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[1] Nitrate (NO3
�) concentrations and dual isotopic composition (d15N and d18O) were

measured during various seasons and tidal conditions in Elkhorn Slough to evaluate
mixing of sources of NO3

� within this California estuary. We found the isotopic
composition of NO3

� was influenced most heavily by mixing of two primary sources with
unique isotopic signatures, a marine (Monterey Bay) and terrestrial agricultural runoff
source (Old Salinas River). However, our attempt to use a simple two end-member mixing
model to calculate the relative contribution of these two NO3

� sources to the Slough was
complicated by periods of nonconservative behavior and/or the presence of additional
sources, particularly during the dry season when NO3

� concentrations were low. Although
multiple linear regression generally yielded good fits to the observed data, deviations from
conservative mixing were still evident. After consideration of potential alternative
sources, we concluded that deviations from two end-member mixing were most likely
derived from interactions with marsh sediments in regions of the Slough where high rates
of NO3

� uptake and nitrification result in NO3
� with low d15N and high d18O values. A

simple steady state dual isotope model is used to illustrate the impact of cycling processes
in an estuarine setting which may play a primary role in controlling NO3

� isotopic
composition when and where cycling rates and water residence times are high. This work
expands our understanding of nitrogen and oxygen isotopes as biogeochemical tools for
investigating NO3

� sources and cycling in estuaries, emphasizing the role that cycling
processes may play in altering isotopic composition.
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1. Introduction

1.1. Background

[2] Nitrogen is often the limiting nutrient for primary
production in estuarine ecosystems [Cloern, 2001; Nixon,
1995]. Because humans have more than doubled the rate at
which bioavailable N enters terrestrial and aquatic ecosys-
tems [Galloway et al., 2004; Gruber and Galloway, 2008;
Seitzinger et al., 2005; Vitousek et al., 1997], the problem of
eutrophication has become an increasingly common conse-
quence in estuaries worldwide [Dumont et al., 2005; Nixon,
1995; Paerl et al., 1998]. More specifically, increased urban
development in coastal areas and intensification of agricul-
ture are both considered substantial contributors of nutrients
to estuaries.

[3] Statewide trends of estuarine habitat impacts and
alterations are not well characterized in California; however,
available data indicate widespread loss of estuarine habitats.
Estimates for southern California indicate decreases in salt-
marsh and mudflat habitats of 87% and 84%, respectively
[Zedler, 1996]. In San Francisco Bay, the largest estuary on
the west coast, over 95% of the historical saltmarsh has
been lost [Nichols et al., 1986]. Elkhorn Slough, the site of
this study, represents one of the approximately 50 west
coast estuaries impacted by marsh habitat loss [Van Dyke
and Wasson, 2005] and subject to increasingly high loads of
N [Los Huertos et al., 2001]. The chronic exposure to high
nitrate (NO3

�) and eutrophic conditions contributes directly
to marsh loss through the alteration of indigenous plant
communities and indirectly through overgrowth of eutro-
phic algal species such as Ulva enteromorpha [Fong et al.,
1998] which can smother saltmarsh vegetation, leaving the
sediments unvegetated and more easily eroded.
[4] Here we use the isotopic composition of NO3

�

(d15NNO3 and d18ONO3) to identify specific sources of N
and to evaluate their distribution in a dynamic estuarine
regime. The use of oxygen isotopic composition of nitrate
(d18ONO3) together with d15NNO3 has proven useful as a
means for constraining multiple sources and evaluating
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cycling that has occurred. Specifically, this approach has
been used in a wide variety of systems, including agricul-
turally impacted areas [Böhlke and Denver, 1995; Böttcher
et al., 1990; Cey et al., 1999], forested catchments [Burns
and Kendall, 2002; Kendall et al., 1995; Ohte et al., 2004],
groundwater [Aravena et al., 1993; Böhlke and Denver,
1995; Cole et al., 2006; McMahon and Böhlke, 2006], and
freshwater aquatic ecosystems such as lakes and rivers
[McClelland and Valiela, 1998; Ostrom et al., 2002; Rock
and Mayer, 2004]. However, the nitrate dual isotopic
composition has only recently been applied to marine and
estuarine systems [Casciotti et al., 2002; Lehmann et al.,
2004; Sigman et al., 2005; Wankel et al., 2006, 2007].
Existing data for NO3

� dual isotopic composition in estuar-
ies are sparse [Wankel et al., 2006]. Work presented here
adds to the available knowledge base on the application of
dual isotopes of nitrate in marine ecosystems.

1.2. Site Description

[5] Elkhorn Slough (Figure 1) is a small tidally flushed
estuary, with a tidal prism amounting to approximately 70%
of the mean estuary volume [Broenkow and Breaker, 2005].
During the wet season, estimates of mean water residence
time are on the order of �1 day [Caffrey, 2001]. However,
for the upper reaches of the Slough and in outlying tidal
creeks and marshes, residence times can be on the order of
several weeks, particularly during the dry season [Caffrey,
2001]. The estuary geometry is complex (Figure 1), with the
mouth opening to Monterey Bay (MB) and a relatively wide
main channel that reaches approximately 11 km inland
where it terminates at a tide gate at the upper Slough.
Two smaller channels (Moss Landing Harbor and Bennett
Slough) enter the Slough about 0.3 km from the mouth. The
Moss Landing Harbor, located to the south of the Slough,
receives considerable terrestrial input from the old Salinas
River (OSR) channel. Bennett Slough, located near the
estuary mouth, receives almost no freshwater input and is
not explicitly considered in this study. The geometry of
Elkhorn Slough plays an integral role in the physical forcing
of mixing regimes in the Slough, contributing to the unique
biogeochemical characteristics of this estuary. Numerous
tidal creeks, mudflats, and saltmarsh habitats surround the
main channel of the Slough. Recent estimates indicate there
are approximately 3.93 km2 of saltmarsh habitat (including
both tidally restricted and unrestricted areas) and approxi-
mately 3.54 km2 of mudflat habitat (including both restricted
and unrestricted areas) within the Slough watershed (http://
www.elkhornslough.org).
[6] The primary source of freshwater to the Slough is the

old Salinas River channel. This channel drains flow from
the Salinas River, as well as flow from the Espinosa,
Castroville and Tembladero Sloughs, and enters Elkhorn
Slough through the Moss Landing Harbor near the mouth of
the Slough (Figure 1). An additional freshwater source is
Carneros Creek at the head of the Slough; however, due to
the Mediterranean climate, discharge from the Carneros
Creek typically occurs only between December and April,
with average flow rates ranging from 0.08 to 0.16 m3 s�1

[Pajaro Valley Water Management Agency (PVWMA),
2007]. The OSR has a more substantial discharge through-
out the year as a result of its larger watershed and irrigation-
derived water inputs. Low flows during the driest months of

summer (June–August) are on the order of �0.10 m3 s�1

(N. Nidzieko, personal communication) containing a large
component of local irrigation water [Wankel, 2007]. Sub-
stantially higher flows during the wetter winter months
(December through April) of 15 to 30 m3 s�1 are not
uncommon, particularly during storms (N. Nidzieko, per-
sonal communication). Relatively little is known about
groundwater inputs; however, the regional water table has
experienced substantial overdraft [Vengosh et al., 2002] and
recent work suggests that advective inputs of groundwater
are minor (J. A. Breier et al., Tidally driven chemical fluxes
at the sediment-water interface in Elkhorn Slough: Evidence
from a coupled geochemical and hydrodynamic approach,
submitted to Limnology and Oceanography, 2009).
[7] In small, wide, and short estuaries such as Elkhorn

Slough, which are substantially flushed with each tidal
cycle, mixing is rapid and dynamic, often resulting in
spatially and temporally complex mixtures of water sources.
Geochemical approaches, such as the work reported here,
can help resolve the complexity of end-member mixing and
controls on nutrient supply and exchange in such a dynamic
regime. In this study, we use NO3

� concentration and
isotopic composition as the primary biogeochemical tool
to characterize the mixing of known and unknown sources
of NO3

� in the waters of the main channel of Elkhorn
Slough.

2. Methods

[8] Two sampling approaches were employed to investi-
gate the distribution of NO3

� in Elkhorn Slough. The first
approach involved samples collected along the longitudinal
axis of the Slough, from the head to the mouth, over both
ebb and flood tides. By periodically sampling at different
locations on both ebb and flood tides, the goal was to both
identify and evaluate the spatial contributions of the multi-
ple water sources of NO3

� (using their NO3
� isotopic

compositions) within the main channel. For the second
approach, samples were collected on a transect across the
main channel while conducting continuous depth profiles,
with the goal of better characterizing the temporal contri-
butions of different sources over a tidal cycle (e.g., changes
at one site over time).

2.1. Longitudinal Transects

[9] Samples from the main channel were collected on
6 different dates along a transect of 6 sites (C0–C5)
spanning the downstream �7 km length of the �11 km
channel (Figure 1), on both ebbing and flooding tides. Three
transects were made during the dry season (September
2002, October 2003, and November 2003), and three were
made during the wet season (April 2003, May 2003, and
May 2004). Physical and chemical parameters (temperature,
salinity, dissolved oxygen) were measured during most
sampling trips using a Seabird 9000 CTD mounted on a
stainless steel frame that was lowered from the side of the
boat. Water samples from the main channel were collected
at 1.5 m depth intervals using a Van Dorn sampler. Samples
were immediately filtered in the field (0.2 mm) and kept
chilled and in the dark until returned to the lab where they
were frozen until analysis.
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2.2. Cross-Channel Transects

[10] An extensive, high resolution sampling regime, con-
sisting of sampling across the main channel of the Slough
over an entire tidal cycle, was conducted between sites 1
and 2 near the LOBO mooring (Figure 1). The channel was

continually traversed approximately 9–10 times per hour.
During these sampling campaigns, depth profiles were
conducted using a standard CTD and an in situ ultraviolet
spectrophotometer NO3

� sensor [Johnson et al., 2002] that
enabled continuous monitoring of a cross section of the

Figure 1. Map showing study area and selected sites in the Elkhorn Slough estuary. Main channel sites
are those where samples were collected on longitudinal sampling events (C0–C5), while the cross-
channel transects were conducted near the LOBO L01 mooring [Johnson et al., 2007]. NERR sites are
long-term water quality monitoring sites operated by the Elkhorn Slough National Estuarine Research
Reserve, where ancillary data were collected.
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