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Abstract:
Dissolved organic matter (DOM) is a significant carbon reservoir and
component of the terrestrial-to-aquatic flux (Qualls et al., 1991). The terrestrial-toaquatic carbon flux, a relatively new addition to global carbon models, is currently
estimated to transfer a total of 1.7 petagrams (Pg) carbon (C) yr-1 globally (IPCC,
2013). Terrestrially derived DOM has been identified as a significant pool of
organic matter in the aquatic environment. However, the quantity and chemical
composition of DOM transferred, as well as the mechanisms driving its transfer,
are less understood. This thesis focuses on expanding our knowledge of the
processing DOM undergoes as it is transferred from terrestrial-to-aquatic
environments by: 1) developing a standardized extraction methodology that can
yield representative eluates when applied to sourced samples from throughout
the terrestrial-to-aquatic interface and 2) applying the designed methodology to
conduct a year long study of DOM quantity and composition in the terrestrial-toaquatic interface in a boreal forest watershed. Experimental results suggest that
although solid phase extraction with a divinyl benzene sorbent (SPE-PPL) yields
high extraction efficiencies when applied to DOM, it is subject to selectivity.
Extractions performed at high loading volumes were found to select against Oalkyl DOM hydrogen constituents, additionally all SPE-PPL experiments were
found to select against nitrogenous DOM components. However, by considering
proper extraction parameters, SPE-PPL can produce bulk representative eluates
for nuclear magnetic resonance (NMR) analysis from land positions spanning the
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terrestrial-to-aquatic interface. Results from the field study revealed that DOM
transferred from terrestrial-to-aquatic land positions in a boreal forest watershed
is both temporally and regionally variable, however, proximity immediately
downstream of ponds appeared to be a major hydrologic control, while seasonal
variation in hydrologic flow paths may represent another control in boreal forest
watersheds. Dissolved organic matter chemical composition and quantity in
traditional boreal forest streams related to shifts in the hydraulic flow path of the
watershed, indicated by changes in riverine DOM chemical composition that
correlated to seasonal wet and dry periods. Increases in both dissolved organic
carbon (DOC) concentration and the presence of O-alkyl DOM hydrogen
functionalities in the stream indicated a shift from groundwater sources during the
dry period to soil water sources during the wet period. Conversely streams
downslope of ponds seemed to be buffered against shifts in DOM chemical
composition associated with changes in hydrologic flow paths. Dissolved organic
matter chemical composition of streams downslope of ponds were relatively
constant throughout the year resembling the characterization of pond outflows,
even during periods of high hydraulic conductivity, via additions of autochthonous
DOM produced in the pond. These additions of autochthonous DOM are
negligible in streams not downslope of ponds. Further application of this
approach during key periods of DOM export, such as spring snowmelt and fall
rain periods may prove help to reveal the processes controlling the terrestrial-toaquatic carbon flux in boreal forest landscapes.
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Thesis introduction and overview: dissolved organic matter dynamics in
boreal headwater streams
I.1 The role of dissolved organic matter in the terrestrial-to-aquatic carbon flux
Dissolved organic matter (DOM), a colloidal suspension of molecules,
plays an important role in the carbon balance of watersheds as it is highly mobile
and the dominant form of total organic carbon (C) in aquatic ecosystems
(Mattsson et al., 2005). Terrestrial DOM exported into aquatic C pools
represents a poorly constrained flux that connects marine and terrestrial pools
that are typically studied in isolation (Tranvik et al., 2009, Cole et al.,2007). The
first estimates of the terrestrial-to-aquatic carbon flux, based on indirect estimates
of freshwater sedimentation, burial and gas evasion, ranged from 0.37-0.41 Pg C
y-1 and were largely equivalent to the estimates of the annual discharge of
dissolved organic carbon (DOC), a quantitative measure of DOM, from the
world’s largest rivers (Schlesinger et al., 1981). Currently the International Panel
on Climate Change (IPCC) reports the terrestrial-to-aquatic carbon flux to be 1.7
Pg C yr-1 (IPCC, 2013). The terrestrial-to-aquatic carbon flux will likely continue
to grow as climate change amplifies the hydrologic cycle and threatens to export
large quantities of carbon from terrestrial systems (Evans et al., 2005).
Furthermore, DOM exported by this flux has associated temporal and spatial
variability that directly effect its bioavailability, mobility and thus the magnitude of
the flux (Freeman et al., 2004). Empirical measurements of the chemical
character of DOM across the terrestrial-to-aquatic interface will help to reveal not
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only the source of DOM exported, but also the processes that result in losses of
DOM, and thereby controls associated with its transport (Tranvik et al., 2009).
I.2 Extraction methodologies suitable for dissolved organic matter
Empirical measurements of DOM across the terrestrial-to-aquatic interface
requires a combination of both an isolation and analysis methodology. Dissolved
organic matter occurs in low concentrations with a myriad of other reactive
chemical species that interfere with subsequent chemical analysis (Li et al., 2016,
Hertkorn et al,. 2007). Application of an isolation method both concentrates and
purifies the analyte, providing an analyzable sample when applied to a DOM (Li
et al., 2016). Multiple methodologies exist that can extract DOM from bulk water
samples, however each method selects for certain fractions of DOM based on
both the chemical and physical properties of the DOM applied, as well as the
parameters under which the extraction was performed. Three popular extraction
methodologies that have been applied to isolate DOM are: ultrafiltration (UF),
reverse osmosis (RO) and solid phase extraction (SPE).
Ultrafiltration is a physical extraction methodology in which membranes
with different pore sizes (usually about 0.01 microns) are used to isolate analytes
of a certain size from the bulk sample. However, because UF separates the
analyte by molecular size it is highly selective (Dittmar et al., 2008, Kaiser et al.,
2003, Simjouw et al., 2005). Ultrafiltration isolates large, colloidal and polymeric
molecules such as peptides, proteins and aliphatic/fatty acids (Kaiser et al. 2003,
Benner et al., 2001). Lower molecular weight components such as dissolved
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salts remain in solution. Ultrafiltration cannot effectively remove the matrix from a
bulk DOM sample, which will result in much lower signal to noise ratios in
subsequent analysis steps (Kaiser et al., 2003). Researchers who have used UF
as a method to isolate DOM have also found that yields were low compared to
other methods and highly variable (Simjouw et al., 2005). An experiment
conducted on DOM in the Mississippi river found that UF extracted 49% of what
was present in the bulk sample, and only 22% from samples sourced from the
Gulf of Mexico (Benner et. all 2001). The low and variable yield suggests that a
large fraction of DOM is unable to be extracted by UF and furthermore the
amount of this DOM is regionally variable.
Reverse osmosis utilizes pressure to push a solvent, usually water, across
a semi-permeable membrane. This membrane allows the solvent to pass
through while larger particles are isolated. Reverse osmosis has been a useful
and practical tool for scientists seeking to isolate freshwater DOM as it enables
large volumes of water to be processed quickly and has yields as high as 80%
(Gurtler et al. 2008, Perdue and Ritchie, 2003). Reverse osmosis utilizes smaller
pore sizes than UF, usually ~0.0001 microns, to separate the matrix, or
permeate, from the analyte, or retentate. However, due the small size of the
pores, RO also extracts reactive aqueous salts from solution. Recently scientists
have combined the process of RO and UF with electro-dialysis to purify the
retentate. This new method successfully purges the sample of salts while
maintaining high yields of DOM (Gurtler et al. 2008). However, studies have
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found that molecule on molecule interactions occur after the sample has been
processed (Maurice et al. 2002). This is unfavorable because these interactions
change the chemical nature of the DOM from its natural state and impose
selectivity on the retentate.
Unlike RO or UF, SPE is a chemical extraction methodology that utilizes a
reactive solid phase sorbent to bind to analytes and extract them from solution.
The analyte can then be extracted from the sorbent by a solvent, which is known
as the eluate. Solid phase extraction has become a widely used method to
extract DOM for analytical purposes due to high yields, and matrix-free eluates
(Li et al., 2016, Minor et al., 2014). Despite SPE’s popularity, many aspects of
the method that could introduce selectivity into the process remain understudied.
Different solid phases, or sorbents, are chemically tailored to extract certain
analytes from a bulk sample, however, DOM refers to such a broad range of
chemical species that no one sorbent can extract it exhaustively. Recent studies
have attempted to quantify the yields of different commercially available sorbents
on extractions of DOM. These sorbents included silica structures bonded with
hydrocarbon chains: C18, C18EWP, C18OH, and C8, and divinyl benzene
copolymers: PPL, and ENV. After testing, researchers found that PPL sorbents
extracted on average 15% more DOM then other sorbents and recovered both
polar and nonpolar DOM constituents (Dittmar et al. 2008). However, more
recent studies have found that the PPL sorbents have poor recoveries of
nitrogenous DOM species (Raeke et al., 2016). Although SPE sorbent dynamics

4

have been the subject of many recent studies, some aspects of the SPE method,
such as flow rate and loading volume, have been hypothesized to introduce
selectivity into the extraction (Li et al., 2016). Furthermore, the variety of DOM
compounds present in DOM sampled from throughout the terrestrial-to-aquatic
interface presents another unique challenge as these compounds may partition
into the solid phase at different rates. To ensure extractions performed on
different land positions are comparable, different amounts of sample must be
extracted to achieve the optimum sample loading. An experiment to assess the
recovery and selectivity of the SPE-PPL method over different flow rates, and
loading volumes is needed to truly affirm that SPE-PPL is a suitable method to
extract DOM from across the terrestrial-to-aquatic interface.
I.3 Analysis methodologies suitable for dissolved organic matter
Dissolved organic matter is an operationally defined categorization
of carbon due to the spatial and temporal variation in the composition of DOM
pools, and limitations in analytical techniques (Lin et al., 2015, Hertkorn et al.,
2007). Recent advances in analytical methods have allowed for a more detailed
characterization of DOM, however like isolation methodologies, each analytical
method has associated selectivity and limitations. Two popular analytical
methods that have been used for DOM characterization are: Fourier transform
ion cyclotron resonance (FTICR) mass spectrometry, and nuclear magnetic
resonance (NMR) (Hertkorn et al., 2013, Feng et al., 2011). Both methods
potentially provide detailed insights into the chemical composition of DOM.
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However, due to analytical costs and time restraints it is not always possible to
apply both analytical methods. It becomes necessary to weigh the advantages
and disadvantages of different analytical methods to find the one best suited to
the goals the of the experiment. Fourier transform ion cyclotron resonance can
yield high molecular mass resolution, but this method is unable to compile a
complete chemical structure without being subject to extensive selectivity; this is
particularly the important to consider when applying this method to complex
mixtures such as DOM (Hertkorn et al., 2008, Stenson et al., 2003).
Furthermore, Fourier transform ion cyclotron resonance relies on ionization
techniques to analyze compounds, however, not all compounds in a sample are
converted to ions.
Opposite of the highly resolved molecular view provided by FTICR,
modern methods of NMR approach DOM characterization by analyzing the
proportion of broad chemical functionalities making up a sample (Feng et al.,
2011, Hertkorn et al., 2013, Kaiser et al., 2003). This presents a unique nondestructive view of DOM that other modern methods cannot offer. However, NMR
has low specificity requiring large concentrations of the analyte to be present in a
sample to obtain adequate data. This has been addressed by concentration and
clean up steps such as SPE-PPL prior to NMR analysis (Minor et al., 2014,
Hertkorn and Kettrup, 2005).
Nuclear magnetic resonance uses a magnetic field to manipulate nuclei’s
quantum properties. Nuclei have two quantum states known as the excited and
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relaxed states. By generating electromagnetic waves at certain frequencies
specific nuclei can be raised from their relaxed state to their excited state. Then,
by either recording the energy used to excite the nuclei, or the energy released
by the nuclei as it returns to its relaxed state, researchers can identify the nuclei
and characterize the compound. (Richards et al., 2010). Modern NMR
instruments use a method called pulsed Fourier transform (FT) to record the
energy released by excited nuclei. The pulsed FT technique releases short
pulses of multiple resonant frequencies. These pulses excite analytes
simultaneously, but also, because they are low energy, allow for short relaxation
times. This allows the NMR instrument to generate multiple spectra of the same
sample in relatively short experimental times. The spectra are then averaged
together to give a final spectrum (Richards et al., 2010). Researchers are able to
obtain information in proton H-NMR by interpreting specific nuclei’s chemical
shifts, or the extent to which some nuclei absorb their resonant frequency
(Richards et al., 2010).
Two other features of H-NMR spectrum that can be used in
characterization are splitting and integration. Splitting occurs when protons
magnetically interact with one another during NMR analysis. These interactions
result in multiple chemical shifts (Sharma et al., 2000). Each of these multiple
shifts, signified by peaks on the NMR spectrum, represents neighboring
hydrogens according to the N-1 rule. The N-1 rule states that for N number of
peaks you will have (N-1) number of adjacent protons. Integration, or the relative
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area under the curves, also reveals structural information about the molecule
being analyzed. This value correlates the number of protons present at each
chemical shift. (Richards et al., 2010). Nuclear magnetic resonance analysis is a
unique and powerful approach to characterize DOM.
A standardized isolation methodology must be designated before empirical
databases that characterize the composition of DOM subjected to the terrestrialto-aquatic flux can be compiled. To designate such a method, researchers must
first test the selectivity, precision and accuracy of the isolation and subsequent
analysis techniques used to characterize DOM from across the terrestrial-toaquatic interface. This is the focus of the first chapter of this thesis, which is to
identify a suitable combination of methodologies to isolate and analyze
freshwater DOM from throughout the terrestrial-to-aquatic interface with minimal
selectivity and high precision.
I.4 Dissolved organic matter dynamics in a boreal forest ecosystem
Newly discovered fluxes of carbon, such as the terrestrial-to-aquatic
carbon flux, are already being amplified by climate change (Haei et al. 2013,
Solomon et al., 2015). Even more troubling is the extent to which the
mechanisms controlling this flux are understudied. To effectively collect empirical
measures of DOM, the current understanding of its dynamics throughout the
terrestrial-to-aquatic interface must be reviewed. To fully understand the spatial
and temporal variability in DOM detected using the SPE-PPL H-NMR approach
this section focuses on the chemical nature of DOM present in land positions
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across the terrestrial-to-aquatic interface in a boreal forest watershed including:
precipitation, streams, soil water and groundwater reservoirs.
Precipitation contributes a total of 0.43 Pg C yr -1 to the global flux of
dissolved carbon, 80% of which is organic, while the other 20% is inorganic
(Likens et al., 1983).

Dissolved organic matter present in precipitation contains

amino acids derived from bacterial activity, and the by-products of the incomplete
combustion of fossil fuels and biomass (Fonselius, 1954, Likens et al., 1983).
Many studies have found that DOM introduced via precipitation is quickly cycled
due to its labile nature and thus does not contribute to the terrestrial-to-aquatic
carbon flux (Qualls et al., 1992). Precipitation can fall uninterrupted to the
ground, however more than often, precipitation is intercepted by vegetation,
which is known as throughfall. Often throughfall will contain low molecular weight
DOM molecules leached from vegetation (Thurman, 1985, Moore et al., 2003).
This results in larger amounts of variability in the chemical nature and
concentration of DOM in throughfall as opposed to precipitation. The ratio of
enrichment of total organic carbon concentrations ranged from two to seven in an
experiment that measured the difference between carbon concentrations in
precipitation versus throughfall in Finland (Starr et al., 2004). Other studies found
that precipitation in a boreal zone averaged 9 mg L -1 in an open plot, 14 mg L-1 in
an aspen dominated plot and 19 mg L-1 in a pine dominated plots (Ukonmaanaho
et al., 2002). Although precipitation is hypothesised not contribute directly to the
carbon exported from watersheds, research has shown that large precipitation
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events can mobilize new pools of carbon from soils to streams due to changes in
the hydraulic flow path of the watershed (O’Donnell et al., 2010).
Soil is formally defined as a heterogeneous mixture of minerals, air, water
and organic matter. Soil acts as a medium for plant, animal, and microbial life, as
well as a reservoir for carbon, storing 200 Pg C globally (IPCC report 2013).
Dissolved organic matter originating from soil pools contains a large variety of
both labile and recalcitrant DOM constituents introduced via inputs from litter,
microbial production, root exudates and inputs from precipitation (Qualls et al.,
1992, Kaiser et al., 2003). Soil DOM is subject to convoluted seasonal controls
that help to determine its composition (Marchner et al., 2002, Lützow et al.,
2006). Variation in DOM composition within soil pools is well correlated with shifts
in season. Oxygen functional groups, associated with carbohydrates and low
weight compounds tend to be more prominent during winter and spring, while
during the summer and autumn higher weight molecules dominate (Kaiser et. al
2002). Studies suggests that this is the case due to greater rates of
mineralization in the winter, and higher rates of production during the spring
(Kaiser et. al 2002, Kalibitz et al., 2000). It is vital that researchers understand
the mechanisms driving this variation within soil reservoirs as these pools contain
the largest concentrations of DOM of any of the land positions within the
terrestrial-to-aquatic interface, and thus are extremely sensitive to climate change
(Kalibitz et al., 2000). Soil DOM is transferred to stream systems via lateral flow
where it is exported from the watershed, or percolates to groundwater reservoirs.
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Soil water that percolates to groundwater pools is subjected to a unique
combination of biotic and abiotic reactions that can significantly alter its
characterization (Shen et al., 2015, Hedges et al., 1994).
Groundwater, or water that has percolated to water reservoirs in the
mineral soil, is a vital component of the water budget of a watershed. As DOM
from the surface percolates to groundwater reservoirs it undergoes several biotic
and abiotic processes that allow it a slower turnover time and a more hydrophilic
molecular nature (Hedges et al., 1994, Qualls et al., 1991, Shen et al., 2015).
These processes include: microbial respiration, and sorption to mineral surfaces.
The extent to which these mechanisms alter soil DOM characterization depends
largely on the water residence time of the groundwater reservoirs; this process is
conceptualized in the regional chromatography model (Shen et al., 2015, Hedges
et al., 1994). Groundwater eventually drains into stream sites, where it has been
found to greatly contribute to the DOM signature of stream water during dry
periods (Cai et al., 2008, Walvoord and Striegl, 2007). However, some studies
have found that groundwater dominates throughout the year. (Wallis et al., 1981).
Conflicting findings on the role of groundwater DOM in streams suggest that
contributions are regionally variable, and dependent on several variables such as
the bioavailability of soil solution DOM, soil porosity, and hydraulic conductivity
(Shen et al., 2015, Wallis et al., 1981). This demonstrates the importance of
monitoring groundwater DOM composition temporally, especially during intense
hydrologic periods.
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Streams ultimately receive all DOM exported by terrestrial systems which
has prompted many studies on the controls and variability of the DOM they
export. Analysis of stream DOM chemistry has found that on average DOM is
comprised of: 75% humic substances, 13% carbohydrates and 2% amino acids,
with the remainder being too small to identify (Volk et al., 1997). However, this
composition is both regionally and temporally variable. Researchers have found
that controls on the composition and concentration of DOM exported from
streams include: watershed hydrology, topography and climate. Studies on
stream DOM dynamics have found that watershed hydrology plays a significant
role in connecting aquatic systems to previously immobile terrestrial pools
(Sanderman et. al 2009, Raymond et al., 2007). Large quantities of bioavailable
DOM observed in streams after large hydraulic events is indicative of transfers
from soil pools. However, during the dry period the composition of DOM in
streams has been found to be comprised of more recalcitrant DOM constituents
resembling contributions from groundwater (Neff et al., 2006, Raymond et al.,
2007, Claire et al., 1996).
Studies on the controls of DOM composition in streams has found
conflicting results on the importance of seasonal shifts in watershed hydrology
and watershed topography. Regional watershed features such as lakes and
ponds can alter the DOM composition in downslope stream outflows. These
water bodies have higher water residence times than streams and have been
found to increase the importance of biological controls and reduce the effect of
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shifts in watershed hydrology on the composition of DOM exported from
downslope streams (Kaste et al., 2003, Goodman et al., 2011). Longer residence
times allows for microbial production to take place providing autochthonous
DOM, which represents a much smaller source within streams where water
residence time is much lower (Hedges and Oades 1997, del Giorgio and Peters
1993). The relationship that watershed hydrology and topography have on the
export of stream DOM is convoluted with some studies reporting that hydrology
plays a dominant role, while others designate topography as the dominant
control. This gap in scientific knowledge highlights the importance of conducting
field studies that utilize synoptic sampling throughout the year to truly understand
the controls on DOM exported from streams within natural watersheds.
The second chapter of this thesis utilizes the designated isolation and
analysis methodologies to both quantitatively and qualitatively catalog the annual
variation of DOM’s composition and quantity throughout the terrestrial-to-aquatic
interface in Pynn’s Brook Experimental Watershed Area (PBEWA) located in
Western Newfoundland.
I.5 Research focus:
This thesis is focused on distinguishing suitable analysis and isolation
methodologies capable of producing comparable results when applied across the
terrestrial-to-aquatic interface. Additionally, these designated methods are
applied to catalog the spatial and temporal variability in the DOM transported by
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the terrestrial-to-aquatic carbon flux in a small boreal forest watershed. This
research has resulted in two chapters entitled:
1) Determining best practices for the solid phase extraction of dissolved organic
matter from the terrestrial-to-aquatic continuum
2) Annual spatial variation of dissolved organic matter chemical composition
along Pynn’s Brook Experimental Watershed
The first chapter of this thesis describes the suitability of SPE-PPL to
produce comparable DOM eluates from across the terrestrial-to-aquatic interface.
In this work, I looked at what parameters of SPE-PPL process could be optimized
to provide the least selective and most complete analysis of each bulk DOM pool
from along the terrestrial-to-aquatic interface.
The research addressed in the second chapter of this thesis catalogued
both the spatial and temporal variability of DOM across the terrestrial-to-aquatic
interface in a boreal forest watershed. I specifically investigated a) precipitation
and throughfall’s role in the terrestrial-to-aquatic carbon flux in boreal forest
watersheds and b) the seasonal and regional drivers of variability in the export of
DOM from boreal forest streams.
The research addressed in this thesis will contribute to the understanding
of terrestrial carbon’s role in aquatic systems in a boreal forest watershed and
help to constrain the terrestrial-to-aquatic carbon flux in boreal areas. Results
from this research are also relevant to areas around the world where climatic
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change threatens to increase terrestrial carbon export and thus its role in aquatic
systems.
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Chapter 1:
Determining best practices for the solid phase extraction of dissolved organic
matter from the terrestrial-to-aquatic continuum
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Keywords:
Dissolved organic matter (DOM), solid phase extraction (SPE), Nuclear
magnetic resonance (NMR), terrestrial-to-aquatic interface
Abstract:
Solid phase extraction via a styrene-divinylbenzene copolymer sorbent
(SPE-PPL) is a chemical isolation method that is commonly used to prepare
dissolved organic matter (DOM) samples for solution-state nuclear magnetic
resonance (NMR) analysis. Despite its growing popularity, certain parameters of
the SPE-PPL method have been hypothesized to select against major
constituents of DOM. This selectivity is troublesome as many researchers are
seeking to characterize the chemical heterogeneity of DOM originating from
different land positions along the terrestrial-to-aquatic interface. If the SPE-PPL
isolation method minimizes these differences, scientific efforts to define DOM’s
spatial and temporal chemical heterogeneity using SPE-PPL could be
compromised. This study investigates how the methodological parameters used
in SPE-PPL may affect extraction yields and selectivity of DOM sourced from
different land positions along the terrestrial-to-aquatic interface (stream, soil and
groundwater). Quantitative analysis of dissolved organic carbon (DOC) and
dissolved organic nitrogen (DON) was used to assess the relationship between
SPE-PPL yields and flow rate, sample volume and sample type. Solution-state
proton H-NMR was performed to investigate if and how chemical selectivity is
observed with any changes in DOM yields associated with different SPE-PPL
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parameters such as flow rate, sample volume and sample type. Average SPEPPL DOC yields ranged from 50-80% of the original sample concentration, while
DON yields ranged from: 15-40%. SPE-PPL yields and selectivity were
independent of sample flow rates. However, higher sample loading volumes
displaced O-alkyl hydrogen functionalities relative to aliphatic moieties. Due to
the difference in chemical composition of DOM originating from across the
terrestrial-to-aquatic interface, chemical selectivity in response to sample volume
was dependent on the source of the DOM applied. Soil water was found to be
the most likely to be subjected to this selectivity due to its higher relative O-alkyl
content. High loading volumes, however, are not required for soil water samples,
due to higher concentrations of DOM. Although groundwater samples required
larger loading volumes to achieve sample masses required for analysis,
selectivity was not observed in groundwater samples likely due to the larger
contribution of aliphatic hydrogen moieties in groundwater DOM samples. By
considering the proper parameters and the possible composition of DOM applied,
SPE-PPL eluates were comparable across the land positions sampled in this
study. However, if proper SPE-PPL parameters are not considered, the large
range in sample volumes used isolate DOM via SPE-PPL required in the study of
the terrestrial-to-aquatic interface can elicit chemical selectivity which must be
assessed.
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1.1 Introduction:
Dissolved organic matter (DOM) refers to a colloidal suspension of
molecules distinguished from other organic matter categories by its size
classification of <0.45 µm. Dissolved organic matter is ecologically important as
it is highly mobile, acts as an energy and nutrient source to heterotrophic
microbes and is the dominant form of total organic carbon (C) in aquatic
ecosystems (Mattsson et al., 2005, Kalbitz et al., 2000). Terrestrial DOM inputs to
aquatic systems, known as allochthonous inputs, make up a dominant proportion
of natural organic matter (NOM) in lakes (Karlsson et al., 2012). Once in aquatic
systems, terrestrial DOM is either stored or exported into marine or atmospheric
C pools globally depending on both biotic and abiotic variables. This transfer
represents a poorly constrained flux that connects marine, terrestrial and
atmospheric C pools that are typically studied in isolation (Tranvik et al., 2009).
The flux of terrestrial C to aquatic systems, now coined the “terrestrial-to-aquatic
carbon flux”, was first conceptualized in the 1980’s as a passive transport system
delivering terrestrially organic matter to the ocean via river transport and was
termed the “riverine pipe”. The first estimates of this flux ranged from 0.37- 0.41
petagrams (Pg) C yr-1 and were largely equivalent to the estimates of the annual
discharge of DOC from the world’s largest rivers (Schlesinger et al., 1981, Cole
and Caraco 2001). The “riverine pipe” concept was called into question as
measurements of respiration from the world’s rivers started to exceed
autochthonous gross primary production. Rivers were no longer considered to be
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passive systems and it became clear that the terrestrial-to-aquatic carbon flux
had to be better defined. In 2007 the Intergovernmental Panel on Climate
Change (IPCC) included the terrestrial-to-aquatic carbon flux in the global C cycle
for the first time where it was reported as 0.8 Pg C yr-1. In 2013 the IPCC
reported the terrestrial-to-aquatic carbon flux as 1.7 Pg C yr-1 based upon
freshwater burial, sedimentation and degassing (IPCC 2007,2013). Efforts to
constrain the global C budget continues with estimates of the terrestrial-toaquatic carbon flux increasing but remain difficult to quantify since the flux is
determined indirectly through poorly resolved freshwater burial and degassing
fluxes worldwide. Assessing the chemical characterization of DOM across the
terrestrial-to-aquatic interface can enable a better understanding of the source,
transformations and ultimately fate of this critical C flux and its role in C-climate
feedbacks (Tranvik et al., 2009, Jaffé et al. 2008).
The chemical characterization of DOM has been challenging due to its
chemical complexity that prevents it from being fully characterized via traditional
analysis techniques, which require simple and recognizable components to be
generated prior to chemical analyses by common analytical methods such as gas
chromatography-mass spectrometry and high-pressure liquid chromatography.
The chemical complexity of DOM sourced from across the terrestrial-to-aquatic
continuum is largely a result of the varied sources and transformations in the
aquatic environment. Streams are considered one end member of the watershed
receiving allochthonous DOM inputs from soil water and precipitation, however,
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they also receive more altered and microbially-derived sources of DOM via
groundwater (Qualls et al., 1992). Not only can each of these pools of DOM have
relatively unique chemical compositions, but the relative proportions of DOM
exported from each pool typically varies temporally in response to hydrology and
landscape flow paths (Sanderman et al., 2009). Determining source of DOM
contributing to and transported by freshwater systems will help constrain the
terrestrial-to-aquatic flux by uncovering which C pools are more sensitive to
climate change.
Analytical characterization of DOM has been approached in four ways: 1)
characterization of individual compounds, 2) characterization of chemical classes
through the identification of carbon, hydrogen, nitrogen or phosphorus types, 3)
characterization by size classification, 4) characterization of acid/base soluble
portions of DOM (Leenheer et al., 1981). The most appropriate analytical method
is determined by the research goals of the experiment. Advances in nondestructive detection methods, such as NMR, have allowed for a holistic view of
bulk DOM and established proportions of compound classes indicative of DOM
source. One-dimensional NMR can be applied qualitatively or semi-quantitatively
with proper sample handling, however, with the development of two-dimensional
NMR entire networks of heteroatoms and their functional groups are revealed
(Hedges et al., 2000, Buddrus et al., 1989). A suite of studies has established
compound specific tables based on chemical shift areas that reveal greater detail
on DOM moieties relative to previous approaches (Cook et al., 2004, Hertkorn et
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al., 2013, Li et al., 2016, Soucémarianadin et al., 2017, Clemente et al., 2009).
Despite advances in this analytical technique, NMR often remains a method with
low analytical specificity when applied to DOM. This is because NMR requires a
relatively pure analyte to achieve proper resolution. Therefore, to analyze the
chemical character of DOM via NMR, DOM must be isolated and concentrated.
Multiple isolation methodologies have been employed to prepare DOM
samples for NMR analysis. Extraction methodologies range from chemical
separation techniques such as solid phase extraction (SPE), to physical
separation methods such as ultrafiltration (UF) or reverse osmosis (RO).
Reverse osmosis (RO) and UF are viable isolation methods, however, without
introduction of additional clean up steps, matrix components are also
concentrated. The presence of these matrix components during NMR analysis
results in magnetic field homogeneity which ultimately makes the spectra
uninterpretable (Kaiser et al., 2003, Simpson et al., 2003, Minor et al. 2014).
Solid phase extraction is favorable as it isolates a fraction of the DOM from matrix
components during wash steps carried out prior to eluting the DOM fraction in
solvent (Figure 1.1) (Kim et al., 2003). Additionally, SPE eluates need only be
dried down and reconstituted in a deuterated solvent before they are ready for
liquid state NMR analysis. Improvements in sorbent characteristics has
increased the range of DOM species that can be extracted from a bulk sample to
include hydrophobic and polar compounds and has allowed the sorbent to be
stable at lower pHs (Aiken et al.,1979). Certain analyte, matrix, sorbent
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interactions that lead to selectivity during the extraction, however, still exist.
Studies that investigated the selectivity and yields of available sorbents, including
C18, C18EWP, C18OH, and C8, and PPL, found that PPL extracted on average
15% more DOM then other sorbents, and could extract both polar, nonpolar and
aliphatic constituents of DOM (Dittmar et al., 2008, Perminova et al. 2014).
Further investigations into the selectivity of these new sorbents has found that
even the PPL sorbent has only an average recovery of 30% of nitrogenous
species, much lower than the 70% average recovery of C (Raeke et al., 2016). A
bulk DOM sample contains many nitrogenous species, which suggests that SPEPPL extraction eluates may be not representative of bulk DOM.
The yield of DOM from any SPE procedure is not solely based on sorbent
selection, proper sample handling and extraction parameters are required to
achieve maximum extraction efficiency. A more recent study has investigated
parameters such as loading volume, flow rate relative to SPE-PPL yields. This
study found that flow rate had a minimal effect on the recovery of SPE-PPL
eluate yields from natural waters, however, SPE-PPL performed at high loading
volumes selected against carboxylic-rich aromatic molecules (CRAM), an
important constituent of DOM (Li et al., 2016). In this study loading volume and
flow rates applied were on the low end (1.25-125 mL, and 0.5-5 mL min-1), this is
concerning as often DOM from natural sources requires a higher loading volume
and faster flow rate than what was applied here.
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Regional differences in DOM concentration and characterization, as well
as differences in the composition of the matrix between bulk samples may lead to
unexpected selectivity and may require different extraction parameters to achieve
optimum yields. This selectivity is troublesome when investigating DOM from
across the terrestrial-to-aquatic continuum where both quality and quantity of
DOM varies and may require specialized SPE isolation procedures to achieve an
analyzable sample. Carboxylic-rich aromatic molecules (CRAM) is distributed
throughout the terrestrial-to-aquatic interface. However, these compounds are
progressively removed as soil water percolates down to groundwater reservoirs
by both biotic and abiotic processes (Hedges et al., 1994). As a result, soil water
DOM samples contain a higher proportion of CRAM relative to groundwater
DOM. The implications of this selectivity suggest that SPE-PPL eluates may
misrepresent DOM character across the terrestrial-to-aquatic interface if proper
extraction parameters are not considered. Therefore, SPE performance must be
optimized for the range of sample types encountered across this continuum.
The objective of this study was to determine the optimal SPE parameters
required to obtain bulk representative eluates with comparable recovery of C and
N from samples representative of the terrestrial-to-aquatic continuum in a boreal
forest watershed. Here, sample loading volume and the rate of sample
introduction during the SPE isolation process using the PPL sorbent were
investigated on DOM acquired from stream water, groundwater and soil water
samples. Extraction yields of DOC and DON were investigated quantitively,
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additionally molecular characterization of DOM and selectivity associated with
each parameter and with source was investigated qualitatively via solution state
H-NMR. By assessing selectivity and the yields of the SPE-PPL method when
applied to samples collected from across the terrestrial-to-aquatic interface, the
extraction parameters produced comparable DOM eluates for solution state HNMR analysis in a boreal forest watershed.
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Figure 1.1. Solid phase extraction (SPE) protocol applied to prepare samples for
structural analysis of freshwater dissolved organic matter (DOM) via solution
state hydrogen nuclear magnetic resonance (H-NMR). A 100mg PPL column
used in each case.
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1.2 Methods:
1.2.1 Site descriptions:
Experiments were conducted on samples collected from two sites on the
island of Newfoundland, which lies in the boreal forest biome. Samples were
collected from sites in both eastern, and western Newfoundland. Both areas are
within the boreal forest, with eastern sites dominated by Abies balsamea and
sites in the west dominated by Picea mariana and both underlain by podzolic
soils. The mean daily temperature of the eastern and western regions is 5 and
4˚C respectively (Environment Canada normals 1980-2010, eastern St. John’s A
and western Deer Lake weather stations). Three sample types were collected to
be representative of the terrestrial-to-aquatic continuum in boreal watersheds; (1)
water samples taken from passive pan lysimeters installed under the organic
horizon of forest soils (soil water), (2) water samples taken from a forested
headwater stream (stream water), and (3) groundwater collected from a natural
seep (groundwater) (Table 1.1).
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Table 1.1: Location, description of site, dissolved organic carbon (DOC) (mg C L1
), total dissolved nitrogen (TDN) (mg N L-1), and dissolved inorganic and organic
nitrogen (DIN/DON) (mg N L-1) are reported. All numerical parameters are
reported as the mean ± one standard deviation where n=3.
Location:

Site/sample
description:

DOC:

TDN:

DIN:

DON:

Soil water

Passive pan
lysimeters
sampled from
black spruce
forest plots

40.0
(±1.2)

0.60
(±0.20)

0.2
(±0.01)

0.4
(±0.2)

Concentrated
Stream water

First order
clear-water
stream
entering Long
Pond in
eastern
Newfoundland

17.4
(±0.5)

1.70
(±0.4)

0.3
(±0.01)

1.4
(±0.40)

Concentrated
Ground water

Groundwater
spring
sampled in
eastern
Newfoundland

0.20
(±0.02)

-

-

-
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1.2.2 Sample collection:
Soil water: Samples were collected from passive pan lysimeters installed
under the organic horizon (approximately 8.17 cm in depth) within the forest
stand of the Pynn’s Brook experimental forest, Newfoundland. A batteryoperated pump was used to empty a 25 L high-density polyethylene (HDPE)
carboy buried further downslope and plumbed to the lysimeters (Ziegler et al.,
2016, Bowering et al., 2017). Twenty liters of sample was pooled from two
lysimeters within the same forested plot.
Stream water: On the 16th of June 2016 100 L of stream water was
collected from a clear-water stream just upslope of Long Pond on Rennie’s River
in St. John’s, Newfoundland. The stream sample was collected into acid washed
HDPE carboys and transported immediately back to the laboratory where it was
stored at 4˚C.
Groundwater: 450 L of groundwater was collected from a seep located on
Pitt’s Memorial highway in St. John’s eastern Newfoundland during June 2017
using acid-washed HDPE carboys. Collection of the groundwater sample took
place over the course of a week, in intervals of 100-liters. The sample was
immediately transported to the laboratory and stored at 4˚C for one evening until
further processing.
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1.2.3 Sample preparation prior to solid phase extraction:
Samples collected were prepared in accordance to the requirements of
testing the variation in DOC recovery due to two parameters that can be varied in
the SPE method; (1) sample loading volume and (2) flow rate of sample
application (Table 1.2).
All samples, except those requiring pre-concentration, underwent filtration
via pre-combusted GF/F Whatman Filters (6 h, 500 C°) immediately after sample
collection. Saturated mercuric chloride (HgCl 2) solution was then added to the
filtered samples at a ratio of 10 µl HgCl2:10 mL sample to halt any biological
degradation of DOM during the dark 4˚C storage prior to SPE. Fifteen mL
subsamples were taken for initial DOC and total dissolved nitrogen (TDN)
analysis after HgCl2 was added to sample. Subsamples were collected in
individual 24 mL glass vials (Fisher Scientific, NH). Remaining bulk samples
were then either directly used for SPE, diluted or concentrated depending upon
the sample type and experimental treatment (Figure 1.2).
Samples with low DOC concentration, such as groundwater and stream
water, were concentrated via RO prior to SPE to enable similar loading volumes
to be tested on sample types with vastly different concentrations of DOC. For
example, the soil water and the groundwater sample would normally require an
average loading volume of 0.5 and 10 L respectively to achieve the mass of C
required for NMR analysis. Concentration was required to perform SPE on the
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stream and groundwater samples at the same volumes as the soil water
samples. A Realsoft RO system (Atlanta, GA, USA) was set up with two
membranes each with an 800 Dalton cut-off (Kent, WA, USA). Prior to RO, the
sample was pumped through an inline 0.1 µm polycarbonate cartridge filter (Kent,
WA, USA). After concentration, samples were filtered through pre-combusted (6
h, 500C°) Whatman GF/F filter (Kent, WA, USA), fixed with HgCl 2, subsampled
again for DOC/TDN to determine concentration factor, and stored in the dark at
4˚C until extraction (Figure 1.2).
To conduct loading volume experiments, the soil water and RO
concentrated stream and groundwater samples were diluted to the volumes to be
tested by adding Nano-UV water immediately before SPE. The purpose of this
dilution was to test whether SPE would yield similar extraction recoveries from
samples with equal masses of DOC but different loading volumes (Table 1.2).
Blanks were run in triplicate with all experiments except the flow rate
experiment conducted on soil water. Blanks were generated from Nano-UV water
just prior to each experiment and were run through the SPE-PPL process.
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Figure 1.2: Flowchart depicting sample treatment prior to solid phase extraction
(SPE). Once sampled, samples were processed differently depending on
experiment parameters. The three methods of sample preparation were: direct
analysis, pre-concentration, and dilution.
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Table 1.2: Solid phase extraction parameters for each experiment. Loading
volumes, flow rates, sample applied, and loading mass of carbon and nitrogen
are reported. Five flow rates were tested with two different sample types. Four
loading volumes were tested with three different sample types
Experiment
type:

Flow rate
(mL min1
):

Loading Carbon Nitrogen
Volume applied applied
(L):
(mg):
(mg):

Sample:

Flow rate

10-50

0.5

18

0.6

Soil water

20-50

1.0

13

1.7

Stream watera

30

0.5-10

18

0.6

Soil water

30

1.15-10

20

1.7

Stream water a

Loading
Volume
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1.2.4 Solid phase extraction:
All SPE experiments were carried out with Agilent Varian Bond Elute 100mg PPL cartridges (Santa Clara, CA, USA) using the manufacturer
recommended loading limit of 24 mg of C. Experiments were designed to be
below this 24 mg C limit but large enough to reflect C quantities required for
solution state H-NMR analysis. Prior to SPE all samples, including blanks, were
acidified to a pH of 2 using stock solution of hydrochloric acid (32% ACS grade
HCl; Sigma Aldrich) to increase recovery of organic acids and phenols (Dittmar et
al., 2008). Cartridges were rinsed with a stock solution of acetone (99.5% HPLC
Millipore) and then methanol (Millipore HPLC 99.9%) to ensure complete removal
of any remaining C applied to the column from previous extractions, and to prime
the cartridges for sample loading. Extractions were performed in triplicate
according to Dittmar et al., 2008. Extractions were then adjusted to test for the
effects of sample volume applied and flow rate on SPE recovery and repeated.
Flow rates were monitored via stopwatch and measuring against a graduated
syringe. Initially a 15 mL reservoir attached to the SPE cartridge was manually
refilled, however following the first flow rate experiment, the SPE process was
automated. Sample was drawn into the SPE cartridge via 1/8” silicon tubing via
head pressure from a 500 mL HDPE bottle, which was manually refilled. After
loading, cartridges were washed with two cartridge volumes (~12 mL) of 0.01 M
HCl to remove any matrix components bonded to the solid phase. Cartridges
were then dried for 15 minutes by vacuum pressure and eluted with 6 mL of
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methanol into individual 24 mL glass vials. 500 µL subsamples for DOC, TDN,
dissolved inorganic nitrogen and dissolved organic nitrogen (DIN/DON) analysis
were taken from sample eluates to determine SPE recovery. The parameters
used in each SPE experiments are given in Table 1.2.
Sample eluates were then dried at 20˚C using a Pierce Reacti-vap
(Dallas, Texas, USA) for 10 minutes, sealed with polytetrafluoroethylene-lined
caps and stored in the dark until analysis.
1.2.5 Carbon and nitrogen measurements:
Samples were analyzed for total C and N using a Shimadzu TOC-V high
temperature combustion total carbon analyzer (Shimadzu, Japan) at Memorial
University of Newfoundland. Detection limit for DOC was 0.07 mg L-1 with a
coefficient of variation of 1.1% of the 5 mg L-1 check standards. Detection limits
for TDN was 0.001 mg L-1, with a coefficient of variation of 1.8% of 0.1 mg L-1
check standards. Carbon and nitrogen analysis were performed on both the
original samples and extracts to calculate the percent recovery of the SPE
method.
To calculate the percent recovery of either carbon or nitrogen in the total
elution rather than the 500 µL subsample that was analyzed, the following
formula was employed:
𝑚𝑔
(𝐷𝑂𝐶(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) ( 𝐿 ) ∗ 0.015𝐿)
%C recovery =
∗ 100%
𝐶(𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑡𝑜 𝑐𝑜𝑙𝑢𝑚𝑛) (𝑚𝑔)
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Where DOCmeasured was the concentration of DOC in mg L-1 measured in the SPE
eluate, and where C (applied to column) was the mass of DOC in mg applied to the
column. The eluate was re-dissolved in 15 mL of Millipore water prior to chemical
analysis.
Analysis of DIN was completed through the individual colorimetric analysis
of dissolved ammonium and nitrate using a QuikChem 8500 Series 2 FIA System
(Hach, Colorado, USA). Dissolved inorganic nitrogen measurements were
subtracted from TDN measurements to calculate DON. Nitrate, and ammonia
were both processed using a colorimetric method discussed in Pritzlaff, 2003 to
determine quantity via absorbance measurements. Detection limits for the
ammonia method was 0.003 mg L-1 with a coefficient of variation of 7.21% of the
0.2 mg L-1 check standards. Detection limits for the nitrate method was 0.007 mg
L-1 with a coefficient of variation of 8.26% of the 0.2 mg/L check standards. Total
DIN was subtracted from TDN to calculate DON.
1.2.6. Solution state hydrogen nuclear magnetic resonance analysis:
Solution state NMR data was acquired using Bruker AVANCE 500
spectrometer with a 5mm TXI 1H/D-13C/0154 probe, NMR 64 scans were carried
out with a 3 second delay time. Peak analysis, and integration areas were
obtained using MRestnova software (Bajo, Spain). Assignments of compound
classes was based upon Clemente et al. (2009).
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To test the precision of the processing of NMR spectra, the NMR results of
two samples were each processed five separate times. The standard deviation
and coefficient of variation of relative abundance of compound classes among
these five interpretations provided an assessment of the error associated with the
processing used to identify the relative proportion of each compound class (Table
1.3). Analytical precision was determined by analyzing one sample three times
and determining the standard deviation for each of the integral areas. The
average analytical precision was 0.4% (Table 1.3).
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Table 1.3: Chemical shift regions (ppm), hydrogen functionality, average
contribution from each functional group to total percent hydrogen (%), standard
deviation (%) and coefficient of variation (%), for compound classes relating to
dissolved organic matter (DOM) analyzed via solution state hydrogen nuclear
magnetic resonance (H-NMR) analysis. Integration areas were compiled from
studies that utilized the same deuterated solvent (Clemente et al. 2012).
Precision and relative standard deviation for analysis of solution state H-NMR
spectra are reported for chemical shift regions (ppm) based on solution state HNMR where n=5 (Clemente et al. 2012).
Chemical Hydrogen
Shift region: functionality:

8.60 - 7.80 amides
from
peptides

Percent
contribution:

Standard
Deviation:

Coefficient of variation:

3.7

0.4

9.8

7.80 - 6.20 aromatic
from lignin
and
proteins

11.3

0.2

1.6

4.80 - 4.00 Peptides

15.2

0.2

1.6

4.00 - 2.90 O alkyl
mainly from
carbohydra
tes and
lignin

36.4

0.2

0.6

2.90 - 1.30 aliphatic
methyl and
methylene
near O and
N

22.7

0.6

2.8

1.30 - 0.60 aliphatic
methyl and
methylene

10.7

0.3

3
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1.2.7 Statistical analysis:
A one-way analysis of variance (ANOVA) was applied to assess effect of
flow rate and loading volume on the recovery of C and N of SPE-PPL eluates
within samples tested as described in Table 1.2. Assumptions required to
conduct the ANOVA test include: equal population variations across groups,
adherence of the response variable to a normal distribution, and each sample in
an experiment must be independent and random. Shapiro tests were conducted
to test for normality of residuals, while Leven’s Test was performed to test the
distribution of error variances (O`Brien et al., 1979). Lag plots were constructed
in R studio for each experiment to ensure samples were independent and
random. Tukey honesty post-hoc tests were performed to investigate significance
differences between means for experiments whose data passed the necessary
assumptions. For experiments whose data did not pass the necessary
assumptions, non-parametric statistical tests were performed using the KruskalWallace test, followed by post-hoc Nemenyi's test to determine significant
differences between the means. The results of all statistical tests performed are
present in Table A.1.
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1.3 Results:
1.3.1 Initial sample characteristics:
Samples were measured for DOC, DIN and TDN prior to any processing to
determine amount of C and N that was to be applied to the SPE-PPL column.
Quantitative assessments of DON and DOC demonstrated the vast speciation of
DOM between different land positions present in the terrestrial-to-aquatic
interface (Table 1.1).
Solid phase extraction performance under varying flow rates was
investigated in two series of experiments conducted on soil and stream water
DOM. Soil and stream water samples were used to assess any differences in
SPE flow rate performance when applying sample with dissimilar DOM
composition from across the terrestrial-to-aquatic interface. 18 and 13 mg of C
was applied to the SPE column during experiments on soil water, and stream
water respectively. Both series of experiments were performed with equal
loading volume (1-liter) but the rate at which sample was applied varied; 10-50
mL min-1 in the case of the soil water and 20-50 mL min-1 in the case of the
stream water mL min-1 (Table 1.2).
The effect of flow rate on DON recovery during SPE-PPL extractions of
soil water and stream water was also investigated (Table 1.2). 0.6-mg and 1.7mg of TDN were applied to PPL columns in the soil water and stream water
experiments, respectively. 31 percent of the total nitrogen applied during the soil
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water flow rate experiment was inorganic, and 69 percent was organic. 21
percent of the applied nitrogen in the pre-concentrated stream water experiments
was inorganic, and 79 percent was organic.
Solid phase extraction loading volume performance was also investigated
in three series of experiments conducted using soil, stream and groundwater
DOM samples (Table 1.2). The relationship between sample loading volumes
and percent DOC recovered was examined using equal masses of carbon (13.5 20 mg C depending upon sample) applied to 100mg PPL cartridges using an
extraction flow rate of 30 mL min-1 across a range of loading volumes (0.5 - 10
liters) (Table 1.2). Due to the low concentration of DOC in stream water (3.4 mg
L-1) and groundwater samples (0.19 mg C L-1), concentration via RO was
necessary prior to SPE to achieve similar loading volumes. Concentrated stream
water samples had a DOM concentration of 17.4 mg C L-1 while concentrated
groundwater sample had a DOM concentration of 9 mg C L-1 resulting in 20 and
13.5 mg C applied to 100 mg PPL cartridges, respectively (Table 1.2).
The effect of loading volume on DON recovery for SPE performed across
the terrestrial-to-aquatic interface was also investigated. Soil water applied
contained 0.6 mg TDN, 31 percent of which was inorganic, while 69 percent was
organic. Pre-concentrated stream water contained 1.7 mg of TDN. 17 percent of
the total nitrogen applied was inorganic, the remaining 83 percent was organic.
0.8 mg of total nitrogen was applied during groundwater loading volume
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experiments. 20 percent of this total nitrogen was inorganic, while 80 percent was
organic (Table 1.2).
1.3.2 Effects of flow rate of solid phase extraction eluate yields:
Statistical investigation revealed that no significant relationship between
DOC recovery of extractions performed on soil water and flow rate existed (P >
0.27, Kruskal Wallace; Figure 1.3a). This was also the case in experiments
conducted on stream water (P > 0.4, Kruskal Wallace; Figure 1.3b). Dissolved
organic carbon recoveries ranged from 50 to 80 percent and from 50 to 70
percent for the experiments conducted on soil water and stream water
respectively (Figure 1.3a).
Like DOC recovery, statistical investigation revealed no significant
relationship between DON recoveries and SPE flow rates for extractions
performed on both soil water (P > 0.14, Kruskal Wallace; Figure 1.3a) and stream
water (P > 0.15, Kruskal Wallace; Figure 1.3b). Maximum DON recoveries were
achieved at 40 mL min-1 for both experiments, after which recoveries decreased
slightly. Dissolved organic nitrogen recoveries ranged from 33 to 43 percent for
soil water experiments and 28 to 35 percent for stream water.
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Figure 1.3: Solid phase extraction (SPE) carbon and nitrogen yields reported as
% recovery versus flow rate applied. A) Percent dissolved organic carbon (DOC)
recovery for soil water flow rate experiment. One liter with 18 mg DOC applied.
Percent nitrogen recovery for soil water flow rate experiment. One liter with 0.6
mg total dissolved nitrogen (TDN) applied. B) Percent DOC recovery for stream
water flow rate experiment. Half liter with 13 mg DOC applied. Percent nitrogen
recovery for stream water flow rate experiment.
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1.3.3. Effect of loading volume on solid phase extraction eluate yields:
Dissolved organic carbon recoveries were found to decrease significantly
with increasing loading volume in experiments conducted on soil water. Soil
water experiments had a minimum of 55 percent recovery of carbon and a
maximum of 84 percent. The large difference in DOC recoveries between 1 liter
and 10 liters extractions was revealed to be significant upon statistical
investigation (P > 0.02 ANOVA; Figure 1.4a). Experiments performed on stream
water had similar recoveries, ranging from 60 to 82 percent of carbon applied.
However, no significant differences were observed (P > 0.17, Kruskal Wallace;
Figure 1.4b). Similar ranges in recoveries were also observed in loading volume
experiments performed on groundwater. Recoveries ranged from 55 to 80
percent of total carbon applied. Extractions performed at 5 liters loading volumes
had a significantly lower DOC yield than extractions performed at 1.5 liters but
not 10 liters (P > 0.004, ANOVA; Figure 1.4c).
Percent DON recovered from extractions of soil water exhibited an inverse
relationship with loading volume in the soil water experiment (Figure 1.4a).
Statistical investigation of this trend revealed that loading volumes of 10 liters had
significantly lower DON recovery than extractions completed at lower loading
volumes (0.5, 2, and 5L) (P > 0.03, Kruskal-Wallace; Figure 1.4a). Percent of
DON recovered from pre-concentrated stream water had a similar range as soil
water recovering 10 to 22 percent, however unlike the soil water experiment, the
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relationship between loading volume and DON recovery exhibited was not
significant (P > 0.51, ANOVA, Figure 1.4b). Extractions of pre-concentrated
groundwater also exhibited similar DON recoveries yielding 10 to 29 percent
recovery, however extractions completed at 5 liters had significantly lower DON
recovery than extractions completed at either 1.5 or 10 liters (P > 0.0007,
Kruskal-Wallace; Figure 1.4c).
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Figure 1.4: Solid phase extraction (SPE) carbon and nitrogen yields reported as
percent recovery versus loading volume applied. A) Percent carbon recovery for
soil water loading volume experiment completed at flow rates of 30 mL min-1 with
18 mg dissolved organic carbon (DOC) applied. Percent nitrogen recovery for soil
water loading volume experiment completed at flow rates of 30 mL min-1 with 0.6
mg total dissolved nitrogen (TDN) applied. B) Percent carbon recovery for
stream water loading volume experiment completed at flow rates of 30 mL min-1
with 20 mg DOC applied. Percent nitrogen recovery for stream water loading
volume experiment completed at flow rates of 30 mL min-1 with 1.7 mg TDN
applied. C) Percent carbon recovery for groundwater loading volume experiment
at flow rates of 30 mL min-1 with 13.6 mg DOC applied. Percent nitrogen recovery
for groundwater loading volume experiment completed at flow rates of 30 mL min1
with 0.8 mg TDN applied.

52

1.3.4 Nuclear magnetic resonance analysis:
SPE-PPL eluates selected for NMR analysis were end members of the
tested parameters and had the largest differences in their DOC recoveries. It
was hypothesized that end members of the treatments (i.e. 50 mL min-1 vs 10 mL
min-1) with large differences in recoveries of DOC would reveal selectivity
specifically associated with the tested parameter. Six SPE-PPL eluates were
selected for solution state H-NMR analysis: two samples from the flow rate
experiment testing stream water, two from the loading volume experiment testing
soil water, and two from the loading volume experiment testing groundwater
(Table 1.4). Stream water samples selected from the flow rate experiment had a
difference of 30% in DOC recoveries, while the soil water and groundwater
samples selected from the loading volume experiments had a difference of 22,
and 7% respectively.
Solution state H-NMR analysis of eluates selected from the experiment
testing flow rate revealed little differences in the relative contribution of hydrogen
moieties to total percent hydrogen across the applied flow rates. The largest
contribution to total % hydrogen came from O-alkyl functionalities at 2.9 to 4.1
ppm which occupied 36% of the 50 mL min-1 treatment and 37% of the 20 mL
min-1 treatment. Despite a difference of 30% in DOC recovery (77% versus
47%), there was little difference observed within any of the six hydrogen
compound classes in either flow rate treatment (Figure 1.5).
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Solution H-NMR analysis of the pair of samples selected from the soil
water loading volume experiment revealed that the one-liter (77% DOC recovery)
extraction had a higher proportion of O-alkyl (41%), aromatic (12%) and amide
(3%) hydrogen functionalities compared to the ten-liter (55% DOC recovery)
extractions which had 24, 7 and 2% respectively (Figure 1.6). The ten-liter
sample had a higher proportion of alkyl functionalities (57%) compared to the
one-liter extractions (32%) (Figure 1.6). In contrast to the soil water experiment, a
similar proportion of all compound classes were observed for both loading
volume treatments of the groundwater experiment. The largest contribution to the
one-and-a-half-liter extraction came from alkyl functionalities (73%), similarly alkyl
functionalities also dominated total % hydrogen of the ten-liter extraction (68%)
(Figure 1.7). Although there was no repeated analysis of the samples,
assessment of the analytical precision of the instruments allowed us confidence
in our analysis (Table 1.3).
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Table 1.4: Samples selected from across terrestrial-to-aquatic interface for solution
state hydrogen nuclear magnetic resonance (H-NMR) analysis based on
quantitative differences in dissolved organic carbon (DOC) concentration (mg L-1).
Stream water samples selected had a difference of thirty percent in DOC
recoveries. Soil water and groundwater samples selected from the loading volume
experiments had a difference of twenty-two, and seven percent respectively.
Experiment/Sample:

Sample replicate:

Flow rate (Stream water)

50 mL min-1
20 mL min-1

Loading Volume (Soil water)

5-liter

1-liter

Loading volume (Groundwater)

1.5-liter

10-liter
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Figure 1.5: Contribution to percent total hydrogen of varied compound classes as
derived by solution-state hydrogen nuclear magnetic resonance (H-NMR) spectra
(500 MHz, dimethyl sulfoxide (DMSO)) of solid phase extractions (SPE) of stream
water during flow rate experiments. Classification of broad compound classes
was based on chemical shift regions: 0.3–1.3 ppm: aliphatic methyl and
methylene; 1.3–2.9 ppm: aliphatic methyl and methylene near oxygen and
nitrogen; 2.9– 4.1 ppm: O-alkyl, mainly from carbohydrates and lignin; 4.1–4.8
ppm: α1H from proteins; 6.2–7.8 ppm: aromatic, from lignin and proteins; 7.8–8.4
ppm: amide from proteins.
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Figure 1.6: Contribution to percent total hydrogen of varied compound classes as
derived by solution-state hydrogen nuclear magnetic resonance (H-NMR) spectra
(500 MHz, dimethyl sulfoxide (DMSO)) of solid phase extractions (SPE) of soil
water during loading volume experiments. Classification of broad compound
classes was based on chemical shift regions: 0.3–1.3 ppm: aliphatic methyl and
methylene; 1.3–2.9 ppm: aliphatic methyl and methylene near O and N; 2.9– 4.1
ppm: O-alkyl, mainly from carbohydrates and lignin; 4.1–4.8 ppm: α1H from
proteins; 6.2–7.8 ppm: aromatic, from lignin and proteins; 7.8–8.4 ppm: amide
from proteins.
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Figure 1.7: Contribution to percent total hydrogen of varied compound classes as
derived by solution-state Hydrogen nuclear magnetic resonance (H-NMR)
spectra (500 MHz, dimethyl sulfoxide (DMSO)) of solid phase extractions (SPE)
of groundwater during loading volume experiments. Classification of broad
compound classes was based on chemical shift regions: 0.3–1.3 ppm: aliphatic
methyl and methylene; 1.3–2.9 ppm: aliphatic methyl and methylene near O and
N; 2.9– 4.1 ppm: O-alkyl, mainly from carbohydrates and lignin; 4.1–4.8 ppm: α1H
from proteins; 6.2–7.8 ppm: aromatic, from lignin and proteins; 7.8–8.4 ppm:
amide from proteins.
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1.4 Discussion:
1.4.1 Flow rate effects on yields solid phase extraction eluates:
Although studies that have examined flow rates have found no significant
differences in SPE-PPL DOC yields between slower rates (0.5 - 5 mL min-1), it
has been hypothesized that faster flow rates (i.e. > 5 mL min-1) could reduce
recovery of extractions due to insufficient time for the analyte to bind to the solid
phase (Li et al., 2016). Freshwater sources often contain low concentrations of
Dissolved organic matter. If researchers were restricted to slow flow rates, it
would feasibly take days to extract enough DOC to achieve an analyzable
sample. In this investigation of flow rate, I similarly found no significant
quantitative difference in DOC or DON recoveries across tested flow rates (10 mL
min-1 – 50 mL min-1), furthermore, experiments testing both soil and stream water
had similar yields of DOC and DON. These findings suggest that high flow rates
(50 mL min-1) can be employed to practically prepare DOM samples for analysis
via SPE-PPL. This investigation into flow rate was limited to soil and stream
water samples, however, qualitative analysis gives us reason to believe that
SPE-PPL recovery of DOC and DON is independent of flow rate even in the case
of groundwater.
When the effect of flow rate on DOM yields during SPE-PPL extraction was
examined qualitatively, via solution state H-NMR, selectivity was not observed.
Spectra produced were like other published H-NMR spectra of stream water with
major contributions from alkyl and O-alkyl hydrogen functionalities (Zhang et al.,
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2007, Kaiser et al., 2003). Our analysis is confined to soil and stream water
sampled, however, the chemical characterization of DOM inherent to
groundwater reservoirs makes it likely chemical selectivity will not be observed in
extractions of groundwater performed with high flow rates. Groundwater DOM
has a larger contribution of aliphatic functionalities that strongly bind to the PPL
solid phase, while more weakly binding O-alkyl functionalities only occupy 10 to
20% of total hydrogen, thus it is unlikely that selectivity would be observed in
extractions of groundwater (Hedges et al. 1986, Hedges et al., 1994, Jardine et
al., 1989, Kaiser et al., 2004; Shen et al. 2014).
1.4.2 Loading volume effects on yields of solid phase extraction eluates:
Investigation of loading volume effects on SPE-PPL recovery of freshwater
DOM are limited. Studies have typically focused on samples sourced from one
location and exclude DON dynamics in their investigation of SPE loading volume.
Loading volume, however, is a critical parameter of SPE as every sample
requires a distinct loading volume to achieve optimal carbon load. Optimal
carbon load in SPE depends on the sensitivity of subsequent analysis
methodologies as well as column breakthrough point. Researchers that have
systematically investigated the effect of loading volumes on SPE-PPL extractions
have found that loading volume does have associated selectivity, and yet, no
observable reduction of bulk C recovery. (Li et al., 2016). In their study on
Suwanee river DOM, Li et al., (2016) found that high loading volume selected
against CRAM and carbohydrate DOM constituents, while selecting for more
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aliphatic compounds. My investigation into loading volume supports the findings
obtained from the Suwanee River study and extend these findings to lower DOC
waters that span a range of source and degree of transformation. This
experiment is relevant to boreal forest watersheds, however, the loading volumes
tested (0.5 to 10L) are typical of many terrestrial and aquatic ecosystems.
Quantitative investigation into SPE-PPL dynamics revealed DOC and
DON recoveries were not entirely independent of loading volume. Experiments
on soil water samples revealed that ten-liter samples had a lower recovery of
both DON and DOC compared to samples extracted at lower volumes. This,
however, was not the case for groundwater or stream water samples, which did
not experience any effects on DOC recovery associated with loading volumes.
Groundwater DON recovery at loading volumes of five liters, however, was
significantly lower than extractions completed at ten liters, but not one liter. The
difference in the dynamics of loading volume across sample types representative
of the terrestrial-to-aquatic interface is most likely due to the distinct chemical
composition of DOM inherent to each sample type. Furthermore, these results
suggest that SPE-PPL can yield representative eluates from across the
terrestrial-to-aquatic interface when carefully considering the sample type and
volume to be applied.
Selectivity present in the soil water loading volume experiment was not
present in the groundwater experiment likely due in part to the lower relative
proportion of O-alkyl hydrogen functionalities present in the groundwater sample
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(Figure 1.8). DOM from soil water sources have much higher proportions of
bioavailable DOM, such as sugars and proteins, than groundwater sources (Shen
et al., 2014). This is evident when comparing the spectra of groundwater with
spectra of soil, or stream water (Figure 1.8). The O-alkyl functionalities in
groundwater samples spectra have much less detail specifically in the region of
3.5 - 3.8 ppm. This region contains many methoxy and ethoxy compounds
originating from lignin, carbohydrates and peptides (Clemente et al., 2012).
These are relatively bioavailable compounds that are removed as water
percolates through the soil and regolith, resulting in fewer bioavailable
compounds and higher quantities of slower turnover, recalcitrant, aliphatic
moieties, via a process described as regional chromatography (Hedges et al.
1986, Hedges et al., 1994, Jardine et al., 1989, Kaiser et al., 2004; Shen et al.
2014). Results from this study suggest that either higher loading volumes
displace DOM hydrogen components that are weakly bonded to the PPL sorbent,
such as O-alkyl moieties associated with carbohydrates and lignin, for
compounds with a higher affinity to the PPL-solid phase such as aliphatic
functionalities (Li et al., 2016). During soil water experiments higher loading
volume extractions selected against O-alkyl structures and CRAM, and instead
preferentially extracted aliphatic compounds. This suggests that components
weakly bonded to solid phase, such as O-alkyl compounds, partition back into the
mobile phase as more volume is passed over them, while aliphatic compounds
that bind to the solid phase are retained. This results in higher aliphatic
contribution to total percent hydrogen of the soil water eluate. Additionally,
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aromatic and amide structures were also selected against in the same manner as
O-alkyl compounds at higher loading volumes for soil water. This selectivity is
troublesome, however by limiting loading volumes or utilizing a larger SPE
cartridge, it can be minimized and eliminated. It is especially important to use low
loading volumes in SPE of soil water as DOM present in soil water has large
amounts of these weakly bonding O-alkyl functionalities.
After my experimentation, SPE-PPL still seems a preferable method to
prepare DOM samples from across the terrestrial-to-aquatic interface for solution
state H-NMR analysis. Although high loading volume was found to select against
components of DOM, by considering proper extraction loading volume and
source of DOM applied, researchers can optimize SPE-PPL procedure to better
interpret compositional data of DOM. For example, due to larger proportions of
O-alkyl hydrogen functionalities, soil water eluates were found to exhibit
selectivity associated with increased loading volume unlike groundwater eluates.
Fortunately, soil water DOM in our region has high DOC concentration and do not
require loading volumes of higher than one liter (Bowering et al., in preparation).
Groundwater, on the other hand, tends to have a very low concentration of DOC,
requiring loading volumes on the order of ten liters to achieve analyzable
samples. However, groundwater has much lower contributions of weakly bonding
hydrogen functionalities, which makes it less likely to experience this selectivity
(Figure 1.8). Stream water presents the most variable source of DOM both in
terms of concentration and characterization. Allochthonous DOM in streams is a
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combination of groundwater and soil water, determined by many seasonal and
regional mechanisms. Stream water DOM samples may resemble soil water
DOM signature during periods of when the water table is elevated, and more
resemble groundwater during dryer periods (Sanderman et. al 2009). Therefore,
it is best to tailor SPE parameters, specifically loading volume, to the DOC
concentration to avoid selectivity. By considering the chemical composition of
DOM in the sample applied researchers can predict how selectivity may affect
SPE-PPL extractions, and how representative the SPE-PPL eluate will be of the
bulk sample.
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Figure 1.8: Superimposed solution-state hydrogen nuclear magnetic resonance
(H-NMR) spectra (500 MHz, dimethyl sulfoxide (DMSO)) for 10-liter testing
groundwater water depicted in red, and 10-liter soil water sample depicted in
cyan. Lower contributions in groundwater samples around 3.5-4 (ppm) is
indicative of a loss of methyl and methoxy compounds originating from lignin.
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Chapter 2:
Spatial variation in the chemical composition of dissolved organic matter within
the Pynn’s Brook Experimental Watershed
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Keywords:
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Abstract:
The terrestrial-to-aquatic carbon flux is a transfer of carbon that is not well
constrained in current models of the global carbon cycle. Efforts to constrain this
flux have been hampered by the temporal and spatial chemical heterogeneity of
the flux in both small and large catchment scales. Constraining the chemical
composition of dissolved organic matter (DOM), a significant form of carbon in
inland waters, in conjunction with its flux should provide insights into the controls
on the terrestrial-to-aquatic carbon flux. In this study I: 1) captured the chemical
heterogeneity of DOM reservoirs across the terrestrial-to-aquatic interface over
the course of a year in a small boreal forest watershed; 2) compare quantitative
and qualitative measures to reveal potential controls on DOM composition; and 3)
consider how these results better inform controls on the terrestrial-to-aquatic flux
of DOM in this boreal forest watershed. To capture the wet and dry periods,
samples were collected for four months: May, June, August, and October.
Solution state hydrogen nuclear magnetic resonance (H-NMR) analyses were
performed on samples collected during June and October, the respective dry and
wet periods for the sampled watershed, to capture seasonal variation that may
alter the hydrological connectivity of the watershed. Increases in both dissolved
organic carbon (DOC) concentration and the presence of O-alkyl hydrogen
functionalities in the lower stream site indicated DOM contributions from forest
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soils during the fall wet period, while DOM at the same site was compositionally
similar to groundwater DOM during the summer base flow. A shift in DOM
composition, however, was not observed in the up-stream site, which drains a
small headwater pond, where DOM chemical signature remained similar
throughout the year based on similar DOM composition determined via H-NMR
analysis, and DOC concentration. This lack of temporal variability in the upper
site was likely due to greater water residence time caused by the up-stream
pond. Increased water residence time may serve to reduce shifts in DOM
composition initiated by hydraulic events by increasing the presence of
autochthonous carbon. The findings of this study suggest that seasonal
variation in the hydrologic connectivity of a watershed can impact the composition
of DOM representing the terrestrial-to-aquatic flux even under base flow
conditions in this boreal forest watershed. However, other localized watershed
features, in this case a small headwater pond, can modify the chemical character
of DOM masking this apparent connectivity between terrestrial and aquatic
systems within this boreal landscape.
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2.1 Introduction:
The transfer of terrestrial carbon to aquatic areas, known as the terrestrialto-aquatic carbon flux, is a poorly constrained transfer of global carbon (Cole et
al., 2007; Raymond et al., 2013; Tranvik et al., 2009). Current estimations of this
flux, determined using mass balance calculations based on recent studies of lake
carbon burial and degassing, are approximately double in magnitude compared
to the flux’s first estimations in the 1980s (Evans et al., 2005, Larsen et al., 2011,
Lapierre et al., 2013). Researchers studying the terrestrial-to-aquatic carbon flux
are especially interested in dissolved organic matter (DOM) which is highly
mobile and the dominant form of total organic carbon (C) in aquatic ecosystems
(Mattsson et al., 2005, Kalbitz et al., 2000). High latitude regions such as the
boreal forest have the highest proportion of surface water coverage globally and
typically exhibit high dissolved organic carbon (DOC) concentration, a
quantitative measure of DOM (Houghton et al., 1995). Understanding the
controls on the terrestrial-to-aquatic flux of DOM in high latitudes is critical given
that this region is especially sensitive to climatic change (Goulden et al., 1998).
Climate change is expected to increase both precipitation and production in
boreal forests (IPCC 2013), that will facilitate the transfer of more DOC; a
phenomenon that has been observed in recent studies (Evans et al., 2005,
Tranvik and Jansson, 2002). To predict the potential climatic feedbacks
associated with terrestrial carbon pools, the mechanisms that drive the terrestrialto-aquatic carbon flux must be understood (Cole et al., 2007, Battin et al., 2009).
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Modern techniques to characterize DOM require a combination of an
isolation and analytical methodology. Solid phase extraction with a di-vinyl
benzene copolymer sorbent (SPE-PPL) followed by solution state hydrogen
nuclear magnetic resonance (H-NMR) has become a popular combination of
methodologies to isolate and analyze DOM (Mopper et al., 2007, Hertkorn et al.,
2013, Kalbitz et al., 2003, Li et al., 2017). Solid phase extraction with a di-vinyl
benzene copolymer sorbent allows for a matrix-free, bulk representative DOM
eluate (Li et al., 2017, Chapter 1), which, when analyzed via NMR, can provide
the composition of DOM in terms of broad chemical functionalities (Mopper et al.,
2007, Sanderman et al., 2009, Clemente et al., 2009). By interpreting DOM
composition in terms of these broad chemical functionalities, supplemented by
quantitative measurements of carbon and nitrogen, DOM source and
transformations across the terrestrial-to-aquatic interface may be revealed.
Different DOM reservoirs in the terrestrial-to-aquatic interface are subjected to
diverse biotic and abiotic controls that influence the chemical characterization of
DOM in that reservoir. These controls lead to a semi-unique DOM chemical
characterization among potential terrestrial sources of DOM including
precipitation, soil water and groundwater that may all contribute to stream water
DOM composition.
Dissolved organic matter enters terrestrial systems via litter inputs, root
exudates, microbial production, and inputs from precipitation (Kalibitz et al.,
2000). Although precipitation samples have been found to contain DOM, studies
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show that it is bioavailable and low in concentration which results in rapid losses
once introduced to the terrestrial environment, and therefore does not
significantly contribute to downstream locations (Qualls and Hanes 1992, Fellman
et al., 2009). Fresh inputs from litter, microbial production, and root exudates
contribute to relatively large concentrations of bioavailable DOM constituents,
such as carbohydrates and amino acids, in surface soils relative to deeper soils
and groundwater. These fresh inputs result in soil DOM reservoirs having a
higher concentration of bioavailable DOM than any other reservoir within the
terrestrial-to-aquatic interface (Kalibitz et al., 2000). The chemical composition of
soil DOM changes as it percolates down through soil horizons and into
groundwater pools because of combined biological and physiochemical
processes occurring within the soil and groundwater matrices (Shen et al., 2015).
Labile DOM hydrogen functionalities, such as O-alkyl or proteinaceous moieties,
are biologically degraded, while lignin DOM constituents are sorbed to mineral
surfaces as water percolates into deeper soil reservoirs (Hedges et al.,
1994, Volk et al., 1997, Amon et al., 2001, Kalbitz et al., 2003). The magnitude
of these changes is dependent the rate at which soil water percolates to
groundwater reservoirs. Aliphatic functionalities, that are relatively recalcitrant
compared to O-alkyl or proteinaceous moieties, are selectively retrained en route
to the aquatic environment (Baldock et al., 1992, Kögel-Knabner et al., 1992,
Baldock and Preston, 1995). Controls such as mineral sorption and microbial
respiration are ultimately responsible for giving groundwater DOM its slow
turnover time and low molecular weight (Kalbitz et al. 2000, Shen et al., 2015).
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Dissolved organic matter from both soil and groundwater reservoirs contribute to
the flux of terrestrial DOM ultimately exported to streams. The relative
contribution of soil and groundwater pools to streams, along with other climatic
and topological variables then determine DOM characterization and
concentration in streams.
Dissolved organic matter in boreal stream systems is almost all
allochthonous in origin because it is hydraulically connected to the terrestrial
landscape and has low rates of autochthonous productions compared to ponds
and lakes (Hedges and Oades 1997, del Giorgio and Peters 1993, Jansson et al.
2000). Relative inputs from terrestrial land positions, such as both soil water and
groundwater, depend primarily on hydrologic flow paths and watershed
topography (Hongve et al., 2004). Dissolved organic matter character has been
reported to shift greatly during periods of heavy rainfall or snowmelt. After such
hydrological events, larger quantities of bioavailable DOM functionalities including
O-alkyl and proteinaceous moieties can be observed in stream water (Raymond
et al., 2007, Spencer et al., 2008) suggesting that the elevated water table helps
to mobilize new pools of soil derived DOM into stream systems (West et al.,
1996, Hood et al., 2005). On the other hand, during the dry base flow period, the
water table drops inhibiting contributions from soil DOM. The outflow from
stream resembles groundwater DOM character (Cai et al., 2008, Walvoord and
Striegl 2007). To understand the dynamics of stream DOM, researchers must
characterize DOM derived from both soil and groundwater reservoirs within a
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catchment and assess how these terrestrial land positions relate to stream DOM
composition during different periods of transport throughout the year.
Although DOM pools across the terrestrial-to-aquatic interface have been
studied in isolation, studies that have systematically investigated DOM
composition across related terrestrial and aquatic positions and at different
hydrologic periods are rare. Furthermore, studies on the seasonal variability of
the composition of the DOM exported yield variable results with some studies
relating changes in hydrological flow-path to major shifts in DOM composition
(Hood et al., 2005, Kellerman et al., 2014), and some reporting non-significant
changes in DOM composition throughout wet and dry periods (Schumacher et al.,
2006).
In this study, I investigated the seasonal and regional variability of DOM
composition and concentration across the terrestrial-to-aquatic interface in a
small boreal forest watershed. Here the investigation of DOM composition was
considered in terms of potential changes in the source and processing occurring
across samples originating from precipitation, groundwater, soil water, and
stream water in the Pynn’s Brook Watershed. The objectives of this study were
to: 1) capture the chemical composition of DOM systematically along the
terrestrial-to-aquatic interface in a small boreal watershed over the course of a
year; 2) compare quantitative and qualitative measures to reveal potential
controls on DOM composition; and 3) consider how these results better inform
controls on the terrestrial-to-aquatic flux of DOM in this boreal forest watershed.
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2.2 Methods:
2.2.1 Site description:
This study was conducted in the Pynn’s Brook experimental watershed
area (PBEWA) located ~50 km away from the town of Corner Brook in western
Newfoundland and Labrador, Canada (lat. 48° 53’14”, 105 long. 63° 24’ 8”) from
May 2016 to October 2016 (Figure 2.1). The watershed receives an average of
~1096 mm of precipitation annually and has a mean annual temperature of 3.6°C
(Environment Canada climate normals, Deer Lake airport 1981-2010). Average
rain and snow during the study period are visible in Figure 2.2. Pynn’s Brook
experimental watershed area is an experimental watershed consisting of first and
second order stream sites and plots of both mature black spruce and harvested
black spruce. Pynn’s Brook experimental watershed area is a part of the larger
Pynn’s Brook watershed which consists of 68% boreal forest, 21% wetlands and
9% disturbed areas, such as roads and quarries. Soils in PBEWA are humoferric podozols.
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Figure 2.1: Topographical map of Pynn’s Brook Experimental Watershed Area
(PBEWA) obtained from geographic information system (GIS) measurement.
Stream sites are shown in black, the lower and upper sites are denoted with a 1
and 2 respectively. Soil water collection sites are shown in red, and precipitation
collection sites are show in green.
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Figure 2.2: Total precipitation (mm) versus date for Deer Lake A (ID: 8401501,
Environmental Canada). Total rain (mm) in blue, while total snow is portrayed in
orange.
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2.2.2 Sample collection:
Samples were collected during four weeks in 2016 to capture the seasonal
variation in DOM chemical characterization. Samples were collected on multiple
days during the weeks of: May 20th, 2016, June 16th, 2016, August 24th, 2016,
and October 24th, 2016. Within the PBEWA two specific pairs of experimental
stands were designated for the sampling of soil solution and precipitation. These
areas were separated by 176 m of elevation. The lower elevation site was located
within the Pynn’s Brook experimental forest (PBEF) which consisted of eight
50X50-meter plots, while the upper elevation site consisted of two similar sized
plots. Half of the PBEF plots were harvested in 2003; while the others were left
unharvested. Further details on the PBEF can be found in Moroni et al., 2009.
Harvested plots will be referred to as regenerating, while unharvested plots will
be referred to as mature. To capture the regional variability of the terrestrial-toaquatic carbon flux multiple land positions within the watershed were sampled
during each of the selected weeks; these included: ground water, soil water,
stream water, and precipitation.
Precipitation and throughfall samples were collected from both upper and
lower PBEF stands. Precipitation was collected in the regenerating plots, while
throughfall was collected in the mature plots. Precipitation/throughfall samples
were collected in individual acid-washed and deionized water rinsed 20-gallon
high-density polyethylene (HDPE) buckets. Three two-foot-long stakes were
used to elevate the buckets off the ground and to establish a fixed sampling
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position that was replicated throughout the year. Prior to the first sampling date a
preliminary variability experiment was conducted in October 2015 in the PBEF to
determine the most practical number of gauges required to capture the variability
within mature and regenerating plots. Twenty gauges were installed in the mature
plot and ten were deployed in the regenerating plot and left out for one rain fall
event. Each bucket was then sampled, filtered and analyzed for DOC
concentration. From this data a Monte Carlo simulation was used to predict the
relationship between number of precipitation gauges deployed and the variability
of DOC concentration captured. It was found that installing ten gauges while
collecting throughfall, and five whole collecting precipitation captured a similar
amount of variation in DOC concentration as deploying twenty gauges while
collecting throughfall and ten in while collecting precipitation (Table A.1).
Considering these results, ten gauges were installed in the mature plot while five
were installed in the regenerating plot during each sampling week.
Soil water samples were collected from passive pan lysimeters installed
under the O-horizon (approximately 8 cm in depth). Two lysimeters from two
different regenerating plots and two from different mature plots in the lower
elevation PBEF stand had one-liter of soil water sampled into a one-liter acidwashed, deionized water and sample rinsed HDPE plastic bottle for DOM
characterization. Sampling was conducted using a battery-operated pump
through HDPE tubing connected to a 25 L HDPE carboy buried downslope and
plumbed into each lysimeter. Prior to each sampling, all lysimeters were
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completely emptied.

Details on the lysimeter design and installation are

described in Bowering et al., in preparation.
A bulk sample of ten liters was collected during each sampling date from a
groundwater seep located ~5 km outside the Horseshoe Brook watershed.
Groundwater was collected using acid-washed, deionized water and sample
rinsed 10L HDPE carboys. This seep was the closest groundwater source
available near PBEWA sites.
Stream water was collected from two sites within the Horseshoe Brook
stream located in PBEWA. Although the sites were in the same stream the
regional topography surrounding the sites differed. The upper elevation stream,
referred to as the upper stream site, was located 50 meters downstream of
Horseshoe pond. A sizeable pond that represented one percent of the total
catchment area drained into the lower stream site, but 24% of the catchment area
drained to the upper site. During each sampling date 5 L of stream water was
collected in 5 L acid-washed, DI rinsed, and sample rinsed HDPE carboys.
2.2.3 Environmental monitoring:
Soil moisture was recorded via two soil moisture probes (Decagon ECH 2O
-TM) installed at 5 cm depth in the O horizon in the upper and lower PBEF
stands. Data were downloaded seasonally.
Precipitation data were acquired from Environmental Canada at the Deer
Lake Airport (lat. 49°13'00" N, long. 57°24'00" W) located ~40km from the study
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area. These data were compared to data collected from tipping bucket (RST
Instruments Model TR-525) precipitation logger installed in the lower stand of the
PBEF. These site-specific data were found to be well correlated to the Deer Lake
Airport precipitation record (Bowering et al., in preparation).
Continuous stream water level data were collected using a pressure
transducer probe (ONSET, MA) installed in the lower stream site. The probe
provided water pressure data which were corrected using atmospheric barometric
pressure collected from an additional probe installed in a protective housing
bolted to a tree adjacent to the lower stream site. Measurements of stream depth
were acquired every 15 min and averaged to obtain mean daily values (Figure
2.3).
Handheld measurements of conductivity were taken for precipitation,
groundwater and stream water via YSI Professional Plus (YSI, OH) and YSI
60530-1 conductivity probe. The YSI probe was calibrated the night prior to the
sampling period for conductivity. The YSI instrument was calibrated using the YSI
conductivity calibration solution.
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Figure 2.3: Precipitation (mm), water level (m), volumetric soil water content (%),
and conductivity (µs/cm) of ground water in black and stream water in grey.
Sampling dates are shown sequential order going by (A) May, (B) June, (C)
August, and (D) October. NM = Not measured.
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2.2.4 Sample preparation prior to solid phase extraction:
After collection, samples were transported back to the Canadian Forest
Service field station located in Pasadena, Newfoundland. Bulk water samples
from every land position underwent filtration through pre-combusted Glass Fiber
(GF/F) Whatman Filters (6h, 500 F°). After filtration, 15 mL sub-samples were
taken for dissolved organic nitrogen (DON), DOC, and total dissolved nitrogen
(TDN) analysis, while 10 mL sub samples were taken for inductively coupled
plasma - optical emission spectrometry (ICP-OES) and dissolved inorganic
nitrogen (DIN) analysis. Twenty-four mL glass vials (Fisher Scientific, NH) were
used for DON, DOC and TDN subsamples, while 15 mL falcon tubes (Fisher
Scientific, NH) were used for ICP-OES and DIN samples. 0.2 mL of metal free
nitric acid (70% ACS grade HCl; Sigma Aldrich) was added to ICP-OES
subsamples, while, saturated mercuric chloride (HgCl2) solution was added to the
bulk filtered samples and TDN, DIN and DOC subsamples at a ratio of 10 µl
HgCl2:10 mL sample to impede any biological degradation of DOM during
transport to Memorial University of Newfoundland and subsequent storage at 4°C
until analysis.
2.2.5 Carbon and nitrogen measurements:
Sub-samples were analyzed for DOC and TDN using a Shimadzu TOC-V
high temperature combustion total carbon analyzer (Shimadzu, Japan) at
Memorial University of Newfoundland. The detection limit for DOC was 0.07 mg
C L-1 with a coefficient of variation of 1.1% of the 5 mg L-1 check standards. The
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detection limit for TDN was 0.001 mg N L-1, with a coefficient of variation of 1.8%
of 0.1 mg L-1 check standards.
2.2.6 Inorganic nitrogen analysis:
Analysis of dissolved inorganic nitrogen (DIN) was completed through the
individual colorimetric analyses of dissolved ammonium and nitrate using a
QuikChem 8500 Series 2 FIA System (Hach, Colorado, USA). Nitrate was
reduced to nitrate then, in the presence of sulfanilamide and N-(1-naphthyl)
ethylenediamine dihydrochloride was analyzed via absorbance measurements.
Ammonia concentration was determined via absorbance measurements after
heating the sample in the presence of salicylate hypochlorite in a solution of
alkaline phosphate buffer (Pritzlaff, 2003). Detection limits for the ammonia
method was 0.003 mg N L-1 with a coefficient of variation of 7.21% of the 0.2 mg
L-1 check standards. Detection limits for the nitrate method was 0.007 mg N L-1
with a coefficient of variation of 8.26% of the 0.2 mg L-1 check standards. Total
DIN was subtracted from TDN to calculate Dissolved Organic Nitrogen (DON).
Calculated DON values had detection limits of 0.002 mg N L-1.
2.2.7 Metal analysis:
Analysis of metals was completed using an iCap 6500 Series ICP-OES.
Analysis was performed by Dr. Chris Finch at the Howley building in St. John’s
Newfoundland. Limits of detection for calcium and iron were 0.01 mg Ca L-1 and 2
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µg Fe L-1 respectively. All other analytes are shown in tables 4.7, 4.8, 4.9, 4.10
and 4.11, and their detections limits are shown in Table A.7.
2.2.8 Solid phase extraction:
All SPE-PPL experiments were carried out with Varian Bond Elute 100 mg
PPL cartridges. Extraction volumes were applied to obtain loadings of ~20 mg C
as DOC, large enough for the resulting solution state H-NMR spectrum to have
adequate resolution, but below the manufacturers loading limit. Prior to SPE, all
samples were acidified to a pH of 2 using stock solution of hydrochloric acid (32%
ACS grade HCl; Sigma Aldrich) to increase the recovery of organic acids and
phenols (Dittmar et al., 2008). The SPE-PPL cartridges were rinsed with a stock
solution of acetone (99.5% HPLC Millipore) and then methanol (Millipore HPLC
99.9%) to ensure complete removal of any remaining C applied to the column
from previous extractions, and to prime the cartridges for sample loading.
Sample was drawn into the SPE cartridges via 1/8” silicon tubing (Fisher
Scientific, NH) via vacuum pressure from a 500 mL HDPE bottle, that was
manually refilled. After loading, cartridges were washed with two cartridge
volumes (~12 mL) of 0.01 M HCl to remove any matrix components that had
bonded to the solid phase. Cartridges were then dried for 15 minutes by vacuum
pressure and eluted with 6 mL of methanol into individual 24 mL glass vials.
Samples were then dried down and placed in a desiccator until they could be
analyzed by NMR.
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2.2.9 Solution state hydrogen nuclear magnetic resonance analysis:
Solution state H-NMR analysis was performed on all samples collected
during the October and June sampling periods. Dried samples were
reconstituted in deuterated dimethyl sulfoxide (DMSO) before solution state HNMR analysis. Data were acquired using Bruker AVANCE 500 spectrometer with
a 5 mm TXI 1H/D-13C/ 15N Z-GRD Z8161/ 0154 probe, 64 scans were carried
out with a 3 second delay time. Processing of NMR spectra was completed via
Mrestnova software. Assignments of compound classes were verified from other
solution state H-NMR studies of natural organic matter that utilized DMSO as the
NMR solvent (Clemente et al., 2009, Table 2.1). Analytical precision of NMR was
assessed by analyzing one SPE-PPL soil water DOM eluate three times and
determining the standard deviation for each of the integral areas. The average
analytical precision of all functional groups was found to be 0.4%.
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Table 2.1: Integration areas of hydrogen functional groups relating to the
elucidation of DOM for solution state H-NMR. Integration areas were compiled
from studies that utilized the same deuterated solvent (Clemente et al. 2012).
Chemical Shift region: Hydrogen functionality:
8.60 .. 7.80 amides from peptides
7.80 .. 6.20 aromatic from lignin and
proteins
4.80 .. 4.00 Peptides
4.00 .. 2.90 O alkyl mainly from
carbohydrates and lignin
2.90 .. 1.30 aliphatic methyl and
methylene near O and N
1.30 .. 0.60 aliphatic methyl and
methylene
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2.2.10 Statistical analysis:
Due to differences among land positions, it was necessary to use two
statistical approaches to help interpret the data. A repeated measures linear
mixed effects model was used to assess the effect of time by elevation
interactions on DOC, DON and metal concentrations, in the case of stream
samples. The same analysis was applied to assess the effect of time by
harvesting treatments in the case of soil water and precipitation, and their effect
on DOC, DON, and metal concentrations (Table A.2, Table A.3, Table A.4, Table
A.5). Post-hoc t-tests were used to determine significant differences in DOC,
DON, and metal concentrations in sampling periods and treatment types.
A one-way analysis of variance (ANOVA) was applied to assess the effect
of time on measures of DOC, DON, and metal concentrations for groundwater.
Assumptions required to conduct the ANOVA tests include: equal population
variations across groups, adherence of the residuals to a normal distribution, and
the independence and randomness of all variables. The following tests were
performed to determine whether data passed all necessary assumptions.
Shapiro tests were conducted to test for normality of distribution in the response
variables, while Leven’s Test was performed to test the distribution of population
variances (O`Brien et al., 1979). Lag plots were constructed in R studio to
ensure samples were independent and random. Tukey honesty post-hoc tests
were performed to investigate significance differences between means where
significant effects were found, and the necessary assumptions were validated. In

91

cases where the data did not meet the necessary assumptions, the nonparametric statistical tests were performed using the Kruskal-Wallace test,
followed by post-hoc Nemenyi's test to determine significant differences between
the means. All statistics and tests used are reported in Table A.6.

92

2.3 Results:
2.3.1 Site characteristics:
In the lower elevation PBEF stand soil volumetric water content was
highest during May and October periods, and fell during the June and August
periods (Figure 2.3). The stream water level also followed a similar pattern with
highest levels during the May and October periods and lowest during the June
and August periods. When considering the patterns of soil moisture and stream
level in addition with measures of precipitation, May and October periods were
found to be the wettest periods, while June and August were drier periods in this
catchment. These assignments were consistent with the average climate data
reported from Environmental Canada climate normals for the Deer Lake Airport
during 1981-2010 located ~40km from the study area. Assignments of seasonal
wet and dry periods was essential to this study, as the differences in hydraulic
flow path between these periods was hypothesized to greatly contribute to the
variability in the composition of DOM exported from these systems.
2.3.2 Precipitation/throughfall:
The range of DOC concentrations in precipitation/throughfall samples
collected from the upper elevation PBEF stand was 1-18 mg L-1, like DOC
concentrations in the lower PBEF stand which exhibited a range of 2-18 mg L-1.
The DOC concentration in precipitation collected from the upper elevation PBEF
plot varied with both sampling period and plot treatment, exhibiting a significant
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interaction of sampling period by plot treatment (P < 0.0001, Figure 2.4A, Table
A.3). Dissolved organic carbon concentrations were highest in May but then
remained relatively constant during other sampling periods with throughfall
exhibiting higher concentrations of DOC than precipitation (Figure 2.4A). Like
the upper PBEF stands, the lower PBEF stands exhibited a higher DOC
concentration than precipitation, exhibiting a significant interaction of sampling
period by plot treatment (P < 0.0001, Figure 2.4B, Table A.2). Average carbon
fluxes for both upper and lower PBEF stands were calculated to be on average
0.14 and 0.48 mg C m2,-1 yr-1 in throughfall and precipitation respectively based
upon DOC concentration and volume of rainwater collected during each sampling
trip.
The range of DON concentrations in the upper elevation PBEF stand was
0.015-0.19 mg L-1, while the DON concentrations in the lower PBEF stand
exhibited a range of 0.4-0.17 mg L-1. Precipitation and throughfall DON
concentrations collected from upper PBEF stands were similar during the June
sampling dates but exhibited large differences during other sampling periods.
Rainwater DON concentrations collected from the upper PBEF stands exhibited a
significant interaction of sampling period by plot treatment (P < 0.0001, Figure
2.4A, Table A.3). Dissolved organic nitrogen concentration in throughfall
collected from lower PBEF stand reached its maximum and minimum value
during the October and August sampling periods respectively. Precipitation
exhibited a different pattern reaching its maximum and minimum value during the
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June and August sampling periods respectively (Figure 2.4B). Variation in DON
concentration in lower elevation PBEF stand was due to an interaction of
sampling period by plot treatment (P < 0.0001, Figure 2.4B, Table A.2).
The range of molar C:N ratios in the upper elevation PBEF stand was 15030, while the molar C:N ratio in the lower PBEF stand exhibited a range of 30-80
in precipitation and a range of 150-100 in throughfall (Figure 2.4). Molar C:N ratios
of throughfall collected from the upper elevation PBEF stands were higher than
C:N ratios collected from precipitation on all sampling periods excluding August.
The molar C:N ratio in upper elevation PBEF stands exhibited a significant
interaction of sampling period and plot treatment (P < 0.0001 Figure 2.4A, Table
A.3). The molar C:N ratios in rainwater collected from the lower elevation PBEF
stand exhibited a similar pattern as upper elevation stands and again this variation
was due to an interaction of sampling period by plot treatment (P < 0.0001 Figure
2.4B, Table A.2).
The range of iron concentration in rainwater samples collected from the
upper elevation PBEF stand was 9 to 44 µg L-1, while the iron concentration
collected from rainwater in the lower PBEF stand exhibited a range of 7 to 44 µg
L-1. (Figure 2.4). Iron concentrations in rainwater collected from both upper PBEF
stands were higher during the May sampling period and lower during the June,
August and October sampling periods. Rainwater collected from the upper PBEF
stand exhibiting an interaction of sampling period and plot type (P = 0.0004, Figure
2.4A, Table A.3). Rain water collected from the lower PBEF stand also exhibited
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an interaction of sampling period by plot treatment (P = 0.0126, Figure 2.4B, Table
A.2).
The range of calcium concentration in rain water samples collected from the
upper PBEF stand was 0.08 to 0.5 mg L-1, while calcium concentration collected
from rain water samples in the lower PBEF stands was 0.06 to 0.6 mg L-1. (Figure
2.4A). Calcium concentrations in rain water collected from upper PBEF stands
reached their maximum concentration in May and October sampling periods, with
lower concentrations observed in June exhibiting a significant interaction of
sampling period and plot treatment (P = 0.0025, Figure 2.4A, Table A.3). Calcium
concentration within rain water collected from the lower elevation PBEF plots
increased significantly during the wet period exhibiting an interactive effect of
sampling period by plot treatment (P = 0.0084, Figure 2.4B, Table A.2).
Solution state H-NMR revealed that both throughfall and precipitation
DOM samples consisted mostly of aliphatic and O-alkyl hydrogen moieties.
Throughfall DOM had higher contributions from aliphatic functionalities than
precipitation DOM during both wet and dry periods but had lower contributions
from O-alkyl functionalities to total percent hydrogen (Table 2.2). The October
sampling period exhibited the highest amounts of aliphatic and amide hydrogen
functionalities within both precipitation and throughfall samples.
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Figure 2.4: Average measures of dissolved organic carbon (DOC),
dissolved organic nitrogen (DON), molar DOC:DON ratio (± 0.02 in precipitation,
and ± 0.1 in throughfall), iron, and calcium for upper and lower elevation PBEP
precipitation sites where n=3. Mature sites are presented in green, while
Regenerating sites are shown in red. NM = Not measured, BD= below detection.
Figure 4A represents upper PBEF stands while Figure 4B represents lower PBEF
stands. Error bars are show standard error of average measurements. Bars with
dissimilar letters are significantly different.
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Table 2.2: Distribution of hydrogen functionalities as percent of total hydrogen
as determined by hydrogen nuclear magnetic resonance (H-NMR) (500 Mhz,
DMSO) for dissolved organic matter (DOM) isolated via solid phase extraction
(SPE-PPL) from all precipitation samples collected in both wet and dry periods.
Classification of hydrogen functional groups was based on chemical shift regions:
0.6–1.3 ppm: aliphatic methyl and methylene; 1.3–2.9 ppm: aliphatic methyl and
methylene near O and N; 2.9– 4.0 ppm: O-alkyl, mainly from carbohydrates and
lignin; 4.0–4.8 ppm: α1H from proteins; 6.2–7.8 ppm: aromatic, from lignin and
proteins; 7.8–8.6 ppm: amide from proteins.
Precipitation
Functional
Group

June

October

Mature
plot
Amides from
1.02
proteins

Regenerating
plot
3.41

Aromatic from
lignin and
proteins

9.26

13.43

8.88

12.38

Proteins

10.61

12.48

8.27

8.49

O-alkyl mainly
from
carbohydrates
and lignin

20.30

25.54

18.23

22.59

Aliphatic
methyl and
methylene
near O and N

39.21

31.83

36.66

32.60

Aliphatic
methyl and
methylene

19.60

13.32

25.76

21.05
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Mature
plot
2.15

Regenerating
plot
2.89

2.3.3 Soil water:
The range in DOC concentration in soil solution DOM collected from
mature and regenerating plots in the lower PBEF stand was 18-27 mg L-1 and 2438 mg L-1, respectively (Figure 2.5) and was on average 200% greater than what
was observed in precipitation. Dissolved organic carbon concentration increased
slightly after the May sampling period and remained relatively constant during the
subsequent sampling periods. Dissolved organic carbon concentration did not
exhibit a significant interaction of sampling period by plot treatment (P = 0.2612
Figure 2.5, Table A.4), or between plot treatments (P = 0.2342). However, a
significant difference among the DOC concentration was observed at different
sampling periods (P < 0.0001).
The range of DON concentration in soil solution DOM samples was 0.62–
0.13 mg L-1 in mature plots, and 0.48-0.2 mg L-1 in regenerating plots (Figure
2.5). Dissolved organic nitrogen concentrations were elevated during the May,
June and August sampling periods and lower in the October sampling period.
Dissolved organic nitrogen concentration exhibited a significant interaction of
sampling period by plot treatment (P < 0.0001, Figure 2.5, Table A.4).
The range in molar C:N ratio of soil solution DOM samples was 69-120 in
mature plots and from 55-103 in regenerating plots (Figure 2.5) and exhibited a
significant sampling period by plot treatment interaction (P < 0.0001 Figure 2.5,
Table A.4). Mature plots had higher soil molar C:N ratios than regenerating plots
at all sampling periods except October.
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The range in iron concentrations in soil solution DOM samples was 112-193 µg L1

in regenerating plots, and 39-276 µg L-1 in mature plots in soil solution DOM

samples (Figure 2.5). Iron concentrations varied with both time and treatment
type, exhibiting a significant interaction of sampling period by plot treatment (P <
0.0001, Figure 2.5, Table A.4).
The range in calcium concentrations in soil solution DOM samples was
0.53-1.0 mg L-1 in regenerating plots, and 1.6-3.3 mg L-1 in mature plots (Figure
2.5). Calcium concentration exhibited a significant difference between
regenerating and mature stands (P = 0.0002, Figure 2.5, Table A.4) with mature
stands consistently containing higher concentrations of calcium.
Solution state H-NMR analysis of the SPE-PPL fraction of soil DOM
solution samples collected from both regenerating and mature plots during the
dry periods revealed only slight compositional differences between the plot
treatments. DOM from both plot types contained major contributions of aliphatic
and O-alkyl hydrogen functionalities and contained substantially smaller
contributions from protein, aromatic and amide functionalities (Table 2.3). When
comparing the June and October sampling periods the composition of DOM from
both plots differed slightly. June sampling periods exhibited elevated
contributions of amide hydrogen functionalities, while October sampling periods
exhibited elevated O-alkyl functionalities (Table 2.3).

All other functionalities

remained relatively constant between these two periods.

Figure 2.5: Average measures of dissolved organic carbon (DOC), dissolved organic nitrogen (DON), molar
DOC:DON ratio (±0.01 in mature plots, and ±0.02 in regenerating plots ), iron and calcium for PBEW lysimeters.
Mature sites are presented in green, while regenerating sites are shown in red. Error bars are show standard error of
average measurements. Bars with dissimilar letters are significantly different. NM = not measured, BD= below
detection
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Table 2.3: Distribution of hydrogen functionalities as percent of total hydrogen as
determined by hydrogen nuclear magnetic resonance (H-NMR) (500 Mhz,
DMSO) for dissolved organic matter (DOM) isolated via solid phase extraction
(SPE-PPL) from all soil water samples collected in both wet and dry periods.
Classification of hydrogen functional groups was based on chemical shift regions:
0.6–1.3 ppm: aliphatic methyl and methylene; 1.3–2.9 ppm: aliphatic methyl and
methylene near O and N; 2.9– 4.0 ppm: O-alkyl, mainly from carbohydrates and
lignin; 4.0–4.8 ppm: α1H from proteins; 6.2–7.8 ppm: aromatic, from lignin and
proteins; 7.8–8.6 ppm: amide from proteins.
Soil water
Functional
Group

June

October

Mature
plot
6.52

Regenerating Mature
plot
plot
6.51
4.94

Regenerating
plot
3.78

Aromatic from
lignin and
proteins

19.14

14.2

14.19

15.12

Proteins

10.90

10.04

9.88

10.84

O-alkyl mainly
from
carbohydrates
and lignin

27.27

30.42

31.47

32.97

Aliphatic
methyl and
methylene
near oxygen
and nitrogen

27.22

27.32

27.65

28.55

Amides from
proteins
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2.3.4 Groundwater:
The range of DOC and DON concentrations from groundwater DOM
samples was 4-5 mg L-1, and 0.09-0.14 mg L-1, respectively (Figure 2.6). Many of
the chemical species analyzed from the groundwater seep did not change over
the course of the study period suggesting that the groundwater seep sampled
was disconnected from the rest of samples collected where temporal variation
was observed. Dissolved organic carbon concentrations in the groundwater seep
were found to be significantly different across sampling dates (P < 0.0001,
ANOVA, Table A.6). However, no significant difference was detected among
DON concentrations sampled throughout the study (P = 0.0710, Kruskal Wallace,
Table A.6) Iron and calcium concentrations ranged from 5-23 µg L-1, and 23-25
mg L-1 (Figure 2.6) respectively, no significant difference was detected among
any of the sampling periods.
Molar C:N ratio of groundwater sampled over the course of the experiment
ranged from 39 to 62 (Figure 2.6) and significantly differed across the sampled
dates (P < 0.0001, Kruskal Wallace, Table A.6). Molar C:N ratios in groundwater
were higher during the August sampling period than the June period. The
October sampling period had higher C:N ratios than either the June or August
sampling period.
Despite changes in molar C:N ratio from June to October no composition
changes were revealed during H-NMR analysis. Groundwater DOM H-NMR
spectra in June was dominated by aliphatic hydrogen moieties occupying 68%, a

103

larger proportion than any other land position sampled. Other functionalities of
groundwater DOM in the June period were O-alkyl (16%), proteins (10%),
aromatic (5%), and amides (1%). In the October sampling period, aliphatic
functionalities still dominated the H-NMR spectrum contributing a total of 69% of
the total hydrogen in the DOM sample. Other functionalities decreased slightly or
remained constant with O-alkyl, protein, aromatic and amide hydrogen
functionalities comprising of 16%, 9%, 4%, and 1%, respectively (Table 2.4).
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Figure 2.6: Average measures of dissolved organic carbon (DOC), dissolved organic nitrogen (DON), DOC:DON
ratio (molar) (± 0.4), iron, and calcium for PBEW groundwater seep where n =3. Error bars are show standard error
of average measurements. Bars with dissimilar letters are significantly different. NM = not measured, BD= below
detection.
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Table 2.4: Distribution of hydrogen functionalities as percent of total hydrogen as
determined by hydrogen nuclear magnetic resonance (H-NMR) (500 Mhz, DMSO)
for dissolved organic matter (DOM) isolated via solid phase extraction (SPE-PPL)
from all groundwater samples collected in both wet and dry periods. Classification
of hydrogen functional groups was based on chemical shift regions: 0.6–1.3 ppm:
aliphatic methyl and methylene; 1.3–2.9 ppm: aliphatic methyl and methylene near
O and N; 2.9– 4.0 ppm: O-alkyl, mainly from carbohydrates and lignin; 4.0–4.8
ppm: α1H from proteins; 6.2–7.8 ppm: aromatic, from lignin and proteins; 7.8–8.6
ppm: amide from proteins.
Groundwater
June

October

Amides from proteins

0.92

1.09

Aromatic from lignin
and proteins

5.22

4.28

Proteins

10.17

9.39

O-alkyl mainly from
carbohydrates and
lignin

16.19

15.78

Aliphatic methyl and
methylene near
oxygen and nitrogen

39.68

40.99

Aliphatic methyl and
methylene

27.82

28.48
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2.3.5 Stream water:
The range of DOC concentrations in both the upper and lower stream site
was 6-10 mg L-1 in both lower and upper stream sites across all four sampling
periods (Figure 2.7). The upper stream site exhibited highest DOC concentrations
during the May sampling period, while the lower stream sites exhibited elevated
DOC concentrations during the June and October sampling periods. Dissolved
organic carbon concentration in the stream sites changed slightly across sampling
periods and exhibited a significant interaction of sampling period by stream site
elevation (P < 0.0001, Figure 2.7, Table A.5).
The range of DON concentration in upper stream sites was 0.08–0.28 mg L1

in the upper elevation streams and exhibited a range of 0.16-0.28 mg L-1 in lower

elevation streams (Figure 2.7). The lower stream site exhibited the lowest DON
concentration during the May and June sampling periods, while the upper site
exhibited the lowest concentration of DON during the August and October
sampling periods suggesting that different DOM contributions in each stream. The
variation in DON concentration exhibited a sampling period by stream elevation
interaction (P < 0.0001, Figure 2.7, Table A.5).
The range of molar C:N ratio of DOM sampled from lower stream sites was
36-101 while the upper sites exhibited a range of 28–58. Molar C:N ratios of DOM
in lower and upper stream sites were similar in the May sampling period, however,
they had pronounced differences during the October sampling period. Variation in
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molar C:N ratio stream sites exhibited a significant interaction of sampling period
by stream elevation (P < 0.0001 Figure 2.7, Table A.5).
The range in iron concentrations in stream water collected from the lower
site was 37-68 µg L-1, while iron concentration in the upper site exhibited a range of
49-108 µg L-1. The upper stream site was found to contain more iron the than
lower site; however, both sites increased in iron concentration from the May
sampling period to the October sampling period. Variation in iron concentration
exhibited a significant interaction of sampling period by stream elevation (P =
0.0126, Figure 2.7, Table A.5).
The range in calcium concentrations in stream water collected from the
lower site was 4-9 mg L-1, similarly the calcium concentration in the upper elevation
stream site exhibited a range of 4-8 mg L-1. The upper stream site progressively
increased in calcium concentration during the May, June, August and October
sampling periods, while the concentration in lower site remained relatively constant
during all sampling periods, except during the August date where it was elevated
(Figure 2.7). The variation in calcium concentration exhibited a significant
interaction of sampling period by stream elevation (P = 0.0085, Figure 2.7, Table
A.5).
Stream DOM chemical composition, assessed via solution state H-NMR
analysis of the SPE-PPL fraction, varied extensively this study. In June the lower
stream DOM sample was dominated by aliphatic functionalities which comprised
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66% of the total hydrogen. O-alkyl, proteins, aromatic and amide moieties
contributed 19%, 4%, 9, and 2% to total hydrogen, respectively. During October
DOM composition from the lower stream sample differed from what was observed
in June with a lower proportion of aliphatic functionalities occupying 51% of total
hydrogen. All other functionalities (O-alkyl, proteins, aromatic, and amide)
increased in the relative contribution to total hydrogen during October, with O-alkyl,
protein, aromatic and amide functionalities contributing 26%, 9%, 11% and 3%,
respectively (Table 2.5). Dissolved organic matter isolated from the upper stream
site was mainly comprised of contributions from aliphatic (57%), and O-alkyl (23%)
functionalities, with minor contributions from protein (8%) aromatic (8%) and amide
(2%) functionalities to total hydrogen. The upper stream DOM sample changes
little between these time points in contrast with the lower stream DOM sample.
Aliphatic functionalities were still the dominant functionality occupying 56% of total
hydrogen present. However, O-alkyl functionalities increased to occupy 24%, while
amide functionalities decreased to 3% of total hydrogen, respectively (Table 2.5).
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Figure 2.7: Average measures of dissolved organic carbon (DOC), dissolved organic nitrogen (DON), molar
DOC:DON ratio (± 0.03 at the upper site, and ± 0.04 is lower sites), iron and calcium for PBEW stream sites where
n=3. Upper sites are presented in green, while lower sites are shown in red. Error bars are show standard error of
average measurements. Bars with dissimilar letters are significantly different. NM = not measured, BD= below
detection.
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Table 2.5: Distribution of hydrogen functionalities as percent of total hydrogen as
determined by hydrogen nuclear magnetic resonance (H-NMR) (500 Mhz,
DMSO) for dissolved organic matter (DOM) isolated via solid phase extraction
(SPE-PPL) from all stream water samples collected in both wet and dry periods.
Classification of hydrogen functional groups was based on chemical shift regions:
0.6–1.3 ppm: aliphatic methyl and methylene; 1.3–2.9 ppm: aliphatic methyl and
methylene near O and N; 2.9– 4.0 ppm: O-alkyl, mainly from carbohydrates and
lignin; 4.0–4.8 ppm: α1H from proteins; 6.2–7.8 ppm: aromatic, from lignin and
proteins; 7.8–8.6 ppm: amide from proteins.
Stream water
June

October

Lower
site
1.74

Upper
site
2.75

Lower
site
2.87

Upper
site
3.30

Aromatic from
Lignin and proteins

9.35

8.15

11.24

7.56

Proteins

3.83

8.44

8.91

7.77

O-alkyl mainly
from
carbohydrates and
lignin

19.32

22.55

25.85

23.81

Aliphatic methyl
and methylene
near oxygen and
nitrogen

39.85

39.23

35.97

38.93

Aliphatic methyl
and methylene

26.24

18.89

15.16

18.62

Amides from
proteins
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2.4 Discussion:
2.4.1 Overview
Direct contributions to the terrestrial-to-aquatic carbon flux include
allochthonous inputs of carbon from precipitation, throughfall, soil and
groundwater reservoirs as well as autochthonous contributions from streams,
lakes and rivers (O’Donnell et al., 2010). Dissolved organic carbon composition
in land positions throughout the terrestrial-to-aquatic continuum varies both
temporally and regionally demonstrating variation in both source, pathway and
processing of DOM en route to the aquatic environment (Boyer et al., 1997,
McClain et al., 2003). Streams are an endmember of the terrestrial-to-aquatic
carbon flux and thus the composition of DOM exported by streams can aid our
understanding of both source and degree to which terrestrial DOM has been
processed en route to the aquatic environment. It is especially important that the
dynamics of DOM transferred by boreal streams is understood as boreal systems
are perfused by water and are currently undergoing climatic change. To capture
both the regional and temporal variability associated with contributions from each
potential source along the terrestrial-to-aquatic interface, this study sampled
precipitation, throughfall, soil water, groundwater and stream water in multiple
positions in a watershed during multiple time points throughout the year. May
and October sampling periods were collected during the wet period in the
watershed, while June and August were collected during the dry period in this
catchment. Quantitative and qualitative results suggest that A) precipitation and
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throughfall DOM is likely an ephemeral source of carbon in boreal landscapes
and B) the temporal and spatial variation in stream DOM composition observed in
this study relate to the impact of flow path and hydrology that likely determines
DOM source and controls the terrestrial-to-aquatic carbon flux.
2.4.2 Precipitation and throughfall DOM has a unique chemical composition but is
likely labile and ephemeral source in boreal forest landscapes
Measurements of precipitation and throughfall DOM allowed for an
assessment of their impact as potential sources of DOM to the terrestrial-toaquatic carbon flux. Results produced by this study suggest that precipitation and
throughfall contributes little to soil DOM fluxes in this boreal system. Dissolved
organic carbon fluxes in throughfall was on average 4% of the soil carbon flux in
mature plots, while DOC fluxes in precipitation was only 2% of soil carbon fluxes
recorded in regenerating plots. Our regions transfer 0.14 and 0.48 mg C (m2 yr)-1
in precipitation and throughfall plots respective to soil organic horizons, similar to
the values reported in other studies (Mcdowell et al., 1988). Precipitation and
throughfall carbon fluxes were based on DOC concentration and volume of
rainwater collected during each sampling trip while soil carbon fluxes were
reported in Bowering et al., in preparation. Precipitation and throughfall carbon
flux data suggests that additions of DOM from precipitation and throughfall is not
a major contributor to soil water DOM pools and cannot drive soil carbon fluxes in
this boreal landscape. These findings are supported by solution state H-NMR
analysis which found vast compositional differences between soil and
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precipitation and throughfall DOM. Total percent hydrogen in DOM samples
collected from precipitation is highly aliphatic in nature, opposed to soil water
DOM, which exhibited elevated O-alkyl and amide functionalities (Table 2.1).
Selectivity of the methodology used must also be considered. Solid phase
extractions do select against O-alkyl functionalities when performed at high
loading volumes (Chapter 1). As these extractions were performed at loading
volumes of 7 L, it is possible that SPE-PPL DOM eluates of throughfall and
precipitation were subject to this selectivity. This selectivity would result in an
underestimation of O-alkyl hydrogen moieties relative to other functionalities.
However, as DOM from throughfall and precipitation have relatively low
contributions from O-alkyl functionalities, the resulting SPE eluate would still be
representative of the bulk precipitation/throughfall sample. These findings are
consistent with other comparisons of throughfall, precipitation, and soil water
DOM which exhibited higher proportions of aliphatic functionalities present in
throughfall and precipitation than that found in soil DOM (Bischoff et al., 2015,
Feng et al., 2011).
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2.4.3 Terrestrial sources of DOM within a boreal forest watershed are seasonally
variable
Research on the controls on DOM composition in soil pools is vital if the
terrestrial-to-aquatic carbon flux is to be constrained as these reservoirs
introduce large quantities of DOM into the aquatic environment via lateral flow, or
contributions from groundwater. Our results indicate that seasonal variation, as
well as plot treatment, can drive variation in DOM composition and quantity in
surface soils. Higher concentrations of DOC and higher C:N ratios present in
mature plots compared to regenerating plots throughout the year suggest higher
inputs from root exudates and litter. Hydrogen nuclear magnetic resonance
analysis of the SPE-PPL fraction revealed that both mature and regenerating
plots had similar DOM composition, despite differences in molar C:N ratio and
DOC concentration (Table 2.2). It is possible that differences exist between the
DOM composition of mature and regenerating plots, however, application of the
SPE-PPL method removed these differences. Solid phase extraction has been
found to select against DON rich DOM constituents, leading to an
underestimation of proteinaceous and O-alkyl functionalities (Li et al., 2016,
Chapter 1).

As mature plots have higher C:N ratios and concentrations of DOC

it is possible they also have higher contributions of those moieties, however the
SPE process selectively removed proteinaceous and labile functionalities from
soil solution eluates, thus making the composition of soil solution DOM collected
from mature and regenerating plots similar.

115

Although only minor shifts in DOM composition were observed in
extractions of soil solution sampled from mature and regenerating plots, large
shifts in DOM composition were observed when comparing plots sampled during
wet and dry periods. Larger contributions of O-alkyl and amide functionalities to
total percent hydrogen in the wet period suggest that new pools of DOM were
mobilized by increased litterfall and precipitation into soil DOM reservoirs. Large
contributions from O-alkyl and amide functionalities present in soil water are
consistent with the findings of many studies that have suggested that greater
hydraulic connectivity mobilizes large quantities of fresh, bioavailable DOM
present in soil solution (Qualls et al., 1991, D'amore et al., 2010, Finlay et al.,
2006). This is most prominent after prolonged dry periods that allow for pools of
soluble DOM to become concentrated, which is subject to mobilization upon the
first storm event (Palmer et al., 2001). Our results support these findings but
also suggest that temporal changes in soil DOM characterization detected with
the SPE-PPL method can supersede those observed among plots of different
age or disturbance. These temporal changes in soil DOM composition could
have ramifications for DOM delivered to aquatic systems, as soil water is laterally
transferred into stream systems, or percolates down to groundwater DOM
reservoirs.
As surface soil derived DOM percolates through soil and subsurface
media (i.e. till and mineral soil) it undergoes a series of biotic and abiotic
reactions that give groundwater DOM a unique chemical signature; this process
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has been conceptualized in the regional chromatography model (Hedges et al.,
1994, Shen et al., 2015). The extent of these transformations depends on factors
such as the hydraulic connectivity of the watershed and DOM residence time. My
results contradict the findings of previous studies that state the groundwater DOC
concentrations are better correlated to soil DOC concentrations during periods of
high hydraulic connectivity (Shen et al., 2015). The similar differences between
soil and groundwater DOM composition and carbon and nitrogen concentration
observed in this study throughout the year either suggest that these reservoirs
are disconnected, or that hydraulic variation among seasons is not variable
enough to drive changes in regional chromatography within this small watershed
area. Groundwater DOM samples had on average ten times less DOC and three
times less DON than soil water samples, resulting in a lower C:N ratio, which is
indicative of greater microbial processing relative to surface soil DOM throughout
the year (Figure 2.5, Figure 2.6).
Solution state H-NMR analysis of the SPE-PPL DOM fraction of
groundwater provided evidence of significant alteration of DOM as compared to
surface soil DOM. Contributions from O-alkyl and amide functionalities present in
soil DOM samples were replaced with larger contributions from aliphatic
functionalities to total percent hydrogen in groundwater DOM samples. However,
the characterization of the SPE-PPL fraction of DOM did not change over either
sampling point providing additional evidence that DOM inputs to groundwater
were chemically similar year-round in contrast to soil DOM. When performing
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SPE-PPL it is necessary to consider how chemical selectivity may affect the
resulting eluate. Groundwater DOM reservoirs had the lowest DOC
concentration of many of the positions in the terrestrial-to-aquatic interface, which
necessitates high loading volumes during SPE. SPE-PPL extractions performed
at high loading volumes select against O-alkyl hydrogen functionalities, however,
it is likely that extractions performed on groundwater are not subjected to
selectivity due to low contributions from O-alkyl functionalities to total percent
hydrogen (Chapter 1). Temporal variability in groundwater DOM composition
was not observed in this experiment as groundwater was sourced from a natural
seep that may not be hydrologically connected to the landscape studied here.
Although the groundwater seep sampled may not directly represent the
seasonal effects experienced by groundwater DOM from the watershed, it may
contribute to the terrestrial-to-aquatic carbon flux during periods of baseflow.
Groundwater sources have been found to greatly contribute to the DOM exported
from streams during the dry periods due to the low water table that inhibits lateral
flow and thus contributions from soil reservoirs (Qualls et al., 1992). If this is the
case, then stream water DOM should resemble a groundwater signature during
the dry season, exhibiting large proportions of aliphatic hydrogen functionalities.
During the wet period stream DOM may resemble a soil water signature with
large contributions from protein O-alkyl and amide moieties.
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2.4.4 Variability in export of DOM from boreal forest streams is driven by regional
topography and seasonal variation
Previous research has found that the composition of DOM exported from
boreal forest streams reflects a mix of DOM mainly from surficial soils and deeper
flow paths, however autochthonous DOM inputs were found to contribute in lower
quantities (O’Donnell et al 2010).

Contrary to streams, ponds and lakes receive

contributions from autochthonous sources due to longer water residence times
(Ito et al., 2007, Kaste et al., 2003, Lepistö et al., 2006). Additionally, the
presence of these bodies of water can greatly influence the DOM characterization
and quantity in the outflow of streams downslope (Hood et al., 2003). To study
the DOM source contributions and dynamics of boreal forest streams as well as
streams downslope of ponds this study monitored two stream sampling sites
separated by ~10 km of distance. Our results support the findings of other studies
that have found that more labile DOM character, indicative of soil sourced DOM,
is exported from boreal streams during periods of high hydraulic connectivity
(Petrone et al., 2006, Striegl et al., 2005, O’Donnell et al., 2010). High
contributions of aromatic and aliphatic functionalities to total percent hydrogen
present in the lower elevation stream site during the dry period shifted during the
wet period to include higher proportions of O-alkyl, proteinaceous, and amide
functionalities indicating a shift in DOM source from groundwater to soil water.
To support these findings and to help identify shifts in the sources of DOM
contributing to stream site outflows; DOC was plotted against more conservative
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species (calcium). Calcium concentration in the lower stream site remained
similar year-round; this is likely due to the sampling periods which occurred
during baseflow periods and calcium inputs from groundwater reservoirs being
quickly cycled in the hyporheic zone before it can be measured downstream
(Ford et al., 1989). Comparing DOC concentration over time, however, showed
an increase in DOC concentrations that indicate that the lower stream site shifted
from a groundwater to a soil water source over the periods sampled (Figure
2.8B). During the summer months, the lower stream site receives more
contributions from groundwater DOM sources as soil DOM cannot be mobilized
into streams via lateral flow due to the lower water table. However, during the
wet period increases in precipitation and lower rates of evapotranspiration drive
soil derived DOM into streams.
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Figure 2.8: Concentration of calcium and dissolved organic carbon for the upper
(A) and lower (B) stream samples, as well as soil and groundwater samples
across the four sampling dates. Triangles represent May sampling dates, +
represents June samples, x represents August sampling dates, and diamonds
represent October sampling dates.
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Unlike the lower stream site, the upper site’s molar C:N ratio as well as the
H-NMR characterization of the SPE-PPL DOM fraction stayed relatively constant
over the course of the sampling periods, indicative of stable inputs to the stream
throughout the year (Figure 2.7, Table 2.5). The shift in DOM composition
present in the lower stream site, as opposed to the lack there of in the upper site
is due to topological differences between the sites that affect the delivery of
terrestrial carbon to aquatic systems. The upper site is located downstream of a
sizeable pond, which occupies 1% of the total catchment area but represents a
larger ~24% of the catchment areas draining to the upper elevation stream site.
The DOM characterization of the upper stream site reflected high contributions
from aliphatic and O-alkyl hydrogen functionalities and minor contributions from
proteinaceous, aromatic and amide functionalities. No major shift in the
composition of DOM was detected over the sampling periods which providing
evidence that DOM inputs to the upper site were relatively constant throughout
the year (Table 2.5).
To help identify differing source contributions between the two stream sites
the same DOC versus calcium concentration plot was constructed for the upper
site (Figure 2.8A). The two stream sites had similar behavior in the June
sampling period which is consistent with greater contributions from soil water.
However, during the October sampling period, the shift in source contribution that
was observed in the lower site was not apparent in the upper site. Water bodies,
such as the pond upstream from the upper stream site, increase water residence
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time in the landscapes and therefore, have been found to increase the
importance of biological controls on exported DOM and reduce the effect of
hydrologic events (Kaste et al., 2003, Goodman et al., 2011). The upper sites
proximity to this pond makes the streams outflow more closely represent the
DOM signature of the pond, rather than a boreal forest stream.
The results of this study suggest that the character of DOM exported from
boreal forest stream systems and thus its source depends on several variables
including hydraulic connectivity as well as watershed topography. These features
can vary regionally as demonstrated by the upper and lower stream sites.

While

seasonal shifts in DOM mobility in soil reservoirs can greatly affect stream DOM
signatures, regional topological differences such as the presence of large bodies
of water, can supersede seasonal effects by contributing autochthonous DOM
inputs that would otherwise be present in negligible amounts.
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2.5 Conclusion:
Recent research on DOM composition that relates to its source as well as
the transformations experienced within the terrestrial-to-aquatic interface has
greatly contributed to our understanding of the terrestrial-to-aquatic carbon flux. It
is vital that researchers continue to constrain the terrestrial-to-aquatic carbon flux
as the changing climate threatens to amplify precipitation amounts and intensity
as well as plant productivity, all of which are important controls on DOM export
(Evans et al., 2005, Tranvik and Jansson, 2002). By applying qualitative solution
state H-NMR analysis as well as quantitative analyses I was able to track shifts in
DOM composition across the terrestrial-to-aquatic interface suggesting that both
watershed topography and seasonal hydraulic variation are important controls on
DOM composition. This emphasizes the need for higher temporal resolution
sampling to better resolve watershed connectivity and carbon fluxes. In-situ
probes offer views of stream parameters at a temporal resolution impossible to
achieve by discrete sampling. Combining such monitoring with methodologies
such as two-dimensional NMR will enable the identification and tracking of hot
spots and moments of DOM transport and transformation which is crucial to
understanding the controls on the terrestrial-to-aquatic carbon flux.
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Chapter 3: Summary and general conclusions:
Recognition of terrestrial DOM’s role in aquatic and marine systems has
spurred research into the controls on its export, and cycling (Hernes and Benner,
2006, Hertkorn et al., 2013). However, before researchers can elucidate the
dynamics of DOM, extraction methodologies need to be evaluated for their
reproducibility and recoveries for the environments they are applied too. The first
chapter of this thesis addresses questions concerning DOM extraction
methodologies and the differences in the composition of DOM from across the
terrestrial-to-aquatic interface.
Researchers studying DOM often must apply an extraction step prior to
analysis due to low concentrations of the analyte and the presence of an
interfering matrix composition. Recently SPE-PPL has become a popular method
to prepare DOM for analysis, however, some parameters of the SPE-PPL
process such as volume of sample applied, as well as the rate at which it is
applied have been hypothesized to select against major DOM constituents during
extractions (Li et al., 2016). My investigation into dynamics of SPE-PPL during
extractions of DOM sourced from throughout the terrestrial-to-aquatic interface in
a boreal forest watershed revealed no selectivity or difference in DOC yields for
extractions performed at slower versus faster flow rates. Selectivity was
observed, however, in the eluates of SPE-PPL extractions performed at larger
loading volumes. At loading volumes of ten liters SPE-PPL extractions of soil
water selected against O-alkyl hydrogen moieties of DOM, and instead
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preferentially extracted aliphatic hydrogen functionalities. This selectivity is
troublesome as O-alkyl hydrogen functionalities are a major component of total
percent hydrogen in many land positions across the terrestrial-to-aquatic
interface. Luckily, DOM that has the largest contribution from O-alkyl hydrogen
moieties, soil water, also has the largest concentration of DOM. Extractions
performed on soil water often do not require high loading volumes, and thus are
less susceptible to selectivity. These results suggest that SPE-PPL may be a
suitable method to extract DOM from across the terrestrial-to-aquatic interface in
a boreal forest watershed when applied with caution.
Categorization of DOM compounds subjected to the terrestrial-to-aquatic
interface is critical in boreal ecosystems as they contain large quantities of
carbon and are sensitive to climate change (Haei et al. 2010). Land positions
along the terrestrial-to-aquatic interface have distinct DOM compositions due to
different biotic and abiotic controls present at every land position (Fellman et al.,
2009). Researchers that have attempted to constrain the export of DOM from
headwater catchments, which receive inputs from across the terrestrial to aquatic
interface, have reported that watershed hydrology and topography play large
roles in controlling the composition and quantity of DOM exported from
watersheds (Schumacher et al., 2006, Hood et al., 2003, Kellerman et al., 2014).
Results from my field study supported these findings as both the quantity and
composition of DOM from all land positions monitored was related to either
watershed hydrology or topography. DOM export and character from soils and
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streams located in boreal forests was correlated to shifts in the watershed’s
hydraulic flow paths. Large quantities of bioavailable O-alkyl hydrogen DOM
constituents were observed in both pools during the wet period, suggesting that
the elevated water table had mobilized previously immobile pools of DOM.
Streams located near ponds had different DOM dynamics than streams in
traditional boreal forests. This is likely because these water bodies provide a
buffering effect that reduces the impact of hydraulic events on the composition of
stream outflows (Kaste et al., 2003, Goodman et al., 2011). Longer residence
times provided by such ponds allows for increased photochemical and biological
processing of terrestrial DOM as well as in-situ production.

Due to this, DOM

characterization of streams located near pond areas are more likely to resemble
pond outflows than traditional boreal forest streams which resemble terrestrial
DOM sources throughout the year. This study revealed that hydrology plays an
important role in transferring terrestrial DOM to aquatic systems, but also
suggests that the concept of regional chromatography likely also applies to the
lateral transport of DOM. Evidence produced by this study revealed that water
residence times at each system within the terrestrial to aquatic interface in this
study site directly effected the chemical composition of DOM observed at
subsequent land positions.
To fully understand DOM dynamics in boreal watersheds, as well as the
terrestrial-to-aquatic carbon flux, future studies should:
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1) Apply similar approaches as this study and include higher resolution
sampling that focus on periods of increased terrestrial and aquatic
connectivity such as snowmelt. Higher resolution sampling during these
periods will help to better identify controls on the degree of terrestrial
processing and therefore help constrain the terrestrial to aquatic carbon
flux.
2) Better inform earth system models of DOM by conducting these studies
across a variety of boreal zones, as hydrologic functionating varies greatly
with water availability across the boreal.
3) Trace terrestrial DOM out to marine systems. This will allow for a fully
integrated view of the terrestrial-to-aquatic carbon flux and thus help to
predict climate related feedbacks.
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Appendix for Chapter 1:
Table A.1: Results of ANOVA and Kruskal Wallace statistical tests assessing the
effect of flow rate and loading volume on SPE-PPL DOC and DON recovery.
(alpha = 0.05).

Experiment

Analysis:

Statistical test:

P value

Flow rate 1

DOC

Kruskal Wallace

0.27

DON

Kruskal Wallace

0.137

DOC

Kruskal Wallace

0.4

DON

Kruskal Wallace

0.1572

DOC

ANOVA

0.02

DON

Kruskal Wallace

0.03

DOC

Kruskal Wallace

0.17

DON

ANOVA

0.5072

DOC

ANOVA

0.004

DON

Kruskal Wallace

0.0007

Flow rate 2

Loading volume 1

Loading volume 2

Loading volume 3
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Appendix for Chapter 2:
Table A.2: Results of repeated measure linear mixed model assessing the
effects of collection day and a treatment effect and their interaction on DOC DON
calcium and iron concentration as well as molar C:N ratio.(alpha=0.05).
Experiment

Analysis

Effect test

P value

Upper
DOC
Pynn’s
Brook
Experiment
Forest stand

Month

<0.0001

Treatment

<0.0001

Month*treatment

<0.0001

DON

Month

<0.0001

Treatment

<0.0001

Month*treatment

<0.0001

Month

<0.0001

Treatment

<0.0001

Month*treatment

<0.0001

Month

<0.0001

Treatment

0.3627

Month*treatment

0.0025

Month

0.0004

Treatment

0.1645

Month*treatment

0.1287

C:N ratio

Calcium

Iron
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Table A.3: Results of repeated measure linear mixed model assessing the
effects of collection day and a treatment effect and their interaction on DOC DON
calcium and iron concentration as well as molar C:N ratio.(alpha=0.05).
Experiment

Analysis

Effect test

P value

Lower Pynn’s
Brook
Experiment
Forest stand

DOC

Month

<0.0001

Treatment

<0.0001

Month*treatment

<0.0001

Month

<0.0001

Treatment

<0.0001

Month*treatment

<0.0001

Month

<0.0001

Treatment

<0.0001

Month*treatment

<0.0001

Month

<0.0001

Treatment

0.1221

Month*treatment

0.0041

Month

<0.0001

Treatment

0.0554

Month*treatment

0.0126

DON

C:N ratio

Calcium

Iron
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Table A.4: Results of repeated measure linear mixed model assessing the
effects of collection day and a treatment effect and their interaction on DOC DON
calcium and iron concentration as well as molar C:N ratio.(alpha=0.05).
Experiment

Analysis

Effect test

P value

Soil water

DOC

Month

<0.0001

Treatment

0.23

Month*treatment

0.26

Month

<0.0001

Treatment

<0.0001

Month*treatment

<0.0001

Month

<0.0001

Treatment

<0.0001

Month*treatment

<0.0001

Month

0.05

Treatment

0.0002

Month*treatment

0.12

Month

<0.0001

Treatment

<0.0001

Month*treatment

<0.0001

DON

C:N ratio

Calcium

Iron
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Table A.5: Results of repeated measure linear mixed model assessing the
effects of collection day and a treatment effect and their interaction on DOC DON
calcium and iron concentration as well as molar C:N ratio.(alpha=0.05).
Experiment

Analysis

Effect test

P value

Stream

DOC

Month

<0.0001

Stream elevation

<0.0001

Month* Stream
elevation

<0.0001

Month

<0.0001

Stream elevation

<0.0001

Month* Stream
elevation
Month

<0.0001

Stream elevation

<0.0001

Month* Stream
elevation
Month

<0.0001

Stream elevation

0.0009

Month* Stream
elevation
Month

0.0085

Stream elevation

<0.0001

Month* Stream
elevation

0.0126

DON

C:N ratio

Calcium

Iron
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<0.0001

0.0478

<0.0001

Table A.6: Results of ANOVA and Kruskal Wallace test assessing the effect of
collection day on DOC DON calcium and iron concentration as well as C:N ratio
(alpha = 0.05).
Experiment

Analysis

Effect test

P value

Groundwater

DOC

ANOVA

<0.0001

DON

Kruskal Wallace

0.0710

C:N ratio

Kruskal Wallace

<0.0001

Calcium

ANOVA

0.0125

Iron

Kruskal Wallace

0.0594
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Table A.8: Detection levels and concentrations for all metals excluding calcium for all terrestrial and aquatic land
positions for the May sampling period.
Site:

Treatment:

Soil waiter

Groundwater spring

2

12.7
(2.1)
30.5
(15.2)

Na
(mg
L-1)

P
(µg
L-1)

S
(mg
L-1)

Si
(mg L1
)

0.02

0.001

0.4

0.01

3

0.01

0.01

20.1
(19.5)
33.9
(29.9)

0.5
(0.4)
0.8
(0.4)

0.3
(0.4)
0.2
(0.07)

49.2
(26.1)
217.4
(236)

1.8
(0.3)
1.4
(0.6)

15.9
(7)
32.4
(39.7)

0.3
(0.08)
0.3
(0.06)

0.04
(0.04)
0.06
(0.04)

Upper site

45.6
(28.3)
49.8
(24.3)
24.7

35.3
(31.6)
44.5
(33.2)
48.9

1.9
(1.9)
1.9
(1.2)
1.1

0.4
(0.3)
0.6
(0.6)
0.9

578.8
(943.3)
657
(383.1)
8.6

3.0
(2.3)
32.4
(39.7)
2.7

185.2
(242.9)
180.2
(171.1)
BD

0.5
(0.3)
0.6
(0.4)
0.4

0.07
(0.04)
0.08
(0.03)
0.6

Lower site

76.7

47.1

0.9

0.9

2.9

3.1

5.7

0.4

1.3

Mature

160.6

39.3

0.5

1.3

96.8

5.3

18.8

0.8

1.4

Regenerating

129.7

124.2

0.2

0.4

112.8

1.4

35.9

0.2

0.5

N/A

8.3

10.9

0.6

2.3

0.5

3.7

4.6

0.9

3.6

Mature

Mature
Regenerating

Stream

2

Mn
(µg
L-1)

Regenerating
Lower precipitation

K
(mg L1
)

Mg
(mg
L-1)

Detection
Levels:
Upper precipitation

Month: May
Al
Fe
(µg
(µg
-1
L )
L-1)
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Table A.9: Concentrations for all metals excluding calcium for all terrestrial and aquatic land positions for the June
sampling period.
Site:

Upper
precipitation

Lower
precipitation

Stream

Soil water

Groundwater
spring

Treatment:

Month: June
Al (µg
L-1)

Fe (µg K (mg
L-1)
L-1)

Mn (µg
L-1)

0.07

Mg
(mg L1
)
0.01

P (µg
L-1)

S (mg
L-1)

Si (mg
L-1)

1.7

Na
(mg L1
)
0.2

Mature

6

4.2

3.9

0.09

BD

Regenerating

BD

BD

0.02

0.01

BD

0.1

BD

0.06

BD

Mature

16.3

14.7

0.5

0.08

46.74

1.2

25.3

0.2

0.01

Regenerating

NM

NM

NM

NM

NM

NM

NM

NM

NM

Upper site

50.9

54.3

0.2

0.9

5

2.9

4.1

0.2

0.6

Lower site

21.3

37

0.3

1.1

9

2.9

11.1

0.3

0.4

Mature

NM

NM

NM

NM

NM

NM

NM

NM

NM

Regenerating

NM

NM

NM

NM

NM

NM

NM

NM

NM

N/A

NM

NM

NM

NM

NM

NM

NM

NM

NM
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Table A.10: Concentrations for all metals excluding calcium for all terrestrial and aquatic land positions for the
August sampling period.
Site:

Treatme
nt:

Month: August
Al (µg L1
)
16.9
(6.2)

Fe (µg
L-1)
11.6
(0.4)

K (mg L1
)
0.3
(0.017)

Mg (mg
L-1)
0.08
(0.005)

Mn (µg
L-1)
41.2
(0.2)

Na (mg
L-1)
0.4
(0.01)

P (µg L1
)
15.4
(1.1)

S (mg L1
)
0.3
(0.08)

Si (mg
L-1)
0.06
(0.04)

Upper
precipit
ation

Mature
Regener
ating

10.4
(3.1)

8
(0.09)

0.1
(0.05)

0.02
(0.05)

2.2
(0.3)

0.08
(0.01)

8.8 (4.3)

0.37
(0.06)

0.01
(0.01)

Lower
precipit
ation

Mature

22.6
(4.4)

19.8
(0.9)

0.5
(0.006)

0.1
(0.001)

64.4
(360)

0.6
(0.001)

32.6
(2.4)

0.1
(0.001)

0.07
(0.03)

Regener
ating

16.2
(1.9)

29.6
(26.5)

0.27
(0.04)

0.026
(0.002)

8
(0.1)

0.09
(0.003)

19.2
(7.6)

0.2 (0.1)

0.02
(0.003)

Stream

Upper
site
Lower
site

16.1
(6.2)
7.8
(5.8)

68.2
(17.6)
107.7
(1.5)

0.2
(0.02)
0.3
(0.007)

1.5
(0.04)
1.9
(0.004)

17.8
(0.3)
3.3
(0.3)

3.17
(0.09)
3.8
(0.02)

16.7
(7.9)
1.4
(6.2)

0.3
(0.03)
0.5
(0.002)

0.5
(0.03)
1.7
(0.9)

Soil
water

Mature

479.7
(667.6)
323
(192.2)

170.8
(89.2)
216.2
(146.2)

1.4
(1.6)
0.5
(0.2)

1.1
(1)
0.6
(0.4)

115.5
(158.7)
149.9
(4.6)

2.7
(1.7)
2.9
(2.4)

56
(80)
76.2
(29)

0.5
(0.08)
0.3 (1.2)

1.4
(1)
1.3
(0.2)

7.4
(0.5)

23
(27.4)

0.5
(0.02)

2.5
(0.02)

BD

3.7
(0.02)

9.2
(17.2)

1
(0.01)

1.2
(0.09)

Regener
ating
Ground
water
spring

N/A
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Table A.11: Concentrations for all metals excluding calcium for all terrestrial and aquatic land positions for the
October sampling period.
Site:

Upper
precipitati
on

Lower
precipitati
on

Stream

Soil water

Treatme
nt:

Month: October
Al (µg
Fe (µg L-1
1
L )
)
4.1
17.3
(7.2)
(5.4)

K (mg L1
)
0.47
(0.32)

Mg (mg L1
)
0.29
(0.19)

Mn (µg L1
)
107.49
(161.80)

Regener
ating

1.5
(7)

8.9
(7.5)

0.26
(0.15)

0.18
(0.02)

25.73
(38.69)

Mature

14.4
(30)

19.6
(7.9)

0.70
(0.47)

0.37
(0.17)

Regener
ating

BD

6.8
(1.5)

0.18
(0.03)

Upper
site
Lower
site
Mature

28.19

61.60

34.29
640.02
(161.3
5)
375.58
(280.5
4)
BD

Mature

Regener
ating
Groundwa
ter spring

N/A

P (µg
L-1)
14.21
(10.98)

S (mg L1
)
0.23
(0.06)

Si (mg L-1)

1.41
(0.10)

4.39
(5.78)

0.18
(0.02)

0.01
(0.02)

203.87
(172.63)

1.90
(0.76)

0.30
(0.20)

0.07
(0.04)

0.19
(0.55)

7.46 (1.96)

1.19
(0.08)

76.59
(112.0
7)
8.36
(2.62)

0.16
(N/A)

0.05
(0.03)

0.44

1.49

7.08

2.69

BD

0.41

1.22

76.67

0.31

1.01

4.31

2.54

BD

0.28

0.90

175.70
(67.94)

1.09
(0.75)

0.92
(0.62)

92.71
(110.04)

3.24
(2.99)

50.90
(53.15)

0.46
(0.28)

1.39
(0.67)

193.01
(116.84)

0.20
(0.06)

0.52
(0.19)

95.95
(42.22)

1.4
(0.92)

21.99
(11.76)

0.19
(0.08)

1.36
(0.90)

4.84

0.52

2.49

BD

3.77

3.63

0.90

3.43
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Na (mg L1
)
1.77
(0.60)

0.01
(0.03)

Table A.1: Averages of Monte Carlo simulations ran on DOC (mg/L) in both
mature and regenerating plots where alpha = .05. 5000 simulations were ran
estimating the amount of variability captured by deploying 1- 25 precipitation
gauges in mature plots and 1-10 in forested plots. Points are the amount of
variability in DON concentration (mg/L) reduced as more gauges are deployed.
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