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CHAPTER 1: INTRODUCTION
This dissertation examines distributions of stable nitrogen isotope values
(δ15N) in eastern oyster (Crassostrea virginica) tissues to investigate the potential of
this species to serve as a bioindicator of nitrogen sources. Nitrogen has been
identified as a limiting nutrient and a key factor in eutrophication in many estuarine
ecosystems (e.g. Vitousek et al. 1997, Kennish 2002, Bricker et al. 2008,) including
Chesapeake Bay (e.g. Horton 2003, Kemp et al. 2005, Fisher et al. 2006) and
Maryland’s Coastal Bays (Wazniak et al. 2007, Dennison et al. 2009).
The current conceptual model of eutrophication (Cloern 2001) includes
linkages to degraded water quality and hypoxia (Paerl et al. 1998, Smith et al. 1999),
(in some cases harmful) algal blooms (Paerl 1997, Anderson et al. 2002, Glibert et al.
2007), changes in seagrass populations (Kiddon et al. 2003, Orth and Moore 1987),
and declines in diversity/ abundance of fisheries (Boynton 1993, Wazniak and Glibert
2004, Tyler 2007). Numerous anthropogenic nitrogen sources are delivered to
estuaries, including wastewater effluents, septic systems, animal manures, runoff
from agricultural and residential fertilizers (both synthesized and manures),
atmospheric deposition. (Valiela 1995, Schlesinger 1997, Vitousek et al. 1997).
Once mixed in estuaries, nitrogen can be difficult to link back to specific
sources, which is often overlooked in monitoring programs. Yet tracking and
mapping nitrogen sources through the utilization of δ15N bioindicators could target
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nutrient reduction efforts and potentially help reach established nitrogen management
and restoration goals (Boesch et al. 2001).

Nitrogen measurements, sources, transport and cycling
Nitrogen has a complicated biogeochemical cycle (Figure 1.1) that includes
numerous transport and transformation mechanisms between global and local sources
and sinks (Valiela 1995, Schlesinger 1997). The major reservoir of nitrogen is the
atmosphere, in the form of N2, which is stable and generally biologically unreactive
due to a triple bond. N2 is made more biologically available to terrestrial and aquatic
ecosystems naturally by fixation, i.e. transformation to other compounds by a few
species including nitrogen-fixing cyanobacteria, legumes that host rhizobium bacteria
in root nodules, and certain trees (Schlesinger 1997). Additionally, the Haber-Bosch
process is an industrial method for nitrogen fixation and has been employed to yield
munitions and synthetic fertilizers, among other products (Smil 2000). Anthropogenic
nitrogen fixation, including soybean cultivation, now exceeds natural nitrogen
fixation processes on a global scale (Galloway et al. 2004).
Associated human activities reliant on industrial nitrogen fixation (e.g
agriculture) are increasingly dominating the global nitrogen cycle, resulting in
accumulation of reactive nitrogen in most environmental reservoirs (Galloway et al.
2004). Aside from atmospheric N2 gas, nitrogen bonds with hydrogen and oxygen
through various processes including nitrification (oxidation to nitrate),
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ammonification (reduction to ammonium), and volatilization (phase transformation to
gas), and is most available biologically as ammonium (NH4+) and nitrate (NO3-).
Nitrogen applied agriculturally can remain in soils, be incorporated by
primary producers (crops), or oxidized into highly soluble nitrate and exported to
aquatic ecosystems via overland flow, groundwater, or surface water, eventually
entering surface water, estuaries, and coastal waters. There, it can be taken up by
aquatic primary producers and subsequently assimilated by consumers (which lose
nitrogen via excretion and defecation), both of which can be consumed or decay and
either enter the dissolved organic nitrogen pool or be regenerated as NH4+.
Denitrification and annamox (an abbreviation for ANaerobic AMMonium OXidation)
complete the cycle, returning inorganic nitrogen to the atmosphere as unreactive N2.
Denitrification is a multi-step reduction of nitrate (NO3-) or nitrite (NO2-) to
nitric (NO) and nitrous (N2O) oxides and further reduction to unreactive nitrogen gas
(N2) thereby returning nitrogen to the atmosphere. Annamox was recently discovered
(Mulder et al. 1995) to directly reduce ammonium (NH4+) and nitrite (NO2-) to
nitrogen gas (N2) and water (H2O). These reactions are mediated by microbial
heterotrophs under anaerobic conditions (Arrigo 2005) with a sufficient carbon
supply, as the bacteria use these compounds as terminal electron acceptors in the
absence of oxygen. Globally, denitrification is most prevalent in terrestrial
ecosystems, in suboxic oceanic water columns, and in continental shelf sediments but
only minimally in estuaries (Wada et al. 1975, Seitzinger et al. 2006). Possibly,
coupling of denitrification and annamox may be the dominant process for nitrogen
3

removal from the world’s marine oxygen minimum zones (Gruber and Sarmiento
1997).
Ecologically, denitrification has remained an elusive aspect of the nitrogen
cycle for three main reasons: 1) Very high precision is required as the small signal of
N2 production is difficult to measure accurately with a N2 dominated atmospheric
background (Davidson and Seitzinger 2006, Groffman et al. 2006) and older
techniques (acetylene inhibition) underestimated rates compared to newer techniques
(membrane inlet mass spectrometry; Seitzinger et al. 1993, Kana et al. 1994,
Cornwell et al. 1999). 2) Environmental drivers have not fully been identified
(Cornwell et al. 1999), though water residence time is recognized as one such factor
due to rate-limiting nitrate diffusion across the water-sediment interface (Dettman
2001, Sebilo et al. 2003, Seitzinger et al. 2006, Klocker et al. 2009). 3) Denitrification
rates are highly variable both spatially (e.g. at the km scale; Scala and Kerkhof 2000)
and temporally (low in spring and summer; Kemp et al. 1990, Chen et al. 2009).

Isotope cycling and biogeochemistry
In addition to its biogeochemical cycle, nitrogen has several isotopes (nitrogen
atoms with seven protons but various numbers of neutrons yielding atomic masses of
10 to 25). Of the ten nitrogen isotopes produced synthetically, 13N (6 neutrons) has a
half-life of less than 10 minutes and is used in medicine to label ammonia for positron
emission tomography (PET, e.g. Muzik et al. 1993) while the others have half-lives
on the order of seconds or less. In contrast, both 14N (7 neutrons) and 15N (8 neutrons)
4

are stable and are the current focus. For definition, δ15N (units of per mille, ‰) is the
ratio of atomic ratios (R = 15N/14N) in a sample compared to a standard, which is
amplified partly to help visualize very precise and subtle numerical differences
(Equation 1). Atmospheric N2 is the standard reference for comparison, with 15N
abundance of 0.3663% and is defined as 0 ‰ with instrumental error approximately ±
0.2 ‰ (e.g. Fry 2006).

⎡ Rsample
⎤
δ 15 N = ⎢
−1⎥ × 10 3
⎣ Rstandard
⎦

Equation 1.1

Two main processes can alter δ15N values throughout various aspects of the
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nitrogen cycle: mixing (which yields δ15N values intermediate with respect to its
original constituents) and fractionation (which yields products with values both
enriched and depleted in δ15N relative to the starting value).
While mixing effects on δ15N values are relatively intuitive, Isotopic
fractionation occurs when nitrogen bonds are broken or formed during chemical
reactions, and most isotope effects discriminate against the heavier isotope due to a
faster kinetic reaction rate for the ‘lighter’ 14N as compared to the ‘heavier’ 15N; the
latter requires slightly larger activation energy (Fry 2006). Since a particular pool of
nitrogen undergoing a reaction contains 14N and 15N, the ratio of their kinetic reaction
rate constants yields a fractionation factor for that reaction; in other words, a
difference in δ15N value due to that reaction. For example, from the fractionation
factor which occurs during digestion and waste elimination, there is a mean
enrichment or ‘trophic shift’ of ~ +3.4 ‰ at each trophic step (Minagawa and Wada
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1984, Adams and Sterner 2000) due to preferential loss of the lighter 14N during
deamination. Variations in trophic shifts are associated with the processes of nitrogen
assimilation and excretion (Vanderklift and Ponsard 2003) or sample type and
method (McCutchan et al. 2003). Values of δ15N at the food chain base are used to
establish organisms’ trophic positions and food webs (Pasquaud et al. 2007).
Fractionation effects can be utilized to track human or animal wastes
(Figure 1.2) since these nitrogen sources become enriched in δ15N relative to food to
measured values ranging 5 to 8 ‰, (Sweeny and Kaplan 1980, Tucker et al. 1999,
Leavitt et al. 2006, Kendall et al. 2007) during a combination of ammonia
volatilization and denitrification in waters contaminated with waste products
(McClelland and Valiela 1998, Altabet 2006, Kendall et al. 2007). Volatilization is
kinetically faster for 14N and denitrifying microbes preferentially reduce 14N
(Wellman et al. 1968, Mariotti et al. 1982). Thus, both volatilization and
denitrification processes discriminate against the heavier 15N and enrich the
remaining nitrogen with 15N compared to the gaseous NH3 (ammonia) or N2 product
(Miyake and Wada 1971, Cline and Kaplan 1975, Kendall 1998). Many wastewater
treatment plants implement Biological Nutrient Removal, promoting microbially
mediated denitrification to remove nitrogen at rates higher than those found in natural
ecosystems and leaving effluent enriched in δ15N. In contrast, nitrogen fixation (both
biological and industrial) does not result in measurable fractionation (Hoering and
Ford 1959), thus fertilizers synthesized from atmospheric N2 (0 ‰) have
corresponding δ15N values, generally ranging from -4‰ to +4‰ (Hübner 1986,
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Macko and Ostrom 1994, Vitoria et al. 2004). In general, δ15N values from these
nitrogen sources can serve as comparative signatures that vary predictably through
food chains (i.e. adjusted for fractionation due to assimilation and trophic shifts) and
can be measured in selected bioindicator species. Since dissolved inorganic nitrogen
can be transformed, fractionate, and fluctuate quickly (e.g. Horrigan et al. 1990), its
δ15N values reflect the very short-term and may be considered a ‘snapshot’ in time.

Bioindicator δ15N can determine nitrogen sources
The expanding literature on bioindicator δ15N suggests that organisms in a
variety of taxonomic groups can identify anthropogenic nitrogen sources. Examples
include: macrophytes (e.g. McClelland et al. 1997, Fourqurean et al. 1997, Costanzo
et al. 2001, Cole et al. 2004, Cohen and Fong 2006, Benson et al. 2008), finfish (Lake
et al. 2001, Schlacher et al. 2005), mollusks (Fila et al. 2001, McKinney et al. 2001),
or a combination (Schlacher et al. 2001, Gartner et al. 2002, Fry et al. 2003).
Analyzing δ15N in different functional groups can provide insight into
nitrogen cycling and how human and animal wastes are incorporated into different
subsets of the overall community within the ecosystem. Dissolved inorganic nitrogen
concentrations and δ15N values, along with particulate nitrogen δ15N values, have
shown the dominance of spring phytoplankton and fall microbially-mediated
transformations in Chesapeake Bay (Horrigan et al. 1990, Montoya et al. 1990).
Species from different functional groups have been able to provide insights into
nitrogen source over different time scales (Gartner et al. 2002, Lorain et al. 2002),
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and particulate nitrogen has been shown to change over roughly a week, with
variability greater in spring than in fall (Montoya et al. 1990) suggesting greater
influence on nitrogen cycling by phytoplankton and zooplankton in spring than fall.
Macroalgae uptake nitrogen directly from the water column, generally preferring
NH4+, and rapidly undergo nitrogen turnover. This integrates nitrogen sources over a
period of days (Costanzo et al. 2001, Montoya et al. 1990), while shellfish integrate
over months (Moore 2003) due in part to feeding on phytoplankton and rates of new
tissue growth and tissue repair. Discrepancies between primary producer and primary
consumer δ15N values might be magnified by a time lag due to different rates or
modes of assimilation (direct uptake from water column vs. indirect via consuming a
mixture of microorganisms, phytoplankton, detritus and inorganic particles) to reflect
ambient δ15N (Langdon and Newell 1990, Cohen and Fong 2005). Primary producer
δ15N values might provide direct incorporation of dissolved inorganic nitrogen, but
consumer δ15N values may provide longer temporal integration.
Bioindicator applications in consumers can benefit from measuring δ15N in
multiple tissues within a species because nitrogen turnover rates vary by tissue,
offering monitoring resolution at various time intervals within a single species
(Figure 1.3). Australian Sydney rock oysters (Saccostrea commercialis) tissues have a
nitrogen half-life of one week (mantle), two weeks (gills), and more than three
months (adductor muscle; Moore 2003). Similarly, bioindicator studies could benefit
from deployment of multiple species within a functional group because temporal
integration varies among species (a pattern observed in mammals, birds, and
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mollusks; DeNiro and Epstein 1981, Tieszen et al. 1983, Hobson and Clark 1992,
Garton et al. 2005), thereby also offering monitoring resolution at desired intervals
while controlling assimilation mechanism and avoiding potential confounding effects
due to δ15N trophic shifts. In either scenario, staggered deployment of bioindicators
could provide a more complete inference of changes in nitrogen source to a biological
community, e.g. the benthos, over weeks, months, or even a year (Fila et al. 2001,
McKinney 2002, Moore 2003, Dattagupta 2004).
Interpreting δ15N values in bioindicators requires caution because terrestrial
nitrogen sources may have complicated pathways with the potential for modification
of δ15N values before reaching aquatic biological indicators (Kendall 1998, Altabet
2006, Fry 2006). Nitrogen from animal manures, for example, can be further
fractionated during volatilization (Cline and Kaplan 1975, Kendall 1998, McClelland
and Valiela 1998, Altabet 2006, Fry 2006), and dissolved nitrate can undergo
denitrification in terrestrial ecosystems before transport to aquatic ecosystems
(Mariotti et al. 1982, Shearer and Kohl 1988, Seitzinger et al. 2006). Further, δ15N
signatures may be modified by fractionation associated with the bioindicator species
itself due to metabolic factors such as nutritional stress (Hobson et al. 1993, Fuller et
al. 2005), weight change, life stage (Grant and Kopple 2009), gestation (Fuller et al.
2005), and starvation (Hobson et al. 1993, Haubert et al. 2005, Boag et al. 2006).
Careful attention to species selection, bioindicator growth and %N is necessary to
minimize these potential sources of error and confounding effects.
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Oysters, macroalgae as bioindicators of nitrogen source
Ideally, candidate bioindicator species intended for deployment meet several
pragmatic criteria. These species should be 1) able to be collected in sufficient
quantities; 2) hardy and able to be transplanted across a variety of environmental
regimes (e.g. salinity); 3) resistant to expected concentrations of anthropogenic
nitrogen and yield minimal mortalities; 4) sedentary to facilitate deployment and
collection; and 5) easily prepared for sample analysis to facilitate timely examination
of numerous samples.
In addition to serving as representative primary producer and consumer
respectively, the red macroalgae Gracilaria sp. and the native eastern oyster
Crassostrea virginica meet all of these ideal criteria. Therefore, these two species
were deemed suitable for analysis and potentially successful bioindicator species.
Gracilaria sp. is found abundantly in natural communities along Maryland’s Coastal
Bays (Jones et al. 2004) and can thus be collected for deployment at desired locations.
In contrast, C. virginica must be cultured for deployment in Chesapeake Bay and
Maryland’s Coastal Bays because historically abundant populations in these areas
were decimated by over-fishing, pollution and disease (Kennedy and Breisch 1983).
Cultured oysters also result in a cohort characterized by similar ages and genetic
diversity, controlling for these potentially confounding variables. Cultured oyster
specimens are available from the University of Maryland Center for Environmental
Science Horn Point Laboratory Aquaculture and Restoration Ecology Laboratory and
from the Chesapeake Bay Foundation’s Oyster Gardening Program.
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Assessing water quality changes in Chesapeake Bay
Chesapeake Bay and Maryland’s Coastal Bays are ideal locations to examine
nitrogen sources and linkages with water quality at multiple spatial scales.
Chesapeake Bay is the largest (~300 km long, 11,600 km2 surface area) and arguably
most studied estuary in the United States with a mixed-use watershed (164,200 km2).
Maryland Coastal Bays (~70 km long, 600 km2 surface area) provide a
complementary study site and are also well studied (though to a lesser extent). Total
nitrogen loads to Chesapeake Bay per estuarine area (14 g N m-2 year-1; Boynton et al.
1995) vary between wet or dry years (Hagy et al. 2004), and inputs are derived from
diffuse watershed sources (60%), watershed point sources (28%), and atmospheric
deposition (12%) while the majority of nitrogen loss is due to denitrification (26% of
total nitrogen inputs) and long-term burial (35%), with only minimal loss by fisheries
(9%; Kemp et al. 2005). Phytoplankton absorb both NH4+ and NO3- roughly in
proportion to concentration despite an overall gradient of dissolved inorganic nitrogen
concentrations (Montoya et al. 1990) and δ15N values (Horrigan et al. 1990) in
Chesapeake Bay. These studies showed that local processes are critical in determining
isotopic values, thus particulate δ15N distribution lacked a consistent Bay-wide
pattern (Horrigan et al. 1990, Montoya et al. 1990). Since nitrogen largely enters
Chesapeake Bay as inorganic forms and is largely exported to the ocean as organic
forms (Kemp et al. 1997), Chesapeake Bay does not merely transport nutrients to the
ocean (Borum 1996, Nixon et al. 1996), but rather facilitates the processes of active
uptake, transformation, and production.
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Anthropogenic pressures on these natural processes increased dramatically
over the 400 years of European settlement. Collectively, they changed watershed
characteristics (Brush et al. 1980, Curtin et al. 2001), increased eutrophication (e.g.
Brush 1984, Kemp et al. 2005), and depleted bottom water oxygen concentrations
(hypoxia/anoxia during the last 50 years; Cooper & Brush 1991, 1993, Karlsen et al.
2000, Zimmerman & Canuel 2000, Adelson et al. 2001, Hagy et al. 2004). Further,
water clarity declined due to algal blooms (Gallegos and Jordan 2002), which altered
primary production (Harding 1994, Harding and Perry 1997, Kemp et al. 2004, 2005,
Glibert et al. 2007) and food webs (Holland et al. 1987, Hagy 2002). Overall, habitats
such as marshes (Kearney et al. 2002) and seagrass meadows (Orth and Moore 1987,
Kiddon et al. 2003) have been lost, fisheries have been depleted (Kennedy and
Breisch 1981, Rothschild et al. 1994, Breitberg 2002, Smith et al. 2003) or in
summary, ecosystem services have been degraded (Newell 1988). Vertical patterns of
δ15N (increasing by ~ 4‰) in sediments cores collected from Chesapeake Bay
indicate periods of oxygen depletion, intense denitrification, and nutrient recycling
starting around A.D. 1750 to 1800 that are coincident with the advent of widespread
land clearing, tillage, erosion and sedimentation (Bratton et al. 2003).
To a great extent, physical, chemical, and biological indicators are routinely
used for monitoring the spatial and temporal extent of eutrophication, its impacts, and
associated nutrient cycling and transport. Water quality monitoring is crucial to
observe and document eutrophication symptoms. Yet merely monitoring and
summarizing water quality data has not resulted in eutrophication reversal in
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Chesapeake Bay (Kemp et al. 2005). Innovative reporting of integrated ecosystem
health assessment (Williams et al. 2009, Longstaff et al. 2010) and comparisons with
restoration goals (Chesapeake Bay Program 2010) can track progress but these
techniques have associated challenges. Reaching consensus on defining metrics and
thresholds to assess water quality has been difficult to achieve (for examples, see
Suter 1993; Ferreira 2000, Ebersole et al. 2002, Kennish 2002, Kiddon et al. 2003,
Borja et al. 2004, 2009, Williams et al. 2009). Furthermore, water quality data are
resource intensive to generate over the long-term at appropriate time and spatial
intervals, may not indicate underlying causes or nitrogen sources, and often do not
reflect linkages with living resources. Bioindicators may address these limitations.

Analyzing oyster δ 15N at three scales in Chesapeake Bay
To quantify relationships between oyster δ15N and overall water quality and to
identify potential influencing or confounding factors, this dissertation examines
baseline information on oyster δ15N at various locations and then applies this tool at
three spatial scales: 1) a small scale (~50 km2) at Monie Bay, National Estuarine
Research Reserve; 2) an intermediate scale (~160 km2) in Maryland’s Coastal Bays;
and at 3) a large scale (~11,600 km2) in Chesapeake Bay’s tributaries (Figure 1.4).
Baseline oyster δ15N observations were made in mesohaline tributaries of
Chesapeake Bay: Monie Bay (38°13’30”N, 75° 50’00”W), South River (38°57’11”N,
76°34’21”W), Severn River (38°56’42”N, 76°28’1”W), and Choptank River
(38°35’36”N, 76°07’43”W). Manipulative fieldwork, monitoring, and modeling
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datasets are explored in these tributaries to verify convergence of oyster δ15N upon a
local ambient δ15N signature after transplantation and quantify the time required to
expose oyster bioindicator deployments. Additionally, seasonal patterns of δ15N
values and oyster tissue integration are explored. This chapter examines pragmatic
questions related to understanding the utility and deployment of oyster bioindicators.
Oysters were deployed at a small spatial scale (~50 km2 water surface area) in
Monie Bay National Estuarine Research Reserve (38°13’30”N, 75°50’00”W) to
1) link living resources with water quality; 2) identify nitrogen in this shallow estuary
(1.9 ± 0.1 m mean depth) derived from various land uses (including poultry
production, crop agriculture, and protected wetlands); and 3) examine implications of
nitrogen generation by poultry production across Delmarva Peninsula. Monie Bay’s
watershed serves as a ‘natural laboratory’ because different proportions of multiple
anthropogenic nitrogen sources are available to three tributary creeks.
Comparison of macroalgae and oyster δ15N bioindicators was conducted at an
intermediate spatial scale (160 km2 water area) throughout Maryland’s (and some of
Virginia’s) Coastal Bays including Chincoteague Bay (38°15′14′′ N, 75°11′57′′ W in
the north to 37°54′14′′ N, 75°24′38′′ W in the south). Unusual precipitation events in
2006 afforded an opportunity to examine the response by macroalgae and oysters to a
nutrient pulse. Further, these events enabled inferences to be made regarding
bioindicator temporal/spatial integration in comparison to water quality metrics.
The utility of deploying oyster bioindicators at a very large scale (11,600 km2)
subject to physical gradients such as salinity (Pritchard 1956, 1967) and tributary
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flushing time (Wazniak et al. 2009) was assessed in Chesapeake Bay, from tributaries
extending from Annapolis, MD to Virginia Beach, VA. This broad survey seeks to
identify the maximum spatial extent at which oysters can serve as nitrogen source
bioindicators. Further, this project demonstrates how existing large-scale citizen
scientist and monitoring programs can be leveraged for mutual benefit.
Collectively, the importance of these projects is to establish oyster δ15N as a
bioindicator of nitrogen sources that integrates temporally and is capable of
deployment at multiple spatial scales for mapping nitrogen sources, even if extant
populations are unavailable. This dissertation seeks to understand the factors that
influence oyster δ15N at multiple spatial scales and increase understanding of
bioindicator functionality and application relevant to eutrophication in Chesapeake
Bay and coastal ecosystems worldwide.

Dissertation outline
This dissertation examines the distribution of δ15N values in oyster
(Crassostrea virginica) tissues, assesses its utility as a bioindicator species, and
applies this technique at three spatial scales to verify the ability to infer nitrogen
source from this data. Chapters 2 through 5 (inclusive) are in various stages of
publication (Table 1.1). Specific aims and questions addressed are listed here.
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•

Chapter 1 has provided detailed background on the theory, application, and
potential caveats relevant to employing bioindicator δ15N values to identify and
track anthropogenic nitrogen sources.

•

Chapter 2 examines preliminary baseline information, including variability in
δ15N across individuals, tissues, and seasons, to identify key physiological factors
controlling δ15N and answer practical questions for bioindicator deployment.
o What sample size optimally balances error with effort?
o After shared deployment in new locations, do δ15N in oysters from two
locations converge to water column δ15N values?
o How long must oysters be deployed and exposed to nitrogen sources to
reflect a change in source, and what is the duration of their temporal
integration?
o To what extent does oyster δ15N vary seasonally?

•

Chapter 3 addresses linkages of oyster δ15N with water quality and land use
(particularly poultry operations, crop agriculture, and wetlands) at the small scale
(10s of km2) in Monie Bay (National Estuarine Research Reserve) and Delmarva
Peninsula.
o Can oyster δ15N link water quality, nitrogen source, and living
resources?
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o What role does denitrification play in the nitrogen isotope ratios
observed in Monie Bay and its creeks?
o What nitrogen sources are available to Monie Bay and its creeks?
•

Chapter 4 compares relative roles for biological indicators in different functional
groups (oysters as consumers, macroalgae as primary producers) at an
intermediate spatial scale (100s of km2) in Maryland’s Coastal Bays.
o What are the relative capabilities of macroalgae and oysters to detect
nitrogen from human and animal wastes?
o What are the broad scale spatial patterns of nitrogen from wastes
spanning these coastal bays (~600 km2)?
o What are the fine-scale spatial patterns of influence by nitrogen from
human and animal wastes within regions (ranging from ~10 to 50 km2)
of Maryland’s Coastal Bays?

•

Chapter 5 applies oyster δ15N as a bioindicator to identify relationships with
flushing time, salinity, and oyster size and to map nitrogen sources at a large scale
(1,000s of km2) throughout Chesapeake Bay and its tributaries.
o Do broad spatial gradients of salinity or water flushing time influence
oyster δ15N or δ13C, and are these affected by oyster size?
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o By integrating nitrogen sources temporally and spatially, is oyster δ15N
related to land use, overall stream health, or overall health of
Chesapeake Bay at either the tributary or entire bay scale?
o What broad spatial patterns of nitrogen sources are evident in
Chesapeake Bay and its tributaries?
o What spatial evidence does oyster δ15N provide for the relative
contribution of direct inputs vs. diffuse anthropogenic inputs?
•

Chapter 6 summarizes the overall successes and limitations of oyster δ15N to
identify and map anthropogenic nitrogen sources at these spatial scales, and
comments on the contribution of this dissertation to ecology and its applications.
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Abstract
Stable nitrogen isotopes (δ15N) in bioindicators are increasingly employed to
identify nitrogen sources in many ecosystems, and biological characteristics of the
eastern oyster (Crassostrea virginica) make it an appropriate species for this purpose.
To assess nitrogen isotopic fractionation associated with assimilation and baseline
variations in oyster mantle, gill, and muscle tissue δ15N, manipulative fieldwork in
Chesapeake Bay and corresponding modeling exercises were conducted. This study
1) determined that five individuals represented an optimal sample size; 2) verified
that δ15N in oysters from two locations converged after shared deployment to a new
location reflecting a change in nitrogen sources; 3) identified required exposure time
and temporal integration (four months for muscle, two to three months for gill and
mantle); and 4) demonstrated seasonal δ15N increases in seston (summer) and oysters
(winter). As bioindicators, oysters can be deployed for spatial interpolation of
nitrogen sources, even in areas lacking extant populations.
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Introduction
Measurements of stable nitrogen isotopes (δ15N) are increasingly used to
identify nitrogen inputs from anthropogenic sources; agricultural runoff as well as
human and animal wastes (Costanzo et al., 2001; Kendall, 1998; McClelland et al.,
1997). Many examples suggest the suitability of δ15N in many organisms for this
purpose, including macrophytes (e.g. Benson et al., 2008; Cohen and Fong, 2006;
Cole et al., 2004; McClelland et al., 1997), finfish (Lake et al., 2001; Schlacker et al.
2005), and mollusks (Fila et al., 2001; McKinney et al., 2001; McKinney et al.,
2002), or some combination (Fry et al., 2003; Gartner et al., 2002). Enriched δ15N
signatures in sewage or animal waste arise from isotopic discrimination due to a
combination of ammonia volatilization and denitrification at the source or by
microbial processing employed by wastewater treatment facilities (Fry, 2006;
McClelland and Valiela, 1998; Sweeny and Kaplan, 1980; Tucker et al., 1999). In
contrast, synthetic fertilizers are ‘fixed’ from atmospheric N2 (0‰) and have
corresponding δ15N values: generally -4 to +4 ‰ (Hübner, 1986; Macko and Ostrom,
1994; Vitoria et al., 2004).
Terrestrial nitrogen sources may have complicated pathways before reaching
aquatic biological indicators, and isotopic signatures can be modified or mixed en
route; therefore, interpretations must consider alternative hypotheses (Fry, 2006;
Kendall, 1998). Nitrogen from animal manures, for example, can be fractionated
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during volatilization which favors 14N and enriches the remaining nitrogen pool with
15

N (Altabet, 2006; Cline and Kaplan, 1975; Fry, 2006; Kendall, 1998; McClelland

and Valiela,1998), and dissolved nitrate can be microbially denitrified to gaseous N2,
elevating the remaining nitrate pool (Mariotti et al. 1982; Shearer and Kohl 1988).
Once entering estuarine waters, dissolved inorganic nitrogen is assimilated by
phytoplankton and subsequently consumed by oysters with an accompanying
enrichment of 3 – 4 ‰ at each trophic step as fractionation occurs during digestion
and waste elimination (Adams and Sterner, 2000; Minagawa and Wada, 1984).
Further, δ15N signatures may vary due to metabolic factors including nutritional stress
(Fuller et al., 2005; Hobson et al., 1993), weight change, life stage (Grant and
Kopple, 2009), gestation (Fuller et al., 2005), and starvation (Boag et al., 2006;
Haubert et al., 2005; Hobson et al., 1993).
Measuring δ15N in biological indicator species, particularly bivalves such as
the eastern oyster (Crassostrea virginica), can provide different information than
direct measurements made on nitrogen in groundwater (Aravena et al., 1993; Jin et
al., 2004; Lefebvre et al., 2007), the water column (Cole et al., 2006), or sediments
(Tucker et al., 1999), as oysters integrate spatial and temporal variability. Bivalves
indicated a variety of contaminants (Bebianno et al., 2004; Carmichael et al., 2008;
Kimbrough et al., 2008) including nitrogen sources (Daskin et al., 2008; Fila et al.,
2001; McKinney et al., 2002; Moore and Suthers, 2005), and δ15N in filter feeders has
been compared to that in primary producers as bioindicators of nitrogen sources
(Fertig et al., 2009; Fry et al., 2003). In Chesapeake Bay, oysters’ historic prevalence
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(Newell, 1988) and ecological roles (Kemp et al., 2005) make this species an ideal
bioindicator, and additionally oysters are sessile, hardy, euryhaline, and tolerant to
transplantation (Powell and Ashton-Alcox, 2004), enabling deployment in numerous
locations for spatial assessments. Further, oysters assimilate nitrogen from suspended
particulate organic matter (phytoplankton, other microbes, as well as detritus;
Langdon and Newell, 1996) throughout their lives, and do not substantially change
diets post-metamorphosis or with developmental stages (i.e. ontogenetic shifts).
Therefore, the length of usefulness is not limited by life cycle patterns, in contrast to
some species of arthropods (Haubert et al., 2005), crustacean zooplankton (Ventura
and Catalan, 2008), and estuarine fish (Griffin and Valiela, 2001; Witting et al. 2004).
Knowledge gaps about stable isotopes in organisms persist, including the
influence of variables such as locality, tissue type, seasonality, and temporal
integration and are addressed in this work. Convergence of δ15N to new conditions
was observed experimentally after diet changes (Adams and Sterner, 2000) and postdeployment in the field (Daskin et al., 2008; Dattagupta et al., 2004), but not
previously for C. virginica in a water body with a large, multi-use watershed. To
account for δ15N variation in C. virginica, a baseline was established through
fieldwork and modeling exercises to investigate oyster muscle, gills, and mantle in
areas of Chesapeake Bay. Specifically, the following research topics were addressed:
1) optimization of sample size; 2) verification that δ15N in oysters from two locations
converged to water column δ15N values after shared deployment in new locations;
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3) identification of required exposure time and duration of temporal integration; and
4) assessment of seasonal variations.

Methods and Materials
Study Location
Fieldwork was conducted in Monie Bay and the South, Severn, and Choptank
Rivers (Figure 2.1a-d), which are tributaries in the mesohaline region of Chesapeake
Bay (Chesapeake Bay Program, 2004). Measurements of standard water quality
metrics (salinity, temperature, and dissolved oxygen concentration and saturation) in
these regions were conducted using a standard YSI 85 handheld dissolved oxygen and
conductivity instrument (YSI Inc.), and Secchi depth was also measured.
Isotope Analyses
Upon collection, oysters were kept on ice until frozen (-20 °C) at the
laboratory until preparation for isotopic analysis. For preparation, oysters were
thawed, shell height (mm) was measured with calipers, and individuals were
dissected to obtain the adductor muscle, gills, and mantle. Tissues were rinsed to
avoid contamination by carbonates from the shell and then oven dried (60 °C) until
completely dry (48 hours minimum). Dried tissues were ground and homogenized by
mortar and pestle (see Coleman and Fry, 1991; Knowles and Blackburn, 1993).
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Tissue sub-samples (1.0 ± 0.2 mg) were packed into tin capsules (Elemental
Microanalysis, pressed, standard weight, 8 × 5 mm).
Where specified, seston (60 ml) was also collected on pre-combusted glass
fiber filters (25 mm Wattman GF/F) for δ15N. Filters were packaged in tin foil and
kept on ice in the field and frozen in the laboratory until preparation for analysis.
Filters were thawed, thoroughly oven dried (60 °C), rolled, then pressed into tin foil
discs for isotopic analysis. Nitrogen content (µg N) and δ15N of oysters and seston
were analyzed by the University of California Davis Stable Isotope Facility using a
PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20
isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Calculations of molar
%N in oysters were also conducted to assess nutritional condition based upon the
calculated molar ratio of the sub-sample nitrogen content (µg) to sub-sample dry
weight (mg). For definition, δ15N = (Rsample/Rstandard – 1) × 103, where R was defined
as the 15N/14N ratio. The standard reference was atmospheric N2 (air), with 0.3663
atom % 15N, defined as 0‰ (e.g. Fry, 2006), and instrumental error was ± 0.2 ‰.
Isotopic analysis of dissolved inorganic nitrogen was conducted on 125 ml
filtered water column samples collected in May and June 2009. Methods described by
McIlvin and Altabet (2005) were used to reduce NO3- to NO2- and those described by
Zhang et al. (2007) were used to oxidize NH4+ to NO2-. All fractions converted to
NO2- were then reduced to N2O through a reaction with azide. These methods require
very low nitrogen sample size (15 nmols). For the McIlvin and Altabet (2005)
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method, Cd powder used for NO3- reduction was prepared as a slurry with deionized
water and 10% HCl, which was added drop-wise and mixed with an AerolatteTM
coffee stirrer. Addition of acid continued until the cadmium lost its brown color and
the overlying liquid was clear. Care was taken to avoid agglutinization. Modifications
from Zhang et al. (2007) included use of 4 ml of the BrO- working solution for a 20
ml of sample, immediate vigorous shaking for 30 seconds, 1 hour reaction time, and
0.8 ml arsenite reagent to stop the reaction. Also, 0.8 ml of 6 N HCl was added to a 5
ml aliquot to lower pH sufficiently for the colorimetric determination of
concentration (sulfanilamide method, Strickland and Parsons, 1972) of NO2- after
oxidation. For both NO3- reduction and NH4+ oxidation, , 0.87 mg NaCl was added to
bring chlorinity to that of seawater for samples with salinity < 5 (Millero, 2005).
Dissolved N2O gas was then analyzed on an isotope ratio mass spectrometer.
Reproducibility of δ15N values was ± 0.5 ‰.
Determination of Optimal Sample Size
Oysters were collected randomly from the Choptank River (38°34'19"N,
76°3'14"W) on 14 June 2005 and from the South River (38°55'51"N, 76°32'16"W) on
17 June 2005 (Figure 2.1a-c). Variability of standard errors was assessed to optimize
the trade-off between resolving power and expended effort using methods described
by Bros and Cowell (1987). The standard error of the deviations for δ15N data was
calculated for various sample sizes (2 – 20), which were randomly selected ten times
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for each tissue, and the mean, maximum, and minimum standard error of the
deviations of these selections was plotted against sample size.
Verification of Convergence After Shared Deployment
A transplantation study was conducted to verify that δ15N in oysters from two
locations converged towards a common δ15N value after shared deployment. Oyster
spat on shell were transplanted (Figure 2.1a, 2.1b, 2.1d) in June - October 2006 from
two Chesapeake Bay tributaries (the South River: 38°57’11” N, 76°34’21” W and the
Severn River: 38°56’42” N, 76°28’1” W) to 10 stations in Monie Bay and its three
creeks (38°13’30” N, 75°50’00” W). Two mesh (3.61 cm2 holes) bags were deployed
at each of the 10 stations such that both source tributaries were represented by a mesh
bag at each of the ten sampling stations (Figure 2.1a, 2.1b, 2.1d). Mesh bags
contained 20 oysters each, from their respective sources, and were anchored with
three bricks and suspended 0.5 m off the bottom using a marked buoy to minimize
sediment smothering. Five randomly selected surviving oysters (23% mortality rate
from 100% recovery of bags) from each source tributary were sampled for isotopic
analyses. The oysters were in apparent good health based on observations of new
growth and stable nutritional condition (%N). Fouling organisms and trapped
sediments were removed from mesh bags fortnightly or as needed to maintain water
flow through the mesh bags.
Multiple assessments were made to quantify the convergence of oyster δ15N
values after deployment and to verify that the post-deployment δ15N values resembled
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isotopic signatures of nitrogen sources at the location of deployment. Postdeployment δ15N values in oysters from the Severn River were plotted and regressed
(Proc Reg, SAS Institute) against post-deployment δ15N values in oysters from the
South River and regression slopes were tested for significant difference from the 1:1
line and from each tissue (Proc GLM, SAS Institute). Additionally, the convergence
of oyster δ15N was modeled (based on inputs of measured seston δ15N values) and
compared to measured δ15N values, as described below, to identify acclimatization
patterns over seasons and a range of environmental conditions and seston δ15N
values. Dissolved inorganic nitrogen δ15N values were compared to seston and oyster
tissue δ15N values to verify that each reflected ambient conditions in the water
column based on the assumption that most available nitrogen is assimilated by seston
and oysters. Isotopic fractionation varies widely (Wada et al. 1975; Hoch et al. 1992;
Montoya and McCarthy 1995; Waser et al. 1998; Pennock et al. 2006) due to algal
assimilation of nitrate (+1 to +19‰), nitrite (-9 to +4‰) and ammonium (-7 to +2‰),
and can be affected by nitrogen concentrations and algal species. Expected δ15N
values were generated by adding 3 to 4‰ per trophic level (i.e. seston assimilation by
oysters; Minagawa and Wada, 1984) to dissolved inorganic δ15N values. A trophic
fractionation of 3 to 4 ‰ is reasonable due to mesohaline salinities, likely dominance
of flagellate algal species, and low nutrient concentrations in Monie Bay (Wada et al.
1975; Montoya and McCarthy 1995; Waser et al. 1998). Expected oyster muscle
tissue δ15N values were adjusted by +1.0‰ based on observations and reported
muscle and other tissue δ15N values (Lorrain et al. 2002, Piola et al. 2006).
35

Quantifying Temporal Integration and Required Exposure Time
To identify temporal patterns of isotopic signatures and assess integration by
δ15N values in oyster tissues, periodic measurements of seston δ15N values and other
water quality metrics were conducted in Monie Bay and the Choptank River. In
Monie Bay (Figure 2.1a, 2.1d), seston δ15N values were measured six times during
the four-month deployment period, and means of each time period combination were
regressed against oyster tissue δ15N values. Additionally, δ15N values from each
tissue were assessed to identify if tissues integrated over different periods of time. In
the Choptank River, (38°35’36”N, 76°07’43”W, Figure 2.1a, 2.1c), variations of
salinity, temperature, dissolved oxygen, total nitrogen, total phosphorus (three
replicate 20 ml nutrient samples), seston (three 60 ml replicates collected and
analyzed for isotope values as described above), and oyster δ15N (mantle, gills, and
muscle tissues from five individuals) were observed monthly over two years. Total
nutrient concentrations were analyzed by standard methods (D’Elia et al. 1977;
Kerouel and Aminot 1987).
Required exposure times, seasonal oyster δ15N values, and optimal timing of
deployment were inferred by modeling the incorporation of seston δ15N into oyster
tissues. The model assumed the tissue in question (mantle, gills, or muscle) responded
due to a temperature dependent tissue turnover, which reflected a mixture of the
seston isotopic signal encountered (model input values) as well as a trophic shift (a
constant 3.0‰). Instantaneous scaled temperatures were calculated by interpolating
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temperature measurements between each time step and then normalizing the
temperature range between 1 (maximum in summer) and 0 (minimum in winter). In
Monie Bay and its creeks, the winter temperature minimum was assumed to be ~0°C
(Apple et al. 2006).
Specifically, each tissue was modeled according to the equation:

δO ( t ) = δO ( t − Δt ) − ΘT˜ (t)δO ( t − Δt ) Δt + ΘT˜ (t)(δ S (t) + τ ) Δt

€

Equation 2.1

In Equation 2.1,
t = current model time (day),
Δt = time step between model times (1 day),
δO = δ15N of the oyster tissue (‰),
δS = δ15N of the seston (‰),
T˜ (t) = normalized temperature as a function of time (°C),

€

Θ = tissue turnover rate at maximum normalized temperature (% tissue day-1),
τ = the change in δ15N due to a trophic shift (‰).
The input seston δ15N values, δS, was obtained by interpolating measured
seston δ15N values at each simulation time step, t. The normalized temperature values
( T˜ ) were obtained from water measurements interpolated to model times and
normalized to 1 at maximum observed summer temperature and 0 at minimum

€
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observed winter temperature. When sampling occurred over only one season (i.e. in
Monie Bay), the maximum summer temperature was assumed to be 30°C and the
minimum water temperature to be 0°C. Alternatively, the variable T˜ could be
obtained from a log10 transform of temperature as in Hall (1984) for greater accuracy

!

in future studies.

Finally, the maximum turnover rate (Θ) was determined by minimizing the
least squares model error (E) for the seasonal data set from the Choptank River:
n

E=

2

∑ (δOmeasured (ti ) − δOmodeled (t i )) ,

Equation 2.2

i=1

In Equation 2.2, i indexes each of the time steps at which oyster δ15N was measured

€
and

is the standard deviation of that measurement. This error measure is standard

to quantify the average deviation between the model and measured δ15N values of the
oyster, and is used implicitly in the parameter inference by regression in Moore
(2003), Witting et al. (2004), and Sweeting et al. (2005). The resulting parameters for
maximum tissue turnover (Θ) were 1.9% day-1 in mantle with (E = 4.7 ‰), 2.6% day1

in gill (E = 3.0 ‰), and 0.7% day-1 in muscle (E = 1.5 ‰). Literature values report

an average trophic shift of 3.4‰ per trophic level (Minagawa and Wada, 1984), so
scenarios of 3.0‰ to 4.0‰ were used for model verification and error assessment and
3.0‰ was selected as it yielded minimal error. Using these parameters, oyster tissues
were modeled and compared to measured data using measured seston δ15N values
over time in the Choptank River and further validated against an independent data set
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from Monie Bay. Finally, a constant value of seston δ15N (8.0 ‰) within the observed
range of seston δ15N values in Monie Bay was used as input to identify the length of
time it takes for oyster δ15N to stabilize under a constant maximum summertime
temperature (30°C) and under temperatures observed in the Choptank River across
seasons (starting in winter), providing the optimal deployment duration.

Results
Optimal Sample Size
Because of individual variability in δ15N values in oysters (58 ± 2 mm shell
height), it was necessary to determine the number of individual δ15N measurements to
average over (the sample size) that optimally balanced error with effort. For sample
sizes of 2 to 20, the mean, maximum, and minimum standard errors were compared
(Figure 2.2a-c) and as sample size increased, the maximum and minimum converged
upon the mean standard error, becoming increasingly balanced around the mean
value, with optimum balance at sample size five. The range of standard errors for
δ15N at sample size five for muscle (0.08), gill (0.07), and mantle (0.14) was larger
than the minimum range of standard errors for each tissue: muscle (0.03 at sample
size 20), gill (0.02 at sample size 17), and mantle (0.02 at sample size 19). However,
a minimum of five replicate samples were required (Figure 2.2a-c) to optimize
standard error.
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Convergence and Stabilization of δ15N Values
Oyster transplantations were conducted in the mesohaline region of
Chesapeake Bay, which was characterized by salinity ranging from 0.9 in upper
portions of tributaries to 15.0 near tributary mouths and temperatures that ranged
from 0.2 °C in winter to 29.1 °C in summer. Oxygen saturation fluctuated from 15.0
% to 115.6 % and dissolved oxygen concentrations were below 5.0 mg L-1 during
32 % of measurements in Monie Bay and 61 % of those in Choptank River. Secchi
depth ranged from 0.3 m to 2.8 m, with a mean of 1.0 m.
Initially, oyster δ15N was significantly and consistently higher in oysters from
the Severn River (48 ± 2 mm shell height) as compared to the South River (57 ± 1
mm shell height; all tissues p < 0.01, Table 2.1a, Figure 2.3a) but after transplantation
to Monie Bay, δ15N values in oysters converged to common values at each of the ten
stations (Figure 2.3a). Oyster tissue δ15N from both rivers declined from initial values
(12.3 ± 0.2 ‰ in South River and 13.7 ± 0.1 ‰ in Severn River, mean of all tissues;
Table 2.1a) after deployment in Monie Bay (11.3 ± 0.1 ‰, grand mean of all tissues
post-deployment; Table 2.1b; Figure 2.3a) as they fed on seston which also declined
in δ15N values during the deployment period (Figure 2.4a,b). Post- deployment, gill
and mantle δ15N in oysters from different initial rivers were not significantly different
at each of the stations along the δ15N gradient in Monie Bay although muscle δ15N
values were still significantly different between sites (Table 2.1b, Figure 2.3a). In
contrast to δ15N values, deployment in Monie Bay did not alter oyster nitrogen

40

content (%N), as %N did not vary among initial rivers before or after deployment in
Monie Bay (Table 2.1a,b; Figure 2.3b).
Convergence rates of δ15N values varied by tissue and metabolic activity.
When post-deployment δ15N values were plotted to compare oysters from the Severn
and South Rivers and exhibited a slope of 1.0, complete convergence of δ15N during
deployment was achieved, while plots with slopes < 1.0 indicated incomplete
convergence. Mantle (fastest tissue metabolism) had a slope of 1.0 (Figure 2.5a), gills
had an intermediate slope (0.92; Figure 2.5b), while muscle (slowest tissue
metabolism) had the lowest slope value (0.74; Figure 2.5c). Regressions of tissue
δ15N from both collection rivers were significant (all tissues p < 0.0001; R2 > 0.45),
but they did not significantly differ across all tissues (p > 0.05). Contrast analyses
between slopes indicated that muscle significantly differed from both gill and mantle
(df = 1, SS < 4.2, F = 14.22, p < 0.01) but that mantle and gill (more metabolically
active tissues) did not significantly differ (df = 1, SS < 0.10, F = 0.33, p < 0.57; Proc
GLM, SAS Institute).
Regardless of completion of convergence in each tissue, the post-deployment
oyster δ15N value resembled seston and dissolved inorganic nitrogen δ15N values in
Monie Bay (Figure 2.6). Measured δ15N values in each oyster tissue matched
expected values generated from a 50/50 mixture of ammonium and nitrate δ15N
values modified by two trophic shifts (Figure 2.6). Additionally, measured δ15N
values in oyster tissues matched both measured seston δ15N values (Figure 2.4a) and
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modeled oyster δ15N values (Figure 2.4b). Therefore, both measurements and
modeling indicate that oyster δ15N values resembled ambient signatures in Monie Bay
after deployment.
Required Exposure Time and Temporal Integration
Seasonal variations in seston and oyster δ15N values each related differently to
water quality metrics. Oysters grew (from a mean of 16 to 61 mm) over the course of
the study. Both seston and all oyster tissue δ15N values varied seasonally in the
Choptank River (Table 2.2), and were related to total nitrogen concentrations
(Table 2.3). Seston δ15N values were strongly related to temperature, and were
elevated during spring and summer (May – July), depleted in cooler months
(November to March; Table 2.2, Figure 2.7a), exhibited a significant positive
correlation with temperature and salinity and a significant negative relationship with
dissolved oxygen concentrations (Table 2.3). The relationship between seston δ15N
values and temperature was significant in both simple linear (p < 0.03) and multiple
regressions (seston δ15N = 7.881 + (0.236 Salinity) + (0.0847 Temperature) – (0.0745
Dissolved Oxygen mg L-1); mean squared error = 0.795, R2 = 0.73, p < 0.001).
In contrast to seston δ15N, oyster δ15N values tended to be depleted during
warmer months (Table 2.2) and oyster muscle δ15N was not significantly related to
any physical metric. However, mantle and gill δ15N values were negatively correlated
to temperature almost as strongly as seston δ15N was positively correlated (Table 2.3).
Mantle tissue δ15N values were most variable between samples while muscle tissue
42

δ15N values were least (Figure 2.7b, Table 2.1a,b, Table 2.2). Despite apparent
variations in oyster %N (Figure 2.7c), these were not significantly different by season
(Table 2.2). Modeling exercises reflected the variability in oyster tissue δ15N values
over time in the Choptank River (Figure 2.8a-c). Modeled gill δ15N best resembled
measured values (total error of 2.99 ‰) but had moderate variability, while muscle
had minimum variability but moderate total error (1.53 ‰), followed by mantle,
which varied the most and had the highest total model error (4.66 ‰; Figure 2.8a-c).
Modeled response of oyster δ15N over time in a hypothetical scenario with
constant seston δ15N determined the required exposure time to attain stable tissue
δ15N. Tissue δ15N values decreased exponentially when a constant summer
temperature was assumed and rapidly during warm months and slower during cooler
months when seasonal temperatures were used as inputs. Oyster tissue δ15N values
stabilized at 11.0 ± 0.5 ‰, which was offset from the constant seston δ15N input (8
‰) by the trophic fractionation factor (+3 ‰). Under a constant summer temperature,
stabilization was achieved quickly (79 days in gills, 103 days in mantle, and 258 days
in muscle) compared to seasonal temperature fluctuations: 165 days in gills, 189 days
in mantle, and 522 days in muscle (Figure 2.9). Maximum turnover rates were
reached during summer conditions in this model. Model results indicated longer
required exposure times than observations, where oyster tissue δ15N values lagged
seston δ15N values by an average of 33 to 57 days (Table 2.4), producing the best fit
as compared with all other time period combinations during the four month
deployment in Monie Bay.
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Discussion
Sample size requirements
Quantifying the required replication at the convergence of minimum, mean,
and maximum standard errors (Bros and Cowell, 1987) optimized sample size at five
individuals (Figure 2.2a-c). Relatively low variability (Figure 2.2a-c) among
individuals required few replicate samples, and is due to temporal integration, but
individual variability likely persists due to isotopic heterogeneity in the food supply.
Many previous studies (e.g. Costanzo et al., 2001; Elliot and Brush, 2006; Fry and
Allen 2003; McClelland and Valiela 1998) identified nitrogen source via
opportunistic sample collection, while others manipulatively examined δ15N in the
laboratory or field (Adams and Sterner, 2000; Fertig et al., 2009); however few
bioindicator studies explicitly identified appropriate sample size. Small sample size
requirements reduced the likelihood of incomplete sampling due to mortality (Ford et
al., 2006; Newell et al., 2000), disease (Ford and Smolowitz, 2007), or predation
(Kennedy et al., 2009) in addition to enabling future studies at broad spatial scales.
δ15N converges to reflect deployment locations
Oyster δ15N tissues converge upon a common isotopic signature influenced by
ambient isotopic signatures because they are assimilating local nitrogen sources. In
Monie Bay, both nitrate and ammonium are available to and assimilated by plankton,
with concentrations higher in upstream areas due to anthropogenic terrestrial runoff
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(Chapter 3, this dissertation). Both δ15N values from seston and oyster tissues fit
expected δ15N values generated from a 50/50 mixture of dissolved inorganic nitrogen
δ15N values modified by two trophic shifts (Figure 2.6). Additionally, measured δ15N
values in oyster tissues matched modeled values based upon measured seston δ15N
values (Figure 2.4a) and measured initial oyster δ15N values (Figure 2.4b). Therefore,
after deployment, oyster δ15N values resembled the ambient gradient of δ15N
signatures in Monie Bay (Figure 2.5a-c), and can be averaged to elucidate this
convergence (Figure 2.3a). Convergence with local ambient conditions enables
organisms initially grown in various locations to be utilized, and expands potential
areas for deployment even if lacking extant or sufficient populations (Smith et al.,
2005), as has been done with macroalgae (Costanzo et al., 2001; Udy and Dennison,
1997), filter feeders (Gartner et al., 2002), or a combination (Fertig et al., 2009).
While oyster mantle and gill δ15N values were sensitive to changing
conditions, %N as a measure of nutritional condition was not. Tissue δ15N values
post-deployment were lower than upon collection (Figure 2.3a) while %N did not
change substantially (Figure 2.3b). Similarly, oyster δ15N values from the Severn and
South Rivers initially varied by collection location (Table 2.1a), but did not
significantly differ after shared deployment in Monie Bay (Table 2.1b). Meanwhile,
oyster %N from these two rivers did not significantly differ either before or after
deployment (Table 2.1a,b, Figure 2.3b). As further corroboration, post-deployment
δ15N values in oysters from the South and Severn Rivers aligned along the 1:1 line
(Figure 2.5a-c), from which δ15N responsiveness was inferred. Therefore, δ15N values
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were sensitive to different nitrogen sources while %N was less responsive, likely
because nutritional condition of oysters was relatively stable and because source of
dissolved inorganic nitrogen was not directly related to algal production or
assimilation by oysters.
Oyster tissues integrate nitrogen over different time periods
Due to tissue turnover rate variations, nitrogen flux through the trophic
structure is integrated over different time periods (e.g. Fry 2006). The shortest
integration period was in the most metabolically active tissues (mantle, gills), and the
longest was in less active tissues (muscle). Muscle tissue integrated the longest of the
three tissues, as inferred from minimal temporal variability (Figure 2.7b, 2.8c).
Further, all tissues from deployments in Monie Bay significantly differed by the
initial growth location (Table 2.1a), but only muscle remained different after
deployment (Table 2.1b). Measurements (Figure 2.5a-c), data regressions (Table 2.4),
and modeling exercises (Figure 2.9) indicated that muscle tissue converged most
slowly, though modeling provided an overestimate (258 days for muscle, 103 days in
mantle, and 79 days in gills for a constant summertime temperature), (33 to 57 days),
possibly due to temperatures and growth rates observed in Monie Bay. The longer
length of time required for the muscle to stabilize is likely why this tissue has an
apparent enrichment (of approximately +1 ‰) compared to gills or mantle
(Figure 2.9). Similarly, bivalve muscle tissues were less sensitive than viscera
(Garton et al., 2005; Moore, 2003; Piola et al., 2006) though likely more sensitive
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than the shell matrix which integrates over the life of the bivalve (Carmichael et al.
2008). Variations in time integration may result in a longer required deployment time
for muscle tissue than mantle or gills, though four months should be sufficient for all
tissues and still enables short-term manipulative fieldwork with C. virginica, in
comparison to species with very slow metabolism, such as the hydrocarbon seep
mussel Bathymodiolus childressi, which takes over a year for complete tissue
turnover (Dattagupta et al., 2004). Regardless of tissue or species selected, exposure
and integration duration should be considered when interpreting nitrogen sources.
Reliance upon on measured temperatures and seston δ15N values enabled the
oyster isotope model to estimate seasonal uptake rates and turnover times in situ via
tissue δ15N value outputs (Figure 2.7). Variable environmental conditions and seston
δ15N values over seasons extends tissue turnover estimation beyond laboratory
conditions (e.g. Witting et al. 2004, Sweeting et al. 2005) or single season field
studies (e.g. Moore 2003) because assumption of a constant input δ15N values is
unnecessary. When applied to a scenario with constant temperature and isotopic
signature over time (Figure 2.9), the oyster isotope model reduces to similar
exponential tissue turnover models found in the literature (e.g. Moore 2003, Witting
et al. 2004, or Sweeting et al. 2005).
Exposure timing and integration duration influenced seasonal patterns of δ15N
values in oysters and their relationship with dietary seston δ15N values. In the
literature, few of the numerous studies using δ15N values to indicate nitrogen source
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account for seasonal variability (Finlay and Kendall, 2007). Summertime enrichment
in seston (12.2 ± 0.5 ‰) was observed in the Choptank River (Figure 2.7a) similar to
seasonal patterns in Waquoit Bay (York et al. 2007) and in Florida Bay (Anderson
and Fourqurean, 2003; Fourqurean et al., 1997; Fourqurean et al., 2005; Fourqurean
et al., 2007). As a food source, cyclical patterns of seston δ15N influences oyster δ15N
values (Matthews and Mazumder, 2005), which also significantly differed by season
(Table 2.2), but opposite in sign (depleted in summer, enriched in winter) to that of
seston δ15N (Figure 2.7a,b). As oysters integrated over time and were influenced by
previous seasons, they were also more metabolically active in warmer months due in
part to temperature-related biochemical reactions; (Dame 1972). Consistent with
assumptions, oyster isotope model outputs exhibited faster responses in warmer
months and longer retention of these values into cooler months (Figure 2.8a-c) as well
as with constant temperature (Figure 2.9), implying maximal turnover during
summer, the importance of temperature dependence and confirms that spring and
summer are ideal times for deployment. Similar to scallops (Lorrain et al. 2002),
oyster tissue δ15N values converged in late summer and fall, as the gonads utilize
metabolite stores during maturation (Figure 2.7b). Therefore, oysters were most
sensitive when acclimated during spring for summer deployments. Furthermore,
mantle was the most responsive tissue to these seasonal shifts (Figure 2.7b), reaching
lowest δ15N values by summertime (12.7 ± 0.3 ‰). Muscle δ15N values were also
depleted in summer months (13.8 ± 0.1 ‰), but less so than either gills (13.1 ± 0.2) or
mantle (Figure 2.7b; Table 2.2), which suggested this tissue integrated over the
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longest time period, likely due to slow turnover rates compared to other tissues
(Bosley et al., 2002; Frazer et al., 1997; Sakano, 2005). Oysters were clear temporal
integrators of nitrogen sources as they reflected seasonal δ15N values with less
variability than primary producers.
Baseline variations between tissues were possibly due to amino acid
composition and associated affinities to δ15N (Gaye-Siessegger, 2004), but regardless
of mechanism these variations are important to consider when interpreting δ15N
values across multiple tissues. Mean muscle δ15N values in all samples except for
those in the Choptank River during winter 2005 were greater than mantle or gill δ15N
values by 0.4 to 1.1‰ or 0.2 to 0.7‰, respectively (Figures 2.2a, 2.6, 2.7b).
Relatively higher muscle δ15N values compared to other tissues have also been
observed in other species including mammals, fish, birds, and bivalves (Frazer et al.,
1997; Heikoop et al., 2000; Hobson and Clark, 1992; Lorrain et al., 2002; Piola et al.,
2006; Tieszen et al., 1983). If differences between tissue δ15N values were solely due
to nitrogen source and integration times, the tissue type that was most enriched would
vary more often, especially in the case of a pulse of anthropogenic nitrogen source,
however this scenario was not observed.
Conclusions
Multiple biological characteristics make oysters appropriate biological
indicators of nitrogen sources. Sample size can be optimized at five individuals,
which can be achieved with 7 to 8 oysters (accounting for mortality) collected from
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multiple locations for deployment lasting four months (or two to three months, if only
analyzing mantle or gill) at new locations to identify nitrogen types (NO3- or NH4+)
and to infer nitrogen sources. Manipulative field deployments can provide spatial and
temporal integrations (e.g. Costanzo et al., 2001; Fertig et al., 2009). Staggering
deployments would enable nitrogen source detection at desired intervals to provide an
inference of changes in nitrogen source over weeks, months, or even a year
(Dattagupta et al., 2004; Fila et al., 2001; McKinney et al., 2002; Moore, 2003),
however due to variations in integration periods and seasonal fluctuations in primary
producers, deployment in springtime would optimize integration over summer
months. For studies concerned with chronic or long-term nitrogen sources, muscle
tissues best provided temporal integration but required a longer exposure time than
gills or mantle. Since mantle and gill tissue δ15N values responded similarly, the
mantle would suffice for short-term studies due to slightly quicker response times
than gills. This simple and straightforward method may aid detection and monitoring
of nitrogen sources over multiple spatial and temporal scales.
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Chapter 2 Tables
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Table 2.1. Descriptive statistics and ANOVAs before and after deployment
Descriptive statistics and ANOVA analysis of δ15N values and %N in oyster
tissues from the South and Severn Rivers (a) and after shared deployments in Monie
Bay and its tributary creeks (b). Sample size (n), mean, standard error (SE), degrees
of freedom (df), mean square error (MSE), F value (F), and p value (p) are reported.
(a)
Parameter
! 15N (‰)
%N

Tissue
Muscle
Gills
Mantle
Muscle
Gills
Mantle

South River
n Mean (SE)
10
12.5 (0.1)
5
12.2 (0.2)
4
12.2 (0.3)
10
12.3 (0.2)
5
9.7 (0.2)
4
10.1 (0.5)

Severn River
n Mean (SE)
10
14.3 (0.1)
5
13.3 (0.1)
5
13.4 (0.1)
10
12.6 (0.2)
5
9.8 (0.2)
5
9.8 (0.3)

ANOVA
n
df
MSE
F
p
20 1,18 0.0902 174.86 <0.0001
10 1,8 0.1281 23.78
0.0012
9
1,7 0.1966 16.86
0.0045
20 1,18 0.5547
1.12
0.3043
10 1,8 0.2011
0.31
0.5958
9
1,7 0.5790
0.29
0.6046

(b)
Parameter
15

! N
%N

Tissue

Monie Bay
n Mean (SE)
Muscle 20
12.9 (0.2)
Gills 20
12.0 (0.2)
Mantle 20
11.8 (0.2)
Muscle 20
13.9 (0.1)
Gills 20
9.9 (0.1)
Mantle 20
9.6 (0.1)

Little Creek
n Mean (SE)
20
11.9 (0.1)
20
10.7 (0.1)
20
10.7 (0.1)
20
13.1 (0.1)
20
9.7 (0.1)
20
9.8 (0.1)

Little Monie Creek
n
Mean (SE)
30
11.9 (0.1)
30
10.5 (0.1)
30
10.5 (0.1)
30
13.1 (0.2)
30
9.7 (0.1)
30
9.2 (0.2)
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Monie Creek
n Mean (SE)
30
12.4 (0.1)
30
10.7 (0.1)
30
10.7 (0.1)
30
13.5 (0.2)
30
10.2 (0.1)
30
9.3 (0.1)

n
100
100
100
100
100
100

df
1,98
1,98
1,98
1,98
1,98
1,98

ANOVA
MSE
F
0.4843 15.68
0.6921 2.26
0.5945 1.54
0.8760 0.20
0.4593 0.12
0.6606 0.26

p
0.0001
0.1356
0.2172
0.6539
0.7351
0.6087

Table 2.2. Descriptive statistics and ANOVAs across seasons
Descriptive statistics and ANOVA analysis of oyster δ15N values and %N in
muscle, gills, and mantle tissues in the Choptank River, 2006-2007. Spring: MarchMay, Summer: June-August, Fall: September–November, and Winter: December–
February. Seasons were analyzed by ANOVA. Sample size (n), degrees of freedom
(df), mean squared error (MSE), F value (F), and p value (p) are reported.
Parmeter
! 15N
%N

Tissue
Muscle
Gills
Mantle
Muscle
Gills
Mantle

Spring
n Mean (SE)
32
14.3 (0.1)
17
14.1 (0.2)
15
13.9 (0.2)
32
11.9 (0.2)
17
9.9 (0.3)
15
10.5 (0.6)

Summer
n Mean (SE)
23
13.8 (0.1)
18
13.1 (0.2)
19
12.7 (0.3)
23
12.0 (0.3)
18
9.5 (0.1)
19
10.3 (0.5)

Fall
n Mean (SE)
27
14.4 (0.1)
23
14.0 (0.1)
23
13.6 (0.2)
27
12.2 (0.1)
23
9.3 (0.2)
23
9.3 (0.2)
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Winter
n Mean (SE)
27
14.2 (0.1)
24
14.5 (0.2)
23
14.3 (0.1)
20
11.2 (0.6)
16
9.8 (0.4)
14
9.6 (0.3)

n
109
82
80
102
74
71

df
3,105
3, 78
3, 76
3, 98
3, 70
3, 67

ANOVA
MSE F
p
0.33 4.41
0.006
0.45 17.04 < 0.001
0.83 10.37 < 0.001
2.46 1.64
0.186
1.17 1.19
0.318
3.07 2.09
0.110

Table 2.3. Correlations of physical, chemical, and biological measurements
Correlations between physical, chemical, and biological measurements
conducted in the Choptank River (2006-2007). Correlations use the lower of the two
sample sizes. Significant correlations are in bold and asterisks reflect p values
(* : p < 005; ** : p < 0.01; *** : p < 0.001).
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Total Phosphorus

! N

Muscle ! 15N

Gill

15

Mantle ! N

15

Seston ! N

‰

‰

‰

‰

µM

Total Nitrogen

15

%
µM

Dissolved Oxygen

Dissolved Oxygen mg L

-1

19

15

15

17

13

13

18

18

17

19

pH

19
°C

Temperature

0.158

1.000

0.725**

0.650**

-0.219

-0.216

0.569*

-0.181

-0.008

0.283

-0.436

-0.029

1.000

0.905***

-0.385

-0.199

0.672*

0.253

0.532

0.283

-0.627*

15

Sample size 19

Salinity

‰

Gill ! 15N

‰

Units

Muscle
! 15N

-0.278

1.000

-0.552

-0.073

0.684*

-0.150

0.209

0.210

-0.589*

15

‰

Mantle
! 15N

**

13

µM

1.000

0.149

-0.628*

-0.117

-0.513*

-0.006

-0.069

1.000

-0.106

0.264

-0.256

-0.174

0.612*

1.000

0.089

0.349

0.288

-0.653*

-0.635*

13

µM
18

%

1.000

0.865***

-0.015

-0.140

0.272

Total
Total
Dissolved
Phosphorus Nitrogen Oxygen

0.704**

0.678

17

‰

Seston
!15N

0.061

1.000

0.053

-0.568*

1.000

-0.415

-0.262

19
0.340
1.000

1.000

19

°C
17

mg L -1
18

Temperature Salinity

Dissolved
pH
Oxygen

Table 2.4. Regressions of oyster δ15N vs. seston δ15N
Regression analysis between oyster mantle, gill, and muscle δ15N values as the
dependent variable and mean seston δ15N values during various time periods as the
independent variable. Regression R2 values are presented for each tissue.
! 15N in oysters vs. seston
Averaging
Days
Mantle R 2
Seston Since Integrated
22-Jun
110
0.24
11-Jul
91
0.52
25-Jul
77
0.52
14-Aug
57
0.65
7-Sep
33
0.83
10-Oct
1
0.14
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Gills R2
0.51
0.58
0.57
0.69
0.83
0.21

Muscle R2
0.55
0.20
0.16
0.32
0.56
0.36

Chapter 2 Figures
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Figure 2.1: Map of Chesapeake Bay regions studied.
Chesapeake Bay study locations (a). White circles indicate collection sites in
the South and Severn Rivers (b) for deployment (grey circles) in Monie Bay (d).
Black triangles indicate collection sites in the South and Choptank Rivers for the
sample size determination (b and c). The black star (c) indicates where seasonal
variations were observed in the Choptank River.
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Figure 2.2: Trade-off between error and sample size
Oyster mantle (a), gills (b), and muscle (c) tissues. Panels include the
maximum (squares), mean (circles), and minimum (triangles) standard errors of
various sample sizes drawn randomly from 35 samples (Bros and Cowell 1987).
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Figure 2.3: Oyster δ15N upon collection and post-deployment
Mean oyster mantle (black), gills (grey), and muscle (white) δ15N (a) and %N
(b) upon collection in the South River (circles) and Severn River (squares) and after
deployment in Monie Bay. Standard error bars are plotted, but in most cases are
smaller than symbols representing means.
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Figure 2.4: Measured and modeled seston and oyster δ15N in Monie Bay
Measured mean a) seston δ15N values and b) modeled and measured oyster
δ15N values for mantle (black), gill (grey), and muscle (white) tissues in Monie Bay
and its tributary creeks. Standard error bars are presented for measurements, but are
sometimes smaller than symbols representing means.
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Figure 2.5: Post-deployment oyster δ15N in oysters from different rivers
Comparison of oysters initially grown in the Severn or South Rivers after a
shared deployment in Monie Bay. Mantle (a), gills (b), and muscle (c) δ15N values at
the initial collection (triangles) and post-deployment (circles) are regressed and
plotted against the 1:1 line.
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Figure 2.6: δ15N values of dissolved inorganic nitrogen, seston, and oysters
Mean nitrite, nitrate, ammonium, seston, and oyster tissue (mantle, gills, and
muscle) δ15N values. Standard error bars are shown, though in some cases are smaller
than data points.
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Figure 2.7: Seasonal seston and oyster δ15N variations
Seasonal variations observed in the Choptank River of a) seston (black
circles), b) oyster δ15N values and c) nitrogen content in oyster tissues. Oyster tissues
are represented by squares: mantle (black), gills (grey), and muscle (white).
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Figure 2.8: Modeled and measured oyster δ15N in the Choptank River
Modeled and measured values of oyster δ15N values in a) mantle, b) gills, and
c) muscle during 2006-2007 in the Choptank River.
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Figure 2.9: Modeled constant seston δ15N scenario
Hypothetical scenario with a constant seston δ15N value and modeled oyster
δ15N values for mantle (black), gill (grey), and muscle (white).
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CHAPTER 3: OYSTER δ 15N AS A BIOINDICATOR OF
HUMAN AND ANIMAL NITROGEN AND DEGRADED
WATER QUALITY IN A SUB-ESTUARY OF
CHESAPEAKE BAY
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Abstract
Nitrogen from manures, septic systems, and wastewater treatment plants
contribute to water quality degradation and are difficult to distinguish once
transported to and mixed in aquatic ecosystems. Monie Bay, a small, shallow, tidal
sub-estuary situated within the Chesapeake Bay (Maryland) National Estuarine
Research Reserve, provided a ‘natural laboratory’ to test if nitrogen sources could be
identified by analyzing δ15N in oyster (Crassostrea virginica) tissues. Monie Bay
receives freshwater inputs from three creeks (with flushing times of 1.2, 1.9, and 12.4
days) in its rural watershed that vary in sub-watershed size and land use: residential
septic systems and poultry operations (Monie Creek), crop fertilizer (Little Monie
Creek), and wetlands/forest (Little Creek). Potential nitrogen loss from denitrification
(calculated from an established relationship with residence time) was estimated to be
low (12.1 – 19.5 %), and elevated oyster δ15N values (12.4 ± 0.1‰ in Monie Creek
and 12.9 ± 0.2‰ in Monie Bay) indicated anthropogenic nitrogen sources. Spatial
patterns supported the inference that animal waste entered Monie Bay from within
and human waste from outside the watershed. Nitrogen was interpreted to be derived
from both 19 poultry houses delivering manure from the Monie Creek watershed
(~8.6 ×105 kg N yr-1 input, the approximate equivalent to ~200,000 people yr-1) and
human/animal wastes from Wicomico River and its watershed (including wastewater
facilities servicing ~29,500 people, ~7,000 septic systems, and estimated poultry
manure inputs of 3.7 ×106 kg N yr-1). Therefore, living resources (oysters) linked
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nitrogen sources with a Water Quality Index (R2 = 0.89, p < 0.05) that was rated
‘poor’ (mean 36 ± 4 out of 100) due to nutrient concentrations. Nutrient reductions in
Monie Bay will require input reductions from human/animal wastes derived from
inside and outside its topographic watershed.
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Introduction
Nitrogen from human and animal waste sources (e.g. wastewater treatment
plants, septic systems, and manures) and abiotic sources (e.g. chemically synthesized
agricultural fertilizers) continue to result in degradation of water quality in
Chesapeake Bay (Kemp et al. 2005; Fisher et al. 2006) and other estuaries in the
United States (Howarth et al. 2002; Bricker et al. 2008) and worldwide (Smith 2003).
Sources are difficult to distinguish with conventional water quality monitoring data
(e.g. total nitrogen). The burgeoning field of biological indicators (e.g. McClelland
and Valiela 1998; Costanzo et al. 2001; and Leavitt et al. 2006) report that stable
nitrogen isotopes (δ15N) in a wide range of organisms (Vanderklift and Ponsard 2003)
such as macrophytes (e.g. McClelland et al 1997; Cole et al. 2004; Cohen and Fong
2006; Benson et al. 2008), finfish (Lake et al. 2001), and mollusks (Fila et al. 2001;
McKinney et al. 2002; Daskin et al. 2008) can be used to distinguish between
chemically synthesized agricultural fertilizers and human or animal wastes. As filter
feeders, oysters integrate nitrogen derived from microorganisms, phytoplankton,
detritus and inorganic particles (Langdon and Newell 1996). Furthermore, oyster
muscle δ15N integrates these sources over four months (see Chapter 2) while direct
measurements on groundwater (Aravena et al. 1993) or the water column (Lefebvre et
al. 2007) only provide an instantaneous measure.
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Determination of nitrogen source by measuring δ15N is possible as natural
sources and synthetic fertilizers are ‘fixed’ from atmospheric N2 (0‰) and have
correspondingly low δ15N values: generally -4 to +4 ‰ (Hübner, 1986; Macko and
Ostrom, 1994; Vitoria et al., 2004) while human and animal wastes are fractionated to
+5 to +8 ‰ (Leavitt et al. 2006; Fry 2006). Fractionation is due to a combination of
ammonia volatilization and denitrification at the source of the signal or by microbial
processing employed by wastewater treatment facilities (Fry, 2006; Kendall 1998;
McClelland and Valiela, 1998; Sweeny and Kaplan, 1980; Tucker et al., 1999).
Interpretation of source must be balanced against alternative hypotheses as terrestrial
nitrogen sources have a complicated pathway to aquatic biological indicators and
isotopic signatures can be modified or multiple sources can be mixed (Fry, 2006;
Kendall, 1998). Nitrogen from manures can be further fractionated by volatilization
(Altabet, 2006; Cline and Kaplan, 1975; Fry, 2006; Kendall, 1998; McClelland and
Valiela, 1998) or dissolve and be denitrified, both of which elevate δ15N in the
remaining nitrate (Mariotti et al. 1982; Shearer and Kohl 1988). Phytoplankton
assimilate dissolved inorganic nitrogen and are consumed by oysters, with an
enrichment of 3 to 4 ‰ at each trophic step due to digestion and waste elimination
(Adams and Sterner, 2000; Minagawa and Wada, 1984).
Measurements of oyster δ15N present an opportunity to link land use, nitrogen
sources, and aquatic living resources (e.g. Dennison et al. 1993; Wazniak et al. 2007)
to understand water quality degradation in a rural sub-estuary of Chesapeake Bay.
Nitrogen source identification can direct nutrient reduction priorities in Monie Bay, a
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component of the Chesapeake Bay National Estuarine Research Reserve System
(NERRS), which is designated for monitoring, education, and conservation (Kennish
2004). The current study addressed three questions: 1) Can oyster δ15N link water
quality, nitrogen source, and living resources? 2) What role does denitrification play
in the nitrogen isotope ratios observed in Monie Bay and its creeks? 3) What are the
nitrogen sources available to Monie Bay and its creeks?

Methods and Materials
Study Location and Experimental Design
The Chesapeake Bay, Maryland NERRS site includes Monie Bay
(38°13’30”N, 75° 50’00” W), a sub-estuary of Chesapeake Bay, USA that served as a
‘natural laboratory’ (Figure 3.1) for linking terrestrial nitrogen sources with aquatic
living resources. Monie Bay is a small (1 - 2 km wide, 4 km long), shallow (1.9 ± 0.1
m), tidally influenced embayment that receives freshwater inputs from three creeks,
varying in watershed size and flushing time. Tidal flushing from Monie Bay,
springtime flows, and intermittent precipitation act to control salinities in Little
Monie Creek and Little Creek, while a stream provides freshwater to Monie Creek
year-round (Jones et al. 1997). Tidal scouring, rather than fluvial input, formed these
creeks (Ward et al. 1998), but freshwater nutrient delivery, associated with land use,
over spatial and seasonal patterns is a key driver of their overall variability (Apple et
al. 2004).
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Forests and wetlands generally dominate Monie Bay’s rural and remote
watershed (located in Somerset County, Maryland) but comparisons between creeks
were made to identify anthropogenic sources of nitrogen, which include agricultural
fertilizers, residential septic systems, and industrial poultry production. Land use in
the watersheds of Monie Creek (45.0 km2) and Little Monie Creek (17.9 km2) are
similar, with over 50% forest cover, only 3% developed and the remainder roughly
split between wetlands and agriculture (Figure 3.1). Comparisons of nitrogen sources
can be made between septic and poultry (Monie Creek) and crop agriculture (Little
Monie Creek) due to minimal residential development or poultry production in the
Little Monie Creek watershed. Little Creek, with the smallest sub-watershed
(9.4 km2) is dominated by wetlands (63%) and forests (35%), and was used as a
reference creek as virtually no agriculture (1%) or development (1%) was present
(Figure 3.1). Most forests in the watersheds of Monie Bay’s tributaries are largely
managed as unfertilized tree farms (due to economic constraints; Fykes pers. com.).
Poultry production is also located in the watershed, and poultry houses were counted
from tiled digital ortho-imagery (resolution of 1 meter ground sample distance)
collected during the agricultural growing season (USDA 2005). While no wastewater
treatment plants are located in the watershed of Monie Bay, the watershed of the
adjacent Wicomico River contains three (2002 nitrogen loads: Salisbury ~ 1.8 × 105
kg N y-1, Fruitland ~ 9.1 × 103 kg N y-1, and Delmar ~ 5.9 × 103 kg N y-1). To link
land use, nitrogen source, and water quality, conventional water quality monitoring
and oyster δ15N values were measured at ten stations situated to compare inputs from
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septic and poultry feeding operations (Monie Creek), crop fertilizers (Little Monie
Creek), and reference wetlands and forests (Little Creek) as well as downstream
effects in Monie Bay (Figure 3.1). Station 1 was located at the mouth of Monie Bay,
at its intersection with the mouth of Wicomico River.
Deploying, sampling, and analyzing oyster biological indicators
Sufficient spatial variability of oyster δ15N to identify nitrogen sources
available to the different creeks was ensured by deploying oysters according to the
methods described earlier (see Chapter 2) for four months, from 21 June 2006 (Monie
Bay and Monie Creek) or 22 June 2006 (Little Monie Creek and Little Creek) to 10
October 2006 (Figure 3.1). At each station, fouling organisms, predators, and trapped
sediments were removed from mesh bags fortnightly or as needed to maintain water
flow through the bags.
Analytical methods
Upon collection, oysters were kept on ice in the field and frozen (-20° C) at
the laboratory until processing. Five surviving oysters were dissected to recover
individual adductor muscles. Tissues were thawed, rinsed, thoroughly dried (60 °C
for 48 hours minimum) and ground (with mortar and pestle). Sub-samples (1.0 ± 0.2
mg dry weight) were placed in tin capsules (Elemental Microanalysis, pressed,
standard weight, 8 × 5 mm) for analysis of nitrogen content (%N) and δ15N (where
δ15N = (15N/14Nsample/15N/14Nstandard – 1) × 103 and the standard was atmospheric N2,
defined as 0‰; Fry 2006 ) by University of California Davis Stable Isotope Facility
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which used a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ
Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK).
Water Quality
To quantify the effects of anthropogenic nitrogen on water quality, standard
physical, nutrient, and biological metrics were measured. Water quality monitoring
was conducted at all 10 stations according to standard protocols employed by the
NERRS System-Wide Monitoring Program (SWMP), including fortnightly
measurements of Secchi depth, salinity, temperature, dissolved oxygen concentration,
dissolved oxygen saturation, total nitrogen, total phosphorus, and chlorophyll a (Mills
et al. 2008). The Department of Health and Mental Hygiene Division of
Environmental Chemistry analyzed chlorophyll a, while the Chesapeake Biological
Laboratory Nutrient Analytical Services Laboratory measured total nutrients by
standard techniques (D’Elia et al. 1977; Technicon 1977, 1986, 1987; US EPA
1979a,b; Valderrama 1981).
Estimating flushing times and nitrogen removal
Creek flushing rates affect nutrient transport and potential for denitrification
and recycling. Therefore, non-advective water exchange and flushing time between
Monie Bay and each of its tributaries were quantified with a simple conservative box
model (Pritchard 1969; Officer 1980; Hagy 1996). The non-advective water exchange
was quantified using two linear equations:
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Qf = Qout = 1/3 * precipitation

Equation 3.1

V dsin/dt = 0 = -Qoutsin + E(sout – sin)

Equation 3.2

In Equations 3.1 and 3.2, Qf = freshwater input (m3 day-1), Qout = advective transport
out of the creek (m3 day-1), E = non-advective exchange between Monie Bay and each
of the creeks (m3 day-1), sin = salinity inside the creek (ppt), sout = salinity in Monie
Bay (ppt), and V = creek volume (m3).
Assumptions for utilizing these equations were 1) that each creek’s water
volume remained constant and not stratified, 2) that differences in groundwater inputs
were negligible as topography and soils were similar, and that therefore, 3) Qf was
1/3 * precipitation (the other 2/3 precipitation underwent evapotranspiration).
Precipitation volumes were obtained from average daily precipitation from 19712000 across the area of each creek’s watershed (Maryland State Climatologist, 2008)
while creek mean measured salinity values (in 2006) were utilized as a constant to
solve the equation for E (non-advective exchange). Flushing times were calculated by
dividing creek volume by non-advective exchange.
Nitrogen removal (%) was calculated as r = 23.4m0.204, where m is residence
time in months and r is % nitrogen removal due to denitrification across lakes, river
reaches, estuaries, and the continental shelf (Seitzinger et al. 2006). Estimates of both
flushing times and nitrogen source inputs were calculated under the assumption that
nitrogen was not transported beyond watershed boundaries (either via import or
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export), leaving future studies to quantify nitrogen budgets, manure contributions,
and terrestrial-aquatic coupling coefficients.

Results
Monie Bay and its tributaries were degraded overall based nutrient,
chlorophyll a, and dissolved oxygen concentrations. Concentrations of total nitrogen
(57 ± 1 µM to 85 ± 6 µM) and total phosphorus (1.6 ± 0.1 µM to 3.8 ± 0.5 µM)
exceeded threshold values (46 µM for total nitrogen and 1.2 µM for total phosphorus)
over the summer (Table 3.1). Mid-reach and upstream Monie Creek (stations 9 and 8,
respectively) had low dissolved oxygen concentrations (3.9 ± 0.6 mg L-1 and
4.8 ± 0.3 mg L-1, respectively, compared to a threshold value of 5.0 mg L-1) and high
chlorophyll a concentrations (19 ± 3 µg L-1 and 15 ± 2 µg L-1, respectively, compared
to a threshold value of > 15 µg L-1) while in upstream Little Monie Creek (station 5)
dissolved oxygen concentrations were also low (4.5 ± 0.4 mg L-1; Table 3.1). In
summary, all stations were degraded (Table 3.1). Total nitrogen and oyster δ15N had
different patterns in different creeks, with an inverse relationship in Little Monie
Creek and Little Creek, and a positive relationship in Monie Creek, and no correlation
when compared across all stations in creeks (Figure 3.2). Nitrate δ15N values
exponentially decreased with increasing nitrate concentrations (Figure 3.3a), while
ammonium δ15N values increased exponentially with concentration (Figure 3.3b).
This contrasting pattern indicated opposite fractionation patterns.

77

Potential nitrogen removal from the tributaries of Monie Bay by
denitrification was low in Little Creek and Little Monie Creek (15.1%, 16.7%,
respectively, Table 3.2) due in part to quick flushing times (3.5 days, 5.7 days,
respectively) and high non-advective exchange (1.2 to 1.3 × 105 m3 d-1; Table 3.2).
Monie Creek had both the highest total nutrient load and estimated nitrogen removal,
both of which were influenced by watershed area (4.5 × 107 m2), water volume
(nearly 2.5 × 106 m3), freshwater input (45,323 m3 day-1), slow flushing time (37.2
days; Table 3.2), the small non-advective exchange with Monie Bay (almost half of
that of Little Monie Creek) and land use (including rural residences and poultry
feeding operations; Figure 3.1). In comparison to its creeks, Monie Bay was larger
than any of its tributaries (nearly 13.5 × 106 m3) and was more saline (11.7 ppt) even
though it received the highest mean daily precipitation (218,459 m3 d-1) since its
watershed area (7.2 × 107 m2) was the sum of that of its three tributaries, but nitrogen
removal could not be calculated for this region as calculations relied upon nonadvective exchange with Monie Bay.
Spatial patterns of water quality and oyster δ15N data showed that nutrients
entered upstream Monie Creek and the mouth of Monie Bay. Total nitrogen, total
phosphorus, and chlorophyll a concentrations were highest in upstream Monie Creek
(Figure 3.4a-c) where terrestrial sources of nitrogen such as rural residential and
poultry inputs were available from within the watershed (station 8: 5.1 ± 3.0 ppt
salinity, 85.48 ± 6.25 µM total nitrogen, 3.8 ± 0.5 µM total phosphorus, 19 ± 3 µg L-1
chlorophyll a). Concentrations decreased downstream with lowest concentrations of
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total nitrogen at the mouth of Monie Bay (station 1: 12.4 ± 1.3 ppt salinity, 57.26 ±
1.28 µM total nitrogen) and lowest concentrations for total phosphorus and
chlorophyll a in Little Creek (station 3: 10.4 ± 2.0 ppt salinity, 1.6 ± 0.1 µM total
phosphorus, 8 ± 1 µg L-1 chlorophyll a, respectively; Figure 3.4a-c). Monie Creek had
higher total nitrogen concentrations than Little Monie Creek (p < 0.01), and both
creeks had higher total nitrogen and total phosphorus concentrations than Little Creek
or Monie Bay (p < 0.01; Table 3.1; Figure 3.4a,b). Dissolved oxygen concentrations
were negatively correlated with total nitrogen (r = -0.51, p< 0.0001, Figure 3.5a) and
total phosphorus (r = -0.54, p < 0.0001, Figure 3.5b), but not chlorophyll a, and were
lowest in upstream Monie Creek (station 8: 3.9 ± 0.6 mg L-1 dissolved oxygen;
Table 3.1), and decreased with distance from the mouth of Monie Bay (Figure 3.4d).
Oyster δ15N values were slightly enriched in upstream Monie Creek (station 8,
12.71 ± 0.21 ‰) and the mouth of Monie Bay (station 1: 13.72 ± 0.09 ‰) and
decreased towards upstream areas of Monie Bay, Little Monie Creek and Little Creek
(Figure 3.4e). The range in seston δ15N and oyster δ15N values was not large
(Figure 3.4e,f), though they were significantly different between most stations.
Due to patterns of water circulation and flushing, Monie Bay acted as both a
nutrient source to its tributaries (transporting nutrients among its creeks) and as a
nutrient sink for other watersheds (receiving septic and wastewater nitrogen at its
mouth). Enrichment of oyster δ15N in downstream areas compared to upstream areas
in Monie Bay, Little Creek, and Little Monie Creek (Figure 3.4e) indicated human
and/or animal waste sources of nitrogen was transported upstream. The mouths of
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Monie Bay and Wicomico River mix, and enriched oyster δ15N values there
(station 1, 13.7 ± 0.1 ‰; Figure 3.4e) were likely influenced by Wicomico River
watershed nitrogen sources such as septic (6,543 systems, MD DNR 1999),
wastewater effluents (2002 nitrogen loads in Salisbury: ~ 1.8 × 105 kg TN y-1,
Fruitland: ~ 9.1 × 103 kg TN y-1, and Delmar: ~ 5.9 × 103 kg TN y-1) or poultry
(~3.7 × 106 kg TN yr-1; Table 3.3). Monie Bay, as an extension of Chesapeake Bay,
ultimately received a portion of its anthropogenic inputs from the ~166,500 km2
Chesapeake Bay watershed (Figure 3.6).

Discussion
Elevated allochthonous nutrient concentrations from multiple nitrogen sources
were found in the upper reaches of Monie Bay’s tributaries (Figure 3.4a,b; Jones et al.
1997), which led to degraded water quality (Table 3.1) correlated with agricultural
practices (Cornwell et al. 1994) and land use (Figure 3.1). Measured water quality in
the NERRS site (Figure 3.4a-f) was similar to data used to compile the Chesapeake
Bay Health Index for the Lower Eastern Shore reporting region, which received a
score of score of 34 in 2007 and a score of 45 in 2006 (Eco-Check 2007). Bay Health
Index scores were degraded due to high chlorophyll a, low water clarity, and low
benthic community index. Overall, Chesapeake Bay Health Index scores negatively
correlated to land development and agricultural usage (Williams et al. 2008).
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Regardless of which metric lowered index scores, the inverse relationship
between oyster δ15N and water quality metrics (Figure 3.4a-f) related living resources,
septic and poultry nitrogen sources, and water quality. An exception was in upstream
Little Monie Creek (station 5, Figure 3.1; 9.1 ppt salinity) explained by agricultural
runoff entering from the watershed (Figure 3.1) at concentrations above threshold
values (Table 3.1). Nitrogen sources at this station were likely different (crop
fertilizers) from the remainder of the creek sites (influenced by human and/or animal
wastes entering at the creek mouth from Monie Bay).
Animal and/or human wastes (likely poultry manures) were inferred to be an
important nitrogen source to Monie Bay and its creeks. While only 19 poultry houses
in the Monie Creek watershed were counted by digital ortho-imagery (USDA 2005),
these houses contained an estimated effective year-round population of 23,661
chickens house-1. Poultry population in Monie Bay’s watershed was assumed
proportional to the number of chickens sold (USDA 2002) and chicken houses
(USDA 2005) in Somerset County (Figure 3.7a), accounting for an average of 4.7
flocks per year (USDA 2002). Poultry production in the Monie Bay watershed
generated ~8.1 × 105 kg total nitrogen (untreated) yr-1 (Table 3.3), based on an
estimated 58 kg manure chicken-1 yr-1 (containing 1.9 kg total nitrogen yr-1; Naber
and Bermudez 1990), roughly equivalent to that defecated by 1.9 × 105 people
(assuming 4.3 kg total nitrogen generated person-1 yr-1). Additionally, residential
septic systems (699 throughout Monie Bay’s watershed) along Monie Creek likely
enriched the oyster δ15N signal (MD DNR 1999). Nitrate from agricultural fields
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likely dominated terrestrial inputs to the outlier in Little Monie Creek, as indicated by
oyster δ15N values (11.7 ± 0.2‰; Figure 3.4e) which were near the expected value
(12.0 ‰; Harrington et al. 1998; Bateman and Kelly 2007) for this source (Choi et al.
2007) based upon combining nitrate δ15N values (6.0 ‰) in nearby watersheds with
similar hydric soils and flat topography (T. Fisher and T. Jordan, pers. com.) with two
trophic level shifts (plankton assimilation and oyster consumption) of 3.0 ‰ each
(Minagawa and Wada 1984; Adams and Sterner 2000; Fry 2006). To improve water
quality, nutrient concentrations could be reduced by focusing on poultry sources due
to the relationship between oyster δ15N and water quality (Figure 3.4a-f).
In addition to Monie Bay, poultry sources also deliver large nitrogen inputs to
the Wicomico River watershed, and other areas across Delmarva Peninsula. Animal
(particularly poultry) manure in Somerset County, MD was spread for fertilizer
locally during the spring (Fykes, pers. com.; Figure 3.5), which likely contributed to
the elevated δ15N signal along upstream portions of Monie Creek (station 8,
12.71 ± 0.21‰; Figure 3.4e). Poultry litter applications generally increase soil total
nitrogen (Kingery et al. 1994) and phosphorus (Griffin et al. 2003) content and
adversely impacted water quality (Woli et al. 2002). County wide, nearly 63.9 × 106
broilers and other meat-type chickens from Somerset County, MD (24th in the nation)
were sold in 2002 (Figure 3.7a; USDA 2002), produced from approximately 300
poultry houses (counted from ortho-imagery), while only ~2.5 × 104 people resided in
this county in 2002 (Figure 3.7b; MD Department of Planning 2000). Over the long
term, nearby water quality (station EE3.1 in Tangier Sound, 38° 11' 48.6744" N,
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75° 58' 23.5416" W) fluctuated (Figure 3.7c) while county chicken sales generally
increased (Figure 3.7a; Chesapeake Bay Program 2008). By 2002, Delmarva
Peninsula hosted an effective chicken population of ~1.1 × 108, with an estimated
input of 2.1 × 108 kg total nitrogen yr-1, more than that generated by 4.8 × 107 people
(Table 3.3), while the estimated 2002 human population on Delmarva Peninsula was
only 1.2 × 106 people (Figure 3.7b).
Consistent with the quantities of nitrogen inputs from animal and human
wastes, the alternative hypothesis that isotopic signatures of nitrogen source were
modified by denitrification (Fry, 2006; Kendall, 1998) was rejected because
estimations of potential nitrogen loss via denitrification (Seitzinger et al. 2006) was
not generally dominant at this NERRS site (15 to 25 %) compared to 40% to 50% in
other estuaries (Seitzinger et al. 2006). Less than 20% of nitrogen was calculated to
be potentially lost via denitrification in each of the tributary creeks (Table 3.2) based
on the relationship between nitrogen removal by denitrification and residence time of
various aquatic ecosystems (Seitzinger et al. 2006). Rapid flushing times and low
denitrification rates estimated by the simple conservative box model for this NERRS
site (Table 3.2) indicated that alternative interpretations of δ15N values to nitrogen
sources could be rejected. While larger regions like Tomales Bay also receive
multiple sources of nutrients, these ecosystems often exhibit slower flushing and
more extensive nutrient recycling, resulting in nitrogen bioavailability largely
controlled by denitrification (Smith et al. 1989), which influenced spatial patterns of
seagrass δ15N values (Fourqurean et al. 1997).
83

Tidal advection likely transported nitrogen from Monie Bay into its tributary
creeks, with more impact on Little Monie Creek and Little Creek than on Monie
Creek. This pattern is consistent with localized physical processes, including tidal
scouring, which formed these creeks. Since it took roughly twice as long to flush
Monie Creek (24.5 days) than Little Creek or Little Monie Creek (15.1 days and 16.7
days, respectively, Table 3.2) nitrogen sources from Monie Creek’s watershed
(poultry and septic; Figure 3.4e) had a greater impact on water quality there than did
the respective watersheds of Little Monie Creek and Little Creek (Figure 3.6) because
terrestrially-derived nitrogen remained in the tributary for a longer period of time.
Likewise, poultry, septic, and wastewater nitrogen sources that entered the mouth of
Monie Bay (Figure 3.4e) encroached more upon Little Monie Creek and Little Creek
than Monie Creek. Monie Bay itself was likely influenced by allochthonous nitrogen
sources (i.e. the Wicomico River) by bottom layer circulation patterns typical of
Chesapeake Bay tributaries (Figure 3.6). For example, both wastewater effluent from
the Patuxent River watershed (Fisher et al. 2006) and nutrients in Chesapeake Bay
from other tributary watersheds (Testa et al. 2008) act as nutrient sources to the
Patuxent River through this circulation and transport pattern.
Due to the small watershed area of Monie Bay (72.3 km2), anthropogenic
activities with associated nitrogen inputs generally occurred within 6 km of its creeks,
compared to larger ecosystems (e.g. Jordan et al. 1997; Brawley et al. 2000; Turner
and Rabelais 2003), and atmospheric deposition may be important to ecosystems with
a high surface area to volume ratio (Giblin and Gaines 1990; Paerl 1995). Nitrogen
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inputs from multiple locations occurred in other ecosystems such as Californian
estuaries (Cohen and Fong 2006), the Wadden Sea (van Beusekom and de Jonge
2002, Weston et al. 2004) and the Oregon coast (Frick et al. 2007), e.g. from
inflowing river and mid-estuary sources (Cohen and Fong 2006), from upwelling (van
Beusekom and de Jonge 2002), or from a groundwatershed not aligned with the
topographically defined watershed (Winter et al. 2003; Kasper 2006). Ecosystems
around the world receive nutrient inputs from both inside and outside their
watersheds, and oyster δ15N values provided a powerful tool to elucidate interactions
between the watersheds of Monie Bay and Wicomico River. Nutrient concentration
reductions in the NERRS site will require holistic management and input reductions
from poultry, septic, and wastewater sources of nitrogen derived from inside and
outside its topographically defined watershed.
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Table 3.1: Water quality monitoring data and index
Monitoring data measurements for total nitrogen, total phosphorus, dissolved
oxygen, and chlorophyll a measurements and the threshold values used in calculation
of the Water Quality Index. Mean values (n = 6) are presented with standard errors in
parentheses.
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Table 3.2: Box model calculations of physical water characteristics
Results from a simple conservative box model of flushing time, non-advective
exchange (E) and potential nitrogen removal in Monie Bay and its three tributary
creeks. Salinity was measured in 2006 while daily precipitation was averaged over
1971-2000 (Office of Maryland State Climatologist, 2008).
Creek
Monie Bay
Little Creek (wetlands)
Little Monie Creek (crop agriculture)
Monie Creek (septic/manures)

Volume
(m3 )

Mean Salinity
(ppt)

Mean Daily
Precipitation (m 3 d -1 )

Watershed
area (m 2 )

13,495,457
418,984
726,748
2,481,109

11.7
10.8
10.2
7.0

218,459
28,403
54,086
135,970

7.2E+07
9.4E+06
1.8E+07
4.5E+07
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E
(m3 d -1 )
118,071
127,972
66,666

Flushing
time (d)
3.5
5.7
37.2

Expected N
removal (%)
15.1
16.7
24.5

Table 3.3: Nitrogen generation in sewage, septic, and poultry manures
Nitrogen in sewage, septic, and poultry manure sources generated in the
watersheds of Monie Bay, Wicomico River, and Delmarva Peninsula. Poultry manure
‘People Equivalents’ are estimated based on manure (wet: 1.32 kg TN chicken-1 year1

, dry: 0.35 kg TN chicken-1 year-1, and a conservative estimate: 0.04 kg TN chicken-1

year-1) sewage (3.18 kg TN person-1 year-1), and septic systems (4.32 kg TN person-1
year-1) (Naber and Bermudez 1990, Lichtenberg et al. 2002). Data sources:
Delaware Department of Natural Resources and Environmental Control (DNREC),
Maryland Department of the Environment (MDE), Maryland Department of Natural
Resources (MD DNR), Maryland Department of Planning (MDP), U.S. Census
Bureau (U.S. Census), U.S. Department of Agriculture (USDA), U.S. Environmental
Protection Agency (US EPA), Virginia Department of Environmental Quality
(VDEQ), Virginia Department of Health, Eastern Shore District (VDHES).
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Monie
Bay
Human Population
(2002)

Wicomico
River

2,576

28,028

Delmarva
Peninsula
1,172,776

Average Annual
Chicken Population
(2002)

763,560 1,788,912 101,008,080

Chicken Manure
Wet : septic
'People Equivalents' Dry : sewage
Dry : septic
Conservative : sewage
Conservative : septic

233,542
83,378
61,398
9,207
6,780

547,156
195,343
143,848
21,570
15,884

30,894,305
11,029,751
8,122,131
1,217,916
896,654

0

3

27

Sewage Systems
(2002)

References
MDP 2000
U.S. Census 2000
MD DNR 2009
Naber and Bermudez 1990
USDA 2002
USDA 2005
Naber and Bermudez 1990
US EPA 2002

A. Brockenbrough, VDEQ, pers. comm.
P. Hansen, DNREC, pers. comm.
MDE 2009

Sewage Inputs
(kg TN yr -1 )

0

196,212

556,090

Crites and Tchobanoglous 1998
MD DNR 2009
US EPA 2002
Tchobanoglous et al. 2003

Septic Systems

699

7,233

181,953

A. Butler, MDP, pers. comm.
J. Davis, VDHES, pers. comm.
J. Volk, DNREC, pers. comm.

10,304

112,112

3,133,864

Septic Inputs
(kg TN yr -1 )
Manure Inputs
(kg TN yr -1 )

Wet
Dry
Conservative

1,008,478 2,362,720 133,407,228
265,129
621,160 35,072,840
29,276
68,589
3,872,777
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US EPA 2002
Tchobanoglous et al. 2003
Lichtenberg et al. 2002
Parker and Li 2006
USDA 2005
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Figure 3.1: Monie Bay, National Estuarine Research Reserve study sites
Map of Monie Bay National Estuarine Research Reserve within Delmarva
Peninsula (a). Land use in Monie Bay and Wicomico River watersheds (b). Sampling
stations within Monie Bay and its tributary creeks are noted (c).
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Figure 3.2: Oyster δ15N vs total nitrogen and Water Quality Index
Relationships between oyster muscle δ15N values and total nitrogen (µM).
Stations 4 and 7 (downstream Little Creek and Little Monie Creek, respectively) both
had a Water Quality Index score of 42 and oyster δ15N value of 12.1 ‰.
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Figure 3.3: Dissolved inorganic nitrogen δ15N vs. concentrations
Nitrate (a) and ammonium (b) δ15N values vs. concentrations in Monie Bay and its
tributary creeks.
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Figure 3.4. Water quality metrics and oyster δ15N
Water quality metrics vs. salinity for (a) total nitrogen (µM), (b) total
phosphorus (µM), (c) chlorophyll a (µg L-1), (d) dissolved oxygen (mg L-1), (e) oyster
muscle δ15N (‰) and (f) seston δ15N. Means and standard error bars are plotted.
Sample sizes (n): Monie Creek (n=8 all stations), Monie Bay (n=7 both stations), Little Monie Creek
(n=7 at salinity 11.0, 10.3; n=6 at salinity 9.1), Little Creek (n=7 at salinity 10.9; n=6 at salinity 10.4).
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Figure 3.5: Dissolved oxygen correlations with total nutrients
Dissolved oxygen (mg L-1) plotted vs. a) total nitrogen (µM) and b) total phosphorus
(µM). Regression equations for all data points are reported, though data have been
color coded by creek. Correlation coefficient (r) and p value (p) are reported.
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Figure 3.6: Conceptual diagram of oyster δ15N and Water Quality Index
Conceptual diagram depicting spatial patterns of Water Quality Index, oyster
δ15N values, and land use in Monie Bay sub-watersheds and the Wicomico River
watershed.
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Figure 3.7: Historical populations of chicken and people, and water quality
Historical records of chickens sold (a) in Somerset County (USDA 2002),
human population (b) in Somerset County (Maryland Department of Planning 2000),
and Water Quality Index (c) in Tangier Sound (connecting Monie Bay to Chesapeake
Bay) measured at Chesapeake Bay Program’s monitoring station EE3.1 (38° 11'
48.6744" N, 75° 58' 23.5416" W; Chesapeake Bay Program 2008).
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Abstract
Nitrogen loading from anthropogenic sources, including fertilizer, manure,
and sewage effluents has been linked with declining water quality in coastal lagoons
worldwide. Freshwater inputs to mid-Atlantic coastal lagoons of the United States are
from terrestrially influenced sources: groundwater and overland flow via streams and
agricultural ditches, with occasional precipitation events. Stable nitrogen isotope
ratios (δ15N) in bioindicator species combined with conventional water quality
monitoring were used to assess nitrogen sources and provide insights into their
origins. Water quality data revealed that nutrient concentrations derived from
terrestrial sources increased after precipitation events. Tissues from two bioindicator
species, a macroalgae (Gracilaria sp.) and the eastern oyster (Crassostrea virginica)
were analyzed for δ15N to determine spatial and temporal patterns of nitrogen sources.
A broad-scale survey of deployed macroalgae (June 2004) detected regions of
elevated δ15N. Macroalgal δ15N (7.33 ± 1.15 ‰ in May 2006, and 6.76 ± 1.15 ‰ in
July 2006) responded quickly to a sustained June 2006 nutrient pulse, but did not
detect spatial patterns at the fine scale. Oyster δ15N (8.51 ± 0.89 ‰) responded slowly
over longer time periods, and exhibited a slight gradient at the finer spatial scale.
Overall elevated δ15N values in macroalgae and oysters were used to infer that human
and animal wastes were important nitrogen sources in some areas of Maryland’s
Coastal Bays. Different nitrogen integration periods across multiple organisms may
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be used to indicate nitrogen sources at various spatial and temporal scales, which will
help focus nutrient management.

Introduction
Physical, chemical, and biological indicators are routinely used for monitoring
the spatial and temporal extent of eutrophication. In addition, chemical indicators
commonly used to measure eutrophication (e.g. total nitrogen or total phosphorus;
Nixon 1995; Cloern 2001; Kemp et al. 2005; Bricker et al. 2008) do not detect
biologically incorporated nitrogen (Costanzo et al. 2001). Analyzing stable nitrogen
isotopes (δ15N) in bioindicator species can be used to address these limitations, as the
approach has been shown to identify sources of human and animal wastes (Costanzo
et al. 2001; Cohen and Fong 2005). Standard water chemistry measurements of
eutrophic symptoms can be complemented with δ15N in bioindicator species to
increase understanding of the location and potentially infer the sources of nitrogen.
Comparison of δ15N values in bioindicator species has been used to
distinguish between chemically synthesized nitrogen fertilizer and human and animal
waste sources (McClelland and Valiela 1998). Fertilizer production fixes atmospheric
N2 (defined as 0 ‰); as a result, nitrogen runoff from agricultural areas potentially
has lower values of δ15N. Human and animal wastes entering groundwater have δ15N
values that are elevated (e.g. Sweeny and Kaplan 1980; Tucker et al. 1999) due to a
combination of volatilization of ammonia and denitrification, which leave the
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remaining nitrogen pool enriched with 15N (McClelland and Valiela 1998; Fry 2006).
Many wastewater treatment plants employ microbial processing to remove nitrogen at
rates higher than in natural ecosystems. Microbial nitrogen removal processes,
particularly denitrification, favor the isotopically light 14N and enrich the remaining
nitrate pool with 15N (Cline and Kaplan 1975; Kendall 1998). Additionally, ammonia
from human and animal waste fractionates during volatilization, leaving the nonvolatile portion further enriched with 15N (McClelland and Valiela 1998, Fry 2006).
Since multiple processes enrich δ15N values in biological indicator species,
interpretations need to be balanced against a set of alternative hypotheses.
Measurements of δ15N in biological indicator species are advantageous as a
complement to direct measurements that can be made on groundwater (Aravena et al.
1993), the water column, or sediments (Tucker et al. 1999), as biota minimize
temporal and spatial variability. In particular, this study focused on nitrogen
incorporated into macroalgae and filter feeders.
Integration of nitrogen sources occurs over varying time scales in different
organisms (Gartner et al. 2002; Dattagupta et al. 2004). While δ15N integration in
diets has been examined across taxonomic groups (including mollusks) and diets
(Vanderklift and Ponsard 2003), the temporal integration of δ15N over various time
scales by different organisms, due to species-specific turnover rates, has not been
fully explored. Macroalgae uptake nitrogen directly from the water column and have
rapid nitrogen turnover rates; therefore those organisms can provide information
about available nitrogen over a period of days (Costanzo et al. 2001). Assuming
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nitrogen limitation, fractionation during assimilation will be minimal (Fry 2006).
Oysters are sessile, euryhaline filter feeders that derive nitrogen from a variety of
sources, e.g. microorganisms, phytoplankton, detritus and inorganic particles
(Langdon and Newell 1996) and have tissue nitrogen turnover rates in the order of
weeks to months depending on the tissue type (Chapter 2). Temporal integration of
nitrogen suggested that δ15N in zebra mussels was appropriate to monitor watershed
development and downstream effects despite seasonal variations (Fry and Allen
2003). Feeding over multiple trophic levels in field studies may complicate
interpretation of δ15N, which is enriched 3-4 ‰ for each trophic level (Fry 2006). In
certain cases, spatial gradients in δ15N could reflect variability in available diets.
Nevertheless, biological indicators such as macroalgae and oysters allow an
assortment of questions to be addressed through manipulative field experiments that
provide long-term integration on different time scales, which is missed by water
chemistry measurements alone without highly detailed sampling.
Multiple sources of anthropogenic nitrogen affect mid-Atlantic coastal bays.
Collectively, agricultural fertilizers as well as human and animal wastes have been
directly linked to downstream eutrophication (Kennish 2002; Kiddon et al. 2003;
Bricker et al. 2007; Wazniak et al. 2007). Long-term water quality monitoring
reported recent degradation and increases in total nitrogen, despite historical
improvements and decreases in total nitrogen, signaling a need to better understand
the driving forces for trend shifts in this region and to identify sources of
anthropogenic nitrogen (Wazniak et al. 2007). Symptoms of degradation include an
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approximate doubling of dissolved organic nitrogen, increasing frequency of harmful
algal blooms, e.g. brown tide (Glibert et al. 2007), and adverse effects on seagrass
distribution and density (Harris et al. 2005; Wazniak et al. 2007). Human population
in Maryland’s Coastal Bays watersheds doubled between 1980 and 2000 to ~35,000
people, and is expected to double again by 2020 (Hager 1996). Septic and wastewater
nitrogen inputs have also increased during this period (MCBP 2005). Identifying and
differentiating sources of anthropogenic nitrogen can help target management efforts
to reduce inputs.
This paper develops a framework for interpreting δ15N from macroalgae
(Gracilaria sp.) and oyster (Crassostrea virginica) tissue by addressing three
questions: 1) What are the relative capabilities of macroalgae and oysters to detect
nitrogen from human and animal wastes? 2) What are the broad scale spatial patterns
of nitrogen from wastes spanning these coastal bays (~600 km2)? 3) What are the
fine-scale spatial patterns of influence by nitrogen from human and animal wastes
within regions (ranging from ~10 to 50 km2) of Maryland’s Coastal Bays?

Methods
Study Location
This study was conducted in a series of coastal lagoons located on the midAtlantic coast of the United States (Figure 4.1). These coastal lagoons, including
Chincoteague Bay (extending from 38°15’14” N, 75°11’57” W in the north to
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37°54’14” N, 75°24’38” W in the south), cover the full length of Maryland’s and
some of Virginia’s Atlantic coastline. The bays comprise a series of shallow (2 m
mean depth), well-mixed, estuary lagoons behind barrier islands (Fenwick and
Assateague Islands).
Due to small watershed areas (totaling 452 km2) of Maryland’s Coastal Bays,
freshwater inputs and activities that result in anthropogenic nitrogen inputs generally
occur within 6 km of shore, as compared to larger ecosystems (e.g., Jordan et al.
1997; Brawley et al. 2000; Turner and Rabalais 2003). Freshwater overland sources,
transporting nitrate from terrestrial recharge areas, enters Delmarva Peninsula’s
coastal lagoons via both groundwater (Andres 1992; Bratton et al. 2004; Krantz et al.
2004; Manheim et al. 2004) and base flow that include riverine (Lung 1994; Schwartz
2003) and agricultural ditches (Schmidt et al. 2007). Seasonal precipitation was
variable across these coastal bays, and spring 2006 was drier than average while
summer precipitation events were larger than average (Figure 4.2). Salinities range
from fresh in some tributaries to polyhaline (30-35‰) in the bays. There is oceanic
flushing through two small channels; one near Ocean City (38°19’31” N,
75°05’33” W) toward the northern end of the bays, and the other is south of
Chincoteague Bay (37°52’36” N, 75°25’04” W; Figure 4.1). Flushing rates are
around 12 d in St. Martin River and 63 d in Chincoteague Bay (Pritchard 1960; Lung
1994). Land cover in the watersheds of these coastal lagoons is dominated by forests
(39.5%) and crop agriculture (31.8%), although industrial poultry feeding operations
(1.1%) are also located within the watersheds (Table 4.1). The region has a high
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occurrence of septic systems for the residential towns of Berlin, MD and
Chincoteague, VA (Souza et al. 1993). Poor water quality has been reported in the
northern portion of Chincoteague Bay, which is the receiving waters for the town of
Berlin, MD (Boynton 1993; Boynton et al. 1996).
Experimental Design
Macroalgae were used for both broad and fine scale surveys. Macroalgae
(Gracilaria sp.) were deployed at 248 randomly distributed sites throughout all
regions of Maryland’s Coastal Bays from 7 to 12 June 2004 (Figure 4.1). Finer scale
surveys were conducted from 22 to 27 May 2006 and again from 13 to 18 July 2006.
Survey dates were not selected a priori for association with precipitation events, yet
twelve precipitation events occurred between fine scale surveys in June 2006 (0.3 –
53.3 mm; Figure 4.2), making this year unusual compared to the long-term average.
During the finer scale surveys, macroalgae were deployed at 100 sites randomly
distributed across these coastal bays in St. Martin River (21 sites), Chincoteague Bay
at Public Landing (22 sites), Johnson Bay (28 sites), and southern Chincoteague Bay
(29 sites; see Figure 4.1).
Macroalgae surveys followed the deployment methods described by Costanzo
et al. (2001). The macroalgae used for deployment were initially collected in
Greenbackville, VA, near southern Chincoteague Bay 1 d in advance of deployment.
Three sub-samples (~1.0 g dry weight each) provided an initial δ15N value
(10.0 ± 0.1 ‰ in June 2004, 5.2 ± 0.2 ‰ in May 2006, and 9.5 ± 0.6 ‰ in July 2006).
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The remaining macroalgae were sub-sampled (~1.0 g dry weight) for deployment and
placed in transparent 130 ml containers with 35 perforations of ~1.0 cm diameter
distributed across the side and bottom to allow light, water, and nutrient exchange.
For each site, containers (one per site) were attached to anchored surface buoys at a
depth of 0.5 of the Secchi depth (rounded to nearest 10 cm).
Oysters (Crassostrea virginica) were deployed in the fine scale survey (2006)
in a similar manner as macroalgae. Oysters were originally hatchery-reared without
shell substrate (cultchless) < 1 yr old (29.8 – 95.8 mm shell height), grown in two
locations in St. Martin River, and had initial δ15N values of 8.2 ± 0.3 ‰. Oysters were
deployed in Johnson Bay and St. Martin River from 21 May to 13 July 2006, and in
southern Chincoteague Bay and Public Landing from 22 May to 14 July 2006. Oyster
deployments overlapped the June precipitation events. Three oysters from a randomly
selected growth location were placed in a mesh (1.9 cm holes) cage, anchored by
bricks and suspended 0.5 m above bottom by surface buoys. The oysters were
deployed at the same 100 sites as the macroalgae (Figure 4.1).
Data Collection and Analysis
After the deployment period, tissues from both macroalgae and oysters were
analyzed for stable isotope ratios (δ15N and δ13C). Upon collection, samples were kept
on ice in the field and frozen at the laboratory (-20° C) until processing. Of the
surviving oysters from each site, one was selected at random and dissected to recover
the adductor muscle for δ15N analysis. Tissues from both organisms were thawed,
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rinsed, and oven dried at 60°C for 48 h or until thoroughly dry. Dried macroalgae
tissue was finely ground using a grinding mill (Crescent 3110B Wig-L-Bug), while a
mortar and pestle was used for oysters. Sub-samples (2.0 ± 0.2 mg dry weight of
macroalgae, 1.0 ± 0.2 mg dry weight of oyster) were placed in tin capsules (pressed,
standard weight 8 × 5 mm, Elemental Microanalysis). Nitrogen and carbon content
(µg N and µg C) and natural abundance of stable isotopes (δ15N and δ13C) were
analyzed at University of California Davis Stable Isotope Facility using a PDZ
Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope
ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Molecular %N and C:N ratio
were calculated. Both δ15N and δ13C = (Rsample/Rstandard – 1) × 103, where R was
defined as either the 15N/14N or 13C/12C ratio. The standard reference was atmospheric
N2 (air), with 0.3663 atom % 15N, defined as 0‰ (e.g. Fry 2006), while the PDB
standard was used for δ13C. PDB refers to the Cretaceous belemnite formation at
Peedee in South Carolina, USA
Data on physical parameters and nutrient concentrations were collected and
analyzed in conjunction with biological data. Physical (e.g. temperature and salinity)
parameters were measured with a WTW Multi 197i water quality probe and Secchi
depth was also recorded. Water samples (20 ml) for nutrient analyses (total nitrogen
(TN) and total phosphorus (TP)) were collected and kept on ice in the field 21 May
2006 (before precipitation events) and 13 July 2006 (after precipitation events) until
freezing (-20 °C) at the laboratory for analysis. Total nutrients, rather than inorganic
species, were analyzed according to standard methods (D’Elia et al. 1977; Kerouel
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and Aminot 1987). Long-term nitrogen increases and recycling in these bays have
been driven by the dominant dissolved organic fraction (Glibert et al. 2001; Glibert et
al. 2007), and locally are at least moderately bioavailable (Seitzinger and Sanders
1999; Seitzinger et al. 2002; Mulholland et al. 2004; Glibert et al. 2006; Wiegner et
al. 2006). In culture, Gracilaria cornea efficiently grows on organic (urea) or
inorganic (NH4+-N, NO3--N, or NO3NH4) nitrogen (Navarro-Angulo and Robledo
1999). Therefore total, rather than dissolved inorganic, nutrients were deemed a better
indicator of relative nutrient availability. Water samples (60 ml) for chlorophyll a
were filtered onto GF/F filter paper (25 mm diameter) in the field, and kept on ice
until freezing (-20 °C) at the laboratory until spectrophotometric analysis, which was
conducted according to standard methods (Arar, 1997). Data from two statistical
outliers (defined as > ± 3σ from mean, verified by Grubb’s test, Barnett and Lewis
1998) were removed. Precipitation data was collected by National Park Service,
Assateague Island National Seashore. Spatial patterns for all parameters were plotted
with ArcMap 8.0 geographical information system. The Spatial Analyst functionality
of the ArcGIS package was used to Krige raster interpolations for measured variables
and their variances. If spatial autocorrelation was not confirmed, the interpolation was
removed. Correlations were calculated for physical and nutrient parameters for both
months. Assumptions of normality and homogeneity of variances were verified with
SAS 9.1.2 (Proc Univariate), and no data transformations were required. Statistical
analysis testing for differences between means using two-way ANOVAs (region,
month) was also performed with SAS 9.1.2 (Proc Mixed) for all parameters, except
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for those involving oysters. Oyster data was analyzed with one-way ANOVAs run on
regions since only one deployment was conducted; from May to July.
Physical (including nutrients), and biological (chlorophyll a, macroalgae %N,
macroalgae δ15N, macroalgae δ13C, and macroalgae C:N) parameters were analyzed
with non-parametric multidimensional scaling (non-metric MDS) to assess spatial and
temporal patterns. Separate analyses were conducted on range standardized
physical/nutrient metrics and on biological metrics for each month. A Bray-Curtis
similarity matrix produced a distance matrix for each set of variables, which was
ordinated by non-metric MDS using PATN (Belbin, 1993). Each analysis was
conducted in two dimensions with 10 random starts. Ordinations had acceptable (0.14
and 0.17, respectively) stress levels (Clarke and Warwick, 1994).

Results
Pulse of freshwater transported terrestrially-derived nutrients to the lagoons
Freshwater inputs were variable across the study period and altered salinity
and nutrient concentrations. In 2004, precipitation was consistently low (0.0 –
15.0 mm; Figure 4.2) in the spring months (March to May) preceding the broad scale
survey. However there were twelve precipitation events in June 2006 (0.3 – 53.3 mm;
Figure 4.2). While total nitrogen was positively correlated with temperature, both
total nitrogen and total phosphorus were negatively correlated with salinity
(Table 4.2). Salinity decreased from May 2006 (30.1) to July 2006 (27.7), as
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precipitation induced a pulse of runoff and diluted the bays. Salinity decreased
towards shore at Johnson Bay and upstream at St. Martin River, while salinities at
Public Landing and Chincoteague were more homogenous (Figure 4.3a-d). Higher
concentrations of water column total nitrogen and total phosphorus were found in
July 2006 (51.6 ± 15.8 µM N, 4.42 ± 1.04 µM P) than May 2006 (44.6 ± 3.7 µM N,
2.59 ± 0.77 µM P), except for total nitrogen at Johnson Bay. Interpolation of total
nitrogen indicated a gradient decreasing offshore (Figure 4.3e-h).
Both temporal and regional differences were found in biological parameters in
2006. Chlorophyll a in Chincoteague and St. Martin River increased with total
nitrogen and total phosphorus, temporally (Table 4.3). Yet all variables had a
significant interaction between region and month (Table 4.4). Nutrients pulsed by
precipitation events were also incorporated into macroalgae. Macroalgae %N
increased from May (1.5%) to July (2.2%). Non-metric MDS indicated biological
parameters grouped temporally but not regionally (Figure 4.4a). Chlorophyll a was
inversely related to macroalgae δ15N and δ13C values and was not related to
macroalgae %N or C:N (Fig. 4.4b). Macroalgae δ13C was more enriched in July than
in May in all regions (Table 4.3).
Broad spatial scale comparisons (2004)
The broad survey in 2004 showed distinct spatial patterns of total nitrogen
concentrations across Maryland’s Coastal Bays. Nutrient concentrations were highest
in small creeks and lowest closest to the channels, where bay water exchanges with
111

oceanic water (Figure 4.5a). Concentrations of total nitrogen were lowest (0.7 to 38.8
µM) in Isle of Wight Bay, by the channel near Ocean City. Southern Chincoteague
Bay, near the other channel, also tended to have low concentrations of total nitrogen
(15.8 to 35.0 µM) compared to Public Landing and Johnson Bay (41.2 to 68.8 µM).
St. Martin also exhibited moderate concentrations of total nitrogen (42.7 to 72.2 µM).
Highest values of total nitrogen were found in Newport Bay (53.7 to 82.1 µM;
Figure 4.5a). Total nitrogen and total phosphorus concentrations correlated positively
with temperature and salinity but inversely with macroalgal δ15N values (Table 4.2).
Macroalgal δ15N and %N values varied broadly in 2004 across Maryland’s
Coastal Bays, and spatial patterns differed from that of total nitrogen concentrations.
Highest δ15N values were found in southern Chincoteague Bay (10.8‰ to 26.4‰),
and then in St. Martin River (12.1‰ to 22.6‰), but were moderate in Public Landing
(12.4‰ to 13.2‰). While macroalgal δ15N values in Johnson Bay were moderate
(9.5‰ to 17.8 ‰), the higher values tended to lie to the west of islands in
Chincoteague Bay (Figure 4.5b). Broad spatial patterns of macroalgae %N were
similar to that of δ15N. Macroalgae %N was high in Sinepuxent and Newport Bays in
addition to St. Martin River and Isle of Wight Bay. Both macroalgae δ15N and %N
were low in Chincoteague Bay, although somewhat elevated around Chincoteague
Island (Figure 4.5c). Macroalgae %N negatively correlated to total nitrogen
(r = −0.15, p < 0.03) and total phosphorus (-0.35, p < 0.01; Table 4.2). Spatial
patterns of total nitrogen concentrations, macroalgae δ15N, and macroalgae %N did
not match (Figure 4.5a-c). In St. Martin River, total nitrogen concentrations
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(55.6 ± 3.0 µM), macroalgae δ15N (15.9 ± 1.2 ‰), and macroalgae %N (1.5 ± 0.1 %)
were elevated, but in southern Chincoteague Bay, total nitrogen concentrations
(24.1 ± 1.3 µM) and macroalgae %N (1.2 ± 0.1 %) were low while macroalgae δ15N
was elevated (17.3 ± 1.3 ‰).
Fine spatial scale comparisons (2006)
Regional variations in total nitrogen concentrations were detectable in the
finer spatial scale sampling data (Figure 4.3e-h). During both fine-scale samplings in
2006, St. Martin River had the highest total nitrogen (54.6 ± 1.2 µM N in May,
71.3 ± 3.6 µM N in July), and Johnson Bay had the highest total phosphorus (3.25 ±
0.10 µM P in May, 5.14 ± 0.17 µM P in July), while southern Chincoteague Bay had
the lowest total nitrogen (24.8 ± 1.2 µM N in May, 33.9 ± 0.6 µM N in July) and total
phosphorus (1.62 ± 0.05 µM P in May, 3.26 ± 0.05 µM P in July; Table 4.3). Nonparametric MDS showed that physical parameters grouped regionally, and that total
nitrogen and total phosphorus were inversely correlated with Secchi depth
(Figure 4.4c,d). Southern Chincoteague Bay tended to have low total nutrients and
increased Secchi depth, while St. Martin River and Public Landing exhibited
gradients of nutrients (Figure 4.3e-h). While spatial patterns of macroalgal δ15N were
recognizable at the broad scale, they were undetectable at the finer spatial scale
within regions, in both May and July. The range of macroalgal δ15N values was
bigger at the broad spatial scale in 2004 (8.9 to 26.4 ‰) than at the finer spatial scale
in 2006 (5.5 to 8.8 ‰ in May and 2.5 to 9.1 ‰ in July). A slight north south gradient
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of oyster δ15N emerged within these regions (Figure 4.6a,b), particularly at Johnson
Bay (7.8 to 10.3‰) and southern Chincoteague Bay (6.5 to 10.0‰).
Bioindicator species comparison
Macroalgae and oyster biological indicators both responded, but in different
ways, to nutrient concentrations and sources. At the broad scale (2004), macroalgal
δ15N values and total nutrients (total nitrogen and total phosphorus) were inversely
related (Table 4.2). At the finer spatial scale (2006), neither total nitrogen nor total
phosphorus significantly correlated to macroalgae δ15N (in either May or July,
Table 4.2). Absolute change in macroalgae δ15N from initial values were greatest in
June 2004, and were negative in July 2006, while changes in oyster δ15N were much
smaller than macroalgae, often < ±1.0 ‰ (Figure 4.7a). Meanwhile, macroalgae %N
decreased from initial values in June 2004 and changed minimally from initial values
in either May or July 2006, while oyster %N values exhibited the greatest absolute
change in %N, often > 1.5% (Figure 4.7b). Except in Chincoteague, macroalgae %N
was higher in July than May, while macroalgae δ15N decreased from May to July
(Table 4.3). Macroalgae δ15N and %N were positively correlated in May (0.26, p <
0.01, n = 95), but not in July (-0.14, p = 0.17, n = 99). Oyster %N values varied only
slightly regionally and exhibited the least increase (1.4%) above initial values at
southern Chincoteague Bay. Oyster tissue %N values were spatially consistent with
total nitrogen (Table 4.3). Initial values of macroalgae δ15N (5.2‰ in May and 9.5‰
in July) and oyster δ15N (8.2‰) were lower than final measurements after
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deployment, except at southern Chincoteague Bay (8.1 ± 0.2‰). Spatially, oyster
δ15N values more closely resembled macroalgae δ15N in May 2006 (Johnson Bay >
St. Martin River > Public Landing > southern Chincoteague Bay) than those of July
2006. Overall, both macroalgae and oysters had high isotopic values inshore,
indicating anthropogenic sources of nitrogen.

Discussion
Pulse of freshwater transported terrestrially-derived nutrients to the lagoons
Freshwater inputs in June 2006 were abnormally large and frequent, compared
to the long-term average, and these inputs rapidly pulsed nutrients into the coastal
lagoons, resulting in changes to the macroalgae nutrient status and phytoplankton
abundance. Salinity and nutrient gradients along St. Martin River (Figure 4.3a,e) in
conjunction with salinity decreases and spatial patterns of nutrients in Public Landing
(Figure 4.3b,f) and Johnson Bay (Figure 4.3c,g) which emanated from shore
implicated transport of total nitrogen from terrestrial sources, either via groundwater
or overland flow through streams or agricultural ditches. Similar nutrient pulses (e.g.
dissolved nitrate) are common in other comparable coastal ecosystems (Valiela et al.
1990; Ullman et al. 2002). Temporal grouping of biological parameters (total
chlorophyll a and macroalgae %N, C:N, δ13C, and δ15N) in the non-metric
multidimensional scaling analysis indicated the biological response to nutrients was
driven by precipitation (Figure 4.4a,b). For example, enrichment of macroalgae δ13C
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occurred across all regions after the June 2006 unusually large precipitation events
(Table 4.3). Typical of shallow coastal ecosystems, nutrients increased primary
production, which contributed to reduced water clarity via elevated levels of
phytoplankton (Figure 4.4c,d; Nixon et al. 2001). Macroalgae nitrogen incorporation
was inferred from increased %N after freshwater inputs (Table 4.3).
Patterns at broad spatial scale identified by macroalgae
Across these coastal lagoons, total nitrogen concentrations and macroalgae
δ15N values provided different information. Spatial patterns of total nitrogen
concentrations (Figure 4.5a) reflected physical ecosystem processes such as oceanic
exchange, as concentrations were low near the two inlets near both ends of
Assateague Island and higher in areas with poor flushing, such as Johnson Bay.
Elevated macroalgae δ15N in St. Martin River and southern Chincoteague Bay
potentially indicated nitrogen sources, possibly from human or animal wastes, even
though the concentrations of total nitrogen varied (Figs. 5a, 5b). This highlights the
ability to interpret measurements of δ15N in bioindicators as inputs of human or
animal wastes, even when total nitrogen concentrations are low. Experimental
evidence, such as that with the macroalgae Enteromorpha, suggests that δ15N values
are independent of total nitrogen concentration, though the rate of 15N incorporation
varies by the form of inorganic nitrogen (Cohen and Fong 2005).
Isotopic values can provide evidence of nitrogen source, particularly in
conjunction with land use. Macroalgae were enriched with δ15N in St. Martin River
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and near Chincoteague Island, areas where land uses (e.g., residential development,
poultry production) suggested a possible presence of septic and manure sources of
nitrogen. Examples include St. Martin River (17.2% residentially developed
watershed largely reliant on septic systems) and the adjacent Assawoman Bay (18.9%
residentially developed watershed, Table 4.1, Maryland Department of Planning
2002). These results align with quantitative linkages that have been made between
urban development and enriched δ15N values in primary consumers (Vander Zanden
et al. 2005). Animal agriculture, with isotopically enriched manure byproducts, was
another comparatively prominent land use feature of these regions (1.8% and 1.4%,
respectively, Table 4.1). St. Martin River, the region with the highest total nitrogen,
exhibited a gradient decreasing downstream, suggesting terrestrial nitrogen inputs that
diluted upon mixing with higher salinity water from ocean exchange. Yet macroalgae
δ15N values in these regions were elevated in the broad (June 2004) survey (Figure
4.5b) and in the fine scale survey prior to rain events (May 2006). While a total
nitrogen concentration gradient suggested terrestrially derived nitrogen inputs, septic
and/or manure sources were inferred to be important nitrogen sources for St. Martin
River and Isle of Wight based upon enriched macroalgae δ15N values.
The town of Chincoteague, VA (population 4,317; 173.1 people km-1; U. S.
Census Bureau 2000) is situated atop sandy soils and potentially contributes nitrogen
via septic systems, as evidenced by enriched δ15N values in macroalgae in the
surrounding estuarine waters. This town comprises much of the residential
development (1.5% of the total watershed area) in the Chincoteague Bay watershed
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and relies entirely on septic systems (Maryland Department of the Environment). In
addition to elevated δ15N, increased concentrations of total nitrogen would be
expected from this potential nitrogen source; however, southern Chincoteague Bay
had the lowest total nitrogen at both broad (Fig. 5a) and fine spatial scales (Fig. 3h),
likely due to processes including dilution and ocean flushing, but also to some extent
to small watershed size, and expansive intact wetlands (Wazniak et al. 2007).
Fine spatial scale potentially indicates sources despite lack of spatial patterns
At the fine spatial scale, patterns emerged from oyster δ15N values, but not
from macroalgae δ15N values. North-south gradient patterns in Johnson Bay (Fig. 6a)
and southern Chincoteague Bay (Fig. 6b) were detectable in oyster muscle δ15N.
These gradients agreed with broad patterns from June 2004 macroalgae δ15N (Fig.
5b). Though oyster muscle δ15N gradients were slight, homogeneously elevated
values implicated septic sources of nitrogen in southern Chincoteague Bay, likely
from the town of Chincoteague, VA. In a similar study, spatial homogeneity of
elevated δ15N among hard clam tissues (Mercenaria mercenaria) along a
eutrophication gradient has been attributed to anthropogenic sources, suggesting that
elevated δ15N in mollusks can still indicate nitrogen source, despite a lack of spatial
pattern (Ockowski et al. 2008). Furthermore, oyster δ15N values in this study were
similar to, though somewhat lower than (8.5 ± 0.1‰) muscle tissue (9.4 ± 0.2‰ and
16.0 ± 2.3‰) of an Australian oyster species (Saccostrea glomerata) influenced by
wastewater treatment effluent within 50 m (Piola et al. 2006).
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Bioindicator species comparison
The growing literature on biological indicators suggests that δ15N in
organisms sampled from natural communities consisting of various taxonomic
groups, including macrophytes (e.g. McClelland et al 1997; Cole et al. 2004; Cohen
and Fong 2006), finfish (Lake et al. 2001), and mollusks (Fila et al. 2001; McKinney
et al. 2002; Vander Zanden et al. 2005), or some combination (Gartner et al. 2002;
Fry et al. 2003) can identify nitrogen sources. Additionally, manipulative deployment
of macroalgae has been used to interpolate spatial patterns in anthropogenic sources
of nitrogen through experimental fieldwork (e.g., Udy and Dennison 1997; Costanzo
et al. 2001). The current study combines the benefits of each technique, providing
direct comparison between taxonomic groups of primary producers and consumers
along with the ability to interpolate spatial patterns based on a manipulative field
design in areas where natural communities may not be currently or readily available.
The presence or absence of spatial patterns in δ15N in macroalgae and oysters
at different spatial scales provides a spatial context in which each can be usefully
deployed as a biological indicator. While clear spatial patterns in macroalgae δ15N
and %N emerged at the broad spatial scale in June 2004 (Figs. 5b, 5c), spatial patterns
in δ15N or %N were not obvious for macroalgae deployed at the fine spatial scale
(either May or July 2006). Macroalgae δ15N values were homogenously distributed <
10 ‰ throughout Johnson Bay and southern Chincoteague Bay in both May and July
2006. Therefore, macroalgae may potentially be more usefully deployed as biological
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indicators of nitrogen source at a broad scale (100s of km2) rather than at the fine
spatial scale (10s of km2). The slight gradients in Johnson Bay (Fig. 6a) and southern
Chincoteague Bay (Fig. 6b) suggest oyster δ15N may indicate potential nitrogen
source at fine spatial scales (10s of km2).
In this study, manipulative deployments of macroalgae over multiple years in
conjunction with deployment of oysters provided a comparison of isotopic responses
to water chemistry factors (i.e. the unusual nutrient pulse) in addition to the
comparison between species. Macroalgae δ15N and %N exhibited smaller changes
from initial values after receiving more precipitation during 2006 in the fine scale
survey than the drier 2004 broad scale survey (Figs. 7a, 7b). Decreased regional mean
macroalgal δ15N values with increased standard errors from May to July 2006
(Table 4.3) and the undefined spatial patterns in Johnson Bay can be explained by the
response of a relatively short nitrogen turnover rate to the unusually large
precipitation events of June 2006 and associated turbulence and mixing. Quick
turnover rates in macroalgae result in rapid response by δ15N to environmental
conditions as compared to slower tissue turnover rates in tissues of consumers such as
oysters (Moore 2003; Cohen and Fong 2005), so oyster response to the precipitation
events would be dampened compared to macroalgae. Similar to other studies (e.g.
Gartner et al. 2002 and Fry et al. 2003), responsiveness to nitrogen cycling, as
reflected in changes to δ15N and %N, was greater in macroalgae than in oysters (Figs.
7a, 7b), likely due to relative physiological turnover times; days for macroalgae and
weeks for oysters. Between regions of these coastal lagoons, patterns of oyster tissue
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δ15N values (July 2006; Table 4.3) were more similar to previous macroalgae δ15N
values (May 2006; Table 4.3) than to concurrent macroalgae δ15N values (July 2006;
Table 4.3) and did not reflect short-term nutrient pulses from the June 2006
precipitation events.
Water chemistry factors and spatial scale may influence interpretation of δ15N
in macroalgae and oysters to infer nitrogen source. Isotopic signals can be influenced
by physical conditions such as salinity, temperature or depth (Jennings and Warr
2003) and are variable in strength. Water chemistry measurements varied over time in
these coastal bays, as evidenced by a wide range of macroalgae δ15N values in 2004
(Fig. 5b) and a smaller range of macroalgae δ15N values with no clear finer scale
spatial pattern in 2006. Since spatial patterns were detectable in 2006 by oyster δ15N,
perhaps these tissues are less susceptible to variability in water chemistry, due to
oyster physiology (Figs. 7a, 7b), and thus can detect spatial patterns at a finer spatial
scale than macroalgae (see Chapter 6). This conclusion is counter-intuitive because
while deployments of both macroalgae and oysters were stationary, the phytoplankton
consumed by oysters (which directly uptake dissolved nitrogen) may have been
transported horizontally by water circulation or tides and thus oysters might be
integrate a mixture of δ15N signatures from a larger spatial area than macroalgae.
Nevertheless, the spatial evidence presented here and in Chapter 5 suggests that
oyster δ15N may be best suited for interpretation of nitrogen sources at spatial scales
of 10s to 100s of km2.
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A combination of indicator species responsiveness and ecosystem features
may affect the success of indicating nitrogen source. For example, oceanic mixing
and short residence times in deep waters offshore southwestern Australia may have
dispersed δ15N signals before transmission from organic sources to filter feeders via
food sources, though more responsive macroalgae reflected sewage effluent sources
(Gartner et al. 2002). In another study in the northeast Atlantic, Jennings and Warr
(2003) found that most spatial δ15N variability in scallops is related to physical
conditions (salinity, depth, and temperature). Comparatively, the shallow, coastal
lagoons of the present study are characterized by residence times on the order of
weeks (Pritchard 1960; Lung 1994); potentially enough time for δ15N signals to
persist and be incorporated into oysters, provided a sufficient time period for oyster
uptake and assimilation.
Variation in responsiveness based on physiological differences between
primary producers and filter feeders may potentially introduce a lag time in oyster
δ15N values compared those of macroalgae. The greater absolute changes found in
macroalgae δ15N compared to oyster δ15N (Fig. 7a) suggest a more rapid response to
nitrogen source, likely due to relative physiological turnover times, though oyster %N
increase (Figure 4.7b) suggested new growth that would reflect phytoplankton δ15N
signatures during deployment. For example, when comparing across regions, oyster
δ15N values (July 2006) more closely resemble macroalgae δ15N values from May
2006 (Johnson Bay > St. Martin River > Public Landing > southern Chincoteague
Bay) than macroalgae δ15N values from July 2006 (Table 4.3). In addition to different
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trophic levels, this discrepancy between macroalgal and oyster δ15N values may have
been magnified by a time lag due to different rates or modes of nitrogen assimilation.
As described in Chapter 1, variations in trophic shifts are also associated with the
processes of nitrogen assimilation and excretion (Vanderklift and Ponsard 2003).
Macroalgae assimilate nitrogen directly from the water column (e.g., Cohen and Fong
2006), while oysters receive their nitrogen indirectly from the water column (via
consumption of a variety of nitrogen sources, for example microorganisms,
phytoplankton, detritus and inorganic particles) to reflect ambient δ15N (Newell and
Langdon 1996; Cohen and Fong 2005). Due to the rate and timing of nitrogen
assimilation, oysters integrate nitrogen in the muscle over longer time (4 months,
Chapter 2) periods than macroalgae (4 days). Future studies could investigate the
possibility of a lag time in oyster δ15N response as compared to macroalgae due to
variations in length of nitrogen incorporation.
In addition to differences between macroalgae and oysters, different species
within a functional group may provide different temporal integrations, based on
species-specific turnover rates. Muscle tissues in different species of filter feeding
bivalves vary, e.g. ~2 mo for the eastern oyster (Crassostrea virginica), >3 mo for
Sydney rock oyster (Saccostrea commericalis; Moore 2003), and > 1 y for a
methanotrophic hydrocarbon seep mussel (Bathymodiolus childressi; Dattagupta et al.
2004). Because the diet of filter feeders includes multiple trophic levels (e.g. primary
producers, detritus, etc.), which are separated by 3 to 4 ‰ (Fry 2006), mixtures of
trophic levels may confound interpretation of δ15N. In certain cases, spatial gradients
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in δ15N could reflect variability in available diets. Yet identifying human and animal
waste as potential nitrogen source to these bays fits with recent degradation of water
quality and increases in total nitrogen identified by long-term monitoring datasets
(Wazniak et al. 2007). Multiple temporal integrations among species allow different
monitoring questions to be addressed by different biological indicators. Macroalgae
and oysters may be suited for different roles as biological indicators, but they both
may have the potential to indicate nitrogen sources at various spatial and temporal
scales, which will help focus nutrient management.
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Chapter 4 Tables
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Table 4.1: Land use in Maryland Coastal Bays watersheds
Percent of each sub-watershed of Maryland’s Coastal Bays devoted to various
land uses. Data from Maryland Department of Planning, 2002.
776
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Table 1 Percent of each sub-watershed of Maryland’s coastal bays devoted to various land uses
Land use

Residential
Urban
Crop Agriculture
Animal Agriculture
Forest
Wetlands
Bare/Other
Total (ha)

Assawoman
Bay (%)

Chincoteague
Bay (%)

St. Martin River/ Isle
of Wight (%)

Newport
Bay (%)

Sinepuxent
Bay (%)

18.9
6.6
22.5
1.4
27.9
21.5
1.2
2,791

1.5
0.2
32.5
0.7
40.3
22.9
1.9
17,340

17.2
5.5
34.1
1.8
37.7
3.4
0.3
13,605

6.9
2.0
34.4
0.8
43.5
12.0
0.4
11,005

9.4
5.9
11.4
0.2
38.6
23.1
11.4
3,080

Data from Maryland Department of Planning, 2002

Data Collection and Analysis
Finer scale surveys were conducted from 22 to 27 May
2006 and again from 13 to 18 July 2006. Survey dates were
After the deployment period, tissues from both macroalgae
not selected a priori for association with precipitation
and oysters were analyzed for stable isotope ratios (δ15N and
events, yet 12 precipitation events occurred between finescale surveys in June 2006 (0.3–53.3 mm; Fig. 2). During
δ13C). Upon collection, samples were kept on ice in the field
the finer scale surveys, macroalgae was deployed at 100
and frozen at the laboratory (−20°C) until processing. Of the
sites randomly distributed across these coastal bays in St.
surviving oysters from each site, one was selected at random
Martin River (21 sites), Chincoteague Bay at Public
and dissected to recover the adductor muscle for δ15N
Landing (22 sites), Johnson Bay (28 sites), and southern
analysis. Tissues from both organisms were thawed, rinsed,
Chincoteague Bay (29 sites; see Fig. 1).
and oven-dried at 60°C for 48 h or until thoroughly dry.
Macroalgae surveys followed the deployment methods
Dried macroalgae tissue was finely ground using a grinding
described by Costanzo et al. (2001). The macroalgae used
mill (Crescent 3110B Wig-L-Bug), while a mortar and pestle
for deployment were initially collected in Greenbackville,
was used for oysters. Subsamples (2.0±0.2-mg dry weight of
VA near southern Chincoteague Bay 1 day in advance of
macroalgae, 1.0±0.2-mg dry weight of oyster) were placed
deployment. Three subsamples (~1.0-g dry weight each)
in tin capsules (pressed, standard weight 8×5 mm, elemental
provided an initial δ15N value (10.0±0.1‰ in June 2004,
microanalysis). Nitrogen and carbon content (μg N and μg C)
and natural abundance of stable isotopes (δ15N and δ13C)
5.2±0.2‰ in May 2006, and 9.5±0.6‰ in July 2006). The
remaining macroalgae were subsampled (~1.0-g dry
were analyzed at the University of California Davis Stable
weight) for deployment and placed in transparent perforated
Isotope Facility using a PDZ Europa ANCA-GSL elemental
(35 holes of ~1.0-cm diameter distributed across the side
analyzer interfaced to a PDZ Europa 20–20 isotope ratio
and bottom) containers (130 mL) to allow light, water, and
mass spectrometer (Sercon Ltd., Cheshire, UK). Molecular
nutrient exchange. For each site, containers (one per site)
%N and C/N ratio were calculated. Both δ15N and δ13C=
were attached to anchored surface buoys at a depth of 0.5 of
(Rsample/Rstandard −1)×103, where R was defined as either the
15
the Secchi depth (rounded to nearest 10 cm).
N/14N or 13C/12C ratio. The standard reference was
Oysters (C. virginica) were deployed in the fine-scale
atmospheric N2 (air), with 0.3663 at.% 15N, defined as 0‰
survey (2006) in a similar manner as macroalgae. Oysters
(e.g., Fry 2006), while PDB standard was used for δ13C.
were originally hatchery-reared without shell substrate
Data on physical parameters and nutrient concentrations
(cultchless) <1 year old (29.8- to 95.8-mm shell height)
were collected and analyzed in conjunction with biological
and grown in two locations in St. Martin River (8.2±
data. Physical (e.g., temperature and salinity) parameters were
0.3‰). Oysters were deployed in Johnson Bay and St.
measured with a WTW Multi 197i water quality probe, and
Martin River from 21 May to 13 July 2006 and in southern
Secchi depth was also recorded. Water samples (20 mL) for
Chincoteague Bay and Public Landing from 22 May to 14
nutrient analyses (total nitrogen and total phosphorus) were
July 2006. Oyster deployments overlapped the June
and kept on ice in the field 21 May 2006 (before
126collected
precipitation events. Three oysters from a randomly
precipitation events) and 13 July 2006 (after precipitation
selected growth location were placed in a mesh (1.9-cm
events) until freezing (−20°C) at the laboratory for analysis.
holes) cage, anchored by bricks, and suspended 0.5 m
Total nutrients, rather than inorganic species, were analyzed
above bottom by surface buoys. The oysters were deployed
according to standard methods (D’Elia et al. 1977; Kerouel
at the same 100 sites as the macroalgae (Fig. 1).
and Aminot 1987). Long-term nitrogen increases and

Table 4.2: Correlations between nutrient, physical, and biological parameters
Correlations between nutrients (total nitrogen and total phosphorus) and
physical parameters (temperature, salinity) or biological parameters (chlorophyll a,
and macroalgal or oyster δ15N, %N, δ13C, %C, C:N) for broad spatial scale (2004)
and fine spatial scale (2006) surveys. Number of measurements (n), correlation value
(r) and significance (p) are reported. Significant relationships are noted in bold.
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reported for St. Martin River (a), Public Landing (b), Johnson Bay (c),

Chincoteague Bay (h)

and sources. At the broad scale (2004), macroalgae δ15N
tended to have low total nutrients and increased Secchi
depth, while St. Martin River and Public Landing exhibited
values and total nutrients (total nitrogen and total phosphogradients of nutrients (Fig. 3e–h). While spatial patterns of
rus) were inversely related (Table 2). At the finer spatial
macroalgal δ15N were recognizable at the broad scale, they
scale (2006), neither total nitrogen nor total phosphorus
significantly related to macroalgae δ15N (Table 2). Absolute
were undetectable at the finer spatial scale within regions in
15
both MayTable
and July.4.3:
The Means
range of macroalgal
δ
change
macroalgae δ15N
N
values
from initial values
were greatest
of nutrient, physical, andin biological
parameters
(2006)
was bigger at the broad spatial scale in 2004 (8.9‰ to
in June 2004 and were negative in July 2006, while changes
26.4‰) than at the finer spatial scale in 2006 (5.5‰ to
in oyster δ15N were much smaller than macroalgae, often <±
8.8‰ in May and 2.5‰ to 9.1‰ in July). A slight north–
1.0‰ (Fig. 7a). Meanwhile, macroalgae %N decreased from
south gradient
of oyster
δ15N emergednutrient,
initial values
in June 2004
and changed
minimally
within theseand
regions
Means
of physical,
biological
parameters
measured
during
thefrom
initial values in either May or July 2006, while oyster %N
(Fig. 6a, b), particularly at Johnson Bay (7.8‰ to 10.3‰)
values exhibited the greatest absolute change in %N, often >
and southern Chincoteague Bay (6.5‰ to 10.0‰).
fine-scale survey (2006). Standard error is reported
parentheses.
Samplemacroalgae
size (n) %N
is
1.5% (Fig.in7b).
Except in Chincoteague,
was higher in July than May, while macroalgae δ15N
Bioindicator Species Comparison
15
decreased from May to July (Table 3).
reported
for each month in each region, except
as noted by superscript: a: nMacroalgae
= 8, b: nδ =N
Macroalgae and oyster biological indicators both reand %N were positively correlated in May (0.26, p<0.01,
sponded, but in different ways, to nutrient concentrations
n=95), but not in July (−0.14, p=0.17, n=99). Oyster %N
c
d
e
f
g
h
i

9, : n = 10, : n = 20, : n = 21, : n = 22, : n = 25, : n = 27, : n = 28.
Table 3 Means of physical, nutrient, and biological parameters measured during the fine-scale survey (2006)
Parameter

Units

Salinity
Temperature
Dissolved oxygen
Secchi
Total nitrogen
Total phosphorus
Total chlorophyll a
Macroalgae %N

°C
mg L−1
M
μM
μM
μg L−1
%

Macroalgae δ15N
Macroalgae δ13C
Oyster %N
Oyster δ15N
Oyster δ13C

‰
‰
%
‰
‰

St. Martin River

Public Landing

Johnson Bay

May
n=2

May
n=21

May
n=22

July
n=19

26.9 (0.3)
22.5 (0.2)
0.6
54.6
2.38
38.7
1.8

(0.0)
(1.2)
(0.07)
(2.9)
(0.1)

25.8
31.8
6.93
0.3
71.3
4.79
66.0
3.1

7.4 (0.1)
6.5
−20.0 (1.2)d −17.1
13.0
8.8
−21.2

(0.4)
(0.3)
(0.31)
(0.0)
(3.6)
(0.25)
(7.6)
(0.1)

30.4
23.1
8.10
0.4
51.0
3.11
46.9
1.5

July
n=27
(0.0)f
(0.1)
(0.06)f
(0.0)
(0.7)
(0.04)
(4.7)
(0.0)

(0.2)
7.0 (0.1)
(0.2) −18.8 (0.2)
(0.2)b
(0.2)b
(0.1)a

28.5
29.8
4.47
0.4
58.7
4.79
44.9
1.9
6.8
−16.3
12.1
8.4
−20.6

(0.0)
(0.1)
(0.08)
(0.0)
(0.8)
(0.08)
(2.0)
(0.1)

July
n=28

31.7 (0.1)i
20.3 (0.2)i
0.4
51.2
3.25
41.1
1.5

Chincoteague Bay

(0.0)i
(1.5)
(0.10)
(2.7)
(0.1)

(0.2)
7.5 (0.1)
(0.2) −19.5 (0.3)
(0.3)a
(0.2)a
(0.1)a

26.6
29.3
5.04
0.4
50.7
5.14
45.4
2.8
6.8
−16.1
12.7
9.4
−21.0

May
n=26
(0.2)
(0.2)
(0.15)
(0.0)
(1.6)
(0.17)
(3.1)
(0.1)

31.3
21.3
8.17
0.9
24.8
1.62
19.0
1.5

July
n=29
(0.0)h
(0.3)h
(0.42)g
(0.0)
(1.2)g
(0.05)g
(3.0)
(0.1)

(0.2)
7.0 (0.1)
(0.1) −19.9 (0.3)
(0.3)c
(0.3)b
(0.2)b

29.7
30.6
5.28
0.5
33.9
3.26
37.1
1.4

(0.0)
(0.2)
(0.07)
(0.0)
(0.6)
(0.05)
(2.0)
(0.0)

7.0
−15.7
11.6
8.1
−21.1

(0.3)
(0.2)
(0.2)e
(0.2)e
(0.1)e

Standard error is reported in parentheses. Sample size (n) is reported for each month in each region, except as noted by superscript
a

n=8; b n=9; c n=10; d n=20; e n=21; f n=22; g n=25; h n=27; i n=28
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Table 4.4: ANOVAs between nutrient and biological parameters over years
ANOVAs run on nutrient and biological parameters (2006 data) identify
regional and temporal differences and interactions. Number (n), degrees of freedom
(df), mean square error (MSE), F value (F), and significance value (p) are displayed.
780
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Significant relationships are reported in bold.

Table 4 ANOVAs run on nutrient and biological parameters (2006 data) identify regional and temporal differences and interactions
Parameter

Variation

n

df

Total nitrogen

Region
Month
Region × Month
Region
Month
Region × Month
Region193
Month

192

3,
3,
3,
3,
3,
3,
3,
1,

184
184
184
184
184
184
185
185

3,
3,
1,
3,
3,
1,
3,
3,
3,

185
185
185
185
185
185
185
44
44

Total phosphorus

Chlorophyll a

Macroalgae %N

Macroalgae δ15N

Oyster muscle %N
Oyster muscle δ15N

Region × Month
Region
Month
Region × Month
Region
Month
Region × Month
Region
Region

192

193

193

193

48
48

MSE
54.35

0.32

305.76

0.10

0.72

0.56
0.61

F

p

184.39
58.86
10.84
98.61
527.03
4.09
17.03
21.93

<0.001
<0.001
<0.001
<0.001
<0.001
0.008
<0.001
<0.001

6.30
94.02
245.68
65.44
1.25
13.01
3.09
8.86
6.09

<0.001
<0.001
<0.001
<0.001
0.292
<0.001
0.029
<0.001
0.002

Number (n), degrees of freedom (df), mean square error (MSE), F value (F), and significance value (p) are displayed. Significant relationships are
reported in bold

values varied only slightly regionally and exhibited the least
increase (1.4%) above initial values at southern Chincoteague Bay. Oyster tissue %N values were spatially
consistent with total nitrogen (Table 3). Initial values of
macroalgae δ15N (5.2‰ in May and 9.5‰ in July) and
oyster δ15N (8.2‰) were lower than final measurements
after deployment, except at southern Chincoteague Bay
(8.1±0.2‰). Spatially, oyster δ15N values more closely
resembled macroalgae δ15N in May 2006 (Johnson Bay > St.
Martin River > Public Landing > southern Chincoteague
Bay) than those of July 2006. Overall, both macroalgae and
oysters had high isotopic values inshore.

Discussion
Freshwater Inputs Pulsed Nutrients to the Shallow Lagoons
Freshwater inputs in June 2006 pulsed nutrients into the
coastal lagoons, resulting in changes to the macroalgae
nutrient status and phytoplankton abundance. Salinity and
nutrient gradients along St. Martin River (Fig. 3a, e) in
conjunction with salinity decreases and spatial patterns of130Fig. 4 Non-parametric multidimensional scaling plot for biological
nutrients in Public Landing (Fig. 3b, f) and Johnson Bay
parameters (total chlorophyll a (the sum of chlorophyll a and
phaeophytin), macroalgae %N, macroalgae C/N, macroalgae δ15N
(Fig. 3c, g) which emanated from shore implicated
values, and macroalgae δ13C values (a). Principal axis correlation plot
transport of total nitrogen from terrestrial sources, either
for biological parameters (b). Non-parametric multidimensional
via groundwater or overland flow through streams or
scaling plot for physical parameters (Secchi depth, temperature,
agricultural ditches. Similar nutrient pulses (e.g., dissolved
salinity, total nitrogen, and total phosphorus) (c). Principal axis
correlation plot for physical parameters (d)
nitrate) are common in other comparable coastal ecosys-
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Figure 4.1: Sampling scheme in Maryland’s Coastal Bays
In 2004, macroalgae was deployed at 248 sites (triangles) across Maryland’s
Coastal Bays (a). The 2006 deployment of macroalgae and oyster (circles) spanned
100 randomly distributed sites across four regions of interest: b) St. Martin River c)
Public Landing d) Johnson Bay and e) southern Chincoteague Bay.
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osystems (e.g.,
r and Rabalais
nitrate from
a Peninsula’s
1992; Bratton
al. 2004) and
994; Schwartz
et al. 2007).
e coastal bays
e tributaries to
ceanic flushing
n City (38°19′
nd of the bays
°52′36″ N, 75°
12 days in St.
Bay (Pritchard
sheds of these
5%) and crop
oultry feeding
he watersheds
septic systems
Chincoteague,
s been reported
, which is the
Boynton 1993;

Experimental Design
Figure 4.2: Deployment
timingfor
and weather
Macroalgae
were used
both broad- and fine-scale
surveys. Macroalgae (Gracilaria sp.) were deployed at
and air temperature (°C) between macroalgae deployments
248Precipitation
randomly(mm)
distributed
sites throughout all regions of
andMaryland’s
during oyster deployment.
coastal bays from 7 to 12 June 2004 (Fig. 1).

Fig. 2 Precipitation (mm) and air temperature (°C) between macroalgae deployments and during oyster deployment
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Figure 4.3 Chincoteague Bay continuous monitoring data (courtesy B.
Sturgis, National Park Service)
Temperature, salinity, dissolved oxygen, turbidity, and chlorophyll a data from
continuous monitoring probes in Chincoteague Bay, May and July 2006.
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Figure 4.4: Spatial patterns of freshwater and total nitrogen
Spatial patterns of freshwater and total nitrogen in Maryland’s Coastal Bays
were observed May and July 2006. Salinities are reported for St. Martin River (a),
Public Landing (b), Johnson Bay (c), and southern Chincoteague Bay (d). Total
nitrogen is reported for St. Martin River (e), Public Landing (f), Johnson Bay (g), and
southern Chincoteague Bay (h).

Estuaries and Coasts (2009) 32:773–786
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Fig. 3 Spatial patterns of freshwater and total nitrogen moving
offshore were observed between May and July 2006. Salinities are
reported for St. Martin River (a), Public Landing (b), Johnson Bay (c),

and southern Chincoteague Bay (d). Total nitrogen is reported for St.
Martin River (e), Public Landing (f), Johnson Bay (g), and southern
Chincoteague Bay (h)

tended to have low total nutrients and increased Secchi
depth, while St. Martin River and Public Landing exhibited
gradients of nutrients (Fig. 3e–h). While spatial patterns of
macroalgal δ15N were recognizable at the broad scale, they
were undetectable at the finer spatial scale within regions in
both May and July. The range of macroalgal δ15N values
was bigger at the broad spatial scale in 2004 (8.9‰ to
26.4‰) than at the finer spatial scale in 2006 (5.5‰ to
8.8‰ in May and 2.5‰ to 9.1‰ in July). A slight north–
south gradient of oyster δ15N emerged within these regions
(Fig. 6a, b), particularly at Johnson Bay (7.8‰ to 10.3‰)
and southern Chincoteague Bay (6.5‰ to 10.0‰).

and sources. At the broad scale (2004), macroalgae δ15N
values and total nutrients (total nitrogen and total phosphorus) were inversely related (Table 2). At the finer spatial
scale (2006), neither total nitrogen nor total phosphorus
significantly related to macroalgae δ15N (Table 2). Absolute
change in macroalgae δ15N from initial values were greatest
in June 2004 and were negative in July 2006, while changes
in oyster δ15N were much smaller than macroalgae, often <±
1.0‰ (Fig. 7a). Meanwhile, macroalgae %N decreased from
initial values in June 2004 and changed minimally from
initial values in either May or July 2006, while oyster %N
values exhibited the greatest absolute change in %N, often >
1.5% (Fig. 7b). Except in Chincoteague, macroalgae %N
was higher in July than May, while macroalgae δ15N
decreased from May to July (Table 3). Macroalgae δ15N
and %N were positively correlated in May (0.26, p<0.01,
n=95), but not in July (−0.14, p=0.17, n=99). Oyster %N

Bioindicator Species Comparison
Macroalgae and oyster biological indicators both responded, but in different ways, to nutrient concentrations

Table 3 Means of physical, nutrient, and biological parameters measured during the fine-scale survey (2006)
Parameter

Salinity
Temperature
Dissolved oxygen

Units

°C
mg L−1
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St. Martin River

Public Landing

Johnson Bay

May
n=2

May
n=21

May
n=22

26.9 (0.3)
22.5 (0.2)

July
n=19
25.8 (0.4)
31.8 (0.3)
6.93 (0.31)

30.4 (0.0)f
23.1 (0.1)
8.10 (0.06)f

July
n=27
28.5 (0.0)
29.8 (0.1)
4.47 (0.08)

31.7 (0.1)i
20.3 (0.2)i

Chincoteague Bay
July
n=28
26.6 (0.2)
29.3 (0.2)
5.04 (0.15)

May
n=26
31.3 (0.0)h
21.3 (0.3)h
8.17 (0.42)g

July
n=29
29.7 (0.0)
30.6 (0.2)
5.28 (0.07)

193

48
48

1,
3,
3,
1,
3,
3,
3,

185
245.68
<0.001
185
65.44
<0.001
185
0.72
1.25
0.292
185
13.01
<0.001
Figure 4.4. Multidimensional scaling analysis 3.09
185
0.029
44
0.56
8.86
<0.001
Non-parametric multidimensional scaling plot for biological parameters (total
44
0.61
6.09
0.002

chlorophyll a (the sum of chlorophyll a and phaeophytin), macroalgae %N,

MSE), F value (F), and significance value (p)15are displayed. Significant
relationships are
13

ed the least
n Chincoe spatially
values of
July) and
asurements
eague Bay
ore closely
n Bay > St.
incoteague
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macroalgae C:N, macroalgae δ N values, and macroalgae δ C values (a). Principal
axis correlation plot for biological parameters (b). Non-parametric multidimensional
scaling plot for physical parameters (Secchi depth, temperature, salinity, total
nitrogen, and total phosphorus) (c). Principal axis correlation plot for physical
parameters (d).
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Fig. 4 Non-parametric multidimensional scaling plot for biological
parameters (total chlorophyll a (the sum of chlorophyll a and
phaeophytin), macroalgae %N, macroalgae C/N, macroalgae δ15N
values, and macroalgae δ13C values (a). Principal axis correlation plot
for biological parameters (b). Non-parametric multidimensional

Figure 4.5: Spatial analysis of total nitrogen, and macroalgae δ15N and %N
Measured total nitrogen (a), deployed macroalgae δ15N (b) and %N (c) values
from the broad spatial survey (June 2004).
Estuaries and Coasts (2009) 32:773–786
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Fig. 5 Measured total nitrogen (a), deployed macroalgae δ15N (b), and %N (c) values from the broad spatial survey (June 2004)

tems (Valiela et al. 1990; Ullman et al. 2002). Temporal
grouping of biological parameters (total chlorophyll a and
macroalgae %N, C/N, δ13C, and δ15N) in the non-metric
multidimensional scaling analysis indicated that the biological response to nutrients was driven by precipitation
(Fig. 4a, b). For example, enrichment of macroalgae δ13C
occurred across all regions after June 2006 precipitation
events (Table 3). Typical of shallow coastal ecosystems,
nutrients increased primary production, which contributed
to reduced water clarity via elevated levels of phytoplankton (Fig. 4c, d; Nixon et al. 2001). Macroalgae nitrogen
incorporation was inferred from increased %N after
freshwater inputs (Table 3).

values are independent of total nitrogen concentration,
though the rate of 15N incorporation varies by the form of
inorganic nitrogen (Cohen and Fong 2005).
Isotopic values can provide evidence of nitrogen source,
particularly in conjunction with land use. Macroalgae were
enriched with δ15N in areas where land uses suggested a
possible presence of septic and manure sources of nitrogen.
Examples include St. Martin River (17.2% residentially
developed watershed largely reliant on septic systems) and
the adjacent Assawoman Bay (18.9% residentially developed
watershed, Table 1). These results align with quantitative
linkages that have been made between urban development
and enriched δ15N values in primary consumers (Vander
Zanden et al. 2005). Animal agriculture, with isotopically
Patterns at Broad Spatial Scale Identified by Macroalgae
enriched manure byproducts, was another comparatively
prominent land use feature of these regions (1.8% and 1.4%,
Across these coastal lagoons, total nitrogen concentrations
respectively, Table 1). St. Martin River, the region with the
and macroalgae δ15N values provided different information.
highest total nitrogen, exhibited a gradient decreasing
downstream, suggesting terrestrial nitrogen inputs which
Spatial patterns of total nitrogen concentrations (Fig. 5a)
diluted upon mixing with higher salinity water from ocean
reflected physical ecosystem processes such as oceanic
exchange. Yet macroalgae δ15N values in these regions were
exchange, as concentrations were low near the two inlets
near both ends of Assateague Island and higher in areas
elevated in the broad (June 2004) survey (Fig. 5b) and in the
with poor flushing, such as Johnson Bay. Elevated macrofine-scale survey prior to rain events (May 2006). While a
algae δ15N in St. Martin River and southern Chincoteague
total nitrogen concentration gradient suggested terrestrially
derived nitrogen inputs, septic and/or manure sources were
Bay potentially indicated nitrogen sources, possibly from
inferred to be important nitrogen sources for St. Martin River
human or animal wastes, even though the concentrations of
and Isle of Wight based upon enriched macroalgae δ15N
total nitrogen varied (Fig. 5a, b). This highlights the ability
to interpret measurements of δ15N in bioindicators as inputs137values.
The town of Chincoteague, VA (population 4,317; 173.1
of human or animal wastes even when total nitrogen
people per kilometer, US Census Bureau 2000) is situated
concentrations are low. Experimental evidence, such as that
atop sandy soils and potentially contributes nitrogen via
with the macroalgae Enteromorpha, suggests that δ15N

Figure 4.6: Fine spatial scale survey (2006) of oyster δ15N values.
Fine spatial scale survey (2006) of oyster δ15N values. Spatial patterns within
Johnson Bay782
(e) and southern Chincoteague Bay (f) detected with oyster δ15N values.
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Fig. 6 Fine spatial scale survey (2006) of oyster δ15N values. Spatial
patterns within Johnson Bay (a) and southern Chincoteague Bay (b)
detected with oyster δ15N values

VA. In a similar study, spatial homogeneity of elevated
δ15N among hard clam tissues (Mercenaria mercenaria)
along a eutrophication gradient has been attributed to
anthropogenic sources, suggesting that elevated δ15N in
Figure
4.7: Change
δ15N andnitrogen
%N after source
deployment
mollusks
can stillinindicate
despite a lack of
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Fig. 7 Change in δ15N (a) and %N (b) of macroalgae and oyster from
mean initial values in June 2004 139
and May and July 2006

CHAPTER 5: OYSTER (CRASSOSTREA VIRGINICA)
δ 15N GRADIENT LINKS LAND USE AND WATER
QUALITY TO NITROGEN SOURCE IN CHESAPEAKE
BAY
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Abstract
Eutrophication due to excess nitrogen from multiple sources has been well
documented in Chesapeake Bay. Stable nitrogen (δ15N) and carbon (δ13C) isotopes in
bioindicators such as oysters can identify nitrogen derived from human and/or animal
waste (e.g. sewage, septic, animal manures) and integrate it over time (3-4 months in
muscle tissue). This technique was applied broadly (11,600 km2) and densely (87.9
km2/site) across Chesapeake Bay tributaries to test effects of land use, salinity,
flushing time, and oyster size on δ15N values and to identify spatial patterns of human
and/or animal wastes. Oysters grown by a network of citizen-scientists were sampled
and compared to land use (areas 4% to 63% developed, 0.00% to 0.27% animal
agriculture), water quality in freshwater streams and tributaries, and flushing time
(0.7 days to 6.2 days). Oyster δ15N decreased towards Chesapeake Bay’s mouth
(ranging from 16.0 ‰ in Eastern Bay to 8.3 ‰ in Lynnhaven River), and was related
to flushing time (y = 1.7ln (x) + 10.2, R2 = 0.62, p < 0.01), salinity (y = -0.91x +
22.29, R2 = 0.36, p < 0.05), and shell height (y = −0.14x + 21, R2 = 0.83, p < 0.01).
Therefore, oyster δ15N may not be appropriate for the inference of nitrogen sources at
the 1000s of km2 spatial scale. Nevertheless, wastewater (transported via many
mechanisms) was inferred to impact multiple tributaries. Furthermore, oyster δ15N
responded to stream and tributary nutrients, so it may also indicate overall water
quality and the tributary scale (100s of km2) may be most appropriate to infer
nitrogen source from oyster δ15N values.
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Introduction
Enriched δ15N signatures in sewage or animal waste arise from isotopic
discrimination due to a combination of ammonia volatilization and denitrification at
the source or by microbial processing employed by wastewater treatment facilities
(Fry 2006; McClelland and Valiela, 1998; Sweeny and Kaplan, 1980; Tucker et al.,
1999). In areas degraded by anthropogenic wastes, δ15N in living resource
bioindicators has inversely related with water quality parameters (Chapter 3). In
contrast, synthetic fertilizers ‘fixed’ from atmospheric N2 (0‰) have δ15N values
generally -4 to +4 ‰ (Hübner, 1986; Macko and Ostrom, 1994; Vitoria et al., 2004).
Oyster stable nitrogen (δ15N) and carbon isotope (δ13C) values have been utilized as
an indicator of anthropogenic waste nitrogen sources (e.g. sewage, septic, and animal
wastes) in Chesapeake (Fertig et al. 2010), mid-Atlantic Coastal Bays (Fertig et al.
2009), and worldwide (Piola et al. 2006).
Denitrification rates have decreased in Chesapeake Bay with eutrophication
due to anoxia-induced loss of benthic habitat (Cornwell et al. 1999), with estimates of
nitrogen removal of 39.55 kg N × 106 year-1 (only 26.0% of the overall nitrogen
budget) in mesohaline Chesapeake Bay sediments and is thought to be controlled by
coupled nitrification/denitrification rates (Kemp et al. 1990, Boynton et al. 1995).
Further, denitrification is inherently spatially (Scala and Kerkhof 2000) and
seasonally (lowest in spring and summer; Kemp et al. 1990, Chen et al. 2009)
variable beyond the resolution of this study and is influenced by water residence time
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due to a rate-limiting step of nitrate diffusion across the water-sediment interface
(Sebilo et al. 2003, Seitzinger et al. 2006, Klocker et al. 2009).
Carbon sources can be inferred to be terrestrially or marine derived by
interpreting δ13C (Fry 2006) in biological integrators e.g. organic carbon (Guo and
Santschi 1997; Ogrinc et al. 2005) and organic components of sediments (Bratton et
al. 2003). Heavier (less negative) signals originating in marine sources (-14 ‰) and
lighter (more negative) originating from terrestrial sources (-22 ‰; Valiela 1995)
have been frequently observed in a variety of organisms including bacteria (Coffin et
al. 1989) and zooplankton (Hoffman et al. 2008). In general, dissolved and particulate
organic carbon is derived from old allochthonous terrestrial sources in upper
Chesapeake Bay and young marine sources near its mouth (Loh et al. 2006). Oyster
δ13C and C/N ratio can be influenced by several factors. Marine and terrestrial carbon
sources can have different signatures in part due to marine phytoplankton with a C3
photosynthetic pathway (trees and shrubs are more negative) vs. terrestrial C4 grasses
such as corn and salt marsh vegetation (-7 to -13 ‰; McMillan et al. 1980, Haddad
and Martens, 1987, Goñi et al. 1997). Mixing of these signatures can reflect relative
marine and freshwater contributions to carbon sources. Furthermore, CO2 limitation
can result in fractionation (less negative values, Fogel et al. 1992) during
photosynthesis and phytoplankton bicarbonate (HCO3-) assimilation. Postdepositional diagenesis is another factor to consider (Cornwell et al. 1996).
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Water circulation may also influence oyster δ15N and δ13C patterns. Spatial
patterns of nitrogen and carbon sources have been identified by oysters over small
(10s of km2; Piola et al. 2006; Daskin et al. 2008) and mid-sized (100s of km2; Fertig
et al. 2009), but have not yet been demonstrated for large-scale (10,000s of km2)
ecosystems subject to a gradient of water circulation rates. Shorter exposure times to
anthropogenic nitrogen sources due to rapid circulation may limit nutrient
assimilation by bioindicators, which integrate δ15N signatures over time (Fertig et al.
2009, 2010). To assess the effect of water circulation, this dissertation employs
flushing time estimates (Wazniak et al. 2009). For reference, ‘flushing time’ was
defined as a measure of how fast circulation processes exchange water and waterborne materials between a confined water body and the adjacent water body with
which it communicates. Wazniak et al. (2009) reported calculations of flushing time
for small tributaries directly applicable to regions considered in this dissertation.
Therefore, the current study addressed the following four questions. 1) Are
oyster δ15N and δ13C values significantly related to flushing time? 2) How do
observed patterns in δ15N relate to nitrogen source and water quality over broad
(1,000s of km2) and regional (100s of km2) scales? 3) What are the dominant nitrogen
and carbon sources available to oysters in Chesapeake Bay? 4) What are the relative
contributions of direct vs. indirect inputs of anthropogenic nutrients to Chesapeake
Bay tributaries?
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Methods and Materials
Oysters were sampled in summer (June 2005, 2006) after growth for nine
months (by ‘oyster gardeners’, citizen-scientists participating in oyster restoration).
Oysters were grown in bags or cages tied to docks in shallow water at 132 sites (37
sites in 2005, 95 sites in 2006) located from Annapolis, MD (38°58’38”N
76°29’31”W) in the north to Virginia Beach, VA (36°5’24”N, 76°2’32”W) in the
south. Specific locations and sample availability were a result of the locations of
volunteer ‘oyster gardeners’. Nevertheless, spatial coverage represented major
Chesapeake Bay tributaries and sub-watersheds with sufficient salinities (5 to 30 ppt).
Oysters were sampled, handled, and analyzed for δ15N as described previously
(Chapter 2, Fertig et al. 2010). Modifications including analyzing five pools of five
individuals for oysters collected in 2005, and only five individuals in 2006.
Additionally, the University of California Davis Stable Isotope Facility analyzed δ13C
values and carbon content (µg C) enabling calculations of %C, and C/N ratio. For
definition, δ15N or δ13C = (Rsample/Rstandard – 1) × 103, where R was defined as either
the 15N/14N or 13C/12C ratio and instrumental error was ± 0.2 ‰. Standard analytical
references were atmospheric N2 (air) for nitrogen, and PeeDee Belemnite for carbon.
Oyster data (δ15N, δ13C, C/N ratio, %N, and %C values) were regressed
against flushing time. Estimates of tributary flushing time were taken from Wazniak
et al. (2009): Elizabeth River (5.0 days), Lynnhaven River (0.7 days), Great
Wicomico River (5.6 days), and Monie Bay (2.1 days). Flushing time in the
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Nansemond River (1.5 days) was used as an estimate for the James River. The St.
Mary’s River-MD (6.2 days) was used as an estimate for the Potomac River. Broad
Creek (4.1 days) and Harris Creek (4.3 days) were averaged for an estimate of the
Choptank River (4.2 days). Hungars Creek (0.9 days), Nassawadox Creek (1.1 days),
and Onancock Creek (1.6 days) were averaged to derive an estimate of the Lower
Western Delmarva Peninsula (1.2 days). Flushing times for the Magothy (6.0 days),
Rhode (3.8 days), Severn-MD (8.5 days), South (6.0 days), and West (3.2 days) rivers
were averaged for an estimate for the ‘Maryland Lower Western Shore’ (5.5 days).
Mobjack Bay (3.7 days) and the Severn River-VA (2.3 days) were averaged for an
estimate of the York River.
Mean oyster δ15N and δ13C were mapped (ESRI Arc Map 9.3) for each
sampling location in relation to locations of wastewater treatment plant point sources
(Chesapeake Bay Program 2009) and regressed (Proc Reg, SAS 9.2) against land use
(% Developed, % Animal Agriculture, Maryland Department of Planning, 2002;
Virginia Department of Forestry 2005). ‘Developed’ area aggregates ‘Extractive’,
‘Residential’, and ‘Urban’ land use codes for Maryland and Virginia datasets.
Dissolved oxygen, total nitrogen, total phosphorus and dissolved oxygen data
were downloaded from the Chesapeake Bay Program Water Quality Database (1984present, http://www.chesapeakebay.net/). Monitoring stations were selected for
proximity to oyster locations in tributaries of interest (Figure 5.1) and detailed
discussion of spatial segmentation for this long-term dataset is described elsewhere
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(Chesapeake Bay Program 2004). Water quality monitoring and oyster data were
explored with multidimensional scaling (Proc MDS, SAS 9.2) to decrease variables
and explain variability. Non-tidal freshwater stream water quality and the Benthic
Integrated Biotic Index (B-IBI) data from the watersheds of the tributaries of interest
were obtained from the Chesapeake Bay Program (www.chesapeakebay.net, Katie
Foreman and Jacqueline Johnson, personal communication).

Results
Oyster δ15N values exhibited a broad gradient decreasing north to south
towards Chesapeake Bay’s mouth (Figure 5.1), with values in Choptank River and
Eastern Bay (13.9 ± 0.1 ‰; Table 5.1) significantly different (p < 0.05) than all other
regions (Table 5.1) while Lynnhaven River (9.5 ± 0.1 ‰) was significantly different
(p < 0.05) than all but Potomac River (Table 5.1). Oyster δ15N was significantly
related to flushing time (y = 1.7ln (x) + 10.2, R2 = 0.62, p < 0.01, Figure 5.2a),
salinity (y = -0.91x + 22.29, R2 = 0.36, p < 0.05, Figure 5.2b), and shell height (y = 0.14x + 21, R2 = 0.83, p < 0.01, Figure 5.2c), but not other oyster parameters (δ13C,
%N, %C, C/N ratio). Oyster nutritional condition, as indicated by tissue %N (6.7% to
16.0%), oyster %C (39% to 46%) and C/N ratio (3.0 to 4.4) had little spatial variation
at either Chesapeake or tributary scales (Table 5.1). Oysters had distinct δ15N and
δ13C signatures for each tributary (Figure 5.3). Higher oyster δ15N values and lower
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oyster δ13C values were observed in mesohaline regions while lower δ15N values and
higher δ13C values were observed in polyhaline regions (Table 5.1, Figure 5.4a-f).
Oyster δ15N values displayed a negative quadratic relationship with land use
devoted to development (urban, residential, and extraction uses; Figure 5.5a, b). At
the mouths of the Severn, South, & West Rivers and the Elizabeth River, oyster δ15N
was highest in areas surrounding wastewater treatment plants (Figure 5.4a,e).
Oyster δ15N significantly (p < 0.05) correlated with land use
(r = −0.20, r = −0.14 for % watershed developed or devoted to animal agriculture,
respectively, Table 5.2a, Figure 5.5a-d). Further, oyster δ15N significantly correlated
(p < 0.05) with water quality (e.g., total nitrogen, r = 0.52, r = 0.41, and dissolved
oxygen, r = -0.31, r = −0.28) in tributaries and streams respectively (Table 5.2b,c) as
well as most other water quality metrics (except water temperature in tributaries and
total phosphorus in streams).
Lynnhaven and York Rivers and the Western Lower Delmarva Peninsula had
lower nitrogen (total and dissolved) and chlorophyll a concentrations and higher
salinities and Secchi depths than most other tributaries (Table 5.2b,c, Figure 5.2).
Oysters in southern tributaries (Lynnhaven, Elizabeth Rivers) were bigger and had
lower δ15N values than elsewhere, and these metrics were inversely related, but not
related to %N (Figure 5.2c, Table 5.1, Table 5.2d).
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Discussion
Human/animal waste nitrogen sources inferred from oyster δ15N values
Oyster δ15N grand mean values in Chesapeake Bay (12.9 ± 0.1 ‰) were
similar to other reported shellfish δ15N values used to infer human or animal waste
nitrogen sources. Example of other studies inferring human or animal wastes from
enriched bivalve δ15N values include: 10.4 ± 0.8 ‰ in Pamlico Sound, North Carolina
(Bucci et al. 2007), 6.9 ± 0.4 ‰ in Mobile Bay, Alabama (Daskin et al. 2008) and 8.5
± 0.9 ‰ and mid-Atlantic coastal bays of Maryland and Virginia (Fertig et al. 2009)
in USA, 8.0 ± 0.9 ‰ in Marenne-Oléron Bay, France (Kang et al. 1999), and 16.0 ±
2.3 ‰ in the Manning River of New South Wales, Australia (Piola et al. 2006).
Within Chesapeake Bay, oyster δ15N and δ13C values identified distinct isotopic
signatures for tributaries (Figure 5.3). At present, it is difficult to fully account for the
geographic distinction for these dual-isotope signatures. Perhaps unique combinations
of nitrogen sources and oceanic mixing (Pritchard 1952, 1956) or marine/terrestrial
nitrogen (Fry 1999, Loh et al. 2006) contribute to these variations.
Spatial patterns of oyster δ15N values (Figure 5.4a-f) indicated that in some
cases human and/or animal wastes entered tributaries from their watersheds, and in
some cases from Chesapeake Bay’s mainstem. Wastewater effluents were inferred to
flow downstream Potomac River, for example, due to decreasing δ15N values towards
its mouth (Figure 5.4c). Similarly, the Upper Eastern Shore and the Choptank River
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likely received diffuse sources of human and/or animal waste transported downstream
from the watershed (Figure 5.4b). The opposite spatial pattern and proximity of
wastewater treatment plants near tributary mouths led to the inference that sewage
effluents were transported upstream into tributaries of the Lower Western Shore,
Maryland (Figure 5.4a) and the Lynnhaven River (Figure 5.4f). These tributaries may
receive nitrogen from Chesapeake Bay through bottom layer circulation (Testa et al.
2008) or tidal advection (Granger et al. 2000). A third situation was evident in Monie
Bay: nitrogen entered from Chesapeake Bay and from its watershed (Figure 5.4d,
Chapter 3), consistent with previous findings in this region (Stribling and Cornwell
1997). Nitrogen inputs from multiple locations are common globally (Granger et al.
2000, Weston et al. 2004, Frick et al. 2007, Testa et al. 2008). Spatial patterns of
oyster δ15N at the tributary scale (100s of km2) can thus elucidate nitrogen transport.
In addition to nitrogen source, oyster δ15N reflected land use (Figure 5.5) and
overall water quality in tributaries and freshwater streams (Figure 5.6a,b) due to
numerous significant correlations (Table 5.2a-d). Therefore, oysters served as a
simple and powerful bioindicator that provided a link between multiple monitoring
programs (Figure 5.6c). In contrast, water quality metrics were generally not
significantly correlated between streams and tributaries (Table 5.2b,c) due to
localized sampling (i.e. shallow streams vs. tributary channels). The ability of oyster
δ15N values to integrate overall water quality may be useful if bioindicators are
deployed in areas lacking spatially/temporally dense quality datasets.
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Consideration of physical and biological factors that influence δ15N values
Interpretation of oyster δ15N values must consider physical and biological
factors (salinity, oyster size, flushing time) that influenced oyster δ15N
(Figure 5.2a,b,c, 5.7) at the large spatial scale (1,000s km2) throughout Chesapeake
Bay. Increased salinity could influence oyster δ15N via increased growth
(Figure 5.2b,c, Dame 1972, Paynter and DiMichele 1990), and mollusk δ15N values
have been found to vary with salinity in European oceans (Jennings and Warr 2003).
Potentially, growth rates might also indicate overall water quality and
presence/absence of human and/or animal wastes; this could be further investigated in
the future.
Flushing times also affected the ability of oyster δ15N to accurately reflect
anthropogenic nitrogen sources (Figure 5.2a) due to a mismatch between nitrogen
source availability and the rate of nitrogen incorporation by bioindicators. Tributaries
with slow flushing times (e.g. ~7 days in St. Mary’s River - a tributary of the
Potomac River near oyster deployments) can provide sufficient time for bioindicators
to completely integrate a nitrogen source and its isotopic signature (Figure 5.2a). In
contrast, tributaries with rapid flushing times and/or proximity to oceanic exchange
(e.g. ~1 day in Lynnhaven River) may rapidly export nitrogen and/or phytoplankton.
In such tributaries, oysters may incompletely integrate nitrogen source isotopic
signatures due to slow integration (3 to 4 months, Chapter 2) by oyster muscle tissue.
Flushing time could therefore affect successful detection of an enriched signal, as
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occurred in coastal Australia (Gartner et al. 2002) and potentially in Lynnhaven River
(Figures 5.1, 5.4f). Therefore, flushing times may influence sensitivity of tributaries
to anthropogenic pressures, and so should be considered when comparing oyster δ15N
values across tributaries.
Chesapeake Bay may be more resilient near its mouth than other areas, as
exemplified by rapid oceanic exchange, low total nitrogen concentrations
(Table 5.2a−d), and Bay Health Index scores consistently higher than the overall bay
(1986 to 2009; www.eco-check.org). Ecosystem resilience could explain low oyster
δ15N values in the Lower Bay (9.5 ± 0.1 ‰ to 11 ± 0.1 ‰, Figure 5.1, Table 5.1)
despite dense human population and wastewater treatment plants (25 to 50 MGD).
These oyster δ15N values (Figure 5.1) are similar to estimated pre-industrial values of
~8 to 9 ‰, given a + 3 to 4 ‰ trophic shift (Minagawa and Wada 1984) above preindustrial sediment core organic matter δ15N values (~5.0 ‰, Bratton et al. 2003).
Consideration of appropriate spatial scale for interpreting oyster δ15N values
Sampling oysters after distribution and growth by citizen-scientist Oyster
Gardeners in Chesapeake Bay provided an efficient, cost-effective mechanism to
rapidly generate a large-scale (11,600 km2) study with numerous sites (37 in 2005 and
97 sites in 2006), yielding high spatial density of sites (87.9 km2/site). For
comparison to other studies covering comparable areas (e.g. Jennings and Warr,
2003) the current study collected up to 39 times more sites per area. This dataset
enabled consideration of the appropriate spatial scale for deployment of oysters as a
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bioindicator of nitrogen source. The large range of oyster δ15N values (Figure 5.1),
gradients of salinity, oyster size, and flushing times (Figure 5.2) meant nitrogen
sources could be inferred within tributaries (100s of km2, Figure 5.4a-f) but not across
Chesapeake Bay (1,000s of km2, Figure 5.7), thereby quantifying the upper extent of
spatial integration of oyster δ15N bioindicators.
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Table 5.1: Oyster metrics in Chesapeake Bay tributaries
Mean (± standard error) oyster shell height (length, mm), δ15N, δ13C, %N,
%C, C/N ratio for relevant Chesapeake Bay tributaries. Data is averaged over 2005
and 2006, except in Monie Bay (2005 data unavailable). Sample size (n), degrees of
freedom (df), mean squared error (MSE), F value (F), and p value (p) are reported for
ANOVA between regions.
Tributary

n

ANOVA

Choptank River
Eastern Bay
Elizabeth River
Great Wicomico River
Lynnhave River
Magothy, Severn, South, West, Rhode Rivers
Monie Bay
Patuxent River
Potomac River
Western Lower Delmarva Peninsula

53
38
19
5
33
157
100
88
27
5
n
df
MSE
F
p

Shell height
mm
54 (1)
57 (2)
67 (3)
71 (5)
77 (2)
48 (1)
56 (1)
54 (1)
51 (2)
76 (7)
425
5, 419
85.9678
65.35
<0.0001
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! 15N
per mille
13.4 (0.1)
14.6 (0.1)
11.0 (0.2)
10.6 (0.2)
9.5 (0.1)
13.7 (0.1)
12.2 (0.1)
13.2 (0.1)
13.5 (0.2)
10.2 (0.2)
545
10, 534
0.692
118.81
<0.0001

! 13C
per mille
-23.5 (0.1)
-22.6 (0.2)
-20.5 (0.2)
-23.2 (0.1)
-22.4 (0.2)
-23.3 (0.1)
-24.9 (0.3)
-22.2 (0.1)
-21.4 (0.2)
-21.0 (0.4)
425
5, 419
3.1368
33.56
<0.0001

%N

%C

C:N

12.3 (0.2)
12.6 (0.3)
12.3 (0.4)
12.0 (0.3)
12.5 (0.4)
12.6 (0.1)
13.4 (0.1)
12.3 (0.2)
12.0 (0.3)
12.7 (0.1)
425
4, 419
2.6491
5.59
<0.0001

43.8 (0.2)
44.0 (0.1)
42.1 (1.1)
42.4 (0.9)
43.5 (1.3)
44.1 (0.4)
42.3 (0.2)
43.6 (0.2)
43.0 (0.4)
43.9 (0.5)
425
5, 419
15.0917
3.37
0.0054

4.3 (0.1)
4.2 (0.1)
4.0 (0.1)
4.1 (0.0)
4.1 (0.0)
4.1 (0.0)
3.7 (0.0)
4.2 (0.1)
4.3 (0.1)
4.0 (0.1)
425
5, 419
0.3042
11.41
<0.0001

Table 5.2: Correlations between land use, water quality, and oyster metrics
Correlations between a) land use (Maryland Department of Planning 2002), b)
stream water quality (Chesapeake Bay Program 2010), c) tributary water quality
(Chesapeake Bay Program 2010), and d) oyster metrics. Significant relationships
(p < 0.05) are asterisked.
a) Land Use

Land
Use

Land Use

Variable
Sample size (n)
% Developed 454

Oysters

Tribtaries

Streams

% Animal Agriculture
Dissolved Oxygen
Dissolved Organic Carbon
Total Nitrogen
Total Phosphorus
Water Temperature
Chlorophyll a
Dissolved Oxygen
Salinity
Secchi Depth
Total Nitrogen
Total Phosphorus
Total Suspended Solids
Water Temperature
Flushing Time
!15N
!13C
% Nitrogen
% Carbon
C/N ratio
Shell height

% Animal
% Developed Agriculture
454
454

454
129
85
85
85
141
379
386
382
382
384
386
386
387
425
545
545
545
545
545
545
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1.00

-0.78*

-0.78*
0.21
-0.30*
-0.45*
-0.29*
-0.42*
-0.03
0.09
0.56*
0.00
-0.39*
0.23*
0.29*
0.09
0.36*
-0.20*

1.00
-0.21
0.32*
0.23
0.10
0.36*
0.00
-0.01
-0.28*
-0.16*
0.18*
-0.24
0.00
-0.02
-0.65*
-0.14*

0.30*

-0.44*

-0.11*
0.09
0.14*
0.08

0.22*
-0.15*
-0.30*
0.03

b) Streams

Land
Use

Streams

Variable
Sample size (n)
% Developed 454

Oysters

Tribtaries

Streams

% Animal Agriculture
Dissolved Oxygen
Dissolved Organic Carbon
Total Nitrogen
Total Phosphorus
Water Temperature
Chlorophyll a
Dissolved Oxygen
Salinity
Secchi Depth
Total Nitrogen
Total Phosphorus
Total Suspended Solids
Water Temperature
Flushing Time
!15N
!13C
% Nitrogen
% Carbon
C/N ratio
Shell height

454
129
85
85
85
141
379
386
382
382
384
386
386
387
425
545
545
545
545
545
545

Dissolved Dissolved Organic Total
Total
Water
Oxygen Carbon
Nitrogen Phosphorus Temperature
129
85
85
85
141
0.21

-0.30*

-0.45*

-0.29*

-0.42*

-0.21
1.00
-0.10
-0.31*
-0.13
-0.55*
0.07
0.22*
-0.12
-0.03
-0.07
-0.10
0.04
-0.05
0.31*
-0.28*

0.32*
-0.10
1.00
-0.09
0.34*
0.09
0.05
0.10
0.10
-0.22*
0.17
-0.21*
-0.04
-0.26*
-0.32*
0.24*

0.23
-0.31*
-0.09
1.00
-0.05
0.50*
-0.01
-0.19
0.30*
0.19
-0.06
-0.05
-0.03
0.03
-0.41*
0.41*

0.10
-0.13
0.34*
-0.05
1.00
0.26*
-0.01
-0.23*
0.24*
-0.08
-0.14
0.14
-0.16
0.13
-0.24
0.17

0.36*
-0.55*
0.09
0.50*
0.26*
1.00
-0.17*
-0.24*
0.09
0.16
-0.13
0.15
-0.09
0.23*
-0.54*
0.30*

0.16

-0.05

-0.02

-0.02

-0.25*

-0.23*
0.06
0.23*
0.02

0.01
-0.04
0.02
0.04

0.32*
0.20
-0.26*
0.13

-0.13
0.05
0.17
0.08

0.31*
-0.06
-0.31*
-0.02

c) Tributaries

Land
Use

Tribtaries

Variable
Sample size (n)
% Developed 454

Oysters

Tribtaries

Streams

% Animal Agriculture
Dissolved Oxygen
Dissolved Organic Carbon
Total Nitrogen
Total Phosphorus
Water Temperature
Chlorophyll a
Dissolved Oxygen
Salinity
Secchi Depth
Total Nitrogen
Total Phosphorus
Total Suspended Solids
Water Temperature
Flushing Time
!15N
!13C
% Nitrogen
% Carbon
C/N ratio
Shell height

454
129
85
85
85
141
379
386
382
382
384
386
386
387
425
545
545
545
545
545
545

Chlorophyll Dissolved
Secchi Total
Total
Total Suspended Water
Flushing
a
Oxygen Salinity Depth Nitrogen Phosphorus Solids
Temperature Time
379
386
382
382
384
386
386
387
425
-0.03

0.09

0.56*

0.00

-0.39*

0.23*

0.29*

0.09

0.36*

0.00
0.07
0.05
-0.01
-0.01
-0.17*
1.00
0.21*
-0.42*
-0.39*
0.52*
0.17*
0.07
-0.21*
0.35*
0.22*

-0.01
0.22*
0.10
-0.19
-0.23*
-0.24*
0.21*
1.00
0.04
0.10*
0.02
-0.47*
0.03
-0.77*
-0.13
-0.31*

-0.28*
-0.12
0.10
0.30*
0.24*
0.09
-0.42*
0.04
1.00
0.35*
-0.76*
-0.12*
0.17*
0.11*
-0.64*
-0.65*

-0.16*
-0.03
-0.22*
0.19
-0.08
0.16
-0.39*
0.10*
0.35*
1.00
-0.48*
-0.37*
-0.37*
-0.05
-0.26*
-0.22*

0.18*
-0.07
0.17
-0.06
-0.14
-0.13
0.52*
0.02
-0.76*
-0.48*
1.00
0.28*
0.05
-0.24*
0.50*
0.52*

-0.24
-0.10
-0.21*
-0.05
0.14
0.15
0.17*
-0.47*
-0.12*
-0.37*
0.28*
1.00
0.37*
0.46*
0.39*
0.20*

0.00
0.04
-0.04
-0.03
-0.16
-0.09
0.07
0.03
0.17*
-0.37*
0.05
0.37*
1.00
0.11*
-0.05
-0.24*

-0.02
-0.05
-0.26*
0.03
0.13
0.23*
-0.21*
-0.77*
0.11*
-0.05
-0.24*
0.46*
0.11*
1.00
0.04
0.08

-0.65*
0.31*
-0.32*
-0.41*
-0.24
-0.54*
0.35*
-0.13
-0.64*
-0.26*
0.50*
0.39*
-0.05
0.04
1.00
0.61*

0.00

0.04

0.30*

0.12

-0.20*

0.08

0.15*

-0.05

0.24*

0.09
0.13*
-0.05
-0.16*

0.12*
-0.07
-0.14*
0.13*

-0.11
-0.26*
0.00
0.55*

-0.12*
-0.02
0.10
0.18*

0.05
0.12
-0.01
-0.42*

-0.06
0.01
0.05
-0.10

0.10
-0.14*
-0.15*
0.14*

-0.06
-0.02
0.05
-0.01

-0.15*
0.12*
0.24*
-0.49*
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d) Oysters

Land
Use

Oysters

Variable
Sample size (n)
% Developed 454

Oysters

Tribtaries

Streams

% Animal Agriculture
Dissolved Oxygen
Dissolved Organic Carbon
Total Nitrogen
Total Phosphorus
Water Temperature
Chlorophyll a
Dissolved Oxygen
Salinity
Secchi Depth
Total Nitrogen
Total Phosphorus
Total Suspended Solids
Water Temperature
Flushing Time
!15N
!13C
% Nitrogen
% Carbon
C/N ratio
Shell height

454
129
85
85
85
141
379
386
382
382
384
386
386
387
425
545
545
545
545
545
545

!15N !13C % Nitrogen % Carbon
545 545
545
545

C/N Shell
ratio height
545 545

-0.20* 0.30*

-0.11*

0.09 0.14*

0.08

-0.14* -0.44*
-0.28* 0.16
0.24* -0.05
0.41* -0.02
0.17 -0.02
0.30* -0.25*
0.22* 0.00
-0.31* 0.04
-0.65* 0.30*
-0.22* 0.12
0.52* -0.20*
0.20* 0.08
-0.24* 0.15*
0.08 -0.05
0.61* 0.24*
1.00 0.04

0.22*
-0.23*
0.01
0.32*
-0.13
0.31*
0.09
0.12*
-0.11
-0.12*
0.05
-0.06
0.10
-0.06
-0.15*
-0.02

-0.15* -0.30*
0.06 0.23*
-0.04 0.02
0.20 -0.26*
0.05 0.17
-0.06 -0.31*
0.13* -0.05
-0.07 -0.14*
-0.26* 0.00
-0.02 0.10
0.12 -0.01
0.01 0.05
-0.14* -0.15*
-0.02 0.05
0.12* 0.24*
0.04 0.07

0.03
0.02
0.04
0.13
0.08
-0.02
-0.16*
0.13*
0.55*
0.18*
-0.42*
-0.10
0.14*
-0.01
-0.49*
-0.46*

1.00

-0.11*

0.13* 0.19* 0.18*

-0.02 -0.11*
0.04 0.13*
0.07 0.19*
-0.46* 0.18*

0.04

1.00
0.42*
-0.81*
0.02

0.42* -0.81*
1.00 0.15*
0.15* 1.00
0.01 -0.02
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0.02
0.01
-0.02
1.00
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Figure 5.1. Map of mean oyster δ15N values in Chesapeake Bay
Mean measured oyster δ15N values in Chesapeake Bay collected at 37 sites in
2005 (circles) and 95 sites in 2006 (triangles) among 11 tributaries (watersheds in
black, sub-watersheds in grey) and their streams (blue lines). Wastewater treatment
plants (squares) are sized relative to flow. The locations of water quality monitoring
stations are also charted for streams (diamonds) and tributaries (stars).
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Figure 5.2: Regressions of oyster δ15N vs physical and biological factors
Regressions of oyster δ15N vs. flushing time (a), salinity (b), and shell height
(c). Adjusted tidal prism flushing time was only available for small tributaries, so
values for Broad Creek (4.1 days) and Harris Creek (4.3 days) were averaged for the
Choptank River. Flushing times for Hungars Creek (0.9 days), Nassawadox Creek
(1.07 days) and Onancock Creek (1.56 days) were averaged for the Lower Western
Delmarva Peninsula. Also, flushing times were averaged for the Magothy River (6.0
days), Rhode River (3.8 days), Severn River, MD (8.5 days), South River (6.0 days),
and West River (3.2 days). Mobjack Bay (3.7 days) and Severn River, VA (2.3 days)
were averaged to represent the York River. St. Mary River, MD (6.2 days) was
considered to be a proxy for the Potomac River. When averaged, standard errors of
flushing times are plotted. Standard errors for salinity and shell height reflect
variations across sites within that region, as variability over time (e.g. daily
measurements) was averaged.
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Figure 5.3: Mean oyster δ15N vs. δ13C
Mean δ15N vs. mean δ13C for each sub-watershed. Standard errors are plotted.
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Figure 5.4: Map of oyster δ15N at tributary scale
Oyster δ15N values for the Lower Western Shore, Maryland (a), the Upper
Eastern Shore (b), Potomac River (c), Monie Bay (d), Elizabeth River (e), and
Lynnhaven River (f) from 2005 (circles) and 2006 (triangles). Chesapeake Bay
Program water quality monitoring stations (grey squares) are mapped. Wastewater
treatment plants (WTP) scaled according to flow (millions of gallons per day, MGD).
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Figure 5.5: Oyster δ15N vs. land use
Oyster δ15N vs. % of sub-watershed devoted to development (a) and animal
agriculture (b).
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Figure 5.6: Chesapeake Bay Health vs. land use, streams, and oyster δ15N
Bay Health Index scores averaged over various years and compared to land
use, i.e. % watershed area devoted to development and agriculture (a), the Stream
Health Index (b), and oyster δ15N values (c) for 2005 (closed circles) and 2006 (open
triangles).
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Figure 5.7: Conceptual diagram of factors potentially affecting oyster δ15N
Conceptual diagram depicting factors potentially influencing oyster δ15N.
Removal of associated trends could enable comparisons of nitrogen sources at this
broad spatial scale.
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CHAPTER 6: DISSERTATION SUMMARY, CONTEXT,
AND FUTURE RESEARCH
This dissertation establishes oyster δ15N as a bioindicator of nitrogen sources,
exploring spatial and temporal integration over multiple spatial scales. Together, the
studies showed that δ15N values in oyster tissues deployed for at least three to four
months in summer are related to water quality metrics (in both estuarine and
freshwater streams), integrate nitrogen sources over time (longer than macroalgae),
and enable inferences of septic, sewage, or poultry manure nitrogen sources at scales
ranging from 10s of km2 to 1,000s of km2, provided appropriate influential factors
(e.g. flushing time, salinity, etc.) are considered. In this chapter, 1) research
conclusions are summarized, 2) the context of the dissertation is discussed, and 3)
potential avenues for future research are suggested.

Summary of major findings
Eastern oyster (Crassostrea virginica) δ15N as a bioindicators of nitrogen
sources: observations and modeling:
Multiple biological characteristics including a sedentary and filter feeding
lifestyle make oysters appropriate δ15N biological indicators of nitrogen sources.
Sample size can be optimized at five individuals, which can be achieved with 7 to 8
oysters (accounting for mortality) collected from multiple locations for deployment
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lasting four months (or two to three months, if only analyzing mantle or gill) at new
locations to identify nitrogen sources. Manipulative field deployments can provide
spatial and temporal integrations (e.g. Costanzo et al., 2001; Fertig et al., 2009).
Staggering deployments would enable nitrogen source detection at desired time
intervals to provide inferences of changes in nitrogen source over weeks, months, or
even a year (Dattagupta et al., 2004; Fila et al., 2001; McKinney et al., 2002; Moore,
2003). Due to variations in integration periods and seasonal fluctuations in primary
producers, deployment in springtime would optimize integration over summer
months. For studies concerned with chronic or long-term nitrogen sources, muscle
tissues best provided temporal integration but required a longer exposure time than
gills or mantle. Since mantle and gill tissue δ15N values responded similarly, the
mantle would suffice for short-term studies due to slightly quicker response times
than gills. This simple and straightforward method may aid detection and monitoring
of nitrogen sources over multiple spatial and temporal scales.
Oyster δ15N as a bioindicator of human and animal nitrogen and degraded
water quality in a sub-estuary of Chesapeake Bay
Oyster δ15N and estimates of nitrogen availability from several anthropogenic
sources associated with Monie Bay National Estuary Research Reserve led to the
inference that poultry manures are potentially dominant for Monie Bay, the adjacent
Wicomico River, and Delmarva Peninsula. Rapid tributary flushing times and low
estimates of nitrogen removal by denitrification suggested that that denitrification was
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not generally responsible for elevated oyster δ15N values. Oyster δ15N enrichment,
particularly in upstream Monie Creek and at the mouth of Monie Bay indicated
degraded water quality related to human and/or animal waste sources. These discrete
trends suggested spatially distinct inputs of human and/or animal waste nitrogen
inputs from multiple sources and watersheds. Specifically, septic and/or animal
manures entered Monie Creek from its watershed while these sources entered Monie
Bay, Little Creek and Little Monie Creek likely from the adjacent Wicomico River
via tidal advection and bottom layer circulation. The average annual chicken
population in the Monie Bay watershed (7.6 × 105 birds) generated 2.9 × 104 kg TN
year-1 (conservative estimate) to 1.0 × 106 kg TN year-1 (wet estimate), the equivalent
of 6.7 × 103 people (conservative manure compared to septic inputs) to 2.3 × 105 (wet
estimate compared to septic inputs), more than the actual human population (2.6 ×
103 people). The small scale of Monie Bay (~50 km2) and its watershed (~75 km2)
make it particularly susceptible to such anthropogenic pressures, but similar effects
may be extrapolated across Delmarva Peninsula: the chicken population (1.0 × 108
birds) generated an equivalent amount of nitrogen to that generated by 8.9 × 105
people (conservative manure estimate compared to septic inputs) to 3.1 × 107 people
(wet manure estimate compared to septic inputs), while 1.2 × 106 people live on the
peninsula. Though nitrogen generated as manures may have multiple fates, some
portion likely enters Chesapeake Bay, underscoring the critical importance of
mitigating this source to successfully manage nutrients and improve water quality.
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Oyster and macroalgae bioindicators detect elevated δ15N in Maryland’s
Coastal Bays
Deployments of macroalgae and oysters provided direct comparison of δ15N
bioindicators at an intermediate spatial scale (100s of km2) with nested fine spatial
scales (10s of km2) in Maryland’s Coastal Bays. Enriched δ15N values during spatial
surveys at both the 100s km2 and 10s km2 scales provided evidence of potential
human and/or animal waste nitrogen sources available to regions of St. Martin River
(at the northern end of these bays) and the southern portion of Chincoteague Bay
(both relatively developed areas reliant on septic systems and featuring poultry
feeding operations). Anthropogenic nitrogen sources are of greater concern to St.
Martin River due to higher total nitrogen concentrations, longer residence times, and
limited access to oceanic flushing compared to the intact wetlands near the southern
inlet of Chincoteague Bay. Interestingly, enriched macroalgae δ15N and a north-south
gradient of oyster δ15N were observed in the fine-scale region of Johnson Bay but its
watershed land uses largely consist of wetlands, forest, and agricultural easements
which leaves multiple alternative hypotheses for this enrichment, including transport
of anthropogenic nitrogen (septic or poultry sources) from southern Chincoteague
Bay, denitrification, nutrient recycling from marsh erosion, or sediment resuspension. These hypotheses remain to be tested in the near future.
Spatial limitations of these bioindicators were defined by response at different
temporal scales. Macroalgae δ15N and %N clearly responded spatially across
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Maryland’s Coastal Bays (100s of km2) and thus this may be an appropriate spatial
scale. In contrast, gradients of oyster δ15N at 10s of km2 suggested that oyster δ15N
might be suitable at this spatial scale. Water chemistry, signal strength, and physical
factors (e.g. water residence time, degree of oceanic mixing) may be important to
consider in addition to spatial scale as these variables can describe the degree to
which δ15N bioindicators are exposed to nitrogen sources. Overall, this demonstrates
δ15N bioindicators can indicate nitrogen sources independent of nitrogen
concentrations and that conventional water quality metrics generally reflected
physical processes (oceanic exchange) while bioindicators complementarily indicated
potential nitrogen sources, augmenting conventional water quality monitoring.
Combining species and deployment techniques provided multiple time
integrations of nitrogen sources while avoiding reliance on currently existing
populations (particularly important for oysters in the mid-Atlantic region). Staggering
deployments of multiple species within a functional group may yield temporal
integration over desired time intervals due to species-specific nitrogen turnover rates
while controlling for trophic level and mode of nitrogen assimilation. Temporally,
macroalgae and oyster δ15N responded differently to a nitrogen pulse associated with
heavy precipitation events between macroalgae deployments and during oyster
deployment. Quick turnover rates in macroalgae (days) resulted in rapid response
with greater change in δ15N to environmental conditions as compared to slower tissue
turnover rates and dampened δ15N responses in oyster tissues (weeks or months) that
did not reflect short-term nutrient pulses. This lag may be due to physiology or modes
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of nitrogen assimilation (direct uptake by macroalgae, indirect assimilation by oysters
via phytoplankton).
Chesapeake Bay oyster δ15N gradient links nitrogen source, land use and
water quality
Oysters sampled after distribution throughout Chesapeake Bay by the
Chesapeake Bay Foundation Oyster Gardening Program documented a large-scale
(11,600 km2) and spatially intense (79.5 km2/site) oyster δ15N gradient decreasing
towards the estuary mouth and correlated with flushing time, salinity, and shell
height. Oyster δ15N related to sub-watershed land use, freshwater stream and tributary
water quality, flushing time, and ultimately nitrogen source, and is among few studies
globally at the scale. Salinity could influence oyster δ15N via growth while quicker
flushing times might limit food availability, potentially incompletely integrating
isotopic signals. Quicker flushing and proximity to oceanic exchange export nitrogen
more rapidly, increasing the chances an enriched signal from wastewater effluent
could be missed, but these characteristics could also dampen susceptibility to
anthropogenic pressures and therefore suggest differences in ecosystem resilience by
varying by tributary. For example, the Lower Bay region rapidly undergoes oceanic
exchange at the estuary mouth and consistently (1986 to 2009) had better water
quality than other regions of Chesapeake Bay. Thus, human and/or animal waste
sources were generally interpreted to be locally important but broadly influenced by
physical and biological factors (flushing time, salinity, shell height). Isotopic
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enrichment by denitrification (Kendall 1998) might also be confounding, but is
estimated be low in estuaries compared to other ecosystems, has decreased in
Chesapeake Bay with eutrophication, and is spatial variable beyond the current
resolution or scope of this study, and therefore not considered.
Oyster δ15N correlated to land use and water quality in freshwater streams and
tributaries when measured close to oyster locations and thus links multiple
monitoring programs. Nevertheless, linkages suggest that at appropriate scales,
general water quality can also be inferred from oyster δ15N. As a simple and powerful
bioindicator, oyster δ15N could augment existing monitoring programs, e.g. the
Mussel Watch Program, the System Wide Monitoring Program of the National
Estuarine Research Reserve System, or the National Estuarine Eutrophication
Assessment. This study quantifies the upper extent of spatial integration by oysters at
individual locations (1,000s of km2).

General contributions of the dissertation
The chapters herein, along with associated publications (Table 6.1, Figure 6.1,
Figure 6.2), broaden our understanding of the utility of δ15N bioindicators (Chapter
2), their linkages with land use (Chapter 3), the relative role for different bioindicator
species (Chapter 4), and the factors which affect δ15N at broad spatial scales (Chapter
5) in addition to elucidating patterns of specific ecosystems (Monie Bay National
Estuarine Research Reserve in Chapter 3, Maryland’s Coastal Bays in Chapter 4,
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Chesapeake Bay in Chapter 5) or temporal events (summer precipitation events,
seasonality). Many previous studies selected from a variety of δ15N bioindicator taxa
(e.g. McClelland et al. 1997, Costanzo et al. 2001, Fila et al. 2001, Lake et al. 2001,
McKinney et al. 2001, 2002, Schlacher et al. 2001, 2005, Gartner et al. 2002, Fry et
al. 2003, Cole et al. 2004, Cohen and Fong 2006, Benson et al. 2008), but this
dissertation combines aspects of a variety of these studies by combining multiple
bioindicator species and deploying samples for spatial analysis rather than
opportunistically sampling. Further, it analyzes δ15N data in the context of spatial
scale, land use, physical factors, water quality/ overall ecosystem health, and so
synthesizes across the land-water margin associated with estuarine processes.
Chesapeake Bay provides an appropriate testing ground for oyster δ15N
bioindicators because it contains nested watersheds with mixed land uses. Within
Chesapeake Bay, the small (72.3 km2), rural, largely forested watershed of Monie
Bay National Estuarine Research Reserve served ideally as a natural laboratory to test
effects of land use on oyster δ15N. The sub-watersheds of this embayment’s
tributaries Monie Creek and Little Monie Creek vary by the presence or absence of
rural residential and poultry feeding operations while Little Creek provided a
reference surrounded by wetlands (Chapter 3). There, oyster δ15N in Monie Creek and
Little Monie Creek reflected localized land uses, with elevated δ15N indicative of
human and/or animal wastes in the former (particularly upstream) compared to the
latter (which decreased towards upstream). In contrast, Chesapeake Bay’s vast
watershed (164,200 km2) and those of its major tributaries contain mixed land uses
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(Chapter 5). Potentially, multiple nitrogen sources from a watershed could mix en
route to assimilation by the bioindicator thus distorting waste signatures.
Nevertheless, clear spatial patterns of oyster δ15N emerged both at Chesapeake Bay
and tributary scales, particularly in areas with wastewater treatment plants, suggesting
that oyster δ15N is appropriate for areas with watersheds containing mixed land uses.
This enables wide applications of oyster δ15N bioindicators in diverse ecosystems
globally, which is important because watersheds with (approximately) a single land
use are rare, and bioindicators provide limited value in such scenarios. Nitrogen
sources from a watershed built out 100% (for a hypothetical, hyperbolic example) are
self-evident and δ15N bioindicators are superfluous.
Inferences of nitrogen sources must, of course, be tempered against alternative
hypotheses including processes (denitrification, volatilization, isotopic signature
mixing) and patterns (seasonality) that enrich δ15N values as well as other factors
(precipitation, flushing time) that may influence exposure to nitrogen source (thus
potentially missing an enriched signal). Nevertheless, this body of work demonstrates
that oyster δ15N can be a simple yet powerful tool to examine spatial and temporal
patterns of nitrogen source. As such, oyster δ15N can augment established water
quality monitoring, and may help target nutrient reduction efforts, thereby mitigating
eutrophication more efficiently.
Both the Maryland Coastal Bays (Chapter 4) and the Chesapeake Bay
(Chapter 5) studies yielded extensive datasets that reflect, to differing degrees, the
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utility of working with a network of individuals for sample collection. Oyster
Gardening programs in each of these ecosystems provisioned oysters, which were
deployed manipulatively in Maryland’s Coastal Bays. In Chesapeake Bay, however,
oysters were sampled after growth minded by Oyster Gardeners – citizens actively
interested in participating in oyster and Chesapeake Bay restoration. With minimal
effort, sampling from this large network of individuals during redistribution to
restoration reefs (Figure 6.3a-d) yielded a sizeable dataset (609 samples distributed
among 147 sites) grown from Annapolis, MD (38°58’38”N 76°29’31”W) in the north
to Virginia Beach, VA (36°5’24”N, 76°2’32”W) in the south (a distance of ~250 km).
Unfortunately neither specific locations nor sample availability were
controllable, driven by social factors e.g. population density, voluntary participation,
waterfront property ownership, geographic extent of the network, etc. Clusters were
observed proximal to locations of transfer between Chesapeake Bay Foundation and
individual Oyster Gardeners; specifically near 1) Annapolis, MD, 2) Virginia Beach,
VA 3) Solomons Island, MD) and 4) St. Michaels, MD. Despite spatial biases,
sufficient spatial coverage represented most major Chesapeake Bay tributaries and
sub-watersheds with suitable salinities. Future projects could deploy oysters to fill
gaps and further define the extent of spatial integration by oyster δ15N by examining
areas required for spatial independence and avoid spatial autocorrelation given
variability of anthropogenic nitrogen signal strengths.
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Incomplete control over experimental design is balanced by maximizing
spatial scope with minimal effort, and still yields statistically significant relationships
with land use, freshwater stream health, and tributary water quality. The technique is
cheap ($8 per natural abundance δ15N and δ13C sample at UC Davis Stable Isotope
Facility). Existing networks (i.e. http://www.cbf.org/oysters, Chesapeake Bay
Foundation) provided infrastructure, quick generation of large datasets, and
externalized organism care. Datasets from oysters grown by citizens are not ‘garbage
in garbage out’ (as citizen-scientist projects are often criticized) because Oyster
Gardeners only grow oysters, do not make measurements, and oyster δ15N temporal
integration minimizes handling variation effects. Mortalities (up to 100%) may occur
at some locations but do not significantly detract from spatially intense networks.
Identifying nitrogen sources is also important to state/federal entities
(Maryland Department of Natural Resources, Maryland Coastal Bays Program),
fitting into management plans to improve water quality/ ecosystem health. This
priority is exemplified by multiple fellowships and grants awarded from these entities
to conduct research in Monie Bay National Estuarine Research Reserve (included in
Chapters 2, 3, 5) and Maryland’s Coastal Bays (Chapter 4). Clearly, δ15N bioindicator
development and application research aligned with respective missions and
management plans (Table 6.1). Estuarine eutrophication continues to be prevalent
(Bricker et al. 2008) and intractable (www.eco-check.org), so this priority will likely
persist, necessitating additional research.
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Potential future research avenues opened by this body of work
Numerous avenues exist for future research of oyster δ15N as a bioindicator.
Three example avenues, each with multiple possibilities, include 1) Advanced
understanding of δ15N physiology in bioindicator species, 2) National and global
bioindicator applications, and 3) Predictive spatial modeling of human and/or animal
waste hotspots.
Advanced understanding of δ15N physiology in bioindicator species
A controlled laboratory experiment could build upon the manipulative
fieldwork at multiple spatial scales described in this dissertation. This will better
constrain interpretation of oyster δ15N and better enable trend removal for variables
already identified to potentially have effects. Specifically, the effects of salinity,
flushing time (water flow), and organism size (oyster shell height) on oyster δ15N
values will be examined. Oysters of several sizes (see below) could be grown in
experimental tanks adjusted to control salinity and flow through rates. A factorial
design (Table 6.2) would test each combination of levels for salinity (10‰, 20‰, and
30‰), fast or slow water flow (scaled to reflect flushing times in Lynnhaven River
and St. Mary’s/Potomac River), and oyster size (classified as small: 35 to 55 mm,
medium: 55 to 75 mm, or large: 75 to 95 mm) would help describe the relative effects
of these factors on δ15N values, providing a spectrum of outcomes. The experimental
unit would be an individual oyster tissue (muscle, gill, and/or mantle), or sample of
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seston (60 ml) or dissolved nitrogen (125 ml), all measured for δ15N values.
Concentrations of seston and dissolved nitrogen would also be measured.
Experimental error would be assessed by replicates (3 for nitrogen and seston
samples, 5 for oyster samples) and instrumental measurement error quantified with
blanks and by randomly selecting samples for measurement replication. Control tanks
will not include oysters but seston and dissolved nitrogen δ15N values would be
measured. A linear statistical or additive model generated from results would describe
these relationships. This experiment will benefit deployments of oyster and other
bioindicators by enabling a correction factor for comparing across regimes of
physical features or across ecosystems useful for removing trends due to these
variables. It will further add value to the literature on δ15N physiology because while
an increasing number of field studies of δ15N in various organisms are reported, few
include controlled experiments, and most experiments focus on fractionation effects
associated with diets, which could also be influenced by these physical features.
Additionally, our understanding of δ15N bioindicators as nitrogen source
identification tools would benefit from a direct examination of other potentially
confounding factors such as denitrification. Currently an active area of research,
spatial and temporal variations of denitrification rates, along with improving rate
measurement technology, would help constrain or quantify the extent this process
might influence bioindicators of nitrogen sources. Though labor intensive, selective
concurrent measurements of denitrification along a spatially stratified bioindicator
sampling scheme (including transects across the gradient of aquatic to watershed
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ecosystems) could provide some indication of the extent (if any) of this effect despite
high spatial variability. This approach unfortunately may be impractical for largescale efforts and cannot be incorporated into approaches that rely upon citizen
networks.
Concurrent measurements of other variables may also yield important
patterns. Additional physiological effects (such as starvation, stress, life stage,
gestation, etc.,) have been shown to enrich δ15N in organisms, but mechanisms and
other factors remain untested, while much of the δ15N bioindicator literature ignores
these sources of variation and resulting biases could be examined. Multiple isotopic
analyses (e.g. of carbon, oxygen, sulfur) could produce a matrix of isotopic signatures
that could be used to further distinguish important eutrophication sources.
Alternatively, conjunction of stable isotope analysis with measurements of other
compounds indicative of human and/or animal wastes (e.g. pharmaceuticals, artificial
hormones, caffeine) or comparative libraries of antimicrobial resistance (Frana and
Venso 2009) or DNA may yield fruitful results. Ultimately, distinguishing nitrogen
sources as derived from ‘human and/or waste sources’ is sometimes not specific
enough evidence to irrefutably prove responsibility on the part of an individual entity
(i.e. a residence, farm, poultry feeding operation, etc.) and thus mandate a behavior
change or regulatory enforcement because blame could be placed upon pets,
migratory birds or waterfowl, wildlife, etc. in addition to humans or domestic animals
since the biochemical mechanisms resulting in enriched δ15N are the same for all.
Ideally, identification of nitrogen source would be species-specific.
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Both current and future advanced understanding of employing δ15N
bioindicators can be synthesized into a handbook or manual with the aim of
transferring this technology, its methods, caveats, and interpretation steps from
research to practice. Gathering this data together would also identify current
knowledge gaps and address issues associated with localized interpretation. This type
of manual or handbook would be aimed at those charged with improving water
quality and reducing eutrophication. Included sections would be factors that influence
isotope cycling, bioindicator selection, methodologies, data analysis, interpretation
steps, and communication of results to decision makers, stakeholders, and the public.
Practical examples would be included, as well as a synthesis of the literature and
examples from across the world. Utility of such a handbook would be measured by
increasing utilization of δ15N bioindicators at relevant spatial and temporal scales to
target important nitrogen sources over time.
Scaling up to national and global bioindicator applications
Oyster δ15N is a simple and powerful bioindicator (Fertig et al. 2010) that can
be scaled up to national or global studies, and augment existing monitoring programs
at the national scale with nested spatial units. Examples include partnering or
including oyster δ15N in programs such as the Mussel Watch Program (O’Connor and
Lauenstein 2006), the System Wide Monitoring Program (Figure 6.4) of the National
Estuarine Research Reserve System (Wenner and Geist 2001, Kennish 2004, Brush et
al. 2007, NERRS 2007), or the National Estuarine Eutrophication Assessment
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(Bricker et al. 2008), each of which would provide comparisons between multiple
biogeographic regions. For example, the Mussel Watch program would be a
particularly appropriate partner as it already has established numerous locations for
sampling a variety of mollusks and currently measures a wide variety of contaminants
including heavy metals, persistent organic pollutants, and other detrimental
compounds accumulated in these filter feeders.
Oyster restoration activities similar to the Chesapeake Bay Foundation Oyster
Gardening Program would also be appropriate networks to include, as these programs
are increasingly popular and are available along much of the Atlantic seaboard
enabling further extension to a national scope. Examples programs include Virginia
Department of Environmental Quality1, Maryland Department of Natural Resources2,
Maryland Coastal Bays Program3, Delaware Center for the Inland Bays4, New York
and New Jersey5 with another program in Mobile Bay, Alabama6 providing a

1

http://www.deq.state.va.us/coastal/gardening.html

2

http://www.oysters.maryland.gov/

3

www.mdcoastalbays.org

4

http://darc.cms.udel.edu/ibog/

5

http://www.nynjbaykeeper.org/index.php?option=com_content&view=article&id=72&Itemid=68

6

http://www.aces.edu/pubs/docs/A/ANR-1207/
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foothold into the Gulf of Mexico and a potential to further extend this network to
New England through the Massachusetts Bays Program7 (Jason Baker, Massachusetts
Bays Program, personal communication). Future iterations could include training
selected Oyster Gardeners in sample preparation; saving additionally on otherwise
time consuming tasks. With experience, an individual can dissect tissues from 50
oysters in a full day, grind 30 samples per hour once dried thoroughly (at least two to
three days at 60°C), and prepare more than 12 samples per hour for isotopic analysis
by weighing out 1.0 ± 0.2 mg and packaging into tin capsules. In addition to
providing ecosystem, regional, and national scopes, partnering with monitoring and
oyster restoration networks that have dovetailed missions with research aims
leverages both and facilitates direct communication of nitrogen sources with
interested communities, stakeholders, environmental managers, and decision makers.
Predictive spatial modeling of human and/or animal waste hotspots
Relationships identified between oyster δ15N and land use, water quality in
streams and tributaries, and tributary residence time, salinity, and oyster size could be
modeled to provide a more holistic and synthetic approach. Spatial models could
efficiently generate interpolated spatial predictions of anthropogenic nitrogen
‘hotspots’. Specific hot spots could be verified with limited and rapid bioindicator

7

http://www.mass.gov/envir/massbays/default.htm
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deployment (Figure 6.5). Once identified and verified, ‘hotspots’ could be targeted
for nutrient reduction efforts, including upgrading septic systems to wastewater
treatment, or rapid implementation of agricultural best management practices,
potentially leading to improved water quality and decreased eutrophication. Improved
ecosystem health and function is the overarching goal for each of these potential
future research and application avenues, and has been the motivating principle behind
the research presented in this dissertation.
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Publication
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Citation
Fertig, B., Carruthers, T.J.B., Dennison, W.C.,
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Fertig, B., Carruthers, T.J.B., Dennison, W.C., Jones,
A., Pantus, F., and Longstaff, B. 2009. Oyster and
macroalgae bioindicators detect elevated δ15N in
Maryland’s Coastal Bays. Estuaries and Coasts 32:
773-786
Fertig, B., Carruthers, T.J.B., Dennison, W.C.
Submitted. Oyster δ15N as a bioindicator of human
and animal nitrogen and degraded water quality in a
sub-estuary of Chesapeake Bay. Submitted to
Ecological Applications.
Fertig, B., Carruthers, T.J.B., Dennison, W.C.,
Williams, M.R. In preparation. Oyster (Crassostrea
virginica) δ15N gradient links land use and water
quality to nitrogen source in Chesapeake Bay.
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and Coasts.
Fertig, B., Carruthers, T.J.B., Dennison, W.C. 2009.
Final Report: Connecting monitoring, long-term, and
broad-scale water quality datasets through an
estuarine biological indicator of nitrogen source: δ15N
in Crassostrea virginica tissues. Prepared for
National Estuarine Research Reserve System. 81 pp.
Fertig, B., Carruthers, T.J.B., Dennison, W.C. 2008.
Final Report: 2007 Water Quality Monitoring in
Monie Bay. Prepared for National Estuarine Research
Reserve System. 46 pp.

Availability
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2008

Beckert, K., Fertig, B., O'Neil, J.M., Carruthers,
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and Dennison, W. C. 2008. Fine scale patterns of
water quality in three regions of Maryland's Coastal
Bays: assessing nitrogen source in relation to land
use. Prepared for Maryland's Coastal Bays Program.
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e_patterns_of_water_quality_i
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2007

Fertig, B., Carruthers, T.J.B., Dennison, W.C. 2007.
Linking Monie Bay watershed land use to nitrogen
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Crassostrea virginica. Prepared for National
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B., Hall, M., Dennison, W.C. 2006. Water quality in
four regions of the Maryland Coastal Bays: assessing
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http://ian.umces.edu/press/rep
orts/publication/83/linking_m
onie_bay_watershed_land_use
_to_nitrogen_stable_isotopes_
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Citation
Kimmel, D.G., Townsend, H., Carruthers, T.J.B., and
Fertig B. 2010. Environmental Statistics: Balancing
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Carruthers, T.J.B., Dennison, W.C., Lookingbill,
T.R., Hawkey, J.M., Thomas, J.E., Wicks, E.C., and
Woerner, J. (eds.) Integrating and Applying Science:
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assessment. IAN Press, Cambridge, MD, p113-132

Availability
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ks/publication/259/integrating
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2010
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Dennison, W.C. 2010. Ecological Indicators:
Assessing ecosystem health using metrics. In:
Longstaff, B.J., Carruthers, T.J.B., Dennison, W.C.,
Lookingbill, T.R., Hawkey, J.M., Thomas, J.E.,
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Table 6.2: Factorial experiment testing effects of salinity, flushing, and oyster
size
Factorial experimental design to test effects of salinity, flushing time, and oyster size
on δ15N values. Experimental unit is an individual oyster tissue (muscle, gill, or
mantle), or sample of seston (60 ml) or dissolved nitrogen (125 ml). Experimental
error is assessed with replicates (3 for nitrogen and seston samples, 5 for oyster
samples) and instrumental measurement error will also be assessed with blanks and
by randomly selecting samples for measurement replication. Controls will not include
oysters in the experimental setup.
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Chapter 6 Figures
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Figure 6.1: Newsletter showing utility of macroalgae and oyster bioindicators
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Figure 6.2: Newsletter relating land use effects on water quality
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Figure 6.3: Scaling up to Chesapeake Bay with Oyster Gardeners
Partnering with Oyster Gardeners maximizes spatial scope, connects with
interested communities, and facilitates science communication. Oyster spat on shell
(a) are distributed to Oyster Gardeners for growth, after which they are returned and
samples are collected for δ15N analysis (b) before redistribution to restoration reefs (c
and d).

a)

b)

c)

d)
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Figure 6.4: Application in the National Estuarine Research Reserve System
National Estuarine Research Reserves are establishes in most coastal states
(left) and could provide one of several models for scaling up to a national scope
across multiple biogeographic regions, with four along the Atlantic coast highlighted.
The System Wide Monitoring Program provides detailed water quality data within
each research reserve providing a nested hierarchy, with Monie Bay, a component of
Chesapeake Bay, MD Research Reserve presented (right).
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Figure 6.5: Inputs and outputs of spatially predictive models of δ15N
bioindicators
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