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Abstract

The overarching objective of this study was to identify important river and estuary
habitats of young American shad by estimating the value of these habitats to fish production.
Specifically, I characterized production dynamics and biogeochemical processes in the
Mattaponi River, the most productive American shad nursery in Virginia’s portion of
Chesapeake Bay; quantified the contribution of autochthonous and allochthonous organic
matter (OM) to plankton, macroinvertebrates and young American shad in the Mattaponi
River; identified the major trophic pathways that support American shad production within
river and estuary habitats during ontogeny; and determined the main areas of habitat use
within the Mattaponi River and York River estuary, from the larval stage to their ocean
migration. Mattaponi River production dynamics were strongly influenced by river
discharge; during periods of high discharge, primary production was suppressed and
allochthonous OM comprised a large fraction of POM. These periods favored allochthony by
zooplankton and macroinvertebrates; less than 40% of their production was supported by
autochthonous production. Young American shad, which were consuming copepods and
aquatic insects, were therefore also reliant on allochthonous OM, which was reflected in the
stable isotope composition of their tissue. Further, spatial segregation of young American
shad rearing in the freshwater nursery zone was identified through a novel application of an
existing stable isotope turnover model, indicating that these river food webs are temporally
and spatially heterogeneous. American shad reside in habitats of 5-10 river km for a month
or longer. During high discharge, elevated OM concentration, plankton density, and juvenile
American shad indices were observed, demonstrating that allochthonous OM provides an
important subsidy to the metazoan food web and fish production in the Mattaponi River.
Juveniles generally emigrated from the nursery zone in November and December, residing
and feeding in the York River estuary and Chesapeake Bay before migrating to the ocean in
February through April. Variable emigration strategies were observed; most juveniles likely
emigrated at 2-5 g and spent weeks to months in the estuary, however a few emigrated at <2 g
and directly swam into the lower estuary while others lingered in the freshwater habitat.
American shad populations across the Atlantic coast have been in decline since the 1800s.
Major causes for this decline include restricted access to historic spawning and nursery
habitats and habitat loss. This study demonstrates that production and year-class strength of
Mattaponi River American shad are influenced by allochthonous subsidies, including upland-
and riparian-derived organic matter, and thus habitat quality is related to the health of the
watershed. Further, Chesapeake Bay is an important overwintering habitat of young
American shad. Protection of these habitats, and their connection to the watershed, is vital
for conservation and restoration of Chesapeake Bay American shad.
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Introduction

Using an interdisciplinary hpproach to estimate the value and ecological role of

habitat for fishes
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Approximately three-quarters of the U.S. commercial fish landings are
composed of species that depend on estuaries for some portion of their life (Chambers
1992). Quantifying the benefit received from estuarine habitats poses a difficult
research goal because use of estuary habitat can be both ephemeral and vital. The
goal is made more difficult because after nearly a century of diséussion, biologists
still lack a clear lexicon for habitat science. The arc of habitat research has tracked
biologists’ conceptual advancements. It spans from defining basic concepts such as
“habitat” and “niche” (Grinnell 1917; Elton 1927; Hutchinson 1958), through habitat
quantification, including indices of biotic integrity (Karr 1981), instream flow
incremental methodology (Bovee 1986), and habitat suitability indices (U.S. Fish and
Wildlife Service 1981), to developing models of population responses to habitat
quality, including ecosystem diagnosis and treatment models (Lichatowich et al.
1995) and the nursery role hypothesis (Beck et al. 2001). Of course, fundamental
challenges persist. Even the most mathematically sophisticated approaches
necessitate an accurate characterization of fish habitat and require techniques that can
effectively link the presence of a fish in a region to its ultimate reproductive success.

The words “habitat” and “niche” are often used interchangeably among
habitat scientists but they have different meanings (Whittaker et al. 1973). They are.
confused because they designate concepts that are difficult to separate: the area that a
species occupies (its habitat) and its ecological role within that area or community (its
niche). The word “niche” was first brought into the scientific lexicon by Grinnell

(1917, p. 433), who did not successfully separate the term from the idea of habitat
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(Whittaker et al. 1973). Elton (1927) clarified the concept, bringing about the
functional niche concept — that an organism’s niche is defined by its ecological
relationship to other species. Hutchinson (1958), upon introducing his niche concept
of the n-dimensional hypervolume that defined the organism’s niche by its full suite
of biological interactions and physical requirements, again combined the concepts of
niche and habitat. Hutchinson noted that the hypervolume is not a functional
response surface, as such, and therefore does not indicate that survivability is equal
throughout the volume. Rather, there would be both optimal and suboptimal
conditions represented within the hypervolume. As I read it, Hutchinson’s seminal
work represents one of the first attempts to formalize the concept that success of a
population can be functionally related to its habitat, and thereby distinguishes itself
from previous definitions of “niche” or “habitat.” Measures of population success
(e.g., fitness indices, juvenile production indices) can occur concurrently as a
hypervolume measure or could be mapped on top of a hypervolume constructed of
environmental gradients. The latter approach is exemplified by MacArthur in his
study of the overlapping niches of insectivorous warblers (1958). Whittake_r et al.
(1973) attempted to formally define this concept as an “ecotope.” An ecotope is the
map of a population’s success over the landscape defined by its habitat (physical
requirements) and niche variables (ecological interactions). The term has never been
used widely. However, it is perhaps the best formalized definition for biologists to
use when measuring the functional response of a population to the conditions its

constituents experience.
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A major criticism of this habitat approach is that it assumes that a tendency
toward distributional peaks (Guassian response surface) or centralities (cloud in
multivariate space) imply an optimal response. Werner and Gilliam (1984) pointed
out that the species’ distribution must represent a survival advantage, not an optimal

-state. Movements to a new habitat, particularly those associated with significant
ontogenetic developments (e.g., juvenile metamorphosis in fishes), should be
associated with a lower physiological mortality rate (defined as the mortality:growth
rate, Beyer 1989), allowing for the population to iﬁcrease at a faster, not necessarily
optimal, rate. In this context, it is readily conceivable how alternative life-histories
could evolve, an important consideration for both facultative and obligatory estuarine
species whose life history may be relatively plastic. Among fishes, the anadromous
salmonids, moronids and alosine clupeids are excellent examples of plastic life
histories; a non-exhaustive list of alternative life histories includes land-locked or
resident vs. highly migratory populations, land-locked with river-run populations,
fishes that spawn in large vs. small tributaries, and fishes or populations that spawn
early (spring spawning) vs. late (fall spawning). The variety of life-histories
exhibited, encompassing a number of ecosystems, presents a unique challenge to
characterizing their habitat requirements (Roni et al. 1999).

For those fish that are economically managed, the legislative mandate to
document and protect essential fish habitat (EFH) in the 1996 reauthorization of the
Magnuson-Stevens Fishery Conservation and Management Act dramatically altered

the management approach to these fisheries. Under the 1996 Act, Congress mandated
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that “Habitat considerations should receive increased attention for the conservation
and management of fishery resources of the United States” (16 U.S.C. 1801 (A)(9)).
Specifically, Section 303(a)(7) of the 1996 Magnuson-Stevens Act directs the
National Marine Fisheries Service (NMFS) and the eight regional Fishery
Management Councils to describe and identify EFH in each fishery management
plan, minimize adverse effects of fishing on EFH, and identify other actions to
encourage the conservation and enhancement of EFH. The 1996 Act utilized the
traditional definition of habitat, simply defining EFH as “those waters and substrate
necessary to fish for spawning, breeding, feeding, or growth to maturity” (16 U.S.C.
1802(10)). Further, the Act delineated four levels of information relative to habitat
delineation: level 1 is simply presence-absence in an area; level 2 is habitat-specific
density data for an area; level 3 is habitat-specific measures of population
performance (growth, reproduction, etc.); and level 4 is habitat-specific production
data. Levels 3 and 4 invoke a functional response of the population to its
environment and thereby are closely aligned with Whittaker et al.’s (1973) ecotope.
The key terms within the definition of EFH have been interpreted broadly by
the NMFS. For example, although the definition of EFH identifies only “waters and
substrate,” the NMFS has determined that riparian and upland regions are of concern,
particularly when dealing with anadromous species, and therefore the NMFS may
comment on actions that may affect these regions (50 CFR 600; 62 FR 66535). This
is scientifically appropriate and forward-looking; because aquatic scientists are in the

early phases of developing a framework for treating aquatic habitat within the context
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of an entire landscape (Vannote et al. 1980; Polis et al. 1997, Woodward and Hildrew
2002).

By the early 1990’s, it had become apparent to fishery scientists that “the
increasing loss of fish habitat...is the single largest long-term threat to the future
viability of marine fisheries in the United States” (Hinman and Safina 1992). While
some threats to aquatic habitats have been painfully obvious (e.g., eutrophication,
pollution, and the introduction of exotic species), associated with visible mortality or
rapid decline of aquatic species, population responses to more subtle alteration of
aquatic habitats such as shoreline hardening, urbanization, and loss of structural
habitat (e.g., large-woody debris, seagrass beds, oyster reefs) are more difficult to
assess. While recent attention to the topic may suggest this is a contemporary
problem, fisheries managers have cited habitat loss as an important cause for fisheries
declines since the mid-nineteenth century. Recent concern over declines, real as they
are, may fail to address the long-term loss of fish habitat, as the scientific
community’s base-line for fisheries production slides ever lower (Jackson 2001).

In 1872, Spencer F. Baird, then U.S. Commissioner of Fish and Fisheries,
obtained $15,000 from the U.S. Congress to begin a program of propagation of food
fishes in lakes and rivers, particularly the stocking of American shad, salmonids, and
coregonines (Baird 1873). The major impetus for the program was the rapid decline
in landings of American shad (Blackford 1916). The causes for this decline were
believed to include: the “reckless methods of fishing” (Baird 1873); “pollution of our

creeks and rivers by manufacturing companies, dyeing establishments, saw mills, and
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the like” (Mather 1875); the construction of mill-ponds such that “...the dweller on
small streams is cut off from his supply of fish, which have always ascended his
brook, by the miller who has just built a dam across it lower down” (Mather 1875);
and large dams lacking fish ladders (Hallock 1894). These problems had been
recognized on the Hudson, Kennebec, and Connecticut rivers, among others, and it

- was piain to Mather (1875) that the declines were linked to the habitat destruction that
had occurred since the pre-colonial era. He wrote, “So far, we have bent our energies
to producing fish in vast numbers, with but little consideration of the many delicate
conditions necessary to their future growth; and in my opinion, if the rivers were as
pure to-day as when our forefathers landed on Plymouth Rock, there would now be
the same immense shoals of salmon, shad and alewives ascending our rivers that there
were then, multiplied tenfold by our methods of artificial propagation.”

By the turn of the century, the problems associated with American shad were
well-documented. Scientists knew that the range of American shad had been
restricted (Stevenson 1897), their size had declined (Blackford 1916), and that the
fishery had collapsed (Blackford 1916, Parsons 1916; Leim 1924). These problems
were accorded to the “agency of man” in a laundry list that was already familiar:
“Next to this over-fishing, the most important factors in the destruction of the shad
are the erection of dams which debar them from their spawning grounds, and the
reckless pollution of the streams” (Blackford 1916).

At the turn of the century, the primary conservation tool was stock

enhancement through hatchery programs, though the need for fishing restrictions and
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passable fish-ways on dams was recognized (Hallock 1894; Parsons 1916). Strip-
spawning techniques date to 1848 and the federally funded hatchery program began
in 1872 (Clift 1872). From the early 1870s through the 1940s, the federal
government introduced over four billion American shad larvae into water bodies
spanning the nation, from the Great Lakes to the west and Gulf coasts (Hendricks
2003). Other conservation measures have been added since, though hatchery
programs remain popular and, in some cases, there is evidence they are contributing
to recovery (Hendricks 2003; Olney et al. 2003). For example, transplants of both
American shad spawning adults and eggs have been used to restore depleted runs
since the 1970s (Hendricks 2003). In 1985, the Atlantic States Marine Fisheries
Commission (ASFMC) adopted its first American shad fishery management plan
(FMP), which called for stock assessment and fishery monitoring (ASFMC 1985).

With the acceptance of the 1999 FMP for American shad (ASFMC 1999),
essentigl fish habitat restoration came to greater prominence, in accordance with the
1996 Magnuson-Stevens Act (p 11): “Fisheries management measures cannot
successfully sustain anadromous alosine stocks if the quantity and quality of habitat
requirgd by all the species are not available.” The ASMFC recognized a variety of
habitat alterations that could impact American shad populations but noted that the
current stock status creates uncertainty when assigning essential habitat (p. 14): “Due
to decreasing stock sizes of all alosine species along the Atlantic coast, it is difficult
to determine if adequate spawning, nursery, and adult habitat presently exist to

sustain the stocks at recovered levels. Without a specific goal for restoration of
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historic or potential alosine habitat, it is difficult to describe all "essential habitat"
along the Atlantic coast.” As such, no new goals for habitat restoration were
established and the FMP largely focuses on ensuring that water bodies used by
American shad are compliant with existing pollution control legislation (Clean Water
Act, Coastal Zone Management Act, etc.). Some habitat improvements, however,
have already occurred. The’passage of the Federal Water I"ollution Control Act in
1972 led to clean-up of the most egregious pollution zones preventing American shad
migration, such as the region of persistent hypoxia in the Delaware River at
Philadelphia, PA (Weisberg et al. 1996). Additionally, efforts were already underway
to increase access to historic habitat, including removal of obsolete dams or additions
of fish ladders and lifts. In Chesapeake Bay, this included improving fish passage on
the Susquehanna River beginning in 1991 (St. Pierre 2003), the breaching of a series
of low-head dams from 1989 to 1993 and the installation of a fish ladder at Boshers
Dam in 1999 on the James River (Weaver et al. 2003), and the removal of Embrey
dam on the Rappahannock River in 2004. The Chesapeake Bay fishery, by this time,
had utterly collapsed. In response, Maryland imposed a moratorium on all American
shad harvest in 1980; Virginia followed in 1994,

The challenge faced today is to describe American shad habitat by linking
habitat quality and fish production across the ecosystems that could influence their
survival. This goal is particularly important with respect to the river and estuary
nursery and rearing habitat used by American shad, because recovery by Chesapeake

Bay populations has been slow or non-existent despite a long-term fishing
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moratorium (Olney and Hoenig 2001; Olney et al. 2003). The vital rates of larvae and
juveniles likely play important roles in determining year-class strength and the
composition of returning adults (Crecco and Savoy 1987; Limburg 2001; Hoffman
and Olney 2005). Currently, however, there exists limited information on the relative
value that riverine and estuarine habitats offer young-of-year American shad and thus
explicit links between habitat use and vital rates can not be made.

After centuries of habitat degradation, attaining current conservation goals
necessitates the application of research techniques that can offer a glimpse of the
ability of relatively un-altered habitats to produce fish (e.g, Able 1999). In the worst
case, estimating habitat quality based on the current state of many Atlantic coast
tributaries risks defining marginal habitat as suitable. In the best case, there may still
be hope to identify the cause for the historically impressive production of alosine
fishes, including American shad, hickory shad, blueback herring, and alewife. An
interdisclipinary set of techniques is required; in concert, these techniques should be
able to quantify habitat and yield data that fit within an ecotope-type framework.

The rapidly expanding field of biomarkers in fisheries research has provided
unprecedented opportunity for documenting habitat use by anadromous fishes and
linking habitat use to ecosystem function and population success (e.g., Limburg 2001;
Kraus and Secor 2005; Hicks et al. 2005). Biomarkers are environmental chemical
signatures that are incorporated into a fish’s tissue and organs. Stable isotopes are
popular biomarkers because they provide information about how organisms relate to

fundamental biogeochemical processes, such as the production, decomposition, and
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bioavailibility of organic matter (e.g., Sobczak et al. 2005), and indicate important
trophic interactions, all of which play a fundamental role in determining fish habitat
quality. It is because the stable isotope composition of an organism’s tissues closely
resembles that of its prey in a predictable manner (DeNiro and Epstein 1978,
Minagawa and Wada 1984) that stable isotopes can elucidate trophic linkages and
pathways utilized by fish. The widespread application of stable isotope studies in
ecological research, particularly the stable isotopes of carbon, nitrogen, and sulfur,
has demonstrated that stable isotopes are an effective tool for identifying trophic
pathways in marine and estuarine habitats with complex food webs (Michener and
Schell 1994). Because the exchange of energy and nutrients across systems can have
important implications for fish production in streams and rivers (Bunn et al. 1989;
Doucett et al., 1996; Hicks et al. 2005) and estuaries (Wissel and Fry 2005), drawing
food web linkages across time and ecosystems is fundamental to characterizing
trophic pathways in aquatic habitats (Woodward and Hildrew 2002).

In tissues, stable isotopes are incorporated in relation to growth and metabolic
rates (Fry and Arnold 1982; Tieszen et al. 1983; Hesslein et al. 1993), recording
information on a biologically relevant time scale. The stable isotopes of consumers
are ultimately derived from their environment. At the ecyosystem-levcl, stable
isotopes reflect a variety of biogeochemical processes (Mook and Tan 1991) and are
useful for diagnosing important ecological processes, including cycles of organic
matter production and decomposition, inputs of terrestrial matter, and sources of

organic matter fueling ecosystem metabolism and upper trophic-levels (Michener and
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Schell 1994). Thus, stable isotopes simultaneously record habitat use and provide
information on the ecological functioning of aquatic habitats, thereby linking the two.
The objective of this dissertation is to use a broad suite of techniques and data
sources, including stable isotope analysis, water quality and hydrogaphic data, fish
and plankton collections, dietary analyses, juvenile abundance indices, and modeling
procedures to identify river and estuary habitat use by young American shad and to
quantify its benefit to their growth and population success. To meet this objective,

" the study quantified a wide range of biological processes, from biogeochemical cycles
to juvenile American shad migration to the ocean, necessitating an interdisciplinary
approach. Rapid, coast-wide declines in alosine fishes have prompted fishery
scientists to address declines in shad and river herring (Limburg et al. 2003; Schmidt
et al. 2003). The call to action is a century old. In 1916, J.S. Parsons, Commissioner
of Fisheries of Virginia, wrote to fisheries biologists that “No species of fish was at
one time more important to the entire Atlantic Seaboard than the shad, and none
whose preservation so immediately concerns a larger number of persons. When we
consider the fact that the waters of the Chesapeake Bay and its tributaries formerly
teemed with this most valuable fish, and furnished at least forty per cent of the output
of the entire Atlantic Coast, we realize how important it is that Maryland and Virginia
should use every effort not only to conserve our present, supply, but, if possible, to
cause our waters to become replenished with as an abundant supply as formerly.” It
is my desire that an interdisciplinary approach will shed some fresh light on a long-

standing problem.
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Abstract

Seasonal and inter-annual variation of the stable carbon (C) and nitrogen (N)
isotope composition of suspended particulate organic matter (POM) was measured in
the brackish and tidal freshwater regions of the Mattaponi River, a tributary of the
York River, Virginia, and a pristine end-member on a continuum of anthropogenic
modification within Chesapeake Bay. A principal components analysis indicated that
seasonal variation was related to physical mixing and river discharge. Freshwater
POM had high C:N (>12), depleted particulate organic carbon isotopic composition
(ES'3 Croc, -26 to -30%0) and depleted particulate nitrogen isotopic composition
(8" Npn, 2 to 10%o) compared to brackish water POM, which had lower C:N and
enriched 8" Cpoc (-24 to -27%o) and 5'*Np (7 to 15%o). During high discharge
events, the 8" Cpoc was enriched, the 8'*Npy depleted, and the C:N high relative to
low discharge periods, indicating a large contribution from terrestrial-derived
material. Within tidal fresh water, POM was comprised of humic-rich sediment,
vascular plant matter, and phytoplankton produced in situ. Non-conservative mixing
behavior was observed. Endogenously produced phytoplankton increased POC
concentrations in tidal freshwater and oligohaline portions during base flows. Where
estuarine and riverine POM mixed, the isotopic composition of the POM was
homogenized, blurring source-specific characters observed upriver, and thereby
emphasizing the need to characterize the freshwater end-member of estuaries

carefully in order to identify POM sources.
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Introduction

In estuaries, identifying the origin of particulate organic matter (POM) is
difficult because POM is received from multiple sources, including riparian
vegetation, adjacent marsh vegetation, submerged and emergent aquatic vegetation
and associated epiphytes, and phytoplankton produced in situ. Early research using
the stable isotope composition of estuarine POM to identify its dominant origins and
fates led investigators to conclude that estuarine phytoplankton and terrestrial
material were the major contributors to estuarine organic matter (OM; dissolved and
particulate fractions) and that these sources fueled the heterotrophic food webs within
estuaries (Parker 1964; Haines 1976). Since that time, research has revealed that
many processes may contribute to the stable isotope composition of POM in aquatic
ecosystems, potentially complicating the interpretation of stable isotope data. For
example, the isotopic composition of the POM pool can be altered by the
decomposition of vegetation due to the preferential removal of select compounds
(Benner et al. 1987), or by short-term changes in the concentration and isotopic
composition of nutrient pools, which can affect phytoplankton fractionation
(Cifuentes et al. 1988). In complex ecosystems, such as estuarine-riverine
complexes, overlapping stable isotope compositions and seasonal variabilify will
further hinder identification of sources (e.g., Cloern et al. 2002). Despite these
difficulties, it has been possible to infer major biogeochemical processes and sources

of OM using stable isotopes, particularly when these processes are tracked through an
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entire season (e.g., Cifuentes et al. 1988; Hellings et al. 1999) or watershed (e.g., Cai
et al. 1988).

At the watershed-séale, differences exist between the stable carbon isotope
composition (8"°C) of upland vegetation and marine phytoplankton because these
plants utilize different carbon (C) pools that have distinct isotopic compositions
(Mook and Tan 1991). The 8"C of total dissolved CO, (DIC) in the ocean is about
0%o0 (Mook et al. 1974), due to the equilibrium fractionation of atmospheric CO,
(613C = -7%o (Deines 1980)) across the atmosphere-ocean boundary. The isotope
fractionation by C; plants is about -21%o, which results in a marine phytoplankton
8'°C of about -21%o (Tan and Strain 1983), though fractionation can vary as a result
of DIC concentration, phytoplankton growth rate, and nutrient availability (O’Leary
1981; Farquhar et al. 1982; Rau et al. 1982). In contrast, riparian plants that utilize
the C; pathway have a §"°C of about -28%o (Smith and Epstein 1971). In freshwater
systems where the DIC 8'°C is highly dépleted (<-10%o0), phytoplankton may also be
distinguished from riparian vegetation.

Variability in the stable nitrogen isotope composition (5'°N) of POM has been
attributed to both the POM sources and a number of biogeochemical processes that
influence the 8"°N of phytoplankton. Terrestrial woody matter and soils have a §'°N

of 0 to 6%o, which may be similar to freshwater phytoplankton (3 to 7%), but less

than estuarine and marine phytoplankton (7 to 9%, Deegan and Garritt 1997). This
may allow discrimination between these sources. The 8'°N of POM, however, can be

altered indirectly by changes in the isotope value of nitrogen (N) substrates due to
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preferential uptake of isotopically-light N by phytoplankton (Wada and Hattori 1978;
Cifuentes et al. 1988), nitrification and denitrification (Mariotti et al. 1981), or altered
directly by microbially mediated degradation (Miyake and Wada 1971; Altabet
1988).

We quantified the C and N stable isotope composition of suspended POM in
the tidal freshwater and oligohaline portions of the Mattaponi River, a secondary
tributary to Chesapeake Bay, Virginia, from spring through fall over two years (2003
and 2004). This region of estuaries merits attention because the interactions between
POM sources (e.g., riparian vegetation, in situ production and estuarine OM) and
physical forces (freshwater outflow, physical mixing) results in spatially and
temporally dynamic sources of POM. In contrast to the lower estuary, which has
been the subject of much research, the causes of variability in the isotopic
composition of POM within the tidal freshwater region are relatively unknown. The
Mattaponi River is a valuable study site because this coastal plain tributary has a
small anthropogenic influence in its watershed, indicated by the absence of a dam or
other flow-regulating structure and its intact wetlands and riparian forests. A multi-
year study was used to characterize POM variability at both the seasonal and inter-
annual scales, particularly with respect to variable hydrography. The objectives of
this study were 1) to quantify spatial and temporal variability of the C and N stable
isotope composition of suspended POM, and 2) to identify the origins of suspended

POM based on the stable isotope composition and other chemical characteristics.
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Methods
Study site — The Mattaponi River is one of two major tributaries to the York River,
Virginia, a brackish, partially-mixed, coastal plain tributary located in the southern
end of the Chesapeake Bay (Fig. 1.1). The York River estuary is net heterotrophic;
its metabolism is supported, in part, by OM received from its two tributaries, the
Mattaponi and Pamunkey rivers (Raymond et al. 2000; Neubauer and Anderson
2003). The Mattaponi River is almost entirely fresh and is approximately 85 km
long, flowing from the foot hills of Virginia’s Piedmont region (2274 km?
watershed); about 61% of the watershed lies in the coastal plain. The watershed is
predominantly rural; 67% of the watershed is forest, 15% is cropland, 7% is
grassland, 8% is wetland, and only 1% is urban (Bilkovic et al. 2002).

During spring, Mattaponi River discharge is high (>35 m® s™') and the
residence and turnover times are short (44.8 d and 13.5 d, respectively), whereas
during mean discharge (14.4 m® s™"), residence and tufnover times are long (88.4 d
and 28.5 d, respectively), indicative of the strong influence discharge exerts on the
residence time (Shen and Haas 2004). Although the Mattaponi River is generally
fresh above km 60 to 75, incursion of brackish water can extend above km 85 during
extended periods of low discharge, whereas fresh water can extend below km 54, into
the York River, during high discharge. The head of tide is located at about river km
115; within the Mattaponi River, the mean tide range varies from 0.9 m at km 52

(river mouth) to 1.2 m at km 98. The location of the salt wedge shifts 4 to 5 km on an
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ebb cycle; this distance is related to the tidal excursion, which varies in relation to
discharge (Bikovic et al. 2002).

Field sampling - During 2003, surface water from five stations in the tidal freshwater
portion of the Mattaponi River was sampled bi-weekly from May to October (Fig.
1.1). Initially, sampling occurred at three stations between river km 76 and 113,
however the sampling area and number of stations increased after 06 June (four
stations, from river km 52 to 113) because the salt wedge was located further
downriver as a result of high discharge. In 2004, four stations were sampled between
river km 52 to 113, as well as a single station located at the Virginia Institute of
Marine Science (VIMS) ferry pier near the mouth of the York River (km 7). Stations
were chosen in relation to the geomorphology and salinity of the Mattaponi River
(Table 1.1). In order to avoid sampling the same water mass twice during a tidal
cycle, the distance between stations was always greater than the tidal excursion
(Table 1.1; Bilkovic et al. 2002).

The stations were sampled in the center of the river channel from a vessel or
immediately adjacent to the channel from a pier. To the best of our ability, stations
were sampled on a similar tidal cycle on a given date. Surface water was collected
using a 5-L Niskin bottle deployed to 1 m depth. Replicate surface water samples
were analyzed for POM (mg L™, 8"*Cpoc, 8"’ Npy, atomic C:N), chlorophyll a (Chl a:
pg L), and dissolved inorganic carbon (DIC: 8"*Cpc). Temperature and salinity
profiles were measured with a YSI model 600 QS sonde. Freshwater stations

(salinity <1) were always well-mixed.
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For POM and Chl a analysis, surface river water was pre-filtered with a 125
um sieve and filtered onto a pre-combusted Whatman GF/F filter (25 mm diameter;
500° C for 2 h). The POM filters were rinsed with 10% HCl to remove carbonates,
rinsed with de-ionized water, placed in a sterile test tube and then stored on ice during
transport to the laboratory for drying. This method results' in similar particulate
organic carbon (POC) and particulate nitrogen (PN) mass, similar 8'°Npn, but slightly
more enriched 8"°Cpoc (’+0.3%0) compared to vapor-phase acidification (Lorrain et al.
2003). The Chl a filters were placed in a sterile test tube, wrapped in aluminum foil
and frozen at ~20° C for subsequent analysis.

We used a gas evolution technique for DIC (£CO,) analysis (Atekwana and
Krishnamurthy 1998). Samples of river water were injected through a sterile 0.2
micron Supor filter into a sterile vacuum tube (either 25 mL Vacutainer septum tubes,
Becton Dickson and Company, or 10 mL Exetainer septum tubes, Labco Limited)
that contained 0.5 mL 85% phosphoric acid. Samples were placed on ice while in the
field and refrigerated prior to analysis.

Laboratory analysis - The POM samples were dried at 45° C for 24 h within 8 h of
collection and stored in a dessicator prior to shipping. All stable isotope samples
were analyzed with a Europa Hydra 20-20 continuous flow isotope ratio mass
spectrometer (University of California-Davis Stable Isotope Facility). Before isotope
analysis, the DIC samples were concentrated with an ANCA TGII trace gas
concentration unit and the POM samples were combusted with an ANCA GSL gas

purification module and elemental analyzer. Stable isotope ratios were calculated as
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8X: 3X = (Rsampte / Rstandara — 1) X 103, where X is the stable isotope of C or N, R is the
ratio of heavy:light stable isotopes, and Pee Dee Belmnite (PDB) and air were the
standards for 8'°C and 8N, respectively. The analytical error, measured using
replicate reference material, was +0.13%o for DIC, and < +0.1%. for POC and PN.

In 2003, the filters collected for pigment analysis were sonicated, extracted in
90% acetone, and then analyzed on a Shimadzu UV-1601 model spectrophotometer
for Chl a and pheophytin a according to Standard Methods (1989). Data for 2003 are
unavailable because the acetone failed to extract the pigment effectively. In 2004,
filters were extracted for 24 h in 8 mL dimethy! sulfoxide and acetone extractant and
then analyzed on a Turner Designs Flourimetef according to the U.S. Environmental
Protection Agency (1997).
External data — River discharge (Q) data were obtained from the U.S. Geological
Survey gage on the Mattaponi River near Beaulahville, Virginia (#01674500). The
gage is located approximately 20 river km above the head of tide (Fig. 1.1); we used
the data to represent discharge variation because no major tributaries enter the
Mattaponi River between the gage and the river mouth. Water quality data
(temperature, specific conductivity, salinity, dissolved oxygen (DO), pH, turbidity,
and Chl @) were obtained from two YSI 6600 EDS sondes in the Mattaponi River
stationed at km 60 and 98 (Virginia Department of Environmental Quality (VADEQ),
unpub.). The sonde data, obtained every 15 minutes, were averaged from 00:00-
23:59 h to obtain a daily average. Additionally, Chl a (extracted; same methods as in

this study), NO;", NO,", and NH," concentrations along the river axis (km 52 to 101)
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were obtained from monthly cruises (May to October), during which surface water
was sampled every 5-6 km (VADEQ, unpub.). All VADEQ metadata are located at
www.chesapeakebay.net/wqual.htm.

Conservative mixing model - Samples were obtained from the estuarine end-member
in 2004 (VIMS ferry pier) and thus it was possible to apply a conservative mixing
model to suspended POC data (2004 data only) to identify non-conservative

dynamics (Cai et al. 1988).

8" Ceonservative = (K1 S — K2)/(K3 S ~ Ks) 3)
K1 =C,8"C,- G, 8°Cy | 4)
Ky =S8y Ca 8"Ca— 8, Cy 8°Cy (5)
K;=Cy— Gy (6)
Ki =5, Co—5S, Cy | %

In the model, a and b denote the respective fresh and marine end members, C is the
POC concentration, 813C is the measured 613Cpoc, and S is the salinity, measured in
the marine end-member from the VIMS ferry pier (YSI 66Q0 EDS sonde). Samples
from the marine end-member were unavailable for May and June 2004. We used the
average values at the VIMS ferry pier (km 7) in July to represent May and June
(8"Cpoc = -22.2%0, [POC] = 1.5 mg L") because the salinity at the VIMS ferry pier
was similar between May-June and July and the §'*Cpoc at the Mattaponi River
mouth was similar between May-June and July. Mixing curves were developed for
three temporal periods, May-June, July, and August-October, because there was a

distinct shift in the 8"*Cpoc of the freshwater end-member between June and July and
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a distinct climate shift between July and August-October. We used the average of all
cruises during the time block to represent the respective end-members in the model.
Statistical analysis - We performed a principal components analysis (PCA) on the
2004 data from the Mattaponi River (km 52 to 113) using the correlation matrix of
the seven primary variables: 5" Cpoc, 8'°Np, 8" Cpic, C:Npowm, Chl g, salinity, and
river discharge. We performed a similar analysis on data from 2003, though Chl a
could not be included. Discharge was estimated by averaging the recent daily
discharge over the same time-period that a water mass would travel about 2 km, or a
river reach (Shen and Haas 2004); for samples obtained at low discharge (ca. 4
m’s™), the daily average discharge was averaged for the previous 10 d, for samples
obtained at medium discharge (ca. 14 m® s™), we averaged the previous 5 d, and for
samples obtained at high discharge (ca. 38 m® s or higher), we averaged the previous
2 d. Discharge data were obtained from the USGS gage and discharge was the same

for all stations on a sampling date.

Results
Water chemistry - In 2003, river discharge was unusually high from April through
~ June (discharge was >95% of historical values throughout June and early July),
eventually returning to base flow by late-August (Fig. 1.2). From April to September,
DO was undersaturated (ca. 50% to .80%) and the average daily pH ranged between 6
and 7. On 19 September, tropical storm Isabel entered Chesapeake Bay. Discharge

subsequently increased to 106 m* s' on 25 September, followed by a steep decline in
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DO and pH (Fig. 1.2). Chl a concentrations were low in mid-June, during high
discharge, and peaked at about 20 pg L™ in July and August (Fig. 1.3). Chla
concentrations were highest towards the river mouth, with additional peaks within
tidal freshwater. The NH4" concentration was about 1 pmol L™ during high discharge
and declined during the bloom period. Generally, the concentration of NO; was
higher than that of NHy" and decreased from upriver to downriver, though during July
NH," was elevated at the river mouth, suggesting high denitrification rates (Fig.
1.30). \

In 2004, a spriﬁg freshet was followed by high summer base flow, though less
than in 2003 (Fig. 1.2). The average daily salinity, DO, and pH were all slightly
higher in 2004 compared to the spring and summer of 2003. Declines in DO and pH
were observed after peak discharge associated with Hurricanes Alex (50.1 m® s™) and
Gaston (65.4 m® ). Chl a concentrations were lowest during the most intense storm
period in mid-September. Similar to 2003, Chl a increased towards the river mouth
and multiple modes were observed in tidal fresh water (Fig. 1.3). Nitrogen
concentrations were generally lowest in regions of Chl a peaks and highest during
high-discharge, particularly in May and October (Fig. 1.3E, 1.3]).

Carbon biogeochemistry - The 8" Cpoc was depleted in the tidal fresh water region
(-24.9 to -30.1%o), enriched at the salt wedge (-24.1 to -26.6%.), and most enriched at
the York River mouth (Tables 1.2 and 1.3; Fig. 1.4). The 8"*Cpoc in upper tidal fresh
water (km 113) was eﬁriched during May-June 2004 compared to 2003 (average

+SD, 2004: -26.0%0 +£0.4; 2003: -28.5%¢ £0.2). Within tidal fresh water, the location
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of the most depleted 5" Cpoc shifted upriver as the season progressed (Tables 1.2 and
1.3). Seasonal variation in "3 Cpoc km 54 was low compared to km 98 (Figs. 1.4B,
1.4E).

The 8"Cpic was depleted in tidal fresh water and enriched towards the river
mouth (Fig. 1.4). The 8" Cpic was often lighter and the DIC concentration higher at
km 98 than at km 113, particularly during June and July 2004 (June and July average;
km 98: 8"*Cpyc -13.3%o, DIC 460 pmol L™'; km 113: §"Cp;c -11.2%0, DIC 288 pumol
L™"). Seasonal variation in 8'*Cp;c was low in tidal fresh water (Figs. 1.4A, 1.4E).
Inter-annual variability was significant; in 2003, the 8BCpic was depleted (-4 to -6%o)
and the DIC concentration lower throughout the tidal fresh water compared to 2004
(average £+ SD; 2003: 244 = 65 pmol L, 2004: 464 + 176 pmol LY.

Nitrogen biogeochemistry - The 8'°Npy was increasingly enriched along the river
from km 113 to km 52 (Tables 1.2 and 1.3; Fig. 1.4), and most enriched at km 7
(average 8'’Npy  SD: 9.9 £1.3%o). Seasonal variation was higher in 2004 than in
2003 (Figs. 1.4C, 1.4F). Within tidal fresh water, maximum enrichment occurred at
km 52, km 113, or both. The 8'*Npy was depleted during high discharge, with the
exception of 25 June 2003, indicated by a negative correlation to the recent avérage
daily discharge (-0.45, p<0.005). Atkm 52 and 98, the 5'°Npy enrichment preceded
the summer Chl a peak (Fig. 1.5).

C:N of POM — The C:Npom declined along the river axis (Tables 1.2 and 1.3).

Elevated C:Npom were observed during high discharge, although the C:Npom during

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34

early-May to early-June in 2004 was much lower than in 2003 (average 11.6 and
32.5, respectively), implying a different POM source. In 2003, elevated C:Npom
(>30) at km 98 and 113 was associated with 8> Cpoc of about -28.5%0 and 5'*Npy of
6.0 to 8.7%o (Table 1.2), whereas in 2004, elevated C:Npom (>13) in the upper river
was associated with 8'°Cpoc of -26.0 to -29.3%o and 8 °*Npy of 3.6 to 5.2%o (Table
1.3). C:Npom was generally 10-15 at tidal fresh water stations and only approximated
Redfield ratios near km 52 (6.3 to 10.0) and, in 2004, km 7 (6.6 to 9.7).

Physical mixing — POC, PN, and Chl a concentrations generally were highest at km
52 when the station was located in the region of the York River estuary turbidity
maximum (salinity ca. 5; Tables 1.2 and 1.3). The 5'3Cpoc was similar to the
conservative mixing curve in July but not in May-June and August-October 2004
(Fig. 1.6). On 07 May, the 8" Cpoc at km 52 and 76 was slightly more enriched than
expected (+1.2%o), and again from August through October (average enrichment
+1.1%o). In contrast, from late-May through June, the 8" Cpoc from km 52 to 98 was
more depleted than expected (average depletion -1.6%o). The results were similar if
we assumed greater fresh water influence (6'3Cpoc = -24%o) at the marine end-
member. In both May-June and July, the tidal fresh water was most often a net
source of POC (Fig. 1.6), whereas POC was highly variable during August-October,
with elevated POC concentrations at km 113 and km 54 (Fig. 1.6F). The 8"*Cpoc
throughout the Mattaponi River should have been similar in August-October because

nearly the whole river was fresh. A shift in isotopic composition below km 113 was
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not observed until km 54 (Fig. 1.6C), suggesting that POM removal (i.e., deposition
and consumption) was most important during August-October.
Principal components analysis — Variability in the isotopic composition of the POM
was related to physical mixing along the river axis and river discharge (Fig. 1.7). The
first two principal components account for 68% of the variance for 2003 data (PC 1 =
51.0%, PC 2 = 17.3%) and for about 78% of the variance for 2004 data (PC 1 =
61.2%, PC 2 = 16.8%). The first principal component was composed of the variation
along the river axis, dividing the tidal freshwater stations with low Chl q, high
C:Npom, and depleted 8" Npn, 8°Cpic and 8"3Cpoc from the brackish stations with
high Chl @, low C:Npom and enriched 8'*Npy, 8'*Cpic and 8'*Cpoc. For 2003, the
loadings on PC 1 were highest and similar for "> Cpc (-0.53), 5"*Cpoc (-0.50), and
salinity (-0.49). For 2004, the loadings were similar on Chl a (-0.46), salinity (-0.43),
 C:Npowm (+0.42), 8" Npy (-0.41), §"Cpic (-0.35), and 8"°Cpoc (-0.26).

The second principal component corresponds to seasonal variability in
discharge, dividing the stations sampled during high and base flows. For 2003, PC 2
was derived almost entirely of river discharge (-0.95). For 2004, the loadings on PC
2 were highest on discharge (-0.68), 8"Cpic (-0.54), C:Npom (-0.37), and salinity
(-0.27). The PCA indicates a broad change in composition under varying flows.
During high discharge, the 8" Cpic was depleted, the C:Npom and POC concentration
elevated, the Chl a concentration low, the spatial variation in 83 Cpoc small, and the
8" Cpoc similar to riparian vegetation (8">C = -28%o) and humic soils (5'*C = -26%o).

During base flows, the 8" Cpic became enriched, the C:Nponm and POC concentration
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was lower, the Chl a concentration was elevated, and the 8" Cpoc became

increasingly depleted.

Discussion

Here, we focus on 1) POM source identification using distinct characteristics
of autochthonous and allochthonous POM, 2) the influence of physical mixing and
river discharge on POM variability, 3) additionally variability associated with 8" Npn,
and 4) POM export to the lower estuary.
Source Identification- Linear regression of POC and PN concentrations (mmol L™)
can be used to assess homogeneity within the OM pool (Hedges et al. 1986;
Ruttenberg and Gofii 1997). We obtained a significant regression for data from river
km 98 and 113 (2003 and 2004 data combined; POC=0.03+9.75*PN, R*=0.14,
p<0.05). The positive intercept at a POC of 0 implies an N-poor source to the OM
pool, consistent with a terrestrial-derived OM source. The low correlation indicates
that multiple OM sources with different elemental ratios varied in their contribution
over the study period, implying that multiple measures of POM character are needed
for POM identification. For example, the large differences between May 2003 and
May 2004 in C:Npom implied that different sources were contributed from upstream
to the tidal fresh water.

We identified potential POM sources using 8"’ Cpoc, C:Npom and Chl a:POC
data. Terrestrial-derived humic-rich sediment has a 5"*C value of -26%. and a C:N of

10 to12, whereas vascular plant matter has a 8"°C value of -28%o (C; plants) or -13%o
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(C4 plants, including Spartina and upland grasses) and a C:N >25 (Hedges et al.
1986; Mook and Tan 1991). Both types of terrestrially-derived OM have low Chl
a:POC. Further, we expected that autochthonously produced phytoplankton would be
isotopically light relative to allochthonous sources, with a §'">C value of < -30%o,
assuming that the uptake of C occurred under a constant fractionation of 21%o (i.e.,
8" Croc-phyto = 8'*Cpic — 21%0 (Mook and Tan 1991)), with a C:N similar to the
Redfield ratio (ca. 7). Estuary OM was defined by samples from km 7 (8'3 Croc ca.
—22%o, C:Npom = 7 to 10, Chl a:POC > 5). Using this definition, we heuristically
defined phytoplankton dominated POM samples as those with a Chl a:POC > 5. We
attempted to use this classification to associate specific 8'°N values with POM
sources, however this method failed because the §'°N was not distinct between
sources at any station.

The POM at km 113 generally was derived from a mix of vascular plant OM
and humié sediments, and was dominated by a different source in 2003 (vascular
plant) versus 2004 (humic-rich sediment; Fig. 1.8). Factors that may have influenced
the POM sources are numerous, however the PCA analysis indicates that C:Npoy is
correlated with discharge (Fig. 1.7). Further, for 2004, the third highest principal
component accounts for 9.5% of the variance and is primarily composed of 8'*Cpoc
(positively associated with discharge), indicating that enriched 8'*Cpoc, associated
with terrestrially-derived POM, during high discharge is a small, but identifiable
source of variability. Thus, surface-flow or rapid delivery of OM from the non-tidal

river, or both, could be important processes delivering high C:N, terrestrially-derived,
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vegeta;tive POM to the tidal fresh water. POM resuspension during high discharge
events may also be important; preferential association of vascular plant OM with
lower water column depths has been observed (Goiii et al. 2005). Specific vegetation
sources, such as ripariaﬁ plants or upland trees, were not identified in our research.
Conservatively, the vascular plant signal that is identifiable represents any C;
vegetation, including OM derived from vegetation in the upper watershed, OM from
the immediate riparian zone delivered to the channel during high discharge, as well as
OM from tidally-inundated freshwater marshes.

In both years, the POM samples had an isotopically light 5'°C composition
relative to terrestrial sources during June through August, implying a contribution
from isotopically light phytoplankton (Fig. 1.8). At km 98, a similar mix of OM was
inferred, however there was a greater contribution of phytoplankton to the POM,
indicated by the isotopically lighter POM and higher Chl a:POM than at km 113. As
at km 113, a difference between OM sources during May 2003 and May 2004 was
observed at km 98, however the signal was less distinct, presumably due to mixing
with additional OM sources in the lower river.

Mixing with estuarine POM lead to reduced variation in 8" Cpoc, C:Npom and
Chl a:POC at km 63-76 and at km 54 (Fig. 1.8); samples had a 8"C and C:N similar
to humic sediments, but were likely derived from a mix of humic sediments, vascular
plant, freshwater phytoplankton and estuarine OM. Phytoplankton produced in situ
and estuarine OM likely were important during June and July, but humic sediments

and vascular plant OM, along with estuarine OM, were important in May and during
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high discharge conditions. From these data, we conclude that sampling upper tidal
freshwater portions of estuaries is important for POM source identification. Indeed,
recent research in the York River in which a single station was located in the lower
tidal freshwater portion lead to unequivocal source identification (McCallister et al.
2004).
Influence of physical mixing- The PCA provides evidence that the largest source of
temporal and spatial variation in the stable isotope composition of POM within the
Mattaponi River was related to the transition from fresh to estuarine waters. The
most parsimonious hypothesis to explain the stable isotope variability along the river
axis (depleted POM and DIC upriver and enriched POM and DIC downriver) is that
the distribution is explained by physical mixing with the lower estuary. York River
POM influence was observed at km 54 and km 63-76 (Figs. 1.6 and 1.8), however,
non-conservative dynamics were pronounced during high discharge and the
freshwater stations did not conform well to the conservative mixing model (Fig. 1.7).
The depletion relative to the POM conservative mixing curve in tidal fresh
water during May and June 2004 (Fig. 1.6), resulting in "> Cpoc = -25 to -28%o, is
consistent with an increased contribution of in situ produced, isotopically light
phytoplankton or a localized contribution from riparian sources because freshwater
marsh 8"*Cpoc ranges from -22.3 to -26.3%o (Raymond and Bauer 2001) and
emergent vascular freshwater marsh plants have an average 5"°C from -26 to -28%o
(Cloern et al. 2002). The latter hypothesis is supported by several observations.

First, a phytoplankton bloom occurred in tidal fresh water coincident with the
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depleted POM (Fig. 1.5D). Second, the Chl a:POC of these samples were elevated
and the C:Npom was lower than expected if vascular plants comprised a significant

- component (C:Npom<15; Fig. 1.8). Third, the 8"°Npy in tidal fresh water during May
ranged from 2.4 to 6.1%o, whereas the 8'°N of emergent and submerged vascular
plants is 7 to 10%o (Cloern et al. 2002).

The enrichment relative to conservative mixing that was observed at km 54 on

07 May 2004 (5" Cpoc = -24.1%0) and during August through October 2004 (3"*Cpoc
= -26.8%0) occurred under high discharge and low salinity. Potential causes include
reduced phytoplankton fractionation (i.e., fast growth rate (Laws et al. 1995), or C
limitation (Rau et al. 1996)), or a local contribution of enriched 8"Cpoc. The former
hypothesis is unlikely because algal biomass was low and high turbidity (Sin et al.

1999) and CO; supersaturation (Raymond et al. 2000) are characteristic of the system.
Alternatively, at least two sources of 8'>Cpoc are available because of the proximity
to the estuary turbidity maximum: fringing salt marsh plants (6"°C = -13%o, 8'°N =
4%o; Peterson et al. 1985) and estuarine sediments (8"°C = -23%o; Arzayus and Canuel
2004). In tidal fresh water, at km 98, the POM during August through October was a
mix of vascular plant OM, humic sediments and freshwater phytoplankton,
characterized by a 8°Npy of ca. 4%o and a C:Npoy of 14 to 15 (Fig. 1.8). Downriver,
the POM at km 54 had a 5"*Npy of ca. 7%o and a C:Npoy of 10 to 12, implying that
the 8'°Npy had increased and the C:Npoy declined compared to upriver. This shift is

most consistent with an increased fraction of estuarine-derived sediments in the POM
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pool, as we would expect a decrease in 5'’Npy and increase in C:Npow if salt marsh
plants were the additional POM source.

Conservative DIC behavior was apparent during early May 2004 (Fig. 1.9).
Thereafter, the behavior was non-conservative; the DIC added was isotopically light,
likely respired from isotopically light, river-borne OM because there is little
fractionation during respiration. High rates of bacteria-mediated respiration, with a
preference for respiring terrestrially-derived OM, may characterize tidal fresh waters
(Boschker et al. 2005; Marangar et al. 2005). The DIC behavior in the brackish
estuary was similar to that reported by Raymond et al. (2000).

Influence of river discharge- The second major source of POM variability is related
to discharge (Fig. 1.7). The seasonal variation in the POM data support the
hypothesis that during high discharge, terrestrially-derived POM is transported into
the river channel and primary production is suppressed, presumably due to high
turbidity and rapid flushing rates, resulting in small isotopic variation along the river
axis and dominance by terrestrially-derived POM (Fig. 1.8). Support for this
hypothesis was evaluated by testing relationships between POM and the recent
average daily discharge. The variation in the 8" Croc and &P Npn among the tidal
freshwater stations (km 63 or 76 to km 113), represented by the standard deviation of
the average 83 Cpoc and 8!°Npy of the three stations, was negatively linearly
correlated to recent discharge (r =-0.51, p=0.04 and r =-0.48, p=0.07, respectively),
as was the average Chl a among the three stations (r =-0.78, p=0.02). Notably, we

found no relationship between POC or PN concentrations and river discharge,
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reflecting the influence of multiple fates and sources of POM, as well as the high
POC concentration variability, during variable flow conditions (Fig. 1.6F).
Inter-annual variation in 8" Coic and DIC concentration was much larger at
tidal freshwater stations than the seasonal variation. Variation in 8'*Cpc is a result of
the balance between the inflow of light 8"3Cpic, invasion of atmospheric CO,, as well
both the respiration and decomposition of sediment and phytoplankton produced in
situ, versus outflow, atmospheric evasion, and the preferential uptake of light 3" Cpic
during in situ phytoplankton production (Quay et al. 1986; Mook and Tan 1991). In
the York River system, the 8'°Cpic reflects the DIC sources: respiration of
terrestrially-derived OM (8" Cpic -25%o) and atmospheric CO; (8'3C -7%o; Raymond
et al. 2004). In 2003, depleted 513 Cpic in the freshwater stations was associated with
lower DIC concentrations than in 2004. This change likely was related to higher
discharge, during which biogenic DIC comprised a larger portion of the DIC pool and
DIC concentrations were reduced by DIC-poor runoff and increased CO; evasion
from increased turbulence (Finlay 2003).
Stable nitrogen isotope biogeochemistry- Depleted 8'°Npy in the upper Mattaponi
River reflects the dominance of terrestrially-derived POM. Similarly, increased
contribution of terrigenous POM combined with suppressed production of
phytoplankton in the river channel during high discharge from August through
October 2004 likely caused the shift toward lighter §'°Npy. In part, enriched 8'*Npy

in the lower Mattaponi River can be attributed to mixing with isotopically heavy,
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estuarine POM. Additional processes may also contribute to the observed
enrichment.

Fast rates of OM recycling, microbial decomposition of POM (e.g., Altabet
1988), nitrification (Mariotti et al. 1981), and utilization of inorganic substrates favor
the enriched 8'°Npy in the lower Mattaponi River. High rates of bacterial production
are characteristic of the low-salinity reaches of the York River (Schultz et al. 2003),
as is net heterotrophy (Raymond et al. 2000), which are consistent with the low
saturation of DO measured at the data sonde in the lower river. Enriched 8'°N may
be characteristic of the mesohaline estuary; York River bacteria collected at 10
salinity have enriched 5'"°N (12.6 to 17.3%o; McCallister et al. 2004) and we observed
8'’Npy ranging from 8.1 to 14.7%o at salinities of 4 to 7. In contrast, the enriched
8'°Npy observed throughout the river during the summer is likely due to a prolonged
period of phytoplankton production, in which discrimination against heavy NH,"
resulted in a small, enriched nutrient pool (Cifuentes et al. 1988). In both years, the
most enriched 5'°Npy at a station was observed within two weeks of the Chl a
maximum and was coincident with lower NH;" concentrations.

Either one or all of these processes may account for the 5'°Npy enrichment at
km 113 relative to km 98. Alternatively, the presence of lighter 8'°Npy at km 98

under varying discharge may be due to reduced nutrient limitation or denitrification;
elevated NH," concentrations in this region lend support to this hypothesis. The

combined evidence suggests that enriched PN may arise from different processes and
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we therefore concur with Lehmann et al. (2004) that §'*Npy must be interpreted
cautiously as an indicator of individual biogeochemical processes.

POM export - The POM exported to the York River estuary is a mix of terrestrially-
derived OM, including humic soils and vascular plant matter, as well as freshwater
phytoplankton (Fig. 1.8). During high discharge, when transit time is short and the
POC concentration is high, the POM in the tidal fresh water was largely comprised of
terrestrially-derived POM. During base flows, when transit time is long, the
contribution of phytoplankton to the POM increased. Long residence times favor the
accumulation of living and detrital phytoplankton in the POM pool; the steady

513 Croc depletion over the summer months during both years is evidence for this
accumulation, as are the non-conservative dynamics resulting from phytoplankton
production. Export of riverine POM to the York River mouth was not observed
during the study period, indicatéd by the relatively marine 8" Cpoc (ca. -24%o), which,
assuming an uptake fractionation of 21%o, is the expected 8"°C of phytoplankton
given the observed 8"*Cpic (ca. -2.4%o).

This finding builds upon recent research in the York River estuary. Raymond
and Bauer (2001) and Neubauer et al. (2001) identify terrestrially-derived DOC (8"°C
= -28 t0 -29%0) and freshwater marsh-derived DOC (5-6 cm below surface, §'°C =
-26%o) as important OM sources in the oligohaline reaches of the Pamunkey River.
Variable mixing dynamics, however, favor misclassification of tidal freshwater OM;
for example, at km 98 in June 2004, POM samples were likely a mix of freshwater

phytoplankton (8"°C < -30%.) and humic-rich sediment (5">C -26%o), resulting in a
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8'*Cpoc of -28%o, similar to that from vascular plants. Phytoplankton was an
important POM source at km 76 during 2004 (Fig. 1.8), and summer phytoplankton
production increased POC concentrations (Fig. 1.6), indicating that POM derived
from in situ produced phytoplankton could be exported into the York River estuary
under the right hydrologic conditions. In this study, those conditions were a
prolonged period of stable base flow, allowing for the production and accumulation
of phytoplankton-derived POM in the tidal fresh water.

In conclusion, variability in the isotopic composition of POM is related to
three major biological processes. First, variation along the river is attributed to the
greater influence of allochthonous OM in the tidal fresh water, indicated by the
prevalence of isotopically light POM. Terrestrially-derived POM sources varied as
well, increasing variability. Second, intra-annual variation is attributed to seasonal
production cycles, including phytoplankton production within tidal fresh water.
Third, 8'*Npy enrichment is attributed to processes affecting the availability and
stable isotope composition of N substrates, as well as bacterial decomposition.

River discharge and physical mixing are important forces that account for
much of the variation. During high discharge, terrestrially-derived POM is delivered
to the river channel and primary production is suppressed, resulting in small isotopic
variation along the river axis. During low discharge, the temporal and spatial
variation increase due to the contribution of in situ production in tidal fresh water and
the greater estuarine influence in the lower river due to incursion of brackish water.

In the lower Mattaponi River, physical mixing of estuarine and riverine POM
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homogenizes the distinct character of freshwater POM sources, potentially resulting
in misclassification and emphasizing the need to characterize the freshwater end-

member of estuaries carefully.
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Table 1.1. Description of stations in the Mattaponi River. The tidal excursion, the
distance a particle is estimated to travel during a tidal cycle, is from
Bilkovic et al. (2002), estimated for average May discharge (1942-2000).
York River mouth is located at river km 0.

Station Location Channel Characteristics Tidal excursion
(km) (width x depth) (km)

Mattaponi River 52 ~1000mx 1l m Extensive salt marshes 4

mouth

Lower tidal fresh 63, 76 300-500mx 11 m  Location of the salt wedge 5.5, 5

water

Central tidal fresh 98 200-400mx 3 m Vegetated islands beginto 3.5

water disappear

Upper tidal fresh 115 50-100mx2m River rapidly narrows 45

water
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Table 1.2. Average 5" °Cpic, 5"’ Cpoc, 8"°Nen, C:Npow (atomic ratio), POC (mg L),
and salinity (Sal) for the Mattaponi River during 2003 (km — river
kilometer, 0 is at the mouth of the York River; SD — standard deviation of

replicate samples; °-‘ — data not available).

Date km 8"Cpic (SD)  8"Cpoc(SD)  8"Npy(SD)  C:Npom POC  Sal
07 May 03 76 -16.8 (0.4) 27.2(0.1) 5.5(1.3) 176 101 0.03
98 -17.9(-) -28.4(0.1) 5.8(0.4) 235 096 0.02

113 -16.9(-) -28.7(0.2) 8.7(0.9) 324 145 0.02

06 Jun 03 52 -16.5 (0.5) 226.0 (0.1) 6.6 (3.5) 206 1.56 0.04
98 -18.2 (0.0) -28.2(0.1) - - 060 002

113 -17.6 (0.3) -28.5(0.1) 6.0(0.2) 327 144 0.02

25 Jun 03 52 -10.0(0.2) -26.6 (0.1) 8.8(0.7) 151 086 232
63 -16.8 (0.3) -28.7(1.2) 7.9 (2.3) 139 103 004

98 -18.8 (0.1) -29.3 (0.0) 7.0(1.2) 162 072 0.02

113 -19.0 (0.5) 283 (-) 84(-) 186 122 0.2

10 Jul 03 52 9.9(0.1) 25.2 (0.0) 8.4(0.2) 108 242 232
63 -13.1(0.3) -27.2 (1.0) 9.4(0.3) 142 183 0.04

98 -18.7(0.2) -29.2(0.2) 5.8(0.5) 145 051 0.02

113 -17.9 (0.4) -29.2 (0.1) 5.5(0.7) 168 123 0.02

24 Jul 03 52 -11.3(0.2) -25.7(0.1) 7.5(0.3) 100 145 233
63 -13.9(0.1) -26.8 (0.0) 9.0(0.7) 128 138 0.13

98 -17.9 (0.5) -28.8 (0.0) 5.6 (0.1) 142 065 0.03

113 -18.2(0.1) -29.1 (0.0) 6.9(0.2) 187 156 0.2

12 Aug 03 52 -13.4(-) -26.1 (0.1) 10.1(0.2) 126 193 422
63 -15.8(0.2) -27.1 (0.0) 10.2 (1.1) 132 119 0.6

98 -17.7 (0.0) -29.4 (0.0) 7.8(1.1) 179 073  0.03

113 -17.8(0.7) -29.3(0.1) 10.1(0.3) 253 1.50 0.02

2 Sep 03 52 - -25.6 (0.1) 9.6 (0.4) 87 123 573
63 - -26.6 (0.0) 7.7(0.1) 103 147 223

98 - -30.4(0.1) 7.7(0.6) 129 058 003

113 - -30.1(0.1) 9.8 (4.6) 160 057 0.03

50ct 03 52 -12.1 (3.0) - - - - 155
63 -10.3 (0.6) - - - - 003

98 -12.9 (1.4) - - - - 002

113 9.7 (0.4) - - - - 0.02
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Table 1.3. Average 5" Cpic, 8" Cpoc, 8" °Npn, C:Npom (atomic ratio), POC (mg L™),
Chla (pg L"), and salinity (Sal) for the Mattaponi and York rivers during

2004 (km - river kilometer, 0 is at the mouth of the York River; SD —

standard deviation of replicate samples; ‘- — data not available).

Date km  §"Cpic (SD)  8"Cpoc(SD)  8"Npy(SD) C:Npoy POC Chla  Sal
07 May 04 52 9.1(0.0) -24.1(0.1) 7.0 (1.4) 104 183 81 1.14
76  -132(03)  -24.9(0.0) 5.3(1.8) 122 113 1.8 003
98  -13.5(0.5)  -26.0(0.2) 3.6 (2.7) 133 0.81 1.8 0.02
113 -12.0(0.7)  -26.4(0.2) 42 (1.5) 11.8 080 04 0.2
24 May 04 52 -6.0(0.1)  -25.3(0.3) 10.9 (2.3) 75 144 166 541
76  -11.6(0.3)  -26.3(0.4) 5.4(2.0) 98 101 94 0.04
98  -13.2(0.0)  -27.8(0.2) 6.1(2.7) 99 077 60 003
113 -13.5(02)  -25.4(0.5) 2.4(2.1) 120 043 04 0.2
03 Jun 04 52 5.6(0.1)  -26.6(0.2) 14.7 (5.7) 63 134 250 692
76  -142(0.1)  -27.7(1.0) 10.7 (1.3) 86 080 50 004
98 -13.6(-)  -27.6(1.5) 9.4 (0.4) 86 089 52 0.03
113 -12.1(0.0)  -262(0.9) 42(1.6) 110 044 04 002
22 Jun 04 52 6.0(0.1) -244(0.2) 8.7(0.3) 74 141 202 664
76  -13.5(02)  -27.1(0.2) 7.6 (2.4) 86 0.71 8.1  0.05
98  -13.9(0.1)  -28.4(0.2) 6.2(0.7) 89 060 7.0  0.03
113 -124(03)  -262(0.5) 8.6 (2.5) 104 037 06 0.2
9 Jul 04 7 2.1(04)  -22.5(0.0) 10.5 (2.8) 66 146 150 16.79
52 -72(02)  -26.1(0.2) - - 28 172 662
76  -13.0(0.6) 282(-) - - 107 38 012
98  -13.0(0.7)  -29.4(1.8) - - 126 40 003
113 9.8(0.9)  -29.0(0.1) - - 139 24 002
22 Jul 04 7 -0.8(03)  -21.9(0.1) 9.3 (0.1) 97 153 79 1848
52 8.1(0.1)  -26.4(0.3) 8.1 (0.6) 82 196 153 6.54
76 -124(12)  -29.4(0.0) 5.9(1.3) 102 089 3.0 0.04
98  -12.8(0.1)  -30.0(0.0) 4.2 (2.0) 126 067 28 0.2
113 -10.6(04)  -292(0.1) 52 (2.5) 152 0.65 1.1 002
16 Aug 04 7 34(02) -24.5(02) 8.6 (1.0) 93 070 6.6 1631
- 52 -8.6(2.8)  -26.8(0.0) 7.5(3.1) 118 235 52 052
76  -124(3.3)  -283(0.1) 4.6 (1.3) 125 082 21 003
98  -11.4(04)  -282(0.0) 3.4 (2.0) 149 154 21 0.02
113 9.7(.1)  -284(0.1) 3.8(1.4) 160 252 13 0.02
3 Sep 04 7 3.7(0.0)  -24.6(0.1) 9.4 (0.8) 76 123 186 12.64
52 -12.0(0.8)  -26.8(0.0) 7.0(1.2) 121 183 65 004
76  -14.8(0.7)  -27.4(0.0) 2.7 (0.4) 154 298 23  0.02
98  -152(0.4)  -28.1(0.1) 4.0 (1.4) 135 136 12 0.02
113 -16.0(0.8)  -28.1(0.0) 3.9(22) 131 221 19 002
5 Oct 04 7 2.0(1.5)  -23.8(0.0) 11.9(0.1) 77 143 179 1411
52 -86(0.7)  -26.8(0.1) 7.6 (0.2) 104 133 62 115
76  -13.8(04)  -28.3(0.1) 6.0(1.6) 127 0.66 1.7 0.03
98 9544 -293(0.1) 4.2 (0.0) 144 045 14 0.02
113 -1150.3)  -29.1(0.1) 5.1(1.6) 154 104 05 002
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Figure 1.1. The Mattaponi and Pamunkey rivers, Virginia. Bars indicate sampling
areas. Insert shows location of these rivers in relation to the York River
and Chesapeake Bay. Marker indicates location of the VIMS” ferry pier
(VFP), near the mouth of the York River. Mouth of the York River is at
km 0 and the head of tide is at about Mattaponi River km 115.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

Figure 1.2. Seasonal variation in average daily discharge, salinity, dissolved oxygen
(DO), and pH for the Mattaponi River in 2003 and 2004. Water quality
data were obtained at river km 60 and km 98. Labels indicate discharge
events associated with the remnants of tropical hurricanes (A — Alex, B —
Bonnie, F - Frances, G — Gaston, I — Ivan, ] — Jeanne; remnants from
Hurricane Gaston arrived before those from Hurricane Floyd).
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Figure 1.3. Seasonal variation in Chl a, NOjy’, and NH," concentrations along the
Mattaponi River on (A) 14 May 2003, (B) 11 June 2003, (C) 30 July 2003,
(D) 27 August 2003, (E) 05 May 2004, (F) 16 June 2004, (G) 21 July
2004, (H) 18 August 2004, (I) 15 September 2004, and (J) 14 October
2004.
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Figure 1.6. Conservative mixing curve for Mattaponi River POM. The 8" Cpoc
conservative mixing curve and 8> Cpoc are shown for (A) May-June, (B)
July, and (C) August-October . The POC conservative mixing line and
POC concentrations are also shown for (D) May-June, (E) July, and (F)
August-October. Symbols indicate the location of sample, including York
River km 7 and Mattaponi River km 52, 76, 98, and 113. Shading
indicates sample date: (A, D) white — 07 May, gray — 24 May and 03 June,
black — 22 June; (B, E) white — 09 July, gray — 22 July; (C, F) white - 16
August, gray — 03 September, black — 05 October.
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Figure 1.7. Bi-plot of the loadings on principal components 1 and 2 (PC 1, PC 2) from
the PCA of 8" Cpoc (PO"C), §"Cpic (DIC), " Nen (P*N), C:Nrom
(C:N), Chl a (CHL), salinity (SAL) and discharge (Q) data from the
Mattaponi River, 2004. Shading indicates sample date: white — May and
June, gray —July, black — August through October.
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Figure 1.8. POM sources in the Mattaponi River during 2003 and 2004. Boxes
represent typical values of POM sources including vascular plant tissue
(vascular plant), humic-rich sediment (humics), freshwater phytoplankton
(FW phyto), and York River estuary organic matter (YR). See text for
details on source values. Similar shading indicates the same POM sample.
Chl a data for a few 2003 samples were available from VADEQ surveys
on similar dates (unpublished data).
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Figure 1.9.8"Cpic conservative mixing curve and samples from May and June 2004,
Mixing curve estimated using equations from Mook et al. (1991). The
marine end-member was represented using the average salinity at km 7

- among the sampling dates (16.79), the average 813Cpic measured at km 7

in 2004 (-2.4%o), and [DIC] = 1800 pmol L™, which was the [DIC]
measured at km 7 in early July. The freshwater end-member was
represented by the average values measured at km 113 in May and June
(salinity 0.03, 8" Cpic = -12.5%o, [DIC] =330 pmol L™).
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| Abstract

We measured the quantity and carbon and nitrogen stable isotope
compositions of suspended particulate organic matter (OM) and plankton to identify
organic matter sources supporting the pelagic food web in the oligohaline and tidal
freshwater portions of the Mattaponi River, Virginia, a tea-colored, oligotrophic, sub-
estuary of Chesapeake Bay. The river was characterized by a May-June zooplankton
bloom that was numerically dominated by the calanoid copepod Eurytemora affinis
and cladocera Bosmina freyi. The stable isotope composition of plankton indicated
use of four habitats associated with different OM sources: terrestrial (adult insects,
including midges (Diptera) and flying ants (Formicidae)), benthic (amphipods,
harpacticoid copepods), freshwater pelagic (copepods, cladocera, larval insects), and
estuarine (mysids, the copepod Acartia hudsonica). Allochthonous OM provided a
large subsidy to secondary production in the upper estuary. The freshwater pelagic
zooplankton consumed a mix of autochthonous and allocthonous OM, including
vascular plant-derived OM and humic-rich sediments, indicating that terrestrially-
derived OM was, in part, fueling the metazoan food web. Allochthony was related to
discharge. During high river discharge, primary production was suppressed and
allochthony was favored, whereas autochthony was favored when base discharge
conditions resumed. A large zooplankton bloom (Eurytemora affinis 45 L, Bosmina
freyi 16 L") occurred in tidal freshwater during the period of high discharge when
allochthony was the dominant trophic pathway (>60% production), indicating a direct

effect of increased secondary production from allochthonous subsidies.
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Introduction
The factors that influence the relative importance of autochthonous and
allochthonous organic matter to aquatic food webs in rivers and estuaries are poorly
understood. The River Continuum Concept (RCC; Vannote et al. 1980) provides a
theoretical framework to study these factors by linking river geomorphology with
ecosystem metabolism and food web structure. Numerous studies provide
conditional support for the RCC hypdthesis, demonstrating that terrestrially-derived
allochthonous matter is important to aquatic food webs in wooded, headwater streams
and that autochthonous and allochthonous organic matter (OM) are important in
unshaded or lower-order streams (e.g., Rounick et al. 1982; Junger and Planas 1994,
Wallace et al. 1997; Finlay 2001). There are a fevsll studies that evaluate the
importance of allochthonous OM to food webs in large rivers and estuaries (Peterson
-et. al 1985; Deegan and Garritt 1997; Lewis et al. 2001; Sobczak et al. 2005),
however no consensus haé emerged. Whereas allochthonous OM supports net
heterotrophic metabolism in large rivers and estuaries (Frankignoulle et al. 1998;
Cole and Caraco 2001; Raymond et al. 2000), autochthonous carbon (C) may be
utilized by river and estuarine organisms preferentially, resulting in endogenously
fueled food webs (Deegan and Garritt 1997; Hughes et al. 2000; Lewis et al. 2001;
Chanton and Lewis 2002; Sobczak et al. 2005).
Along the southeastern coast of North America, coastal tributaries generally
have extensive tidal freshwater regions and many of these tributaries have high

concentrations of terrestrially-derived chromophoric dissolved organic matter
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(CDOM), resulting in characteristic tea to black colors. Chromophoric DOM can
account for a large portion of light attenuation in estuaries (Branco and Kremer
2005), resulting in reduced productivity. Whereas the metabolism of coastal plain,
blackwater tributaries can increase reliance on allochthonous C with increasing
~ stream size (Meyer and Edwards 1990), in agreement with the RCC hypothesis,
Vannote et al. (1980) also hypothesize that a phytoplankton-based food web could
arise in large rivers due to their semi-lentic nature. This dual characterization is
particularly applicable to tidal blackwater systems that can be characterized by rapid
light attenuation and long water residence times (ca. 90 d; Shen and Haas 2004). In
this light; hypotheses regarding the role of allochthonous OM in lentic systems may
be informative with respect to the tidal freshwater portion of estuaries.
Johes (1992) hypothesized that allochthony in lake plankton is inversely
‘related to ecosystem productivity; thus, food webs in lakes with high dissolved
organic carbon (DOC) concentrations (i.e., blackwater lakes) should be more reliant
on allochthonous OM than clear water lakes; support is provided by Grey et al.
(2000) and Jansson et al. (2000). Karlsson et al. (2003), however, compared lakes of
varying DOC concentration and found that allochthony is common and positively
correlated to the contribution of allochthonous OM to pelagic energy metabolism
(i.e., phyto- and bacterioplankton production). Regardless, allochthonous matter can
increase production of l\ake zooplankton and fish beyond that supported by

autochthonous sources alone (Carpenter et al. 2005).
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Stable isotopes can be used to identify organic matter sources fueling complex
ecosystems where multiple sources of OM are available (Peterson et al. 1985;
Peterson and Fry 1987). Multiple isotope studies generally have provided better
discrimination among OM sources in estuaries. For example, measuring both stable
C and nitrogen (N) isotopes can resolve particulate organic matter (POM) sources
utilized by consumers (Table 2.1) and provide information on trophic level (e.g.,
Deegan and Garritt 1997). The stable C isotope composition (8'°C) of upland versus
aquatic vegetation differs because these plants utilize different C pools with distinct
isotopic compositions (Mook and Tan 1991). Riparian plants utilizing the C;
pathway have a 5"°C of about -28%o because there is an uptake fractionation of about
-21%o over atmospheric CO; (8'°C -7%o; Smith and Epstein 1971). In contrast,
freshwater and estuarine phytoplankton utilize variable pools of dissolved inorganic
carbon (DIC) and "*C fractionation, though generally -21%o, can vary with DIC
concentration, phytoplankton growth rate, and nutrient availability (O’Leary 1981;
Farquhar et al. 1982; Rau et al. 1996). In freshwater écosystems where the DIC 8*C
is depleted (<-10%eo), phytoplankton will be more depleted than riparian vegetation
(Peterson and Fry 1987). Estuarine phytoplankton (5"°C ca. -24%o to -20%o)
generally is more enriched than terrestrial vegetation, benthic microalgae more
enriched than water column phytoplankton (France 1995), and salt marsh vegetation
highly enriched (8"°C -13%o).

The stable N isotope composition (8'°N) can further aid source identification

(Table 2.1). Terrestrial woody matter and soils have a '°N of 0 to 4%, slightly more
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depleted than or similar to freshwater phytoplankton (3 to 7%o), and more depleted
than estuarine phytoplankton (7 to 9%, Deegan and Garritt 1997) and emergent
vascular plants (7 to 10%o, Cloern et al. 2002). Particulate OM 8N, however, can be
altered indirectly by changes in the isotopic value of N substrates due to preferential
uptake by phytoplankton of isotopically-light N (Wada and Hattori 1978; Cifuentes et
al. 1988), nitriﬁcation and denitrification (Mariotti et al. 198 1), and altered directly by
microbially mediated degradation (Miyake and Wada 1971; Altabet 1988).
Additionally, shifts in isotopic composition associated with trophic fractionation must
be considered. Consumers demonstrate an average trophic fractionation of +0.4%o
8'°C and +3.4%o 8"°N (Vander Zanden and Rasmussen 2001; Post 2002).

“The objectives 6f our study were to characterize the trophic relationships
among common zooplankton and macroinvertebrates along the tidal fresh to brackish
water gradient in a tea-colored coastal plain tributary, as well as to quantify the
contribution of in situ produced phytoplankton to their production using a stable
isotope mixing model. We studied the food web of the Mattaponi River, Virginia, a
tributary of the York River and a sub-estuary of Chesapeake Bay. The study was
performed during two years of contrasting river discharge, providing us the
opportunity to characterize the system during different discharge regimes. Although
not generally as productive as the brackish portion of the estuary, the tidal fresh water
is essential spawning or nursery habitat, or both, for many ecologically and |
commercially important fishes that consume zooplankton and macroinvertebrates,

including striped bass (Morone saxatilis), white perch (Morone americana),
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American shad (4/osa sapidissima), hickory shad (4losa mediocris), blueback herring
(Alosa aestivalis), alewife (Alosa pseudoharengus), and menhaden (Brevoortia

tyrannus).

Methods

Study Site and Natural History. The Mattaponi River is one of two major tributaries

to the York River, a brackish, coastal plain tributary located in the southern end of
Chesapeake Bay (Fig. 2.1). The Mattaponi River is nearly entirely fresh and is

* approximately 85 km long, with most of the 2274 km? watershed lying within the
coastal plain. The watershed is predominantly rural; 67% is forest, 15% cropland, 7%
grassland, 8% wetland, and only 1% urban (Bilkovic et al. 2002). In the spring,
discharge is high (>35 m’ s) and the turnover and residence times are short (13.5 and
44.8 d, respectively), whereas during average discharge (14.4 m® s™"), turnover and
residence times are long (28.5 and 88.4 d, respectively), demonstrating the strong
influence of discharge on residence time (Shen and Haas 2004). Although the limit
of saltwater intrusion generally is about km 60 to 75, brackish water can extend above
km 85 during long periods of low discharge, and fresh water can extend into the York
River, below km 52, during high discharge events. The head of tide is located near
river km 115; within the Mattaponi River, the average tide range varies from 0.9 m at
km 52 (river mouth) to 1.2 m at km 98. The major source of POM within the tidal
freshwater portion of the Mattaponi River is allochthonous, including vascular plant

matter and humic-rich sediments, and phytoplankton produced in-situ (Hoffman and
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Bronk in press). During high discharge, there is a large contribution from
allochthonous OM to the POM pool, whereas phytoplankton comprises a greater
portion of the POM during summer base discharge conditions.
Field Samples. We volumetrically sampled Mattaponi River zooplankton and
macroinvertebrates bi-weekly from May to October 2003 and from May to July 2004
using a 1.0 x 0.5 m neuston net (180 um mesh, SeaGear, Inc.; General Oceanics, Inc.
flow meter). At each station, a short tow (ca. 1 min; preserved in 2% formaldehyde
for archival purposes) was used for abundance estimation and a long tow (ca. 3 min;
preserved in 95% ethanol) was used to éollect invertebrates for stable isotope
analysis. Ethanol was used for preservation because the effect on stable isotope ratios
is small relative to formalin (Feuchtmayer and Grey 2003). Temperature and salinity
profiles were measured at each station with a YSI model 600 QS sonde. Freshwater
stations were always well mixed.

A stratified random sampling design was used to choose sample locations
(Fig. 2.1); stations were established by dividing the river by river mile (i.e., a nautical
mile along the river axis) and then a single station was randomly chosen from each
stratum (ca. 9.3 km). In 2003, six strata were used, from the upper tidal freshwater
(river km 109) to the Mattaponi River mduth (km 52), due to very high discharge
during May through July that causes the river to become entirely fresh. In 2004, five
strata were used, from the upper tidal freshwater to the upriver edge of the salt wedge |

(ca. km 67).
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Laboratory Methods. The neuston collections were subsampled to estimate the

density of zooplankton and macroinvertebrates. Taxa were identified to lowest
taxonomic order feasible. Counts were obtained by repeatedly searching consecutive
aliquots from a collection until at least 100 members of each taxon had been counted
or else 25% of the sample had been searched. The entire collection was then searched
for large, rare taxa that could be missed by subsampling. Density was determined by
correcting for subsample volume ratio and tow volume.

Plankton were sorted by taxa for stable C and N isotope aﬁalysis. Individual
plankton were picked from the sample, cleaned of detritus, and sorted by taxa. No
isotopic analysis was performed if there was insufficient biomass available. For
small zooplankton (<5 mm), composite samples were necessary to obtain sufficient
mass for stable isotope analysis. Composite samples were thoroughly rinsed in de-
ionized (DI) water and dried at 45° C for 24 hours. Among the larger zooplankton,
small individuals (5-10 mm) were rinsed in DI water, dried, and analyzed whole,
whereas large individuals (>10 mm) were rinsed in DI water, dried, ground, and
subsampled. When possible, we took replicate samples. Samples were stored in a
dessicator prior to stable isotope analysis.

All stable isotope samples were analyzed with a Europa Hydra 20-20
continuous flow isotope ratio mass spectrometer (University of California-Davis
Stable Isotope Facility). Before isotope analysis, the samples were combusted with
an ANCA GSL gas purification module and elemental analyzer. Stable isotope ratios

were calculated as 6X: 86X = (Rsampie / Rstandard — 1) X 10° , where X is the stable C or N
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isotope, R is the ratio of heavy:light stable isotopes, and Pee Dee Belmnite (PDB) and
air were the standards for §"°C and §"N, respectively. The analytical error, measured
using reference material, was <+0.1%o for C and N. The ecological error, measured
using replicate plankton samples, was £0.2%o for C and +0.3%o for N. We corrected
isotope ratios for mass (standardized to 100 pg N and 500 pg C based on linear
standard curve) and ethanol presewatién (Feuchtmayer and Grey 2003: +0.4%o §'°C,
+0.6%0 8'°N).

' Analytical Methods. To characterize the spatial and temporal patterns in plankton
abundance, we used a canonical correspondence analysis (CCA) on the logo-
transformed density estimates (i.e, log(N + 1)) for the twenty-two most numerically
abundant plankton. The environmental variables were salinity (logjo-transformed),
river kilometer, surface water temperature, and day of year.

We examined the relationship between 8"’ Cpoc and zooplankton 5'°C (8"°Cy),

as well 8'*Npy and zooplankton 5'°N (8'°Ny), using regression analyses. Data for
2003 were used because the collections spanned a bbroad range of discharge rates and
river temperatures; in general, we only analyzed species for which approximately 10
samples were available in order to have sufficient statistical power to detect a sldpe
>0, however two taxonomic groupswith small sample sizes (n =5), Acartia spp. and
Uca spp., were analyzed because they were of particular ecological interest. The data
were supplemented with 2004 data when sufficient samples (n >10) were available

for a comparison between years. Only data for which corresponding POM data

existed within 3 km of the zooplankton station were used. The slope of the regression
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between 5'>Cpoc and 5"°Cz (or 8"*Npy and 5'°Ny) for a non-selective feeder should
equal 1.0 and the intercept would represent the trophic fractionation, if the latter is
constant. In contrast, a selective feeder that favors terrestrial matter should have a
slope of 0. The regression slope of 8" Cpoc and 8"°C; should be greater than 1.0 for
grazers that favor phytoplankton because the zooplankton will have a similar §'°C;
(when adjusted for trophic fractionation) to the POM when there is little or no
phytoplankton present (8" Cpoc -26%o to -29%o), but have a more depleted §'*C
relative to the POM during phytoplankton blooms (5" Cohyto < -30%0).

Trophic similarities related to feeding mode (taxa), region (sampling
location), or both were identified using an unweighted pair group method with
arithmetic mean cluster analysis (UPGMA,; Euclidean distance) using the
zooplankton ‘stable isotope data. Data from 2003 and 2004 were analyzed separately.
The analysis only included zooplankton sampled on at least three dates.
Macroinvertebrate stable isotope data from multiple strata occasionally were pooled
in order to obtain at least three samples.

We identified trophic relationships using a stable isotope bi-plot. Sampling
strata were pooled in accordance with the UPGMA analysis. The 8"°C and §"°N
seasonal averages for a particular taxon were estimated from all samples in the
stratum or pooled strata. The §"°C and §"°N of all plankton were adjusted for trophic
fractionation, assuming one trophic level increase relative to POM (8"*C +0.4%o, 8'°N
+3.4%o; Post 2002). Stable isotope values for OM source end-members were

obtained from a simultaneous OM study (Hoffman and Bronk in press); we used a
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constant value for humic-rich sediments (5°C = -26%o, 8'°N = 0%o), vascular plant-
derived OM (8"*C = -28.7%o, 8'°N = 8.4%o), and York River estuary OM, which was
primarily phytoplankton, measured near the York River mouth (8"°C = -23.5%,, 8"°N
= 10.0%o). The vascular plant-derived OM has a number of potential sources in this
system, including upland, emergent, floating, and submerged vascular plants, which
was not distinguished in our analysis; the enriched 8'°N, however, is more consistent
with a riparian or littoral source (Table 2.1; Cloern et al. 2002). Freshwater
phytoplankton was not isolated in the OM study; phytoplankton stc (8" Cohyto) Was
estimated using the measured dissolved inorganic carbon §BC (8”CDIC) on each date,
assuming an uptake fractionation of 21%o (i.e., SI?CPhyto =g" Cpic -21%eo), and
phytoplankton 8'°N was estimated as the average of POM samples that had been
categorized as phytoplankton-rich (4.9%o, SD=0.7). |
The fraction (F) of phytoplankton biomass produced by freshwater

phytoplankton (phyto) and allochthonous OM, including vascular plant-derived OM
(VP) and humic-rich sediments (humic), was estimated using a three-source stable
isotope mixing model (Phillips 2001). The model was applied to the average §"C;
and 6"°N, adjusted for trophic fractionation (A,, where A represents fractionation per
trophic level and » the trophic level), of various representative zooplankton for each
daté and region in which they were sampled.

'+ 8"Cz - An=8"Cvp x Fvp + 8" Chumic X Frumic + 8" Cphyo X Fpyio (1)

8'*Nz - An=8"Nyp x Fyp + 8" Niumic X Frumic + 8 " Nphyto X Fphyto ~ (2)
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1 =Fyp + Frumic + Fphyto (3)
Values for the OM source end-members were the same as used in the stable isotope
bi-plot analysis. Standard deviations were estimated using OM source standard
deviations (Phillips and Gregg 2001). Because 5'°C and 8N reflect both trophic
fractionation and trophic level, the model was fit to the data to account for variable
trophic fractionation with respect to a species and variable trophic level (n) with
respect to region. We aésumed the 8"°C trophic fractionation was constant (+0.4%o).
The 8N fractionation (A 8'°N) for each species was fit to the model by letting n =
1.0 (POM grazer) and then maximizing the A 8N so that for all F (i.e, Fvp, Frumic,
Fphyto), F > 0. For each sampling region, upper and lower bounds for the trophic level
were estimated iteratively, bounded by the result such that for all‘F ,F>0,or,ifno

such solution was possible, the sum of all negative F values was minimized.

Results

Physical Environment. In 2003, a spring freshet was followed by unusually high

discharge from May through July 2003 (discharge was >95% of historical values
throughout June and early July), returning to base flow by late-August. In 2004, a
spring freshet was followed by a return to base flow during the summer, a pattern
more commonly observed in this river (Fig. 2.2). Seasonal temperature variations
were typical, with a summer maximum of ca. 30° C. During the study, dissolved

oxygen generally was undersaturated (minima ca. 50%), the average daily pH was 6 —
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7, and there was a small, summer phytoplankton bloom, though chlorophyll a (Chl a)
was generally <5 pg L' in the freshwater portion (Hoffman and Bronk in press).

Plankton Community. Eurytemora affinis (Eurytemora) and Bosmina freyi (Bosmina)

were the most common zooplankton of the 43 taxonomic groups identified (Table
2.2). The density of these zooplankton peaked during spring in the central portion of
the tidal fresh water, the location varying by cruise (Fig. 2.2b-2.2d). In both 2003 and
2004, Eurytemora peaked before Bosmina. In general, zooplankton density was low
(<10 L") and aquatic macroinvertebrates were rare in the nuestoh collections (<1 L.
The peak density of Eurytemora and Bosmina was higher in 2003 than in 2004 (45
L'vs.8L" and 16 L' vs. 5 L™, respectively), with the period of sustained high
densities (>10 L") extending from 4 May through 22 June 2003.

The zooplankton community primarily was organized alohg the river axis,
from the salt wedge to the upper tidal fresh water (Fig. 2.3), as indicated by the first
CCA axis (28% of the variability). Cladocerans, cyclopoid copepods, and the
calanoid copepod Diaptomus sp. (Diaptomus), were most abundant towards the upper
tidal fresh water, whereas gammarid amphipods, mud and fiddler crab zoea (Uca
Spp., hereafter Uca), mysid shrimps (Neomysis americana) and the estuarine calanoid
copepod Acartia hudsonica (Acartia) were located near the Mattaponi River mouth,
which is generally oligohaline. The second CCA axis was related to seasonality (10%
of the variability): Acartia, gammarid amphipods, harpacti;:oid copepods, Chydorus
sp. and Diaptomus were most abundant during the spring when the river was codl.

The two most ubiquitous zooplankton, Eurytemora and Bosmina, were located in the
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center of the CCA tri-plot, reflecting the observation that their peak abundance
occurred during mid- to late-spring, well upriver of the salt wedge.

Stable Isotope Analysis. The spatial and temporal isotopic variability of the

ubiquitous zooplankton, Eurytemora and Bosmina, demonstrated similar trends

(Fig. 2.4). First, the 8"*Cz was often enriched toward the salt wedge and depleted
upriver, reflecting the influence of the underlying gradient in 8" Cpoc and 8" Npy
caused by physical mixing with estuarine POM (Hoffman and Bronk in press). A
similar spatial trend in 8"*Cz and 5'°Nz was observed in other zooplankton distributed
throughout the Mattaponi River, including Cyclops spp. (Cyclops), gammarid
amphipods, and harpacticoid copepods (Tables 2.3 and 2.4). Second, the 8'°Nz was
most enriched near the salt wedge during high river discharge (i.e., May and June
2003) or in the lower tidal fresh water during base discharge (i.e., August and
September 2003, June 2004).

Some variability in Eurytemora and Bosmina 8"°Cyz, as well as Acartia,
Cyclops, Uca and gammarid amphipods, may be attributed to variability in 8"Croc,
indicated by #* values ranging from 0.22 to 0.73 (Table 2.5). Acartia, Bosmina, and
gammarid amphipods had 8'°C regression slopes of about 1, implying they were
feeding non-selectively, whereas Cyclops, Eurytemora, and Uca had slopes >1,
implying a preference for phytoplankton. Although the 8'2C regression slope for
Eurytémora did not differ between years (ANCOVA, p=0.1), in 2004, the slope was

<1 because Eurytemora was depleted (<-33%o) even when the POM was enriched

(6'3Cpoc ca. -26%eo), consistent with our interpretation of strong selection for
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phytoplankton. The aquatic insect larvae and Scapholeberis had slopes of about 0
and low #* values, suggesting a preference for terrestrially-derived OM such as
humic-rich sediments. Generally, very little of the variation in 5'°Nz was related to
8'°Npy and the slope was close to 0; the notable exception was Scapholeberis. We
note that the results for Acartia and Uca should be interprted cautiously due to the
low sample size.

The UPGMA analysis clustered the plankton by habitat (e.g., oligohaline vs.
fresh water; Fig. 2.5),' including terrestrial (i.e., adult midges (Diptera-DA) and flying
ants (Formicidae-FR)); estuary (Acartia-AT, Neomysis-NM, Halicyclops-HL);
freshwater benthic (i.e., harpacticoid copepods-HR, gammarid amphipods-GM, Uca-
UC); and freshwater pelagic (e.g., Eurytemora-EU, Cyclops-CY). In 2003, water
column grazers clustered into two groups: those utilizing largely terrestrial-derived
OM versus more phytoplankton-derived OM. In 2004, benthic invertebrates and
zooplankton had more similar isotopic compositions, resulting in a different
clustering than in 2003.

Within a cluster, the relativé importance of capture location or feeding mode
varied. Some zooplankton were grouped by taxon across strata. For example,
Cyclops (CY) and Eurytemora (EU) grouped together into km 85-111 (D-F), km 76-

83 (C), and km 52-74 (A-B). In other cases, the groupings included multiple taxa,
which were otherwise separated, ffom different strata, implying that the capture
location along the estuary had an influence on the 8"°Cz and §'°Nz (e.g., Bosmina-BO

or gammarid amphipods-GM). To define trophic relationships, therefore, the
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zooplankton were grouped by capture location (Fig. 2.6). The groupings consistent
with data from both years were km 52-74 (strata A-B), km 76-83 (stratum C) and km
85-111 (strata D-F).

In 2003, at all three regions analyzed, the average stable isotope composition
of zooplankton, adjusted for trophic fractionation, was similar to allochthonous OM,
including humic-rich sediments and vascular plant-derived OM, implying
consumption of these sources (Fig. 2.6). Atkm 85-111, there was\evidence for some
consumption of endogenously produced phytoplankton by zooplankton, indicated by
their slightly depleted isotopic compositions. In 2004, in contrast, the freshwater
pelagic zooplankton were isotopically depleted at all three regions, implying
consumption of endogenously produced phytoplankton. Trophic dissimilarities
among the groups identified in the UPGMA cluster analysis were apparent. Water
column zooplankton, including Eurytemora and Cyclops, consumed a mix of
allochthonous and autochthonous OM, whereas gammarid amphipods, harpactiod
copepods, and Uca consumed enriched §"°C, implying a benthic OM source.
Terrestrial insects had an isotopic composition similar to soils and humic-rich
sediments. The source of enriched 8" C;z and 8'°N; observed at km 52-74, near the
salt wedge, likely was detritus derived from York River estuary OM.

To identify seasonal and spatial trends in OM sources utilized by
representative zooplankton, the three source mixing model was used (Fig. 2.7). For
Eurytemora, Cyclops and Bosmina, the Fypyio Was low (<40%) in May through June of

2003 during the period of high river discharge, increased during the summer months
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as base flow conditions resumed, and peaked in the upper tidal fresh water at km 95-
102 and km 104-111 in late July (50 to 74%). The relative importance of the various
OM sources to zooplankton production differed between May and June of 2003 and
2004; the Fpnyio Was higher in spring 2004 than in 2003 for Eurytemora, Cyclops, and
Bosmina, but similar between years for Scapholeberis and larval Chironomidae. The
river-wide average Fpnyto (SE) for Eurytemora, Cyclops, and Bosmina were 0.25
(0.02), 0.31 (0.03), and 0.14 (0.04), respectively, for May through June 2003 and 0.61
(0.06), 0.72 (0.07), and 0.72 (0.11) for May through June 2004. Scapholeberis and
larval Chironomidae demonstrated selective feeding on a POM fraction comprised of
about 80-85% allochthonous OM and 15-20% phytoplankton-derived OM. Among
the various zooplankton, similar 8N trophic fractionation values were obtained
when fitting the model, though Bosmina fractionation was <2%o; estimated trophic

levels ranged frofn 1.0 to 2.7 (Table 2.6).

Discussion
The tidal freshwater food web apparently relies on allochthonous OM during
high discharge periods, but pelagic organisms such as Eurytemora and Cyclops spp.
can rapidly switch to reliance on autochthonous production once base flow conditions
re;ume. Even then, certain macroinvertebrates, such as Chironomid larvae and
gammarid amphipods, utilize allochthonous OM. In this context, we discuss the
implications for our findings in terms of interpreting variability in stable isotope

composition of plankton, the natural history of the common tidal freshwater plankton,
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and the role of allochthonous and autochthonous OM sources for secondary
production in dynamic lotic systems.

Stable isotope composition variability. The need for careful measurement of the

stable isotope composition of zooplankton is revealed by the 8Nz and 8"°C;
variability, both among and within species. The OM source of zooplankton
communities varied by taxon and feedihg mode and therefore bulk analysis of
zooplankton likely would have obscured important ecological relationships (Grey and
Jones 1999; Matthews and Mazumder 2003). Temporal and spatial variation must be
equally emphasized because we found that the OM source varied by season and along
the river axis: fast turnover of C and N pools in secondary producers requires frequent
sampling. Spot sampling at either end of tidal freshwater would have led to different
conclusions regarding plankton production.

Generally, the variability in 5'°Nz was not related to 5'°Npy, as was the case with
8°Cz and 8" Cpoc. This variability likely is integrated in the consumer, which has a
slow isotopic turnover rate relative to the rapid rate of 615NpN change, as much as
+5%o enrichment between bi-weekly cruises (Hoffman and Bronk in press), resulting
in a mis-match between the POM and primary consumers. This mis-match has
significant implications for estimating a 3'°N base-line in aquatic ecosystems when
calculating trophic level (Post 2002). In lakes, grazing invertebrates can provide an
accurate representation of the 8'°N base-line (e.g., Post 2002). In the Mattaponi |

River, no planktonic organism emerged as an appropriate candidate due to the 3Nz
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spatial and temporal variability, a result of consuming multiple OM source inputs
with different 8'°N compositions and feeding at different trophic levels (Table 2.6).

Natural History. Different grazing strategies among the numerically dominant water

column mesozooplankton, Eurytemora and Bosmina, were indicated by consistently
different 8'°N compositions. Eury’temora affinis, a euryhaline copepod, represents a
species-complex found throughout North American, European and Asian estuaries
(Lee and Frost 2002). Eurytemora affinis is a facultative herbivore that consumes
diatoms, detritus, and particle-attached bacteria (Hughes et al. 2000; Tackx et al.
2004; Kerner et al. 2004), consistent with the opportunistic feeding behavior observed
in this study. Microzooplankton consumption by Eurytemora is consistent with its
enriched 8'°N composition, generally about +3%s, or a trophic level, relative to
Bosmina, however, the modeling approach indicated that the difference was likely the
result of greater consumption of vascular plant-derived OM (Fig. 2.7), which is 8"°N
enriched compared to humic-rich sediments, as well as greater trophic fractionation
(Table 2.6). Although no comprehensive diet analysis is available, in a survey of 25
gut contents from Mattaponi River Eurytemora from various times and locations in
2003 and 2004, all animals examined had consumed amorphous detritus (J. Hoffman,
unpublished data).

Bosmina freyi is a small, filter-feeding zooplankton that can readily feed on’
detritus, unicellular algae, and bacteria (Kerner et al. 2004). Bosmina freyi is
common throughout North American Atlantic estuaries and is an important food for

larval fish, including larval striped bass and white perch (Limburg et al. 1999). The
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8"°C composition of Bosmina had a slope of ca. 1.0 with respect to the 8" Cpoc,
suggesting non-selective grazing of POM. The 8'°N composition of Bosmina,
however, was always less than the 8'*Npy, implying either assimilation of a
particulate fraction with similar 8"°C to the bulk pool but with depleted 5"°N or else
low trophic fractionation (Table 2.6), likely due to the high C:N of POM (e.g., Adams
and Sterner 2000). In contrast, the cladoceran Scapholeberis mucronata generally
utilized allochthonous OM (Fig. 2.7) and demonstrated a higher §'°N trophic
fractionation (Table 2.6).

Cyclopoid copepods were rare in the neuston samples compared to
Eurytemora and Bosmina. The stable isotope compositions of Cyclops spp. and
Eurytemora were similar in all regions of the river, implying a similar OM source,
however the data are difficult to intgrpret because there are multiple taxa in this group
with varying feeding behavior. We separated the various taxa for analysis but found
no difference in stable isotope composition. Paracyclops sp. and the benthic
cyclopoid Eucyclops sp. are both known to consume POM and microzooplankton
(Williamson 1983; Brandl 2005), whereas Acanthocyclops vernalis is a raptorial
feeder that can consume microzooplankton (Brandl 2005). Our finding could be due
to either contamination of the sample resulting from misidentification of early instars
or similar feeding behavior. The highly enriched 8'°N of Halicyclops sp. (Fig. 2.6), a
benthic, oligohaline cyclopoid, is consistent with preferential grazing on bacteria

(e.g., Carman and Thistle 1985).
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Among the macroinvertebrates, the larval Chironomidae, a collector-gatherer
(Courtney et al. 1996), was most common in the neuston samples and generally
consumed allochthonous OM, likely a mix of terrestrially-derived fine particulates
and amorphous detritus (Hall and Meyer 1998). Chironomids, therefore, are an
important link from terrestrially-derived OM to a variety of young-of-year
anadromous fishes, particularly striped bass, American shad, blueback herring and
alewife, all of which are known to consume chironomids (Boynton et al. 1981; Grabe
1996). Similarly, Ephemeropteran larvae likely consumed a mix of allochthonous
and autochthonous OM, indicative of a similar feeding mode to the copepods (Fig.
2.6).

Those macroinvertebrates identified by a benthic signature (enriched §"°C, -24

to -26%o, and depleted 5'°N, 2 to 5%o), such as gammarid amphipods and Uca spp.
zoea, were likely consuming a mix of detritus derived from allochthonous and
sources and not an endogenous OM source such as benthic microalgae because
benthic migroalgae have enriched §1C isotopic composition (>-20%o) relative to
pelagic algae due to boundary layer effects on fractionation (France 1995; Deegan
and Garritt 1997). The isotopic compositions of these organisms are similar to Plum
Island sound upper estuary benthic organisms (i.e., amphipods), which were found to
utilize a mix of fresh marsh OM and endogenously produced water column
phytoplankton, but not benthic microalgae (Deegan and Garritt 1997). Although we
did not obtain benthic microalgae samples, this interpretation is consistent with our

OM source data (Fig. 2.6).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



92

Sources of OM to the Mattaponi River food web. Both physical mixing and river

discharge are important physical processes that influence Mattaponi River POM
composition (Hoffman and Bronk in press) and thus they likely influence food web
pathways, as well. During the high discharge period in 2003, quick residence time
and low transparency suppressed phytoplankton production; in May through June
2003, the Chl g concentration was very low (<1 pg L") and the C:Npoy high (>20),
implying that almost no autochthonous OM was present in the POM pool (Hoffman
and Bronk in press). In contrast, during May and June 2004, Chl a concentrations
throughout the freshwater portion ranged from ca. 2 to 8 pg L. Allochthonous OM,
therefore, was utilized by zooplankton during the high discharge periods in the
Mattaponi River when autochthonous OM was scarce, but endogenously produced
phytoplankton was readily utilized once available. Whereas the York River estuary
metabolism is net heterotrophic, relying on allochthonous C (Raymond et al. 2000),
the metazoan food webs in the tidal freshwater and oligohaline portions demonstrate
variable degrees of autochthony and allochthony with respect to grazing zooplankton.
Allochthony has not been found to be important in other léirge river-estuary systems,
such as the Orinoco River basin (Lewis et al. 2001) and San Francisco estuary
(Sobczak et al. 2005), where phytoplankton was shown to support the majority of
secondary production even though it only comprised a small portion of the POM
pool.

The trophic level of modeled zooplankton likely was >1 (Table 2.6), implying

consumption of bacteria (whether free-living or particle attached), microzooplankton,
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~or both. During 2003, when allochthony was the dominant trophic pathway, the
zooplankton trophic level was higher in the lower tidal freshwater portion compared
to the rest of the river. Consumption of microzooplankton by mesozooplankton
sampled in the lower freshwater portion is implied by the elevated trophic levels
obtained when fitting the mixing model (n >2), though the same effect could be
achieved if plankton were consuming detritus enriched by bacterial colonization
because assimilation of dissolved inorganic N by bacteria can result in a significant
8'°N enrichment (Caraco et al. 1998). Similar mesozooplankton isotopic
compositions were observed by Deegan and Garritt (1997), who concluded that
microzooplankton likely are not an important diet source. Their argument was that
bacteria would be utilizing water column NH," (8'°N 5%o); thus, bacteria would have
enriched 8'°N (6%o), resulting in enriched 8°N of microzooplankton (9%o) and
mesozooplankton (12%o). The maximum Eurytemora 8'°N was ca. 11%o, so it is
possible that microzooplankton, including rotifers, which are bacteriovores that can
dominate the upper estuary zooplankton community in Chesapeake Bay (Park and
Marshall 2000), completed the trophic link between bacteria and mesozooplankton.

Fundamentally, our understanding of the process by which allochthonous OM can

be imported into higher trophic levels is hindered by the number of possible
pathways. Detritus can be efficiently grazed even when algal biomass is low (e.g.,
Sobczak et al. 2005). A mix of amorphous detritus and bacteria can yield high
trophic transfer from detritus to invertebrates (Caraco et al. 1998; Hall and Meyer

1998) and could explain how during high discharge periods allochthonous OM
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supports a high density of plankton, even though the POM is presumably of low
nutritional quality, indicated by its high C:N. During May-June 2003, POC
concentrations measured at freshwater stations were significantly higher than in May-
June 2004 (2003: 1.05 mg L", 2004: 0.73 mg L"; t-test, p = 0.03, df = 12).

The POM source is also relevant. In May-June 2003, the POM was largely
derived from vascular plant tissue, as opposed to humic rich-sediments, which was
the major POM source in May-June 2004 (Hoffman and Bronk in press). If relatively
fresh, the vascular plant OM is a more labile OM source than humics, which are
largely refractory (Mann 1998), particularly by supplying bioavailable dissolved
leachates to consumers (Sun et al. 1997). DOC can form microparticles and thereby
bypass the microbial food web, potentially increasing its uptake efficiency into higher
trophic levels (Kerner et al. 2003). Sobczak et al. (2005) found that the greatest
pbrtion of bioavailable OM in the San Francisco estuary is dissolved, implying an
important role for bacteria, which utilize allochthonous OM in the York River estuary
(McCallister et al. 2004). Furthef specification of these trophic connections relies, in

part, on the application and development of more biomarkers that can discriminate
among differing OM sources and trophic pathways.

Studies of OM sources that fuel upper estuary food webs, particularly
expansive tidal freshwater systéms that are critical spawning and nursery habitats
historically supporting large fisheries, are not widely available. The Chesapeake Bay
region has been dramatically transformed by human activities, reducing the

connection between these rivers and their floodplain through dam construction and
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urbanization (Jantz et al. 2005). In the those systems where allochthonous OM could
be an important source to secondary, and thereby tertiary, production, limiting this
connection could have profound impact to the river food web. Determining the
bioavailability of OM sources to estuarine food webs will be an important part of
ecological restoration in complex river-estuary systems (Sobczak et al. 2005). This
process can be guided by studies of tributaries such as the Mattaponi River that
remain well-connected to their floodplain, still bordered by expansive wetlands and

riparian forests.
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Table 2.1. Stable isotope composition (§'°C, "°N) and C:N of POM derived from .
common organic matter (OM) sources within the watershed. Stable
isotope ratio units are per mil. See reviews by Peterson and Fry 1987,
Mook and Tan 1991, and Michener and Schell 1994.

OM source s - &N C:N
upland vegetation (Cs) -28 t0 -30 0to4 >25
riparian vegetation (Cs) -28 to -30 71010 >25
humic-rich sediments -26 Oto4 10to12
freshwater phytoplankton <-30 3to7 ~7
estuarine phytoplankton -20 to -24 6to 10 ~7
Spartina spp. -13 2t06 >25
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Table 2.2. Taxa identified from the Mattaponi River, including the location (river
km, km 52 is the Mattaponi River mouth) and day of peak density (Max.),
as well as the number of stations at which they were captured during the
study period (Stations; 71 total stations). Cyclops spp. is Eucyclops sp.,
Paracyclops sp. and Acanthocyclops vernalis combined.

Group Taxon Max. Location Day Stations Code
(Nm?) (km) )
Calanoida Eurytemora affinis 45,289.3 87 4-May 69 EU
Acartia hudsonica 5,024.7 57 21-Jul 13 AT
Diaptomus sp. 222 108 5-May 12 DI
Cyclopoida Halicyclops sp. 1,824.2 67 5-May 19 HL
Eucyclops sp. 1,293.4 91 2-Sep 64 EC
Paracyclops sp. 50.6 67 5-May 33 PC
Acanthocyclops vernalis 371.5 91 2-Sep 40 AC
Cyclops spp. 1,664.9 91 2-Sep 64 CY
Copepodites 1,167.1 91 25-May 32
Nauplii 25.1 54 22-Jun 35
Poecilostomatoida Ergasilus sp. 14.5 57 21-Jul 11 PS
Harpacticoida Harpacticoids 4290 56 3-Jun 44 HR
Cladocera Bosmina freyi 15,516.4 78 22-Jun 71 BO
Chydorus sp. 5488 108 4-May 38 CS
Chydoridae 46.7 108 5-May 54 CD
Ceriodaphnia sp. 3237 109 3-Jun 45 CR
Scapholeberis mucronata 300.0 91 2-Sep 48 SC
Diaphanosoma
- brachyurum 4698 78 22-Jun 47 DA
Daphnia sp. 479 108 5-May 15
Leptodora kindti 4.0 98 2-Sep 1
Cladocera (unknown) 35 108 5-May 1
Malacostraca Uca spp. 586.7 70 17-Jun 22 ucC
Gammaridae 74.5 56 3-Jun 12 GM
Decapoda: Astacoidea 02 106 I-Jun 1
Ostrocoda Ostracoda 53.8 67 4-May 49 oS
Achari Araneae 4.7 89 17-Jun 11 AR
Acarina 146 108 25-May 50 AR
Gastropoda Gastropoda 2813 70 21-Jul 33 GS
Insecta (larvae) Chironomidae 17.8 106 21-Jul 32 CM
Chaoboridae 34 106 2-Sep 1
Trichoptera 46 108 7-Jul 8 TR
Plecoptera 83 108 4-May 2
Ephemeropta 23.6 106 2-Sep 34 EP
Insecta (pupae) Diptera 23 109 3-Jun 5 PD
Insecta (adults) Formicidae 1.2 108 5-May 3 FR
Thysanoptera 129 108 5-May 9
Hemiptera 12 108 5-May 1
Diptera 117 108 5-May 23 AD
Insecta (unknown) 65 106 21-Jul 17
Other Tardigrada 0.8 95 4-May 2
Oligochaete 1.9 106 21-Jul 3
Collembola 316 108 5-May 26
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Average 8"°C and 5"°N of common zooplankton captured in the Mattaponi
River, 2003. Averages are given either by sampling stratum (A: km 52-
65; B: km 67-74; C: km 76-83; D: km 85-93; E: km 95-102; F: 104-111)
or pooled across strata (All). Species codes are provided in Table 2.2; NM
represents Neomysis americana.

81°C (SD) 8'°N (SD)
Cdde A B €C D E F Al A B C€C D E F Al
AT 271 12.1
(1.9) (1.4)
BO -27.8 -28.1 -302 -30.7 -31.0 -30.9 69 66 60 52 49 48
(13) 0.6) (1.4) (12) (1.3) (L.1) (1.4) (1.8) (22) (1.2) (0.9) (1.4)
CM 282 -28.0 -29.0 68 63 53
(1.4) (1.4) (1.0) (1.0) (1.7) (1.9)
CY 288 -31.5 -32.0 -31.3 98 82 92 83
(1.8) 32) (2.0) (1.8) (0.8) (0.9) (0.9) (1.5)
DI -32.8 6.0
(2.5) (0.8)
AD -25.9 44
(2.2) (22)
PD -28.1 92
(1.9) (1.7)
EP -29.6 6.8
(1.0) 0.9)
EU 269 -27.6 -29.6 -31.0 -31.8 -31.3 97 101 93 80 79 83
(1.7) (3.6) (1.6) (I.7) 21 @.1) (1.3) (12) (1.4) (1.1) (1.2) (0.6)
FR 252 2.8
(1.4) (2.7)
GM 244 252 250 -28.0 -28.7 81 88 70 62 57 57
(0.6) (22) (04) (1.6) (1.7) (1.8) (3.1) (0.6) (1.8) (0.3) (0.3)
HL 29.7 14.0
0.9) 1.7
HR -22.1 -23.7 -243 -252 -26.6 81 78 65 69 71
(0.8) (0.8) (1.3) (0.1 (0.1) (14) (1.7) (2.0) 2.0) (-)
NM 236 12.8
(-) (-)
SC 285 -28.8 78 79
(0.8) (1.0) 0.4) 2.2)
uc -24.3 6.1
(1.9 (1.2)
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Table 2.4. Average 8"°C and 8"°N of common zooplankton captured in the Mattaponi
River, 2004. Averages are given either by sampling stratum (B: km 67-
74; C: km 76-83; D: km 85-93; E: km 95-102; F: 104-111) or pooled
across strata (All). Species codes are provided in Table 2.2.

8"C (SD) 3N (SD)
Code B C D E F Al B C D E F Al
BO  -279 -317 -326 -320 313 90 75 178 61 12
0.6) (2.5 (26) (1.7 (0.8) (1.0) G.1) (2.1) (1.0) (0.3)
CcM 270 2838 86 69
23) (1.6) (04) (1.2)
cY 307 322 <327 317 104 103 95 85
BT G4 (B7 (16 (0.4 (1.1) (1.0) (0.6)
DA -28.4 8.9
(-) (-)
DI -28.9 6.3
(0.8) @.7)
AD -24.2 2.0
(3.2) (3.3)
PD -25.8 8.7
(1.8) (1.4)
EP -29.8 63
0.7) (0.6)
EU 271 =301 -322 -322 -321 97 101 91 79 8.1
07 (0.9 @19 18 (1.5 (0.6) (1.8) (1.9 (1.4) (1.1)
FR 273 2.9
() (-)
GM  -2456 270  -264 8.3 68 63
(1.0) 0.1 (3.0) (0.7) (1.0) (0.2)
HL 277 11.9
(1.0) (0.3)
HR  -24(-) 10.7
(-)
sC 2280 -282 66 62
(0.0) (0.5 0.3) (0.5)
TR -30.2 8.6
(0.2) (1.1)
uc -24.6 6.1
(0.1) (0.3)
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Table 2.5. Results from the linear regression analyses, including slope and intercept (1), of 8'3Cz with 8!*Cpoc and 8'°Nz with
8'"Npy (* indicates slope significant at p<0.05, ** indicates slope significant at p<0.01). The 8'3C regression slopes
for Bosmina, Cyclops, and Eurytemora were not significantly different between years (ANCOVA). The feeding
selectivity was assigned based on this analysis; neutral selectivity was assigned to those species with 8'°C slopes

less than one standard error (SE) greater than 1.0, and phytoplankton selectivity was assigned to those with Li(®
slopes more than one standard error (SE) greater than 1.0.

-uoIssiwiad noyum panqiyoid uononpoidal Jayung “1aumo yBuAdoo ayy Jo uoissiuued ypm paonpoJlday

Taxon (YR) 8"C slope I r 3N slope I Y n Feeding

(SE) (SE) selectivity
Acartia sp. 1.09 (1.20) 044 022 1.02 (0.60) 320 031 5 neutral
Bosmina freyi (2003) 1.05**(0.21) 093 0.5 0.33 (0.22) 0.10 21 neutral
Bosmina freyi (2004) 1.14* (0.38) -1.07 050 031 (0.17) 030 1t neutral
Gammaridae 1.26* (0.48) 043 0.11 (0.48) 0.00 11 neutral
Chironomidae 0.09 (0.29) 0.00 -0.36 (0.39) 007 14 terrestrial
Ephemeroptera larvae 022 (043) 0.04 -0.37 (0.45) 010 9 terrestrial
Scapholeberis mucronata 037 (0.35) 0.16 1.35 (0.58) 047 8 terrestrial
Cyclops spp. (2003) 1.51** (0.43) 0.48 -0.26 (0.22) 0.09 15  phytoplankton
Cyclops spp. (2004) 1.82* (0.55) 0.54 0.33 (0.18) 026 11 phytoplankton
Eurytemora affinis (2003)  1.40** (0.30) 0.58 0.35 (0.16) 0.32 17 phytoplankton
Eurytemora affinis (2004) 0.56 (0.55) 0.09 0.35 (0.16) 032 12 phytoplankton
Uca spp. 2.02 (0.72) 0.73 -0.23 (0.50) 007 5 phytoplankton
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Table 2.6. The '°N trophic fractionation (A 8'°N) and trophic level (TL) estimated
when fitting the three-source mixing model to data from 2003 and 2004.
The trophic level mid-point is given (used in Fig. 2.7) and the upper and
lower bounds are shown in parentheses. At two stations, outliers in the
trophic level range were identified (* 22 June 2004: 1.5 (1.0-1.9); #22
June 2004: 2.7 (2.3-3.1)).

A8"N TL - 2003 TL - 2004
Plankton 2003 2004 km113  km98 km76 kml113  km 98 km 76
Eurytemora 2.1 34 1.4 1.2 2.7 1.1 1.1 1.4
affinis (1.0-1.8) (1.0-1.3) (2.3-3.1) (1.0-1.1) (1.0-1.1) (1.2-1.6)
Bosmina freyi 0.7 1.7 1.5 1.9 2.7 14 1.1 1.3
(1.0-2.0) (1.0-2.8) (1.0-3.5) (1.0-1.8) (1.0-1.1%) (1.2-1.3%
Cyclops spp. 34 34 1.0 1.2 2.8 1.1 1.1 1.6
(1.1-1.2) (1.0-14) (2.5-3.0) (1.0-1.1) (1.0-1.1) (1.5-1.7)
Chironomidae 2.4 3.0 1.1 1.1 2.1 1.1 2.1 1.6
(1.0-1.1) (1.0-1.1) (1.6-2.7) (1.0-1.1) (2.0-2.1) (1.3-1.8)
Scapholeberis 2.7 34 1.4 1.6 1.1 1.1 1.3 14
mucronata (1.0-1.7) (1.0-2.2) (1.1-1.1) (1.0-1.2) (1.0-1.5) (1.0-1.8)
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Figure 2.1. Mattaponi, Pamunkey and York Rivers, Virginia. Inset shows location of
the Mattaponi and Pamunkey rivers with respect to Chesapeake Bay. The
Mattaponi River mouth is at km 52; the York River mouth is at km 0.
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Figure 2.2. Eurytemora and Bosmina density and salinity at the various sampling
stratum in the Mattaponi River during 2003 and spring 2004, as well as the
Mattaponi River average daily discharge and surface Chl a and water
temperature (A). The strata for km 52-57 is not shown; Eurytemora and
Bosmina density always was <2 L', Discharge data were obtained from
the U.S. Geological Survey gage on the Mattaponi River near
Beaulahville, Virginia (#01674500), located approximately 20 river km
above the head of tide. Surface water temperature is the average daily
value measured at km 98. Surface Chl a data were measured at km 80
(Hoffman and Bronk in press).
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Figure 2.3. Canonical Correlation Analysis (CCA) of the twenty-two most abundant
zooplankton in the Mattaponi River; species codes are listed in Table 2.2
(ET represents pooled Ephemeroptera and Trichoptera). Sampling strata
are designated by station and day (May-June, white; July-August, dark
gray; September, light gray). Environmental variables are salinity (SAL),

river kilometer (RKM), day of year (DAY), and surface temperature
(TEM).
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Figure 2.4. Temporal variation in Bosmina freyi (left panels) and Eurytemora affinis
(right panels) 8"C (circles) and 5'°N (squares) along the Mattaponi River
(km 52 is the river mouth). The first (black) and second (white) sampling
date within the time period are indicated.
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Figure 2.5. Dendogram from the UPGMA cluster analysis of zooplankton 8"°C and
8'°N data from 2003 (above) and 2004 (below). Species codes are listed
first and given in Table 2.2; NM is Neomsysis americana. Sampling strata
are listed after the species codes and designated by alphabetical codes (A:
km 52-65; B: km 67-74; C: km 76-83; D: km 85-93; E: km 95-102; F: km
104-111); no code indicates that the value is a river-wide average.
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Figure 2.6. Stable isotope bi-plot of common Mattaponi River zooplankton for 2003
(A-C) and 2004 (D-F). Symbols indicate seasonal average adjusted for
trophic fractionation (+3.4 8'°N, +0.4 8'3C), +1 standard deviation (SD).
Zooplankton symbols were assigned based on the UPGMA analysis and
sampling strata (alphabetical codes) are given in parentheses. Average
isotopic compositions of freshwater phytoplankton (phyto), humic-rich
sediments (humic), vascular plant matter (VP), and York River estuary
organic matter (YR) are shown by the boxes (average +1 SD; see text for
details). Species codes are listed in Table 2.2; NM represents Neomysis
americana.
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Figure 2.7. The fraction (i.€., Fhumic, Fvp, Fpnyto) of the three organic matter sources
(freshwater phytoplankton, humic-rich sediments, vascular plants) utilized
by various representative zooplankton from the freshwater portion of the
Mattaponi River based on the three-source mixing model. Error bar
represents =1 SD. Data are presented by sampling region: km 76-82, km
95-100, km 106-113. A missing point indicates insufficient zooplankton
were captured for stable isotope analysis.
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Chapter Three
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Abstract

Our objectives were to quantify the contribution of endogenously produced
phytoplankton and terrestrially-derived organic matter (OM) to the production of
young-of-year (YOY) American shad, an anadromous clupeid, using a stable isotope
mixing model and to determine the roles of these OM sources with respect to
American shad recruitment. During two consecutive years, we measured the stable
carbon (C) and nitrogen (N) isotope composition of American shad in the oligohaline
and tidal freshwater portions of the Mattaponi River, a large tributary to the York
River and an important nursery habitat for American shad. The isotopic composition
of YOY indicated reliance on a mix of autochthonous and allochthonous OM and was
consistent with a diet of copepods and aquatic insect larvae. Seasonal variation in the
stable C and N isotope composition indicated that the nursery habitat was temporally
heterogeneous with respect to planktonic food webs. In May and June 2003, during a
period of high river discharge, the isotopic composition of muscle tissue was
consistent with a diet largely derived from allochthonous OM (<40% phytoplankton),
whereas in May and June 2004, during typical discharge conditions, it was consistent
with a diet largely derived from endogenously produced phytoplankton (60-90%).
This marked contrast was associated with large differences in zooplankton density
and year-class strength of American shad; 2003 had higher zooplankton density and
fish abundance than 2004, indicating that allochthonous OM provided an important
subsidy to‘ fish production. Flow-mediated subsidies may explain the positive, long-

term relationship between Mattaponi River-discharge and juvenile abundance.
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Introduction

The exchange of energy and nutrients across systems can have important
implications for fish production in streams and rivers (Bunn et al. 1989; Doucett et
al., 1996, Hicks et al. 2005), lakes (Carpenter et al. 2005), and estuaries (Wissel and
Fry 2005). Drawing food web linkages across time and ecosystems is fundamental to
characterizing trophic pathways in aquatic habitats (Woodward and Hildrew 2002).
The widespread application of stable isotope studies, particularly the stable isotopes
of carbon (C), nitrogen (N), and sulfur (S), has demonstrated that the fractionation of
stable isotopes is an effective tool for identifying trophic pathways in a variety of
aquatic habitats with complex food webs (Peterson and Fry 1987; Michener and
Schell 1994). Unlike gut content studies, which quantify specific interactions
between species, stable isotopes provide information about how organisms relate to
fundamental biogeochemical processes, such as the production, decomposition, and
bioavailibility of organic matter (OM; e.g., Sobczak et al. 2005), which play a
fundamental role in determining fish habitat quality.

Identifying trophic pathways is a worthy research objective in any aquatic
ecosystem, however it remains a particularly challenging and important goal in
complex river-estuary systems because these systems receive multiple inputs of OM
of varying quality and quantity (e.g., Cloern et al. 2002; Sobczak et al. 2005), they
provide essential nursery habitat for many fishes of management concern, and they

have been widely impacted by human activities. An emerging number of studies in
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river-estuary systems have demonstrated that autochthonous OM is utilized
preferentially by estuarine organisms, resulting in endogenously fueled food webs,
even though phytoplankton may only comprise a small portion of OM available to
upper trophic levels (Deegan and Garritt 1997; Chanton and Lewis 2002; Sobczak et
al. 2005). In Chesapeake Bay, the river-estuary systems provide nursery habitat for a
diverse group of diadromous and coastal fishes, including striped bass (Morone
saxatilis), white perch (Morone americana), American shad (4losa sapidissima),
hickory shad (4losa mediocris), blueback herring (4losa aestivalis), alewife (4losa
pseudoharengus), menhaden (Brevoortia tyrannus), and American eel (Anguilla
rostrata). All of these fishes rear in the oligohaline and freshwater portions of the
estuary. This portion encompasses a largc% gradient in primary production, riparian
community, and aquatic community; at one extreme is the estuary turbidity maximum
(ETM), a region characterized by high concentration of particulates, zooplankton, and
larval fishes (North and Houde 2001; Roman et al. 2001), and at the other extreme is
the upper estuary, a region that includes oligotrophic, freshwater systems (Sin et al.
1999).

This freshwater-marine gradient provides an opportunity for the use of C and
N stable isotopes because the plant sources specific to these respective regions have
distinct isotopic compositions. For example, it is possible to identify consumers of
aquatic versus upland vegetation based on stable C isotope composition (5"°C)
because these plants utilize different C pools (aquatic vs. atmospheric) that have

distinct 5"*C compositions (Mook and Tan 1991). Plants that utilize the C, pathway
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have an uptake fractionation of about -21%.; thus trees have a §"°C of about -28%o
because they utilize atmospheric CO, (8">C -7%o; Smith and Epstein 1971). In
contrast, phytoplankton utilize variable dissolved inorganic carbon (DIC) pools and
13C fractionation, generally -21%o, varies with DIC concentration, phytoplankton
growth rate, and nutrient availability (Goericke et al. 1994). In freshwater systems
with highly depleted DIC 8"C (<-10%.), phytoplankton will be more depleted than
riparian vegetation (Mook and Tan 1991). Although variable, estuarine
phytoplankton (8"*C ca. -24%o to -20%o) tend to be more enriched than terrestrial
vegetation and more depleted than benthic microalgae (France 1995) and salt marsh
vegetation (8"°C -13%o).

Using multiple stable .isotopes generally will aid source identification. For
example, terrestrial soils have a §'°N of 0 to 4%o, which are depleted compare to
freshwater phytoplankton (3 to 7%o), estuarine and marine phytoplankton (6 to 10%o,
Deegan and Garritt 1997), and emergent vascular plants (7 to 10%o, Cloern et al.
2002). The 8'°N of particulate OM, however, can be altered both indirectly (Wada
and Hattori 1978; Mariotti et al. 1981; Cifuentes et al. 1988; Caraco et al. 1998) and
directly (Miyake and Wada 1971; Altabet 1988). When evaluating OM sources used
by consumers, trophic fractionation must be considered as well. On average, trophic
fractionation is about +0.9%o 5"°C and +3.4%. 8"°N, though PC fractionation is

slightly lower for grazers compared to planktivores and piscivores (Vander Zanden

and Rasmussen 2001; Post 2002).
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The objectives of our study were to identify OM sources supporting
production of young American shad in the freshwater and oligohaline portions of the
Mattaponi River, a tributary to the York River, Virginia, and to quantify the roles of
the various sources with respect to American shad production and recruitment. We
measured the stable C and N isotope ratio of postlarval and juvenile American shad
during 2003 (May through September) and postlarvae only during 2004 (May through
June). To determine the role of allochthonous versus autochthonous OM, our study
included simultaneous isotopic analysis and characterization of the suspended
particulate organic matter (POM; Hoffman and Bronk in press), as well as the
neustonic zooplankton community (Ch. 2). We quantified the contribution from each
OM source to American shad production using a stable isotope mixing model and
described our study period in the context of recruitment patterns using long-term,
annual juvenilé abundance indices for the York River system. The Mattaponi River is
an important study site because it is the most productive American shad habitat
remaining in Virginia’s portion of Chesapeake Bay (Bilkovic et al. 2002; Olney et al.
in press) and is relatively pristine. American shad have experienced severe declines
across the Atlantic coast (ASMFC 1999). Success during early life influences their
year-class strength and demographic structures (Crecco and Savoy 1987; Limburg
2001; Hoffman and Olney 2005), and thus understanding their production dynamics

is important for meeting current conservation goals.
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Materials and Methods
Study Site. The Mattaponi River is approximately 85 km long and is one of two major
tributaries to the York River, Virginia, a brackish tributary in the southern
Chesapeake Bay (Fig. 3.1). Relative to other Chesapeake Bay tributaries, the
watershed has a small anthropogenic influence; 67% of the watershed is forested, 8%
is wetland, and only 1% is urban (2274 km® watershed, Bilkovic et al. 2002). The
Mattaponi River is almost wholly fresh. The limit of salt intrusion generally is about
10-15 river km above its mouth (km 62-77, the Mattaponi river mouth is at km 52 and
the York River mouth is at km 0). During a period of high discharge in May-July
2003, however, at the time of this study, fresh water did extend into the York River
(below km 52). Within the study area, the mean tide range varies from 0.9 m at km
52 (river mouth) to 1.2 m at km 98.

The Mattaponi River is characterized by a May-June zooplankton bloom,
dominated by the calanoid copepod Eurytemora affinis (Eurytemora) and the
cladoceran Bosmina freyi (Bosmina), followed by a June-July phytoplankton bloom
(Ch. 2). The major POM sources within the tidal freshwater portion of the Mattaponi
River are vascular plant-derived OM, humic-rich sediments, and freshwater
phytoplankton (Hoffman and Bronk in press). During high discharge, allochthonous
OM comprises a large fraction of POM, whereas autochthonous OM comprises a
greater fraction during summer base flow conditions.

Field Collection. During 2003-2004, juvenile American shad were sampled in the

tidal freshwater and oligohaline portions of the Mattaponi River using a 1.5 m x
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1.5 m bow-mounted push net (5.2 m-long net, 1.27 cm stretch mesh cod end; Wilhite
et al. 2003). Surveys began at the uppermost end of the nursery zone (km 111),
proceeded down-river, and finished when collections no longer yielded juvenile shad
and herring (4losa spp.), normally just below the incursion of salt water. At each
station, the net was pushed downriver for 15 minutes. A stratified random design was
used to select sampling stations; available freshwater habitat was sectioned into strata
of ca. 15 km and four stations were chosen from each stratum. Due to high river
discharge during May-July 2003, there were four strata in 2003, compared to three in
2004. The fish were stored on ice and returned to the laboratory where they were
enumerated, measured (+1 mm total length (TL)), weighed (£0.01 g) and stored in
95% ethanol.

Postlarval (12-25 mm TL) American shad were captured from 4 May 2003 to
7 July 2003 and 5 May 2004 to 16 June 2004, and metamorphic fish (25-30 mm TL)
from 20 May 2003 to 21 July 2003 and 25 May to 16 June. In 2003, juveniles (>30
mm TL) were captured through 4 September, at which time our sampling ceased. In
2003, postlarvae were captured from km 109 (the uppermost portion of the sampling
area) to km 61, whereas in 2004 postlarvae were captured from km 109 to km 74.
We attribute the difference to high river discharge in May and June 2003. American
shad do not fully enter the gear until 40 to 45 mm TL (Hoffman and Olney 2005) and
thus it is not possible to make quantitative comparisons regarding the distribution of
very young fish. A total of 625 fish were sampled for isotopic composition in 2003

and 168 were sampled in 2004.
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Stable isotope analysis. We analyzed fish from every other sample (i.e., bi-weekly)

because this period is about half the time required for juveniles to reach isotopic
equilibrium assuming typical growth rates (Hoffman and Olney 2005). American

~ shad captured in each strata on each date were sorted into various size-classes
(<15 mm, 15-19.9 mm, 20-24.9 mm, 25-29.9 mm, 30-39.9 mm, 40-59.9 mm,
60-79.9 mm, >80 mm TL) and sub-sampled by randomly selecting ten fish from each
size class. If less than ten fish were available, all fish were sampled. For each fish,
dorsal muscle tissue was extracted (ca. 0.6 mg dry mass), rinsed with 10% HCl to
remove carbonates (American shad have intermuscular bones that are difficult to
remove), rinsed with de-ionized (DI) water, and dried (45° C for 24 hr). Tissue
samples were combusted with an ANCA GSL gas purification module and elemental
analyzer and then analyzed with a Europa Hydra 20-20 isotope ratio mass
spectrometer (University of California-Davis Stable Isotope Facility). Stable isotope
ratios were calculated as 8X: 8X = (Rsample / Rstandard — 1) X 10° , where X is the stable
isotope of C or N, R is the ratio of heavy:light stable isotopes, and Pee Dee Belmnite
and air were the standards for "°C and 8"°N, respectively. The analytical error
between replicate standards was 0.03%e for §°C and 0.10%o for 5'°N. The standard
deviation between randomly chosen replicate tissue samples was 0.08%o for 5"*C and
0.12%o for 3'°N. We corrected isotope ratios for a slight enrichment from three
months storage in ethanol (+0.4%e 5" C, +0.2%0 8'°N; J. Hoffman, unpublished data).
Samples were not corrected for lipid content because tissue C:N generally was less

than 4 (95% of values), indicating low lipid content (McConnaughey and Roy 1979),
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and was similar among regions (average C:N 3.7; one-way ANOVA, p = 0.15).
Lipids are 8"°C depleted relative to carbohydrates and proteins (DeNiro and Epstein
1977) and therefore can result in a slight bias when sampling tissue.

Stable isotope mixing model. Three OM sources were previously identified in the

Mattaponi River: humic-rich sediments, vascular plant-derived OM, and
endogenously produced freshwater phytoplankton (Hoffman and Bronk in press).
The fraction of American shad biomass comprised by freshwater phytoplankton
(Fphyto), vascular plant-derived OM (Fyp), and humic-rich sediments (Fhumic), was
estimated using a three-source stable isotope mixing model (Phillips and Gregg
2001). The vascular plant-derived OM may be derived from shoreline marshes (e.g.,
emergent vegetation; Cloern et al. 2002) and riparian zones; these sources could not
be distinguished in this study. The model was applied to the average 8"C and 8"°N
of the fish from a given size class, stratum and date, adjusted for trophic fractionation
(A, where A represents fractionation per trophic level and » the trophic level).

8C - Ay =8"Cyp x Fyp + 8" Chumic X Frumic+ 8 Cpnyto X Fphyro (1)

8N - An=8"Nyp x Fyp + 8 *Nhumic X Fhumic + 8 Npgto X Fpnyto ~ (2)

1 = Fyp + Frumic T Fphyto 3
Stable isotope values for all OM sources were obtained from the simultaneous POM
study (Hoffman and Bronk in press). Humic-rich sediments (813 Chumic = -26%eo,
8'*Nhumic = 0%o) and vascular plant-derived OM (8" Cyp = -28.7%0, ' *Nyp = 8.4%o0)
were represented as constant values. Phytoplankton 8" C (513Cphyto) was estimated

from the dissolved inorganic carbon §"C (8'*Cpic) measured on each date, assuming
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an uptake fractionation of 21%o (i.€., 8 Cpnyto = 8" Cpic -21%0). Phytoplankton 5'°N
was estimated as the average of POM samples that had been categorized as
phytoplankton-rich (4.9%o, SD=0.7). We assumed that the average 8"°C and 5'°N
trophic fractionation per trophic level was +0.9%0 8'°C and +3.4 8'°N (Post 2002).
Because the fish tissue 8"°C and 8'°N reflect both trophic fractionation and trophic
level (where trophic level 1 corresponds to a strict particulate grazing zooplankton, 2
toa strict zooplanktivore, and so forth), the model was fit to the American shad 8¢
and 8"°N by varying the trophic level (#) with respect to region. Initially, the model
was fit by iteratively estimating the upper and lower bounds for the trophic level for
each stratum (all data collected within a year was evaluated together), constrained by
the result that for all F (i.e, Fvp, Frumic, Fpnyto), F = 0, or, if such a solution was not
pbssible, the sum of all negative F values was minimized, yielding a single estimate
of trophic level. The model was run using the mid-point between the upper and lower
trophic-levels.

We tested the relationship between river discharge and American shad
recruitment because POM sources to the Mattaponi River are strongly influenced by
discharge (Hoffman and Bronk in press). We tested the relationship between the
VIMS striped bass seine survey’s American shad juvenile abundance index (JAI) and
Mattaponi River discharge rates from April through June, the peak hatch-date period
of American shad in the York River system (Hoffman and Olney 2005). The seine
survey’s York River JAI estimates were available from 1967 to present, except

between 1974 and 1979 when data were unavailable (VIMS unpublished data;
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metadata located at www fisheries.vims.edw/ trawlseine/sbmain.htm). Although
beach seining is not the most efficient means to capture juvenile American shad, the
seine survey JAI has been shown to correlate highly with the VIMS JAI Alosa
pushnet survey (98%, Wilhite et al. 2003), which is designed to catch American shad
(Kriete and Loesch 1980). Both indices essentially track the Mattaponi River
population because the majority of juveniles captured by the gear are from this
population (Wilhite et al. 2003).

Discharge data were obtained from the United Stages Geological Survey gage,
located near Beulahville, Virginia (#01674500), about 20 river km above the head of
tide (km 115). No major tributaries enter the Mattaponi River between the gage and
the tidal freshwater portion, thus we believe it accurately represents discharge
patterns experienced. Data were available from 1967 to present, except for 1988 and
1989, when the gage was not operating. Daily average discharge data were
transformed into flow anomalies (i.e., difference from the long-term average) by
subtracting the mean daily discharge estimated from 63 years of record. Each year
was then characterized by the number of days from April through June that the flow
anomaly was <0 m’ s”! (i.e., drought days), 0-50 m* s™! (average to moderately high
discharge days), and >50 m’ s™' (very high discharge days). Finally, we tested
whether the American shad JAI had a significant linear relationship to each category

of flow anomaly using regression analysis.
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Results
Postlarval American shad. The §"C and 8'"°N of postlarval American shad varied
with respect to date, capture location, and size (Fig. 3.2). The 8"C and 8"°N
composition of postlarvae <15 mm TL was relatively enriched (-24 to -28%o and 11 to
12%o, respectively) and postlarvae became increasingly depleted through time,
implying the incorporation of isotopically light C and N. Postlarvae captured closer
to the salt wedge (i.e., strata L and LM; Fig. 3.2) were §"°C enriched‘and 8N
depleted compared to those captured upriver. Postlarvae were increasingly 3"*C
enriched with size from 4 May to 3 June 2003, implying that younger fish were
utilizing isotopically light OM relative to older fish. Differences in 8'°N were not as
consistent, though postlarvae 8°N generally followed a similar enrichment pattern as
8'*C. The May-June period sampled in both years demonstrated a marked contrast:
the postlarvae éaptured in 2004 generally were more homogenous and more depleted
with respect to 8"°C than those captured in 2003. Whereas postlarvae caught late in
2003 were 8"°N depleted relative to those caught early, in 2004, late;captured
postlarvae were 8 °N enriched compared to those caught early.

Two prominent trends in postlarval production were identified in the mixing
model. First, autochthonous OM comprised a relatively small fraction of production
compared to allochthonous sources in May-June 2003 (<40% phytoplankton; Fig.
3.3), whereas the opposite occurred in May-June 2004, particularly after 3 May 2004
(60-90% phytoplankton). Second, the fraction of production contributed by

autochthonous OM increased through time in both 2003 and 2004. In May-June
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2004, chlorophyll @ was low in the Mattaponi River (<8 pg L™'; Hoffman and Bronk
in press), but the increase in the fraction that phytoplankton contributed to fish
production was dramatic, implying that low levels of primary production can readily
translate into tertiary fish production. The pooled average Fpnyto (all size classes
present) was 0.28 on 5 May, 0.56 on 25 May, 0.80 on 1 June and 0.83 on 16 June.
Nearly all size classes were comprised of a mix of allochthonous and
autochthonous OM. Vascular plant-derived OM comprised the greatest fraction of
postlarval production in the oldest fish captured (i.e., larger size classes captured in
early May). Humic-rich sediments, a common OM source in many river systems
(Hedges et al. 1986), generally contributed at least as much as vascular plant-derived
OM. Both these allochthonous sources contribute to Mattaponi River POM, however
there was evidence that during May-June 2003 vascular plant-derived OM dominated
POM and during May-June 2004 humic-rich sediments dominated POM (Hoffman
and Bronk in press).
The estimated trophic level of postlarvae was greater than 2 (Table 3.1),

indicating that the fish’s prey were consuming a mix of particulate OM and

| associated bacteria, microzooplankton, or both. The trophic level of postlarvae and
metamorphic fish was higher in the lower river. This is consistent with a higher
trophic level estimated for mesozooplankton in this portion of the river, which was
likely the result of mesozooplankton either consuming microzooplankton or bacteria

that have incorporated isotopically enriched particulate nitrogen 8'°N, resulting in

8'°N enriched plankton and fish without an associated change in trophic level (Ch. 2).
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The trophic level of postlarvae was lower in 2004 than 2003, indicating that the
largely autochthonous food web operating in 2004 had fewer trophic levels than the
largely allochthonous pathway operating in 2003, consistent with the hypothesis that
particle-attached bacteria, microzooplankton, or both were important to the transfer of
allochthonous OM to the metazoan food web.

Juvenile American shad. Small juveniles (30-40 mm) were §"°C depleted compared

to larger juveniles (40-60 mm), which were depleted compared to the largest
juveniles (Fig. 3.4). As with postlarvae, the §'°N showed similar trends but generally
was more variable th‘an 8"C. The 5"C of all juveniles was increasingly depleted
through the season, implying incorporation of an isotopically light C source. Within
a size class, juveniles captured in the lower freshwater portion of the river (km 65-80)
or near the river mouth (km 52-63) were often §'°C and 8'°N enriched compared to
those upriver. The §"°N difference was greater for fish 60-80 mm than fish 40-60
mm, and these differences are apparent when the 8'>C was not correspondingly
enriched (22 June, 7 July), implying that some of the difference is related to trophic
differences in the lower river food web. Enriched 8'°C in juveniles >40 mm at the
river mouth in July through September may be attributed to estuarine OM influence
because York River POM, largely phytoplankton-derived, is isotopically enriched
compared to sources measured in the fréshwater portion (Hoffman and Bronk in
press); this location was oligohaline after July, and therefore was not modeled due to
the likely influence of more OM sources (i.e., York River POM and salt marsh-

derived OM) than could be resolved by the three-source model.
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In 2003, allochthonous OM generally comprised the largest fraction of
juvenile production (Fig. 3.5), though autochthonous OM comprised an increasingly
large fraction over the season. Small juveniles utilized allochthonous OM more than
large juveniles, indicating that late cohorts of American shad were feeding in a
comparatively more phytoplankton-driven food web. As with postlarvae, humics
comprised a greater fraction of production than vascular plant OM. This greater role
of humics observed in both postlarvae and juveniles reflects their reliance on a mix of
diet items, including calanoid copepods, which rely more on vascular plant OM, and
benthic invertebrates and aquatic insect larvae, which rely more on humic-rich
sediments (Ch. 2).

Recruitment patterns. The number of drought days (daily flow anomaly <0 m’ s™')

from April-June had a significant, negative relationship to the JAI (linear regression:
JAI = 4.12 - 0.036 * Days<, p = 0.03, #* = 0.16) and the number of moderately high
discharge days (0-50 m® ') had a significant, positive relationship to JAI (JAI = 0.77
+ 0.04 * Daysg.s0, p = 0.025, ”=0.17; Fig. 3.6). Of the 30 years analyzed, only
three had more than a week of flow anomalies >50 m® s°', a sample size too small for
further analysis. The average JAI of drought years, which we define as years in
which the flow anomaly was <0 m’ s for’ more than 45 d (half the period), was 1.2 -
(12 yr, SE 0.3), whereas the average JAI of wet years (i.e., those years in which the

flow anomaly was >0 m’ s™' for more than 45 d) was 3.1 (18 yr, SE 0.8).
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Discussion

Here we ideﬁtify allochthonous OM as important to Americanv shad
production whether phytoplankton are abundant or scarce. In contrast, ofher studies
of metazoan food webs in large river-estuary systems show that.phytoplankton fuels
the greater portion of upper trophic level production even though phytoplankton only
contributes a small fraction to the total POM pool (Deegan and Garritt 1997; Chanton
and Lewis 2002; Sobczak et al. 2005). When interpreting stable isotope ratios, both
stable C and N isotope turnover should be considered, as well as potential metabolic
effects. Further, the implications of the variable role of OM_ sources in the early llife
history of American shad should be considered with respect to metazoan food webs
and recruitment dynamics.

Carbon turnover is dependent on growth and metabolism (Hesslein et al.
1993). In rapidly growing fish larvae, growth is the dominant component of turnover
(Herzka and Holt 2000) and metabolism can accelerate turnovér times beyond those
determined by growth alone (Herzka et al. 2001). The enriched 8"°C observed in
small poétlarvae (<20 mm) is attributed to consumption of §"*C enriched
allochthonous OM, however if C turnover was too slow, it is possible that this reflects
the enriched marine 8"°C (ca. -20%o) of the mother that is provided to the larvae
during the yolk-sac stage. Assuming growth dominated turnover, we modeled the
predicted C turnover of larvae and found that by the time they are captured by the

pushnet (ca. 15 mm TL) they should be in isotopic equilibrium with their diet in the
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river, whether their diet is derived from allochthonous or autochthonous OM (Fig.
3.7). It is therefore unlikely that the enriched 8'°C was from remnant marine C.
In our interpretation of the data, we assume that growth dominated turnover.
This has been shown for Mattaponi River juveniles (Ch. 4) but not larvae. The role of
growth in C turnover can be evaluated using a model proposed by Fry and Arnold
(1982): 8°C,=8"C,+ (8°C;- 8"°C) * (W;/ W) °, where §'°C, is the stable isotope
ratio of the animal or tissue at time ¢, §"°C; is the initial stable isotope ratio, 5"*Cyis
the ratio once at equilibrium with the diet, #; and W, represent the initial weight and
weight at time ¢, respectively, and c is the turnover coefficient. The model is readily
applied to evaluating the role of growth because it simplifies to a dilution model (i.e.,
only growth turnover) when ¢ = -1. We fit this model to the 8'°C of postlarvae
captured at km 81-96 on 4 May to 3 June 2003 and 5 May 2004 using least sums-of-
squares (Fig. 3.8), where i corresponded to first feéding fish (W; =1, 8°C = -20.7%o)
and 8" Crwas set equal to the average 8"C of the largest fish, 20-25 mm TL (2003:
8'3C; = -27%o, 2004: 3"°C; = -28%0). These fish were chosen because these time
periods corresponded to periods during which the OM source proportions were
similar (i.e., constant equilibrium value), and the région was chosen because the
postlarvae captured there had the widest range in lengths. In both instances, growth-
only turnover was consistent with the data (2003: ¢ = 1.0 (SE = 0.2), ¥* = 0.65; 2004:
c= 1.0 (SE =0.1), # = 0.96), indicating the assumption that the isotopic composition

reflected the diet was valid.
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Stable isotope composition has been used as a tool to evaluate ontogenetic
niche shifts in young fishes (e.g., Vander Zanden 1998; Herzka and Holt 2000;
Cocheret de la Morini¢re 2003; Murchie and Power 2004). The evidence for such a
shift would be a change in the stable isotope composition consistent with a switch in
prey (e.g., zooplanktonivory to benthivory), coincidental with an ecologically
significant developmental stage (e.g., juvenile metamorphosis, particularly when
feeding is gape-limited), or associated with a niche shift (e.g., switch from pelagic to
inshore habitat). The large shifts in §"°C and 8'°N observed between the postlarval
and juvenile stages might suggest that there was an ontogenetic niche shift in
Mattaponi River American shad, particularly because juveniles have been observed to
prefer larger prey items such as aquatic insect larvae (Massman 1963; Grabe 1996;
Ross et al. 1997). In 2004, the §'°N shift at km 82-96 (Fig. 3.9D) and km 98-111
(Fig. 3.9F) was about 3%o (equivalent to a trophic level). In 2003 and 2004, the §"°C
shifts at these two locations were both about 7% (Figs. 3.9C, 3.9E).

During those periods when the isotopic shift in American shad was observed,

the mesozooplankton prey commonly fed upon by larval American shad, Bosmina

and Eurytemora (Leim 1924; Crecco and Blake 1983), underwent similar 8'°N and
8"C shifts in both magnitude and direction (Ch. 2), reflecting the underlying shift in
the OM sources being utilized. The isotopic compositions of the fish, therefore, were
essentially tracking those of their zooplankton prey, and thus the changes in stable
isotope composition largely reflect differences in OM sources fueling the metazoan

food web and not differences in prey items. When placed in context of the
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zooplankton prey available to young American shad, these niche shifts are small (Fig.
3.10). Atkm 82-96 and km 52-80 (Figs. 3.10A, 3.10B), there was some evidence that
postlarvae may have favored cladocerans and aquatic insects, whereas juveniles may
have favored copepods. The average 8"°C of postlarvae and juveniles, however, were
not significant different and so we do not consider these differences to be ecologically
significant. Both postlarvae (Crecco and Blake 1983) and juveniles (Grabe 1996;
Ross et al. 1997) feed on larval chironomids and other immature aquatic insects.

The same river conditions that influence the OM source utilized by the
metazoan food web may also influence American shad recruitment. From 16 May
and 14 July 2003, river discharge was high (12 to 68 m® s™"), suppressing primary
production (Chl @ < I pg L"), and high concentrations of allochthonous particulate
organic carbon (POC) were measured in the river channel (ca. 1.0 mg L™'; Hoffman
and Bronk in press). At the same time, high densities of Eurytemora (peak 45 L)
and Bosmina (peak 16 L") were observed upriver of the salt wedge (km 67-95) from
4 May to 22 June and 22 June to 21 July, respectively (Ch. 2). In contrast, during
May and June 2004, river discharge was returning to base conditions, POC was lower
(0.7 mg L"), phytoplankton comprised a greater portion of mesozooplankton
production (61 to 72%, Ch. 2), and Eurytemora and Bosmina densities were low,
generally <5 L', Further, in 2003, the York River American shad juvenile abundance
index (JAI) generated from the Virginia Institute of Marine Science (VIMS) striped
bass seine survey was 9.0 (95% confidence interval (CI) 6.7 to 12.1), whereas in 2004

it was 2.1 (95% CI 1.3 to0 3.2).
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Our data are consistent with the hypothesis that high discharge rates both
influence the metazoan foodweb and favor American shad recruitment. High
discharge appears to deliver vascular plant-derived OM to the river channel (Hoffman
and Bronk in press). The vascular plant OM is a more labile OM source than humics,
which are largely refractory (Mann 1998), because it can supply bioavailable
dissolved leachates to consumers during degradation (Sun et al. 1997). These
dissolved organic materials (DOM) potentially can be grazed by upper trophic levels
if the DOM organizes into microparticles (Kerner et al. 2003).

Discharge-mediated supply of allochthonous subsidies to the Mattaponi River
food web may therefore explain the positive relationship between years of above
average discharge and juvenile abundance. The hypothesis is that the allochthonous
subsidies result in increased secondary production in the river; the high zooplankton
abundance is needed in order to provide larvae with sufficient prey. Food density is
an important factor influencing larval success and year-class strength in American
shad (Crecco and Savoy 1987; Limburg 1996). Higher food concentrations result in
significant increases in larval growth (Leach and Houde 1999), which in turn should
result in lower larval mortality due to a decrease in’the larval stage duration (Houde
1997). A suite of factors that are associated with higher discharge, including
zooplankton density, may contribute to high recruitment. For example, York River
American shad spawn when water temperatures are about 15-25° C (Bilkovic et al.
2002); thus, spawning, was likely prolonged during 2003 due to the long period of

cool river temperatures, potentially resulting in higher egg abundance. The average
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daily surface temperature at km 98 rose above 25° C on 15 June in 2003 and on 13
May in 2004.

In both the Hudson and Connecticut rivers, a negative relationship between
discharge and American shad recruitment success is found (Limburg 1996, Crecco
and Savoy 1987b), and in the adjacent Pamunkey River, few juveniles are captured
that would have hatched during periods of high discharge (Hoffman and Olney 2005).
Within the York River estuary, consistent discharge-recruit relationships for both the
Pamunkey and Mattaponi Rivers remain elusive (Bilkovic et al. 2002). Considering
the hydrologic complexity of tidal freshwater systems, the geomorphological
differences between Atlantic coast tributaries, and the prolonged spawning period of
American shad, recruitment patterns likely vary with respect to discharge magnitude,
duration, and timing with respect to life-history stage, as well as the river’s response
to precipitation events, particularly urbanized systems. In this regard, future research
aimed at characterizing discharge events with respect to recruitment patterns is
needed.

In this study, the application of stable isotopes provided the means to connect
changes in ecosystem-level changes in food web dynamics to YOY American shad
production. The most prominent hypotheses regarding factors that might inﬂuehce
the relative role of allochthonous OM in lotic food webs is the River Continuum
Concept (Vannote et al. 1980), in which the authors argued that large rivers should be
net heterotrophic, metabolically relying on allochthonous OM, but could also support

a pelagic food web fueled by autochthonous production due to their semi-lentic
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nature. In our study, we used stable isotope mixing models to determine that
postlarval and juvenile American shad were utilizing both allochthonous and
autochthonous OM. Further, the difference in OM source utilization was not related
to a specialized diet (e.g., pelagic vs. benthic), but rather the result of large-scale
changes in primary production related to dischargé events. The consequence was a
heterogeneous food web, in both space and time, with respect to OM sources
supporting fish production. Presumably, other sympatric anadromous species were
affected by these dynamics (i.e., striped bass, white perch, blueback herring, alewife,
and hickory shad). Considering that these fishes often differ in diet and location
within the river (Crecco and Blake 1983; Grabe 1996; Limburg et al. 1999), further
studies may elucidate how these energy sources are partitioned among these

anadromous fishes.
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Table 3.1. Trophic level of young American shad by region (fresh water only),
sampling season (Year), and size class (total length range) determined by
fitting the fish §"°C and "N to the three-source mixing model. The mid-
point, the value used in the model output given in Figs. 3.3 and 3.5, as
well as the lower and upper bounds (parentheses) are shown. “U” is the
upriver stratum (km 98-109), “UM?” is the upper mid-river stratum (km
82-96), and “LM” is the lower mid-river stratum (km 65-80).

Total length (mm)
Region Year <15 15-20 20-25 25-30 30-40 40-60 60-80
U 2003 25 27 2.5 27 29 2.8
2.0-29) (23-3.1)) (2327 (2529 (2.7-3.0) (2.6-3.0)
UM 2003 3.0 2.6 25 24 .25 2.3 24
(2.6-3.3) (24-2.8) (2.0-29) (2.2-2.5) (23-26) (2.0-2.6) (2.0-2.8)
LM 2003 26 23 22 22 23 2.5

(2.4-27) (2.0-2.6) (2.0-24) (2.0-24) (2.0-2.6) (2.0-2.9

U 2004 2.1 2.3
(2.0-22) (2.0-2.5)

UM 2004 22 22 2.1 2.0
(2.0-23) (2.0-2.3) (2.0-2.1) (2.0-2.0)

LM 2004 23 2.0 2.0 2.0

(2.02.5) (2.0-2.0) (2.0-2.0) (2.0-2.0)
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Chesapeake Bay. River km 0 is the York River mouth.
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Figure 3.2. The average and 95% confidence-interval (CI) of postlarvae American
shad 8"°C and 8"°N shown by capture date, location (“U” is the upriver
stratum, km 98-109; “UM?” is the upper mid-river stratum, km 82-96;
“LM” is the lower mid-river stratum, km 65-80; “L” is the lower river
stratum, km 52-63), and size (total length). When possible, ten fish were
sampled per size-class, date, and region. When no CI is shown, only one
fish was sampled.
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Figure 3.3. Seasonal variation in the fraction (F, i.e., Fpymic, Fvp, Fpnyto) Of
allochthonous (humic-rich sediments, vascular plants) and autochthonous
(phytoplankton) OM sources contributing to the production of postlarval
American shad based on the three-source mixing model. Error bars
represent =1 standard deviation of F based on the isotopic variation in the
OM sources (Phillips and Gregg 2001). F values were estimated using the
mid-point of the upper and lower bounds for the trophic level (see Table
3.1 for values).
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~ larvae, p<0.0001, *=0.94; data met assumptions of normality
(Kolmogorov-Smirnov test, p=0.05) and homogeneity of variance

to 20 days post first-feeding, assuming a diet derived from either
allochthonous OM (8"°C £ =26%o0) or autochthonous OM &"C £ =32%o).

We assumed typical larval stage-specific, weight-specific growth rates (k;

Houde 1997) and §"*C turnover was modeled assuming somatic growth
was the primary determinant of the tissue 8'°C: 8BC = 8'3C/+ 6°C; -
5" Cp* e"“, where 5" Cris the composition of the food and ¢ is time in

days (Hesslein et al. 1992). The initial value (8'"°C;) was -20.7%o, which

was measured from hatchery-reared, yolk-sac stage larvae, 9 mm total

length (n=10, J. Hoffman, unpublished data). Total length (TL, mm) was

estimated from the weight-length relationship for Mattaponi River

American shad larvae, TL = 43.01*W %2%¥ (non-linear regression: n=139

(Levene’s test, p=0.9)).
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Figure 3.8. Carbon stable isotope turnover of American shad postlarvae (<30 mm TL)
captured at km 81-96 on 4 May to 3 June 2003 and 5 May 2004. Data
were fit using Fry and Arnold’s (1982) turnover model (line): §"°C,= 5"C,
+(8"C;- 8"°Cy) * (W;/ W,)°. The estimated parameters for 2003 were
8"3C,=-27.0 (SE 0.3), 8°C; = -20.3 (SE 0.8), and ¢ = -1.0 (SE 0.2); for
2004, they were 5'°C,= -28.0 (SE 0.2), 8"°C;=-20.7 (SE 0.4), and ¢ =-1.0
(SE 0.1). In both cases, data met assumptions of normality (Kolmogorov-
Smirnov goodness-of-fit test) and homogeneity of variance (Levene
Median test).
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Figure 3.10. Average stable carbon 8" C) and nitrogen (8" N) isotope compositions
of postlarval and juvenile American shad, adjusted for trophic
fractionation (+0.9%o 8"C, +3.4%o 5'°N), and zooplankton and
neustonic invertebrates from the Mattaponi River, 2003. Error bars
represent the 95% confidence interval, estimated by pooling the average
8'3C and 8"°N of fish (postlarvae: <30 mm TL) and invertebrates (Ch. 2)
estimated for each sampling date and stratum.
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Using stable isotopes to quantify habitat-specific residence times:

spatial segregation in young American shad

169

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170

Abstract

We used a stable isotope turnover model to estimate the time that is required
for an animal to arrive at isotopic equilibrium with a new habitat or diet (tequii). The
model predicts the time an animal has spent in a habitat or niche if both the difference
in stable isotope signature between habitats (or diets) and the rate of change of the
animal’s isotopic composition are known. The t.q is estimated by modeling the
isotopic composition through time to determine the day at which the animal’s
composition is not significantly different from its new habitat (or diet). We found
that animals with low turnover rates (i.e., 0.001 d'') require more than 2 yr to reach
isotopic equilibrium and that their tequi is highly sensitive to the model parameters,
implying that movement studies of these animals will be difficult. Further, we
recommend investigators obtain robust stable isotope distributions of the study
organism because tequil is sensitive to the model’s statistical power. We used both
stable carbon (8'°C) and sulfur isotopes (5**S) to estimate the tequit Of juvenile
American shad (4/osa sapidissima), an anadromous clupeid, by simulating their
migration from the freshwater nursery habitat to sea. The model predicts that
juveniles reside in regions of the river (ca. 10 river km) for weeks to months (tequi
17-71 d) and in the estuary for months (tequii 33-66 d), likely leaving fresh water in
November and December, demonstrating that juvenile American shad use their

nursery habitat heterogeneously.
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Introduction

The fractionation of stable isotopes has proven to be a useful measure for
delineating trophic relationships in complex food webs (Peterson et al. 1985, Peterson
and Fry 1987). For example, carbon stable isotope ratios of consumers tend closely
to resemble their prey (DeNiro and Epstein 1978, Fry and Sherr 1984, Post 2002).
Stable isotopes therefore offer the potential to track changes in habitat when (1)
movement is related to major ontogenetic niche (diet) shifts, or (2) the habitats of
interest possess distinct biogeochemical properties, such as a switch from fresh to
marine waters.

Stable isotopes have been applied widely in both terrestrial and aquatic
ecosystems to document movement patterns in a variety of animals (for review, see
Hobson 1999). This is possible when the rate of movement between habitats is faster
than the rate of change of the isotope composition in the tissue of the animal. Thus,
the organism arrives at the new habitat with an isotopic composition that is indicative
of its previous habitat. Upon settling in the new habitat, the organism will eventually
come into equilibrium with the isotopic composition representative of that habitat.

The ability to quantify the timing of these diet shifts or movements is
dependent on the turnover rate of the stable isotopes in the animal tissue being
analyzed (Tieszen et al. 1983, Hobson and Clark 1992). The turnover rate, in turn, is
dependent on growth and metabolism. Growth turnover occurs as new tissue is
added, diluting the pool of older tissue derived from the previous diet. Metabolic

turnover occurs as older tissue is broken down (catabolism) and new tissue is
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synthesized (anabolism). In both slowly and rapidly growing animals, growth can
dominate turnover (Fry and Arnold 1982, Hesslein et al. 1993, Herzka and Holt 2000,
MacAvoy et ai. 2001) and metabolism can accelerate the turnover rate beyond that
exerted by growth alone (Frazer et al. 1997, Vander Zanden et al. 1998, Herzka et al.
2001).

Two different models commonly are used to model turnover rates. Fry and
Arnold (1982) proposed that a power model should be used to model turnover.

R=Ri+(Ri-R)* (W;/ W) ° M
In the model, R, is the stable isotope ratio (e.g., 5'*C) of the animal or tissue at time ¢,
R; is the initial stable isotope ratio, Ryis the stable isotope ratio at equilibrium, /; and
W, represent the initial weight and weight at time ¢, respectively, and ¢ is the turnover
coefficient. The advantage of this model is that it simplifies to a dilution model (i.e.,
only growth turnover) when ¢ = -1. The model can be used to date ecologically
significant events that are associated with changes in stable isotope ratio by back-
extrapolation of ; and the subsequent application of growth rates (Fry and Arnold
1982). Herzka et al. (2001) applied this method to estimate age of settlement of red
drum (Sciaenops ocellatus).

Hesslein et al. (1993) developed an exponential model with explicit terms for
a specific growth rate (k, where k = In(W,/W})/t) and a metabolic rate (m).

R,=.Rf+ (Ri-Ry* ™ m? )
In this formulation, i indicates the condition at t = 0, ¢ the time duration after i, and f

the equilibrium condition. The advantage of this model is that m can be estimated
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using a curve-fitting procedure if £ is known. Additionally, if Rrand R;are known
(e.g., for two habitats with different isotopic distributions), then the equation can be
solved for the time it would theoretically require for the population in the first habitat
to resemble that in the second upon movement into the second habitat. The time

- required for the animal to arrive at equilibrium with the second habitat, teqyi, however,
is infinite because the model assumes exponential growth with an asymptote at R,
(Fig. 4.1a). One method of estimating the time to reach equilibrium is to calculate the
isotopic turnover “half-life”, that is, the time required to reach one-half the difference
between the initial and final isotopic composition (Fig. 4;1a). This measure,
however, does not provide much ecological information.

Alternatively, we propose a statistical approach that can be used to estimate
the time required to reach isotopic equilibrium with respect to Ry (i.€, tequir). The tequil
represents a) the minimum residence time in a new habitat required to reach
equilibrium, and b) the period when it is possible to estimate the time at which the
population arrived in the new habitat. If Ryand R;are variables with some mean and
standard deviation, then teqi is defined as the time at which the distribution of R, is
not significantly different than the distribution of R, at some probability level (e.g.,

a = 0.05). This model simply requires an isotopic gradient to exist between the two

habitats of interest and assumes that the populations from which R; and R, are derived
are representative of the respective equilibrium conditions. The validity of this
assumption can be evaluated by plotting the distribution of R, against the change in

mass (W,/ Wy).
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The objectives of this study are to demonstrate that teq,; can be calculated by
incorporating statistical properties into Hesslein et al.’s (1993) formulation of the
turnover rate model and to apply the modified model to a wild population of
migratory fish. A sensitivity analysis of the modified model was performed by
calculating the time to equilibrium for different variables (i.e., R;, R;, k + m), as well
as different population parameters (i.e., number of fish sampled (n), standard
deviation (SD) of R;and Ry). An individual-based turnover rate model was applied to
migratory juvenile American shad (4/osa sapidissima), an anadromous clupeid, to
calculate the residence time in specific habitats during their migration from tidal

freshwater habitats in the upper York River estuary, Virginia, to Chesapeake Bay.

Materials and Methods
Model development. Hesslein et al.’s (1993) formulation of the turnover rate model

was modified to allow for variation in stable isotope composition within a population.

E, =-1-éf +(§i _Ef)*e—(km)z 3)

If R, is the mean stable isotope composition of a population once it is at equilibrium

with the new habitat (or diet) and R, is the mean of a population at equilibrium with
the previous habitat (or diet), then the model describes the isotopic composition at
time ¢ as the population approaches equilibrium with the new habitat. Of course, R,
R; and Ryeach have an associated underlying distribution. An appropriate statistical

test, therefore, can be applied to the respective distributions of R, and R, to determine
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the time at which the recently arrived bopulation will be in equilibrium with its new
habitat (i.e., Ho: R, = Rrat o= 0.05; Matlab 7.0.1, see Appendix for code).
For example, simulating the migration of a juvenile anadromous fish from

fresh water with a 8'°C representative of terrestrially-derived matter (R;= -28%o,

SD = 1.0) to a marine habitat (‘iéf =-20%o, SD = 1.0), with k + m = 0.05 d”', the
model predicts that it would take approximately 56 d (2 months) for the fish to arrive
at equilibrium (Fig. 4.1b). Similarly, if a juvenile with 81C = -26%o was captured in
the marine habitat, the model predicts that the fish arrived in the marine habitat about
10 days prior to capture.

For the sensitivity analysis, the 8'°C turnover was simulated using a normal

distribution to represent R; and Rf(Ei = -30%0). The Kolmogorov-Smirnov (K-S) test
was applied to R, and Ryat each daily time step. To test the model’s sensitivity, tequi,
defined as the first day when the K-S test yielded a p-value greater than 0.05, was
obtained under four isotopic gradients (AR =|Rs- R). AR =5, 2, 1, 0.5), five (k + m)
values (k + m = 0.2, 0.1, 0.05, 0.01, 0.001), two standard deviations (SD = 1.0, 0.5),
and two sample sizes (n =10, 100). In all trials, both R; and R, were assumed to have
the same SD and n. In order to apply the model to a wild population of migratory
animals, the 8"°C of juvenile American shad was measufed while the fish were
residing in the freshwater nursery grounds of the York River, Virginia and while they
were migrating to the coastal ocean. The York River, a brackish, coastal tributary

located in the southern end of Chesapeake Bay, is formed at West Point, Virginia, by
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the confluence of the Mattaponi and Pamunkey rivers, both of which are almost
entirely fresh. American shad hatch from March through July in the freshwater
portions of the Mattaponi and Pamunkey rivers and begin their migration to the sea
the following November via the York River (Bilkovic et al. 2002, Hoffman and
Olney 2005).
Field sampling. During 2002, juvenile American shad were sampled in the tidal fresh
water of the Mattaponi River. Juveniles were volumetrically sampled weekly from
May through July using a 1.5 m x 1.5 m bow-mounted push net (5.2 m-long net,
1.27 cm stretch mesh cod end; Wilhite et al. 2003). Surveys began at the uppermost
end of the nursery zone (river km 109; the mouth of Mattaponi River is at km 52 and
the mouth of York River is at km 0), proceeded down-river, and ended when
collections no longer yielded juvenile shad and herring (4/osa spp.), normally just
below the incursion of salt water about 20 km above West Point. Twelve stations
were randomly chosen and sampled on each cruise. The fish were stored on ice and
returned to the laboratory where they were enumerated, measured (=1 mm total
length [TL]), and frozen. Weight (W) was estimated based on the TL-W relationship
(Hoffman and Olney 2005). |

Additionally, juvenile American shad were captured in the York River
(km 0-52) in November 2002 to March 2003 by the VIMS Juvenile Fish and Blue
Crab Trawl Survey (9.1 m semiballoon otter trawl, 6.34 mm mesh cod end).

Juveniles were stored on ice in the field and then frozen upon arrival at the laboratory.
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Carbon stable isotope analysis. American shad were frozen until sampling for 8"°C
because freezing has negligible effects on 3"*C (Bosley and Wainright 1999). We
analyzed fish from every other sample (i.e., bi-weekly) because we anticipated that
this period was about half the time necessary for juveniles to reach isotopic
equilibrium based on previously published growth rates (Hoffman and Olney 2005).
American shad captured in the Mattaponi River were sorted into various size-classes
(<40 mm, 40-59.9 mm, 60-79.9 mm, >80 mm total length (TL)), regions (km 104-
109, km 95-100 and km 74-87) and sampling dates; regions were chosen based on
river geomorphology and salinity. Fish from each region and date werev sub-sampled
for stable isotope analysis by randomly selecting ten fish (depending on availability)
of each size class. If less than ten fish were available, all juveniles were sampled. All
American shad captured in the York River were sampled for stable isotope analysis.
Fish selected for stable isotope analysis were measured (=1 mm TL), weighed
(0.01 g), and thoroughly rinsed in deionoized (DI) water. For each fish,
approximately 1 mg (dry mass) of dorsal muscle tissue was extracted, rinsed with
10% HCIl to remove carbonates (American shad have intermuscular bones that are
difficult to remove), thoroughly rinsed with DI water, and dried (45° C for 24 hours).
Tissue samples were combusted with an ANCA GSL gas purification module and
elemental analyzer and then analyzed with a Europa Hydra 20-20 isotope ratio mass
spectrometer (University of California-Davis Stable Isotope Facility). Stable isotope
ratios were calculated as 8X: 86X = ('3 C: ‘ZCsamp|e/ Be. 2Cqandard — 1)x 10° , where X is

the stable isotope of carbon (C) and the standard is Pee Dee Belemnite. The
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analytical error between replicate standards was 0.04%o. The variability between
randomly assigned replicate tissue samﬁles was 0.10%o. Samples were not corrected
for lipid content (lipids are 8"*C depleted relative to carbohydrates and proteins
(DeNiro and Epstein 1977)) because the atomic C:N was low and similar among
Mattaponi River regions (average 3.5; one-way ANOVA between regions, p = 0.5),
indicative of low lipid content (McConnaughey and Roy 1979).

Model application. We applied an individual-based model to the 8"°C data to predict
the minimum residence time required for a juvenile American shad to equilibrate to
the habitat immediately downstream (tequit). In essence, tequi is an estimate of the
downstream migration rate that is consistent with the observed isotopic gradient from
the upper tidal fresh water to the estuary. In this application, R; is the observed 8'*C
value of a single fish in its present habitat and R, is the mean 8'°C value obtained
upon moving to the adjacent downstream habitat. Downstream movement was
simulated for juveniles captured at Mattaponi River km 104-109 (to km 95-100),

km 95-100 (to km 74-87), and km 74-87 (to the upper York River, km 19-52).

The overall mean and SD of Ry for a respective downstream region (i.e.,

R/ 95.100, R774-37, and Ry 19-52) was calculated using only juveniles >40 mm TL

captured within that region. Only individuals >40 mm TL were used for two reasons:
first, it is the size at which juveniles fully recruit to the push net gear (Hoffman and
Olney 2005), and second, this.is the earliest size at which migration from the nursery
zone has been documented (Limburg 1996). In total, 1240 juvenile American shad

>40 mm TL were captured in the Mattaponi River. The overall mean Rrand SD of a
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region was estimated by weighting 8" °C using the region-specific catch composition
because juveniles were randomly sub-sampled by capture date and length-class within
each region.

We used a Monte-Carlo approach to model isotopic turnover. For a single
fish, the model was repeated 100 times using randomly selected Ry values chosen
from a normal distribution with the region-specific mean and SD (Table 4.1). At each
5-d time step, a K-S test was used to determine if R; = Ryat o= 0.05, where R, is the
frequency distribution of likely 8'C values for a juvenile at time 7 and Ry is the
frequency distribution of the 100 randomly selected Ry values. As before, tequii Was
defined as the first day when p >0.05. We assumed that juvenile migration was
unidirectional and that no mortality occurred during downstream migration.

We made two assumptions about juvenile growth: first, that growth was
constant (k= 0.05 d""), and, second, that growth could account entirely for isotopic
turnover (i.e., m = 0). The first assumption is consistent with a growth variability
stﬁdy of juvenile American shad from the adjacent Pamunkey River (Hoffman and
Olney 2005). The second assumption was tested using Fry and Arnold’s model
(1982; Eq. 1; W;=0.1 g, the wet weight at metamorphosis), which was applied over a
period during which a notable 5"*C depletion (ca. -6%o) was observed. The model
was fit using nonlinear regression (S-Plus 2000) tokthe 8'°C of juveniles captured in
the upriver habitat (km 104-109). Juveniles with W,/ W; <25 were used, which

included fish captured from 27 May to 15 July, or from metamorphosis (ca. 25 mm

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



180

TL) to ca. 65 mm TL. This analysis required the assumption that there was no
emigration or immigration.

Comparison between stable isotopes. After we completed the turnover model using
8"3C data, we wanted to compare the model results with those from a turnover model
that used 5**S data. These stable isotopes were chosen because a) trophic
fractionation is small for both C and S (Peterson and Fry 1987, Hesslein et al. 1991),
and b) both C and S have been used as a marine tracer (e.g., Hesslein et al. 1991,
MacAvoy et al. 2001).

We analyzed an additional sample of American shad for both §**S and §"°C in
order to directly compare model results between the two stable isotopes. Only
juveniles collected on 30 June 2002 in the Mattaponi River and 13 January 2003 in
the York River were analyzed because 5**S is substantially more costly than §"C to
analyze. American shad were frozen until sampling for 5**S and §"°C. We randomly
selected teh fish from various stations (Mattaponi River: km 104, km 96 and 102, km
85 and 89, and km 74 and 78; York River: km 13). Adjacent stations were combined
when necessary in order to obtain ten fish, though only seven were available from
km 74 and 78. Neither 8"°C nor &**S were significantly different between pooled
stations (t-test, a. = 0.05).

As noted above, stable isotope analysis was performed on dorsal muscle tissue
that was removed, rinsed with 10% HCI, rinsed with DI water, homogenized, and
divided for separate analyses (8°C: University of California-Davis Stable Isotope

Facility; 8°*S: Colorado Plateau Stable Isotope Laboratory, Northern Arizona
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University). The 5**S samples were analyzed with a Carlo Erba NC2100 Elemental
Analyzer and Finnegan DELTA-plus Advantage continuous-flow mass spectrometer.
Sulfur values are reported using the Canyon Diablo Trilobite standard. The analytical
precision was 0.20%e.

The application of the model to the 8"°C and 8**S data was similar to the
original model except that it used a different spatial grid. The tequi Was estimated

simulating downstream movement of juveniles from km 104 (to km 96-102), km 96-

102 (to km 85-89), km 85-89 (to km 74-78), and km 74-78 (to the lower York River,

km 13). Accordingly, we estimated new Ry means and associated SDs (i.e., R £ 96-102

Ry 8589, Ry 7478, and Ry 13).

Results
Sensitivity Analysis. For a given turnover rate (i.e., k + m), tequii approximately
doubles by increasing the power of the K-S test (i.e., 0.5 SD and n’; Fig. 4.2). For
example, at the fastest turnover rate (K +m = 0.2) and AR = §, the tequir €stimated with
the lowest statistical power (n= 10, SD = 1) is about 10 d, whereas it increases to
about 15 d by increasing the sample size (n = 100, SD = 1) or decreasing the SD
(n=10, SD =0.5). It increases to 18 d by increasing the sample size and decreasing
the SD (n = 100, SD = 0.5). Similérly, at the slowest turnover rate (k + m = 0.001)
and AR = 5, tequil increases from about 1861 d (n=10,SD=1.0)t02370d (n=10,

SD =0.5) to 2882 d (n = 100, SD = 1.0) to 3550 d (n = 100, SD = 0.5).
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Absolute differences in teqy; between various AR are much greater at low
turnover rates than rapid ones (Fig. 4.2). For example, at a rapid turnover rate (k + m
= (.2) and low power (n = 10, SD = 1.0), tequil ranges from 3 to 10 d for AR of 5 to
0.5, respectively. For the same conditions at a low turnover rate (k + m = 0.001), tequi
ranges from 740 d to 1861 d for Ad of 5 t0 0.5, respéctively.

Field application. Juveniles captured in the lower Mattaponi River were slightly
larger and heavier than those captured upriver, consistent with downstream
movement of the population, and juveniles captured in the York River in January
were considerably larger than those captured in the Mattaponi River (Table 4.1). The
813C was increasingly enriched in fish captured further downriver in the Mattaponi
River (Table 4.1). The 8"°C of American shad in the York River was more enriched
and more variable compared to juveniles in the Mattaponi River.

The 8"C of individual American shad varied with respect to habitat and date

(Fig. 4.3). The R £ 9s.100 and R 7 74-87 was closest to the isotopic composition of fish
captured from 17 June to 15 July because this was when catch-per-unit-effort of
juveniles >40 mm TL was highest (95% total catch). The 8'*C composition from 17
June to 15 July did not change with respect to growth (W,/ W;) at either km 95-100
(linear regression; p = 0.2) or km 74-87 (p = 0.1), or at York River km 19-52 (p =
0.3), indicating that the R reasonably represented a constant equilibrium condition for

juveniles in those regions.
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In order to account for the observed 8'°C distribution in the Mattaponi and
York rivers, juveniles would have to reside in each of the respective regions of the
river for 30-60 d (Table 4.1). The estimates 6f tequil Varied with respect to size-class,
region, and date (Table 4.2). The time to equilibrium was highest for juveniles
moving from km 95-100 into km 74-87 because of the large isotopic gradient
befween regions (mean AR = 3.5%o) and relatively small variation among individuals
within each region (SD = 0.5). The time to equilibrium was least for juveniles
moving from km 104-109 to km 95-100 due to the small isotopic gradient between
these two regions (ca. 1%o).

The rate of turnover was consistent with growth dominated turnover (Fig.
4.4), The turnover coefficient (c) was -0.7 (standard error (SE) = 0.4), which is not
significantly different from -1.0 (i.e., dilution only). The variable 8"*C for fish with
W,/W; < 5 contributed to the high SE of the turnover coefficient. A turnover model
with the same estimates for R; and Rrand given ¢ = -1 yielded a realistic fit to the
data.
Stable isotope comparison. The two stable isotopes traced proximity to marine
habitat similarly (Fig. 4.5); for both "°C and 8**S, juveniles were increasingly
enriched towards the estuarine end-member (Table 4.3). Accordingly, the "°C and
5°*S data resulted in similar estimates of tequil (Table 4.4). The estimates of the
average tequii Were within 5 d of one another; no (_:onsistent bias in either estimate was
observed. The greatest discrepancy between the two models was in the simulation of

migration from km 85-89 to km 74-78. The maximum teq,; estimated using 8"3C was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



184

higher than that using 8**S due to 3 fish (of 10 sampled) that had relatively depleted

8'3C (ca. -28%o to0 -30%o) and enriched 8**S (ca. 1%o to 4%o).

Discussion

Turnover rate model. The sensitivity analysis indicates that investigators should be
cautious when using a small sample size or when the natural variability in stable
isotope composition is high. As a result of the model’s statistical properties,
increasing the power of the K-S test, either by reducing the SD or increasing the
sample size, can result in biologically meaningful differences in the time to
equilibrium. This is particularly true at low turnover rates. When only a few samples
are available (e.g., 3-10), as is common in stable isotope studies, using a Monte-Carlo
approach (i.e., our model application to American shad) can increase the power of the
analysis so that tequi is not underestimated.

Ecological studies that utilize isotopic turnover will likely be difficult, if not
impractical, for organisfns with slow growth and metabolism (k + m <0.001 d™').
This is because at the lowest turnover rate, the time to isotopic equilibrium was on the
order of 1000 d (>2 yr), even for very small isotopic gradients (i.e., 0.5%o). Further, at
low turnover rates, small changes in the estimate of Ry or R; will lead to large
differences in tequii. In contrast, this type of study should be feasible for organisms
with fast growth, metabolism or both, particularly for combined rates of greater than
0.05 d!, because these organisms will arrive at equilibrium within 100 d and are less

sensitive (in absolute terms) to changes in the isotopic gradient (AR). Additional

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



185

- problems using muscle tissue may occur where a seasonal bias is present (Perga and
Gerdeaux 2005).
Model application to juvenile American shad. We assumed that the population could
be modeled using growth-dominated turnover, which was supported by field data. It
was possible to estimate the turnover coefficient (¢) of a subset of juveniles because
there was a shift in the 8"°C during the early juvenile stage. This shift was likely due
to an increased contribution from phytoplankton to the food web during summer. In
the Mattaponi River, phytoplankton produced in situ are isotopically light
(8"C < -30%o) compared to allochthonous, terrestrially-derived matter (-26%o to
-28%o; Hoffman and Bronk in press). While movement of individuals between
habitats could confound the analysis, the effect would be small because of the small
isotopic gradient (ca. 1%o) between fish at km 104-109 and those at km 96-100. In
this study, we estimated R, from larger juveniles that had a constant isotopic
composition, however, the example demonstrates the importance of accounting for
both spatial and temporal variation in isotopic composition.

The growth rate used in the turnover model, 0.05 d”', is applicable to juveniles

40-80 mm TL, but is likely an overestimate for larger juveniles because growth
during year-one is asymptotic, slowing at around 80-100 mm TL (Crecco et al. 1983,
Limburg 1996). The average size of estuarine juveniles used in this study was about
100 mm TL, therefore tequi probably is underestimated in the simulation of migration
from the Mattaponi River to the York River. Some growth-turnover must have

occurred between the summer and winter sampling because the average weight of
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juveniles increased by a factor of four over the period corresponding to the migration
from the river (Table 4.1). The tequi could be under-estimated by as much as 40 d if
the growth rate fell to 0.02 d!' and metabolic turnover was relatively low (Fig. 4.2).

In general, the role of metabolism will be difficult to assess in wild
populations due to variation in individual growth and metabolism, as well as variation
in diet within a habitat. As growth slows, the contribution of maintenance
metabolism to isotopic turnover should increase, which is the premise behind

turnover studies of adult animals. Although the 8"°C of juveniles captured throughout

the upper York River estuary was similar, the 8"°C of juveniles was more enriched in
January (mean -22.7%o, SE 0.4%0) than in November (mean -24.9%o, SE 0.5%o; Fig.
4.6). The data therefore suggest that metabolism likely was important to turnover in
winter months.

Metabolic processes remain relatively unexplored with respect to stable
isotope fractionation. Laboratory studies have shown that different tissues are subject
to varying turnover rates (Tieszen et al. 1983), however assessing the relative
contribution By growth and metabolism to isotopic turnover, especially in field
studies, reméins extremely difficult. As others have argued (Gannes et al. 1997,
Hobson 1999), more experimental work is needed. The contribution of metabolism
could be indirectly measured in a field experiment in which diréct estimates of
growth, and possibly even the change in an individual’s isotopic composition, are
obtained, perhaps by mixing conventional tagging with stable isotope studies, if

possible, or using cage-experiments in the field (e.g., Herzka et al. 2001).
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Migratory behavior of American shad. Most juveniles captured in the York River
estuary had an isotopic composition similar to the estuary (8"°C = -20 to -25%o;

Fig. 4.3), indicating that they were at or approaching isotopic equilibrium with the
new habitat. It is likely, therefore, that these fish spent weeks to months (depending

*

on the AR and turnover rate) in the York River estuary during the winter before
migrating to coastal habitats. Using either 8°C or 8**S data, the turnover model
indicated that American shad captured in the upper York River in early January 2003
would have had to enter the brackish York River no later than early December or late
November 2002. The result is consistent with twenty-years of trawl data from the
York River system that indicate juvenile American shad remain within freshwater
habitats until November before migrating out during the winter months (Hoffman and
Olney 2005).

The similarity in 8'°C among sites within the upper York River suggests the
estuary is a single, homogenous habitat for migratory fish. In contrast, the distinct
8"C between regions within the nursery zone, combined with the stable isotope
turnover model results, indicate that the fish remain in small-scale habitats (5-10 km)
for a month or longer. Previous research had found that juveniles are habitat
generalists and use all available habitats within a river (Ross et al. 1997); this is the
first time spatial segregation within an American shad population has been noted.

American shad have been the focus of conservation efforts along the Atlantic
coast of North America due to a widespread decline in the population caused by

pollution, dam construction, and over-fishing (ASFMC 1999). The results of this
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study suggest that habitat restoration efforts on the spatial scale of 5-10 km (i.e., a
river reach) would be well-matched to the scale of habitat use by American shad in
the York River system. | In contrast, active downstream migration, as well as earlier
entry into brackish water, has been documented in juvenile American shad in the
Hudson River (Limburg 1996). The York River is a relatively short, coastal plain
tributary; further research may reveal patterns in movement and habitat use among
Atlantic coast tributaries.

These findings are relevant to the population dynamics of young-of-year
American shad. A residence time of weeks to months is a sufficient period for habitat
differences to influence the population demographics because larval and juvenile
American shad have high mortality and growth rates (Crecco et al. 1983, Houde
1997). These vital rates, in turn, may influence the migratory behavior of American
shad because migration may be size-, hence growth-, dependent (Limburg 1996).
Additionally, population restructuring, caused by a high mortality rate relative to the
growth rate, can occur during both the juvenile stage (Hoffman and Olney 2005) and
the migration to sea (Limburg 2001). Utilizing techniques that characterize habitat
use are important for future research on early life-stages, particularly because the
causes for population bottlenecks or restructuring may be revealed at the spatial

scales experienced by American shad.
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Table 4.1. Characteristics of juvenile American shad, including mean total length
(TL), mean weight (W), overall mean 3"°C (equivalent to Ry, i.e., the

8C of km 95-100 is equal to R 7 95-100, and so forth) and mean residence

time to arrive at isotopic equilibrium with the adjacent downstream habitat
(tequit)- Standard deviations are enclosed.

River Region n TL(mm) W(g) sBc/R ;o tequi (d)
Mattaponi  km 104-109 28 48.5 1.41 -31.3(0.6) 35.3(3.6)
Mattaponi  km 95-100 54 52.2 1.78 -30.4(0.6) 59.0(4.5)
Mattaponi  km 74-87 29 547 206 -26.9(0.5 414Q1.7)
York km 19-52 14 102.2 8.05 -22.7(1.8) -
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Table 4.2. Variation in the mean, minimum (min) and maximum (max) tequii (d)
estimated in two simulated migrations within the Mattaponi River (km 53-
109) and one into the York River (km 0-52) using the 8*C of American
shad (two size classes). The number of individual fish (n) simulated is
indicated. '
Simulation (km) 104-109 to 95-100 95-100 to 74-87 74-87 to 19-52
Size Class (mm) 40-59 60-79 40-59 60-79 40-59 60-79
27-May Mean 45 - 40 - 42 -
Min 39 - 30 - 32 -
Max 49 - 45 - 48 .
n 3 - 6 - 4 -
17-Jun Mean 27 - 55 50 38 36
Min 17 - 46 32 28 -
Max 33 - 66 59 43 -
n 3 - 10 8 6 1
30-Jun Mean 36 25 59 62 41 43
Min 29 15 54 58 36 35
Max 4] 46 64 67 45 49
n 4 5 10 6 3 10
15-Jul Mean 39 33 68 60 - 40
Min 35 18 63 43 - 34
Max 42 45 71 67 - 43
n 5 5 4 10 - 4
21-Jul Mean 30 36 - - - 45
Min 30 - - - - -
Max 30 - - - - -
n 2 1 - - - 1
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Table 4.3. Mean total length (TL), weight (W), and 8C and 5*'S (equivalent to R I

i.e., 83C and 8**S of km 96,102 is equal to R 7 96-102 and so forth) of

juvenile American shad captured in the Mattaponi (30 June 2002) and
York rivers (13 January 2003). Standard deviations are enclosed.

River Location TL (mm) W (g) 8°C/ R, &S/ R,
Mattaponi  km 104 493(52) 1.1(04) -318(0.3) -52(0.7)
Mattaponi ~ km 96,102 51.3(5.1) 13(0.3) -314(03) -42(1.4)
Mattaponi km 85, 89 57.1(24) 1.6(0.2) -30.2(1.0) 0.1(2.3)
Mattaponi  km 74,78  68.0(4.1) 25(03) -27.8(2.3) 29(4.7)
York km 13 93.1(4.1) 51(08) -218(1.2) 103(L7)
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Table 4.4. Comparison of the mean, minimum (min) and maximum (max) tequii (d)
estimated in various simulations using either the §'°C or §**S of American

shad.
Simulation start (km) 104 96-102 85-89 74-78
Simulation end (km)  96-102 85-89 74-78 13
8°C  Mean 32 31 29 52
Min 21 24 13 36
Max 39 36 42 63
8'S  Mean 27 36 23 49
Min 18 29 13 33
Max 35 43 28 66
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Figure 4.1. Turnover model comparison between Hesslein et al.’s (1993) model (a)
and the modified model proposed in this study (b). Turnover model
results are shown for 100 days given R;=-28.0, R;=-20.0,and k + m =
0.05. The isotopic turnover “half-life” is 14 d (a). The “tequii” is 56 days
(b). For the modified model, the SD =1 for R; and R, n = 25 fish, and the
model output, the mean R, (solid line) and SD (dashed line), are shown.
“PDF: R/’ represents the probability distribution function of R The
Kolmogorov-Smirnov test (K-S) was run at each daily time-step (p-value:
gray line).
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Figure 4.2. Time (d) required to reach stable isotope equilibrium (tequi1) for various
isotopic gradients (AR; AR = Ry- R;) and combined growth and metabolic
rates (k + m) when changing the power of the K-S test. Symbols represent

combinations of the standard deviation (SD) of Rrand R; and the number
of fish in the sample (n).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



199

Figure 4.3. The 8'°C of juvenile American shad with respect to growth (W,/ W)
relative to metamorphosis (#; = 0.1 g). Note the change in axes scales for
km 19-52 (d).
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Figure 4.4. The 8"°C turnover of juvenile American shad captured at km 104-109,
including the best fit model for Fry and Arnold’s turnover model (Eq. 1,
dotted line), model variables (£SE), and model assuming growth turnover
only (¢ = -1.0, solid line).
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Figure 4.5. The 8'3C and 8**S of juvenile American shad captured on the Mattaponi
River, 30 June 2002, and York River, 13 January 2003. Fish were
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78 (diamond) in the Mattaponi river and km 6-13 (triangle down) in the
York River estuary.
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Figure 4.6. The 8'3C of juvenile American shad with respect to capture location in the
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York River mouth). Capture dates include 7 Nov 2002 (triangle) and 10-
13 Jan 2003 (circle).
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Abstract

We describe overwintering habitat of age-0 American shad in Chesapeake
Bay through analyses of multiple, complementary data sets, including juvenile
bottom-trawls, stable isotope analysis of Américan shad and common prey items, and
stomach content analysis. American shad generally migrated from their freshwater
rearing habitat during November and December, in relatively cool waters (5 to 9° C)
and over a wide range of salinities (0.1 to 27.5). Emigration to the ocean occurred
during February through March. The stomach content and stable isotope analyses
demonstrated that juveniles were feeding in the estuary, growing on a diet of larval
fishes, estuarine calanoid copepods, and mysid shrimp. American shad demonstrated
at least thee different migration behaviors: most juveniles emigrated from the
freshwater rearing habitat at 2 to 5 g (ca. 45 to 75 mm fork length) and consumed
larval fishes and zooplankton in the estuary; other juveniles emigrated at a size of 2 g
or less and rapidly moved into the lower estuary where they primarily consumed
larval fishes; a few juveniles remained in the upper estuary and did not emigrate until
they were 5 g or larger. The length of time that American shad remained in
Chesapeake Bay was variable; data from the 2002 and 2004 year-class were
consistent with size-based emigration to the ocean, whereas data from 2003 were
consistent with fish remaining and growing in the estuary over a period of months.
This is the first detailed description of overwintering habitat use by young American

shad on their migration to the Atlantic Ocean.
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Introduction

Little is known about the estuarine and coastal habitats occupied by young
American shad during their seaward migration. American shad, the largest of the
anadromous clupeids native to the North American Atlantic coast, spawn in both tidal
and nontidal freshwater portions of rivers. Spawning is prolonged (2-3 months) and
occurs progressively later in rivers along the south to north gradient (Walburg 1960;
Limburg et al. 2003). Postlarvae and juveniles rear in fresh water. Juveniles migrate
to the ocean before age-1, mature in fhe ocean at ages 3 to 7 (Maki et al. 2002), and
then, as has long been hypothesized, return to their natal tributary to spawn, though
some straying is known to occur (Clift 1872; Dodson and Legget 1973; Thorrold et
al. 1998; Limburg et al. 2003).

In the south and mid-Atlantic, young-of-year (YOY) remain in the lower river
and upper estuary as late as November through March (Hildebrand and Schroeder
1927; Davis and Cheek 1967; Godwin and Adams 1969; Williams and Bruger 1972,
Hoffman and Olney ‘72005). In the north, emigration may occur earlier, perh\aps as
early as July (Hudson River; Limburg 1995) and as late as October or November
(Stokesbury and Dadswell 1989; Limburg 1996). The cue for migration remains
speculative; many investigators have cited temperature as an important cue, noting
the fall migration (e.g., Williams and Bruger 1972; Legget and Whitney 1972; Legget
1976; O’Leary and Kynard 1986), however early (summer), size-based migration has
been hypothesized and observed (Chittenden 1969; Marcy 1976; Limburg 1996) and

migration in cool waters (10° C) may pose problems for osmoregulation (Zydlewski
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et al. 2003). Residence time in estuaries during migration to the ocean may be short;
based on Sr:Ca ratios in the otoliths of Hudson River fish, it is thought that juveniles
migrate quickly through brackish regions (Limburg 2001). Once juveniles reach the
Atlantic Ocean, the 3° to 15° C isotherm apparently presents a northern and southern
boundary to their oceanic distribution in the winter; subadult and adults (80 to 500
mm fork length (FL)) have been captured in offshore regions of 50 to 100 m depth,
from latitude 39° to 41° N; juveniles (90 mm FL) have been captured at bottom
temperatures as low as 2.8° C (Neves and Depres 1979).

 Estuarine residence by juvenile American shad during winter months has been
noted (Williams and Bruger 1972; Hammann 1981; Milstein 1981), however detailed
analysis of their use of this habitat is lacking. Stable isotopes, particularly‘carbon ©
and nitrogen (N), are well-suited for this purpose. The stable isotope composition of
consumers tends to closely resemble that of their prey (Michener and Schell 1994).
The stable C isotope (5'°C) can be effectively used as a tracer to identify movement
between fresh and marine waters because the respective food webs in these waters are
fueled by vegetation that utilize C pools with different isotopic compositions (Mook
and Tan 1991). For example, marine and estuarine phytoplankton have a §'*C of
about -24 to -20%e because the 8'°C of total dissolved CO, (DIC) in the ocean is
about 0%o (Mook et al. 1974) and the isotope fractionation by C; plants is about

-21%o. In contrast, terrestrial C; plants have a 8'3C of ca. -28%o and freshwater
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phytoplankton from systems where the DIC 8'°C is highly depleted (<-10%o) will
have a §"3C of <-30%o. Salt marsh vegetation is highly enriched (5"°C -13%o). -

The stable N isotope composition (5'°N) can aid in tracking marine and
freshwater habitat use; freshwater organisms tend to be 3'°N depleted compared to
marine organisms because terrestrial-derived organic matter (OM) and freshwater
phytoplankton have a 8'°N of 0 to 7%o, which is less than estuarine and marine
phytoplankton at 7 to 9% (Deegan and Garritt 1997), though riparian OM sources to
fresh waters, such as emergent vascular plants, can have enriched 8"°N values of 7 to
10%o (Cloern et al. 2002). As a tracer, consumer 8N also must be interpreted
cautiously because the 8N of particulate OM can be altered indirectly (Wada and
Hattori 1978; Mariotti et al. 1981; Cifuentes et al. 1988) and directly (Miyake and
Wada 1971; Altabet 1988), which would, in turn, alter the §'°N of grazing
zooplankton and fishes. Additionally, trophic fractionation, which is a shift in
isotopic composition during C and N assimilation and incorporation into tissue, must
be considered. Consumers demonstrate an average trophic fractionation of +0.9%o
§'3C and +3.4%0 8'°N over their prey (Vander Zanden and Rasmussen 2001; Post
2002). Thus, "*C is useful for source identification and "°N for trophic level
estimation. Gradients in °C, "°N, and sulfur stable isotope ratios, 348, have been

useful for tracking migrations of marine fish into freshwaters (e.g., Hesslein et al.

1993; Limburg 1998; MacAvoy, et al. 1998).
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The objectives of our study were to characterize the recent life history of
migratory American shad captured in the York River estuary from November to
March and identify food web relationships using C and N stable isotopes of dorsal
muscle tissue. Our stable isotope study included collections from five year-classes
(1999, 2000, 2002, 2003, 2004), allowing us to examine inter-annual differences. We
characterized the available bottom-trawl data in order to describe the extent of the
locations, temperatures, and salinities experienced by overwintering American shad.
Stable isotope analysis was performed to examine migration behavior and trophic
relationships. Estimating trophic links and levels using stable isotope analysis does
not substitute for gut content analysis of juvenile fish, however, because it can be
difficult to discern the extent of species interactions if prey items have a similar
signature. Therefore, gut content analysis was performed on all American shad
captured during 2002, and stable isotope analysis was performed on fresh prey items
extracted from the stomach, as well as on plankton captured in bongo net collections

from the York River estuary.

Materials and methods
Field samples. Juvenile American shad were captured by the Virginia Institute of
Marine Science (VIMS) Juvenile Trawl Survey, which operates year-round and
samples monthly the Virginia portion of Chesapeake Bay using a mixed random and
fixed station survey design (metadata at www.fisheries.vims.edu/trawlseine/

mainpage.htm). The Survey uses a 9.1 m (30 ft.) semi-balloon otter trawl with a
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38.1 mm (1.5 inch) stretch mesh body and a 6.35 mm (0.25 inch) mesh cod-end liner,
two 71 x 48 cm steel china-v doors, and an attached tickler chain. At each station,
latitude and longitude, bottom depth, surface temperature and salinity, and bottom
temperature and salinity are recorded. The bottom-trawl generally captures American
shad in the estuary from November to March (Hoffman and Olney 2005). American
shad were placed on ice in the field and frozen in the laboratory for later analysis.
Collections for this study began in November 2002, however, frozen specimens from
previous sampling seasons were included in our analysis (February 1999, November
and December 2002; Table 5.1).

Additionally, zoo- and ichthyoplankton were collected from the York River
estuary at three stations located 5, 20 and 50 km from the York River mouth
(corresponding to polyhaline, mesohaline and oligohaline conditions, respectively) on
11 November 2003 and 5 February 2004 by oblique bongo net tows (0.5 mm
diameter, 180 um mesh; 5 min duration). Samples were stored in 95% ethanol.

Stomach content analysis. We selected York River fish for both stomach content and

stable C and N isotope analyses because this system is the best-studied of Virginia’s
tributaries with respect to American shad and, in general, the largest number of fish
are captured here in the winter. We performed stomach content analyses on fish
captured in the York River estuary during November 2002 to March 2003, the largest
collection period (N = 106; Table 5.1). Stomach contents were removed, identified to
the highest taxonomic resolution possible, and enumerated. Percent occurrence was

estimated for all prey items and a cumulative prey curve estimated to evaluate the
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thoroughness of the diet characterization. The mean and standard error (SE) of the
number of cumulative prey was estimated by randomizing the assessment order 10
times.

Stable isotope analysis. We attempted to analyze all York River fish captured from
the 2002 through 2004 year-classes, however, 19 fish were not returned to the
laboratory in 2003 and 1 fish captured in April 2004 was not analyzed (Table 5.1).
Once thawed, fish were measured (0.1 mm; FL and total length (TL)), weighed
(£0.01 g wet weight), and rinsed thoroughly with de-ionized (DI) water. Dorsal
muscle tissue was extracted from each fish (ca. 0.6 mg dry mass), rinsed with 10%
HCI to remove carbonates (American shad have intermuscular bones that are difficult
to remove), rinsed with DI water, and dried (45° C for 24 hr).

Individual plankton were picked from the sample, cleaned of detritus, sorted
by taxa, thoroughly rinsed in DI water, and dried for isotopic analysis. For
mesozooplankton, composite samples were necessary to obtain sufficient mass for
stable isotope analysis. Individual macrozooplankton were analyzed whole.
Individual ichthyoplankton were ground and subsampled. When possible, we took
replicate samples. Macrozooplankton and ichthyoplankton collections were
supplemented with fresh material (subsequently stored in 95% ethanol) that had been
removed from the esophagus and cardiac stomach of fish dissected in the 2002-2003
stomach content study.

Samples were combusted with an ANCA GSL gas purification module and -

elemental analyzer and then analyzed with a Europa Hydra 20-20 isotope ratio mass
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spectrometer (University of California-Davis Stable Isotope Facility). Stable isotope
ratios were calculated as 8X: X = (Rsample / Rstandara — 1) X 10°, where X is the stable
isotope of C or N, R is the ratio of heavy:light stable isotopes, and Pee Dee Belemnite
and air were the standards for 8"°C and 8N, respectively. The analytical error
between replicate standards was <0.10%o for both 8C and 8'"°N. The standard
deviation between randomly chosen replicate fish tissue samples was 0.1%o for both
8'°C and for 5'°N and between replicate zoo- and ichthyoplankton samples was 0.2%o
and 0.3%o for 8'*C and for 8"N, respectively. Fish tissue samples were not corrected
for lipid content (lipids are 8"°C depleted relative to carbohydrates and proteins
(DeNiro and Epstein 1977)) because tissue C:N generally was <4, indicating low lipid
content (McConnaughey and McRoy 1979), and similar among years (Table 5.1).
Plankton samples were corrected for ethanol preservation (Feuchtmayer and Grey

2003: +0.4%0 8"3C, +0.6%0 5'°N).

Results
Distribution of American shad captures. American shad were captured in all
of Virginia’s tributaries and along the western coast of Chesapeake Bay (Fig. 5.1).
Juveniles captured ranged from 65 to 176 mm FL (Fig. 5.2). American shad were
capture“d at bottom temperatures ranging from 1.2 to 17.9° C (77% between 4 and
9° C) and salinities 0.1 to 27.5 (Fig. 5.2). Six fish were captured at the James River

mouth in waters <2° C, which had previously been noted as the lower thermal
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tolerance for juveniles in fresh water (Chittenden 1972). Catches increased through
November (3.3% total catch) and December (18.2%), peaked in January (49.2%), and
rapidly declined in February (15.0%), March (9.3%) and April (4.9%), which implies
that juveniles left the freshwater rearing habitat in November and December, resided
in the tributaries and Chesapeake Bay during the early winter, and then left for the
ocean in February through April. American shad were notably absent from deep
water on the eastern shore and mouth of Chesapeake Bay, areas that had been
previously identified as overwintering habitat for young American shad (Murdy et
al.1997). The range of environmental conditions experienced by and size distribution
of the York River American shad sampled for isotopic analysis were similar to those
from other Chesapeake Bay tributaries (Table 5.1).

Gut content analysis. The cumulative prey curve was linear, indicating that we were

unable to characterize the diet fully (Fig. 5.3); every fish that was retained for
analysis was sampled, however. No fish captured in the oligohaline portion had an
empty stomach, whereas 74% of those captured in the mesohaline and 32% in the
polyhaline portion did (Table 5.2). Diet diversity (i.e., species richﬁéss) increased
with river salinity. Juveniles captured in the oligohaline portion of the York River
primarily consumed the common estuarine calanoid copepod Eurytemora affinis.
Those captured in the mesohaline portion mostly ate mysid shrimps, Neomysis
americana, and Atlantic croaker larvae, Micropogonius undulatus. Those captured in
the polyhaline portion consumed marine calanoids, including Acartia spp. and

Pseudodiaptomus coronatus; benthic invertebrates, including mysid shrimps,
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gammarid amphipods, and the seagrass-dwelling caprellid isopod, Caprella penantis;
marine fish larvae, including Atlantic croaker, menhaden, Brevoortia tyrannus, and
bay anchovy, Anchoa mitchilli; and the benthic, sand-dwelling lancelet,
Branchiostoma sp. The average number of individuals (+ standard deviation) found
in each stomach (excluding zeroes) of the five most common prey items was highest
for mesozooplankton: 373 (£371) Pseudodiaptomus coronatus; 1259 (£906)
Eurytemora affinis; 7 (£9) Neomysis americana; 3 (£2) Micropogonius undulates;,
and 2 (1) Brevoortia tyrannus.
Stable isotope analysis. In both 11 November 2003 and 5 February 2004, a gradient
of depleted plankton 3"°C and §"°N in the upper estuary to enriched 5"°C and 8"°N in
the lower estuary was observed. Enrichment, however, was observed over the winter;
by 5 February, the plankton at the oligohaline station were enriched by 4 to 7%o 5'°C
compared to 11 November and the plankton at the polyhaline station was enriched by
1 to 2%0 8"°C. Larval fish were enriched in §"°N by 3.5%o (pooled average 15.5%o,
SD 1.5%0) compared to the gammarid amphipods and Neomsysis americana (pooled
average 12.0%o, SD 1.3%o), as well as Acartia hudsonica, Centropages hamatus, and
Eurytemora affinis (pooled average 11.9%o, SD 1.9%0). The isotopic compositions of
the benthic invertebrates and larval fish directly removed from fish stomachs were
similar to those from the net samples (Fig. 5.4C).

In all years, the 8"°C and 8'°N of American shad captured in November and
December were similar; juveniles were increasingly enriched over the winter months

(Table 5.3). At the onset of the study, we had expected a gradient in American shad
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8'°C and 8"°N along the river axis, with a depleted composition in the upper estuary,
corresponding to a diet of local prey items (8'°C -26 to -29%o and 5'°N 9 to 17%o; Fig.
5.4A), and an enriched composition near the York River mouth, also corresponding to
local prey items (8"°C -17 to -23%o and 8'°N 11 to 17%o; Figs. 5.4B, 5.4C). However,
the enriched plankton 8"°C observed in February throughout the estuary, likely the
result of reduced freshwater influence over the dry winter months, greatly reduced the
isotopic gradient; the observed surface salinity at km 50 was 3.5 on 11 November
2003 and 8.2 on 5 February 2004. York River water with salinity >8 generally has a
DIC §"C of 0 to -3%o (Raymond and Bauer 2001; Hoffman and Bronk in press),
resulting in estuarine phytoplankton §°C of -21 to -24%o assuming an uptake
fraction of -21%o, and thus an expected zoo- and ichthyoplankton §"*C of -19 to
-23%o, assuming a trophic fraction of about +1%e.

The reduction over the winter months in the along-estuary isotopic gradient is
apparent when considering the distribution of Americaﬁ shad 5"°C and 8'°N along the
estuary axis. For example, the data from the 2003 year-class, as well as a subset of
those from the 2004 year-class, resemble this expected pattern of enrichment along
the estuary axis from November through January (Fig. 5.5). In both cases, however,
the 5"°C and 6"°N was enriched in the upper estuary during February and March,
consistent with consumption of the analyzed prey items, particularly the larval fishes,
and resulting in a similar maximum 8"C and 8'°N across the estuary (Figs. 5.5E,

5.5F). American shad captured from the 2002 year-class had highly variable 5'3C
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and 8"°N along the estuary axis. In January 2003, 78 fish were captured between km
9 and 15 with enriched 8'°C (max -18%o) and 5'°N (max 25%o).

Within the York River estuary, there was evidence of recent upriver and
downriver movements. For example, two juveniles with enriched 8"°C, consistent
with consumption of prey in the lower estuary, were observed in the upper estuary in
March 2003 (Fig. 5.5E), and juveniles with depleted 8'°C (<-28%o), consistent with a
freshwater diet, were observed in the central portion of the estuary in November and
December 2003 (Fig. 5.5E) and December 2004 (Fig. 5.5G).

In order to relate the 5"°C and 3'°N of American shad to potential prey items,
we averaged the stable isotope composition of juveniles by month and compared
these averages to those from common prey items (Fig. 5.6). The estuarine prey
included fish larvae (all samples pooled, n = 15); the benthic invertebrates (Neomysis
americana and gammarid amphipods pooled, n = 10); and estuarine calanoid
copepods (Acartia spp., Centropages hamatus, and Eurytemora affinis pooled, n =
10). The freshwater prey included freshwater calanoid copepods (Eurytemora
affinis), aquatic insect larvae (Diptera and Ephemeroptera), and benthic invertebrates
(gammarid amphipods), all of which were sampled from the Mattaponi River (river
km 82-96, salinity <0.1; Ch. 2), the major freshwater nursery for American shad in
the York River system. The 8"*C and 8"°N of American shad captured in November
and December were consistent with a diet of freshwater organisms, indicating that

these fish had recently emigrated from the freshwater portion of the estuary. The
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isotopic compositions of those captured in January through March, once adjusted for
trophic fractionation, were similar to the estuarine organisms, implying that they were
consuming estuarine organisms and thereby equilibrating with the estuarine C and N.
Juveniles captured in March 1999 (Chesapeake Bay) and March 2004 had
depleted 8'°N and §'"°C similar to copepods and macroinvertebrates, implying greater
reliance on these prey items, whereas those captured in January through March 2002
were enriched in 8'°N, implying that their diet was largely comprised (by biomass) of
larval fishes and consistent with our analysis of the stomach contents from these
juveniles (Fig. 5.6). Juveniles sampled in January and March 2002 had a C:N >4
(Table 5.3), implying that the measured tissue §"°C was likely <0.5%0 8"°C depleted
compared to the other tissue samples due to its lipid content (McConnaughey and
McRoy 1979); thus, the unbiased muscle tissue 5'°C likely was similar to that of the
larval fishes (Fig. 5.6B). Those samples that fell in-between the two extremes are
mére difficult to interpret (e.g., January and March 2003, January and February
2004); whereas the 8'°N is consistent with reliance on copepods and
macroinvertebrates, the 5"°C is close to the 95% confidence limit of these prey items.
It is likely, therefore, that juvenile American shad were utilizing larval fishes as a
prey item and the stable isotope composition reflected the longer-term (ca. 1 month)

feeding history, as juveniles emigrated from fresh water.
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Discussion

The catch data indicate that American shad migrate from their freshwater
rearing habitat as a single pulse over November and December, ultimately leaving for
the ocean in February through March. The gut content and stable isotope analyses
demonstrate that they feed and remain in the estuary over a period of months,
growing on a diet of estuarine organisms. Piscivory was a common feeding mode of
overwintering juvenile American shad and zooplanktivory was less common. Here,
we discuss whether there is evidence that juvenile American shad grew in the estuary,
what variability in migration and feeding behaviors are implied by the stable isotope
data, and whether migration conformed to either a size- or environmentally-cued
behavior.
Estuarine-specific growth. If overwintering American shad emigrated from the river
in November and December and subsequently remained and grew in the estuary, then
an increase in the average weight of a fish should be observed over the winter
months. In fact, this pattern was observed for the 2003 year-class, corresponding to a
three-fold increase in weight. It was not observed for the 2002 (though sample sizes
were small for months other than January) or 2004 year-classes (Fig. 5.7) Further, it
is difficult to translate the increase in weight observed into a growth estimate without
movement data because the weight distribution observed is a function of immigration,
emigration, and growth. Movement patterns, however, can be identified using a

stable isotope turnover models because they describe the expected change in stable
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isotope composition as a function of diet, thus recent habitat use or, in essence,
migration.

Migratory behavior of American shad. Stable isotopes document migration behavior

when the rate of movement between habitats is faster than the rate of change of the
isotope composition in the tissue of the animal. Thus, the organism arrives at the new
habitat with an isotopic composition that is indicative of its previous habitat (e.g.,
Hoffman et al. submitted). The ability to quantify the timing of these movements is
dependent on the turnover rate of 8"3C and 8"°N, which is, in turn, dependent on
growth and metabolic rates. It is possible to simulate a simple migration scenario,
such as the movement from the freshwater nursery to the estuary, using a turnover
model (Fry and Arnold 1982): R,= R+ (R;- R) * (W:/ W;) ¢, where R, is the stable
isotope ratio of the animal or tissue at time ¢, R; is the initial stable isotope ratio at the
time of emigration from the river (i.e., R; either 8'>C -29%o, SD 0.5 or 8'°N 10%o,
SD 1), Ryis the ratio once at equilibrium with the diet in its new habitat, W, and W,
represent the initial weight at emigration and weight at time ¢, respectively, and ¢ is
the turnover coefficient. The model simplifies to a dilution model (i.e., only growth
turnover) when ¢ = -1. After feeding and growing in the estuary, the stable isotope
composition of estuary-resident American shad would reflect a diet of larval fish and
estuarine invertebrates (i.e., Ry either 8"3C -22%o, SD 0.5 or 8'°N 19%o, SD 0.5; Fig.
5.6). We simulated their movement by changing ;, the weight at which emigration
begins and assuming that growth dominated turnover (¢ = -1), which is observed in

organisms with rapid growth rates (Fry and Arnold 1982; Herzka and Holt 2000),
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including juvenile American shad (Hoffman et al. submitted). We note that these
simulations are a heuristic tool and should be interpreted cautiously because there is
no unique turnover and migration solution that can explain the isotopic values
measured.

Nearly all American shad from the 2003 year-class fell within the 95%
confidence interval (CI) of stable isotope trajectories that were consistent with this
migration scenario (Fig. 5.8), likely entering the estuary at 2-5 g (W;).. A subset of
fish sampled from the 2002 and 2004 year-classes also appeared to be consistent with
the postulated migration scenario. In all years, however, there were outliers with
respect to the migration scenario; during both 2002 and 2004, in particular, there was
a contingent of small juveniles with relatively enriched 8"°C and 8'°N. Isotope values
that fall below the 95% ClI correspond to deviations from the postulated migration
scenario, representing either late entry into the estuary or preferential feeding on a
more depleted 8°C and 5"°N source, such as copepods and invertebrates. By similar
reasoning, isotope values that fall above the 95% CI correspond to feeding on a more
enriched 8">C and 3"°N source than observed, and, in the case where those values
correspond to very small fish (<3 g), either these juveniles must have entered the
estuary early or their metabolism must have increased the turnover rate or both.

Juveniles <8 g captured in January 2003 (2002 year-class) between km 7 and

14 fell almost entirely above the 95% CI (Figs. 5.5C, 5.5D). The isotopic
compositions of those fish with 8'°N values <21%o are consistent with consumption

of lower York River estuary larval fishes, including Anchoa mitchilli (5*C -19.5%o
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and 8"°N 17.5%o) and Micropogonius undulatus (8'C -18.4%o0 and 8"°N 16.7%o; Figs.
5.4B, 5.4C). Juveniles consuming these prey items would have a 8"C of -18.5%0 and
a 8'°N of 21%o, assuming typical trophic fractionation values. Further, in order to
account for their isotopic composition at this small size, these individuals must have
“entered the lower estuary at a smaller size (ca. 1 to 2 g) than other juveniles. Of these
juveniles, those <6 g with highly enriched 8'"°N (19 to 21%o) must have either rapidly
equilibrated due to metabolism-enhanced turnover rates (metabolism would have to
contribute an additional 50% to turnover beyond growth alone) or entered the estuary
at a very small size, ca. 0.5 g or 35 mm FL. In contrast, the 11 juveniles with 8"°N
>21%o either underwent trophic fractionation >3.4%o or else were reliant on prey that
were not measured in this study with a 8'°N >18%o (and 8"°C -16 to -17%o). Finally,
whereas the isotopic compositions of those fish <10 g generally are consistent with an
estuarine diet (albeit with variable migration timing), the lack of fish captured in
December and November <5 g with an isotopic composition indicative of recent
freshwater residence leaves the question open as to whether the influx of highly
enriched fish that were captured near the York River mouth in January were born in
the York River estuary or another nearby tributary.
It is likely that juveniles from the 2004 year-class were rearing in the estuary
but, like the 2002 year-class, had variable migration timing. Juveniles were
increasingly enriched along the estuary during January through March 2005 (Fig.

5.5G), implying that their composition was related to the degree of freshwater
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influence. Those juveniles captured in January through March 2005 that were
enriched in 5'°N well above the 95% C, implying early entrance into the estuary, had
a 8"°C composition that was consistent with consumption of larval fishes with
depleted 8'*C (Figs. 5.8G, 5.8H), such as the Anchoa mitchilli captured in the
mesohaline estuary (Fig. 5.4B). The bi-modal 5"°N distribution observed (Fig. 5.8H),
with a difference of about 3%, indicates divergent feeding modes, with those of
lower 8'°N corresponding to fish captured in November and December that had
recently been consuming freshwater copepods and macroinvertebrates (Fig. 5.6D).

The small, highly enriched juveniles captured near the York River mouth in
January 2003 may not have been from the York River system, raising further
questions regarding movement between tributaries and estuaries post-emigration from
the rearing grounds, similar to the ‘vagrant’ American shad hypothesized by Limburg
(1995). Although stable isotope data can not be used to evaluate cross-estuary or
tributary movement due to the similarity in isotopic composition among tributaries of
similar salinity regimes, further progress may be made using otolith microchemistry,
which can indicate anomalous movements into salt water or provide an effective
identifier of natal tributary in American shad (Limburg 1995, 1998; Thorrold et al.
1998).

Migration cues. The data for the 2004 year-class are consistent with size-based

emigration to the coast, with larger fish exiting earlier in the winter and smaller fish
remaining in the system, because the stable isotope data indicates that juveniles likely

were residing and feeding in the York River estuary yet the average weight did not
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increase over the winter months. It is possible, however, that harsh environmental
conditions (e.g., low prey density) led to poor growth during this winter. In contrast,
the data for 2003 are consistent with juveniles residing in the estuary over the winter
months and collectively emigrating in February and March; first, the average weight
of fish captured in the estuary increased over the winter implying continued residence
during this time, and second, the stable isotope data indicated that the fish
equilibrated with estuarine C and N over the winter as they grew. In all years
examined, American shad had almost entirely left Chesapeake Bay by April. Given
their different behaviors, cues for migration are difficult to infer from these data and
are an important topic for future research considering the variability in estuarine
habitat use demonstrated.
Conclusion. The repertoire of migration strategies exhibited by American shad is
likely broad and documenting the full extent of these strategies is relevant to
increasing our knowledge of American shad population dynamics because migration
success can affect the population structure of returning adults (Limburg 2001).
Research from the Hudson River has shown that juveniles may leave the estuary as
early as late June, others may move back and forth between brackish and fresh waters
(Limburg 1995), and still other age-0 American shad prematurely return to their natal
tributary and migrate into fresh waters (Limburg 1998).

We hypothesize that American shad exhibit at least three additional, different
migration behaviors. First, juveniles emigrate from the freshwater nursery habitat at

2 to 5 g and consume a mix of zooplankton and larval fishes in the estuary,
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exemplified by the 2003 year-class (Figs. 5.8E, 5.8F). Second, juveniles emigrate at
a size of 2 g or less and then rapidly move into the lower estuary where they primarily
consume larval fishes, exemplified by juveniles from the 2002 year-class, captured in
January 2003 (Figs. 5.8C, 5.8D). Finally, juveniles emigrate at 5 g or larger,
exemplified by six fish from the 2003 year-class, including a 37 g American shad
(Fig. 5.8E), and eight 6-20 g American shad from the 2004 year-class (Fig. 5.8G).
Our data suggest that young American shad do grow while overwintering within
Chesapeake Bay (i.e., 2003 year-class), with potential concomitant benefits in
reduced mortality due to faster growth rates (Houde 2002). The ecological
advantages to overwintering in Chesapeake Bay during this time period are two-fold,
first, coastal spawned larvae such as Micropogonius undulatus and Brevoortia
tyrannus are undergoing ingress into the estuary, and, second, large piscivores,
including Morone saxatilis (striped bass), Pomatomus saltatrix (bluefish), and
Cynoscion regalis (weakfish), have left the system for warmer overwintering habitats.
Further research into overwintering regions, both within estuaries and along coasts,
may shed more light on the role of these habitats, as well as provide evidence for the
cues that trigger emigration, both from the ﬁeshwater rearing habitat to the estuary

and from the estuary to the sea.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



225

Literature Cited

Altabet, M.A. 1988. Variations in nitrogen isotopic composition between sinking and
suspended particles: Implications for nitrogen cycling and particle
transformation in the open ocean. Deep Sea-Res. 35: 535-554.

Chittenden, M.E. 1969. Life history and ecology of the American shad, Alosa
sapidissima, in the Delaware River. Doctoral Dissertation, Rutgers University,
New Brunswick, NJ.

Chittenden, M.E. 1972. Responses of young American shad, Alosa sapidissima, to
low temperatures. Trans. Am. Fish. Soc. 101: 680-685.

Cifuentes, L.A., J.H. Sharp, and M.L. Fogel. 1988. Stable carbon and nitrogen isotope
biogeochemistry in the Delaware estuary. Limnol. Oceanogr. 33: 1102-1115.

Clift, W.M. 1872. Shad culture. Trans. Am. Fish. Soc. 2: 21-28

Cloem, J.E., E.A. Canuel, and D. Harris. 2002. Stable carbon and nitrogen isotope
composition of aquatic and terrestrial plants of the San Francisco Bay estuarine
system. Limnol. Oceanogr. 47: 713-729.

Davis, J.R. and R.P. Cheek. 1967. Distribution, food habits, and growth of young
clupeids, Cape Fear river system, North Carolina. Proceedings of the 20™ Annual
Conference of the Southeastern Association of Game and Fish Commissioners:
250-260.

Deegan, L.A. and R.H. Garritt. 1997. Evidence for spatial variability in estuarine food

webs. Mar. Ecol. Prog. Ser. 147: 31-47.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



226

DeNiro, M.J. and S. Epstein 1977. Mechanism of carbon isotope fractionation
associated with lipid synthesis. Science 197:261-263.

Dodson, J.J. and W.C. Legget. 1973. Behavior of adult American shad (4losa
sapidissima) homing to the Connecticut River from Long Island Sound. J. Fish.
Res. Board Can. 30:1847-1860.

Feuchtmayr, H. and J. Grey. 2003. Effect of preparation and preservation procedures
on carbon and nitrogen stable isotope determinations from zooplankton. Rap.
Comm, Mass Spec. 17:2605-2610.

Fry, B. and C. Amold. 1982. Rapid "*C/"*C turnover during growth of brown shrimp
(Penaeus aztecus). Oecologia 54:200-204,

Godwin, W.G. and J.G. Adams. 1969. Young clupeids of the Altamaha River,
Georgia. Georgia Game and Fish Commission, Marine Fisheries Division,
Brunswick, Georgia. Contribution Series No. 15.

Hammann, M.G. 1981. Utilization of the Columbia River estuary by American shad,
Alosa sapidissima (Wilsqn).-Estuaries 4:287.

Herzka, S.Z. and G.J. Holt. 2000. Changes in isotopic composition of red drum
(Sciaenops ocellatus) larvae in response to dietary shifts: potential applications to
settlement studies. Can. J. Fish. Aquat. Sci. 57:137-147.

Hesslein, R.H., K.A. Hallard, and P. Ramlal. 1993. Replacement of sulfur, carbon,
and nitrogen in tissue of growing broad whitefish (Coregonus nasus) in response
to a change in diet traced by 8°*S, "°C, and 8'°N. Can. J. Fish. Aquat. Sci.

50:2071-2076.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



227

Hildebrand, S.F. and W.C. Schroeder. 1927. Fishes of Chesapeake Bay. Bull. U.S.
Bur. Fish. 43:92-100.

Hoffman, J.C. and D.A. Bronk. In Press. Inter-annual variation in stable carbon and
nitrogén isotope biogeochemistry of the Mattaponi River, Virginia. Limnol.
Oceanogr.

Hoffman, J.C. and J.E. Olney. 2005. Cohort-specific growth and mortality of juvenile
American shad in the Pamunkey River, Virginia. Trans. Am. Fish. Soc. 134:1-18.

Hoffman, J.C., D.A. Bronk and J.E. Olney. Submitted. Using stable isotopes to
quantify habitat-specific residence times: spatial segregation in young American
shad. Oecologia.

Houde, E.D. 2002. Chapter 3. Mortality. Pages 64-87 in L.A. Fuiman and R.G.
Werner (eds.). Concepts in fisheries science: the unique contribution of early life
stages. Blackwell Scientific Publishing, Oxford.

Legget, W.C. 1976. The American shad (4losa sapidissima), with special reference to
its migration and population dynamics in the Connecticut River. Pages 169-225 in
D. Merriman and L.M. Thorpe (eds.). The Connecticut River ecological study.
American Fisheries Society, Monograph 1, Washington, DC.

Legget, W.C. and R.R. Whitney. 1972. Water temperature and migrations of
Américan shad. Fish. Bull. 70:659-670.

Limburg, K.E. 1995. Otolith strontium traces migratory histories of juvenile

American shad, Alosa sapidissima. Mar. Ecol. Prog. Ser. 119: 25-35.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



228

Limburg, K.E. 1996. Growth and migration of 0-year American shad (4/osa
sapidissima) in the Hudson River estuary: otolith microstructural analysis. Can. J.
Fish. Aquat. Sci. 53:220-238.

Limburg, K.E. 1998. Anomalous migration of anadromous herrings revealed with
natural chemical tracers. Can. J. Fish. Aquat. Sci. 55:431-437.

Limburg, K.E. 2001. Through the gauntlet again: demographic restructuring of
American shad by migration. Ecology 82:1584-1596.

Limburg, K.E., K.A. Hattala and A. Kahnle. 2003. American shad in its native range.
Am. Fish. Soc. Symp. 35:125-140.

MacAvoy, S.E., S.A. Macko and G.C. Garman. 1998. Tracing marine biomass into
tidal freshwater ecosystems using stable sulfur isotopes. Naturwissenschaften,

| 85: 544-546.

Maki, K.L., J.M. Hoenig and J.E. Olney. 2001. Estimating proportion mature when
immature fish are unavailable for study, with application to American shad
(dlosa sapidissima) in the York River, Virginia. J. N. Am. Fish. Mgmt.
21:703-716.

Marcy, B.C. 1976. Early life histories of American shad in the lower Connecticut
River and the effects of the Connecticut Yankee plant. Pages 141-168 in D,
Merriman and L.M. Thorpe (eds.). The Connecticut River ecological study.

Monograph 1, American Fisheries Society, Bethesda, MD.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



229

Mariotti, A., J.C. Germon, P. Hubert, P. Kaiser, R. Letolle, A. Tardieux, and P.
Tardieux. 1981. Experimental determination of nitrogen kinetic isotope
fractionation: Some princip’les; illustration for the denitrification and -
nitrification processes. Plant Soil Sci. 62: 413-430.

McConnaughey, T. and C.P. McRoy. 1979. Food-web structure and the fractionation

of carbon isotopes in the Bering Sea. Mar. Biol. 53:257-262.

Michener, R.H. and D.M. Schell. 1994. Stable isotope ratios as tracers in marine and
aquatic food webs. Pages 138—157 in K. Lajhta and R.H. Michener (eds.) Stable
isotopes in ecology and environmental science. Blackwell Scientific Publications,
Oxford.

Milstein, C.B. 1981. Abundance and distribution of juvenile Alosa species off
southern New Jersey. Trans. Am. Fish. Soc. 110:306-309.

Miyake, Y. and E. Wada. 1971. The isotope effect on the nitrogen in biochemical,
oxidation-reduction reactions. Rec. Oceanogr. Works Jpn. 11:1-6.

Mook, W.G. and F.C. Tan. 1991. Stable carbon isotopes in rivers and estuaries. Pages
245-264 in E.T. Degens, S. Kempe, and J.E. Richey (eds.) Biogeochemistry of
Major World Rivers. Wiley & Sons.

Mook, W.G., J.C. Bommerson, and W.H. Staverman. 1974. Carbon isotope
fractionation between dissolved bicarbonate and gaseous carbon dioxide. Earth
Planet. Sci. Lett. 22: 169-176.

Murdy, E.O., R.S. Birdsong, and J.A. Musick. 1997. Fishes of Chesapeake Bay.

Smithsonian Institution Press, Washington, DC.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



230

Neves, R.J. and L. Depres. 1979. The oceanic migration of American shad, Alosa
sapidissima, along the Atlantic coast. Fish. Bull. 77:199-212.

O’Leary, J.A. and B. Kynard. 1986. Behavior, length, and sex ratio of seaward-
migrating juvenile American shad and blueback herring in the Connecticut River.
Trans. Am. Fish. Soc. 115:529-536.

Post, D.M. 2002. Using stable isotopes to estimate trophic position: models, methods,
and assumptions. Ecology 83:703-718

Raymond, P.A. and J.E. Bauer. 2001. DOC cycling in a temperature estuary: A mass
balance approach using natural '*C and "C isotopes. Limnol. Oceanogr. 46: 655-
667.

Stokesbury, K.D.E. and M.J. Dadswell. 1989. Seaward migration of juveniles of three
herring species, Alosa, from an estuary in the Annapolis River, Nova Scotia. Can.
Field-Nat. 103:388-393.

Tan, F.C. and P.M. Strain. 1983. Sources, sinks and distribution of organic carbon in
the St. Lawrence Estuary, Canada. Geochim. Cosmochim. Acta 47: 125-132.

Thorrold SR, Jones CM, Campana SE, McLaren JW and Lam JWH (1998) Trace
element signatures in otoliths record natal river of juvenile American shad (4losa
sapidissima). Limnol. Oceanogr. 43:1826-1835

Vander Zanden, M.J. and J.B. Rasmussen. 2001. Variation in 3'°N and 8"C trophic
fractionation: Implications for aquatic food web studies. Limnol. Oceanogr.

46:2061-2066

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



231

Wada, E. and A. Hattori. 1978. Nitrogen isotope effects in the assimilation of
inorganic nitrogenous compounds. Geomicrobiol. J. 1: 85-101.

Walburg, C.H. 1960. Abundance and life history of shad, St. John Rivers, Florida.
Fish. Bull. 60:487-501.

Williams, R.O. and G.E. Bruger. 1972. Investigations on American shad in the St.
Johns River. Technical Series No. 66. Marine Research Laboratory, State of
Florida Department of Natural Resources, St. Petersburg, FL.

Zydlewski, J., S.D. McCormick, and J.G. Kunkel. 2003. Late migration and seawater
entry is physiologically disadvantageous for American shad juveniles. J. Fish.

Biol. 63:1521-1537.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



232

Table 5.1. Ranges of year-classes (Year), capture locations by river km (km; km 0 is
at the mouth of the York River), lengths (TL), wet weights, bottom
temperatures and salinities, and total catch (N) of juvenile American shad
included in this study, as well the number of fish sampled for stable
isotope analysis (n). The four fish sampled from Chesapeake Bay in 1999
were captured at 37° 30.54° N, 76° 07.05° W on 10 February 2000.

Year Location Location TL Weight (g) Temp  Salinity N n
(km) (mm) €O
1999 Chesapeake Bay 90-127 4.00-14.10 2.3 23.8 4 4
2000 York/Pamunkey 5-77  75-127 226-1137 7.1-152 28-215 40 25
Rivers

2002 York River 3-51 78-161 285-2756 22-11.7 25-222 106 106

2003 York/Pamunkey 3-58 78-171 2.72-37.05 42-144 39-275 80 61
Rivers

2004 York/Pamunkey 2 - 66 80-140 3.34-20.02 22-172 69-238 71 70
Rivers
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Table 5.2. Percent occurrence of various prey found in the stomach of juvenile
American shad from the 2002 year-class (November 2002 to March 2003)
captured in the York River estuary at various salinity regimes. The
number of fish sampled from each region with full stomachs is in
parentheses. Marine calanoids include Pseudodiaptomus coronatus,
Acartia spp. and unidentified calanoids.

' Oligohaline =~ Mesohaline  Polyhaline
Prey 3) ® (46)

Empty 0 74 32
Marine calanoids 0 33 33
Eurytemora affinis 100 11 2
Ostracods 33 0 0
Neomysis americana 0 89 33
Gammarid amphipod 0 0 4
Caprella penantis 0 0 2
Branchiostoma sp. 0 0 2
Micropogonius undulatus 0 78 39
Anchoa mitchilli 0 0 2
Brevoortia tyrannus 0 0 17
unknown fish larvae 0 0 2
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Table 5.3. Average 8" °C (£SD), 8"°N (£SD), C:N, and sample size (n) of American
shad sampled from the York River estuary.

Year-class Month 8'C 3N C:N n
2000 Nov -25.7(1.1) 11.9(1.7) 35 11
Dec -24.7(1.0) 11.8(0.8) 36 14
2002 Nov -249(1.1) 11.4(0.6) 3.3 4
Dec -249(1.2) 13009 34 4
Jan -22.2(1.3) 193(2.0) 43 93
Feb -22.4(09) 195(0.2) 3.8 2
Mar 219(1.5) 189(22) 44 3
2003 Nov -27.5(1.2) 124(13) 38 10
Dec -26.7(1.6) 135(1.7) 3.7 14
Jan -247(1.3) 158(1.6) 39 27

Mar 23.024) 170015 37 10
2004 Nov -26.6(1.3) 139(1.3) 36 15
Dec -26.6(1.9) 133(2.0)0 3.6 22
Jan -249(1.1) 169(2.5) 3.7 19
Feb -243(1.2) 17315 37 10
Mar -23.4(2.1) 162(2.6) 3.8 4
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Figure 5.1. Number of juvenile American shad captured at each trawling station in the
Virginia portion of Chesapeake Bay from November through April, 1999-
2005.
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Figure 5.2.Distribution of juvenile American shad catch for the Virginia tributaries
(James, Rappahannock, and York rivers) and Chesapeake Bay by
temperature (A), salinity (B), and fork length (C). Distributions are
labeled with the maximum value within each bin.
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Figure 5.4. Average 8'°C and "N (error bar + SD of two replicates) of common
York River zoo- and ichthyoplankton sampled by bongo net (A - D), and
fresh items removed from American shad stomachs (E, F), including
Anchoa mitchilli (Am; square), Brevoortia tyrannus (Bt; hexagon),
Micropogonius undulatus (Mu;, closed diamond), gammarid amphipods
(ga; open diamond), Neomysis americana (Na; triangle), Acartia
hudsonica (Ah; circle), Centropages hamatus (Ch; grey circle), and
Eurytemora affinis (Ea; triangle down). Bottom salinity at the bongo net

stations for 11 Nov and 5 Feb were 16.3 and 24.2 atkm 7, 16.4 and 16.9 at
km 30, and 7.8 and 9.3 at km 50, respectively.
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Figure 5.5. Seasonal variation, from November to March, along the York River
estuary in juvenile American shad "°C and 5"°N.
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Figure 5.6. Trophic relationships of juvenile American shad and potential prey items.
Symbols indicate monthly averages of American shad 8'°C and 5"N,
adjusted for trophic fractionation (+0.9 8°C, +3.4 §"°N), and the
respective 95% Cls. Boxes represent 95% CI of prey 8"C and 8N,
including Eurytemora affinis (“FW copepods”), aquatic insect larvae
(“FW insects”), freshwater benthic invertebrates (“FW inverts.”), estuarine
copepods (“EST copepods™), estuarine macroinvertebrates (“EST
inverts.”), and estuarine larval fishes. Freshwater prey data from J.
Hoffman (unpublished data).
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Figure 5.7. Box-plots of weights by month of those American shad sampled for stable
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isotope analysis, indicating median, 1* and 3" quartiles in shaded area,
10th and 90th percentiles in whiskers, and outliers as circles.
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Figure 5.8. Variation in the 8°C and 8'"°N of American shad by weight. The 95% CI
of the postulated migration scenario, based on isotopic turnover with
respect to growth-only (see text for details), is shown for juveniles
emigrating from the freshwater nursery habitat at 2-5 g and consuming
larval fish once in the estuary, resulting in an equilibrium §13C of -22.0%o
(95% CI = 1.0) and 5"°N of 19.0%0 (95% CI 1.0).
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Fishery biologists have long recognized the connections between ecosystem
function, habitat quality, and fish recruitment. In 1914, Hjort recognized that fish
larvae are prone to starvation upon yolk-sac absorption and hypothesized that arrival
in a food dense habitat at the onset of feeding is critical to their success. Later,
Cushing (1969) proposed that recruitment variability could be explained by food
variability, resulting in either a “match” or “mismatch” of larvae with habitat suitable
for feeding and growth. It is now widely accepted that variability in growth and
mortality rates of young-of-year fish is usually high and that small differences among
years will determine the relative strength of a year-class (Houde 1987, 1989). The
“critical period” (Hjort 1914) and “match-mistmatch” (Cushing 1969) hypotheses
identify important functional relationships between ecosystem production dynamics
and habitat quality for young fish. In estuaries, the wealth and variety of organic
matter (OM) sources that could fuel higher trophic levels present many potential food
web pathways by which a “match” might occur. Essential habitat of York River
American shad larvae is well-documented, but a coherent relationship between
habitat and recruitment is elusive (Bilkovic et al. 2002). The challenge, then, is to
identify those trophic pathways that are important, under what conditions and in
which habitats, and quantify their relative importance to fish recruitment.

I addressed this challenge by first measuring the seasonal and inter-annual
variation in the quantity and composition of particulate organic matter (POM) in the
brackish and tidal freshwater regions of the Mattaponi River to identify potential OM

sources. Based on our analysis, we characterize the river as a tea-colored,
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oligotrophic tributary. As expected, the POM is comprised of a variety of sources,
including humic-rich sediment, vascular plant matter, phytoplankton produced in situ,
and estuarine OM. The seasonal variation in composition is related to river discharge
and physical mixing along the estuary: terrestrially-derived allochthonous OM
comprises the bulk of POM in early spring, phytoplankton contributes a greater
fraction during base flows under summer bloom conditions, and terrestrial influence
decreases with proximity to the salt wedge. This characterization provides critical
data for the interpretation of ecological patterns in the estuary by demonstrating how
variable discharge affects the strength and timing of the summer phytoplankton
bloom, as well as the amount of allochthonous OM (humic-rich sediments and
vascular plant matter) imported into the river channel.

Concurrent analysis of the zooplankton community dynamics and food web
relationships revealed that the spring zooplankton bloom precedes the summer
phytoplankton bloom and that the spring zooplankton bloom is highly variable in both
location and density. The stable isotope composition of plankton indicates four major
groups of organisms in the neustonic community that utilize different OM sources:
terrestrial insects (adult insects, including midges (Diptera) and flying ants
(Formicidae)), benthic organisms (amphipods, harpacticoid copepods), freshwater
pelagic organisms (copepods, cladocera, larval insects), and estuarine organisms
(mysid shrimps, the calanoid Acartia hudsonica). The freshwater pelagic

zooplankton consume a mix of autochthonous and allocthonous OM, including
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vascular plant-derived OM and humic-rich sediments, indicating that terrestrially-
derived OM is, in part, fueling the metazoan food web.

Like POM composition, production sources and thus food web relationships
are influenced by river discharge. During high river discharge, primary production is
suppressed and allochthony favored, whereas autochthony is favored when base flows
resume. A large zooplankton bloom (Eurytemora affinis 45 L™, Bosmina freyi 16 L")
occurred in tidal fresh water during the period of prolonged, high discharge, when
allochthony was the dominant trophic pathway (>60% production), indicating that
terrestrial-derived OM provided a large subsidy to secondary production in the upper
estuary.

If secondary production is increased by a terrestrial subsidy, it is probable that
tertiary production is increased as well. Indeed, young American shad showed
evidence of utilizing a mix of autochthonous and allochthonous energy sources. In
May and June 2003, during the period of high river discharge, the isotopic
composition of muscle tissue was consistent with a diet largely derived from
terrestrial matter (<40% phytoplankton), whereas in May and June 2004, during
typical spring discharge conditions, it was consistent with a diet largely derived from
phytoplankton (60-90%). This marked contrast was associated with the large
differences in POM composition, food web relationships, and zooplankton density
previously noted. Is there evidence that fish abundance increased, as well?

In the Mattaponi River, wet years favor recruitment of American shad; based

on over three decades of survey data, there is a significant, positive relationship
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between the numbers of days between April through June that the daily discharge is
0-50 m® s above average and an index of juvenile Alosa abundance. To explain the
connection between discharge, food web dynamics, and American shad recruitment,
the following hypothesis is proposed. During high discharge, vascular plant-derived
OM, a relatively labile OM source, along with other terrestrially-derived OM sources,
is delivered to the river channel, increasing the concentration of bioavailable OM.
Through a variety of potential pathways, this material is grazed by zooplankton,
resulting in a zooplankton bloom of a density sufficient to favor larval fish survival.
This “match” of conditions results in a higher larval survival and thus a higher
juvenile index. As such, this is a mechanistic hypothesis explaining, at least in part,
the Chesapeake Bay-wide phenomenon that years with wet, cool springs have high
anadromous fish recruitment (Wood 2000).

The “match” conditions for larval American shad are likely influenced by the
spatially heterogeneous zooplankton bloom and thus could favor recruitment of
certain intra-annual cohorts residing in specific regions of the river. The Eurytemora
and Bosmina blooms in 2003 were centrally located, between km 67 and km 95, and
zooplankton density was always low above km 106, in the upper reaches of the tidal
fresh water. The data suggest that the survival of those larvae located in the upper
tidal freshwater reaches is not favored due to the persistent, low density of prey.
Further, the center of the bloom shifted between cruises, implying that temporal
variability in prey density could be important to recruitment variability for those

larvae located in the central tidal fresh water.
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