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ABSTRACT

Estuaries are important sites of organic matter (OM) transformation, exchange,
and burial but remain one of the least understood regions in the global carbon cycle. The
carbon cycle within these regions is complex due to strong gradients in biological and
physical processes, and increasing anthropogenic impacts. This is further complicated by
the many sources of particulate and dissolved organic matter (OM) in estuaries, including
materials derived from terrestrial and anthropogenic sources as well as aquatic and
marine primary production. This study combined lipid biomarker analyses with stable
and radiocarbon signatures of lipids and source-specific biomarkers to better understand
the sources and aging of OM in Delaware River and Bay, a model estuarine system.

The lipid composition of particulate organic matter (POM, > 0.7 um) and
ultrafiltered dissolved organic matter (UDOM, 1kDa — 0.1 um) was investigated along
the salinity gradient in the Delaware River and Bay during five separate cruises. Sources
of OM associated with POM and UDOM were examined using chlorophyll a, C:N ratios,
stable carbon and nitrogen isotopes (5'°C and 8'°N), total lipid extracts, and fatty acid
(FA) biomarker compounds. Multiple hierarchical models explored which environmental
characteristics were the primary drivers of POM and UDOM composition. These models
revealed that chlorophyll a, POC, and TSS influenced POM sources and composition
along the estuary, while a variety of drivers influence UDOM composition.

Stable carbon (8'°C) and radiocarbon (A'*C) measurements of dissolved inorganic
carbon, bulk particulate organic carbon (OC), and neutral and polar lipids from
particulate organic matter (TLEpom) and ultrafiltered dissolved organic matter (TLEupom)
were measured in order to gain insights about the source and age distribution of lipids
along the Delaware River and Bay. Overall, A'*C values for neutral TLE were more
depleted (i.e., had “older” radiocarbon ages) than polar TLE. Radiocarbon ages for
neutral TLEpom were younger than neutral TLEypom by approximately 10,000 YBP,
while polar TLEpoy and polar TLEypowm were similar in age. Using a '*C isotope mass
balance, changes in contributions of modern and fossil OC were quantified along the
estuary for TLEpoym and in TLEypom. Complementary to determining the radiocarbon
ages of different lipid classes, this study was the first to apply compound specific
radiocarbon analyses to fatty acids (FA) associated with estuarine POM. AMC values
indicate that the ages of terrestrial and algal FA change along the estuary. Terrestrial FA
increased in age along the estuary due to downstream sources, while algal FA became
“younger” along the estuary due to contributions from autochthonous sources.

FA biomarker and radiocarbon analyses revealed changing composition of OM
along the Delaware River and Bay: (1) older, terrestrial sources of OM characterized
riverine OM, (2) the ETM was a location of shifting sources and introduction of “older”
POC, and (3) the bay was dominated by younger, marine sources of OM. Lipid age was
not based on within estuary processes but on the delivery of “aged” OM from the
watershed and along-estuary mixing of different sources. Overall, this study provided
new insights about the sources and ages of OM along the estuarine salinity gradient and
the complex processes by which they are controlled.
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Chapter 1. Introduction

River deltas, estuaries and the coastal ocean are the primary regions where
terrestrial and marine organic carbon (OC) are transformed, remineralized, and ultimately
stored or buried (Bianchi and Allison 2009; Hedges and Keil 1999). However, there
remains considerable uncertainty in our ability to adequately quantify carbon exchange
from land to the coastal ocean and in our understanding of the processes influencing the
fate and “aging” of OC as it is transported along the river-estuary-coastal ocean gradient
(Amon and Benner 1996). While large quantities of organic matter (OM) enter the coastal
oceans via rivers and estuaries, weak terrestrial signals (OCt) have been observed in the
open ocean (Hedges, et al. 1997; Meyers-Schulte and Hedges 1986; Opsahl and Benner
1997). This suggests that carbon pools have not been quantified adequately or important
processes have been overlooked (Aufdenkampe, et al. 2011; Bianchi 2011; Hedges, et al.
1997). Processing along the river-estuarine gradient may result in selective losses of
“younger”, more labile organic matter and aging of OC, and transformation of the
terrigenous signal by bacterial, photochemical remineralization and/or burial along the
estuarine gradient. These processes may alter our ability to detect OC., entering the
coastal ocean (Bianchi and Allison 2009; Mayorga, et al. 2005; McCallister, et al. 2005;
McCallister, et al. 2006). Together, these studies suggest an evolving view of organic
matter cycling along the river-estuary gradient and the need for studies focused on
understanding the signatures of OC exported from estuarine environments.

Radiocarbon ages have been determined for particulate and dissolved organic
matter (POM and DOM; (Bauer and Druffel 1998)) and total organic carbon (TOC) in

coastal sediments (Griffith, et al. 2010), estuarine and oceanic particulate OC (POC)



(Druffel, et al. 1992; Hwang and Druffel 2003) and dissolved OC (DOC) (Loh, et al.
2006; Loh, et al. 2004; Williams and Druffel 1987). These studies show a spectrum of
bulk OC radiocarbon ages ranging from surface POC being “younger” and having bomb-
"C to DOC in the deep oceans being thousands of years old. Additionally, "¢ ages for
DOC and POC and associated biochemical classes have been determined in estuarine
ecosystems (Loh, et al. 2006; Wang, et al. 2006). In these studies, the lipid fraction of OC
had the “oldest” radiocarbon ages of all biochemical classes. Other studies have also
shown that the lipid fraction tends to be highly aged in both estuarine and open ocean
marine environments (Hwang, et al. 2006; Hwang and Druffel 2003; Loh, et al. 2008;
Loh, et al. 2004).

The advent of compound specific- radiocarbon analysis (CSRA) augments the
source information of biomarkers with the age information of radiocarbon (‘*C) and has
proven useful for deconvoluting OM sources in complex and heterogeneous matrices
(e.g., sediments, suspended POM, DOM) (Eglinton, et al. 1996; Pearson, et al. 2000;
Pearson, et al. 2001). Specific lipid compounds or lipid biomarkers (e.g., fatty acids) can
be used to provide OM source information (e.g., plankton, vascular plants,
anthropogenic) due to their ability to persist in the environment and their source
specificity (for a review see Bianchi and Canuel 2011; Meyers 1997). The combination of
compound-specific 8"°C and A'*C analyses with biomarker compound identification can
provide information about the sources of OM and their residence times within terrestrial,
estuary, and marine systems (Pearson and Eglinton 2000).

Estuaries are challenging environments in which to study the origins, pathways

and fates of dissolved and particulate materials because of the complex sources and



processes influencing OM (Canuel 2001; Hedges and Keil 1999). The Delaware Estuary
provides a model system for studying the sources and “ages” of OC along the salinity
gradient since it is dominated by one freshwater tributary, the Delaware River, making it
easier to develop mixing models along the salinity gradient (Sharp, et al. 2009). There is
also a relatively good understanding of the changing physical, biological, and chemical
environment along the Delaware River-Bay continuum (Pennock 1987; Sharp, et al.
1982; Sharp, et al. 2009; Sommerfield and Wong 2011).

The Delaware River and estuary is a shallow (average depth = 10 m), coastal
plain, highly urbanized estuary. The Delaware estuary drainage basin is over 35,000 km®
and its watershed extends into five states, including Delaware, New Jersey, New York,
Pennsylvania, and a small section of Maryland (Sharp, et al. 1986). The Delaware River
has one of the longest stretches of undammed rivers in the United States (~330 miles),
extending from the confluence of the East and West Branches to the mouth of Delaware
Bay (Tudor and Vonwinkel 2008). The Delaware River is the major source of freshwater
(~ 60% of freshwater input) to Delaware Bay, draining snowmelt from the Catskill and
Pocomo mountains (Sharp, et al. 1986). The Schuylkill River enters near Philadelphia,
PA contributing ~15% of the freshwater input, while all other tributaries contribute <I %
each to the total freshwater discharge to the Delaware Bay.

The physics of the Delaware River and Bay are relatively well-understood
providing useful information about OM transport, water column stratification and salt
distribution. On average the Delaware Estuary has a flushing time of 100 days (Ketchum
1952). Delaware Bay is characterized by estuarine circulation where water enters in the

deep channel at the bay mouth and surface water flows out of the bay and is transported



to the south (Garvine 1991). The tidal range of the estuary extends 215 km upstream of
the bay mouth with the upstream limit typically around Trenton, NJ and the estuary
turbidity maximum located around the salt intrusion (1 %o) (Biggs, et al. 1983).

The Delaware estuary 1s generally well-mixed with a homogenous water column
except for a prolonged period of time when the water column is stratified following
periods of high freshwater discharge from the Delaware River (Sharp, et al. 1986). The
strong and persistent stratification is seen over a 6 to 12 week period during the spring
freshet when freshwater is delivered from snowmelt in the Catskills (Sharp, et al. 1986).
Recently, Sommerfield and Wong (2011) showed the turbid, mid-estuary can also have
strong stratification on a tidal scale. While the estuary as a whole may be well mixed,
strong stratification can influence the mixing of surface and deep water regionally over
diurnal cycles (Sommerfield and Wong 2011).

Previous studies describing biological and physical processes within the Delaware
provide context for this study (Biggs, et al. 1983; Garvine 1991; Garvine, et al. 1992;
Pennock and Sharp 1986; Sharp, et al. 1984; Sharp, et al. 1986; Sharp, et al. 2009).
Increased river flow, flow-induced stratification and decreased suspended sediment
concentrations downstream of the estuary turbidity maximum (ETM) create the ideal
conditions for phytoplankton blooms in the upper Delaware Bay during spring (Pennock
1985; Pennock and Sharp 1986). Nutrient concentrations decrease within Delaware Bay
only during the spring phytoplankton bloom when concentrations of ammonium,
phosphate, and silicate are reduced from their typically high levels (Pennock 1987; Sharp,
et al. 1986). In the Delaware estuary physical conditions and autochthonous OM

production are strongly coupled.



Previous studies have characterized changes in the sources of dissolved organic
matter (DOM) and particulate organic matter (POM) along the salinity gradient using
stable carbon and nitrogen isotopes (Cifuentes, et al. 1988) and a suite of lipid
biomarkers including fatty acids, sterols and alcohols, and »-alkanes (Mannino and
Harvey 1999). Mannino and Harvey (1999) showed the major organic matter inputs in
early summer to the river and middle estuary were of terrigenous origin while the lower
estuary and coastal ocean were dominated by algae and marine sources. In the Delaware
Estuary, the lipid fraction of DOM was found to have a radiocarbon (**0) age that was
considerably older (23,300 years before present (YBP)) than total OC (120 YBP) and
other biochemical classes (Wang, et al. 2006). These results suggest that the lipid fraction
was either derived from an older source and/or the lipid fraction (or sub-fractions) were
better preserved than other biochemical classes. Previous studies, however, have each
focused on a single approach to understand the source distribution of OM and have been
limited in their spatial and temporal coverage of the Delaware estuary.

The main objective of this study was to use a combination of lipid biomarker
analyses with stable carbon and radiocarbon signatures of total lipid extracts and
biomarkers to better understand OM sources and sinks in an environment influenced by
complex distributions of OM with well-understood physical and biological dynamics.

This thesis addresses this objective guided by three major hypotheses:

* HI: End-member sources to the Delaware estuary, including terrestrial, marine
primary production, and anthropogenic sources, will change along the salinity

gradient of the Delaware River and Estuary. The lower salinity regions will be



dominated by allochthonous (terrigenous and anthropogenic) sources while the

higher salinity regions will be dominated by autochthonous sources.

e H2:'C ages of organic matter will be “older” during high flow when delivery of
“older” allochthonous OM is higher. DOM will have “older” '*C ages than POM
due to sources of DOM being “older” than POM and diagenetic processing. The
size-reactivity continuum hypothesis predicts that longer watershed residence
times will lead to the formation of smaller particles (DOM) from the breakdown
of larger particles (POM). Smaller particles will be more recalcitrant than larger

particles.

* H3: Radiocarbon signatures of lipophilic material will be aged relative to bulk
POC and DOC. In a previous study, the radiocarbon age of lipid associated with
UDOM was older than bulk DOC in the Delaware (Wang, et al. 2006) and this
trend is expected to extend to POM (i.e., lipids associated with POM will have

older radiocarbon ages than bulk POC).

* H4: Radiocarbon age of specific lipids will vary along the estuarine salinity
gradient. Fatty acids from terrigenous sources will have “older” radiocarbon ages
than those from autochthonous source due to pre-aging in the watershed as well as

their refractory nature.



Two approaches were used to address these hypotheses. The first approach
(Chapter 2) used lipid biomarker analyses to determine the importance of autochthonous
and allochthonous sources within particulate and dissolved OM in the Delaware River
and Bay. Lipids are operationally defined as compounds that are soluble in organic
solvents and separation techniques are used to isolate classes of lipids such as column
chromatography (Bianchi and Canuel 2011). Lipids make up one of the major
biochemical classes synthesized by living organisms. While living organisms produce a
diverse array of compounds only a portion (so-called “biomarkers”) are useful for
delineating between OM sources (Table 1-1). This study utilized fatty acid lipid
biomarkers for determining source composition of POM and DOM in the Delaware
system.

The second approach (Chapter 3) used in this study was to analyze the 8"°C and
A'C signatures of bulk lipid and compound-specific fatty acid biomarkers. To date, there
are no studies that have determined radiocarbon ages of lipid biomarkers along the river-
estuarine gradient. To address this gap and provide new insights about factors controlling
the age of lipophilic OM, A'*C and §"°C analyses were done on source-specific fatty acid
biomarkers associated with POM.

The multi-proxy approach used in this study (i.e., lipid composition, §'C, and
A'C), as well as greater temporal and spatial coverage of the study system than in
previous studies, provides new perspectives about the sources and processes that
contribute to the “aged” signature of lipids associated with POM and UDOM observed in

estuaries and the open ocean.
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Chapter 2. Delaware River and Estuary Dissolved and Particulate Organic Matter
Composition and Sources Using Lipid Biomarkers
1. ABSTRACT

The composition of fatty acids (FA) associated with particulate organic matter (POM, >
0.7 pm) and ultrafiltered dissolved organic matter (UDOM, 1kDa — 0.1 pm) was investigated
along the salinity gradient of Delaware River and Bay during five separate cruises. Sources and
transformations of OM in the particulate and dissolved pools were determined using chlorophyll
a, C:N ratios, stable carbon and nitrogen isotopes (8°C and 8'°N), total lipid extracts, and the
source specificity of FA biomarkers. Overall, along-estuary changes in OM composition were
greater than temporal differences. FA associated with POM (FApowm) reflected higher
contributions of terrestrial/marsh OM in the river and more influence from plankton and
microbial OM in Delaware Bay. In contrast, FA associated with UDOM (FAuypowm) had fairly
constant compositions throughout the estuary and had higher proportions of saturated FA,
reflecting degraded OM. Multiple hierarchical models were used to explore which environmental
characteristics (i.e. chlorophyll a, Delaware River discharge, DOC, POC, salinity, TSS) were the
primary drivers of POM and UDOM composition. The hierarchical models revealed the main
compositional drivers of FApom were particle parameters (chlorophyll ¢, POC and/or TSS), while
there was no unique variable or combination of variables that influenced the FAypom source
groupings. Unique FApom and FAypom distribution patterns imply separate sources of OM to
these two pools in the Delaware River and estuary and/or significant degradation of FAypom

compared to FApom.
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2. INTRODUCTION
2.1. Estuarine C Cycle

Estuaries are important but poorly understood regions in the global and oceanic
carbon cycles. Carbon budgets for these regions are difficult to quantify due to sharp
gradients in light, depth, salinity, dissolved oxygen, turbidity, increasing anthropogenic
impacts, and complex sources of organic matter. A large portion of carbon within the
oceanic carbon cycle is exported from rivers and estuaries to the coastal ocean (0.4 Pg yr’
"POC and 0.4 Pg yr' DOC (Richey 2004)). However, while a large amount of terrestrial
organic material (OM) is transported from land, this terrestrial signal is “missing” in most
regions of the oceans (Hedges, et al. 1997; Opsahl and Benner 1997). Rivers and
estuaries are not passive transporters of terrestrial OM; rather, OM within these systems
is produced, consumed, and ultimately either remineralized, buried or exported to the
ocean (Cole, et al. 2007). Hence, further studies of the role estuaries play in the
production and transformation of autochthonous and allochthonous organic matter are
needed to further determine the dynamics and fate of POM and DOM.

Sources of POM and DOM to estuaries include, but are not limited to, terrestrial
(soils and plant detritus) and anthropogenic (sewage effluent, urban runoff) materials, as
well as aquatic and marine primary production (marsh and phytoplankton). Similar to
other estuaries, the Delaware watershed has multiple land uses influencing OM
composition (Appendix Figure A2-1). The Delaware estuary, for example, is influenced
by inputs from snowmelt from the Catskill and Pocomo mountains, OM from the fringing
freshwater and saltwater marshes, and phytoplankton production in Delaware Bay as well

as OM advected into the bay via exchange with the coastal Atlantic Ocean (Field and
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Philipp 2000; Hermes 2013; Sharp, et al. 1986; Sharp, et al. 2009 and references therein).
Ultimately a better understanding of the magnitude and reactivity of these different OM
sources is needed to better understand the estuarine carbon cycle and how it connects to
the ocean carbon cycle.

Previous studies in the Delaware estuary have used stable isotopes (Cifuentes
1988), chromophoric DOM fluorescence (Vlahos, et al. 2002; Vodacek, et al. 1997),
lignin oxidation products (Mannino and Harvey 2000b), lipid biomarkers (Mannino and
Harvey 1999), and bacterial production and community composition (Kirchman and
Hoch 1988) to elucidate specific OM sources and their relative contributions to the total
OM pool in the Delaware estuary. However, most previous studies have occurred over a
limited range of freshwater discharge conditions, and have not examined the composition
of POM and DOM simultaneously. This study builds on this previous body of work by
examining the composition of POM and DOM concurrently over a range of freshwater
discharge conditions that span a two-year study period.
2.2.  Study Site: Delaware River and estuary

The Delaware River and estuary is a temperate, coastal plain estuary located in
the mid- Atlantic region of the United States. The Delaware system is highly urbanized
with the tidal freshwater portion of the Delaware River running through Trenton NJ,
Philadelphia PA and Wilmington DE, but also has extensive undeveloped fringing
freshwater and salt marshes. The Delaware River and estuary have been well-
characterized over the last thirty years and there is a relatively good understanding of the
changing physical, biological, and chemical environment along the salinity gradient in

the River-Bay continuum (Garvine 1991; Pennock 1985; Pennock 1987; Sharp, et al.
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1982; Sharp, et al. 1986; Sharp, et al. 2009). Tidal influence is measured 215 km from the
bay mouth with a broad estuary turbidity maximum around the salt intrusion (Biggs, et al.
1983). Primary production within Delaware Bay is light, not nutrient, limited and is
highest in the spring downstream of the estuary turbidity maximum in the upper bay
(Pennock 1985; Pennock and Sharp 1986). The Delaware Estuary provides a model
system for studying the sources and composition of OM along a salinity gradient because
it is dominated by one freshwater tributary (Delaware River, 60 % freshwater input to
Delaware Bay). Previous studies describing particulate and dissolved OM composition
along the Delaware estuary provide context for this study (Cifuentes, et al. 1988; del
Vecchio and Blough 2004; Harvey and Mannino 2001; Mannino and Harvey 1999;
Mannino and Harvey 2000a; Mannino and Harvey 2000b; Minor, et al. 2001).
2.3.  Study Objectives

This study was designed to examine changes in, and influences on, OM sources
(POM (> 0.7 um) and UDOM (1 kDa — 0.1 pm)) along the Delaware River and estuary
using lipids, specifically fatty acids (FA), as tracers. FA were used as OM source tracers
due to their ability to persist in the environment and their source specificity (Bianchi and
Canuel 2011 and references therein). Five source specific groupings of FA were
examined in both POM and UDOM pools. These groupings were selected to represent the
following sources: higher plants, aquatic microbes, plankton, marsh plants/microalgae,
and heterotrophic bacteria. While these source assignments are based on literature values
(Chapter 1, Table 1-1) and they generally represent the designated sources, there may be
overlaps between some of the groups. The major drivers of FA composition of POM and

DOM were evaluated using a hierarchical modeling approach.
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3. METHODS
3.1. Sample Collection

Surface water samples were collected along the salinity gradient of the Delaware
River and estuary aboard the R/V Hugh R. Sharp during 2010-2012 (Figure 2-1).
Sampling locations and site information during each cruise are provided in Table 2-1.
The Delaware River, Schuylkill River, and bay mouth sites remained in approximately
the same locations during each cruise while the estuary turbidity maximum (ETM), high
chlorophyll a, and chlorophyll ¢ maximum sites varied with environmental conditions.
Using a shipboard conductivity-temperature-depth (CTD) system, turbidity data from the
transmissometer were used to determine the location of the ETM site. Similarly,
fluorescence data were used to determine the location and depth of the chlorophyll a
maximum. Sample collection times ranged from a few hours at a station to two days
depending on the amount of time needed to collect and filter large volumes of water at
each site.
3.2. Filtration and Bulk Measurements

Water column profiles of temperature, salinity, dissolved oxygen, turbidity (by
transmissometer), and fluorescence were measured at multiple times while “on station”
using a CTD profiler (SeaBird 911 Plus system) from the R/V H.R. Sharp (Appendix
Table A2-1).
3.3. POM and UDOM Collections for Lipid Analyses

Large volumes of surface water (100 to 1200 L per site) were collected into

organic solvent rinsed stainless steel canisters using a peristaltic pump with pre-cleaned

polyurethane tubing. The water was filtered through 142 mm glass fiber filters (Whatman
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GF/F, 0.7 um pore size, pre-combusted at 525 °C for four hours). Before removal from
the filtration apparatus, filters were dried under N, for five minutes to remove excess
water. Particulate organic matter (POM) was retained on the filters and the filters were
frozen at -80 °C until lipid analysis at VIMS. The < 0.7 pm filtrate was further filtered
through hydrochloric acid cleaned 0.1 pm polypropylene Gelman Criticap capsule filters.
An Amicon DC-10L tangential flow ultrafiltration system with two spiral wound
polysulfone filter cartridges (1 kDa molecular-weight cutoff) were used to concentrate
the 0.1 um to 1kDa ultrafiltered dissolved organic matter (UDOM) to less than one liter.
Concentration factors (initial volume/ concentrate volume) ranged from 750 to 1923 for
UDOM (Table 2-2). The UDOM samples were frozen at -80 °C until further processing
at VIMS.

3.4. Environmental Parameters

Bulk water samples were collected at the same time as surface water for POM and
UDOM lipid analyses. Water was collected at 1 m depth, unless otherwise noted, via
peristaltic pump into 10% HCI cleaned plastic containers. Samples were collected
between one and five times while on station in order to capture changes in the water
column due to tides and river flow during the large volume samplings.

Total suspended solids (TSS) were collected in triplicate on pre-weighed 47 mm
membrane filters using vacuum filtration and rinsed with milli-Q water to remove salts
before removal from the vacuum manifold. Water was vacuum filtered in triplicate
through 25 mm glass fiber filters (GF/F, 0.7 pm pore size, pre-combusted at 525 °C for
four hours) for each of the following: chlorophyll a, particulate organic carbon (POC),

particulate nitrogen (PN), stable carbon (8'°C) and stable nitrogen (8'°N) isotope
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analyses. Filters for chlorophyll a analysis were placed in amber vials and covered with
aluminum foil to avoid light degradation. All other filters were folded in half and placed
in pre-combusted aluminum foil packets (525 °C for four hours).

Filtrate (< 0.7 um) was collected for dissolved organic carbon (DOC) and total
dissolved nitrogen (TDN) content, and inorganic nutrients in acid cleaned 60 mL
polycarbonate bottles and acid cleaned 100 mL plastic bottles, respectively. Nutrient
samples were collected only in October 2011 and August 2012.

TSS, POC, PN, 8"°C and §"°N isotopes, DOC, TDN, and nutrient samples were
frozen at -20 °C until analysis at the Virginia Institute of Marine Science (VIMS).
Chlorophyll a samples were frozen at -80 °C until analysis at VIMS. Chlorophyll a
samples were analyzed within one month of collection. All other samples were processed
within six months to one year of sample collection.

TSS were measured gravimetrically after drying at 105 + 5 °C for 24 hours to a
constant weight within + 0.5 mg. POC and PN were measured on acidified filters using
an NC Soil Analyzer (Flash EA 1112 Series, Thermo Electron Corporation) following the
methods of Hedges and Stern (1984). Chlorophyll a filters were extracted in a solution of
45% acetone, 45% DMSO (dimethyl sulfoxide), 10% deionized water, and 0.1% DEA
(diethylamine) using methods modified from Arar and Collins (1997) and Shoaf and
Lium (1976). Solvent extract fluorescence was measured on a 10-Au Turner Designs
fluorometer to quantify chlorophyll a concentrations and was acidified to quantify
pheophytin concentrations. DOC and TDN concentrations were measured on acidified
filtrate catalyzed with platinum at 680 °C using a Shimadzu Total Organic Carbon

Analyzer TOC-V CSH attached to a Shimadzu Total Nitrogen Measuring Unit TNM-1
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Analyzer. Stable carbon and stable nitrogen isotope values were measured on acidified
filters using isotope ratio-mass spectrometry. §'°C and 8'°N values were measured on
either a Costech ECS 4010 CHNSO Analyzer interfaced with a Delta V Advantage
Isotope Ratio Mass Spectrometer with the Conflo IV Interface at the Virginia Institute of
Marine Science or analyzed on an Elementar Vario EL Cube or micro Cube elemental
analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer at the
University of California, Davis Stable Isotope Facility.

3.5. Lipid Extraction and Analysis

Total lipid extracts (TLE) were isolated from POM and lyophilized UDOM
samples using an accelerated solvent extractor (Dionex ASE 200) and a method adapted
from Poerschmann and Carlson (2006) (Figure 2-2). Lipids of neutral polarity were
extracted first under pressure using a 9:1 ratio of hexane: acetone at 50 °C, followed by
extraction of polar lipids under pressure using a 4:1 ratio of methanol: chloroform at 80
°C. Excess salt and water extracted into the polar fraction were removed using a
separatory funnel with a ratio of 1:1:0.9 for chloroform: methanol: hexane-extracted
deionized water. The organic layer was separated from the aqueous layer, saved, and
stored overnight with anhydrous Na,SOy crystals to remove any traces of water.

Excess solvent was evaporated from neutral and polar lipid extracts samples with
turbo evaporation at 38 °C. Samples were resuspended in a known volume of hexane or
chloroform for quantifying the total lipid extract (TLE) associated with the neutral (TLE-
N) and polar (TLE-P) lipid fractions from POM and UDOM. Subsamples (0.5 to 2.0 mg)
of the neutral and polar TLE isolated from POM and UDOM were removed for fatty acid

(FA) (Figure 2-2) and radiocarbon analyses (Chapter 3, Figure 3-1).
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Figure 2 — 2. Sample analysis schematic for POM and UDOM collected in the Delaware River
and estuary
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Subsamples of neutral and polar TLE were prepared for fatty acid analyses using
previously published methods (Canuel and Martens 1993; Waterson and Canuel 2008).
Subsamples of the TLE were saponified using 1 N KOH in aqueous methanol under a N,
headspace at 110°C on a heating block for 2 hours. Saponified neutral lipids (SAP-N) and
acidic lipids (SAP-A) were extracted by liquid-liquid extraction following Canuel and
Martens (1993). SAP-N and SAP-A fractions were stored over anhydrous Na>SOj4
overnight to remove traces of water. SAP-A lipids from neutral and polar TLE were
derivatized to fatty acid methyl esters (FAMESs) yielding neutral FAMEs and
phospholipid-linked fatty acid methyl esters (PLFAs), respectively (Figure 2-2).
Derivatization was done using 3 mL of 3% BF; in methanol at 85 °C on a heating block
for 1 hour under a headspace of N,. Samples were rapidly cooled to room temperature
and the FAMEs were extracted with a liquid-liquid extraction using three 5 mL portions
of hexane. Traces of water were removed from the methyl ester samples using anhydrous
NaySOq.

FAMESs and PLFAs were purified by adsorptive column chromatography using
5% deactivated S10, gel (70 — 230 mesh, Sigma-Aldrich) and solvent solutions of
increasing polarity. Solvents one (10 mL 100 % hexane) and two (5 mL 25 %
toluene in hexane) were collected together and discarded. Solvents three and four (5 and
10 % ethyl acetate in hexane) were combined and contained the purified neutral FAMEs
and PLFAs. Samples were concentrated under N, at 38 °C using a Zymark TurboVap II
Concentration Station. Samples were transferred to small vials and stored in hexane until
analyzed by gas chromatography (GC) and gas chromatography-mass spectrometry (GC-

MS).
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Neutral FAME and PLFA were analyzed by gas chromatography using a 60 m x
0.32 mm DB-23 (dimethylphenylsilicone) fused silica capillary column (Agilent J& W
Scientific) on a Hewlett Packard 5890 Series 11 gas chromatograph. Helium was used as
the carrier gas and samples were quantified using a flame ionization detector (FID).
Analyses were done using the following temperature program: initial temperature of 60
°C with no hold, 60 to 170 °C at 30 °C min™', 170 to 215 °C at 2 °C min™", held at 215 °C
for 12 minutes, 215 to 240 °C at 20 °C min™", and held at 240 °C for 20 min. Data were
collected using ChemStation software. Quantification was done using methyl
heneicosanoate (C,;.0) as an internal standard added before GC analysis. Fatty acids were
identified by comparing relative retention times to a known FA standard mixture. Peak
identification was verified using GC-MS analysis on a 30 x 0.25 mm HP-5MS fused
silica capillary column (Agilent Technologies). All GC-MS analyses were done on a
7890A GC system (Agilent Technologies) coupled with a 597C inert XL EI/CI MSD
with triple axis detector (Agilent Technologies). FAME and PLFA samples were run in
the EI mode and spectra collected for the mass range 50 to 700 amu.
3.6. Data Analysis

Since a portion of the extracts were used for radiocarbon analyses, surrogate
standards were not added to the samples and fatty acid concentrations in POM and
UDOM were not corrected for losses during sample processing. As a result, absolute
concentrations may under-estimate the total amount of FA due to losses during sample
processing. However, comparisons between relative amounts of FA as a percent of the
total FA pool are unaffected similar to previous studies (Mannino and Harvey 1999;

McCallister, et al. 2006; Zou, et al. 2006).
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Statistical analyses were done using RStudio version 0.95.258. Regression
analyses were done using a simple linear model (y ~ x). Two-sided Student’s t-tests were
done on natural log transformed data, unless otherwise specified in the appendices, and p-
values of less than 0.05 were considered significant.

All sites and cruises were included in Student’s t-tests for comparisons between
the low (river, ETM, and Schuylkill River sites) and high salinity (high turbidity, high chl
a, chl a max, bay mouth and coastal ocean sites) regions of the Delaware River and
estuary and periods of low (August 2010, October 2010 and August 2012) and high
(March 2011 and October 2011) freshwater discharge based on the average of the daily
average discharge from the Delaware River during each cruise time period (USGS 2012).

Two-way analysis of variance (ANOVA) was performed on natural log
transformed data, unless otherwise specified in the appendices, to meet the assumptions
of normality needed for statistical robustness. ANOVA was used to determine significant
differences in the data between sites and cruises. Due to the low number of data points,
UDOM statistical analyses did not always meet the assumptions of normality even when
the data were transformed. Site by cruise interactions were examined for the
environmental parameter data and when significant, cruises were analyzed separately
with one-way ANOVA (Appendix Table A10-6 to A10-11). The low number of TLE and
FA composition observations did not allow for the analysis of site by cruise interactions.

Bonferonni post-hoc tests were used for pair-wise comparisons to determine
significant differences between sites and between cruises for lipid data. Sites visited
during only one cruises were excluded from the pair-wise comparisons in both POM and

UDOM lipid data analysis. The Bonferonni post-hoc analysis was chosen because of the
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uneven sampling design and the goal of distinguishing patterns in lipid content and
composition in POM and UDOM along the salinity gradient and between sampling times.
This analysis reduces type 1 error by dividing the typical alpha of 0.05 by the number of
compared levels resulting in conservative comparisons between sites and between cruises
(Hochberg and Tamhane 1987). P-values of less than 0.05 were considered significant.
Graphical representations have the original, untransformed data and include all sites
visited, including those not included in statistical analyses.

Hierarchical linear models (also known as mixed effects models or multilevel
linear models) were written with fixed effects chosen a priori to determine the main
drivers of POM and UDOM content and composition. Different combinations of
environmental parameters were made making sure not to include environmental
parameters that covaried in the same model (see Appendix 9). In these models, cruise was
a second level random effect while data corresponding to site locations were the first
level in the hierarchy of the model. Fixed effects included abiotic and biotic
environmental parameters (e.g. chl a, Delaware River discharge, DOC, POC, temperature
and TSS). Multiple hierarchical models were evaluated for the best fit using Akaike
Information Criterion (AIC) and Bayesian Information Criterion (BIC) with the three best

models for POM hierarchical models presented in Appendix 9.
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4. RESULTS
4.1. Environmental Conditions

Sampling was done during three seasons (late summer, fall and spring) that
represented different levels of freshwater discharge to the Delaware Bay (Appendix
Figure A1-1). The average daily Delaware River discharge at the Trenton, NJ USGS
gauging station during the cruises ranged from 113.8 m’ s in August 2010 to 1015.2 m*
s” in October 2011 (Appendix Table A1-1). In this study, the August 2010, October
2010, and August 2012 cruises will be referred to as low flow conditions while the March
2011 and October 2011 cruises will be considered high flow conditions.

The salinity gradient along the Delaware River and estuary varied with freshwater
discharge. Salt intrusion in the mid-estuary was observed around 100-110 km from the
bay mouth (Appendix Figure A1-1). Freshwater extended furthest downstream during
October 2011 following the high river discharge events associated with Hurricane Irene
and Tropical Storm Lee and freshwater extended the shortest distance downstream during
low discharge in August 2010 (Table 2-1).

4.2. Bulk Chemical Analyses
4.2.1. Total Suspended Solids (TSS) and Chlorophyll a (chl a)

TSS concentrations ranged from 1.29 + 0.56 mg L™ to 120 £ 4 mg L. TSS
peaked in the mid-estuary (~100 km from Bay Mouth) and concentrations exceeded 50
mg L' in this location. However, the precise location varied based on freshwater
discharge (Figure 2-3A). The highest TSS concentrations generally were located near the
salinity intrusion point from 0.8 to 2.1 psu except during March 2011 when TSS was

highest at 11.0 psu (Table 2-1). TSS concentrations were more variable at the ETM and
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high turbidity sites in late summer and fall (57 + 41 mg L™, coefficient of variation
(COV) =72.5) than in early spring (50 + 16 mg L', CovV=3 1.7). Within the Delaware
River and estuary TSS and POC were well correlated (R* = 0.76). Mineral material made-
up most of the TSS with POC comprising only 1.8 to 17.3 % of the TSS (mean £ s.d. =
7.2+ 5.0 % of TSS).

Chl a concentrations and pheophytin were measured as proxies for live and
detrita] phytoplankton biomass, respectively. Chl a ranged from 0.51 + 0.56 ug L™ to
22.5+0.9 pg L' (Table 2-1 and Figure 2-3B). Large deviations in chl a concentration
were observed over the tidal cycle in the turbid mid-estuary and Delaware Bay (Figure 2-
3B). Chl a concentrations were higher in Delaware Bay and at the coastal ocean site,
suggestive of higher phytoplankton biomass, compared to the river and upper estuary.
There was a trend of higher chl ¢ concentrations downstream of the ETM and closer to
the less turbid coastal ocean site. Pheophytin concentrations were similar to chl a
concentrations in the estuary (Appendix Figure A3-1, Student’s paired t-test p = 0.48).
4.2.2. POC, PN, DOC, TDN Concentrations, and 5" C and 6"°N Values

POC concentrations in surface water ranged from 18.6 £ 1.2 uyM to 394 £ 6 uyM
(Table 2-1). POC concentrations peaked within the turbid mid-estuary at the ETM and
high turbidity sites (Figure 2-4). Elevated POC concentrations were observed in August
2010 in the lower bay (0 to 40 km from bay mouth site) and coastal ocean sites (82 + 23
uM POC) compared to the other four cruises (56 £ 28 pM) (Student’s t-test p < 0.001).
Particulate nitrogen (PN) followed a similar distribution pattern to POC (R* = 0.86), but
concentrations were about an order of magnitude lower, ranging from 2.75 £+ 0.39 pM to

36.9 + 3.0 M.
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Atomic ratios of particulate C:N (C:Npom) ranged from 5.2 £ 1.0to 11.6 £ 0.2
(Table 2-1). C:Npowm ratios were higher in the upper river and low salinity sites (river
through ETM sites = 9.4 £+ 2.1) than in the higher salinity region (coastal ocean site = 7.4
+ 1.4) (Student’s t-test p < 0.001). Most of the C:Npoy ratios were above the marine
phytoplankton Redfield ratio of 6.6:1 (Redfield 1934) except in August 2012 when
C:Npom ratios were similar to the Redfield ratio in the Delaware Bay and coastal ocean
(high salinity sites mean = 6.3 &+ 1.1, Table 2-1).

The distribution of dissolved organic carbon (DOC) concentrations differed from
POC (R*=0.061). DOC concentrations ranged from 126 + 1 uM to 355 + 6 uM (Table 2-
1) and DOC concentrations were higher than the corresponding POC concentrations
(paired Student’s t — test p < 0.001). DOC concentrations were significantly higher at the
low salinity sites (255 + 55 uM) compared to the higher salinity sites (206 + 43 uM
DOC) (Student’s t-test p < 0.001) (Figure 2-5).

DOC and total dissolved nitrogen (TDN) had a weak relationship (R*=0.32), but
DOC and dissolved organic nitrogen (DON) had a slightly stronger relationship for
samplings when both were measured (October 2011 and August 2012) (R*=0.55). TDN
concentrations ranged from 12 = 1 pM to 186 £ 1 uM (Table 2-1). TDN concentrations
were elevated at the lower salinity sites relative to the higher salinity sites (Student’s t-
test p < 0.001). The highest TDN concentrations were measured in the mid-estuary at the
Schuylkill River and ETM (134 = 38 pM TDN), especially in August 2012 (Table 2-1).
The majority of TDN was DON, which made-up 58.3 to 84.3 % of the TDN; DON
followed a similar concentration distribution to TDN along the estuary (Appendix Table

Al-1).
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Stable carbon isotope values in surface water POM (813 Croc) ranged from -29.2 +
1.1 %o to -20.0 + 0.2 %o (Table 2-1). 8"*Cpoc values increased by approximately 9 %o
from the river and upper estuary to the lower estuary and Delaware Bay with a rapid
transition occurring in the turbid mid-estuary (Figure 2-6A). More positive 8" Cpoc
values were observed downstream of the ETM; values within the lower estuary and bay
region ranged from -25.5 £ 0.4 %o to -20.0 £ 0.2 %eo.

Stable nitrogen isotopic values in POM (8'*Npy) ranged from +2.2 + 1.3 %o to
+13.2 + 1.4 %o (Table 2-1). 8"’ Npy values increased from the river and tidal river to the
Delaware Bay and were essentially homogenous within the Bay (i.e., values between +6
and +8 %o). With the exception of one point in August 2012, it appears that there was a
transitional zone in the ETM (~100 km) for 8'*Npy, similar to 8> Cpoc (Figure 2-6B). The
exception was seen in August 2012 when enriched values of 615NPN were measured at the
ETM and Schuylkill River sites (+10.1 £ 4.1 %o and +13.2 + 1.4 %e., respectively).

4.3. Total Lipid Extracts
4.3.1. Particulate Organic Matter TLE (TLEpoy) and Ultrafiltered dissolved organic
matter TLE (TLE ypon)

TLEpom concentrations were typically between one and three times higher for
polar lipids than neutral lipids both on a volume-normalized and organic carbon (OC)-
normalized basis (Table 2-3). Concentrations of neutral and polar TLEpom (TLE-Npom
and TLE-Ppow, respectively) ranged from 18.9 to 104 pg L™ and 63.5 to 274 pg L™,
respectively, and from 24.8 to 137 pg mgoc ™ and 78 to 369 ug mgoc™, respectively on
an OC-normalized basis. One sample (TLE-Npowm for the river site in March 2011)

appeared to be anomalously high and was excluded from further analyses due to the
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likelihood of contamination. Excluding this sample, TLE-Npom and TLE-Ppom were
correlated with one another on a volume-normalized basis (R* = 0.61) and to a lesser
degree when OC-normalized (R* = 0.35).

Concentrations of TLEypom were an order of magnitude lower than TLEpom
(Table 2-4). Neutral and polar TLEypom (TLE-Nypom and TLE-Pypowm) ranged from 1.6
to33.1 gL and 2.3 t0 9.2 ug L™, respectively. On an OC-normalized basis, TLE-
Nupom and TLE-Pypowm ranged from 0.9 to 49.0 pg mgupoc™ and 2.5 to 11.8 pg mgupoc’
! respectively. No linear relationships were observed between TLE-Nypoy and TLE-
Pubom When volume or OC-normalized (R* = 0.016 and R* = 0.12, respectively).

4.3.2. TLEpoy and TLEypom Spatial and Temporal Trends

Volume-normalized concentrations for TLE-Npoym and TLE-Ppom varied along the
estuary, but only neutral TLEpom was measurably different between cruises (2-way
ANOVA: site p = 0.014, cruise p = 0.002 and site p = 0.035, cruise p = 0.078,
respectively) (Figure 2-7). Significant effects were not always detected in pair-wise
comparisons since Bonferroni post-hoc analyses were done on a subset of the ANOVA
data due to lack of replication (Appendix Table A10-1). Unlike volume-normalized
concentrations, OC-normalized TLE-Npom and TLE-Ppom did not show significant
differences between sites or cruises (Appendix Table A10-1).

TLE-Nypom and TLE-Pypom had similar along-estuary distributions for both
volume- and OC-normalized concentrations (Table 2-4, Appendix Table A10-1).
Significant differences were observed between cruises for TLE-Nypom and TLE-Pupom
on both a volume- and OC-normalized basis (Appendix Table A10-1). In October 2010,

TLE-Nupom and TLE-Npom concentrations at the river and chl a max sites were the
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same order of magnitude on a volume-normalized basis. TLE-Pypom normalized to
volume did not differ between sites or cruises, while the OC-normalized concentrations
differed across cruises (2-way ANOVA: site p = 0.21, cruise p = 0.055). Overall, neutral
and polar TLEypowm did not exhibit the same spatial and temporal patterns observed for
TLEpowm.

4.4. Fatty Acid Composition

4.4.1. Total Fatty Acids in POM (FApon) and UDOM (FAupom)

Total neutral FApom concentrations ranged from 3.9 to 24.3 pg L' and 0.6 to 25
ng mgoc ' and polar FApom ranged from 1.9 to 30.8 pg L' and 2.2 to 41.4 pg mgoc™
(Table 2-5). There was a weak linear relationship between volume-normalized total
neutral FApoy and total polar FApoym (R? = 0.45), suggesting that spatial and temporal
patterns were similar for both groups of FApom. Total neutral FApom and total polar
FApom comprised from 1.4 to 30.9 % TLEpom (mean = S.D. =9.0 £7.7 %) and 1.2 to
26.3 % TLEpom (mean = 7.4 £ 5.9 %), respectively.

The UDOM sample collected from the Bay Mouth in October 2010 was used for
method development. As a result, this sample was excluded from data analysis. Total
FAupom concentrations on a volume-normalized basis were typically two orders of
magnitude lower than total FApom (Table 2-6). Total neutral FAypom ranged from 17.2 to
472 ng L™ and 22.3 to 820 ng mgupoc ', and total polar FAypom ranged from 39.0 to 503
ng L™ and 55.7 to 290 ng mgupoc . Unlike POM, there was no linear relationship
between the volume-normalized total neutral FAypowm and total polar FAypom (R* =
0.004) indicating that total FApom and total FAypowm distributions differed within the

Delaware estuary. Total neutral and polar FAypom comprised a smaller portion of
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TLEupowm than the TLEpom. Total neutral FAypom made-up 0.72 to 2.6 % TLEuypom
(mean £ S.D. =2.1+ 1.0 %) and total polar FAupom comprised 1.1 to 8.3 % of TLEypom
(mean+ S.D.=2.4+2.2 %).

4.4.2. Spatial and Temporal Trends in total FApoy and total FAypom

Neutral and polar total FApom concentrations differed spatially but not temporally
(Appendix Table A10-2). Concentrations of total neutral FApom were lower in the low
salinity region of the estuary than in the higher salinity region of the estuary (Student’s t-
test volume-normalized p < 0.001 and OC-normalized p < 0.001, respectively, Appendix
Table A10-2). Similarly, concentrations of total polar FApoy in the low salinity region
were lower than at the higher salinity sites (Student’s t-test volume-normalized p = 0.046
and OC-normalized p < 0.001). Only total polar FApom, on a volume-normalized basis,
exhibited temporal variation with higher concentrations during low flow conditions
(Student’s t-test p = 0.041).

Total neutral and polar FAypowm had different distributions in the Delaware
estuary (Appendix Table A10-2). Volume and OC-normalized concentrations of total
neutral FAypom were similar along the salinity gradient of the Delaware River and
estuary but differed between cruises (Appendix Table A10-2). Total neutral FAupowm
were higher in October 2010 than during March 2011, October 2011 and August 2012
(Bonferonni post-hoc p <0.001 for volume- and OC-normalized). In contrast, total polar
FAupowm had similar spatial and temporal distributions on a volume- and OC-normalized
basis, except when the cruises were grouped by river discharge (i.e., concentrations of
total polar FAypom were higher during high flow cruises than low flow cruises on a

volume-normalized basis; Student’s t-test p = 0.0027). While concentrations of neutral
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and polar total FApom were higher in the high salinity region of the estuary, neutral total
FAupowm only exhibited temporal differences and polar total FAypom did not exhibit
spatial or temporal differences.
4.4.3. POM Neutral and Polar FA Composition: FA Saturation

Saturated FA (SFA) dominated the neutral and polar FAponm composition (mean =
55 £ 15 % and 54 = 9 % for neutral and polar FApowm, respectively). Specifically, Cie:0
and C;3.0 made up the majority of both the SFApom and total FApom composition.
Monounsaturated FApom (MUFA) comprised a smaller portion of neutral (mean =24 £ 5
%) and polar (mean = 27 £ 5 %) FApom with Cj6.; and C,s.; making up the majority of
the MUFApom. On average, polyunsaturated FApom (PUFA) were less abundant (mean =
19+ 14 % and 17 = 7 % for neutral and polar FApom, respectively) than SFA and MUFA
as a proportion of total FApom. PUFApom as a % of total FApom were negatively
correlated with SFApom for both neutral and polar FApom (R2 =0.83 and R*= 0.75,
respectively). Branched FApom made-up the smallest proportion (< 5%) of both neutral
and polar total FApowm.
4.4.4. POM Neutral and Polar FA Composition: Source

While grouping FA according to levels of saturation can be useful for comparison
to other studies, the source specificity of FA provides a better picture of OM sources and
how they change along the Delaware River and estuary. Source specific FA in POM and
UDOM were grouped into five categories: higher plant FA (Ca4.0 + 26:0 + 28:0), aquatic
microbial FA (Ci2:0+ 14:0 + 16:0), plankton FA (PUFA Ci¢ + 13+ 20 + 22 €xcept Cs.2),
marsh/microalgae FA (Cig.0 + 15:1 + 18:2 €Xcept Cis:147), and bacterial FA (7-Ci3.0 + 15:0 + 17:05

iso- and antiso- branched Ci3 + 15+ 17, and Cys.1,7). Source groupings were based on the
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source specificity of individual and groups of FA (see Chapter 1, Table 1-1 for literature
citations) and while these are usually good representations of their designated sources
occasional source overlap may occur for FA. All of the source specific groupings had a
higher concentration, both volume and OC-normalized, in the polar FApon than in the
neutral FApom (Appendix Table A8-1A). Neutral and polar FAponm were compositionally
the same on a proportional basis normalized to either total neutral or polar FApom except
for the higher plant FApom group (Appendix Table A8-2A). Even though neutral and
polar FApom were proportionally similar, concentration on both a volume- and OC-
normalized basis differed; as a result, FApom source grouping trends were examined
separately for neutral and polar FApom (Figure 2-8).
Spatial Trends

Two-way ANOVA indicated differences by site for % plankton neutral FApom (p
= 0.044), % marsh/ microalgae neutral FApom (p < 0.001), % bacteria neutral FApom (p =
0.051), % aquatic microbial polar FApom (p < 0.001), % plankton polar FApom (p =
0.043), and % marsh/ microalgae polar FApom (p = 0.011). However, Bonferonni post-
hoc tests were unable to detect between-site differences using pair-wise comparisons for
these neutral and polar FApom source groupings. This is likely due to the fact that only a
subset of the data was used for the pair-wise comparisons due to a lack of replication in
the sites visited. Spatial differences were only detected for the % aquatic microbial polar
FApom (2-way ANOVA: site p < 0.001) with lower concentrations at the river site

compared to the coastal ocean site (Bonferonni post-hoc p = 0.026).
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Separating the study system into low (Delaware River, ETM, and Schuylkill
River sites) and high (high turbidity, high chl a, chl a max, bay mouth, and coastal ocean
sites) salinity regions better highlights spatial differences in FApom composition
(Appendix Table A10-3). Higher plant FApom made-up the smallest fraction of total FA
(mean = S.D = 2.0 £ 2.6 % total neutral FA and mean + S.D = 3.0 £ 3.6 % of total polar
FA) and were higher in the low salinity versus high salinity region (Student’s t-test p =
0.008 and p = 0.0064 for neutral and polar FA, respectively). Similarly, % marsh/
microalgae FAponm were higher in the low salinity region (Student’s t-test p = 0.0016 and
p = 0.012 for neutral and polar FA, respectively). On the other hand, % plankton FA were
higher in the high salinity region relative to the low salinity region (Student’s t-test
neutral FApom p < 0.001 and polar FApom p = 0.0058, respectively). Aquatic microbial
FApom made up the largest portion of neutral FApom (mean = S.D =35.4 £ 5.9 %) and
polar FApom (mean = S.D. =34.1 + 7.7 %). There was no difference between salinity
regions for the % aquatic microbial neutral FApom (Student’s t-test p = 0.12), while the %
aquatic microbial polar FApom was higher in the high salinity region (Student’s t-test p <
0.001). % bacterial neutral and polar FApom did not differ between salinity regions
(Student’s t-test p = 0.76 and p = 0.70, respectively).
Temporal Trends

Source specific composition of FApoy differed across cruises for all source
specific groupings in both the neutral and polar FApom except for the % higher plant
neutral FApom (Appendix Table A10-3).

Combining the cruises based on low (August 2010, October 2010, and August

2012) and high (October 2011 and March 2011) Delaware River discharge generally
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enhanced the patterns observed in the 2-way ANOV As and Bonferonni post-hoc analyses
except for aquatic microbial FApowm (Student’s t-test p = 0.12 and p = 0.39 for neutral and
polar FApowm, respectively). The % higher plant polar FApom was higher during high flow
(Student’s t-test p = 0.017), but % higher plant neutral FApom was not influenced by flow
(Student’s t-test p = 0.15). Similarly, the % bacterial polar FApom was higher during low
flow than high flow (Student’s t-test p = 0.034), while % bacterial neutral FApom was not
influenced by flow (Student’s t-test p = 0.39). Microalgae FApom made-up a larger
proportion of total FA during low flow cruises compared to high flow cruises (Student’s
t-test p = 0.0049 and p = 0.0021, for neutral and polar FApowm, respectively). The opposite
trend was seen for marsh/ microalgae FApom, where a higher portion of marsh FApowm
was observed during high flow than low flow (Student’s t-test p = 0.0014 and p < 0.001,
for neutral and polar FApowm, respectively).
4.4.5. UDOM FA Composition: FA Saturation

Similar to POM, SFA dominated the neutral (mean = 86 = 7 %) and polar (mean
=78 £ 7 %) FAupom. Cie0and Cs.9 each comprised about one-third of the total neutral
and polar FAypom. MUFAupom made up a lower proportion (mean = 10+ 6 % and 18 +
7 % for neutral and polar FAypowm, respectively) of total FAypom than FApom. PUFAupom
and branched FAypom each comprised a small proportion (~2%) of total FAuypowm.
4.4.6. UDOM FA Composition: Source

Neutral and polar source specific FAypom groupings were statistically similar
when volume-normalized, UDOC-normalized, and as a % total FAupom (Appendix Table

A8-1B and A8-2B). Thus, FAypom composition will be discussed as the sum of neutral

and polar FAupom (Y. FAupom).
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Fatty acids derived from aquatic microbial sources (mean = 31.4 + 3.2%, of
> FAupowm) and marsh/ microalgae sources (mean = 44 + 10% of Y FAupom) made-up the
largest proportion of the FAypom composition, reflecting the contributions of the
dominant FA (Ci¢. and Cjs.9). In contrast, plankton FA made-up a small proportion of
the composition (mean = 1.2 + 1.3% of > FAypowm). Higher plant FA (mean=4.1+ 3.6 %
of 3> FAupom) and bacterial FA (mean = 5.0 + 1.9 % of > FAupowm) also had low relative
contributions. Overall, > FAupom composition was relatively uniform, as noted by the
small standard deviations for the different source specific FA groupings, along the
salinity gradient of the Delaware River and estuary (Figure 2-9).
Spatial Trends

Source specific groupings of Y FAupom were similar along the Delaware River
and estuary (Figure 2-9, Appendix Table A10-4). Likewise, separating the Delaware
River and estuary into low and high salinity regions did not reveal any spatial differences
in FApom composition (Appendix Table A10-4).
Temporal Trends

Source specific groupings of > FAupom were generally similar between cruises
(Figure 2-9) and across low and high freshwater discharge (Appendix Table A10-4). The
proportion of % aquatic microbial > FAypowm (site p = 0.21, cruise p = 0.038) and %
bacterial Y F Aupowm (site p = 0.086, cruise p = 0.018) differed between cruises. No
significant differences were seen between specific cruises in the % aquatic microbial
> FAupowm.
4.5. Hierarchical Linear Model Results

Overall, different variables influenced POM and UDOM composition (Appendix
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Table A9-1 to A9-3). Hierarchical model results showed that similar factors controlled
the amount and the composition of lipids associated with POM. TSS, POC, and chl a
either as individual variables, or in combination (e.g.,TSS and chl a or POC and chl a),
were the fixed effects or forcing factors that best explained the distributions of TLEpom
and total FApom concentration in the Delaware River and estuary. TSS alone, or TSS and
chl a, were the forcing factors that best explained the source specific groupings in neutral
and polar FApom.

Hierarchical model results suggest that the amount and composition of lipids
associated with UDOM were influenced by a variety of factors (Appendix Table A9-3).
TLE-Nupowm and TLE-Pypom were best explained by ambient DOC concentration within
the Delaware River and estuary. Neutral total FAypom was influenced by DOC
concentration, but polar total FAypom was better explained by Delaware River discharge
(average daily discharge of the daily average during the 7- day cruise). Delaware River
discharge best explained the distribution of % higher plant > FAupom. These results differ
from the ANOVA results where no Y FAypom composition difference was seen due to
discharge. Hierarchical model results compared many potential drivers of Y FAupom with
more statistical power available to detect this effect than the ANOVA platform alone.
TSS best explained % aquatic microbial ) FAypowm, and salinity best explained % bacteria
>'FAupom. The % plankton > FAypom was best modeled by POC concentration.
Chlorophyll a was included in the three best fitting models for % marsh/ microalgae
> FAupom. DOC concentration was included in some capacity in the three best model fits
for the source specific groupings for Y FAypowm indicating that while DOC was not the

main driver for ) FAupowm, 1t is an important secondary forcing factor.
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5. DISCUSSION
5.1.  Bulk Chemical Characteristics: Source Indicators

Salinity, TSS, and particulate and dissolved constituents (POC, PN, C:Npopm,
813Cpoc, B]SNPN, chl a, DOC, TDN) trends during this study were similar to previous
studies within the Delaware River and estuary (Cifuentes, et al. 1988; Mannino and
Harvey 1999; Pennock 1985; Sharp, et al. 2009). Overall, the highest concentrations of
TSS and POC were seen within the mid-estuary during all seasons. The turbid mid-
estuary region holds the majority of sediment entering from the Delaware River and is an
important location for the reworking of allochthonous POM associated with TSS via
geochemical changes of adsorption/ desorption, flocculation and precipitation (Sharp, et
al. 1984; Sommerfield and Wong 2011).

POM composition changed from terrestrial signatures upstream to aquatic
signatures downstream of the turbid mid-estuary. 53 Cpoc and 8'*Npy values changed
rapidly, while chl a concentrations and C:Npowm ratios changed gradually in the mid-
estuary (Figures 2-3B, 2-6A and 2-6B, Table 2-1). In the Delaware River and upper
estuary sites, low values of 52 Cproc, low chl a concentrations, and high C:Npoy ratios
indicate that the dominant source was terrestrial OM from the watershed (Fry and Sherr
1984; Hedges, et al. 1997; Meyers 1997). 8"*Cpoc values in the river and upper estuary
were lower than the often quoted 8"°C value of -26 %o for terrestrial organic matter (Fry
and Sherr 1984) and lower than the -23.2 %o value measured by Cifuentes et al. (1988).

Down-estuary of the ETM sites, C:Npoy ratios gradually decreased approaching
the Redfield ratio of 6.6 at the Delaware Bay and coastal ocean sites, consistent with

phytoplankton sources (Redfield 1934; Redfield 1958). 8"*Cpoc values ranged from -20
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%o to -25 %o, which is well within the expected range for temperate marine phytoplankton
(-18 to -24 %o; Fry and Sherr 1984). Cifuentes et al. (1988) found more positive §"°C
values hovering between -20 and -18%o within the lower estuary and Delaware Bay.
8'°Npy values showed gradual enrichment of +4 %o from the Delaware River to the lower
estuary and Delaware Bay. This enrichment, from 8'°N of +4 to +8 %o, is consistent with
an influence of marine primary producers on POM composition (Meyers 1997) or
recycling of nitrogen along the estuary (Cifuentes, et al. 1988). Unlike Cifuentes et al.
(1988) who observed seasonal differences in 8'°N values over 10 cruises in 1984 - 1985,
there were no seasonal differences in 8'°Npy values between March 2011, October 2011
and August 2012.

While chl a concentrations, used as a proxy for primary productivity, increased
downstream of the ETM within the lower estuary and Delaware Bay, the concentrations
suggest low phytoplankton abundance (< 20 pg L™ chl a), consistent with findings by
Pennock (1985) for the central axis of the Delaware River and Bay. Peak chl a
concentrations in Delaware Bay can reach >50 pg L™, but the sampling times in this
study did not correspond to maxima of that extent (Pennock 1985). Higher chl a
concentrations were seen in the early 1980s and likely continued through the mid-1980s
prior to the implementation of tertiary water treatment methods (Albert 1988). Higher chl
a concentrations and higher primary production rates in the lower estuary and Delaware
Bay in the mid-1980s could contribute to the differences in 8'°C and 8'°N values between
the study by Cifuentes et al. (1988) and this study.

DOC and TDN concentrations also showed differences between the Delaware

River and upper estuary sites versus sites in the lower estuary and Delaware Bay. DOC
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distributions were conservative with salinity similar to Sharp et al. (2009), with the
riverine end-member having DOC concentrations of 200 to 350 uM and the oceanic end-
member having DOC concentrations <200 uM (Figure 2-5). TDN concentrations were
also conservative with salinity and negatively correlated to salinity (R* = 0.55). Within-
estuarine processing removed and replaced DOC and TDN in proportion along the
estuary as water with higher concentrations of dissolved constituents mixed with water of
lower concentrations.

5.2. Estuarine POM and UDOM lipid distributions

Previous studies have examined the lipid biochemical compound class and
subsequent classes of lipids in POM and/or DOM or UDOM in a variety of estuarine
environments (Canuel 2001; Harvey and Johnston 1995; Jaffé, et al. 1995; Loh, et al.
2006; Mannino and Harvey 1999; McCallister, et al. 2006). By summing together the
neutral and polar lipid extracts from this study, our results can be compared to previous
studies using lipid extraction methods that produced a single lipid fraction.

Assuming 60% of the TLE is carbon (TLEoc) (Sterner, et al. 2002) TLEoc
comprised a large portion of the POC along the salinity gradient of the Delaware River
and estuary. TLEoc contributed from 6.8 and 31.0 % of the POC (mean+ S.D.=15.0 +
5.3 %) (Table 2-3). Contributions of TLEgc¢ to POC composition were lower at the ETM
site (mean = S.D. =9.1 £ 2.3 % POC) compared to the chl 4 max and coastal ocean sites
(mean + S.D. = 15.9 + 3.2 %) (Bonferonni post-hoc analysis p = 0.029 and 0.019,
respectively). TLEoc in the Delaware River and estuary made up a similar portion of

POC as in the Susquehanna River (< 25 % TLEqc¢ as POC) and Chesapeake Bay
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suspended and sinking POM (~ 15% TLEqc as POC) (Canuel 2001; Harvey and Johnston
1995; Loh, et al. 2006).

Neutral and polar TLEypom summed together made up a small portion, between
0.24 and 3.65 % TLEypoc carbon (mean = S.D. = 0.9 & 1.1 %), of the total UDOC in the
Delaware River and estuary. The highest contributions of lipid to the total UDOC
composition occurred in October 2010 with the river site had 2.69 % TLEypoc and the
chl a max site had 3.65 % TLEypoc. While lipophilic material did not make up a large
portion of UDOC in this study, black carbon measured in UDOC by Mannino and
Harvey (2004) contributed 4.6 to 72% of UDOC within Delaware estuary UDOM.

Total FApom concentrations in the Delaware River and estuary were up to a factor
of 5 lower than seen previously in the Delaware estuary and Chesapeake Bay (Loh, et al.
2006; Mannino and Harvey 1999). Total FApom concentrations (either volume or OC-
normalized) were typically 1 to 2 orders of magnitude higher than corresponding total
FAupowm along the Delaware River and estuary. The lower concentration of fatty acids in
UDOM compared to POM is consistent with diagenetic degradation patterns seen
previously in this system between POM and varying UDOM size classes (Mannino and
Harvey 1999). Lower unsaturated fatty acids, sterols, and phytol concentrations in
UDOM compared to POM indicate loss of labile compounds as particulate matter is
transformed to the dissolved phases (Mannino and Harvey 1999). However, since lipid
makes-up a small portion of the DOC, the loss of labile compounds has not influenced

the conservative mixing distribution of DOC along the salinity gradient.
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5.2.1. Fatty acids in POM and UDOM: Source distribution

The majority of FApom, Cis:0, Cis:0, and Cis:1 FA, derive from a variety of sources
including planktonic (bacteria, phytoplankton, and zooplankton) and marsh materials
(Canuel, et al. 1997; Dalsgaard, et al. 2003; Volkman, et al. 1989). Similar to FApom,
Cie6:0 and Cig, together made up approximately two thirds of FAupom composition. High
amounts of Cj¢.0 and Cig.9 FA and their FA homologs in POM and UDOM were observed
previously in the Delaware (Mannino and Harvey 1999). The predominance of SFA, with
mixed planktonic sources, has been reported along other mid-Atlantic systems (Harvey
and Johnston 1995; Loh, et al. 2008; McCallister, et al. 2006). In contrast, Jaffé (1995)
observed higher proportions of monounsaturated FA, particularly Ci¢.1, Cis:1, and Cis.» in
the Orinoco River basin, in both particulate and dissolved phases. Variability between
locations and lipid extraction methodology could influence the compositional differences
observed across systems.
Terrestrial source indicators

Higher plant biomarkers (long chain FA Ca4.0 + 26:0 + 28.0), typical of terrigenous
organic matter (OC) sources, were present throughout surface water in the Delaware
River and mid-estuary during all seasons in FApom (Figure 2-9, light blue coloring).
Higher plant FApom tended to be higher during October 2010, March 2011, and October
2011 within the Delaware River and upper estuary. Higher amounts of long chain FApom
were observed at the Delaware River and low salinity sites and decreased to almost
negligible contributions in the total neutral and polar FApowm at high salinity sites
(Student’s t-test p = 0.008 and p = 0.006, respectively). These results agree with the

hypotheses that a substantial fraction of terrestrial organic matter decomposes with rivers
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before being transported to marine systems (Cole and Caraco 2001) and/ or that terrestrial
material is being trapped in the ETM (Hermes 2013).

Higher plant FA were measured throughout the estuary, but became a smaller
portion of the total FApom pool within Delaware Bay as aquatic microbial, microalgae,
and marsh OM sources increased relative to total FApom composition. The terrestrial
signal was also overwhelmed by the marine algal signals within the Delaware Bay in the
8'3C and C:Npom measurements. Lignin products are found only in vascular plants and
are often used as a biomarker for OC, sources and as an index for its degradative state
(Hedges, et al. 1997 and references therein). Based on lignin phenol measurements, 73%
of high molecular weight DOM (1-30 kDa) came from OCi in the turbid region of the
Delaware estuary (Mannino and Harvey 2000b). Mannino and Harvey (2000b) found
high yields of lignin products and estimated terrestrial organic matter fluxes from the
Delaware River and estuary to the coastal ocean around 2.0 x 10'° g OC year'.
Differences between lignin and FA biomarkers as proxies for terrestrial organic matter
sources might arise from the fact that lipids make-up a small portion of the biochemical
composition of vascular plants, mostly functioning as protective waxes, while lignin,
which is a structural component, comprises a higher proportion of the biomass (Bianchi
and Canuel 2011). Additionally, long chain FA may degrade more readily than lignin
phenols. Highly degraded lignin, for example, yields high phenol products regardless of
the part of the lignin biopolymer from which it derived (e.g., functional groups at the
periphery of the lignin polymer vs. more internal; Minor, et al. 2001). Lignin biomarkers

may retain more of their original source signature than fatty acids.
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It is important to point out that this current study only examined surface water
organic matter composition of POM and UDOM. The composition of deep water OM, for
example, is not represented in our findings. Hermes (2013) reported that terrestrial n-
alkanes (chain length > Cy ; Pmar.aq index < 0.1) had higher concentrations in deep water
POM than surface water POM. n-alkanes from algal and terrestrial sources were
approximately equal in concentration in surface waters of the Delaware estuary while
bottom water contained substantially higher concentrations of terrestrial and marsh »-
alkanes (Hermes 2013). As a result, FA composition of surface waters, as assessed in this
study, may under-estimate contributions of terrestrial OM to Delaware River and estuary.
Marine source indicators

Fatty acid distributions in POM and UDOM suggest that OM is dominated by
phytoplankton, zooplankton and microbial sources as signified by the predominance of
aquatic microbial and/or plankton FA (Figures 2-8 and 2-9). These results are consistent
with the POM and UDOM fatty acid composition reported by Mannino and Harvey
(1999) for the Delaware estuary. Short chain FA, identified here as aquatic microbial FA,
and PUFA, identified here as plankton FA, have been attributed to a number of
phytoplankton and zooplankton sources in estuaries and the coastal ocean (Lee, et al.
1971; Meyers 1997; Volkman, et al. 1989; Zimmerman and Canuel 2001). Both aquatic
microbial FA and microalgae FA were higher in the high salinity region of the Delaware
River and estuary, which coincides with the locations of highest phytoplankton
production within the estuary (Pennock and Sharp 1986; Sharp, et al. 2009).

Polar aquatic microbial FApom and neutral and polar plankton FApom were higher

in the high salinity of the Delaware estuary as a proportion of the total FApom (Appendix
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Table A10-3). In a previous study, PUFA concentrations, or plankton FA, were higher
the Delaware Bay than in Delaware River (Mannino and Harvey 1999). Direct
temperature-resolved mass spectrometry (DT-MS) analysis of POM samples collected by
Mannino and Harvey (1999) suggested that the chlorophyll  maximum phytoplankton
community composition was made of mainly diatoms in the Delaware Bay (Minor, et al.
2001). Diatoms have unique FA compositions compared to other algal classes with
elevated amounts of 14:0, 16:0,16:1, 16:2, 16:3, 20:4, and 20:5 FA, and low amounts of
C 3 PUFAs (Volkman, et al. 1980). FApom composition in the Delaware Bay had
considerable amounts of C;¢ MUFA (neutral FApom mean = 16.4 + 5.9 %, polar FApom
mean = 16.2 + 3.7 %) and PUFA (neutral FApom = 2.9 + 3.8 %, polar FApom mean = 2.0
+ 2.0 %) from diatoms but also appreciable amounts of C;3 MUFA (neutral FApom mean
=4.5+ 1.8 %, polar FApom mean = 6.3 £ 2.9 %) and PUFA (neutral FApom mean = 12.5
+ 7.7 %, polar FApom mean = 9.2 + 4.6 %) from other algal and zooplankton sources
(Appendix Tables A3-1 to A3-5).

Low amounts of plankton FA (or PUFAs) were present in the Y FAypom. This is
consistent with previous studies in the York River estuary, Chesapeake Bay, and in the
open ocean (Loh, et al. 2008; McCallister, et al. 2006). However, aquatic microbial
> FAupowm (short chain FA) made-up a large proportion of the total FAypom composition
in both the Delaware River and the York River indicating the importance of aquatic
sources. In the Delaware River and estuary, short chain fatty acids (Ci2:0 + 14:0 + 16:0)
comprised 36.3 + 3.2 % of the total FAypom sum composition. In the York River, short
chain fatty acids made-up 38.5 £ 5.9 % total FAypom (McCallister, et al. 2006). UDOM

(1 kDa to 0.2 pm) collected in multiple estuaries around the North American continent
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was dominated (> 50% of total FAypom) by Cia.0, Ci6:0 and Cis0 FA (Zou, et al. 2004).
Zou et al. (2004) reported C4.0 and Cj6.0 FAupom in the Delaware River had 813C
signatures similar to marine algae with the C,¢.0 having more positive values (~ -22.5 %o)
than the C4.9 (-25.0 %o). These stable carbon isotopic signatures support the attribution of
short chain FAypom, which make up such a large portion of FAypowm, to aquatic microbial
sources. Thus, while there were not appreciable amounts of PUFA in the Delaware River
and estuary UDOM, the short chain FA confirm a substantial portion of DOM is derived
from algal sources.
Marsh/ microalgae source indicators

FApom from mixed marsh and microalgae sources was variable along the estuary
and between different cruises. C;gs FA have been found in aquatic primary producers
besides marsh plants (Volkman, et al. 1989), thus marsh alone may not be an accurate
label for the summed Cg.0 + 13:1 + 15:2 (€xcept Cis.147) from the Delaware River and estuary.
% Marsh/ microalgae FApom in both neutral and polar fractions was higher in the lower
salinity region and during high Delaware River discharge (Figure 2-8, Appendix Table
A10-3). High concentrations of TSS characterize the Delaware estuary, especially in the
ETM region following periods of high discharge, and have been linked to regional rain
events draining marshes (Cook, et al. 2007). Hermes (2013) saw that a greater portion of
the n-alkane signature at the ETM during high discharge times derived from marsh OC
exports as opposed to terrestrial higher plants. Roman and Daiber (1989) showed that
both tropical storms and regular storms can be important episodic events for OC export
from saltwater marshes to Delaware Bay. It is likely that marsh sediment slumps, or large

sections of sediment that break loose from the edge of a marsh, erode into the river and
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bay from fringing freshwater and saltwater marshes and enter the carbon pools as POC
and DOC (Schwimmer 2001). During a tropical storm in October 1980, for example, 5 to
6 times more POC and DOC were exported from Canary Creek marsh near Lewes, DE
during ebb tide than was regularly exported during the ebb tidal cycles in October 1980
(Roman and Daiber 1989). The higher marsh/ microalgae FA biomarker inputs during
higher Delaware River discharge times, such as October 2011 after Hurricane Irene and
Tropical Storm Lee, are consistent with enhanced marsh POC and DOC export patterns
during storms.

In this study, marsh/ microalgae-derived FApom constituted a greater portion of
the FApom composition compared to terrestrial higher plant source biomarkers in surface
water. Another study of surface and deep water POM during the same time period found
approximately equal marsh and terrestrial sources in surface water POM and a
predominance of marsh plant biomarkers over terrestrial higher plant biomarkers in deep
water POM using n-alkane biomarker distributions and »n-alkane 8'3C signatures (Hermes
2013). Thus the marsh OM contribution to the whole water column may be
underrepresented by sampling only surface water.

Bacterial source indicators

The branched and odd-numbered FA reflect bacterial contributions in the
Delaware River and estuary (Canuel and Martens 1993; Kaneda 1991). Zou et al. (2004)
reported bacterial FAypowm at both the Delaware River (5% total FAupowm) and central
Delaware Bay sites (~ 10 % total FAypowm) at levels similar to the FAupowm seen in this
study (5.0 £ 1.9 % Y FAyupom). Bacterial source biomarkers did not change significantly

as a proportion of neutral or polar FApom or XFAypowm along the salinity gradient of the
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Delaware River or estuary. This is in contrast to what would be expected based on
changes in bacterial abundance (Kirchman and Hoch 1988). One reason for this
inconsistency may be that the branched FA tend to derive from sulfate reducing bacteria,
and may not represent the entire heterotrophic bacterial community. Kirchman and Hoch
(1988) measured the highest bacterial production along the Delaware estuary in April
1987, between 40 and 50 km from the bay mouth near the location of highest primary
production. Bacterial production and primary production covaried in the Delaware
estuary despite anthropogenic inputs of DOM such as sewage effluent and urban runoff
in the Delaware River and upper estuary (Kirchman and Hoch 1988).

The distribution of bacterial FA concentrations expressed normalized to volume
increased from low concentrations at the river to maxima either in the ETM or chl a max
depending on the timing of the cruise (Figure 2-10). While bacterial FApowm as a
proportion of FApom did not change along the salinity gradient, volume-and OC-
normalized neutral bacterial FApom were higher in the high salinity region than the low
salinity region (Student’s t-test p = 0.002 and p < 0.001, respectively), while only OC-
normalized polar bacterial FA were higher in the high salinity region (Student’s t-test p =
0.01). Maxima in neutral and polar bacterial FApoym concentration (ng L) fit the peak in
bacterial production observed by Kirchman and Hoch (1988), with higher concentrations
in the polar lipids as expected due to their association with microbial membrane lipids.
5.2.2. Contrasting fatty acid composition of estuarine POM and UDOM

FArom and FAupowm in the Delaware River and estuary follow diagenetic patterns
observed previously for POM and DOM in the ocean (Amon and Benner 1996;

Wakeham and Lee 1989). Compounds identified in neutral and polar FApom consisted
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mainly of MUFA and PUFAs while FAypom were dominated by SFAypom. The FA
composition of POM was also more diverse than for UDOM (neutral FApoym mean
number of compounds = 26 £ 6 and polar FApom mean = 25 + 5 vs. neutral FAypowm
mean = 17 + 5 and polar FAypom mean = 20 £ 4). This is similar to FA composition of
POM and UDOM in the York River (McCallister, et al. 2006).

Previous studies have shown that MUFA and PUFAs are preferentially utilized
compared to their saturated homologs in both the water column and sediments (Canuel
and Martens 1996; Harvey and Macko 1997; Kattner, et al. 1983; Sun and Wakeham
1994). Loh et al. (2006) suggested that distinct sources and diagenetic differences
influenced FA compositional differences in POM and UDOM in the Chesapeake Bay.
Mannino and Harvey (1999) noted that selective degradation of the unsaturated FA
resulted in disproportionately higher amounts of unsaturated FA in POM than UDOM in
the Delaware estuary. PUFA ranged from undetectable to less than 6 % of the total FA
composition in the very high-molecular-mass (VHDOM, 30 kDa — 0.2 pm) and high-
molecular mass (HDOM, 1 — 30 kDa) size classes of UDOM (Mannino and Harvey
1999). As POM is degraded to DOM via photodegradation (Mayer, et al. 2009), bacterial
remineralization (Amon and Benner 1996), and/or consumption, it follows that in the
Delaware River and estuary more labile components, such as MUFA and PUFA, are
degraded or photooxidized preferentially relative to more stable compounds (Rontani
1998).

Previous work in the Delaware River and estuary also saw distinct compositional
differences between POM and UDOM (Minor, et al. 2001). In particular, direct

temperature-resolved mass spectrometry (DT-MS) data showed that POM was enriched
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in proteins, nucleic acids, chlorophyll, fatty acids and sterols while UDOM was enriched
in aminosugars, furfural and alkyl-phenol components. Minor et al (2001) proposed that
POM and UDOM have different sources in the estuary as well as different diagenetic
processing histories. The source specific FA results from this study are consistent with
Minor et al. (2001). POM, for example, was characterized by a variety of FAs and
UDOM had inputs from multiple sources with the majority of the FAypom being two
generally ubiquitous FA (Ci¢.0 and Cjs.).

In summary, fatty acid biomarker compositional differences between POM and
UDOM reflect changing inputs along the estuary (i.e. terrestrial biomarkers) and/or
differences in diagenetic histories for POM and UDOM (i.e. unsaturated FA abundant in
POM while saturated FA dominated in UDOM). Additionally, the POM and UDOM FA
diagenetic patterns are consistent with the ages of TLEpom and TLEypowm along the
Delaware estuary, where the TLE-Nypom was older (by 10,000 years) than TLE-Npom
(Chapter 3, Figures 3-3 and 3-5).

5.3.  Drivers of lipid quantity and composition in the Delaware River and estuary

The goal of the sampling design was to provide appropriate temporal and spatial
resolution to distinguish how river flow, turbidity, primary production, and changing end-
member sources of OM influence both POM and UDOM lipid composition, specifically
fatty acids (FA). Hierarchical model results indicate particulate and dissolved OM are
influenced by different drivers, causing differences in their composition along the
Delaware estuary. For instance, POM composition (TLEpow, total neutral and polar
FApowm, and all FApom source groupings) was driven mostly by particulate matter

characteristics including chl a, POC, and TSS concentrations (Appendix Table A9-1 and
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A9-2). In contrast, a mixture of environmental parameters including chl a, Delaware
River discharge, DOC, POC, salinity, and TSS concentrations influenced the composition
of UDOM. Different forcing factors suggest a “disconnect”, at least for some of the FA
source groupings, between particulate and dissolved organic matter in the Delaware River
and estuary (Appendix Table A9-3).

Intuitively it makes sense that various particulate matter characteristics were the
factors controlling TLEpom concentration and FApom composition. While salinity was not
found to control FA composition in the hierarchical model framework, salinity does
control the location of peak TSS and chlorophyll a concentrations in the estuary. Salinity
was therefore indirectly mediating these particulate matter characteristics in the Delaware
estuary. In San Francisco Bay (SFB), for example, POC concentrations were regionally
important to FApom composition (Canuel 2001). POC concentration within northern SFB
was related to higher freshwater inputs while POC was influenced by stratification and
phytoplankton blooms in southern SFB. Even though freshwater inputs did not have a
significant effect on POM lipid and fatty acid concentration or composition in the
Delaware River and estuary, freshwater discharge did drive some of the UDOM
compositional components. TSS was not used in the analysis of FA composition in SFB,
but 1t was found to be the most important forcing factor for POM content in the Delaware
River and estuary showing up in the top three models for all of the POM lipid
components measured (Appendix Table A9-1). TSS and POC were strongly correlated in
the Delaware system (R*=0.76) and were essentially interchangeable when determining
the best environmental parameters influencing POM lipids. The FApom composition in

Chesapeake Bay was driven by phytoplankton production and community composition
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(Canuel 2001) similar to chl a in this study. Together TSS or POC and chl a were the
main environmental parameters influencing POM composition.

The environmental parameter drivers of XFAypowm composition were more
variable than those of FApom as expected since diffusive processes control UDOM while
advective processes influence POM. DOC, POC and TSS usually showed up in the top
three hierarchical model fits, but the top model was different for each of the TLEypom
and source groupings for > FAupom (Appendix Table A9-3). This suggests that UDOM
composition is influenced by more complex factors, making it more difficult to predict.
This may arise because UDOM, on average, is older in age. For instance, in the Delaware
River and chl a max TLE-Nypom was 31,900 and 28,360 YBP, respectively, (Chapter 3,
Table 3-3) and considerably older than the corresponding TLE-Npom from the same site
(Chapter 3, Figure 3-2 and Table 3-2). As a result, only a portion of UDOM composition
may be influenced by environmental factors at, or near, the time it is collected, and the
remainder may be influence by factors over its diagenetic history including its time in the
watershed (Loh, et al. 2006; Mannino and Harvey 1999; Mopper, et al. 1991).

Higher plant Y FAupom was best explained by the average weekly discharge for
the Delaware River during the week of each cruise. Higher freshwater discharge in the
Delaware River derives from increased precipitation in the watershed or snowmelt from
the Catskill and Pocomo mountains (Sharp, et al. 1986). Both of these sources of river
discharge drain the less populated and more forested region of the Delaware River
watershed (Appendix Figure A2-1, State of the Delaware Estuary 2008). Increased
Delaware River discharge during the week of the cruise influenced the dissolved

terrestrial plant Y FAypowm, likely arising from delivery of DOC;., from the watershed.
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While higher plant Y FAupom were influenced by freshwater discharge, aquatic
microbial > FAupowm, plankton > FAupowm, and marsh/ microalgae FAypom were
influenced by particulate matter characteristics (TSS, POC, and chl a, respectively).
Interestingly, these FA source groups were influenced by the same variables in the POM
phase. However, unlike the same FA groupings for FApowm, the > FAupom were
influenced by single particle parameters and not combinations of chl a, POC and/or TSS .

The marsh/ microalgae FA grouping was influenced by different variables than
the other FA groupings. Chl a concentration was included in the top three models as a for
marsh/ microalgae FAypom (Appendix Table A9-3). Chl a was not a major driver for
aquatic microbial FA nor microalgae FA associated with Y FAypowm. In the Delaware
estuary, the locations of highest TSS and POC are spatially distinct from the locations of
highest chl a concentration (Figures 2-3A and 2-4). The marsh/ microalgae FA grouping
was more representative of microalgae and marine phytoplankton production than only
marsh plant production as determined by the best hierarchical models.

Bacteria ) FAupom were most strongly influenced by salinity and DOC was a
secondary factor. These two main drivers of bacterial FA, DOC and salinity, are weakly
correlated (R* = 0.31) in the Delaware River and estuary. Bacterial abundances in the
Delaware Bay increase from the riverine end-member toward the high salinity end-
member (Kirchman and Hoch 1988). Higher bacterial biomass is expected to lead to
higher bacterial FA but may vary depending on the major bacterial groups that are
present (Kaneda 1991). Nevertheless, these results are consistent with the Kirchman and
Hoch (1988) study of bacterial abundance and production; the bacterial FA group in

UDOM is mainly driven by salinity followed by DOC.
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6. SUMMARY AND CONCLUSIONS

Estuaries are challenging environments in which to study the origins, pathways
and fates of dissolved and particulate materials because of the complex sources and
processes influencing OM. This study employed a variety of bulk chemical
measurements and fatty acid biomarkers to trace the sources of POM and DOM through
the Delaware River and estuary during five cruises. This study expanded on previous
studies by examining the composition of OM within the Delaware River and Bay with a
robust suite of analyses over multiple seasons and simultaneous analyses of POM (> 0.7
um) and UDOM (1 um to 1 kDa).

Bulk chemical characteristics helped to elucidate the terrestrial sources of POM in
the Delaware River and upper estuary from the marine primary producer sources within
the lower estuary and Delaware Bay. Fatty acid (FA) biomarkers and their source
specificity were used to further delineate OM sources and how those sources changed

along the Delaware River and estuary salinity gradient.

Conclusion 1: FA associated with POM reflected higher contributions of
terrestrial/marsh OM in the Delaware River and upper estuary and reflected a greater
influence from estuarine/marine microbes in the lower estuary and Delaware Bay.
Differences in FA composition along the estuary (low vs. high salinity) were greater than
differences between cruises. The location of sampling in the Delaware River and estuary

had a larger effect on lipid and FA composition than did the time of year sampling.
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Conclusion 2: UDOM FA composition was fairly constant throughout the estuary
spatially and temporally. C;¢.9 and C;s. fatty acids contributed about two-thirds of both
neutral and polar FAypom. These FA indicate that aquatic microbes and marsh/
microalgae were the dominant source of FAypowm. As Cie.0 and Cis.9 were ubiquitous
throughout the Delaware estuary, the overall > FAuypom composition as % total > FAyupom

did not change greatly along the salinity gradient and during different cruises.

Conclusion 3: POM and UDOM were influenced by different drivers and as a
result had different compositions. POM was composed of a mixture of autochthonous and
allochthonous sources. Chlorophyll @, POC and TSS were the main drivers of different
POM source patterns along the estuary. In contrast, UDOM was highly degraded and

lipid group and FA source groupings were influence by a variety of factors.

This study of Delaware River and estuary POM and UDOM observed different
organic matter compositions and drivers of these two pools of OM. Unique fatty acid
distribution patterns in POM and UDOM imply separate sources of organic matter to
these two pools and/or significant degradation of FApom to FAupowm. 8'°C and A™C
signatures of POM and UDOM lipid biomarkers will further elucidate source-age

compositional information along the Delaware River and estuary (Chapter 3).
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CHAPTER 3. 6”°C and A™C Composition of Lipids Associated with Particulate
Organic Matter and Ultrafiltered Dissolved Organic Matter in the Delaware

Estuary

1. ABSTRACT

Stable carbon (8'°C) and radiocarbon (A'*C) measurements of dissolved inorganic carbon
(DIC), particulate organic carbon (POC), and neutral and polar lipids from particulate organic
matter (TLEponm) and ultrafiltered dissolved organic matter (TLEupom) were measured in order to
gain insights about the source and age distribution of organic matter (OM) along the Delaware
River and estuary. 8"°C and A'*C values for DIC and POC followed similar trends of increasing
isotopic values along the river-estuary continuum. However, 8"°C and A"C values were more
positive for DIC than POC reflecting differences in sources and ages. Neutral and polar lipids
associated with particulate and ultrafiltered dissolved organic matter (POM and UDOM) were
considered separately and A'*C values for neutral TLE (TLE-N) were more depleted than polar
TLE (TLE-P) in both size pools. Radiocarbon ages for TLE-Npom were younger than TLE-Nypom
by approximately 10,000 YBP, while TLE-Ppom and TLE-Pypom were similar in age. Because “c
ages of TLE were much older than water residence times, radiocarbon ages of TLE along the
estuary were influenced more by the age of sources entering the estuary rather than within-estuary
processes. Results from a 8'°C isotopic mixing curve showed removal of riverine carbon from
POC at the ETM, while a "*C isotope mass balance revealed three sources of aged lipid - one
delivered from the Delaware River, another along the estuary, and in the coastal ocean. To better
understand OM sources contributing to the age of different lipid fractions, compound specific
isotope analyses (5"°C and A'*C) were conducted on fatty acids (FA) associated with estuarine
POM collected in March 2011. The corresponding 8"°C and A'*C values indicated “aging” of
terrestrial FA along the estuary while algal FA became “younger”. Together, these results reveal

the complex source and age dynamics for different carbon pools within the Delaware estuary.
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2. INTRODUCTION
“The nature of the watershed-shelf processes likely produce a complex mixture of

organics possessing a continuum of ages and reactivities.”
Blair et al. 2004

2.1. Radiocarbon Background

Radiocarbon measurements have been widely used in oceanographic studies and
have provided insights about the residence times of inorganic and organic carbon pools as
well as biotic and abiotic controls on CO; in the atmosphere and ocean systems (Bauer
and Druffel 1998; Druffel, et al. 1992; Druffel, et al. 1996; Williams, et al. 1992;
Williams and Druffel 1987). Ocean survey programs, for example, have reported that air-
sea exchange of CO,; occurs on decadal scales based on the appearance of bomb-
produced radiocarbon below the ocean thermocline (Key 1996; Stuiver, et al. 1981).
Previous studies have shown that '*C values of DOC in the open ocean range from
approximately -150 %o to -230 %o in surface waters of the Atlantic and Pacific Oceans to
approximately -400 %o (~4000 C years B.P.) and- 525 %o (~ 6000 "*C years B.P.) in the
deep North Atlantic and North Pacific, respectively (Bauer and Druffel 1998; Druffel, et
al. 1992; Williams and Druffel 1987). This age difference is thought to result from DOC
aging during deep water mass transport and bomb '*C present in the deep north Atlantic
(Bauer and Druffel 1998; Druffel, et al. 1992).

In addition to these large-scale ocean survey programs, radiocarbon ages have
been determined along the river-estuary-coastal ocean continuum. Radiocarbon ages of
total organic carbon (TOC) have been determined on coastal ocean sediments (Griffith, et
al. 2010), estuarine and oceanic POC (Druffel, et al. 1992; Hwang and Druffel 2003), and
DOC (Bauer and Druffel 1998; Loh, et al. 2006; Loh, et al. 2004; Raymond and Bauer

2001a; Williams and Druffel 1987). Although these studies have provided “average” ages
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for different OC pools, sediment TOC, POC, and DOC are complex, heterogeneous
mixtures with biochemical components that range in radiocarbon ages reflecting different
levels of lability and residence times (Wang, et al. 1998).

A"C analyses of biochemical classes have shown that total hydrolysable amino
acids (THAA), total carbohydrates (TCHO), total lipid extracts (TLE), and molecularly
uncharacterizable compounds (MUC) or acid-insoluble compounds associated with DOM
and POM have large ranges in radiocarbon age (modern to tens of thousands of years old)
in the open ocean (Hwang, et al. 2006; Loh, et al. 2006; Loh, et al. 2004; Wang, et al.
1996; Wang, et al. 1998). Across these studies, lipid components were found to be the
oldest biochemical class in both DOM and POM (Hwang, et al. 2006; Hwang and Druffel
2003; Loh, et al. 2004). Wang and colleagues (1996) found that lipophilic material in the
open ocean had considerably lower A'™C values in sediments than in sinking POM in
deep water (around 200 %o more depleted) and that total lipid (TLE) had lower A"C
values (around 100 to 200 %o lower) than the THAA, TCHO or acid-insoluble
components in sediments 0 to 6 cm below the seabed (Wang, et al. 1996).

1C ages for DOC and POC and associated biochemical classes have also been
determined in estuarine ecosystems (see Appendix Table A11-1). Loh et al. (2006), for
example, compared two locations in the Chesapeake Bay during low and high freshwater
discharge. Wang et al. (2006) compared Boston Harbor, Delaware River, Chesapeake
Bay, San Francisco Bay, and San Diego Bay. Within the Chesapeake Bay, THAA and
TCHO associated with high molecular weight (HMW) ultrafiltered DOM or UDOM had
radiocarbon ages close to modern, except for a site in the Susquehanna River during high

flow, while TLE associated with UDOM had ages on the order of 5 to 6 kyr (Loh, et al.
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2006). Similarly, in the Delaware Estuary, the radiocarbon age of the UDOM lipid
fraction (23,300 YBP) was considerably older than DOC (120 years BP), as well as other
biochemical classes in the UDOM (Wang, et al. 2006). Results from these studies suggest
that the lipid fraction is derived from an older source than other biochemical classes
because it tends to be older than the residence times of these study systems.

In order to understand what contributes to the “age” of lipids, further fractionation
of this biochemical class is needed, which requires the ability to analyze smaller samples.
Recent improvements in sample preparation and measurement techniques allow routine
measurement of '*C on samples <1.0 mg C in size and sometimes as low as 10 to 25 pug C
(Pearson, et al. 1998; Shah and Pearson 2007; von Reden, et al. 1998). The ability to
measure such small samples has provided advances in the ability to conduct radiocarbon
analyses on new types of environmental samples but includes analytical challenges.
Combustion of small (25 to 150 pg C) or ultra-microscale (5 to 25 pg C) samples,
graphite production, and atomic mass spectrometer (AMS) instrument ionization and
current measurement parameters need to be optimized for such small samples (Pearson,
et al. 1998; Santos, et al. 2007; von Reden, et al. 1998). Samples under 5 ug of C can
have up to a 200 percent error in their radiocarbon values due to large additions of C to
the sample during combustion, in the vacuum line and during graphitization relative to
the sample size (Shah and Pearson 2007). Error propagation and extraneous C addition
need to be determined for small and ultra-microscale AMS samples (5 to 100 pg C) for
accurate data interpretation (Santos, et al. 2007; Shah and Pearson 2007; Ziolkowski and

Druffel 2009).
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2.2. Compound Specific Radiocarbon Analysis (CSRA) Background

In order to get a better understanding of the complexity and heterogeneity of
compounds within biochemical compound classes, preparatory capillary — gas
chromatography (PC-GC) was developed to separate individual compounds for
compound specific radiocarbon analysis (CSRA) (Eglinton, et al. 1996). Specific lipid
compounds (“biomarkers”), including n-alkanes, fatty acids, polycyclic aromatic
hydrocarbons (PAHs), and lignin, have been used to provide both OM source information
(e.g., plankton, vascular plants, anthropogenic) and age information by using compound-
specific AMC analyses.

Over the past 20 years, there have been numerous reports of radiocarbon analyses
of biomarkers in marine sediments from varying locations including: the Black Sea and
Arabian Sea (Eglinton, et al. 1997), Santa Monica Basin, CA (Pearson and Eglinton
2000; Pearson, et al. 2001), Beaufort Sea (Drenzek, et al. 2007), Ross Sea (Ohkouchi, et
al. 2003; Ohkouchi and Eglinton 2008), Eel River, CA margin (Drenzek, et al. 2009), and
the Washington margin (Feng, et al. 2013). A few studies have also examined individual
components within POM such as biomarkers derived from deep-sea archaea associated
with POM (> 0.2 pm) (Ingalls, et al. 2006; Shah and Pearson 2007). However, to the best
of my knowledge, no previous study has used CSRA to analyze POM within an estuarine
system. The still novel application of CSRA to fatty acids from POM in the Delaware
estuary provides an exciting new examination of organic matter composition!

2.3.  Study Objectives
Previous studies in the Delaware River and estuary suggest that §°C and A"C

composition of DIC and POC are highly variable and change spatially and temporally as
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OC source inputs vary. 8'"°C and A'*C values for DIC and POC, for example, showed
incorporation of modern, post-bomb atmospheric CO; and terrestrial OC, respectively,
while DOC showed incorporation of fossil sources with a A'C of -114 %o, (Raymond, et
al. 2004). However, isotopic compositions of DIC, DOC, and POC in the Delaware River
have been shown to change seasonally and annually due to variations in fossil, soil
organic carbon, algae, and Cs and C4 plant OC sources (Hossler and Bauer 2012).
Seasonal changes in the 8'°C composition of POC in the Delaware estuary have been
related to primary production (Cifuentes, et al. 1988).

This study examined the source-age components of inorganic and organic carbon
pools along the Delaware River and estuary. 8"°C and A'*C signatures of DIC, POC, bulk
TLE extracted from POM (TLEpoym) and UDOM (TLEypowm), and individual
phospholipid-linked fatty acids (PLFA) and fatty acid methyl esters (FAME) from POM
were analyzed. CSRA was applied to specific fatty acids or groups of fatty acids (Ci2.0 +
140, C16:0, Cig:0 + 18:1 +18:2 + 18:3, and Caq:0+ 26:0 + 28:0) to better understand the ages of
terrestrial and estuarine sources of POM. This study presents the first measurements of
both PLFA and neutral FAME associated with POM along the estuarine gradient (i.e.

river, estuary turbidity maximum (ETM), and chlorophyll 2 maximum).
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3. METHODS
3.1. Bulk TLE Sample Preparation

Large volumes of surface water (100 to 1200 L) were collected along the
Delaware River and estuary and POM was collected on 142 mm glass fiber filters
(Whatman GF/F, 0.7 um pore size, pre-combusted at 525°C for four hours). The filtrate
was further filtered through 0.1 um polypropylene capsules (Gelman Criticap) and
ultrafiltered dissolved organic matter (UDOM) was concentrated using an Amicon DC-
10L tangential flow ultrafiltration system with two spiral wound polysulfone filter
cartridges (1 kDa molecular-weight cutoff). Neutral and polar total lipid extracts (TLE-N
and TLE-P, respectively) were extracted from POM filters and lyophilized UDOM by
accelerator solvent extraction (ASE, Dionex ASE 200) using a 9:1 ratio of
hexane:acetone at 50 °C followed by a 4:1 ratio of methanol:chloroform at 80°C,
respectively (Poerschmann and Carlson 2006). Aliquots of TLE-N and TLE-P (0.5 mg to
2 mg) were dried under N,, capped in airtight vials, and frozen at -20 °C until further
preparation at the Ohio State University (OSU).

TLE from POM (TLEponm) and UDOM (TLEypom) were prepared for stable and
radiocarbon analyses at the Bauer lab at Ohio State University (Sofer 1980). Briefly, TLE
were transferred with solvent to baked 9 mm quartz combustion tubes and dried
completely under a steady stream of N,. CuO and elemental Cu pellets were added to
each quartz combustion tube to catalyze sample combustion to CO,. The sample tubes
were evacuated on a vacuum line and sealed with an acetylene torch. Sealed quartz tubes
were combusted at 750 °C for 4 hours. Within one day of combustion, the gas produced

from combustion was cryogenically purified on a vacuum extraction line. Purified CO,
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was collected in 6 mm Pyrex tubes, flame sealed under vacuum, and sent to the NSF
Arizona AMS facility where the CO, samples were split for 8'°C analyses using isotope
ratio mass spectrometry (IR-MS) and the remainder processed to graphite for AMC
analyses by AMS. All reported A'*C (%o) values were corrected for the measured 8'°C of
the sample on the AMS instrument (Donahue, et al. 1990; Stuiver and Polach 1977).
Uncertainties in A'*C measurements at the NSF Arizona AMS facility are typically
within + 3 to 5.5 %o (Burr, et al. 2007; Donahue, et al. 1997).
3.2. Compound Specific Radiocarbon Sample Preparation and Analysis
Compound specific radiocarbon analyses (CSRA) and stable carbon isotope
analyses were done on TLE-Npoy and TLE-Ppom collected in March 2011 (Figure 3-1).
POM collected at the Delaware River, ETM, and chlorophyll ¢ maximum (chl ¢ max)
sites was used for these analyses. Neutral and polar lipid extracts from each site were
processed using between two and twenty aliquots of TLEpom (5 mg each) to obtain
enough carbon for compound specific stable carbon analysis and/or CSRA. Briefly, 5 mg
aliquots of lipid extract were saponified under neutral conditions (Sap-N) using 1 N KOH
in methanol followed by acidification (Sap-A) to pH 2 using 3 N HCI (Canuel and
Martens 1993; Waterson and Canuel 2008). Sap-A samples were dried under N, and
methylated using 0.5 mL 5% HCI in methanol (8"*C = -37.23, Fraction modern (Fm) =
0.0023). Derivatization of the SAP-A to methyl esters (fatty acid methyl esters from
neutral TLE, FAMESs, and phospholipid-linked fatty acids methyl esters from polar TLE,
PLFAs) occurred at 50 °C for 3 hours on a heating block. The methyl esters were
extracted by liquid-liquid extraction into three 5 mL portions of hexane. The hexane

layers were back extracted with either hexane-extracted deionized water or saturated
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NaCl solution. Any further traces of water were removed from the neutral FAME and
PLFA samples using anhydrous Na,SOj4 crystals. Aliquots of FAMEs or PLFAs from the
same lipid sample were combined, dried under N, and transported to the Woods Hole
Oceanographic Institution National Ocean Sciences AMS (WHOI NOSAMS)
radiocarbon facility.

At the WHOI NOSAMS facility, neutral FAME and PLFA samples were
separated by preparative capillary — gas chromatography (PC-GC) (Figure 3-1).
Microgram quantities of four sets of compounds of interest were isolated from the
complex neutral FAME and PLFA mixtures to represent different OM sources: Ci2.0 +14.0,
Ci6:0, Cig:0+ 18:1 + 182+ 18:3, and Caq.0+ 26:0 + 280 (Table 3-1).

Collection of individual and groups of compounds by PC-GC followed the
methods of Eglinton et al. (1996). The PC-GC system consisted of a 6890 gas
chromatograph with a flame ionization detector (FID) and a 7683 Series autoinjector,
both from Agilent Technologies, combined with a cooled injection system (CIS4,
Gerstel) and a preparative fraction collector (PFC) from Gerstel GmbH (Miilheim an der
Ruhr, Germany). The GC had a 60-m MXT-5 “megabore” column (Restek; 0.53 mm i.d;
film thickness, 0.25 um). The oven temperature program used was: 60 °C for 2 min, then
15 °C/min to 320 °C, and isothermal for up to 5 min for a total run time of 28 minutes.
Samples were dissolved in high purity hexane, and an injection volume of 4 pL. was used
for all standard solutions and samples. Approximately 1% of the injection volume eluting
through the column was diverted to the FID and the remaining 99% went to the PFC. The

PFC was operated at 320 °C.
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Table 3-1. Delaware River and estuary March 2011 POM fatty acid methyl esters (FAMES) isolated for CSRA

Sample Name Target Compound Expected Source * No. of Collected CO, Analyses Performed Graphite Line"
Injections (umol C)

Neutral FAMEs

River site FAME C a4 140 Algae, bacteria 50 0.38 No Data Collected
FAME C,¢," Mixed * - No Data No Data Collected
FAME Ccigo 1.2 5.« FAs  Algae, marsh plants 50 5.09 8°c, Ac Small line
FAME Cay-50-30  Higher terrestrial palnts 72¢ 0.445 3"°C Only NA

ETM site FAME C 24 140 Algae, bacteria 29 0.122 No Data Collected
FAME C 0 Mixed * 29 0.229 3"°C Only NA
FAME Cg 401,234 FAs  Algae, marsh plants 29 0.239 3"°C Only NA
FAME C,40 - 260+ 250 Higher terrestrial palnts 29 0.211 3"°C Only NA

Chl a max site FAME C 20+ 140 Algae, bacteria 44 0.184 3"C Only NA
FAME C,q Mixed * 44 0.389 3"C Only NA
FAME Ceig.1.2.5. 4 FAs  Algae, marsh plants 44 1.10 A"C Only Ultra-small line
FAME C,4q - 26:0 - 380 Higher terrestrial palnts 44 0.251 8C Only NA

Phospholipid FAMEs

River Site PLFA Ciay - 140 Algac, bacteria 97°% 1.18 A"C Only Ultra-small linc
PLFA C,40 Mixed * 62 6.60 3"C, A''C Small line
PLFA Cyy0 1254 FAs  Algae, marsh plants 62 11.9 3"C, A'C Small line
PLFA Coug - 260 - 280 Higher terrestrial palnts 97 1.28 A"C Only Ultra-small line

ETM site PLFA Cy20 - 140 Algae, bacteria 119 7.05 3"C, AMc Small line
PLFA C e Mixed * 159 ¢ 23.7 5"%C, A"C Normal line
PLFA Cjy 1254 FAs  Algae, marsh plants 119 33.0 8"C, AMC Normal line
PLFA Caug - 260 - 280 Higher terrestrial palnts 119 6.42 3"C, A"C Small line

Chl g max site PLFA Cs - 140 Algac, bacteria 117 3.66 §C, A¥C Small line
PLFA C,4y Mixed * 117 26.3 8"C, A¥C Normal line
PLFA Cigq.1.2.1.4 FAS  Algae, marsh plants 117 28.2 3¢, A%c Normal line
PLFA Cayp - 260 - 280 Higher terrestrial palnts 117 3.16 3°C, AMC Small line

« Literature references: Canucl et al., 1997; Dalsgaard et al., 2003; Killops and Killops 1993; Mcyers 1997 Nichols ct al., 1982; Volkman ct al.,

1989; Zou ct al., 2004

# Graphite lines at NOSAMS were chosen based on sample size. The normal line was used for samples > 20 umol C. The small graphite line was
used for samples 3 - 20 umol C. The ultra-small graphite line was used for samples 1 - 3 umol C.

« Sample from March 2013 was lost. The other 3 traps from this sample were collected from a different aliquot in June 2013.
§ Sample had impurities after first run through PC-GC Ran through a second time to purify isolated compounds. Second set of injections were

fewer than first set.

* Mixed sources for Cy¢ include algae, bacteria, and zooplankton sources
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Four U-tube (combusted at 450 °C for 5 hours) traps were programmed to collect
peaks of interest, while a fifth collected the remainder of the sample (Figure 3-1). U-tube
traps one through three were cooled below 10 °C using a water bath to prevent volatile
losses of shorter chain FA while trap four was kept at the ambient room temperature.
Computer controlled trapping time windows were approximately 2 seconds before and 2
seconds after each compound peak to avoid '*C or *C isotope fractionation (Zencak, et
al. 2007). Minimal variations were seen in the retention times for the compounds of
interest between multiple injections of the same standard solution or sample. Fatty acids
were isolated based on their retention times: Ci2.0+ 14.0 from 9.55 t0 9.70 min and 11.15 to
11.35 min, respectively; Cjg.0 from 12.85 to 13.05 min; Cig.0+ 181 + 182 + 18:3 from 14.18 to
14.75 min; and Co4.0 + 26:0 + 28:0 from 19.02 to 19.18 min, 20.30 to 20.50 min, and 21.60 to
21.75 min, respectively.

Prior to the isolation of compounds from POM samples, the trapping efficiency of
the GC injection, “megabore” column, and U-tube collection steps was determined.
Recovery rates of fatty acids were determined using a mixture of Cig.g, 240, 260 FAMEs
with each compound at approximately 1 pg C uL™' (Appendix Table A12-1). Solvent
waste from the injection needle was collected, concentrated, and run through the GC
twice to increase the recovery rate of the compounds of interest. High recovery rates (72
— 77%) demonstrate that the PC-GC system collects the majority of the compounds of
interest (Appendix Table A12-1).

POM samples from March 2011 of neutral FAME and PLFA from the river,
ETM, and chl a max were resuspended in about 500 pL of high purity hexane in 2 ml GC

vials. This volume was adjusted after the review of a chromatogram from an initial 1-pL
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sample injection. Each sample was repeatedly injected, from 26 to 159 times, to isolate
enough carbon for "°C, A'*C or both §"*C and A'*C analyses of the compounds of
interest (Table 3-1). The solvent waste from the injection needle was transferred to and
concentrated in the sample vial twice to increase the recovery rate of trapped compounds.

After the samples and solvent waste rinses were run through the PC-GC, each U-
tube was detached and the contents were rinsed out using hexane (5 x 200 pL). Each U-
tube rinse sample was purified from potential column bleed using adsorptive column
chromatography (Pearson, et al. 2001). Samples were transferred to 0.5 mg combusted
silica pipette columns (0.5-mm i.d., 5-cm height, 100-200 mesh, fully activated silica)
using hexane and eluted using three fractions of 3% ethyl acetate in hexane. Fractions
one and two were each 2 mL and fraction three was 1 mL 3% ethyl acetate in hexane.
Each fraction was collected separately. Fractions one and three were analyzed by GC to
verify that the purified compounds of interest were isolated in fraction two.

Fraction two was dried under a stream of N, and transferred to a 9 mm pre-
combusted quartz combustion tube (950 °C for 5 hours, 20 cm x 9 mm o.d.) using 3:1
pentane:dichloromethane (DCM). Solvent was dried under a light stream of N,. Small
amounts of pre-combusted (450 °C for 5 hours) solid Ag and CuO pellets (~ 15 mg) were
added to each quartz tube. The quartz tubes were cooled cryogenically (isopropanol/ dry
ice at -78 °C) and evacuated on a vacuum line (107 Torr), flame sealed, and combusted
(Figure 3-1). Combustion was done at 900 °C for 3 hours resulting in a mixture of water
vapor, carbon dioxide, and other combustion products. The CO, was isolated and

purified from other gases using two isopropanol and dry ice slush traps and quantified
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manometrically under vacuum. Quantified CO, was transferred to finger flasks for
samples turned into graphite the same day or sealed in 6 mm Pyrex tubes.

Purified CO;, was reduced to graphite using standard procedures for “normal”,
“small” and “ultra-small” samples (Table 3-1, McNichol, et al. 1992; Pearson, et al.
1998; Shah and Pearson 2007). Briefly, normal sized samples ranged from 23.7 to 33.0
umol C, small samples ranged from 3.16 to 11.9 pmol C, and ultra-small samples ranged
from 1.10 to 1.28 pmol C. Normal, small, and ultra-small samples were reduced to
graphite with 2.5 mg reduced iron catalyst (Fe*") in a H, atmosphere, and elevated
temperatures. Reduced iron catalyst was measured robotically into 2.7 mL glass tubes for
normal and small samples, and Fe catalyst was measured by hand into 0.7 mL glass tubes
for ultra-small samples.

Normal sized CO, samples were turned into graphite on an automated system at
the WHOI NOSAMS radiocarbon facility (McNichol, et al. 1992). Small CO, samples
were introduced to the small-volume graphite reactors on an automate system (von
Reden, et al. 1998). Graphite formed on the Fe catalyst in a horizontal tube with a vertical
cold finger water trap. The average volume for the small-volume graphite reactors was
2.7 mL. An excess of H, gas was added to the reactor with the Fe catalyst at 550 °C for
45 min prior to sample addition. H, gas was evacuated and the Fe catalyst was combusted
to remove any trace carbon at 625 °C for 15 min. Small sample CO, was transferred to
the reactor and an excess of H, (~ 2.0 — 2.5 H;: CO,) was added. CO; was reduced to
graphite at 625 °C and the gas pressure in the reactor was monitored as CO, gas was
converted to solid graphite. The reaction was deemed complete when the pressure in the

reactor decreased to a constant minimum level.
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The ultra-small sample reactors (0.7 mL tubes) were designed to allow better
conversion of sample CO; to graphite on the Fe catalyst and were not automated. Similar
to the small reactors, the Fe catalyst was pre-reduced and combusted to remove
extraneous carbon. Sample CO; was transferred to graphite reactor containing the Fe
catalyst by cracking 6 mm sample Pyrex tubes or opening finger flasks. Vertical water
traps were put in isopropanol/ dry ice slush (-78 °C). Graphite formation for ultra-small
samples had ~2.5 times the H, as CO; at 625 °C. When the pressure inside the sample
reactors reached a minimum plateau and the reaction was considered complete, the
sample graphite on the Fe catalyst was removed from the heating ovens.

For all small and ultra-small samples, the resulting mixture of graphite and Fe was
pressed into aluminum targets with 1.0-mm diameter holes. Sample targets were loaded
onto AMS sample wheels with a combination of blanks, PC-GC standards, primary OxI
and OxII standards and secondary standards (von Reden, et al. 1998). The sample wheels
containing the small and ultra-small samples were run on the NOSAMS CFAMS
instrument in June and July 2013. Radiocarbon data are reported as fraction modern
(Fm), A™C (%o, per mil), and *C age using standard conventions (Appendix Table A13-
1, Stuiver and Polach 1977)

3.3. Data Analysis for CSRA

Samples prepared for CSRA went through a number of procedures each of which
needed to be evaluated for a process blank. The process blank considered the preparation
of the samples for PC-GC analysis, the PC-GC analysis (inclusive of sample trapping,
transfer to a combustion tube, and combustion to CO,), and reduction to graphite

(inclusive of CO; reduction and target pressing). All individual FA samples were
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corrected for the associated blank carbon added to the samples from each step by mass-
balance and error was propagated according to standard procedures (For a detailed
description see Appendix 14, McNichol, et al. 1992; Pearson, et al. 1998).

Fatty acids were converted to methyl esters for analysis by GC. Derivatization
added one methyl group to each fatty acid molecule. The measured 8"°C and A™*C (%)
values for the isolated fatty acids are for the derivatized compounds, which includes both
the parent fatty acid carbon atoms and the carbon atom added during the methylation. An
isotopic mass balance approach was used to determine 8'°C and A'C (%o) values for the

original, parent fatty acid compounds (Eglinton, et al. 1996) using equation 1:

Eq 1. Ap=Apr—(/pAp).
Je

where Ap, App, and Ap are the 8"°C or A'*C values for the original, parent fatty acid
biomarker, the derivatized parent compound, and the carbon atom added during
derivatization, respectively, and f; and fp are the fraction of the added derivative carbon
and the original, parent carbon atoms in the derivatized molecules (Eglinton, et al. 1996).
The derivative carbon atom added to each parent fatty acid biomarker had a 8'°C value of
-37.23 %o and a fraction modern (Fm) of 0.0023, as determined from triplicate
measurements of the 5% HCI in methanol derivatizing solution (personal communication

Li Xu).
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4. RESULTS
4.1. DIC, POC, Neutral and Polar TLEpgm

8'°C and A™C values of DIC, POC, and TLE-Npom and TLE-Ppom showed large
variations in surface water (Table 3-2). §"°C values for DIC ranged from -9.6 %o to +1.7
%0 and samples collected from the Delaware River and ETM sites generally had lower
8'C values than samples collected at the Delaware Bay and coastal ocean sites (Table 3-
2). A™C values for DIC ranged from -114.5 + 0.5 %o to +53.8 + 0.2 %o and DIC samples
had lower A'*C values at the river site than at the coastal ocean site (Figure 3-3). Samples
collected within the river and ETM sites were aged at hundreds of years before present
(YBP) while samples collected within Delaware Bay and the coastal ocean were modern
in age (Table 3-2).

8'C values for POC in August and October 2010 ranged from -28.8 %o to -20.8
%o with the lowest and highest values at the Delaware River and the Bay Mouth sites,
respectively (Table 3-2). A'C values for POC increased along the salinity gradient from -
229.4 % 1.6 %o to +8.90 = 0.04 %.. The lowest A'*C values (i.e., oldest) were found at the
ETM with values of -229.4 + 1.6 %o in August 2010 (2093 YBP) and -219.5+ 1.4 in
October 2010 (1990 YBP). In August 2010, samples from the chl @ max and bay mouth
sites had positive A'*C values signifying they contained modern carbon, while in October
2010 samples collected in the same region had negative A'*C values of -33.1 £ 0.2 %o
and -43.1 + 0.4 %o, respectively signifying they contained aged carbon (Figure 3-3). §"°C
and A'*C isotopic mixing curves were employed to estimate the conservative mixing of
POC using the riverine and bay mouth sites as end-members (Raymond and Bauer

2001c¢). Bulk POC §"°C and A'C isotopic distributions in August 2010 and October 2010
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followed conservative mixing along the estuary except at the ETM and high turbidity
sites (Figure 3-4). The ETM and high turbidity sites had more positive 8'*C values and
more negative A'*C values than predicted by their respective conservative mixing curves.
8'3C values for TLE-Npom and TLE-Ppoym were lower than POC by an average of
9 and 6 per mil, respectively (Student’s paired t-tests p < 0.001 and p < 0.001). e
values for TLE-Npom ranged from -35.9 %o to -29.0 %o and 8'2C values for TLE-Ppom
ranged from -33.5 to -25 %o (Table 3-2). 8'°C of TLE-Npon (-34.7 %) at the chl @ max
site in October 2010 was lower than at the other sites within Delaware Bay in August and
October 2010 (-30.5 & 2.0 %o) (Figure 3-2). Sites where chl a concentrations were highest
(high chl a site and chl a max site) had lower 8"°C values in TLE-Ppoy 8'°C (-30.3 %o
and -32.9 %o in August and October 2010, respectively) compared to the other sites in the
Delaware Bay (-27.1 £ 1.7 %o). AM™C values for TLE-Npoy and TLE-Ppoym were more
depleted than bulk POC from the same sites (Student’s paired t-test, p < 0.001 and p
=0.002, respectively). A'*C values for TLE-Npowm ranged from -890 =+ 13 %o to -331.7 +
1.7. '*C ages for TLE-Npom were an average of 8200 years older than bulk POC (Table 3-
2, Figure 3-3). AMC values for TLE-Npom were, on average, ~300 %o lower than for TLE-
PpoMm from the same site (Student’s paired t-test, p < 0.001). A"™C values for TLE-Ppoy
ranged from -578.7 + 3.4 %o to -117.1 = 0.5 %eo. '4C ages for TLE-Ppoym Were on average
2200 years older than bulk POC (Table 3-2, Figure 3-3). While TLEpom had lower AMC

than POC, A"™C values for TLE-Npoy and TLE-Ppoy differed.
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4.2. Neutral and Polar TLEypom

TLE-Nupom had §'3C values of -25.8 %o at the river site and -29.9 %o at the chl a
max site (Table 3-3, Figure 3-2). In contrast, 8'3C values for TLE-Pupow at the river site
were lower (-30.1 %o) than at the chl a max site (-29.2 %o). 8"3C values for TLE-Nupom
were higher than TLE-Npowm at both the river and the chlorophyll a max sites (-25.8 %o vs
-35.4 %o and -29.9 %o vs -34.7 %o, respectively). 8"°C values for TLE-Pypom tended to be
more positive than for TLE-Ppom (-30.1 %0 vs. -33.5 %o and -29.2 %o vs. -32.9 %o).
AM™C values for TLE-Nypom were lower (more depleted) than their corresponding TLE-
Npom while TLE-Pypom samples were slightly enriched in AC compared to their
corresponding TLE-Ppoym (Table 3-4, Figure 3-3). AM™C values in TLE-Nupom were highly
depleted (-981 £ 57 %o at the river site and -970 £ 36 %o at the chl a max site). These
A"C values correspond to "“C ages of 31, 900 and 28, 360 YBP, which were the oldest
ages measured during this study along the Delaware River and estuary. A'*C values for
TLE-Pypom were enriched compared to TLE-Nypowm (e.g., -407.7 £ 2.1 %o and -456.8 +

2.9 %o for TLE-Pypowm at the river and chl @ max sites, respectively).

Table 3-3. 6"°C and A™C values for TLE oy from the Delaware River and estuary

. . . Distance
Cruise Station Site Name (km) Neutral TLE jpoy Polar TLE jn0m
8°C (%) A"C (%) "C Age (YBP)  8"C (%) A"C (%) "C Age (YBP)
October 2010 I River 185 -25.8 -981+ 57 31900 -30.1 -407.7+ 4208
2.1
5 Chlamax 24 -299 -970 £ 36 28360 292 -456.8+ 4903

29
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43. POM Individual Fatty Acid Biomarker 6"°C and A'C Data

8"C and/ or A'*C were measured for individual and groups of fatty acid (FA)
biomarkers from POM along the Delaware estuary. Individual and groups of FA typically
had more positive 5'3C and A'™C values than TLEpoy from the same sites. §'°C values for
the short chain (SC) PLFA (C12.0+14:0) were lower at the ETM site compared to the chl a
max site (Figure 3-5A). 8"°C values for PLFA C ¢, increased along the estuary from the
Delaware River site (-29.8 %o) to the ETM site (-26.2 %o) to the chl @ max site (-23.4 %o).
Similarly, 8'°C values for PLFA C g were lower at the river site (-30.5 %o) than at the chl
a max site (-21.8%o). In contrast, long chain (LC) PLFA (Ca4.0+26.0128:0) had the lowest
8'2C values of the isolated PLFA at the ETM and chl a max (-29.4 %0 and -29.5 %o,
respectively) and did not vary along the salinity gradient.

In general, 8'"°C values for individual and groups of FAME did not have the same
patterns as PLFA (Figure 3-5B). Only the LC neutral FAME were analyzed at all three
sites in the estuary for 8'°C. Overall, LC FAME had the lowest 8'°C values of the isolated
FAME at the river, ETM and chl ¢ max sites and values decreased from the freshwater to
higher salinity regions (-28.6 %o, -30.0 %o and -30.9 %, respectively). SC FAME had the
highest 8"°C value of the isolated FAME at the chl a max site (-24.5 %o) while 8'°C
values for C¢ and C;g (mid-chain, MC) FAME were intermediate to other 8"°C values (~
-28 %o) (Figure 3-5B).

'4C analyses indicate that FA isolated from the PLFA matrix were produced
within the last millennium with A'*C values ranging from -193.8 %o to 56.9 %o or '*C
ages of 750 YBP to modern. Due to limited sample size, A'*C analyses could only be

conducted on the SC PLFA and LC PLFA from the river site. Most of the short and mid-
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chain (SC and MC) FA at the ETM and chl @ max sites had positive A'C values and
modern *C ages (Figure 3-6). These compounds contained bomb '*C, but at the river and
ETM sites they were more enriched in '*C than surface water DIC (-124.6 %o to -70.5 %o
for DIC in October 2010). At the chl @ max site the SC PLFA were more depleted in "*C
than surface water DIC (+50.5 %o and +62.9 %o for DIC replicates in October 2010). The
AtC span was broader between the Ci2+14, Ci6, and C3 PLFA at the river site (-83 £ 18
%o t0 -6.1 & 4.7 %o0) than at the chl g max site (42.9 = 4.0 %o to 44.9 + 3.4). This is
suggestive of more homogenous carbon sources for these compounds at the chl a max
site in Delaware Bay. SC PLFA increased in A'*C values along the salinity gradient of
the Delaware estuary from the river site (-83 £ 19 %o) to the chl a max site (+43.0+ 11
%0), while LC PLFA decreased from the river site (-16 + 18 %o) to the chl @ max site (-
190 = 11 %o).

Only Ci3 FAs from the FAME matrix at the river and chl @ max sites were large
enough for A"*C measurements (Figure 3-6). The FAME C 3 from the river had a lower
A™C value than the corresponding PLFA C5 by 40.0 + 9.6 %o (difference + propagated
error). At the chl ¢ maximum site the FAME Cg had a lower A'*C value than the

corresponding PLFA Cs by 35 + 12 %eo.
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5. DISCUSSION
5.1. DIC

Differences in DIC 8"°C values along a river-estuary-coastal ocean continuum
reflect different inorganic carbon sources at the river and ocean end-members with rock
weathering and simultaneous respiration and primary production influencing DIC in the
river and air-sea exchange of CO; influencing DIC in the oceanic end-member (Fry and
Sherr 1984; Meyers 1997 and references therein; Raymond, et al. 2004). At the Delaware
River and ETM sites, DIC had 8"°C and A'*C values similar to freshwater tributaries to
the Hudson River where shale weathering is the dominant DIC source (Raymond, et al.
2004). Shale and sandstone are mainly found in the Delaware River watershed to the
north of Trenton, NJ in the lowland Piedmont region (Mansue and Commings 1974). In
this study, DIC isotope values in the Delaware River were similar to values expected
from rock weathering, in contrast to DIC isotope values measured previously by
Raymond et al. (2004) in the Delaware River that had similar properties to atmospheric
diffusion. As old rocks weather within watersheds, old carbonate species are introduced
to rivers. Depleted '*C values for DIC in the Delaware River likely reflect carbonate rock
weathering within the watershed similar to observations in the Schuylkill River, located
downstream of our river site (Kaushal, et al. 2013). Down the estuary, riverine DIC is
mixed with marine DIC, which derives from diffusion of atmospheric CO,. This results
in isotope values for DIC in Delaware Bay being similar to modern atmospheric COa.
5.2.  Isotopic Signatures of Bulk POC, TLEpom and TLEypom

8'3C values for bulk POC were more positive than values for TLE-Npoym and

TLE-Ppom by 6 to 9 %o (Figure 3-2). These differences are within the range (0 to 12 %o)
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expected based on isotopic fractionations during lipid biosynthesis (Hayes 2001 and
references therein). Individual lipid compounds are usually 3 to 5 per mil depleted
relative to bulk carbon (Canuel, et al. 1997; Collister, et al. 1994). Bulk POC had §"*C
values that had no clear pattern when compared to TLE-Nypowm and TLE-Pypowm (-1.1 to
+7.1 %o, average +3.9 %o difference). In fact, the October 2010 river site had a more
positive 8"°C in TLE-Nypowm (-25.8 %o) than bulk POC (-27.0 %o).

A14CPOC variations along the estuary were similar in August and October 2010,
while A™C values for TLE-Npoy and TLE-Ppoy differed along the estuary across the two
samplings. Differences in A'*C for TLEpowm between the two cruises could reflect changes
in the sources of OC in response to a large discharge event that occurred between the
samplings (Appendix Figure A1-1). Hossler and Bauer (2012) observed that C3 and C4
plant detritus and slow-turnover soil OC (turnover time of ~25 years) sources of POC
were most influenced by stream discharge, while algae, passive-turnover soil OC
(turnover time of ~5,000 years), and fossil OC sources of POC from the watershed were
influenced inversely by stream discharge in the Delaware River near Trenton, NJ.
Additionally, the high sediment storage capacity in the tidal freshwater portion of the
Delaware estuary traps allochthonous sediment that can be remobilized quickly during
periods of high Delaware River discharge. During high discharge events, these sediments
are resuspended and dispersed downstream into the Delaware Bay and the coastal ocean
(Sommerfield and Wong 2011). The large discharge event prior to the October 2010
cruise may have mobilized particulate matter from the watershed and flushed it into

Delaware Bay.
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Remobilization events between August and October 2010 could have washed out
riverine sediment with depleted isotope values for TLE-Npom. The reworked sediment
was replaced by younger, labile, terrestrial particulate matter from the watershed, mixed
with suspended particulate matter likely of marine algal origin from the Delaware Bay,
resulting in the more intermediate 8'°C (-30.6 %o) and A"C (-409.3 %o) values observed
in October 2010. Interestingly, the 13C and "'C composition of bulk POC was similar at
both time periods while the isotopic composition of TLEpom differed between August
2010 and October 2010, especially at the river, ETM, and chl a max sites. This suggests
changes in the isotopic composition of other biochemical compound classes (i.e. proteins,
carbohydrates, etc) in addition to lipids from August to October 2010.

Weighted averages for 8'°C and A'*C, that considered the relative contributions of
neutral and polar TLEpom or TLEupom, were calculated to get “average” values for
“bulk” TLEpom and TLEypom and provide results comparable to previous studies where
lipid was extracted using only one solvent system (Table 3-4). In general, “average”
values of TLEpoym were depleted in 8'3C and enriched in A™C compared to “average”
values for TLEypom. In the Delaware River near Trenton, NJ weighted average values in
this study were similar to those measured previously (Table 3-4) (Wang, et al. 2006).
However, “average” A'*C values for TLEypow in the Delaware were lower than those
measured in other US estuaries (Appendix Table A13-1) including the Susquehanna
River (-487 %o) and Chesapeake Bay Mouth (-575 %o) (Loh, et al. 2006), Norfolk Harbor
(-82%o), Boston Harbor (-299 to -880 %o), and San Diego Bay (-774 to -872%o) (Wang, et
al. 2006). Only San Francisco Bay had a more depleted TLEypom A'*C (-965 %o) (Wang,

et al. 2006). By separating the TLEypowm into TLE-N and TLE-P fractions, this study
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provides insights about factors contributing to the range in 8'°C and A'C composition for
extractable lipids. TLE in UDOM was largely comprised of neutral lipids in October
2010 (Chapter 2, Table 2-4), which tended to be “older” in age, while TLE in POM had
higher proportions of polar lipids, which had “younger” radiocarbon ages (Table 3-3,
Figure 3-3). Further analyses of compound specific isotope analyses may be useful in
further elucidating some of the complexities of the radiocarbon age of lipids.
5.3.  October 2010 Isotopic Signatures and Relationships to Source OM
Bulk POC

Isotope bi-plots provide a useful way of gaining insights about the sources of
different carbon pools. A'C can provide information about the sources, ages, and
residence times of organic matter in estuaries and has a larger dynamic range than 8"C,
providing greater sensitivity (Raymond and Bauer 2001b). Based on the isotope bi-plots
for this study, terrestrial OM is a likely source for POC at the river site but the
radiocarbon ages suggest “pre-aging” in the watershed (e.g., soils rather than plant
detritus) or the addition of a fossil component. The “oldest” POC values were observed in
the ETM and reflect a mixture of sources. Wastewater OM is a likely end-member to the
Delaware Bay due to the large number of wastewater treatment facilities upstream (29 in
the Delaware River sub-basin and an additional 87 in the Schuylkill River sub-basin;
Hossler and Bauer 2013). Surface water POC values are within the range for suspended
POM at the bay site suggesting it is derived from recent autochthonous production while
in the chl @ max, suspended POM and wastewater POM are likely sources (Figure 3-7).

Bulk POC in the Delaware had §'*C and A"C values at the river site that were

lower than values observed at the bay/coastal ocean sites (Figures 3-4 and 3-7). In the
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York River, 8"°C and A'*C followed similar trends to those observed in the Delaware
(Countway, et al. 2007; Raymond and Bauer 2001c). Surface water POC collected in
October 2010 at the Delaware River site, had terrigenous 8"C signatures (-27.0 %o and -
26.7 %o for replicates) along with more aged '*C (1080 and 1188 YBP). In a previous
study, lignin phenols (terrigenous biomarkers) in surface sediments from the Washington
margin were 300 to 1200 YBP suggesting that terrestrial sources of POM were pre-aged
in the watershed before export to the marine system (Feng, et al. 2013). Drenzek et al.
(2009) found long chain FA in Eel River margin sediments that were retained as detritus
in soils or within the river for thousands of years before deposition in margin sediments.
Similarly, POC in the Delaware River and ETM could be pre-aged by retention in soils or
in upstream river deposits for hundreds of years before being transported downstream
(Griffith, et al. 2010).

Conservative mixing of riverine and bay POC does not explain the enriched §"C
and depleted bulk POC A'*C values at the ETM compared to the conservative mixing
curve for August and October 2010 (Figure 3-4). It is not surprising that POC in the ETM
does not behave conservatively since advective processes dominate POM composition in
this region. In addition, processing within the ETM may alter the age of POC in this
region. Surface water samples at the ETM were likely influenced by surface water from
the river and bay and resuspended sediments from mixing with bottom water (Cook, et al.
2007; Sommerfield and Wong 2011). Microbial processes such as respiration of labile
OM may preferentially remove “young” POC in the ETM. Alternatively, abiotic
processes such as flocculation, adsorption/ absorption, and precipitation at the ETM may

remove young POC or incorporate more depleted DOC into POC (Hwang, et al. 2006;
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Sharp, et al. 1984). While the A"*C of DOC was not measured as a part of this study, the
A"C of TLEypom was measured and indicates that DOM is highly aged (Figure 3-3).
Thus, it is reasonable to propose that even a small amount of highly aged DOC
incorporated into the POC within the ETM could result in the observed deviations in
POC age.

Neutral and Polar TLE poys (TLE-Npopa and TLE-Ppopy)

8'°C and A'C values for bulk neutral and polar TLEpom and TLEypom suggest a
mixture of modern and relic OC influences (Figure 3-7). 8'°C values for neutral and polar
TLEpom and TLEypom were adjusted by +4 %o (813Cadj) to account for the typical
fractionation between total POC and lipid (Hayes 2001) in order to compare 8'3C values
for TLEpom and TLEypom to POC and DOC end-member sources. TLE-Npom and TLE-
Prom showed large variations in both source and age composition along the estuary
reflective of “aged” OM (Figure 3-7). At both the river and chl @ max sites, TLE-Npom
had lower 8"°C and A'*C values than TLE-Ppom, while isotopic values for TLE-Npoy and
TLE-Ppom were similar at the ETM and bay mouth sites.

Based on the FA composition of POM, terrestrial sources decreased downstream
while marine sources increased in relative abundance along the estuary. These trends
were also supported by the 8'"°C data and chl a concentrations (Chapter 2, Figures 2-6B
and 2-3B). In contrast, FA composition of UDOM was relatively constant along the
estuary (Chapter 2, Figures 2-8 and 2-9). While FA are good biomarkers for elucidating
terrestrial and marine sources of OM, they do not provide information for anthropogenic
inputs (e.g., sewage and petroleum). Anthropogenic sources are better constrained using

8'°C and A'*C and other classes of biomarkers (e.g., hydrocarbons).
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Isotope values for TLE-Npom and TLE-Ppoy at the river site are intermediate
between terrestrial and petroleum OC sources (Figure 3-7). At the ETM, however, TLE
sources appear to reflect multiple sources and could be influenced by a mixture of
terrestrial OC, wastewater OC, suspended POC or marine primary production, and
petroleum. Due to their proximity to Trenton, NJ and Philadelphia, PA, which are high
population centers and major shipping ports, the river and ETM sites, are likely
influenced by petroleum (Albert 1988). Additionally, marsh-derived OM sources from
fringing freshwater and saltwater marshes were reported to gradually increase from the
river through the ETM (Hermes 2013). While close geographically, the river and ETM
sites are influenced by different OC sources given the observed differences in TLEpom
8'"°C and A™C compositions.

The chl a max site is not near major cities, but the TLE-Npoym and TLE-Ppom had
AMC values similar to the river site, falling intermediate to terrestrial or suspended
particulate matter modern sources and petroleum or radiocarbon-dead sources. The chl a
max site could be influenced by OC within Delaware Bay as well as OC entering the
estuary downstream of the ETM. Anthropogenic materials, for example, could enter at
the Schuylkill River and influence the isotopic composition of OM at the chl a max.
Additionally, anthropogenic compounds derived from combustion (e.g., PAH) could
enter the estuary through air-sea exchange (Arzayus, et al. 2001; Gustafson and Dickhut
1997). In a previous study, black carbon concentrations (5 to 72% of UDOM C)
suggested that incompletely combusted fossil fuel sources could add an “aged” source of
OC along the Delaware estuary (Mannino and Harvey 2004). Large inputs of lipid from

recent marine primary production were expected to influence the TLEpom ages to be
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“younger” or closer to suspended POM ages (Chapter 2, Table 2-8), but small amounts of
radiocarbon depleted material could have decreased the A'*C signature of the TLEpom
(Griffith, et al. 2010). While the FA composition suggests large inputs from marine
primary producers at the chl @ max site in October 2010, the TLE-Npgym and TLE-Ppom
A'C values suggest an additional aged component. Black carbon or PAHs could sorb to
plankton-derived lipophilic OM but would not have been reflected in the FA
composition.

Neutral and Polar TLE ypoy (TLE-Nypoy and TLE-Pypom)

TLE-Nypom and TLE-Pypowm had distinet 8'°C and A'C signatures. While the
TLE-Nupom samples were nearly radiocarbon dead (-970 + 36 %o and -980 £ 57 %o), their
8'°C values differed (Figure 3-7), suggesting they derived from different aged sources.
TLE-Nupowm plotted along the petroleum and sedimentary black carbon OC source
isotopic signatures (Figure 3-7). At the river site, TLE-Nypowm 8]3Cadj values are
consistent with a larger contribution coming from sedimentary black carbon while
petroleum sources seem more likely for TLE-Nypowm at the chl g max site. TLE-Pypom for
both sites in October 2010, on the other hand, fell midway to a variety of potential OC
sources including terrestrial OC, bulk DOC, and petroleum or radiocarbon dead sources
(Figure 3-7).

Diagenetic processes may contribute to the observed difference in 6'°C and A'C
values for TLE-N and TLE-P in POM and UDOM. TLE-Npom samples were ~10,000
YBP younger than their corresponding TLE-Nypowm, but TLE-Pypom were ~ 300 to 3000
YBP younger than their corresponding TLE-Ppom (Figure 3-7). Although lipids have

been found to be the most aged biochemical compound class in POM and UDOM, lipid
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classes and individual lipid compounds have variable radiocarbon ages (Eglinton, et al.
1997). Fatty acid (FA) analyses for these samples indicate that UDOM was more
degraded than POM (e.g., little/no polyunsaturated FA in UDOM) (Chapter 2, Figures 2-
8 and 2-9). Neutral lipids extracted from Delaware POM and UDOM included »-alkanes,
PAHEs, sterols and alcohols, and fatty acids (Canuel et al. unpublished data) with
considerably higher concentrations in POM than UDOM. Thus, both the abundance of
neutral and polar lipids as well as the composition of these classes suggests greater
degradation in the UDOM than POM size class particularly in the neutral lipids.
5.4. TLE Isotope Mass-Balance for Modern v. Fossil OC Inputs

Using a "C isotope mass-balance approach, the proportion of OC derived from
“modern” and fossil sources was estimated along the salinity gradient of the Delaware.
The "*C isotopic mass-balance assumed that “modern” terrestrial OM sources to the
Delaware reflect fixation of atmospheric CO, (A"C modem terrestrial OM = +100 %o)
while OM from modern autochthonous sources in Delaware Bay incorporate dissolved
CO, (A"C modern autochthonous OM = -100 %o). The mass-balance assumed
contributions from fossil sources along the estuary that were radiocarbon-dead (A"C=-
1000 %o). The isotope mass-balance described the relative changes, not absolute changes,
of fossil and modern OC since the model did not consider the changing amounts of lipid
along the Delaware estuary.

In general, the proportion of fossil OC associated with TLE-Npom decreased along
the salinity gradient from the river to the Bay Mouth but increased again at the coastal
ocean site (Figure 3-8). TLE-Npown in the river region had a higher proportion of fossil

OC (74 £ 19 %) than in the bay region (46 £ 25 %). Higher marine primary production
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within Delaware Bay likely contributes modern OC to TLE-Ppom and TLE-Npowm,
resulting in “younger” ages for these lipid fractions compared to the river region. The
coastal ocean site was visited only in August 2010, but the fossil OC contribution to
TLE-Npom (56 %) was higher than at the bay site (33 %) (Figure 3-8). Surface water in
the coastal ocean flows south hugging the coast around Delaware Bay (Garvine 1991).
The coastal ocean site in this study was close to Garvine’s (1991) site C where surface
water was measured flowing south parallel to Delaware’s Atlantic coastline. Sources of
“old” POC to this site might include POC discharged from rivers, streams, marshes, and
lagoons north of our coastal ocean site. The Mullica River, for example, drains the
Pinelands of New Jersey into Great Bay Estuary just north of the Delaware Bay
(Medeiros, et al. 2012). Further north, the Hudson River and its watershed are influenced
by “old” POC (Hudson River AMC of -426%0 to -447 %o0) (Raymond and Bauer 2001a).
Rivers and streams that discharge into the coastal ocean north of the Delaware Bay may
influence our coastal ocean site. “Older” sources of OC to the coastal ocean site could
also include reworked material from the shelf, as well as river sources along the Atlantic
coast north of Delaware Bay.

Fossil OC inputs to TLE-Ppoy decreased along the Delaware estuary (Figures 3-8
and 3-9). In August and October 2010, TLE-Ppowm in the river region had the highest
contributions from fossil OC (51 £ 19 %), while TLE-Ppowm in the bay region had the
lowest fossil OC (14 + 16 %). The fossil OC contribution to TLE-Ppoy was higher at the
river than the coastal ocean, but the decrease was not monotonic. There was a secondary

input of fossil carbon in the high chl a region (Figures 3-8 and 3-9).
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The two sites with higher fossil OC inputs in TLEponm in October 2010 were also
the two sites where TLEypom was measured (Figure 3-10). Greater than 97% of TLE-
Nupowm at these sites had a fossil OC origin, while less than 50 % of the TLE-Pypom was
of fossil OC origin. These results are consistent with prior measurements of A'*C in
Delaware River that showed that TLEypowm that was mainly fossil (95 % fossil, 5 %
modern) (Wang, et al. 2006). The results are also consistent with a previous study
showing that black carbon was a sizable (5 - 72%; mean =27 + 17%) of UDOM-C in the
Delaware (Mannino and Harvey 2004).

5.5.  PLFA and FAME 5"C and A"C Distributions

Ages of individual and groups of fatty acids (FA) changed along the Delaware
River and estuary (Figure 3-5). Three locations important to biological and physical
processes were examined: the Delaware River above the tidal influence, the ETM, and
the chl a max, the region of highest primary production. Each region had different §'°C
and A'C values for PLFA and FAME.

Short chain (SC) FA primarily reflect autochthonous microbial sources of OM
(Chapter 1, Table 1-1 and references therein). These FA had a trend of increasing 8'°C
values and decreasing age along the estuary from a maximum age at the river site to
“younger “ ages at the chl a max (Figures 3-4 and 3-5). 8'"°Cp,c in the Delaware River in
October 2010 was ~ -10 %o and A'*C-DIC was ~ -100 %o (Figure 3-3). Microalgae
fractionate °C- and "*C-DIC during photosynthesis and FA synthesis resulting in FA
with isotope values lower than the isotope values for the initial DIC. Heterotrophic
processes also modify *C and '*C values but these effects are relatively small (e.g. + 1

per mil for 8'°C) (Bianchi and Canuel 2011 and references therein). In a previous study,
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depleted A'C values for DIC in the Antarctic Ocean were propagated through C;4 SC FA
(-200 %o to -100 %o A™C) in sediments (Ohkouchi, et al. 2003). In the Antarctic Ocean
DIC is 2 to 3 times older than DIC in other ocean basins and the depleted A'*C SC FA
from the region indicate the incorporation of the depleted surface water A'"C-DIC
(Ohkouchi, et al. 2003; Ohkouchi and Eglinton 2008). Similarly, depleted A'*C values for
DIC at the Delaware River site were likely propagated into the SC FA at this site. At the
Delaware estuary ETM, the SC FA were depleted in 8"°C and A'*C relative to the MC
FA, but at the chl ¢ max, where DIC was modern in age, so were the isotope values for
SC and MC FA.

Long chain (LC) FA, traditionally biomarkers for higher plant or terrestrial OM
sources, had the most depleted 8"°C of the PLFA and FAME and became increasingly
“older” along the Delaware estuary. The “youngest” "*C age for LC PLFA was observed
at the river site (55 + 63 YBP) while the “oldest” age occurred at the chl a max (740 + 50
YBP) (Figure 3-5). These data suggest “aging” of terrestrial OM or inputs of aged
terrestrial OM along the estuarine gradient. In the Delaware estuary, LC PLFA increased
in age the more rapidly between the Delaware River and ETM sites (615 year difference)
than between the ETM and chl @ max sites (57 year difference). The increase in age
between the river and ETM sites was more than would be expected based on estuarine
sediment storage and transport alone (Cook, et al. 2007; Sommerfield and Wong 2011).
A source of “aged” terrestrial OM must have entered the estuary between the river and
ETM sites, possibly at the confluence with the Schuylkill River, the second largest source
of freshwater to the estuary. As a result terrestrial OM in the upper Delaware estuary

appears “younger” than terrestrial OM in the Delaware Bay.
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6. SUMMARY AND CONCLUSIONS

Overall, this study revealed changes in DIC, bulk POC, neutral and polar TLEpopm,
and neutral and polar TLEypom composition along the Delaware River and estuary.
Stable and radiocarbon signatures of DIC reflect mixing of riverine DIC from rock
weathering and marine/estuarine DIC from atmospheric CO, diffusing across the air-sea
interface. POC stable and radiocarbon values showed older, more terrestrial POC at the
riverine end-member and younger, more marine POC in Delaware Bay. An isotopic
mixing curve for POC showed that the ETM site had more depleted A'*C values that
predicted from conservative mixing of riverine and bay end-member sources. TLEpom
and TLEypowm stable and radiocarbon ages revealed a variety of sources and
transformations influencing both size classes. TLEpom and TLEypom had contributions
from both modern and fossil OC sources. Fossil OC source contributions decreased from
the river to the coastal ocean for TLE-Ppom and TLE-Npowm but another source of fossil
OC to the TLE-Npom was present at the coastal ocean site. Finally, the compound specific
radiocarbon analysis (CSRA) of individual fatty acids showed that source ages change

considerably along the Delaware estuary for both terrestrial and marine sources.

Conclusion 1. While DIC is relatively modern in age in the Delaware Bay, bulk

POM, TLEpom, and TLEypom have both modern and fossil OC components.
Conclusion 2. TLE-Npom was younger than TLE-Nypowm by approximately

10,000 YBP, while TLE-Ppom was older than TLE-Pypom. Different sources of organic

matter contribute to the differences in lipid ages in POM and UDOM.
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Conclusion 3. '*C ages for TLE-Nypowm samples were older than observed in most
other estuarine systems in the USA, but similar to previous measurements for the
Delaware River. Separating the TLE into two solvent extractable fractions showed that
the TLE-Nypowm is considerably older than TLE-Pypowm. Future studies should investigate
"C ages of lipid classes and biomarkers associated with TLE-N in order to better

understand what sources contribute to highly ages A'*C values for lipid.

Conclusion 4. Compound specific '°C and A'*C analyses of estuarine POM
provided insights about the changing ages of sources along the Delaware estuary.
Riverine phytoplankton incorporated old carbon sources into their biomass, but
phytoplankton within the chlorophyll @ maximum incorporated OC from modern, post-
bomb sources. This study revealed that terrestrial OM increased in age between the
Delaware River and ETM sites suggestive “older” terrestrial OM entered the system at a

location between these sites.
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FINAL SUMMARY AND CONCLUSIONS

This study of the Delaware River and estuary captured spatial distributions of
organic matter (OM) over different regimes (e.g. low and high Delaware River discharge,
low and high phytoplankton production, and low and high suspended sediment
concentrations). Concurrent measurements of organic carbon, lipid composition, and
stable carbon and radiocarbon analyses of particulate and ultrafiltered dissolved organic
matter (POM and UDOM) were conducted on surface water samples collected during
five cruises along the salinity gradient of the Delaware River and estuary. These data
expand upon earlier studies and provide new insights about the sources and ages of OM
as well as the processes influencing their distribution in the Delaware system.

Bulk chemical characteristics (i.e. chlorophyll a, C:N, 8"°C and A"C) and fatty
acid (FA) biomarkers revealed differences in POM sources along the estuary with
terrestrial sources dominating in the river and upper estuary and estuarine/marine sources
dominating in the lower estuary and bay. Overall, spatial variations in FA biomarkers
were greater along the Delaware River and estuary salinity gradient than temporal
variations. In contrast, the FA composition of UDOM was relatively constant along the
estuary and between cruises; saturated FA, which are common to many organisms, were
the dominant compounds. In addition to differences in the source composition of POM
and UDOM, results from the hierarchical models showed that these pools of OM were
influenced by different environmental factors. The FA composition of POM was driven
by particulate matter characteristics (i.e. chl a, POC and/ or TSS), whereas different
compositional drivers (i.e. Delaware River discharge, salinity, chl a, DOC, POC, or TSS)

influenced UDOM lipid classes (neutral and polar TLE) and FAypowm source groupings.
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On average, lipids associated with POM (TLEpom) in the Delaware were
“younger” and less diagenetically altered than lipids associated with UDOM (TLEypom)-
“Average” TLEpom was approximately 15,000 YBP “younger” than “average” TLEypowm.
POM was characterized by a higher proportion of polar lipids (TLE-P) as well as a higher
proportion of unsaturated and polyunsaturated FA, and “younger” radiocarbon ages of
POC and TLE. This study also revealed differences in the age of different lipid pools.
Neutral lipids (TLE-N) were significantly older than TLE-P suggesting that neutral lipid
classes such as hydrocarbons, alcohols, and sterols likely contribute to the “older” ages.
Since TLE-N dominated UDOM in October 2010, this may also explain the “older”
radiocarbon ages for UDOM relative to POM. A complementary ongoing study that is
investigating the radiocarbon ages of these lipid classes will provide further insights
about what classes of lipids contribute to the “older” radiocarbon ages associated with
this class of biochemicals.

This study also provided new perspectives about the sources that influence lipid
age along the estuary. An isotopic mixing model for 8"°C and A'C values for POC
showed conservative mixing behavior between the riverine and marine OM end-members
in August and October 2010, except at the ETM site, where POC had more positive 81C
values and “older” radiocarbon ages. This suggests that “young” POC may be removed in
the ETM through respiration or burial or that “older” carbon is added in this region of the
estuary. Along the estuary, radiocarbon ages of TLE indicated regions where “aged” lipid
enters the Delaware system: (1) the Delaware River, (2) a location downstream of the
ETM and upstream of the chlorophyll @ maximum, and (3) the coastal ocean. In addition,

compound specific radiocarbon analysis (CSRA) of FApom showed that the ages of
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terrestrial and marine FA change along the Delaware estuary with long-chain FA (soils,
vascular plants) getting “older” and short-chain FA (microbial sources) becoming
“younger”. Changes in the ages of short-chain FA likely reflect fixation of “old”
inorganic carbon in Delaware River (or upstream) and fixation of “modern” carbon in the
higher salinity region. The progressive aging of long-chain FA along the estuary may
reflect addition of “older” allochthonous materials from soils and marsh sediments
between the river and ETM sites.

Overall, this study showed different environmental factors influenced the source
and age composition of POM and UDOM. Within the Delaware estuary, spatial
differences in POM composition were greater than temporal differences. This has
implications for OM export where changes in OM along the estuary (e.g., changes in
primary production, remineralization rates, and/or changes in photochemical oxidation
rates) will influence the POM composition more than temporal changes. The average
radiocarbon age of carbon, as well as the age of lipids associated with POM and UDOM,
is considerably older than the 100-day flushing time of the system (i.e. within the range
overlapping with modern '*C ages). This means that aged material derives from from the
watershed and/or surrounding marshes rather than internal processes and this aged
material is retained within the system. Together the lipid biomarkers and isotopic
analyses of surface water POM and UDOM over a multi-year study revealed differences
in their source composition and degradation state.

Future work
Like many studies, this thesis provides new perspectives but also raises new

questions and topics for future study. This study, for example, was limited to
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investigating the composition, sources, and ages of surface water OM. In general, POM
composition was similar in TLE-Npoy and TLE-Ppoym as well as total FApom
concentrations along the estuary between cruises. This could arise, in part, from the focus
on surface water, which may not provide a complete picture of OM composition. In
contrast to this study, Hermes (2013) observed changes in the sources of n-alkane
biomarkers associated with bottom water POM along the estuary with the ETM being the
divide between terrestrial vascular plant material and marsh-derived sources. Due to the
focus on surface waters, this study may present a biased view of the OM composition in
the Delaware River and future work in this system should focus on comparison of
samples collected from both surface and deep water in order to provide a more complete
picture of OM composition.

This study relied heavily on end-member lipid compositions measured previously
and in other systems. To complement this work, it would be beneficial to know the end-
member compositions specific to the Delaware River and estuary. The Delaware estuary
has a variety of end-member sources that have not been extensively surveyed for lipid
biomarker or isotopic composition. These sources include: terrestrial plants and soils in
the watershed, agricultural runoff, shale rock and water used during fracking, wastewater
treatment plant effluent, urban runoff, fresh and saltwater marsh sediments and marsh
plants, and oil from refineries on both Delaware and New Jersey shores. Sampling these
end-members could assist in bracketing the compositional and isotopic ranges of the
sources that most influence POM and UDOM in the Delaware system.

An additional topic for future study is the sediments within this study system.

Terrestrial and marsh plant detritus, dead phytoplankton and zooplankton, and detrital
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aggregates make up surface sediments. It would be interesting to examine the OM
composition of these sediments and make comparisons to water column samples in the
Delaware River and estuary. At the ETM, for instance, 1 to 2 years of sediment may be
retained in the lower 1-meter of water. Hence, bottom water POM in this region is likely
similar in composition to surface sediments, while in the chl ¢ maximum there are likely
different OM signatures in the water column than sediments. Surface sediment OM
composition could give further insight into degradation and burial patterns within the
Delaware estuary.

As mentioned at the beginning of this thesis, the Delaware system provides many
advantages for characterizing estuarine OM dynamics and the topics listed above as well
as others provide the opportunity to further enhance our knowledge of factors controlling

the sources and ages of OM at the land-ocean interface.
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Dissolved Inorganic Nutrients

Dissolved inorganic nutrients had measurable concentrations at all sites except for
the coastal ocean in October 2011 and August 2012 (Appendix Table A3 — 1). Dissolved
ammonium concentrations ranged from 0.83 £ 0.56 uM at the ETM in August 2012 to a
high of 13.66 =+ 0.04 uM at the Schuylkill River site in October 2011.

Distributions of dissolved nitrite and nitrate differed from one another along the
Delware river and estuary. Nitrite was typically present at much lower concentrations
than nitrate, with the exception of lower bay samples from the chl ¢ maximum and bay
mouth in August 2012 (Table A1l). Nitrite increased in concentration during October
2011 from 0.047 + 0.017 uM at the river site to 1.611 = 0.01 uM at the chl g max site.
All nitrate concentrations in August 2012 along the Delaware River and estuary were
within the same range. Nitrate ranged in concentration during August 2012 from 0.053 +
0.005 uM at the chl @ max to a high of 37.4 = 1.1 uM at the Schuylkill river site. The
nitrate concentrations in October 2011 along the salinity gradient were within the range
found during August 2012.

Dissolved phosphate concentrations along the salinity gradient of the Delaware
River and Bay were similar in October 2011 and August 2012 (Table A1). Phosphate
concentrations ranged from 0.14 + 0.01 uM at the river site in October 2011 to 0.89 +

0.01 uM at the Schuylkill River site in August 2012.
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APPENDIX 4: POM FAME Composition
Table A4 - 1. POM from Delaware River and estuary

August 2010
Fatty acid River ETM High High Chla Chlamax Bay Mouth Coastal
(% of total) Turbidity Ocean
12:0 - tr 1.3 1.1 tr tr tr
13:0 - tr 22 tr tr tr tr
il4 tr - tr tr tr tr tr
14:0 7.4 6.5 159 18.1 15.0 14.7 24.6
14:109 - - - - - - -
14:107 - - tr - - - -
14:1w5 - - - tr tr tr
il5 1.5 - tr tr tr tr tr
als tr - tr tr tr tr tr
15:0 14 2.7 2.3 1.3 tr tr tr
15:1 - - - - - - -
il6 - - - - - - -
16:0 16.7 31.6 19.6 20.8 14.0 20.4 17.9
16:109 - - - - - - -
16:107 224 13.7 27.3 17.9 15.8 13.1 15.6
16:1w5 - - - - - - -
16:2m4 7.0 - 2.7 2.7 4.6 23 1.4
16:304 10.2 - 3.1 1.9 5.6 2.3 tr
16:4 - - - - - - -
i17 2.1 tr 2.6 24 2.4 1.6 1.1
al7 - tr - - - - -
17:0 - 1.4 - - - tr tr
17:1 - 1.3 - - - - -
18:0 4.8 18.0 33 2.7 1.7 1.9 1.9
18:109t - - 2.0 2.1 1.7 25 2.3
18:109¢ - 3.8 - - - - -
18:107 2.5 - 1.7 1.8 1.8 2.2 3.1
18:2w6t - - - - - - -
18:2w6¢ 1.8 2.0 1.7 2.2 1.6 2.5 2.6
18:3w6 - 1.7 tr - tr tr tr
18:303 4.0 tr 2.4 5.7 52 7.5 6.1
18:4 3.0 - 2.3 7.0 8.4 8.4 6.2
20:1w11 - - - - - - -
20:109 - - - - - - -
20:107 - - - - - - -
20:2 - - - 2.2 2.5 3.0 23
20:3w6 - tr - - - - -
20:303 - 1.4 - - - - -
20:4w6 1.8 - - - tr tr tr
20:403 - - - B - - -
20:503 9.7 5.6 4.4 4.5 8.7 7.4 4.4
22:0 - - - - - - -
22:1m9 - - - - - - -
22:2 - - - - - - -
22:5m6 - - - - - - tr
22:5m3 - - - - - - -
22:603 1.2 tr 2.1 3.0 6.4 6.8 4.4
24:0 i.0 5.7 tr tr tr tr tr
24:1 - - - - - - -
26:0 - tr - - - - -
28:0 - tr -
30:0 - - -

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits
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Table A4 - 2. POM from Delaware River and estuary

October 2010
Fatty acid River ETM Chlamax  Bay Mouth
(% of total)
12:0 1.2 tr tr tr
13:0 - - tr tr
14 - - tr tr
14:0 34 3.1 8.9 9.4
14:109 - - tr tr
14:107 - - tr tr
14: 105 - - tr tr
il5 1.5 1.5 tr tr
al$ 1.6 1.4 tr tr
15:0 1.3 1.5 tr tr
15:1 - - - -
i16 - tr tr tr
16:0 23.9 234 14.2 14.7
16:109 - 1.6 tr tr
16:107 17.4 13.3 12.8 13.3
16:1w5 1.3 1.7 tr tr
16:204 - tr 1.8 1.8
16:304 - 2.2 2.5 2.5
16:4 - - 1.7 1.4
17 - tr tr tr
al7 - tr tr tr
17:0 tr 1.1 tr tr
17:1 - tr tr tr
18:0 12.2 10.4 1.7 2.0
18:109t - - tr tr
18:109c¢ 3.5 4.1 1.5 2.0
18:1w7 3.0 4.0 2.4 2.5
18:2w6t - - tr tr
18:2w6¢ 1.9 1.7 1.5 1.7
18:3n6 - - - -
18:3w3 2.7 2.3 6.7 7.0
18:4 1.7 tr 14.8 13.1
20:1wl11 6.3 2.4 2.5 3.0
20:109 - - tr tr
20:1w7 - - - -
20:2 - - - -
20:3w6 - tr tr tr
20:3m3 - - tr -
20:4m6 1.0 1.2 tr tr
20:4w3 - - tr tr
20:5m3 2.5 tr 10.2 9.3
22:0 1.9 4.4 - -
22: 109 - - tr -
22:2 - - tr tr
22:5w6
22:5w3 - - tr tr
22:6m3 - 1.0 6.9 6.6
24:0 4.1 4.1 tr tr
24:1 - - - -
26:0 3.2 3.6 tr tr
28:0 1.3 tr - -
30:0 tr tr - -

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits
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Table A4 - 3. POM from Delaware River and estuary

March 2011
Fatty acid River ETM Chl a max
(% of total)
12:0 tr tr tr
13:0 tr tr tr
i14 - - -
14:0 5.83 6.46 16.05
14:109 1.72 tr tr
14:1w7 - - -
14:105 - - -
il5 - - -
als - - -
15:0 1.52 1.54 1.91
15:1 tr tr tr
il6 - - -
16:0 33.16 24.85 20.93
16:1w9 - - -
16:107 21.30 18.79 26.55
16:105 - - -
16:204 - - -
16:304 - 3.50 -
16:4 - - -
i17 tr tr tr
al7 tr 1.07 1.09
17:0 1.06 0.99 3.68
17:1 tr tr tr
18:0 14.79 16.03 7.61
18: 109t 1.12 - tr
18:1@9¢ 6.70 2.85 1.58
18:107 - - -
18:2w6t tr tr tr
18:2m6¢ 2.90 1.32 1.70
18:3n6 tr tr tr
18:303 3.40 2.28 1.40
18:4 - - -
20:1w11 - - -
20:109 - tr tr
20:107 - - -
20:2 - tr tr
20:306 - tr tr
20:3m3 tr tr tr
20:406 - tr tr
20:403 - - -
20:503 - - -
22:0 tr 9.17 6.68
22:109 tr tr tr
22:2 - tr tr
22:506 - - -
22:5m3 - - -
22:603 tr tr -
24:0 tr 2.04 tr
24:1 - - tr
26:0 tr 1.86 tr
28:0 tr tr tr
30:0 tr tr tr

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits
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Table A4 - 4. POM from Delaware River and estuary
October 2011

Fatty acid River Schuylkill ETM Chl amax Bay Mouth
(% of total) River

12:0 tr tr tr tr tr
13:0 tr tr tr tr tr
il4 - - - - -
14:0 4.7 43 4.8 8.0 89
14:109 tr - - tr tr
14:107 - - tr - -
14:105
il5 - - - - -
als - - - - -
15:0 1.9 1.9 22 1.6 1.3
15:1 - - - - -
il6 - - - - -
16:0 31.2 35.4 32.0 28.1 29.5
16:109 - - -
16:107 12.9 6.8 16.7 16.0 13.2
16:105 - - - - -
16:2204 - - - - -
16:304 - - - - -
16:4 - - - - -
il7 tr tr tr tr ir
al7 tr tr tr tr tr
17:0 1.1 1.5 14 1.0 1.3
17:1 - - - - -
18:0 254 34.8 23.8 10.9 23.6
18: 109t - 1.9 tr tr 1.9
18:1m9c¢ 4.9 5.6 4.8 6.9 52
18:107 - - - - -
18:206t - tr tr - tr
18:2w6¢ 22 1.1 1.7 3.0 1.3
18:3n6 - - - - -
18:3w3 4.1 1.1 - 9.3 36
18:4 - - - - -
20:1wl11

20:109 tr - - -
20:107 -
20:2 tr - - -
20:3w6 tr
20:303 - 1.0 33 9.8
20:406
20:403 - - - - -
20:503 - - - - -
22:0 24 1.6 3.5 tr tr
22:109 tr - - - -
22:2 tr - - - -
22:506

22:5w3 - - - -

22:603 -
24:0 2.5
24:1 -
26:0 1.8
28:0 14 - - - -
30:0 - - - - -
tr, denotes trace amounts (< 1 % of FA)

-, denotes below detection limits
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Table A4 - 5. POM from Delaware River and estuary
August 2012

Fatty acid River Schuylkill ETM Chlamax  Bay Mouth Coastal
(% of total) River Ocean

12:0 tr tr tr tr tr tr
13:0 tr tr tr tr tr tr
i14 - - - - - -
14:0 4.7 47 4.8 15.1 12.7 15.9
14:109 - - - - - -
14:107 tr tr tr tr tr tr
14:105

il5 - - - - - -
al5 - - - - - -
15:0 1.8 1.6 i4 1.7 1.4 1.0
15:1 - - - - - -
i16 - - - -
16:0 30.8 30.7 329 24.1 27.9 27.6
16:109 - -
16:107 253 12.7 9.2 22.5 19.1 17.9
16:1m5 - - - - - -
16:2004 - - - - - -
16:304 - - - - - -
16:4 - - - - - -
17 tr tr tr tr tr tr
al7 tr tr tr tr tr tr
17:0 1.2 1.4 1.6 tr tr 1.0
17:1 - 1.1 tr tr - tr
18:0 19.2 21.6 32.7 8.7 9.8 15.9
18:1009t tr 1.0 3.2 tr tr 1.6
18:109c¢ 4.7 6.4 6.0 2.5 33 42
18:1a7 - - - - - -
18:206t - - tr - - -
18:206¢ 2.0 2.7 1.0 2.0 22 1.7
18:3n6 - - - - - -
18:303 2.7 4.5 1.3 2.9 4.0 1.5
18:4 - - - - - -
20:1m11

20:109 - - - - - -
20:1w7 - - tr - - -
20:2 - - - tr tr tr
20:3w6 1.1 1.6 tr 1.2 tr 1.2
20:303 2.8 3.9 1.6 13.9 12.1 7.8
20:406 - - - tr tr -
20:403 - - - - - -
20:5w3 - - - - - -
22:0 1.5 1.7 tr tr tr tr
22:109 - - - - - -
22:2 - - - - tr -
22:5w6

22:503 - 1.9 tr - - -
22:603 tr tr tr tr - tr
24:0 tr - - tr 3.0 tr
24:1 - - - - - -
26:0 tr tr tr tr tr tr
28:0 - - - - tr -
30:0 - - - - - -
tr, denotes trace amounts (< 1 % of FA)

-, denotes below detection limits
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APPENDIX 5: POM PLFA Composition
Table AS - 1. POM from Delaware River and estuary

August 2010
Fatty acid River ETM High High Chla Chla max  Bay Mouth Coastal
(% of total) Turbidity Ocean
12:0 - - tr tr - tr tr
13:0 - - tr - - - -
il4 tr - tr - - tr tr
14:0 5.8 6.2 10.8 9.9 8.4 9.2 12.8
14:109 - - - - - - -
14:107 - - - - - - -
14:1w5 - - tr - tr tr tr
ils 1.8 2.8 1.1 1.0 1.1 0.6 tr
als - 1.4 1.1 tr tr tr tr
15:0 1.8 1.6 1.3 1.1 1.1 tr tr
15:1 - - - - - - -
i16 1.7 2.5 - - 2.0 1.1 1.0
16:0 243 27.1 284 34.7 25.3 30.6 26.7
16:109 - - - - - - -
16:107 224 21.6 26.9 17.3 13.4 13.7 15.1
16:1w5 - - - - - - -
16:204 43 1.7 1.9 1.3 2.1 1.1 tr
16:304 5.5 - 2.2 1.1 2.5 1.0 -
16:404 - - - - tr tr tr
il7 2.1 23 1.4 1.6 2.1 1.0 1.0
al7 - - - - - - -
17:0 - - tr tr 1.3 tr tr
17:1 - - - - - - -
18:0 4.5 5.6 2.6 33 34 3.1 2.6
18:109t - - - - - - -
18:1m9¢ 23 4.2 2.9 4.1 25 4.8 3.9
18:107 4.0 6.5 32 3.5 35 3.0 44
18:2m6t - - - - - - -
18:2w6¢ 2.4 2.3 1.6 2.2 1.7 32 3.0
18:3w6 - - - - - - -
18:3m3 3.8 43 2.5 4.5 3.8 6.5 5.2
18:4 2.0 - 1.7 3.7 4.6 5.4 4.1
20:1w11 - - - - - - -
20:109 - - - - - - -
20:107 - - - - - - -
20:2 - - - 1.0 1.2 1.6 1.5
20:3w6 - - - - - - -
20:303 - - - - - - -
20:406 - - - - tr 0.5 tr
20:403 - - - - - - -
20:5w3 7.0 35 3.6 3.5 7.3 4.6 43
22:0 - - 1.2 - - - -
22:109 - - - - - - -
22:2 - - - - - - -
22:506 - - - - - - 1.4
22:5m3 - - - - - - -
22:6m3 1.7 1.7 2.0 3.5 9.5 6.0 7.5
24:0 2.0 5.0 1.1 tr tr 0.3 04
24:1 - - tr - - - -
26:0 - - - - - - -
28:0 - - -
30:0 - -

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits
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Table A5 - 2. POM from Delaware River and estuary

October 2010
Fatty acid River ETM Chlamax  Bay Mouth
(% of total)
12:0 - - - tr
13:0 - - - -
14 - - - tr
14:0 3.1 2.5 7.4 6.4
14:109 33 - 1.2 tr
14:107 3.9 - 1.0 -
14:105 - - - tr
15 - 1.5 - 1.1
al5 - 1.2 - 1.0
15:0 1.0 1.0 tr tr
15:1 - - - -
16 - tr - tr
16:0 13.6 15.4 23.1 24.0
16:109 - 1.0 - tr
16:107 18.9 11.5 14.7 13.5
16:105 - 1.3 - tr
16:204 - tr - tr
16:304 1.4 2.5 1.9 1.9
16:404 - - tr tr
117 tr tr - tr
al7 1.0 1.1 tr tr
17:0 tr 1.3 tr 1.4
17:1 - 1.1 - 0.4
18:0 5.7 3.8 2.3 2.7
18:109t 1.2 - - -
18:109c¢ 4.2 4.1 3.0 3.7
18: 107 5.4 5.2 5.2 5.6
18:2w6t - - - -
18:2w6¢ 2.1 1.5 1.9 2.1
18:306 - - - tr
18:303 2.8 3.2 5.6 5.5
18:4 1.7 1.7 7.8 6.6
20:1w11 - - - 1.1
20:109 - - - tr
20: 107 - - - -
20:2 - - - -
20:306 - - - -
20:3w3 - - - -
20:406 1.1 1.3 tr tr
20:403 - - - tr
20:503 1.9 2.9 - tr
22:0 2.5 3.8 7.6 -
22:109 - - - tr
22:2 - - - -
22:5w6 - - - -
22:5w3 - - - tr
22:6w3 - 1.5 - 5.7
24:0 3.7 6.4 tr tr
24:1 - - 8.2 -
26:0 2.3 5.8 tr tr
28:0 2.0 4.4 tr tr
30:0 1.3 2.5 tr tr

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits
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Table AS - 3. POM from Delaware River and estuary

March 2011
Fatty acid River ETM Chl a max
(% of total)
12:0 tr tr tr
13:0 tr tr tr
14 - - -
14:0 5.86 5.92 8.10
14:109 tr tr tr
14:107 - - -
14:105 - - -
il5 - - -
als - - -
15:0 1.36 1.56 1.45
15:1 tr tr tr
16 - - -
16:0 23.28 22.74 26.42
16:109 - - -
16:107 20.22 15.37 15.60
16:105 - - -
16:2204 - - tr
16:304 - 3.33 3.56
16:404 - - -
i17 tr tr tr
al?7 1.00 1.13 -
17:0 1.16 1.70 1.43
17:1 tr tr tr
18:0 12.03 18.57 19.34
18: 109t - tr tr
18:109¢ 9.74 3.08 2.31
18:1m7 - - -
18:2w6t tr tr 1.20
18:2w6¢ 3.83 1.57 1.32
18:306 tr tr tr
18:303 4.18 2.38 1.64
18:4 - - -
20:1m11 - - -
20:109 tr tr tr
20:1m7 - - -
20:2 tr tr tr
20:306 tr tr tr
20:303 tr tr tr
20:406 tr - -
20:403 - - -
20:503 2.21 - -
22:0 2.08 5.85 6.77
22:109 tr tr tr
22:2 tr tr tr
22:506 - - -
22:5mw3 - - -
22:603 tr tr tr
24:0 2.63 3.26 1.44
24:1 tr 0.31 0.16
26:0 2.08 2.73 1.14
28:0 1.05 1.76 1.00
30:0 tr 1.16 tr

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits
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Table AS - 4.

Fatty acid
(% of total)

POM from Delaware River and estuary
October 2011

River Schuylkill ETM Chlamax  Bay Mouth
River

12:0
13:0
14
14:0
14:109
14:107
14:105
i15

ais
150
15:1
il6
16:0
16:109
16:107
16:105
16:204
16:304
16:404
i17
al7
17:0
17:1
18:0
18: 19t
18:1w9¢
18:17
18:2w6t
18:2w6¢
18:3w6
18:3w3
18:4
20:1w11
20:109
20:107
20:2
20:3w6
20:3w3
20:406
20:403
20:5m3
22:0
22:109
22:2
22:506
22:503
22:6w3
24:0
24:1
26:0
28:0
30:0

tr tr tr tr tr

tr tr tr tr tr
4.4 4.2 3.6 5.6 7.5
3.8 - - tr -

15.0 21.1 19.6 183 11.6

tr tr tr tr tr
3.2 tr tr 1.1 2.0
1.4 tr tr tr 1.3
1.3 tr tr tr -

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits
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Table AS - 5. POM from Delaware River and estuary

August 2012
Fatty acid River Schuylkill River ETM Chlamax  Bay Mouth Coastal
(% of total) Ocean
12:0 tr tr tr tr tr 1.4
13:0 tr tr tr tr tr tr
i14 - - - - - -
14:0 34 53 5.7 10.0 8.6 14.6
14:109 - - - - - -
14:107 tr tr tr tr tr tr
14:105
15 - - - - - -
als - - - - - -
15:0 1.0 - 1.3 1.5 1.4 1.6
15:1 - 1.3 tr - - -
16 - - - - - -
16:0 27.3 28.3 322 30.6 335 343
16:109 - - - - - -
16:107 14.5 14.8 14.4 234 20.7 18.1
16:1m5 - - - - - -
16:204 - - - - - -
16:304 - - - - - -
16:404 - - - - - -
i17 tr tr tr tr tr tr
al7 tr tr tr tr tr tr
17:0 1.6 1.7 1.7 2.8 2.1 1.2
17:1 tr - 1.0 1.3 1.2 tr
18:0 31.6 13.8 214 5.4 9.2 10.4
18: 19t 2.7 1.6 2.2 - - -
18:1@9¢ 6.1 7.2 6.3 32 39 3.8
18:1@7 - - - - - -
18:2w6t - 1.0 tr tr - 2.1
18:2w6¢ 1.5 4.0 1.7 2.1 2.3 -
18:3w6 - - - - - -
18:3w3 2.5 8.5 2.8 2.1 3.1 1.6
18:4 - - - - - -
20:1w11 - - - - - -
20:109 - - - - - -
20:107 tr tr - tr ~ -
20:2 - - - - tr -
20:3w6 tr 1.5 tr 1.0 tr 1.1
20:303 2.4 4.4 3.1 13.2 8.2 6.5
20:4m6 - - - tr tr -
20:403 - - - - - -
20:5m3 - - - - - -
22:0 1.3 2.1 1.2 tr 1.4 1.0
22:109 tr - - - - -
22:2 - - tr - tr -
22:5w6 - - - - - -
22:5w3 - - - - - -
22:6w3 tr tr tr tr tr tr
24.0 tr tr tr tr tr tr
24:1 - - tr - - -
26:0 tr tr tr tr tr tr
28:0 tr tr - tr tr -
30:0 - tr - - - -

tr, denotes trace amounts (< 1 % of FA)

-, denotes below detection limits
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APPENDIX 6: UDOM FAME Composition

Table A6 - 1. UDOM from Delaware River and estuary
October 2010

Fatty acid River = Chla max Bay Mouth
(% of total)

12:0 tr tr Excluded from
13:0 tr tr data analysis
14:0 2.9 3.6
14:109 - -
14:107 - -
15:0 tr 1.5
15:1 tr tr
16:0 33.5 34.1
16:1w7 tr 1.2
117 tr tr
al7 tr tr
17:0 1.9 1.5
17:1 - -
18:0 38.3 34.7
18:109t 13.1 7.0
18:1w9c¢ 5.6 74
18:2w6t - tr
18:2w6¢ tr tr
18:3w6 tr -
18:3m3 tr -
20:109 - -
20:3w6 - tr
20:3m3 - -
20:4w6 - tr
20:403 - -
22:0 - -
22:109 - tr
22:1w7 tr -
22:2 - -
22:603 tr -
24:0 tr tr
24:1 tr -
26:0 tr 2.6
28:0 - -
30:0 - -

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits
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Table A6 - 2.

Fatty acid
(% of total)

UDOM from Delaware River and estuary
March 2011

River ETM Chl a max

12:0
13:0
14:0
14:109
14:1007
15:0
15:1
16:0
16:1w7
117

al7
17:0
17:1
18:0

18: 19t
18:1m9c
18:2m6t
18:2m6¢
18:3w6
18:3w3
20:109
20:3w06
20:3m3
20:406
20:403
22:0
22:109
22:107
22:2
22:6m3
24:0
24:1
26:0
28:0
30:0

1.5 1.5
tr -
4.9 4.1

2.9 2.8

41.6 38.9
1.7 1.5
1.0 1.0
3.9 3.8

37.4 34.1

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits

1.5
tr
4.6

2.7

34.7
4.5
1.1

tr
3.4

28.8
tr
7.1

1.6



Table A6 - 3. UDOM from Delaware River and estuary

October 2011
Fatty acid River ETM Chl a max
(% of total)
12:0 tr - -
13:0 tr - tr
14:0 1.0 2.2 1.6
14:109 tr - tr
14:107 - 0.2 -
15:0 tr 1.1 1.0
15:1 tr - -
16:0 28.7 32.3 29.7
16:107 tr - -
117 tr - -
al7 tr 1.3 1.0
17:0 1.4 1.4 1.2
17:1 tr - -
18:0 56.3 40.3 43,7
18:1m9t - 8.8 7.9
18:1w9c 3.0 8.6 10.5
18:2mw6t tr - -
18:2mw6¢ tr - -
18:3w6 - - -
18:3w3 tr - -
20:109 tr - -
20:306 - - -
20:303 tr - -
20:406 - - -
20:403 - - -
22:0 2.6 1.9 1.2
22:109 1.2 tr -
22:107 - - -
22:2 tr - -
22:6m3 - tr -
24:0 1.7 tr 1.7
24:1 - - -
26:0 - - -
28:0 - - -
30:0 - - -

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits
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Table A6 - 4. UDOM from Delaware River and estuary

August 2012

Fatty acid River ETM Chl a max
(% of total)

12:0 2.7 1.4 1.3
13:0 1.0 tr tr
14:0 4.0 2.2 4.7
14:109 - tr tr
14:107 1.2 - -
15:0 2.2 1.4 1.8
15:1 tr - tr
16:0 26.3 335 343
16:1w7 - - -
117 2.0 - -
al7 2.5 tr tr
17:0 1.7 1.4 1.4
17:1 1.1 - tr
18:0 31.8 47.7 43.6
18:1w9t tr - -
18:109c 2.5 1.0 2.5
18:2w6t tr - tr
18:2mw6¢ - tr -
18:3w6 - - -
18:3w3 1.0 - tr
20:109 tr - -
20:3w6 - - -
20:3w3 2.7 - tr
20:406 tr - -
20:4m3 - - -
22:0 32 3.5 -
22:1m9 1.5 - 1.3
22:1w7 - - -
22:2 2.1 - -
22:603 - - -
24:0 6.1 4.4 3.6
24:1 - - -
26:0 - - -
28:0 - tr tr
30:0 - - -

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits
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APPENDIX 7: UDOM PLFA Composition

Table A7 - 1. UDOM from Delaware River and estuary

October 2010
Fatty acid River Chla max  Bay Mouth
(% of total)
12:0 tr tr Excluded from
13:0 tr tr data analysis
14:0 5.1 5.2
14:1m9 tr -
14:1w7 - -
15:0 2.7 2.4
15:1 tr -
16:0 35.6 35.6
16:1w7 7.1 5.0
117 tr tr
al7 tr tr
17:0 1.8 -
17:1 tr 2.0
18:0 325 349
18: 109t tr tr
18:1w9¢ 5.5 3.9
18:2w6t - -
18:2m6¢ tr tr
18:3w6 - tr
18:3w3 tr 1.9
20:109 - tr
20:2 - -
20:3w6 - tr
20:3w3 - tr
20:406 tr tr
22:0 tr tr
20:5w3 - -
22:109 tr tr
22:2 - -
22:5m03 - 2.2
22:6m3 - tr
24:0 1.9 -
24:1 - -
26:0 tr tr
28:0 tr tr
30:0 - -

tr, denotes trace amounts (< 1 % of FA)
-, denotes below detection limits
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