pool, RIC values
gradually decreased throughout the remainder of the record.
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Figure 4-5. Quantity and distribution of bulk density (g cm-3), LOI (%), total C (%), the
recalcitrant index for carbon (%), N (%), and P (%) for each 5cm increment (points)
along the soil core in the Ridge and Valley (RV; circles) and the Appalachian Plateau
(AP; triangles).
At the RV vernal pool site, the concentration of base cations was approximately
0.25 % between ~10,195 cal. yr. BP and ~1,078 cal. yr. BP, after which base cations
decreases to the lowest concentration along the core (0.18%) around 278 cal. yr. BP. At
the surface of the core, the concentration of base cations in the RV Province increases to
0.23% (Figure 4-6). In the AP Province, the concentration of base cations at the
beginning of the record is approximately between 0.18% between 55 - 45 cm, after which
the concentration of base cations decreases to 0.09% at ~603 cal. yr. BP (Figure 4-6). The
distributions of minor metals show different trends in the RV and AP Provinces. For
example, at the start of the record in the RV, the amount of minor metals decreases from
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135 ppm at ~10,195 cal. yr. BP to a core minimum of 80 ppm at ~3,800 cal. yr. BP
(Figure 4-6). The minor metal concentrations then increased, more so in the lateHolocene to 137 ppm around 278 cal. yr. BP (Figure 4-6). Conversely, the vernal pool
site in the AP Province gradually decreases throughout the Holocene from 152 ppm at the
start of the record to 80 ppm by ~1,981 cal. yr. BP, and then increases to 93 ppm at ~603
cal. yr. BP (Figure 4-6).
The elemental ratios K/Rb and K/Al are used as proxies for chemical weathering
as the comparison of the relatively mobile alkali element K to more stationary elements
such as Al and Rb conceptualizes the breakdown and movement of the elements in water
(Selvaraj and Chen, 2006). The percent ratios of K/Rb correlated well with the K/Al
ratios in each province, however they show different long-term patterns of chemical
weathering in each region. In the RV Province, the K/Rb ratio decreases from 122 to 115
between ~10,195 cal. yr. BP and ~6,977 cal. yr. BP. Chemical weathering intensifies
slightly as the K/Rb ratio increases to 133 at ~5,394 cal. yr. BP before decreasing to 79 at
~681 cal. yr. BP (Figure 4-6). The core in the RV Province suggests recent chemical
weathering as the K/Rb ratio rapidly increases to 200 around -153 cal. yr. BP (Figure 46). In the AP Province, the record of chemical weathering as inferred from the K/Rb ratio
declines from a high of 116 at 55 cm to the lowest concentration along the core (59) at
the core’s surface (5 cm; 603 cal. yr. BP) (Figure 4-6). The intensity of chemical
weathering as inferred from the K/Al differs slightly in the AP Province as it shows that
weathering increased slightly between 0.11 at 55 cm and 0.11 around 4,156 cal. yr. BP
(Figure 4-6).
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Figure 4-6. The distribution of base cations (the collective sum for Mg, K, Ca, Na) (%)
and minor metals (the sum of Cr, Cu, Ni, V, Y, Zn) (ppm) for each 5 cm sampling
interval (points) in the Ridge and Valley (RV; circles) and the Appalachian Plateau (AP;
triangles) physiographic provinces.
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Figure 4-7. Indices of chemical weathering K/Rb and K/Al for each 5 cm sampling
interval (points) in the Ridge and Valley (RV; circles) and the Appalachian Plateau (AP;
triangles) physiographic provinces.
Pollen Assemblages
Ridge and Valley Physiographic Province
Figure 4-8 shows the pollen diagram of identified vegetation groups at the RV
vernal pool. The percentage pollen diagram from the RV core was divided into two
pollen assemblage zones that are described below.
Zone RV-1a (55 – 47 cm) 10,195 – 7,601 cal. yr. BP: Pinus-Quercus
Zone RV-1 features high percentages of Quercus (up to 45%) and Tsuga (up to
40%) together with declines of Pinus (from > 20% to < 5%), Abies (< 1%), and Betula (<
5%). The percentage of Nyssa is also high (up to 15%) and increases throughout the zone.
We infer that this sedimentary sequence likely corresponds to the general pollen
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stratigraphic sequence representative of the Younger Dryas event, as indicated by the
decline of cold and drought tolerant taxa such as Pinus and Abies (Shuman et al., 2004).
Zone RV-1b (47 – 27 cm) 7,601 – 1,886 cal. yr. BP: Quercus- Nyssa-Tsuga
The pollen assemblage in zone RV-1b is like pollen assemblages of the mid- to
late-Holocene reconstructed in other areas of the northeastern United States (Prentice et
al. 1991, Shuman et al., 2004, Willard et al., 2005, Viau et al., 2006). The change in the
RV core’s vegetation assemblage suggests a transition from an evergreen-oak forest to
oak dominated mixed deciduous forest. Zone RV-1b (47 – 35 cm level; ~7,601 – 3,880
cal. yr. BP) features high percentages of Nyssa (up to 50%), low percentages of Quercus
(to ~15%), and a gradual decline of Tsuga (from 35% to 25%). The absence of Pinus
from the pollen diagram coincided with the decline of Quercus and the rise and
dominance of Nyssa (up to 60%). Several hardwood taxa including Fagus, Acer, and
Carya increased in this section of the RV-1 zone. The end of the zone (35 - 27 cm; 3,880
– 1,886 cal. yr. BP) features prominent declines of Tsuga (to < 5%) and Nyssa (from 55%
to < 15%) and rapid increases in Quercus (up to 60%). Pinus shows a gradual recovery
and reaches its highest value in the record at 30 cm (10 %; ~2,517 cal. yr. BP). Small
percentages (< 5%) of taxa indicative of a wet environment such as Fraxinus
pennsylvanica-type and Liquidambar are present at this part of the zone.
Zone RV-2a (27 – 10) 1,886 – 278 cal. yr. BP: Quercus-Ilex-Ericaceae
Zone RV-2a is characterized by high Quercus percentages (> 50%) and increased
percentages of mixed deciduous-coniferous taxa such as Abies (< 5%), Pinus (up to
10%), and Betula (< 10%). The brief increase of acid tolerant taxa such as Ilex (up to
20%) and Ericaceae (up to 10%) and the highly adaptive fern genus Osmunda (up to
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70%) distinguish Zone RV-2a from other zones. This change in vegetation suggests a
paleoenvironmental shift as the surrounding landscape experienced a cooler, wetter
climate (Shuman et al., 2004). Conditions favorable for wetland vegetation such as
Lycopodium, a bryophyte species commonly found in moist shady environments, was
observed (< 1%) during this zone.
Zone RV-2b (10 cm – top) 278 cal. yr. BP to present: Quercus-Nyssa-Ambrosia
Zone RV-2b features a gradual decrease in Quercus (to 25%) and increases in
Nyssa (up to 35%) and Ambrosia (up to 5%). Osmunda and Ilex had lower values than in
zone RV-2a. Wetland upland taxa such as Fraxinus pennsylvanica-type (< 5%) and
Ulmus (< 5%) and herbs and aquatics indicative of wet environments including Plantago,
Typha angustifolia-type, and Lycopodium were present in low percentages (< 1%).
Appalachian Plateau Physiographic Province
Pollen data was retrieved only from the upper 35 cm of Appalachian Plateau core
because the quality and quantity of pollen grains diminished below this extent (~4,879
cal. yr. B.P.) and inhibited the reconstruction of vegetation assemblages. The discovery
of abundant amounts of feldspar and quartz minerals in the pollen samples below 35 cm
indicates that this core captured vernal pool initiation or lateral expansion at this site. The
pollen record for this region was subdivided into three zones (Figure 4-9).
Zone AP-1a (35 – 27 cm) 4,879– 3,722 cal. yr. BP: Quercus-Nyssa-Pinus
When the pollen record in the Appalachian Plateau began at ~4,879 cal. yr. BP,
mix-deciduous taxa such as Quercus and Nyssa were already abundant (> 30%). The
subsequent declines of Quercus (from 45% to 35%) and Nyssa (from 35% to 20%) at 30
cm (~4,156 cal. yr. BP) coincided with increases of Pinus (up to 20%), Betula (up to
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5%), and Carya (up to 10%). Subsequent declines in Pinus and Carya also coincided
with increases in the percentage values of Nyssa and Quercus. Taxa indicative of a wet
environment, such as Liquidambar and Ulmus, were present at low percentages (< 5%).
Percentages of terrestrial nonarboreal taxa such as Poaceace and Sphagnum were present
as minor components (<5%), while Osmunda was dominant (> 65%).
Zone AP-1b (27 – 17 cm) 3,722 – 2,255 cal. yr. BP: Quercus-Nyssa
Zone AP-1b features high percentages of Quercus (up to 60%) and Nyssa (up to
25%). Pinus decreases to low percentages (<5%) and hardwood taxa indicative of wet
environments such as Acer, Castanea, Ilex, and Ostrya/Carpinus and shrubs such as
Ericaceae were observed at low percentages (< 5%). The dominant herbaceous taxa
Osmunda increased during this zone (up to 85%) as the bryophyte Sphagnum declined
and disappeared from the pollen diagram.
Zone AP-2 (17 cm – top) 2,255 cal. yr. BP to present: Quercus-Ambrosia
CONISS provided two subdivisions for this zone, and they will be described here
as the main zone AP-2, because together they characterize the Quercus-Ambrosia
transition. Zone AP-2a (17 – 10 cm; ~2,255 – 1,348 cal. yr. BP) features a decline of
Nyssa (to < 5%) and rapid increase of Ambrosia (up to 20%). Percentage values of
Quercus (~50%) and Pinus (< 5%) remained constant during this part of the zone.
Osmunda is highest (up to 80%) at 15 cm (~1,981 cal. yr. BP), then declines (to 65%) as
trilete spores (up to 20%) and Poaceace increased (< 10%) throughout this part of the
zone. Zone AP-3b features the removal of Nyssa from the pollen diagram and slight
decline of Quercus (from 55% to 50%) and Osmunda (from 60% to 50%). Taxa
indicative of a wet environment such as Ulmus, Platanus, Alnus, and herbaceous taxa

93
such as Cyperaceae and Aster-type were observed at low percentages (< 5%). Early
agriculture is suggested by observations of Cerealia and Rumex pollen grains.
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Figure 4-8. Pollen diagram of the core located in the Ridge and Valley physiographic province. The pollen diagram is divided in
different zones of similarity (RV-1 and RV-2).
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Figure 4-9. Pollen diagram of the soil core located in Black Moshannon State Forest in the Appalachian Plateau physiographic
province. The pollen diagram is divided in different zones of similarity (BMI and BMII).
1
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Discussion
Vegetation Assemblages
There were observable changes in the plant community composition throughout
the Holocene in the two physiographic regions of central Pennsylvania. During the early
Holocene vegetation in the RV Province vernal pool was sparse and dominated by a few
arboreal species such as Nyssa, Tsuga, Quercus, and Pinus. Smaller percentages of NAP
vegetation pollen such as grasses, monolete ferns, and Polygonum were also represented.
It is surprising that the pollen record in the AP Province was not captured during this time
as evidence of vegetation in this region has been observed in another study (see Overpeck
et al., 1992). Nonetheless, similar patterns in the pollen assemblages of Quercus, Pinus,
and Tsuga observed in the RV Province during the early Holocene were present in other
correlative sediments studied in Pennsylvania. Stingelin (1965) reconstructed the late and
post glacial vegetation history of the North Central Appalachian Region with a
paleoecological study of Appalachian bogs located between western Massachusetts and
northeastern West Virginia, including the Bear Meadows bog in the RV Province. This
reconstruction showed similarly high values of Quercus, Tsuga, and Pinus among the
arboreal taxa and low percentages of non-arboreal taxa such as grass during the earlyHolocene.
While both physiographic provinces maintained similar kinds of plant taxa,
regional factors influenced vegetation composition in each area during the mid- to lateHolocene. At the onset of the pollen record in the AP Province there were observable
declines in Nyssa and increases in Betula, Carya, and Quercus. A similar pattern was
observed in the RV Province between ~4,758 and ~2,910 cal. yr. BP and in the Stingelin
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(1965) record. Additionally, zonal shifts in the late-Holocene, specifically RV-2a in the
RV Province (around ~1,886 cal. yr. BP) and AP-2 in the AP Province (~2,255 cal. yr.
BP) occurred at similar times. This is expected in areas that experience a similar climate,
since the fundamental niche preferences of the flora may be similar. However, regional
differences in the species composition in each area may be due to specific differences in
the realized niches of specific taxa. For example, hardwood taxa such as Betula, Carya,
Nyssa, Quercus, and Pinus displayed similar patterns in occurrence, but the vegetation
record is more diverse and there were higher percentages of the common species in the
RV Province. Furthermore, herbaceous taxa indicative of acidic, wet environments such
as Ericaceae and Sphagnum were more prevalent in the AP Province. While differences
in topography is one of many potential factors that may influence the presences of
different plant populations in each study area, difference in plant diversity can be
explained by the difference in elevation between the two regions. As the vernal pool in
the AP Province is at a higher elevation than the site located in the RV Province, it is
expected that we would observe fewer plant taxa on the plateau as fewer plants are able
to withstand the colder and more acidic soil conditions (Kreft and Jetz, 2007).
Relationships between Vegetation Shifts and Changes in Climate and Soil
Many studies have used paleoecological records to show that climate control
long-term, regional and continental-scale vegetation history throughout the late
Quaternary Period (Prentice et al. 1991, Shuman et al., 2004, Willard et al., 2005, Viau et
al., 2006). Stuiver et al. (1995) reported that until approximately 14,600 cal. yr. BP, the
northern Appalachians of the United States experienced cold, glacial conditions that were
5 - 10°C colder than today. The vegetation histories observed in this project begin after
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the retreat of the Wisconsinan Glacier, as temperatures began to rise throughout the
northeastern United States. However, Huang et al., (2002) conducted a hydrogen isotope
analysis of Crooked Pond, Massachusetts to determine the regional temperature of the
northeastern United States. Huang et al., (2002) found that the climate in this region
continued to warm as temperatures continued to rise until 13,000 cal. yr. BP. This period
was followed by in interval of cold, dry conditions (12,900 to 11,600 cal. yr. BP) known
as the Younger Dryas chronozone (YDC). The YDC began as Picea pollen increased in
the region, which designated a shift to cooler than previous conditions (Shuman et al.,
2002). At Crooked Pond, hydrogen isotope ratios of the lacustrine compound declined
during this time (~12,900 cal. yr. BP), as temperatures declined to greater than 5°C cooler
they were previously (Huang et al., 2002). In the northeastern United States pollen
record, the end of the YDC is characterized by an increase in Abies pollen, as this is
indicative significant increases in precipitation (Shuman et al., 2002).
The pollen records observed in the RV and AP provinces coincide with existing
paleoclimate records elsewhere in the northeastern United States. For example, my pollen
record in the RV physiographic province begins at the end of the YDC as temperatures
rose rapidly and spruce and fir pollen disappeared from the pollen diagram (Shuman et
al., 2004). Simialr Similar evidence of warming during the mid-Holocene as temperature
increased to conditions like modern day have been demonstrated with pollen data
(Shuman et al., 2004), hydrogen isotope ratios (Huang et al., 2002), and macrofossil and
fish scale remains (Peteet et al., 1993). This initial increase in temperature is captured in
the vegetation assemblages in the RV Province because at the onset of the RV-1 zone,
hemlock percentages between 55 cm (10,195 cal. yr. BP) and 50 cm (10,089 ± 1,770 cal.
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yr. BP) double and replace the drought tolerant pine taxa. Moreover, Pinus momentarily
disappears from the RV pollen diagram between 50 cm (~8,572 cal. yr. BP) and 40 cm
(~5,394 cal. yr. BP), as other mesic taxa such as Fagus and Nyssa populations increased.
The entrance of taxa indicative of warmer climates, such as Acer in both pollen
diagrams, and the reappearance of Pinus around ~3,800 cal. yr. BP in the RV Province
core, suggests that temperatures continued to increase to warmer-than-modern conditions
after ~8,000 cal. yr. BP. Similar results were found by Davis et al. (1980) who conducted
a stratigraphic analysis of coniferous pollen and macrofossils from six sites at different
elevations in the White Mountains, New Hampshire. The discovery of pine and hemlock
remnants at higher elevations (300-400 m) than their present extent indicated that a
minimum increase of 2°C occurred between 9,000 yr. BP and 5,000 yr. BP (Davis et al.,
1980). Further, the subsequent decline of Tsuga around 3,800 cal. yr. BP on the RV
pollen diagram suggests that temperatures remained high between 5,400 to 3,000 cal. yr.
BP because decrease of this taxa is thought to be the result of a pathogen outbreak
(Davis, 1981) exacerbated by extended drought conditions (Calcote, 2003; Foster et al.,
2006).
In the northeastern United States, temperatures then shifted to a cool, wet climate
during the late-Holocene (Shuman et al., 2004). This shift may also explain the zonal
shift in both regions at this time. Specifically, occurrences of the highly adaptable
Osmunda taxa in the RV Province. While Osmunda is prominent throughout the entire
pollen record in the Appalachian Plateau, it rapidly increases in the RV record beginning
at ~2,517 cal. yr. BP, reaches its highest value at 1,077 cal. yr. BP and just as quickly
declines throughout the upper portion of the core. The rapid increase and subsequent
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decline of Osmunda in the RV Province is interesting because this species is an indicator
of poorly drained, acidic soil conditions (Pregitzer and Barnes, 1982). The pollen
percentage values of another prominent indicator of an acidic soil environment,
Ericaceous pollen, also increased and declined in the RV record reconstructed here and,
in the Stingelin (1965) record.
While climate inevitably influences the vegetation in central Pennsylvania, the
more recent changes in the vegetation history among the two physiographic regions are
indicative of anthropogenic disturbance. For example, indicators of disturbance such as
ragweed and fleawort entered the pollen diagram in the AP Province much earlier than in
the RV Province. This observation is supported in the literature, as Native American
populations are known to have had settlements in the AP Province during this time (Day,
1953). Native American land-use practices have been shown to alter the plant species
composition of occupied areas during the late-Holocene (see Black et al., 2006). While it
is possible that Native Americans settled in the RV region as well, the later increase in
Ambrosia in this area may be attributed to activities such as repeated cuttings and slash
fires that occurred after European settlement at to (Norwacki and Abrams, 1991).
Relationships between Soil Crganic Carbon and Changes in Vegetation and Climate
The results of this investigation indicate that soil development in the RV and AP
physiographic provinces are related to changes in the regional climate. However, as the
soils in each region formed from different parent materials on dissimilar topographic
landscapes, the occurrence and impact of pedogenic processes such as chemical
weathering, clay formation and translocation, and ferrolysis resulted in dissimilar soil
characteristics such as soil texture, color, and elemental concentration. It is important to
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note that soils in each region may have polygenetic origins that may have also
contributed to their dissimilarities (Sevon, 1991). Nevertheless, multi-proxy indices such
as soil elemental content, soil particle size analyses, and charcoal count provided insights
as to the external and internal processes that may have shaped the development of these
environments.
In the RV Province, the number of charcoal pieces observed during the earlyHolocene between the early- to mid-Holocene signify that the amount of fire events
declined as the climate transitioned from cold, dry conditions to cool and drier
conditions. During this transition, the indices of organic matter input (LOI and total C)
decline as well. Further, during the mid-Holocene the climate transitioned to warmer
conditions. While the decrease in charcoal count is supported by this transition, the
amount of LOI, total C, RIC, N, and P all declined during this period. It is probable that
mineral-associated SOC fraction, as indicated by RIC, began to decline as warmer
climate conditions adversely affected the soil’s ability to sequester carbon. However, the
intense chemical weathering, as inferred from increases in the K/Rb and K/Al ratios may
explain the contradictory findings of nutrient inputs. For instance, as the climate
transitioned to warmer and wetter conditions, chemical weathering processes such as
acidification and hydrolysis dominated the soil forming process as base cations were
exchanged for hydrogen ions (H+) or hydroxyl ions (OH-). We theorize that hydrolysis of
the underlying Fe-, Mg-rich siliciclastic Juanita Formation resulted in the Fe-Mg-rich
clays and the increased clay content apparent in the soil texture of the underlying
horizons. This increased activity took a further toll on mineral-associated carbon, as RIC
rapidly declined during this time. Next, as the climate made its final transition to cooler
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and wetter environment during the late-Holocene the amount of chemical weathering
declined and the indices of organic C content increase accordingly. Here we see
pedogenic processes such as ferrolysis and organic matter accumulation take place within
this region. It is important to note that while this record captures an increase in charcoal
content during the late-Holocene, it does not adequately reflect the increased frequency
of fire activity reported by others (Abrams, 1992 provides a review of these findings).
In the AP Province, the record does not capture ecosystem development during
the early-Holocene. While the higher concentrations of base cations and minor metals
before ~4,879 cal. yr. BP in the AP Province may be indicative of greater water-level
fluctuations (Bedford et al., 1999), pollen grains were also not observed in this part of the
core (below 35 cm). Tsai and Chen (2000) examined the ability of various soil elemental
parameters to predict manifestations of lithological discontinuities on three landscape
positions along a toposequence in southern Taiwan. They found that analysis of the clayfree particle size distributions and sand/silt ratios were more effective than either Ti and
Zr concentrations or Ti/Zr ratios at detecting genetically-related soil that is attributable to
weathering of the same parent material. Determinations of the clay-free particle size
analyses are outside the scope of this experiment, however, distinct differences in the
sand/silt ratios between this horizon and its overlying layers indicate that there may be a
lithologic discontinuity in this soil profile (Appendix A).
During the mid-Holocene fire activity increased in the AP Province. Prior to
~5,594 cal. yr. BP, there was a fire event that was much more intense than any event on
the soil record in both regions. Due to the mechanisms in which charcoal enters and is
retained in the soil profile, it is impossible to deduce whether this record is representative
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of multiple fire events that occurred within a closer proximity to the vernal pool site or if
it is indicative of more frequent fire events. Nevertheless, differences in the soil texture
between the two regions may explain the consistently higher charcoal count in the AP
than the RV Province. For instance, it can be inferred by the vegetation taxa (specifically
the prominence of Osmunda) and the soil texture analysis, that the soil in the AP
Province is more prone to have a lower water holding capacity than the soil in the RV.
Therefore, lower moisture retention may have resulted in increased fire events in the AP
Province.
Similar to the record in the RV Province, the transition to a warmer and wetter
environment during the mid-Holocene resulted in declines of LOI, total C, N, and P.
However, as indices of chemical weathering also increased in this region, unlike in the
RV, the amount of mineral-associated SOC increased during this period. At the end of the
mid-Holocene and into the late-Holocene as climate transitions to cooler and wetter
conditions, as the indices of C input (LOI, total C, N, and P) increase and the indices of
chemical weathering (K/Rb and K/Al) decline, the amount of mineral-associated SOC
decline as well. The exact mechanisms for this decline are unknown, and it is
confounding that mineral bond SOC experienced lower rates of sequestration during this
period of C input.
Next, soil development during the late-Holocene in each region was marked by a
long period of stability. Unlike the previous period of instability, soil development in the
mid- to late-Holocene was characterized by ferrolysis and organic matter accumulation in
both provinces. Between roughly 4,500 and 2,000 cal. yr. BP, the amount of mineralassociated SOC also began to recover in the RV Province and continued to increase in the
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AP Province where it reaches its highest value around 3,000 cal. yr. BP. As the climate
transitioned to cooler, wet conditions after 3,000 cal. yr. BP, the prominent wetland soil
forming process of ferrolysis dominated both areas. This clay destroying process led to
the development of sandy loam horizons in the upper portion of the soil profiles as the
soils experienced repetitive reduction and oxidation cycles. Long-term ferrolysis is said
to result in sandier layers in the upper part of the soil profile because clay decomposition
by this process is 10 times more efficient than weathering by organic acids (Brinkman,
1970).
Differences in the long-term retention of carbon, as indicated by the RIC value
show distinct differences in the regulation of mineral-associated carbon in the two
regions. These results were surprising for two reasons. First, as indicators of a higher
carbon input, LOI and total C, were consistently higher in the RV, it was unexpected that
RIC values were larger in the AP Province than in the RV throughout much of the earlyto mid-Holocene. Moreover, the rapid increase in mineral-associated SOC to a high in the
AP Province at ~3,430 cal. yr. BP indicates a change in the physical or chemical
ecosystem properties that control long-term carbon sequestration. This increase in RIC
corresponded to an increase in the bulk density in this region, but not to indicators of
carbon input such as LOI or total C.
It should be noted that both regions experienced extensive disturbance during the
last 2,000 years. This is also reflected in the pedogenic history of the soil profiles as
charcoal content increased in both areas. Discrepancies between the number of charcoal
pieces observed at each site indicate local signals, and the present of more frequent fires
in the AP Province. Nevertheless, it is important to note that although LOI and total C
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have increased exponentially throughout the late-Holocene, as estimates of the mineralassociated SOC fraction continued to decline in both provinces.
Conclusions
As ecosystems transition from one state to another, it is critical that we understand
how changes in environmental condition lead to changes in ecosystem parameters such as
species shifts and rates of carbon sequestration. This investigation proved that vegetation
and soil dynamics in both physiographic regions of central Pennsylvania were
predominantly controlled by changes in climate. This study could be used to effectively
conserve and manage an important, but understudied habitat. For example, studies like
these can be used for the further development of ecosystem state and transition models,
as they may highlight how long-term changes in environmental conditions promote shifts
in ecosystem states. Results gathered from this study will also allow for the quantification
and correlations between plant community compositions and soil characteristics such as
total C and mineral-associated soil organic carbon; patterns which could be useful to
policymakers, land managers, and others within the scientific community.
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Chapter 5
Mid-infrared diffuse reflectance spectroscopy as a reliable approach to evaluate soil
organic carbon fractions in wetland environments

Abstract
The application of mid-infrared spectroscopy (MIR) and partial least-squares
(PLS) analysis was used to predict the concentration of carbon and its component
mineral-associated soil organic carbon (SOC) fraction in vernal pools, or ephemeral
wetlands located in two physiographic provinces of central Pennsylvania. Laboratory
fractionations of SOC using the acid hydrolysis chemical fractionation procedure were
conducted on 341 samples collected in the topsoil of 6 vernal pool sites. Reliable MIRPLS models were developed and cross-validated to predict the content of total C using
different subsets of soil samples. Results demonstrated that mid-infrared spectroscopy
and PLS can provide a rapid, non-destructive method for determining total C and the
mineral-associated SOC fraction across the combined organic and mineral horizons
commonly found in vernal pool, wetland environments.
Introduction
Wetland soils play an important role in the global carbon cycle as it is an
important source or sink of carbon (Bridgham et al., 2006). In recent decades there has
been growing interest in developing long-term environmental strategies for wetland
environments due to their potential to sequester atmospheric carbon dioxide (CO2) (Lal,
2004). Historically, measurement of the quantity and distribution of soil organic carbon
(SOC) has relied on routine soil chemical and physical laboratory analyses; these
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methods can be time-consuming and expensive, especially for developing nations. Rapid,
widely available, and affordable analytical techniques that provide accurate soil carbon
information can help quickly address climate science and climate adaptation questions
scientists continue to address, but that often require large soil carbon data sets. Last, to
monitor spatial and temporal changes in SOC content, a better understanding of soil
carbon and its component fractions is required.
Routine analysis for SOC content could become more commonplace if rapid,
affordable analytical tools were available. Spectroscopic techniques such as near-infrared
(NIR) and mid-infrared (MIR) have been considered rapid, affordable alternatives to
conventional laboratory chemometric methodologies. NIR and MIR are non-destructive,
non-hazardous, and low-cost techniques shown to provide simple, time- and costeffective analyses of a wide range of chemical (Ben-Dor and Banin, 1995; Shepherd and
Walsh, 2002), physical (Cohen et al., 2005), and biological (Janik et al., 1998) soil
properties. NIR and MIR spectroscopy analysis of SOC and total C (TC) has been shown
to be strongly correlated to TC, SOC, and inorganic C (IC) in samples representative of
14 western US soil series and typically with high CaCO3 (McCarty et al., 2002). McCarty
et al. (2002) note that although both spectral regions predicted TC and SOC, MIR
analyses resulted in statistically stronger data.
The pairing of spectroscopic measurement with multivariate chemometric
techniques, such as partial least-squares (PLS) regression to estimate bulk soil properties
from spectroscopic measurements, was first applied by Janik and Skjemstad (1995).
Since then, the Janik and Skjemstad (1995) MIR-PLS technique has been shown to
provide reproducible, accurate predictions of SOC fractions (Zimmerman and Fuhrer,
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2007; Janik et al., 2007), however, the use of the method has been minimally evaluated in
soil typical of wetland environments (just 2 of the 14 locations evaluated by McCarty et
al. (2002) had “aqu” sub orders and were potentially wetland type environments). We
present an evaluation of a quick and cost-effective MIR-PLS method to measure and
characterize the mineral-associated SOC fraction in vernal pool, wetland ecosystems.
Materials and Methods
Study Region and Site Selection
Six vernal pools ranging from 324 – 1,413 m2 in area, and that differ in relief and
parent material, were sampled from the Allegheny Mountain Section of the Appalachian
Plateau and the Appalachian Mountain Section of the Ridge and Valley physiographic
provinces (northern Appalachians, USA, Figure 5-1). The Ridge and Valley
physiographic province is folded sedimentary strata (limestone valleys and sandstone
ridges) with long, linear ridge summits mostly comprising Inceptisols and Ultisols, and
adjacent valleys (Shultz, 2008) comprised largely of Alfisols. The Appalachian Plateau
physiographic province is a very mildly folded but is a dissected plateau of sandstone and
shale sedimentary strata (Beardsley et al., 1999).
The climate at all sites is humid continental, with warmer temperatures in the
Ridge and Valley and more precipitation across the Appalachian Plateau (Rossi, 1999).
Mean annual temperatures range from 5.2°C to 15.1°C in the Ridge and Valley and from
3.2°C to 13.2°C in the Appalachian Plateau (NOAA, 2017; Arguez et al., 2012). Mean
annual precipitation is approximately 100 cm in the Ridge and Valley province and 108
cm in the Appalachian Plateau (NOAA, 2017; Arguez et al., 2012).

117
Soil samples were selected to represent vernal pools located in both provinces. In
the Ridge and Valley province samples were collected from three sites in Rothrock State
Forest. These sites are among a chain of adjacent vernal pools located < 0.5 km apart.
Soils are derived from sandstone and shale colluvium that has undergone periglacial frost
churning during the last glacial maximum (LGM) (Clark and Ciolkosz, 1988). In the
Appalachian Plateau soil samples were collected from three vernal pools formed in
sandstone residuum, but that have also undergone periglacial frost churning during the
LGM.
All soil samples were collected from taxa commonly found in a mix-deciduous
forest. Taxa in in the Ridge and Valley include chestnut oak (Quercus montana),
American beech (Fagus grandifolia), white pine (Pinus strobus), and red maple (Acer
rubrum). In the Appalachian Plateau, upland forest vegetation consists Fagus grandifolia,
Quercus montana, river birch (Betula nigra), hoary sedge (Carex canescens) and
herbaceous shrubs such as vaccinium (Vaccinium spp.) and sheep laurel (Kalmia
angustifolia). Bryophyte species such as peat moss (Sphagnum spp.), haircap moss
(Polytrichum commune), and hoary sedge (Carex canescens) were observed in the vernal
pools of both regions.
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Figure 5-1. Location of the six vernal pool sites (red circles) in the Appalachian Plateau
and the Ridge and Valley physiographic provinces in Centre County, Pennsylvania
(outlined in black). This map was created using the Pennsylvania Department of
Conservation and Natural Resources Physiographic Province and the ArcGIS
PA_County_2016 feature class maps.
Field and Laboratory Measurements
A three-stage nested design was used for soil sample collection in which three 1
m2 quadrats were randomly placed within three 25 m2 plots at each vernal pool (Oliver
and Webster, 1986). Within each quadrat, three intact soil cores were collected using an
AMS slide-hammer and 2-inch-diameter split soil corer. The organic horizons (Oi – Oa)
were removed, individual cores were covered in plastic and aluminum foil, and cores

119
were placed in an ice chest until analyses was performed. A total of 341 soil samples
were collected in the Ridge and Valley (n = 165) and the Appalachian Plateau (n = 176)
physiographic provinces.
The soil cores were described according to standardized USDA-NRCS field
description procedures (Schoeneberger et al., 2012), air-dried, and divided by horizon.
All soil samples were then homogenized by horizon and passed through a 2 mm sieve.
Only soil samples between the depths of 0 and 30 cm, and samples with horizons that
marginally exceed 30 cm, were considered for this study. Total C was measured by dry
combustion using a CHNS/O elemental analyzer (CE Instruments Elemental Analyzer
EA 1110, Thermo Fisher Scientific, U.S.) (Nelson and Sommers, 1996). The mineralassociated C fraction was determined by hydrolyzing 1 g of finely ground, air-dried soil
with 20 mL of 6 M hydrochloric acid (HCL) in sealed Pyrex tubes. The tubes were
placed in an autoblock at 100°C for 16 hours. After cooling to room temperature, nonhydrolyzed soil residue was isolated by centrifugation (3500 RPM for 10 minutes). The
residues were washed three times with deionized water, and dried overnight at 60°C. The
amount of mineral-associated carbon was determined by dry combustion. This value is
represented by the recalcitrant index for carbon (RIC), which was determined using the
following equation:

𝐶 𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 ×

𝑅𝐼𝐶(%) = (

𝑚𝑎𝑠𝑠𝑠𝑢𝑏𝑠𝑎𝑚𝑝𝑙𝑒 𝑜𝑓 𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒
𝑚𝑎𝑠𝑠𝑛𝑜𝑛−ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑𝑟𝑒𝑠𝑖𝑑𝑢𝑒
(
)
𝑚𝑎𝑠𝑠𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑜𝑖𝑙

𝐶 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑜𝑖𝑙 × 𝑀𝑎𝑠𝑠 𝑜𝑟𝑖𝑔𝑖𝑛𝑖𝑎𝑙 𝑠𝑜𝑖𝑙

) × 100

(1)
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Spectral Scanning
The spectral reference of soil samples was measured using a Bruker Optic’s HTSXT microplate reader coupled to a Bruker Vertex 70 spectrometer (Billerica,
Massachusetts) equipped with diffuse reflectance. Four replicated subsamples of each
sample were analyzed as neat powers using the MIR diffuse reflectance technique (Janik
and Skjemstad, 1995). Spectra were acquired in the wave range 2500 to 25000 nm at 16
cm-1 resolution with rapid scan of > 70 spectra per second. For each sample, < 200 mg of
homogenized fine, powdered samples was placed into sample positions on a 96-well
aluminum microplate and leveled with a smooth edge. Background signal intensity was
quantified by collecting scans of blank cells and a control sample for baseline correction.
Spectral data was analyzed chemometrically using the partial least-squares
algorithm (PLS 1) in the OPUS QUANT 2 software (Martens and Martens, 2000). The
purpose of the PLS technique is to create a linear model that describes the relationship
between a dependent response variable and independent spectral variable(s) (Monfared
and Anis, 2017). The model “rank” is defined as the optimum number of spectral factors
used in the PLS model. The root-mean-square error of estimation (RMSEE) was
measured to determine the optimum number of spectral factors to include in the model
(2). The ideal number of PLS factors, as reflected by the model rank, are those that
provide the most information about the soil property of interest. Precautions were taken
to avoid selecting too few factors since this may lead to model underfitting as some
features of the soil property of interest would not be explained by the selected factors.
Further, model overfitting was also considered and avoided since the inclusion of too
many features would add unnecessary spectral noise to the PLS model. Several standard
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preprocessing techniques including multiplicative scatter correction and vector
normalization were examined by OPUS (Table 5-1), and the preprocessing
transformation with the best prediction performance (lowest rank and highest correlation
between the spectral data and the analytical data) was selected. PLS chemometric models
were created using measured concentrations of total C and mineral-associated C in the
Ridge and Valley and Appalachian Plateau physiographic provinces separately.
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Table 5-1. OPUS Data Preprocessing Methods (OPUS Spectroscopic software, 2006)
Preprocessing Transformation
Methodology
Linear Offset Subtraction
Spectra was shifted to set the y-minimum
to zero.
Straight Line Subtraction

The tilt of recorded spectrum was
accounted for by fitting a straight line to
the spectrum and subtracts it from the
prior correlation between the spectral data
and the concentration values.

Vector Normalization

This method normalized differences in
sample thickness by first calculating the
mean intensity value of the spectral data
and subtracting this value from the
spectrum. Next, the sum of the squared
intensities was determined, and the
spectrum was divided by the square root
of the sum.

Min-max Normalization

Like the vector normalization method, a
linear offset was subtracted from the
spectrum, then the spectrum was then
multiplied by a constant to set the ymaximum to a value of 2.

Multiplicative Scatter Correction

A linear transformation of each spectrum
was determined to best match the mean
spectrum of the entire spectral dataset.

First Derivative

The first derivative of the spectral data
was determined to highlight steep edges
of a spectral peak. While this method
notes small features in the spectral
background, it may also increase the noise
within the model.

Second Derivative

The second derivative of the spectrum
was calculated to emphasize notable
minute features in the spectral
background.
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A principal component analysis (PCA) across 10 factors was used as a
conservative approach to eliminate outliers. No more than 9% of the sample data was
eliminated. Cross validation was used to test the reliability of the chemometric models.
This validation method was chosen in lieu of evenly dividing the dataset into a calibration
(model building) set and a validation set due to the small sample size of the collected
data. With this method, the entire dataset was used to calibrate and validate model
predictions by excluding a random sample from calibration, then using the n - 1 dataset to
validate the model (Efron and Tibshirani, 1994). This exclusion step was repeated, with
the use of a different random sample, until each sample was used for validation at least
once.
Model prediction ability was evaluated by the coefficient of determination (r2),
which measures the proportion of the total variation accounted for by the model (3) and
the root mean square error of cross-validation (RMSECV) (4). The most capable models
are characterized as those with the highest r2 (0.81 to 0.90) and lowest RMSECV (Saeys
et al., 2005). To facilitate the comparison of model predictions to that of other studies two
other parameters of model performance, the ratio of performance to deviation (RPD) (5)
and bias (6) were also determined. RPD is the ratio standard deviation to standard error of
prediction (SEP), and high values of RPD are indicative of better fitting models (Chang
and Laird, 2002). Bias is calculated as the difference between the mean of the true values
and the mean of the predicted values in the validation sample set (Bellon-Maurel et al.,
2011). High bias shows a lack of fit of the model, since the only way to decrease the bias
of a model is to reduce the causes of errors that occur during the calibration and
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validation process (Draper and Smith, 1966). The bias value of models should be close to
zero.
1

2

𝑅𝑀𝑆𝐸𝐸 = √𝑛−𝑅𝑎𝑛𝑘−1 x (∑(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)𝑖 )
∑ 𝐷𝑖𝑓𝑓𝑒𝑟 2

𝑟 2 = (1 − ∑(𝑦𝑖−𝑦𝑛)𝑖 2 ) x 100

(3)

1

𝑅𝑀𝑆𝐸𝐶𝑉 = √ × ∑𝑛𝑖=1(𝐷𝑖𝑓𝑓𝑒𝑟𝑖 )2

(4)

𝑛

𝑅𝑃𝐷 =
𝐵𝑖𝑎𝑠 =

(2)

𝑆𝐷

(5)

𝑆𝐸𝑃
∑𝑖 𝐷𝑖𝑓𝑓𝑒𝑟𝑖

(6)

𝑛

𝐷𝑖𝑓𝑓𝑒𝑟𝑖 = 𝑌𝑖𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑌𝑡𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

Where

∑(𝑦𝑖𝑇𝑟𝑢𝑒 − 𝑦𝑛 )
𝑆𝐷 = √
𝑛−1

𝑆𝐸𝑃 = √

2

∑𝑖(𝐷𝑖𝑓𝑓𝑒𝑟𝑖 − 𝐵𝑖𝑎𝑠)2
𝑛−1

For sample i and number of samples n
Results
Carbon Distribution Among Physiographic Provinces
The distribution of total C and the mineral-associated SOC fraction varied
considerably between the two physiographic provinces (Figure 5-2). The average total C
content of samples in the Ridge and Valley was 10.4%, and soil samples in this
physiographic region ranged from 0.8 - 30.6%. In the Appalachian Plateau, the
distribution of total C among samples had a smaller range and an average total C content
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of 5.1%, about half of that in the Ridge and Valley. There were two outlier samples with
very large total C contents in the Appalachian Plateau, however, the total C content of
most samples within this region ranged between 0.1% and 18%. Accordingly, the average
mineral-associated SOC fraction of soil samples was roughly twice the amount in the
Ridge and Valley province (6.8%) than in the Appalachian Plateau (3.3%).
PLS Predictions for Carbon
A summary of the cross-validation prediction statistics of the total C and the
mineral-associated SOC fraction in the Ridge and Valley and Appalachian Plateau are
given in Table 5-2. In the Ridge and Valley physiographic province, the r2 and RMSECV
values for cross-validation predictions were 97.95 and 1.24 for total C and 98.50 and 0.70
for the mineral-associated SOC fraction (Table 5-2). In the Appalachian Plateau, crossvalidation predictions of total C and mineral-associated SOC fraction produced
RMSECV values of 0.619 and 0.278 and r2 values of 98.35 and 99.23, respectively.
Compared to the predictions of the total C model for all soil samples, the r2 and RPD
were higher and the RMSECV lower in model predictions for the mineral-associated
SOC fraction in both regions.
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Figure 5-2. Means and distributions of total C and the mineral-associated soil organic
carbon (SOC) content of soils collected in the Ridge and Valley (a) and the Appalachian
Plateau (b).
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Table 5-2. Cross validation statistics for total C and the mineral-associated SOC predictions in each physiographic province.
Province Soil Property Preprocessing
Frequency Region(s)
r2
RMSECV
Rank
RPD
Bias
RV

SOCT

RV

SOCMA

AP

SOCT

AP

SOCMA

(4001.7 – 2640.1)
(2300.7 – 599.8)

98.0

1.24

5

6.99

-0.0053

98.5

0.695

11

8.17

0.0095

First
Derivative

(4001.7 – 2640.1)
(2300.7 – 1278.6)
(941.1 – 599.8)
(3662.2 – 3320.9)
(2981.5 – 599.8)

98.4

0.619

7

7.79

0.000191

Vector
Normalization
First
Derivative

(4001.7 – 2640.1)
(1961.3 – 599.8)

99.2

0.278

9

11.9

-0.00491

First
Derivative
Vector
Normalization
Min-Max
Normalization

Vector
Normalization
2
3
4
5
6
7
8

Ridge and Valley (RV)
Appalachian Plateau (AP)
Coefficient of determination (r2)
Root mean square error of cross-validation (RMSECV)
Ratio of performance to deviation (RPD)
Total soil organic carbon (SOCT)
Mineral-associated carbon (SOCMA)

Discussion
Chang and Laird (2002) developed model standards for determination of RPD to
be used as guidelines for the interpretation of model results. They found that models with
RPD > 2 were able to reliably predict the soil property of interest, with intermediate
results with RPD values between 1.4 – 2, and no prediction ability with RPD values <
1.4. We found PLS predictions for the mineral-associated SOC fraction of soils in the
Appalachian Plateau province resulted in the highest r2 of cross-validation and RPD and
lowest RMSECV.
High r2 and RPD value, and low RMSECV results found in our study were
determined without a major increase to model rank, which suggests that our total C and
the mineral-associated SOC fraction models were obtained without model overloading
resulting in excess spectral noise. For each physiographic province, the optimal rank used
to establish model predictions was less than 10 factors (except for the mineral-associated
SOC fraction in the Ridge and Valley, which had a rank of 11). Our findings agree those
of Ludwig et al. (2008) who assessed the utility of MIR spectroscopy for various
chemical and biological properties in agricultural and forest soils and plant litter. Ludwig
et al. (2008) found that MIR spectroscopy produced satisfactory predictions for soil
carbon properties for pedons that contained both mineral and organic soil horizons, much
like the horizons of varying total C content found in vernal pools. Therefore, we conclude
that the MIR-PLS technique is a suitable method for estimating total C and the mineralassociated SOC fraction in mineral and organic soils derived from different parent
material.

129
We found that the models for the prediction of the mineral-associated SOC
fraction in both provinces captured similar spectral regions of absorbance features as the
PLS predictive models for total C. This, coupled with the finding that the mineralassociated SOC fraction was estimated with high r2 between the predicted components,
suggests that these models for the mineral-associated SOC fraction has reliably predicted
the intended components of the spectral data. Our results suggest that the models for the
mineral-associated SOC fraction in each province are sensitive to soil organic
components. PLS model prediction R2 and RPD values for total C measured in our study
are similar with the findings of others. For example, Baldock et al., (2014) observed R2
and RPD values of 0.94 and 1.88 in agricultural fields in Australia. The R2 and RPD
values of mineral-associated SOC fraction found in our study are slightly higher than the
values of 0.72 and 1.88 measured by Vasques et al. (2009) and similar with the findings
of 0.98 and 4.1 measured by Zimmerman and Fuhrer (2007). Our RPD results of total C
and of the mineral-associated SOC fraction in both physiographic provinces were
exceptionally high, which is indicative of strong model predictabilities. Nevertheless, the
MIR-PLS technique should also be tested using other soil samples of varying geomorphic
origin and history.
Differences between the two provinces in the distribution of total C, and mineralassociated SOC, likely results from differences in soil forming factors and their effect on
soil genesis. While the C input by the vegetation in surrounding upland and those found
in the wetland was not investigated in this study, it is known that innate soil
characteristics (such as soil texture) can influence the amount of mineral-associated SOC
bound to the silt and clay particles in soil (Cyle et al., 2016). Therefore, it was
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unsurprising that larger amounts of total C and mineral-associated SOC were observed at
our Ridge and Valley physiographic province vernal pool, which has a finer soil texture
in comparison to the Appalachian Plateau’s vernal pool with coarser soils.
Conclusions
We demonstrate that the combined application of MIR spectroscopy and PLS
analysis is an effective and reliable technique for the prediction of total C and the
mineral-associated SOC fractions in two physiographic provinces of the northern
Appalachians. In both physiographic provinces, MIR-PLS was shown to be a slightly
better predictor of mineral-associated SOC versus total C. While the models developed in
this study were generated for soils found in small wetland ecosystems, the strength of
model results demonstrate the potential for the MIR-PLS approach to be used as a rapid,
non-destructive, cost-effective method for analyzing soils that range widely in total C
content. Values derived from this study can be used to increase our understanding of
small, but important vernal pool environments, as well as other wetland ecosystems that
display large differences in total C content.
The spectral information of the soil samples examined in this study was added to
the open source MIR spectral library at the USDA-NRCS Kellogg Soil Survey Research
and Laboratory in Lincoln, Nebraska. Our data will contribute to a growing library of
worldwide soil samples, which can be used to develop other models that may contribute
to the development of long-term environmental strategies and management practices. We
encourage further similar additions to the spectral library, and use MIR-PLS
spectroscopy, for investigations of wetland soil.
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Chapter 6
Conclusions
Presently, little is known about the C sequestration potential of wetland
environments that range widely in dynamic soil properties. However, if we are to better
predict and mitigate the consequences of climate change, this knowledge is paramount.
The main goals of this dissertation were to develop ways to accurately measure the
mineral-associated SOC fraction and improve understanding of the factors that impact its
quantity and distribution over different temporal and spatial scales.
In Chapter 2, I addressed the assumed incompatibility of the acid hydrolysis
chemical fractionation procedure for accurately isolating and measuring the mineralassociated SOC fraction in highly organic soils. Results from Chapter 2 indicated that the
conventional equation used to determine the RIC did not fully account for mass loss of
the soil sample. When the RIC determinations of hydrolyzed organic and mineral wetland
soil samples were compared, the amount of mineral-associated SOC fraction determined
using the conventional equation was found to be significantly larger than the solution of
the adjusted equation. This finding suggests that use of the adjusted equation may resolve
the overestimation of the mineral-associated SOC fraction for all soils derived using this
procedure.
Results from Chapter 3 underscored the need to obtain a full picture when
analyzing the impact of a prominent C contributor, such as bryophytes, on the C
sequestration potential of wetland environments. Although bryophyte species richness
and biomass were significantly correlated to total C in the top 5 cm of the soil profile,
these two aspects of bryophyte diversity were not significantly correlated to the mineral-
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associated SOC fraction. Further, results of a constant pattern of the mineral-associates
SOC fraction in both physiographic province challenge existing notions of the influence
of this C contributor on this long-term SOC fraction. In doing so, this project emphasized
the need to use the impact of plants on the SOC, not just the impact that they have on
total C, in our assessment of the conditions of soil resources in wetlands.
In Chapter 4, the combined methodology of soil science and paleoecology
outlined the impact of climate and wildfire disturbance on the soil and vegetation
dynamics in the Ridge and Valley and Appalachian Plateau physiographic provinces
throughout the Holocene. The finding that climate was the main driver of ecological
succession, and that the successional paths of these vernal pools differ based on regional
factors such as parent material highlight the need for site specific approaches in the
development of restoration strategies in wetland environments.
Results in Chapter 5 demonstrated the how MIR-PLS can be used to produce
accurate, rapid, and cost-effective predictions of total C and its mineral-associated
fraction. The development of a singular model for total C and the mineral-associated
SOC fraction was unexpected, however, it was truly surprising that model predictions for
the mineral-associated SOC fraction outperformed predictions for total C. The spectral
library at the USDA-NRCS Kellogg Soil – Laboratory is ever growing; however, wetland
soil samples remain in the minority. It is vital that we continue to contribute more
samples to this organization, as diversity, both in soil type, but also dynamic soil
characteristics may lead to the development of more robust and accurate models.
Future laboratory work should focus on testing the methodology proposed in this
research and strive to develop more interdisciplinary methods of understanding C
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sequestration. For example, the development of the adjusted RIC equation should be
challenged. While this improvement fills a gap in understanding of C fractionation, this
equation should be tested using other mineral, and organic soil samples. Also, while these
studies help to establish the broad strokes of C sequestration in these geographically
isolated wetland environments, many aspects of soil and vegetation dynamics, pedogenic,
and ecosystem succession within these systems remain unknown. Lastly, complex
problems require interdisciplinary solutions. Future study should also incorporate
innovative and multidisciplinary techniques. Scientists, land managers, and modelers are
just a few spokes in the wheel to greater understanding of C dynamics and the ecosystem
factors that affect their quantity and distribution. Mitigating the adverse impacts of
climate change require these comprehensive approaches.
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APPENDIX A
Supplemental Material for Chapter 4
Table A-1. Pollen grain species and type in accordance to their functional groups (trees,
shrubs, herbs, and spores) and wildfire susceptibility. Prominent indicators of wetland
environments (lighter grey) and indicators of anthropogenic activity (darker) are shaded.
Scientific Name Common Name Functional Group
Successional Stage Fire Susceptibility
Abies
Fir
Coniferous tree
Climax
Not well adapted
Acer

Maple

Deciduous tree

Seral

Not well adapted

Alnus

Alder

Tree/Shrub

Pioneer

Moderately
adapted

Amaranthaceae

Multiple

Herb/Shrubs

Seral

Moderately
adapted

Ambrosia-type

Ragweed

Herbs/Shrubs

Pioneer

Moderately
adapted

Artemisia

Sagebrush

Shrub

Seral

Well adapted

Aster-type

Aster
Multiple

Herb

Seral

Moderately
adapted

Betula

Birch

Deciduous tree

Seral

Not well adapted

Bidens-type

Multiple

Herb

Seral

Moderately
adapted

Brasenia

Water-shield

Herb

Seral

Not well adapted

Carya

Hickory

Deciduous tree

Climax

Not well adapted

Caryophyllaceae Carnation

Herb

Seral

Moderately
adapted

Castanea

Chestnut

Deciduous tree

Well adapted

Cerealia

Grain

Herb

Present in all
successional stages
Pioneer

Well adapted
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Table A-1 continued. Pollen grain species and type in accordance to their functional
groups (trees, shrubs, herbs, and spores) and wildfire susceptibility. Prominent indicators
of wetland environments (lighter grey) and indicators of anthropogenic activity (darker)
are noted.
Scientific Name Common Name Functional Group
Successional Stage Fire Susceptibility
Corylus
Hazelnut
Shrub
Seral
Moderately
adapted

Cyperaceae

Sedges

Herb

Pioneer

Well adapted

Ericaceae

Heather

Herbs/Shrubs/Trees Pioneer

Well adapted

Fagus

Beech

Deciduous tree

Climax

Moderately
adapted

Fraxinus

Ash

Deciduous tree

Present in all stages

Moderately
adapted

Geranium

Cranesbill

Herb

Pioneer

Well adapted

Ilex

Holly

Trees and shrubs

Climax

Moderately
adapted

Impatiens

Jewelweed

Herb

Seral

Juglans

Walnut

Deciduous tree

Present in all stages

Well adapted

Juglans nigra

Black walnut

Deciduous tree

Present in all stages

Well adapted

Juniper

Cedar

Coniferous tree

Pioneer

Not well adapted

Liquidambar

Sweet gum

Deciduous tree

Pioneer

Moderately
adapted

Lycopodium

Clubmoss

Herb

Seral

Moderately
adapted

Climax

Well adapted

Monolate fern
spore
Nyssa

Spore

Blackgum

Deciduous tree
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Table A-1 continued. Pollen grain species and type in accordance to their functional
groups (trees, shrubs, herbs, and spores) and wildfire susceptibility. Prominent indicators
of wetland environments (lighter grey) and indicators of anthropogenic activity (darker)
are noted.
Scientific Name Common Name Functional Group
Successional Stage Fire Susceptibility
Osmunda
Fern
Herb
Seral
Moderately
adapted
Ostrya/Carpinus

Hophornbeam
Hornbeam

Deciduous tree

Climax

Well adapted

Picea

Spruce

Coniferous tree

Climax

Not well adapted

Pinus

Pine

Coniferous tree

Plantago

Plantains
Fleaworts

Herb

Present in all
successional stages
Pioneer

Moderately
adapted
Not well adapted

Platanus

Sycamore

Deciduous tree

Present in all states

Not well adapted

Poaceae

Grass

Herb

Seral

Moderately
adapted

Polygonum
lapathifoliumtype

Curlytop
knotweed

Herb

Pioneer

Moderately
adapted

Populus

Poplar
Aspen
Cottonwood

Deciduous tree

Pioneer

Moderately
adapted

Potentilla-type

Cinquefoils

Herb

Seral

Moderately
adapted

Pteridium
aquilnum

Eastern
brackenfern

Herb

Pioneer

Well adapted

Quercus

Oak

Deciduous tree

Pioneer

Well adapted

Rosaceae

Rose
Multiple

Shrub

Pioneer

Moderately
adapted
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Table A-1 continued. Pollen grain species and type in accordance to their functional
groups (trees, shrubs, herbs, and spores) and wildfire susceptibility. Prominent indicators
of wetland environments (lighter grey) and indicators of anthropogenic activity (darker)
are noted.
Scientific Name Common Name Functional Group
Successional Stage Fire Susceptibility
Rumex
Dock
Herb
Pioneer
Moderately
Sorrel
adapted

Salix

Willow

Deciduous
tree/Shrub

Pioneer

Moderately
adapted

Sparganiumtype

Bur-reed

Herb

Pioneer

Moderately
adapted

Sphagnum

Sphagnum
moss

Herb

Seral

Not well adapted

Sporte (trilete)

Spore

Tilia

Basswood

Deciduous tree

Seral

Not well adapted

Tsuga

Hemlock

Coniferous tree

Climax

Not well adapted

Ulmus

Elm

Deciduous tree

Seral

Not well adapted

Viburnum

Multiple

Shrub

Seral

Not well adapted

Vitis

Grape

Herb

Climax

Well adapted

Xanthium

Cocklebur

Herb

Climax

Moderately
adapted
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Table A-2. Results of the particle size analysis of soil samples collected in the
Appalachian Plateau (AP) and the Ridge and Valley (RV) physiographic provinces.
Physiographic
Depth
Sand
Silt
Clay
Province
(cm)
(%)
(%)
(%)
Sand:Silt
AP
5
61.2
25.3
13.5
2.4
AP
10
65.6
21.4
13.1
3.1
AP
15
64.2
20.7
15.1
3.1
AP
20
58.2
22
19.8
2.6
AP
25
57.3
21.2
21.6
2.7
AP
30
52
23.8
24.2
2.2
AP
35
57.5
19.6
22.9
2.9
AP
40
59.9
21.2
18.9
2.8
AP
45
47.6
28.4
24
1.7
AP
50
49.4
26.6
24
1.9
AP
55
48.9
25.3
25.8
1.9
RV
5
56.8
23.3
20
2.4
RV
10
56.8
23.3
20
2.4
RV
15
49.6
13.4
36.9
3.7
RV
20
49.6
13.4
36.9
3.7
RV
25
32.1
14.9
52.9
2.2
RV
30
27.3
14.6
58.1
1.9
RV
35
21.1
11.3
67.6
1.9
RV
40
19
10.8
70.2
1.8
RV
45
18.4
11.9
69.8
1.5
RV
50
23.3
13.9
62.8
1.7
RV
55
23.7
15.2
61.2
1.6
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APPENDIX B

PLS Prediction

Supplemental Material for Chapter 5

Measured Total C (%)
Figure 1. True versus predicted results for MIR-PLS model for total C in the Ridge and
Valley Physiographic Province. Green points represent soils data included in the model
and red points represent data removed from the model during to model development.
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Measured Mineral Associated C (%)
Figure 2. True versus predicted results for MIR-PLS model for the mineral-associated
SOC fraction in the Ridge and Valley Physiographic Province. Green points represent
soils data included in the model and red points represent data removed from the model
during to model development.
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Measured Total C (%)
Figure 3. True versus predicted results for MIR-PLS model for total C in the
Appalachian Plateau Physiographic Province. Green points represent soils data included
in the model and red points represent data removed from the model during to model
development.
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Measured Mineral-associated C (%)
Figure 4. True versus predicted results for MIR-PLS model for the mineral-associated
SOC fraction in the Appalachian Plateau Physiographic Province. Green points represent
soils data included in the model and red points represent data removed from the model
during to model development.
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