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ABSTRACT

Nutrient loading has produced radical shifts in the structure and function of shallow
estuaries, with substantial impacts upon the community composition of invertebrates and
autotrophs. The progression of eutrophication is regulated by both bottom-up and top-down
factors, which may be mediated by fauna via trophic interactions and nutrient release. We
conducted field surveys of benthic invertebrates in West Falmouth Harbor (WFH), MA, an
estuary subject to localized wastewater enrichment, across a 1 km gradient of suspected
degradation. Dominant taxa included gammarid amphipods and nereidid, orbiniid, and capitellid
polychaetes, with lower diversity and opportunistic species characterizing the inner basin nearest
the sewage plume. Using a series of microcosm experiments with WFH sediments, we
investigated the effects of macroinvertebrate diversity on the biomass and productivity of
macroalgae in monoculture and polyculture, and upon benthic microalgae and nutrient fluxes in
the absence of macroalgae. Microcosms included single- and mixed-species treatments
comprised of common fauna with different functional traits, as related to feeding behaviors,
mobility, and modes of bioturbation. The burrowing, omnivorous polychaete Alitta (formerly
Nereis) virens stimulated benthic microalgal growth, inhibited ammonium fluxes from sediments
to the water column, and decreased macroalgal standing stocks. In polyculture, A. virens
preferentially removed annual, bloom-forming taxa, and reduced the tissue nitrogen content of
the remaining perennial macroalga. Conversely, the surficial, deposit-feeding gastropod
Ilyanassa obsoleta reduced benthic microalgae, enhanced nutrient release, and maintained
macroalgal biomass and productivity. Within mixed-fauna assemblages, A. virens
disproportionately diminished macroalgal biomass. Benthic communities dominated by I.
obsoleta or functionally comparable species could thereby accelerate feedbacks with
eutrophication, through bottom-up supply and indirect promotion of macroalgal blooms. In
contrast, activities of A. virens or similar fauna may buffer symptoms of nutrient loading. These
findings have important implications for linking biodiversity, on multiple trophic scales, to
ecosystem functioning in shallow estuaries.
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CHAPTER ONE:

Introduction

1

1.1 Availability of nitrogen inputs
Anthropogenic eutrophication is one of the most ubiquitous drivers of change in our
nation’s estuaries (Bricker et al. 1999), as enhanced primary production and accumulation of
organic matter radically alters trophic structure and benthic metabolic processes (Nixon 1995).
Previous studies have determined that autotrophs are primarily limited by nitrogen (N) in
temperate estuaries, and secondarily or seasonally by phosphorus (P) (Ryther & Dunstan 1971,
Howarth 1988, Vitousek & Howarth 1991). Technological advances in the last century have
radically increased both the production and mobility of reactive N in the environment (Vitousek
et al. 1997, Howarth et al. 2002), largely through industrialized fixation that boosts crop yields
via transformation of inert, gaseous dinitrogen (N2) into inorganic N available for plant uptake,
in addition to sowing of nitrogen-fixing legumes. Furthermore, volatilization of ammonia (NH3)
from farmlands and emission of nitrogen oxides (NOx) from widespread fossil-fuel combustion
and deforestation have also contributed to atmospheric changes and subsequent deposition of
reactive N compounds (Paerl 1997, Carpenter et al. 1998, Whitall et al. 2003). While alterations
of the global N cycle have contributed to the fertilization of an agricultural revolution and fueled
reformation of the transportation sector, the unintended consequences of nutrient exportation
have fundamentally impaired ecosystem functioning and biodiversity in receiving coastal waters
(Vitousek et al. 1997).
Nutrients are transported to estuaries via streams and rivers, surface runoff, groundwater,
and atmospheric deposition (Carpenter et al. 1998), and local landscape mosaics can determine
the relative sources and transport mechanisms of N inputs (Valiela & Costa 1988). In many
coastal watersheds along the northwestern Atlantic coast, recent booms in economic,
agricultural, and housing development have led to increased loads of N-enriched sewage and
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fertilizer compounds into groundwater (Valiela et al. 1992, Carpenter et al. 1998, Howarth et al.
2000). A further repercussion of coastal development is a synergistic decrease in N removal
processes, such as assimilation and denitrification (dissimilatory reduction of nitrate [NO3-] by
bacterial conversion to inert N2 gas), due to destruction of forested riparian zones, wetlands, and
fringing salt marshes (Mitsch & Gosselink 1993). Thus, mounting growth along coastlines
contributes additional inputs associated with anthropogenic activities, compounded with reduced
interception and transformation of new and background inputs due to the concomitant loss of
watershed buffers (Valiela et al. 1992, 1997).

1.2 Study site: impacts of nutrient enrichment
In recent decades, Cape Cod, MA, has experienced a sustained rise in population density
with an associated increase in overall N loads to its estuaries (Valiela & Costa 1988, Valiela et
al. 1992, Bowen & Valiela 2001), with a substantial 35% growth rate of housing units in coastal
Barnstable County between 1980 – 1990 (Valiela et al. 1992). Our study site, West Falmouth
Harbor (WFH; Fig. 1), is located within the sandy glacial deposits of southwestern Cape Cod,
MA (41°36’N, 70°38’W), and is currently subject to increased N loads as a result of wastewater
contamination of the local aquifer. The enriched plume originated within the WFH watershed at
the Falmouth Wastewater Treatment Plant (FWTP), due to inadequate design for effluent
disposal practices (Jordan et al. 1997), and has been migrating into the estuary since 1994
(Kroeger 2003). During the next decade, the plume will continue to migrate into WFH and N
loads are predicted to further increase (K. Foreman, pers. comm.).
Excess nutrients have reportedly contributed to the decline of seagrass beds and overall
habitat quality in WFH (Howes et al. 2006), and a team of researchers led by Howarth et al. and
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Tyler et al. is presently investigating the range and severity of eutrophication effects. Reduction
of allocthonous inputs is a critical aspect of ecosystem management, yet the release of nutrients
already stored within estuarine sediments represents an important, continued supply to primary
producers such as nuisance macroalgae (Sundback et al. 2003, Tyler et al. 2003). Manifestation
of eutrophication symptoms may thus be dictated by internal controls, including nutrient storage
capacity within sediments, benthic regeneration and recycling, and subsequent transfer of energy
throughout trophic webs (Pinckney et al. 2001). A greater understanding is needed with regard to
negative and positive feedback processes in WFH, in order to project the length of the recovery
period and the persistence of enrichment effects following termination of the wastewater plume.

1.3 Eutrophication in shallow estuaries
In shallow estuaries, primary production is typically dominated by perennial seagrasses,
drift or attached macroalgae, benthic microalgae, and epiphytes, as the sediment surface is often
located within the euphotic zone (Sand-Jensen & Borum 1991, Fong et al. 1993, Hauxwell et al.
2001, Havens et al. 2001). Seagrasses are a significant functional component of many estuarine
ecosystems, as meadows provide structural habitat, support extensive trophic webs, host
endangered species, and offer erosion protection (Duarte 1995, 2000). Competition and
ecological interactions among benthic autotrophs can be complex, but as a generalized trend
these rooted macrophytes are shaded and replaced by opportunistic algae as eutrophication
progresses (Sand-Jensen & Borum 1991, Hauxwell et al. 2001, McGlathery 2001, Nixon et al.
2001). Seagrasses are more limited by irradiance levels than nutrient concentrations (Dennison
and Alberte 1985), and enrichment tends to promote growth of macroalgae, phytoplankton
standing stocks, and epiphytic microalgae, thereby attenuating incident light and creating a
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competitive disadvantage (Duarte 1995, Valiela et al. 1997, Havens et al. 2001). It is uncertain
whether phytoplankton or macroalgae will ultimately be favored as the dominant primary
producer under sustained nutrient loads in very shallow, lagoonal estuaries, and further research
is needed to clarify complex, non-linear relationships in such systems (Nixon et al. 2001).
Macroalgal blooms have important implications for the overall functioning of the benthic
environment, as the formation of dense mats can radically alter biogeochemical regimes, oxygen
consumption, and nutrient exchange between sediments and the water column (Valiela et al.
1997, Sundback et al. 2003, Tyler et al. 2003). Such changes can be attributed to accrual of
macroalgal biomass and uptake of nutrients during productive phases of growth, with subsequent
deposition and decomposition of organic matter during bloom collapse, as microbes and other
detritivores increase benthic oxygen demand. Aerobic respiration and reduction-oxidation
(redox) processes can deplete dissolved oxygen concentrations to critical levels (Andersson &
Rydberg 1988, Paerl et al. 1998), and if bottom waters are not re-oxygenated, hypoxia can
impose severe physiological stress, behavioral changes, or even mass mortality of
macroinvertebrates and demersal fishes (Breitburg 1992, Diaz & Rosenberg 1995, Norkko &
Bonsdorff 1996, Gray et al. 2002, Altieri & Witman 2006).
During the transition from normal to eutrophic conditions, drastic shifts may ultimately
occur in the species composition, distribution, and diversity of the benthos (Pearson &
Rosenberg 1978, Lopes et al. 2000, Raffaelli 2000, Cardoso et al. 2004). The depth and severity
of impacts in shallow systems may depend upon the extent of macroalgal coverage and
proliferation, as well as faunal traits such as reproductive strategy, mobility, and tolerance to
physicochemical changes. Typically, as food inputs and ecosystem disturbance increase with
progressive enrichment, small-bodied opportunists with high turnover rates are favored (Pearson
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& Rosenberg 1978 and references therein). In addition, fauna may display temporal variability
with regard to responses. For example, some sedentary polychaetes may decline rapidly under
macroalgal mats while errant polychaetes remain stable or exhibit delayed impacts (Norkko &
Bonsdorff 1996, Lopes et al. 2000, Raffaelli 2000). Furthermore, macroalgal morphology and
density may be important in dictating effects on fauna through alteration of feeding behaviors
and larval recruitment (Bolam et al. 2000, Cardoso et al. 2004).

1.4 Macroinvertebrates and benthic processes
As noted, prior research has documented the negative consequences of macroalgal
blooms upon benthic fauna. Before the onset of severe hypoxia, however, the invertebrate
community is able to mediate impacts of early eutrophication through direct consumption of
organic matter, particularly when macroalgal biomass is relatively low (Raffaelli 2000, Hauxwell
et al. 2001). While grazing may buffer the immediate consequences of nutrient loading through
top-down impacts, invertebrates can also stimulate bottom-up controls through release of
nutrients to the water column, as a result of feeding behaviors, waste excretion, or bioturbation
activities that enhance mineralization of organic matter (Andersen & Kristensen 1988, Barbanti
et al. 1992). In turn, nutrient fluxes from underlying sediments can provide an important supply
of N and P to macroalgae (Stimson & Larned 2000, Sundback et al. 2003, Tyler et al. 2003,
Kamer et al. 2004). For instance, Sundback et al. (2003) demonstrated that benthic regeneration
of nutrients could contribute 55 - 100% of N demand in the initiation of a macroalgal bloom.
Potential feedbacks between nutrient fluxes, macroalgae, and benthic microalgae at the
sediment-water interface are illustrated in Fig. 2.
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Invertebrate disturbance of the sediment surface can compromise the N-sink potential of
benthic microalgae, as excessive grazing and disturbance may impact growth and productivity
(Connor et al. 1982, Banta et al. 1995, Miller et al. 1996, Sundback & Miles 2002). Removal of
N through coupled nitrification-denitrification (microbial conversion of ammonium [NH4+] to
NO3- and subsequently to N2) can be enhanced by microalgal photosynthesis when: (1) benthic
microalgae are not in direct competition with nitrifiers for NH4+, and (2) photosynthesis does not
produce oxygen concentrations that would inhibit anaerobic processes (Rysgaard et al. 1995, An
& Joye 2001). In addition to facilitating removal of N through denitrification, benthic microalgae
serve as a substantial sink through processes of uptake and assimilation (Rysgaard et al. 1995,
MacIntyre et al. 1996, Sundback & Miles 2002, Tyler et al. 2003). Furthermore, benthic
microalgae exert important controls through the formation of microbial mats that act as a
physical barrier to fluxes from underlying sediments to the water column, thereby promoting
burial of nutrients (Miller et al. 1996, Sundback & Miles 2002). Thus, suspension and overconsumption of surficial sediments by fauna, with associated destruction of benthic microalgal
communities, may indirectly fuel the proliferation of macroalgal blooms (Sundback & Miles
2002, Sundback et al. 2003).
The direction and magnitude of sediment-water column nutrient fluxes is correlated with
the extent of invertebrate bioturbation and bioirrigation in sediments (e.g., Rhoads 1974,
Henriksen et al. 1983, Aller & Aller 1998). Bioturbation is the mixing of solutes and solids
between the sediment and the water column as a result of faunal movement and activity, and
bioirrigation is the exchange of solutes due to ventilation of biogenic structures (such as tubes or
burrows) by sediment-dwelling invertebrates. Bioirrigation aerates the sediment and promotes
formation of oxic-anoxic zones with pronounced chemical gradients, thus stimulating microbial
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processes that transform N through nitrification and denitrification (Andersen & Kristensen
1988). Close associations exist between aerobic nitrifiers and anaerobic denitrifiers (Jenkins &
Kemp 1984), and bioirrigating fauna can promote mineralization and release of N by enhancing
the coupling between these microbial processes (Henriksen et al. 1983, Andersen & Kristensen
1988, Hansen & Kristensen 1997, Michaud et al. 2006). The activities of particular invertebrates
(Fig. 3), such as burrowing nereidid polychaetes and biodiffusing bivalves (Henriksen et al.
1983, Kristensen & Blackburn 1987, Hansen & Kristensen 1997, Mermillod-Blondin et al. 2004,
Michaud et al. 2006) in addition to grazing snails (Fong et al. 1997), have been shown to control
nutrient transformations and fluxes from the sediments to the water column. Most research to
date has focused upon single species or functional groups with regard to biogeochemical
processes, although recent studies have begun to explore the effects of species interactions within
benthic communities (e.g., Emmerson et al. 2001, Waldbusser et al. 2004, Waldbusser &
Marinelli 2006).

1.5 Biodiversity and ecosystem functioning
Eutrophication has important implications for human societies, as degradation of coastal
habitat and impairment of water bodies involves the following consequences: reduced
recreational opportunities and tourism, toxic and/or harmful algal blooms, collapse of local
fishing economies, and the loss of critical ecosystem functions (Bricker et al. 1999). According
to Costanza et al. (1997), estuaries are among the most economically important of all biomes in
terms of natural capital per unit area. Ascribed values can be attributed to goods and services that
derive from ecosystem properties and functions, including nutrient cycling, food production,
wildlife habitat and refuge, and regulation of environmental disturbances.
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The relationship between biodiversity (i.e., species or functional richness, identity, and
composition) and ecosystem functioning (i.e., productivity, resilience or stability, energy transfer
and nutrient cycling) has undergone considerable study in terrestrial environments in recent years
(e.g., Tilman et al. 1996, Chapin et al. 1997, Symstad et al. 1998, Hooper et al. 2005). Syntheses
of current scientific understanding suggest that the functional traits of organisms are important in
determining ecosystem processes, and that richer pools of species or functional groups may
provide “insurance” against disturbance and stochastic events (Loreau et al. 2001, Hooper et al.
2005). For example, communities comprised of organisms with unique niches may be more
impacted by species loss than a group of organisms with overlapping niches. Thus, the
relationship between biodiversity and functioning in a given ecosystem may depend upon the
degree of redundancy (or in contrast, complementarity) among resident species (Chapin et al.
2000). Furthermore, the form of the relationship may also be dictated by the inclusion or
exclusion of organisms with dominant traits (i.e., the “sampling effect”), such as keystone
species with disproportionate influence upon measured processes. In experimental investigations,
evaluation of performances in monospecific populations vs. diverse communities may reveal
characteristics such as redundancy and dominance, as well as the ecosystem consequences of
species interactions (Raffaelli et al. 2003, Waldbusser et al. 2004).
Early research pertaining to the debate has been generated from experimental speciesremoval plots in grasslands, examining richness within one trophic level (primary producers) and
measuring a limited set of processes on a short temporal scale (Tilman et al. 1996, Tilman 1999).
More recently, studies have been initiated in marine ecosystems to address the relationships
between biodiversity and ecosystem functioning (e.g., Raffaelli 2000, Emmerson et al. 2001,
Duffy et al. 2003, Raffaelli et al. 2003, Waldbusser et al. 2004, Mermillod-Blondin et al. 2005,
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Waldbusser & Marinelli 2006, Bracken et al. 2008, Bruno et al. 2008). Interactions between
species may in turn affect faunal behaviors, sediment functions, and associated biogeochemical
processes, as exhibited between polychaetes and thalassinid shrimp (Waldbusser & Marinelli
2006), for example. Raffaelli (2006) reviewed recent reports and recommended further
experimental examination and development of better models in marine systems, particularly
because errors may arise when extrapolating results across ecosystems when inherent differences
exist between physical, chemical, and biological characteristics (Duarte 2000, Giller et al. 2004).
Considering the overwhelming recent evidence of biodiversity loss in coastal ecosystems, the
call for further research is an increasingly pressing matter (Costanza et al. 2007).

1.6 Scope and objectives of study
The species composition and functional traits of estuarine invertebrates have important
consequences for the transformation of nutrient inputs and processing of organic matter. Our
research addresses the effects of enrichment upon the diversity of benthic macrofauna at our
study site, coupled with examination of the controls exerted by fauna upon the progression of
eutrophication, including the regulation of algal dynamics and nutrient cycling. In Chapter Two,
we sought to answer the following questions through field surveys of WFH:
(1) Which species of benthic macroinvertebrates are present throughout the harbor, and
how are they distributed?
(2) Are compositions correlated with habitat patches, such as the presence or absence of
seagrass beds, and/or geographic locations that reflect a spatial gradient of suspected
degradation?
(3) How can the patterns of diversity and abundance within the harbor be characterized?
In Chapter Three, we explored the relationships between faunal diversity and ecosystem
processes in soft sediments by pursuing the following questions:
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(1) How do species with different functional traits, as related to feeding behaviors and
bioturbation modes, influence primary production, benthic microalgal biomass, and
nutrient fluxes in bare sediments (Experiment I)?
(2) In light of bottom-up factors examined through the first experiment, how does the
interaction of faunal-mediated nutrient supply and top-down controls impact the
biomass, productivity, and nutrient content of a macroalgal monoculture (Experiment
II)?
(3) What types of faunal effects are evident within a diverse macroalgal polyculture
(Experiment III)?
(4) When invertebrates are combined within mixed-species assemblages, how do
responses differ from those measured in monospecific populations (all experiments)?
In order to resolve these questions, we designed and conducted a series of microcosm
experiments that are discussed in detail within Chapter Three of this manuscript. Chapter Four
offers general conclusions about the research and briefly summarizes the significance of the
study.
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Massachusetts

West Falmouth Harbor

Fig. 1.1. Map of the study site, illustrating the location of West Falmouth Harbor (41°36’N,
70°38’W) in southwestern Cape Cod, MA.
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Fig. 1.2. Schematic diagrams of potential feedbacks existing between nutrient supply from
sediments and the biomass of benthic microalgae and macroalgae: (a) negligible release of
nitrogen (N) and phosphorus (P) to the water column, due to uptake and assimilation by benthic
microalgae; as a result, macroalgal biomass is suppressed, and (b) substantial release of sediment
N and P, resulting from shading and inhibition of benthic microalgae; macroalgal growth is
enhanced.
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Fig. 1.3. Representation of advective exchange between sediments and the water column (black
arrows), as regulated by bioturbation and bioirrigation activities. Oxygenated zones surrounding
invertebrate burrows and other areas of disturbance are illustrated in light gray. Microbialmediated transformations of nitrogen compounds are indicated by numbers, showing the
processes of (1) nitrogen fixation by (a) autotrophic and (b) heterotrophic organisms, (2)
nitrification under aerobic conditions, and (3) denitrification under anaerobic conditions.
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CHAPTER TWO

Distributions of Benthic Macroinvertebrates in West Falmouth Harbor,
a Shallow Estuary in Cape Cod, MA: Patterns of Diversity
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2.1 INTRODUCTION

Distributions of benthic invertebrates are dictated by a complex suite of biotic and abiotic
factors interacting on multiple scales, yet predictable shifts in community structure occur in
response to gradients of environmental disturbance and instability (Pearson & Rosenberg 1978,
and references therein). Because invertebrates are important indicators of aquatic ecosystem
health, field surveys and analyses of composition have broad applications for habitat monitoring
in freshwater (e.g., Novak & Bode 1992, Kerans & Karr 1994) and coastal marine systems (e.g.,
Gray & Pearson 1982, Warwick 1986, Clarke & Warwick 1993, Ranasinghe et al. 1994, Ugland
2008). In estuaries, a common driver of both chronic and acute stress to resident biota is the
acceleration of nutrient loads that fuel the process of eutrophication (Nixon 1995). As a
consequence of persistent algal blooms, excessive accumulation of organic matter, and
associated biogeochemical changes, benthic structure in eutrophic and/or hypoxic systems may
ultimately shift from diverse to depauperate faunal communities during the transition from
normal to polluted conditions (Pearson & Rosenberg 1978, Diaz & Rosenberg 1995, Valiela et
al. 1997, Cardoso et al. 2004).
Generalized patterns reported in the Pearson-Rosenberg (1978) model of succession, a
comprehensive review of benthic response to pollution stress, are summarized below. In
oligotrophic estuaries, low to moderate nutrient enrichment may initially augment species
abundance and per capita biomass, as a function of additional food resources. Scenarios of severe
or prolonged enrichment beyond a threshold loading capacity, however, may prompt drastic
changes in richness and equitability among species. Effects tend to be most pronounced with
greater spatial or temporal proximity to the source of disturbance, with disproportionate impacts

16

upon sensitive organisms. As organic inputs intensify, assemblages generally shift from Kselected equilibrium taxa that tend to be large-bodied and long-lived, to dominance by small, rselected opportunists with accelerated rates of maturity, reproduction, and mortality. In
conjunction with reduced species diversity, ecosystem functions are transformed as trophic
structure evolves from selective herbivory to non-selective detritivory. In response to
disturbance, parameters such as invertebrate abundance, evenness, and functional or taxonomic
richness can therefore be utilized as indicators of community stability. In addition, species
identity and compositional patterns can be demonstrative of pollution and succession status,
particularly for certain taxa with established geographical distributions, life history traits, and
level of tolerance to disturbance.
In our study, we analyzed the composition and diversity of benthic macroinvertebrates in
an estuary exhibiting preliminary symptoms of eutrophication due to sewage enrichment. West
Falmouth Harbor (WFH) is a shallow, temperate embayment located in the permeable glacial
deposits of southwestern Cape Cod, MA (Fig. 1; 41°36’N, 70°38’W). Since 1994, WFH has
functioned as the receptacle of a nitrogen (N)-enriched groundwater plume migrating through the
watershed into the estuary, originating from the Falmouth Wastewater Treatment Plant (FWTP)
(Kroeger 2003). As a result of inadequate design, the retention capacity of the forested treatment
site was exceeded after only one year of effluent disposal practices (Jordan et al. 1997), and N
inputs to WFH have doubled compared with background loading values (Howes et al. 2006).
Groundwater is responsible for at least 90% of freshwater inputs to estuaries along Cape Cod
(Valiela et al. 1992), and is the primary transport mechanism of allocthonous N into WFH
(Howes et al. 2006). While protocols for wastewater processing at the FWTP have since been
upgraded to include denitrification techniques, loading rates into the harbor are predicted to
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further increase over the next decade as plume migration continues (K. Foreman, pers. comm.).
Wastewater inputs have reportedly contributed to reductions in WFH habitat quality, and
symptoms range from severe degradation within the inner reaches that border the sub-watershed,
to negligible effects in the well-flushed mouth of the harbor (Howes et al. 2006). Impacts include
the decline of seagrass beds, which provide refuge to fauna, stabilize sediments, and are of
generally significant ecological and commercial value (Costanza et al. 1997).
In our study, we sampled benthic invertebrates across a spatial gradient from the inner to
the outer basin and incorporated substrate with and without seagrass beds, to discern whether
compositional differences exist with regard to habitat type and geographic location in WFH. We
hypothesized that greater faunal diversity would correspond with seagrass coverage and
increased distance from the wastewater point-of-entry. Additional objectives of the study were
to: (1) ascertain the degree of taxonomic similarity across stations throughout the harbor, and (2)
generate a descriptive account of invertebrate distributions during the current period of N
enrichment, for usage in long-term analyses. Our study was performed in affiliation with an
ongoing, comprehensive research program led by Howarth et al. (“Biocomplexity in the
Environment”), investigating the effects of eutrophication in WFH. The current data will be
incorporated into expanded assessments of change and recovery at the site.

2.2 MATERIALS & METHODS

2.2.1 Field surveys
WFH is a polyhaline, 80-hectare estuary with a tidal range of 1.5 m and an average depth
of 0.6 m at mean low water (Howes et al. 2006). The harbor is roughly partitioned into three
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interconnected sub-embayments: the outer basin (OB) that exchanges tidal water with Buzzards
Bay through a narrow inlet, the inner basin (IB) that receives direct groundwater inputs from the
sub-watershed, and the south basin that is adjacent to a glacial kettle pond. At locations that cooccur with multi-annual field monitoring stations in WFH (Fig. 2), benthic invertebrates were
collected along a 1 km spatial gradient in June 2007. The sampling scheme was constructed as a
2-way crossed design, with (1) basin (sub-embayment within harbor) and (2) patch
(presence/absence of seagrass beds) designated as main factors. Stations (stns) were equitably
divided between the IB (stns 1 – 4) and OB (stns 5 – 8), with distance between stns ranging from
50 - 200 m (intra-basin) and 500 – 1000 m (inter-basin). Each stn incorporated vegetated (V) and
nonvegetated (N) patches that were within 10 m proximity, with the exception of V-only at Stn 6
due to extensive seagrass coverage during the field survey. Duplicate sediment cores (1 – 2 m
distance apart) were collected at every stn-patch per each sample, and invertebrate counts were
subsequently pooled.
Samples were obtained by scuba divers, through careful insertion of polycarbonate core
tubes (9.5 cm inner diameter x 30 cm length) to a depth of 20 cm below the sediment-water
interface. Cores were immediately sealed with rubber stoppers and chilled, then transported to
the laboratory for processing. Sediments were sieved (1 mm) and the remaining fractions were
fixed in a solution of buffered formalin (10%) and Rose Bengal (1%) prior to sorting and
preservation in ethanol (70%). Invertebrates were enumerated under a dissection microscope (10
– 70x magnification) with the aid of a mounted, digital camera, and identified to the lowest
possible taxonomic level according to Pettibone (1963), Smith (1964), Gosner (1971), Bousfield
(1973), and Pollock (1998). Specimens categorized as meiofauna (e.g., nematodes, copepods,
and ostracods) were excluded from analyses.
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In a companion study by McGlathery et al. (pers. comm.) performed 10 days prior to
benthic invertebrate collection, scuba divers collected macroalgae located immediately above V
and N sediments at each of the 8 stns with randomized quadrats (0.25 m2; n = 3 per each stnpatch). Samples were sealed in bags, transported to the laboratory in a cooler, and taxa were
identified to the lowest possible level according to Kingsbury (1969) and Humm (1979). In order
to evaluate the relationship between macroalgal and invertebrate diversity in WFH, we used
linear regressions to plot species richness of both phyla.

2.2.2 Data analysis
Univariate diversity indices were computed from non-transformed invertebrate
abundance data with standard routines available in the PRIMER (version 6) software program
(Clarke & Warwick 2001). The following parameters were calculated for each sample: (1) total
number of individuals (n), (2) proportion of sample comprised of taxon with greatest abundance
(rank-1 abundance; R1), (3) total number of species (S), (4) Margalef’s species richness (d), (5)
Pielou’s evenness (J’), and (6) Shannon diversity (H’, log base e). In addition, we also examined
higher-order indices that reflect the degree of evolutionary relatedness between taxa,
incorporating categorization from species through phylum: (7) sum of taxonomic diversity (sΔ+;
Warwick & Clarke 1995), and (8) sum of phylogenetic diversity (sΦ+; Faith 1992). Differences
between main factors (basin; patch) and interactions were tested for all calculated parameters
using 2-way analysis of variance (ANOVA) with SPSS 11.0 software.
Multivariate analyses of invertebrate assemblage data were analyzed in PRIMER.
Resemblance among samples was explored graphically through hierarchical, agglomerative
classification (CLUSTER technique) using group-average linking, in addition to ordination plots
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using non-metric multi-dimensional scaling (MDS). Both methods employed the Bray-Curtis
coefficient for similarity matrices. Based upon the ordination matrix, differences in
compositional structure were examined using 2-way crossed (basin x patch) non-parametric
analysis of similarities (ANOSIM). Taxa responsible for both (1) typifying groups within the
established factors and (2) discriminating between categories within a given factor were
determined by the similarity percentages (SIMPER) routine, using average similarity and
dissimilarity values (respectively).

2.3 RESULTS

2.3.1 Invertebrate distributions
In all, 49 taxa belonging to 4 different phyla and 41 families were identified (Table 1).
The IB included a total of 19 species, including 7 crustaceans, 6 polychaetes, and 6 mollusks.
The OB contained 36 species, nearly twice as many as the IB, with 11 crustaceans, 16
polychaetes, 7 mollusks, and 2 echinoderms. Negligible overlap occurred with regard to species
distributions across geographic locations: only 2 of 16 crustaceans, 3 of 19 polychaetes, 1 of 16
mollusks, and 0 of 2 echinoderms were present in both sub-embayments. Crustaceans dominated
most samples (63 – 84% relative abundance), except in N patches of the OB where polychaetes
had slightly higher abundance than crustaceans (48 vs. 41%, respectively) (Fig. 3). Mollusks
ranged from 4 to 13% relative abundance across all samples, and echinoderms were present only
in V patches of the OB (5% relative abundance).
Differences in trophic structure were observed across the harbor, with a greater
importance of predatory strategies in the OB (Table 1). All 4 species of crustaceans within the
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carnivore/omnivore feeding guild were found solely in OB samples. Polychaetes in the OB
demonstrated a diverse set of trophic strategies, including the following guilds:
carnivore/omnivore, sub-surface and surface-deposit feeding, and suspension feeding. While the
most abundant polychaete in V and N patches of the IB (Alitta succinea) is categorized within
both the carnivore/omnivore and surface-deposit feeding guilds, the majority of other species
were sub-surface deposit-feeders. Of the mollusks, the IB hosted carnivorous/omnivorous and
surface-deposit feeding gastropods, and suspension-feeding bivalves. The OB included
carnivorous/omnivorous and herbivorous gastropods, and bivalves with suspension-, surface-,
sub-surface feeding strategies.

2.3.2 Sample resemblance
In general, invertebrate composition was more congruous within basins than between
basins (Table 2; Fig. 4a,b). The hierarchical dendrogram (Fig. 4a) shows that 4 intra-basin pairs
had > 60% similarity: (a) 1V & 2N, (b) 3V & 3N, (c) 4V & 4N, and (d) 7V & 8V. Furthermore,
> 20% similarity was achieved for 5 of 8 IB samples, and 4 of 7 OB samples (Fig. 4a,b).
Exceptions included the following: 2V, which contained only 1 individual in the entire sample;
5V & 5N, which also displayed low abundances and were collected near the high-velocity tidal
channel at the harbor mouth; and 3V & 3N, which were slightly more related to 8N and the OB
cluster, rather than to other IB samples.
SIMPER results (Table 2) revealed within-group similarity for all samples ranging
between 12.8% (N) to 18.5% (V) for patch, and 14.4% (IB) to 18.3% (OB) for basin. Species
contributing the greatest % similarity among samples in the IB also tended to characterize N
patches (Table 2; Fig. 5), including the following taxa: the polychaete Alitta succinea (IB:
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28.5%; N: 32.8%), the amphipod Ampelisca abdita (IB: 17.8%; N: 16.7%), the bivalve Gemma
gemma (IB: 15.7%; N: 9.1%), and the gastropod Haminoea solitaria (IB: 7.4%; N: 9.1%).
Furthermore, taxa characterizing the OB were also more representative of V patches: the
amphipod Lysianopsis alba (OB: 37.0%; V: 26.2%), the polychaete Heteromastus filiformis
(OB: 28.9%; V: 21.4%), and the echinoderm Ophioderma brevispina (OB: 7.8%; V: 5.8%). The
amphipod Microdeutopus gryllotalpa had widespread distribution yet variable abundance, and
contributed substantially to average similarity within each patch and basin group (IB: 22.1%;
OB: 19.8%; V: 21.9%; N: 19.1%). Average dissimilarity between groups within the given factors
was 94.6% for basin and 78.8% for patch. The following taxa had the highest contributions to
differentiation among factors (B = basin, P = patch): M. gryllotalpa (B: 20.2%; P: 24.4%), A.
abdita (B: 17.7%; P: 18.9%), L. alba (B: 15.5; P: 11.9%), H. filiformis (B: 7.9%; P: 5.9%), A.
succinea (B: 4.2%; P: 2.5%), and the polychaete Capitella capitata (B: 3.8%; P: 4.7%).

2.3.3 Diversity patterns
Diversity indices for invertebrate counts pooled by basin, which captures the entire set of
collected species, were higher in the OB, while measures of abundance and dominance were
greater in the IB (Table 3; Fig. 6). For non-pooled samples, results of 2-way ANOVA (Table 4)
showed significant differences between basins for 3 of 8 indices: R1, d, and H’ (all p < 0.05). No
main or interaction effects of patch were observed for any test (p > 0.05). With regard to
differences in invertebrate compositional structure, the 2-way crossed ANOSIM test (Table 4)
revealed a significant effect of basin (p = 0.002) but no effect of patch (p > 0.90). There was a
moderate degree of correlation between species richness of macroalgae and invertebrates at the
sampling locations (Fig. 7; r2 = 0.336, p = 0.017).
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2.4 DISCUSSION

The field surveys illustrated clear differences in invertebrate composition between WFH
sub-embayments, with regard to taxa identity and distributions, feeding guilds, and
measurements of diversity. Although certain species were characteristic of either V or N patches,
distinctions between habitat types were surprisingly less explicit as measured through the given
statistical frameworks. In order to fully assess the role of eutrophication effects in structuring
invertebrate distributions across the harbor, the current data will ultimately be examined in
conjunction with surveys incorporating temporal variability. Within a multi-annual and mixedseasonal context, analyses of composition over time may provide insight into the extent of
wastewater-related disturbance, impacts, and recovery.
While organic enrichment is important in determining species composition and
abundances (Pearson & Rosenberg 1978) and is a purported driver of change in WFH, it is likely
that distributions are influenced by a combination of top-down and bottom-up controls. In
addition to nutrient loads, other abiotic factors that play a role in structuring communities include
hydrodynamics, sediment granulometry, inorganic pollutants, dissolved oxygen, salinity, and
temperature (e.g., Burbanck et al. 1956, Rhoads & Young 1970, Gray et al. 1988, Sarda et al.
1995, Bonsdorff et al. 2003, Kennish et al. 2004). Furthermore, inter- and intra-specific
interactions, mobility of organisms, larval recruitment and settlement, and background
fluctuations in population dynamics over space and time may also drive distribution patterns
(e.g., Dewitt & Levinton 1985, Posey 1987, Levinton & Kelaher 2004).
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Many of the species in the WFH field survey have been identified in samples along
coastal Cape Cod for decades, in systems such as Rand’s Harbor (Burbanck et al. 1956),
Barnstable Harbor (Mills 1967), Wild Harbor (Grassle & Grassle 1974), the Great Sippewisset
salt marsh (Sarda et al. 1995), and Waquoit Bay (Hauxwell et al. 1998). Reported taxa include
the polychaetes Capitella capitata, Heteromastus filiformis, and Alitta succinea, the amphipods
Ampelisca abdita and Microdeutopus gryllotalpa, and the small bivalve Gemma gemma. Each of
the listed polychaetes is an opportunistic species tolerant of organic enrichment and low-oxygen
conditions, and high densities of C. capitata are a global-scale indicator of polluted conditions
(Pearson & Rosenberg 1978 and references therein). A. abdita and G. gemma are also
opportunists that colonize disturbed sediments, as each display reproductive strategies that foster
high densitities and patchy distributions (Nichols 1985) – such abundance trends were also
observed within the IB of WFH.
Furthermore, direct feedbacks between invertebrates present in the harbor may be
important in either facilitating or hindering recruitment of other species. Ampelisca abdita is an
engineer species that strongly modifies the substratum, through construction of dense tube
formations that trap fine particles and stabilize sediments (Mills 1967). Aggregations of this
tubiculous amphipod have potential consequences upon the distribution of other species, in both
negative (e.g., the gastropod Ilyanassa obsoleta, Mills 1967) and positive directions (e.g., small,
surface-feeding polychaetes and G. gemma, Mills 1967; the bivalve Mercenaria mercenaria,
MacKenzie et al. 2006). Mobility and differentials between faunal body sizes may also be
important regulators, as the (relatively) large mudsnail I. obsoleta can exclude the small
amphipod Microdeutopus gryllotalpa through disturbance and subsequent evacuation of its tubes
(Dewitt & Levinton 1985). In addition, negative feedbacks between feeding guilds and
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bioturbation groups can occur when water-column turbidity and concentrations of suspended
food particles are altered, or biogenic structures impede the burrowing or movement of other
species (Rhoads & Young 1970, Posey 1987).
Species composition and diversity can have important functional consequences, as shifts
in trophic structure, abundance, depth distributions, and other traits have implications for benthic
processes. Effects may depend on the severity of biodiversity loss and degree of functional
redundancy among organisms in benthic communities (Duffy et al. 2001, Mistri et al. 2001,
Raffaelli 2006), which are topics to be explored during future research within WFH. There is
currently an urgent need to understand biodiversity changes on multiple trophic levels, in the
context of feedbacks with stressors such as eutrophication and invasive species (Raffaelli 2006).
We did not examine concurrent environmental variables (aside from the given macroalgal data)
in the present study, and thus cannot ascribe driving forces behind the distributions and spatial
variation within WFH. It was not our intent to provide direct causative evidence or establish
correlative factors, but rather to establish a foundation for which to compare multi-year surveys,
and to develop and promote expanded research at the study site. Planned investigations may
incorporate sediment characteristics such as benthic chlorophyll, organic matter content,
porewater solute concentrations, and rates of nutrient and oxygen exchange at the sedimentwater interface. Further projects will test the question: what factors are driving spatial
heterogeneity of invertebrate distributions within WFH, and on what scale?
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Table 2.1. Distributions, feeding guilds and phylogenetic groupings of macroinvertebrates
collected throughout West Falmouth Harbor, MA. Guilds are labeled according to Mills (1967),
Fauchald & Jumars (1979), and Ranasinghe et al. (1994). Codes: IB = Inner Basin; OB = Outer
Basin; C/O = Carnivore/Omnivore; Hb = Herbivore; SbD = Sub-surface Deposit Feeder; SfD =
Surface-Deposit Feeder; Sus = Suspension Feeder.
Taxa

IB

OB

Guild

Order

Family

Sus; SfD
Hb
Hb
Hb
SfD
SfD
SfD
SfD
SfD
Hb
C/O
C/O
C/O
C/O
Hb

Amphipoda
Amphipoda
Amphipoda
Amphipoda
Amphipoda
Amphipoda
Amphipoda
Cumacea
Cumacea
Decapoda
Decapoda
Decapoda
Decapoda
Isopoda
Isopoda

Ampeliscidae
Ampithoidae
Ampithoidae
Aoridae
Lysianassoidea
Phoxocephalidae
Phoxocephalidae
Bodotriidae
Leuconidae
Hippolytidae
Paguridae
Panopeidae
Pinnotheridae
Chaetiliidae
Idoteidae

SbD
SbD
SbD
C/O
SbD
SbD
C/O
SfD; Hb
C/O; Sus

Capitellida
Capitellida
Capitellida
Eunicida
Orbiniida
Orbiniida
Phyllodocida
Phyllodocida
Phyllodocida

Capitellidae
Capitellidae
Maldanidae
Oenonidae
Orbiniidae
Orbiniidae
Glyceridae
Nereididae
Nereididae

Crustacea
Ampelisca abdita
Ampithoe valida
Ampithoe longimana
Microdeutopus gryllotalpa
Lysianopsis alba
Rhepoxynius epistomus
Eobrolgus spinosus
Cyclaspis varians
Leucon americanus
Hippolyte zostericola
Pagurus longicarpus
Rhithropanopeus harrisii
Pinnixa chaetopterana
Chiridotea coeca
Erichsonella filiformis
Polychaeta
Heteromastus filiformis
Capitella capitata
Clymenella torquata
Drilonereis longa
Scoloplos acutus
Orbinia sp.
Glycera sp.
Platynereis dumerilii
Hediste diversicolor

x
x
x
x
x

x
x
x
x
x

x
x
x
x
x
x
x
x
x

x
x
x
x

x
x
x
x
x
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Table 2.1. Continued.
Taxa

IB

OB

Guild

Order

Family

C/O; SfD
C/O; SfD
C/O
C/O
C/O
Sus
SfD
SfD
SfD
SfD

Phyllodocida
Phyllodocida
Phyllodocida
Phyllodocida
Phyllodocida
Sabellida
Spionida
Spionida
Terebellida
Terebellida

Nereididae
Nereididae
Phyllodocidae
Polynoidae
Polynoidae
Sabellidae
Cirratulidae
Spionidae
Pectinariidae
Terebellidae

Hb
SfD
C/O
Hb
C/O; SfD

Archaeogstrpda.
Cephalaspidea
Mesogastropoda
Neogastropoda
Neogastropoda

Lottidae
Haminoeidae
Naticidae
Columbellidae
Nassariidae

Sus
Sus
Sus
SbD
SfD
Sus

Arcoida
Myoida
Mytiloida
Nuculoida
Veneroida
Veneroida

Arcidae
Myidae
Mytilidae
Nuculidae
Tellinidae
Veneridae

SbD
C/O; SfD

Apodida
Ophiurida

Synaptidae
Ophiodermatidae

Polychaeta, continued
Alitta virens
Alitta succinea
Hypereteone heteropoda
Lepidonotus sublevis
Harmothoe imbricata
Sabella microphthalma
Tharyx setigera
Prionospio steenstrupi
Pectinaria gouldii
Pista elongata
Gastropoda
Testudinalia testudinalis
Haminoea solitaria
Polinices duplicatus
Costoanachis lafresnayi
Ilyanassa obsoleta
Bivalvia
Anadara transversa
Mya arenaria
Mytilus edulis
Nucula proxima
Tellina agilis
Gemma gemma
Echinodermata
Leptosynapta tenuis
Ophioderma brevispina

x
x
x
x

x

x
x
x
x
x
x
x

x
x
x
x
x

x
x

x
x
x
x
x
x
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Table 2.2. Results of 2-way crossed tests for similarity percentages (SIMPER). Percentage
similarity is presented (a) within groups for Basin and Patch category, along with taxa
contributing > 5% similarity to one or more groups. Percentage dissimilarity is shown (b)
between groups, along with taxa contributing > 2% dissimilarity within one or both factors.
(a) % Similarity
Within Groups:

Basin

Patch

Inner

Outer

Vegetated

Nonvegetated

14.4

18.3

18.5

12.8

Taxa

% Contribution to Group Similarity

Alitta succinea

28.5

---

5.2

32.8

Ampelisca abdita

17.8

---

5.2

16.7

Gemma gemma

15.7

---

7.5

9.1

Haminoea solitaria

7.4

---

---

9.1

Microdeutopus gryllotalpa

22.1

19.8

21.9

19.1

Lysianopsis alba

---

37.0

26.2

---

Heteromastus filiformis

---

28.9

21.4

---

Ophioderma brevispina

---

7.8

5.8

---

(b) % Dissimilarity

Basin

Patch

Between Groups:

Inner vs. Outer
94.6

Vegetated vs. Nonvegetated
78.8

Taxa

% Contribution to Group Dissimilarity

Microdeutopus gryllotalpa

20.2

24.4

Ampelisca abdita

17.7

18.9

Lysianopsis alba

15.5

11.9

Heteromastus filiformis

7.9

5.9

Alitta succinea

4.2

2.5

Capitella capitata

3.8

4.7

Scoloplos acutus

2.2

3.2

Hediste diversicolor

2.2

2.5

Gemma gemma

2.7

1.7

Haminoea solitaria

2.2

2.2
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Table 2.3. Abundance, dominance, and diversity indices for invertebrate counts pooled by basin.
Codes: n = total number of individuals; R1 = rank-1 abundance; S = total number of species; d =
Margalef’s species richness; J’ = Pielou’s evenness; H’ = Shannon diversity; sΔ+ = sum of
taxonomic diversity; sΦ+ = sum of phylogenetic diversity.
Basin

n

R1

S

d

J’

H’

sΔ+

sΦ+

Inner

304

0.38

19

3.15

0.57

1.67

1698

1233

Outer

235

0.36

36

6.41

0.68

2.45

3202

2250
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Table 2.4. Results of 2-way crossed analysis of similarity (ANOSIM) for macroinvertebrate
composition and 2-way analysis of variance (ANOVA) for abundance values and diversity
indices. Main factors are Basin (Inner/Outer) and Patch (Vegetated/Nonvegetated), with
interactions included under ANOVA. Significant results in bold (p < 0.05).
ANOSIM
Basin
Patch
ANOVA
Total Faunal Abundance (n)
Basin
Patch
Basin x Patch
Rank-1 Abundance (R1)
Basin
Patch
Basin x Patch
Number of Species (S)
Basin
Patch
Basin x Patch
Richness (Margalef’s d)
Basin
Patch
Basin x Patch
Evenness (Pielou’s J’)
Basin
Patch
Basin x Patch
Shannon Diversity (H’)
Basin
Patch
Basin x Patch
Taxonomic Diversity (sΔ+)
Basin
Patch
Basin x Patch
Phylogenetic Diversity (sΦ+)
Basin
Patch
Basin x Patch
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Global R
0.479
- 0.173
F1,11

P
0.002
0.929
p

0.14
0.03
0.47

0.711
0.859
0.508

6.48
0.42
0.56

0.027
0.532
0.471

3.89
0.00
3.40

0.074
0.950
0.092

8.56
0.24
2.99

0.015
0.636
0.114

3.37
0.30
0.02

0.096
0.599
0.895

6.75
0.21
1.97

0.025
0.654
0.189

2.77
0.02
3.89

0.124
0.881
0.074

2.87
0.01
4.27

0.118
0.910
0.063

Massachusetts

West Falmouth Harbor

Fig. 2.1. Location of the study site, West Falmouth Harbor, in southwestern Cape Cod, MA
(41°36’N, 70°38’W).
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Fig. 2.2. Image of West Falmouth Harbor, MA, with sampling locations labeled in the Inner
Basin (Stations 1 – 4) and Outer Basin (Stations 5 – 8).
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Inner: Vegetated

Inner: Nonvegetated

Outer: Vegetated

Outer: Nonvegetated

Inner: Vegetated

polychaeta

crustacea

mollusca

echinodermata

Fig. 2.3. Relative distributions of invertebrate taxa among phylogenetic categories, as
determined from abundance data. Factors were classified according to Basin (Inner/Outer) and
Patch (Vegetated/Nonvegetated, as defined as presence/absence of seagrass).
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(a)

(b)

Fig. 2.4. (a) Hierarchical, agglomerative dendrogram of all samples. Clustered groups below the
dashed horizontal line denote > 20% similarity. (b) Non-metric multi-dimensional scaling (MDS)
plot of all samples. Greater proximity reflects higher relative similarity of macroinvertebrate
composition. Samples surrounded by contour bubbles attained >20% Bray-Curtis similarity.
Two-dimensional stress = 0.06. Codes: numbers (1 – 8) denote station, and paired letters (V =
vegetated; N = nonvegetated) indicate presence/absence of seagrass patch. Stations 1 – 4 are
located in the Inner Basin, and Stations 5 – 8 are in the Outer Basin.
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Alitta succinea

Gemma gemma

Ampelisca abdita

Haminoea solitaria

Microdeutopus gryllotalpa

Heteromastus filiformis

Lysianopsis alba

Ophioderma brevispina

Fig. 2.5. Non-metric multi-dimensional scaling (MDS) plots, with overlain bubbles illustrating
distributions of macroinvertebrate taxa with greatest contributions to within-factor (Basin +
Patch) group resemblance in the similarity percentages (SIMPER) routine. Bubble contour scales
within each designated species plot are based upon relative abundance across all samples.
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S

12

J'

1.0

10

0.8

8

0.6

6
0.4

4
2

0.2

0

0.0

d

3.0

H'

2.0

2.5

1.5

2.0
1.5

1.0

1.0

0.5

0.5

0.0

0.0

IB

OB

V

N

IB

OB

V

N

Fig. 2.6. Subset of diversity indices for samples pooled according to basin (IB = Inner Basin; OB
= Outer Basin) and patch (V = vegetated; N = nonvegetated). Index codes: S = total number of
species; d = Margalef’s species richness; J’ = Pielou’s evenness; H’ = Shannon diversity.
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# macroinvertebrate species

12
10
8
6
4

r2 = 0.366

2

p = 0.017

0
0

2

4

6

8

10

# macroalgal species
Fig. 2.7. Linear regression for species richness of invertebrates and macroalgae collected during
June 2007 field surveys of the sampling stations. Macroalgal data were obtained from
McGlathery et al. (pers. comm.).
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CHAPTER THREE:

Benthic Macroinvertebrate Diversity Regulates
Nutrient and Algal Dynamics in a Shallow Estuary
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3.1 INTRODUCTION

Primary production in shallow estuaries is often dominated by benthic autotrophs,
including seagrasses, macroalgae, and benthic microalgae (Sand-Jensen & Borum 1991, Duarte
1995). Patterns of abundance and distribution among and within these phytobenthic groups are
regulated through a complex suite of biotic and abiotic factors, including resource availability
and consumer pressure (Valiela et al. 1997, Hauxwell et al. 1998, Worm et al. 2000, Havens et
al. 2001, Nelson et al. 2008). Bottom-up controls on primary production may be modified by
benthic invertebrates through (1) direct excretion of nutrients, (2) promotion or inhibition of
sediment nutrient fluxes, and (3) feedbacks with microbial and benthic microalgal communities
(e.g., Henriksen et al. 1983, Andersen & Kristensen 1988, Fong et al. 1997, Hansen &
Kristensen 1997, Aller & Aller 1998, Karlson et al. 2005). Furthermore, benthic fauna can exert
direct top-down controls through grazing upon macroalgae (Lubchenco 1978, Hauxwell et al.
1998, Worm et al. 2000) and benthic microalgae (Pace et al. 1979, Connor et al. 1982).
In general, growth of estuarine producers in temperate regions is primarily limited by
nitrogen (N) and secondarily by phosphorus (P) (Ryther & Dunstan 1971, Howarth 1988,
Vitousek & Howarth 1991). Enhanced nutrient supply and associated increases in water-column
turbidity can alter the abundance and composition of autotroph communities (Lavery et al. 1991,
Sand-Jensen & Borum 1991, Valiela et al. 1992, McGlathery 2001), and may ultimately shift
lagoonal systems from benthic to pelagic production, with increased potential for blooms of toxic
phytoplankton (Valiela et al. 1997, Nixon et al. 2001). As a result of extensive alteration of N
cycling during recent decades (Vitousek et al. 1997), predicted scenarios of accelerated inputs
engender dire implications for coastal marine systems subject to sustained nutrient loads (Nixon
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1995, Howarth et al. 2002). Coupled with compounding stressors such as biodiversity loss,
climate change, and invasive species (Lotze et al. 2006), there is increased urgency to understand
internal feedback mechanisms in estuaries that may act to either promote or buffer the effects of
nutrient enrichment.
In shallow lagoons with euphotic benthos, an increasingly prevalent symptom of
eutrophication is the emergence of ephemeral macroalgal mats that dramatically modify
ecosystem structure and functioning (Sfriso et al. 1992, Valiela et al. 1992, 1997). Empirical
evidence and direct linkages between nutrient enrichment, intensification of seaweed growth,
and rapid decline of seagrasses have been widely reported (Duarte 1995, Hauxwell et al. 2001,
McGlathery 2001, Burkholder et al. 2007, McGlathery et al. 2007), with consequential impacts
on structural dynamics and ecosystem functions. The seaweeds that replace rooted macrophytes
and perennial macroalgae are typically opportunistic and/or invasive species, including the
genera Ulva, Cladophora, Codium, and Gracilaria. These green and red taxa have been
documented in mono- or multi-specific blooms along the shores of multiple continents (e.g.,
Sfriso et al. 1992, Valiela et al. 1992, 1997, Hauxwell et al. 2001, Eyre & Ferguson 2002,
Cardoso et al. 2004, Neill et al. 2006, Thomsen et al. 2006).
Through rapid growth and formation of mats above the sediment surface, macroalgae can
create conditions of instability due to (1) mass mortality of benthic invertebrates (Norkko &
Bonsdorff 1996), (2) substantial fluctuations in dissolved oxygen concentrations (Hubas &
Davoult 2006), (3) uptake, remineralization, and leakage of N compounds during growth and
senescence (McGlathery et al. 1997, Tyler et al. 2001), and (4) massive fluxes of nutrients and
toxic metabolites from the sediment after the macroalgal blanket is lifted (Krause-Jensen et al.
1996, Tyler et al. 2001). Furthermore, pulse releases of nutrients to the water column after die-
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off events may in turn stimulate productivity of phytoplankton (Krause-Jensen et al. 1996, Cerco
& Seitzinger 1997, Valiela et al. 1997, McGlathery et al. 2001). A review by McGlathery et al.
(2007) illustrates that positive feedbacks are created with blooms and crashes of ephemeral
macroalgal populations in shallow bays, as nutrient removal processes tend to decrease and
supply rates are further enhanced through remineralization of organic matter.
In soft-bottom estuaries, regeneration of sediment-derived nutrients is an important factor
mediating the extent and timing of macroalgal growth (Krause-Jensen et al. 1996, McGlathery et
al. 1997, Stimson & Larned 2000, Tyler et al. 2001, 2003, Sundback et al. 2003, Kamer et al.
2004, Engelsen et al. 2008). On the Swedish coast, Sunback et al. (2003) demonstrated that
sediment fluxes could fulfill up to 100% of N and 70% of P macroalgal demand during the
spring when blooms initiate. At the end of the growing season, Engelsen et al. (2008) illustrated
that heterotrophic sediments could supply 20% and 70% of N and P requirements, respectively,
for green macroalgal mats. The development of benthic microalgal communities at the sedimentwater interface can intercept N and P fluxes, and in turn regulate supply to macroalgae
(Sundback & Graneli 1988, Sundback et al. 1991, Rysgaard et al. 1995, Sundback & Miles 2002,
Tyler et al. 2003). Benthic microalgae filter movement of nutrients across the sediment-water
interface in shallow systems by direct uptake and assimilation, and through formation of
microbial mats that stabilize sediments and function as a physicochemical barrier (McIntyre et al.
1996, Miller et al. 1996, Smith & Underwood 2000). By increasing sediment oxygen penetration
during photosynthesis, benthic microalgae may also stimulate (Risgaard-Petersen et al. 1994,
Rysgaard et al. 1995, An & Joye 2001) or inhibit (Henriksen & Kemp 1988) N cycling by
influencing bacterial transformations of ammonium (NH4+) to nitrite and nitrate (NO2- + NO3-)
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via obligate-aerobic processes of nitrification, and subsequent denitrification to inert N2 gas
under anaerobic conditions.
Nutrient supply from the sediments to overlying macroalgae is strongly regulated by
certain benthic invertebrates, as bioturbation and irrigation of burrow structures alter sediment
biogeochemical processes (Rhoads 1974). Faunal control over nutrient dynamics varies
according to functional group (Gerino et al. 2003, Mermillod-Blondin et al. 2004, Michaud et al.
2005, 2006, Karlson et al. 2007) and/or species identity (Norling et al. 2007), through
mechanisms that relate to feeding behavior, vertical range within sediments, and mode of
bioturbation. For example, high densities of bioirrigating, nereidid polychaetes can increase the
flux of NH4+ to the water column (Henriksen et al. 1983, Andersen & Kristensen 1988, Michaud
et al. 2006, Mahl 2009) and stimulate nitrification and coupled-denitrification of sediment NO3(Henriksen et al. 1983). Bivalves may either enhance or inhibit mineralization processes and
release of nutrients, depending on feeding habits and depth of burrow formations (e.g.,
Mermillod-Blondin et al. 2004, Michaud et al. 2006). Bioturbators active at the sediment surface,
such as amphipods and gastropods, can also stimulate nutrient fluxes (Henriksen et al. 1983).
In conjunction with bottom-up factors, benthic fauna exert controls upon macroalgae
through direct grazing of biomass (Hauxwell et al. 1998, Worm et al. 2000, Bracken &
Stachowicz 2007). By selective mechanisms, fauna can influence community structure and
diversity of macroalgae through preferential grazing of palatable, annual taxa (Lubchenco 1978)
that have high nutrient content and negligible defense compounds (Hay & Fenical 1988). Studies
of grazing effects have primarily been conducted in rocky intertidal systems (e.g., Lubchenco
1978, 1983, Cubit 1984, Lotze & Worm 2000, Worm et al. 2000, Guerry 2008), and less is
known about dynamics in soft-substratum habitats.
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Furthermore, few experimental studies have explicitly tested the effects of species or
functional diversity upon biogeochemical cycling in marine systems (but see Emmerson et al.
2001, Waldbusser et al. 2004, Mermillod-Blondin et al. 2005), and there is need for more
empirical understanding of complex interactions between multiple trophic levels (Bruno et al.
2008). In light of recent reports of exponential biodiversity loss and changes in species
compositions on a global scale (MEA 2005), compounded with the pervasive ramifications of
eutrophication in estuaries (Bricker et al. 1999), it is critical to develop a greater understanding
of positive and negative feedback mechanisms associated with benthic diversity and associated
ecosystem functions.
In our study, a series of laboratory microcosm experiments were conducted to further
clarify linkages between benthic macrofauna and primary producers in shallow estuaries. We
sought to develop a greater understanding of the role of benthic fauna in mediating ecosystem
processes, particularly during early stages of rapid eutrophication. We hypothesized that faunal
effects upon sediment nutrient release, benthic microalgal biomass and productivity, and
macroalgal growth would vary according to the traits exhibited by component species (such as
mode of bioturbation, depth of sediment interaction, and feeding behaviors). By using both
single- and mixed-species assemblages, we were able to determine whether monospecific
populations of common estuarine invertebrates behave and function differently than diverse
communities.
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3.2 MATERIALS AND METHODS

3.2.1 Manipulative experiments
The first and second experiments (Exp I + Exp II, respectively) were executed
simultaneously during June - July 2007, and the third experiment (Exp III) was performed
subsequently during June - August 2008. Exp I investigated faunal regulation of ecosystem
processes in bare sediments, including nutrient fluxes, rates of N2 fixation, and benthic
microalgal biomass and production. Exp II tested for faunal effects upon a macroalgal
monoculture and Exp III upon a 3-species macroalgal assemblage, as determined through
measurements of primary productivity, biomass of thalli, tissue element composition, and
sediment organic matter content.

3.2.2 Study site
West Falmouth Harbor (WFH), MA, is a shallow, temperate embayment in southwestern
Cape Cod (41°36’N, 70°38’W). Salinity ranges from ~ 20 – 30 psu in the semi-enclosed, 80hectare acre estuary, with a tidal range of 1.5 m and an average depth of 0.6 m at mean low water
(Howes et al. 2006). The WFH ecosystem is currently under investigation due to impacts of N
enrichment from a wastewater plume migrating into the estuary since 1994 (Kroeger 2003). The
Falmouth Wastewater Treatment Plant initiated land application of sewage effluent within the
WFH sub-watershed in 1988, using a system of spray irrigation and infiltration basins that
rapidly exceeded the N-retention capacity of the forested treatment site (Jordan et al. 1997).
While the sewage treatment techniques have since been upgraded to incorporate denitrification
processes, the current N load to the estuary has doubled compared with background levels
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(Howes et al. 2006) due to percolation of contaminated groundwater through the permeable,
glacial soils characteristic of the region. The plume has reportedly contributed to the decline of
seagrass beds in WFH, along a spatial gradient ranging from severe degradation in the inner
reaches of the estuary, to no negligible impacts in the well-flushed mouth of the harbor (Howes
et al. 2006). Field surveys of benthic macroinvertebrates conducted in June 2007 (see Chapter
Two) reveal differences in species composition and diversity across the sub-embayments of
WFH. Numerically-dominant taxa include gammarid amphipods, and capitellid and nereidid
polychaetes.

3.2.3 Study organisms
3.2.3.1 Macrofaunal species
The selected fauna are cosmopolitan species found along the northwestern Atlantic coast
(Gosner 1971), and are also present in the study site (Chapter Two of current manuscript; T.
Duncan, pers. comm..). Ilyanassa obsoleta Say (Gastropoda) (syn. Nassarius obsoletus), the
“Eastern mudsnail,” inhabits the sediment-water interface in shallow estuaries and tidal flats, and
is a mobile, omnivorous deposit-feeder that primarily consumes micro-flora and -fauna (Curtis &
Hurd 1979, 1981). Mya arenaria L. (Bivalvia), the “soft-shelled clam,” is a sub-surface (0 – 8
cm) suspension-feeder that maintains relatively constant water-pumping activity, with a fused
inhalant-exhalant siphon that rarely extends above the sediment surface under natural
circumstances (siphon open ~85% daily; Thorin et al. 1998). Alitta virens Sars (Polychaeta)
(formerly Nereis virens), the “king ragworm,” is a deep-dwelling (7 – 45 cm) omnivore that
constructs and irrigates semi-permanent U- or Y-shaped, mucus-lined burrows, and exhibits a
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diverse diet that includes detritus and OM, benthic microalgae, macroalgae, and meio- and
macrofauna (Pettibone 1963).
Experimental designs included defaunated controls, and single- and mixed-species faunal
treatments (see Table 1). Exp I + II investigated Ilyanassa obsoleta, Mya arenaria, and Alitta
virens in monospecific (ILY, MYA, and ALI, respectively) and three-species (MIX) treatments.
Exp III included I. obsoleta and A. virens, in one- (ILY, ALI) and two-species (MIX)
combinations. For all experiments, I. obsoleta individuals were collected from the intertidal zone
of WFH, yearling M. arenaria were donated by an aquaculture facility (Salem State College,
MA), and adult A. virens were purchased at a local, commercial bait distributor in Falmouth,
MA. Fauna were acclimated under ambient laboratory conditions in WFH sediments for at least
4 days prior to introductions into microcosms. Biovolume – an indicator of physical space
occupied by invertebrates – was the parameter employed to facilitate comparisons across
treatments (see Michaud et al. 2005, 2006). Organisms were measured individually with a
graduated cylinder, and total faunal biovolume was equalized in each microcosm. Initial and
final biomass measurements (fresh weight) of fauna were obtained in Exp III to detect changes in
weight. Abundances used in experiments were determined according to multi-annual benthic
surveys of WFH (T. Duncan, pers. comm.), and are comparable to densities and biomass values
in published reports from the northwestern Atlantic (Brenchley & Carlton 1983, Levinton et al.
1995, Mermillod-Blondin et al. 2003).

3.2.3.2 Macroalgal species
Exp II included a living monoculture of the branched, red macroalga Gracilaria
vermiculophylla (Ohmi) Papenfuss (Rhodophyceae: Gracilariaceae; confirmation of species
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identity pending molecular analysis). The Exp III assemblage was comprised of G .
vermiculophylla (hereafter, Gracilaria), the leathery, brown macroalga Fucus vesiculosus L.
(Phaeophyceae: Fucales; hereafter, Fucus), and a laminar species of the green macroalga genus
Ulva L. (Chlorophyceae: Ulvales). Fucus is a perennial kelp species with differentiated thallus
morphology, including a holdfast, central stipe or mid-rib, vesicles, and apical tissue (Humm
1979), with slower uptake potential relative to annual species (Pedersen 1995). Gracilaria and
Ulva are ephemeral, bloom-forming opportunists that generally replace perennial or slowergrowing macrophytes as eutrophication progresses (Valiela et al. 1997, Cardoso et al. 2004).
Quantitative field surveys performed in June 2007 (McGlathery et al., pers. comm.) and
June - August 2008 (Tyler et al., unpub. data) revealed that Gracilaria and Ulva were dominant
taxa at sampling stations within the inner, sheltered reaches of WFH. In contrast, Fucus was
lower in biomass and frequency in the surveys, but the three species have been found to coexist
in shallow subtidal regions within the harbor (N. McLenaghan, pers. obs.). Macroalgae were
collected manually from WFH and rinsed thoroughly in seawater to remove epiphytes and
associated fauna, and allowed to acclimate under ambient experimental conditions in the
laboratory for at least 5 days prior to microcosm addition. Initial weights were equalized across
microcosms (Exp II: 4.65 g wet weight (wwt); Exp III: 1.45 g wwt per macroalgal species = 4.35
total g wwt), at densities corresponding to biomass in local estuaries with moderate nutrient
loads (Hauxwell et al. 1998, 2001).

3.2.4 Microcosm conditions
Microcosms were constructed from shallow subtidal sediments (fine-grained sands)
collected from WFH. Initial organic matter (OM) content within surface sediments (0 – 2 cm)
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was 1.3% (Exp I + II) and 0.7% (Exp III), as determined by loss-on-ignition (LOI) at 500°C. For
each experiment, coarse vertical profiles were preserved upon collection by partitioning the
sediment into 3 depth intervals (0 – 2, 2 – 5, 5 - 13 cm) in order to prevent downward mixing of
surface biota and labile organic matter upon reconstruction. Each section was sieved (1 mm) to
remove macrofauna and larger fractions, and subsequently homogenized. While these destructive
processes modify physical properties of the sediment, recent work by Tyler et al. (unpub. data)
provides justification for this procedure as compared to other routine methods of defaunation.
Although techniques such as freezing or generation of anoxia maintain sediment structure and
stratification, induced death of biota and subsequent decomposition radically increases porewater
solute concentrations. In addition, remineralization rates are stimulated by mixing and oxidation
of sediments, and the period of acclimation required for return to field conditions may approach
several months.
Sieved sediments were transported to the laboratory and reconstructed by sequentially
depositing the 3 depth intervals into transparent, polycarbonate core-tubes (microcosm
dimensions: water column = 15 cm, sediment height = 13 cm, inner diameter = 9.5 cm). Tube
bottoms were capped with rubber stoppers, and microcosms were wrapped externally with an
opaque covering along the sediment column to inhibit light penetration at depth. The cores were
incubated in flowing seawater tables (salinity: 28 - 30 psu; temperature: 17 - 20°C) and were
illuminated with full-spectrum fluorescent bulbs with a 14-hr light/10-hr dark (L/D) photoperiod.
In 2007, Exp I and II were conducted at the Marine Biological Laboratory (MBL) in Woods
Hole, MA, with incoming seawater from adjacent Great Harbor. In 2008, Exp III was performed
at the Rochester Institute of Technology (RIT) in Henrietta, NY, with a mixture of artificial
seawater and estuarine water transported from WFH. In all experiments, an integrated aeration
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system enhanced water mixing in each microcosm and ensured adequate oxygenation.
Lightweight screens (5 mm mesh) secured atop each microcosm prevented macrofaunal and
macroalgal migration, and did not substantially impede light penetration (water surface: 250 300 µE m-2 s-1, sediment surface: ~ 200 µE m-2 s-1; LI-192 underwater quantum sensor, LICOR, Lincoln, Nebraska, USA)
Timelines for each experiment are provided in Table 2. Following reconstruction,
microcosms were acclimated for 18 (Exp I + II) to 23 days (Exp III) in seawater tables to permit
re-establishment of porewater gradients and development of the benthic microbial community.
When introduced to microcosms, fauna immediately burrowed into sediments. To simulate
macroalgal bloom conditions and subsequent deposition, surficial sediments were enriched with
oven-dried (60°C), finely ground thalli of opportunistic macroalgae collected from WFH in June
2007 and 2008 (Exp I + II: Gracilaria sp.; Exp III: predominantly Ulva spp.). Species were
selected based upon WFH field abundance, and enrichment levels corresponded to macroalgal
standing stocks in moderately eutrophic local estuaries in Cape Cod (Hauxwell et al. 1998, 2001:
100 g dry weight [dwt] m-2). Sediment-water column flux analyses were conducted on the
following number of days after faunal additions: 17 (Exp III), 24 (Exp II), and 25 (Exp I).
Macroalgal biomass measurements were performed 7, 14, 21, and 28 days after thalli
introduction in Exp II, and after 7, 14, and 33 days in Exp III. Time elapsed between microcosm
construction and destructive sampling procedures ranged from 50 (Exp I) to 58 days (Exp III).
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3.2.5 Experimental analyses
3.2.5.1 Sediment-water column solute fluxes
In Exp I, fluxes of dissolved inorganic nitrogen (DIN: ammonium [NH4+]; nitrite + nitrate
[NO2- + NO3-], hereafter, NO3-), soluble reactive phosphorus (phosphate [PO43-]), and dissolved
oxygen (DO) were assessed on Day 25. In Exp II and III, DO fluxes were recorded on the 17th
and 14th day (respectively) following initial macroalgal additions. Intact microcosms were
incubated as described by Tyler et al. (2001) in light and dark conditions, with simultaneous
measurements on seawater “blanks” (excluding sediment) to correct for water-column changes
attributable to microorganism activity. Sampling was conducted under constant-temperature
settings in an environmental growth chamber (Conviron; Winnipeg, MB, Canada) at the MBL
for Exp I and II, and at RIT for Exp III. Prior to analysis, the overlying, extant water was gently
siphoned and replaced with fresh seawater before fitting the microcosms with gas-tight,
transparent lids with a central sampling port. Precautions were taken to minimize sediment
disturbance during all procedures. Water-column convection was maintained by a rotating
Teflon®-coated magnetic stir bar (60 rpm), suspended approximately 8 cm above the sediment
surface.
Incubation periods incorporated a total of 5 (Exp I + II) and 3 (Exp III) evenly-distributed
time-points, with ~ 1 hr. intervals between measurements. Samples for nutrient analyses (Exp I)
were extracted with a 60 cc plastic syringe and filtered immediately (0.45 µm; Whatman GF/F);
DO concentrations were measured concurrent with sampling. Removed sample-water was
replaced with fresh seawater and corrected for in data analyses. DO was measured with a WTW
Oxi 330i meter (self-stirring galvanic probe) during Exp I and II, and with a Hach HQ40d meter
(LBOD101 probe) during Exp III. In all experiments, DO levels were monitored regularly to
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prevent depletion. Samples for NH4+ analysis were reacted within 1 hr of collection using the
phenol-hypochlorite method (Solorzano 1969). Determination of PO43- was performed according
to Murphy & Riley (1962); samples were acidified after filtration and stored at 4°C prior to
spectrophotometric examination. NO3- samples were frozen at -80°C prior to measurement on an
Alpkem “continuous flow” Autoanalyzer (OI Analytical; College Station, TX, USA). All
samples were run in duplicate and each method calibrated with standards.
Hourly flux rates across the sediment-water interface were calculated based upon changes
in concentration over time (see Tyler et al. 2001), with corrections for water-column activity and
replacement of seawater following sample extraction. A seasonal 14-hr light: 10-hr dark
photoperiod was used to estimate daily rates. Gross primary productivity (GPP) was determined
by subtracting benthic oxygen consumption (BOC, as measured in dark incubations) from net
primary productivity (NPP, recorded in the light). While the GPP calculation employs a practical
assumption of constant DO consumption rates throughout the day, the method may impose
limitations if diurnal variability exists with regard to redox reactions and/or organism behavior
and respiration. Potential DIN assimilation by benthic microalgae was calculated using 80%
GPP, according to Sundback et al. (2004). For Exp II + III, values reflect the combination of
macroalgal and benthic microalgal DO production.

3.2.5.2 Sediment N2 fixation rates and benthic microalgal biomass
Sediments were extruded by depth interval at the end of Exp I (Day 32), homogenized,
and sampled for benthic microalgal biomass (0 – 1 cm) and N2 fixation rates (0 – 1 cm; 3 – 4
cm). The same pool of bulk, surface sediments was used for both sets of analyses. Rates of N2
fixation were determined on a subset of faunal treatments (surface: CTL, ILY, ALI; sub-surface:

52

CTL, ALI), which were selected on the basis of hypothesized effects within the given depth
intervals. Assays were performed using the acetylene-reduction method (Stewart et al. 1967)
with the slurry technique. Rates were determined for the following sediment incubations: light
(L: 280 µE m-2 s-1; surface only), dark (D), and dark + sodium molybdate (D +Mo: 40 mM
Na2MoO4). Molybdate is used to evaluate the contribution of sulfate-reducing bacteria (SRB) in
N2-fixing communities (through direct comparison with non-treated assays), because it is a
specific inhibitor of SRB activity (Smith & Klug 1981). Prior to incubation, homogenized
sediments (4.9 mL) were transferred to glass vials (40 mL), mixed, sealed, and flushed with
argon for 2 minutes per sample to create anoxic conditions. Each vial was injected with acetylene
gas (10 mL) and incubated in a shallow water-bath at 19°C for 7 hrs in a Conviron growth
chamber. Gas samples (5 mL) were subsequently extracted from vial headspace and transferred
to Hungate tubes (16 mL), and ethylene peaks from duplicate samples and standards of known
concentration were measured using an Agilent 6890 Gas Chromatograph (Agilent
Technologies, Inc., Santa Clara, CA, USA). N2-fixation rates were calculated according to the
theoretical ratio of 3 moles ethylene produced per 1 mole N fixed (Patriquin & Knowles 1972).
Sediments for benthic microalgal analysis were kept frozen (-80°C) in the dark, and
photopigments were measured according to Strickland & Parsons (1972). Samples (4.9 mL) were
extracted overnight in 90% acetone at 4°C, analyzed on a spectrophotometer before and after
acidification, and pigment concentrations calculated according to Lorenzen (1967). Benthic
chlorophyll a (Chl a) content was used as a proxy for biomass of photosynthetic microalgae, and
the ratio of Chl a: phaeopigments (natural degradation products of Chl a) provided an indication
of microalgal turnover.
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3.2.5.3 Macroalgal properties
Biomass of Gracilaria was recorded on Days 7, 14, 21, and 28 in Exp II, and measured
separately for each species in Exp III on Days 7, 14, and 33. Macroalgal thalli were removed
with forceps and gently patted dry with paper towels prior to obtaining values for wet weight (104

g accuracy), then returned to respective microcosms. Simpson’s Index of Diversity (1-D) was

calculated according to Magurran (2004) for each time-point, using proportional wet biomass of
component species in Exp III. After recording final wet biomass, macroalgal thalli were quickly
rinsed in deionized water, blotted, frozen, and placed in an oven (60°C) to obtain dry weights.
Tissue from microcosms that contained sufficient biomass was ground by mortar and pestle, and
% carbon (C) and N content determined on a Carlo-Erba NA-2500 Elemental Analyzer. Total
tissue N was calculated based upon final dry biomass and % N.

3.2.5.4 Sediment organic matter content
Sediment OM was measured at the end of Exp II + III, and also in reconstructed
microcosms that were sacrificed at the beginning of experiments for purposes of comparison. For
both initial and final samples, the entire sediment surface layer (0 – 2 cm) in Exp II was extruded
and sub-sampled. Exp III samples were extracted with a 60 cc syringe corer from 3 depth
intervals (0 - 2, 2 - 5, 5 - 10 cm). Sediments were homogenized and oven-dried (60°C), and %
OM content was determined by LOI at 500°C for > 4 hours. Total OM was determined in each
microcosm for Exp III based upon the summation of % OM and dry weight, as calculated for
each sediment interval.
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3.2.6 Data analysis
Effects of the faunal treatments were evaluated with analyses of variance (ANOVA)
using SPSS 11.0 software. Data were examined for normality and homogeneity of variance
(Levene’s test) prior to analysis, and transformed when assumptions were violated. When
significant effects were established (p < 0.05), post-hoc pairwise comparisons (Tukey’s HSD)
were used to determine specific differences between treatments. In Exp I, results were evaluated
with 1-way ANOVA for benthic photo-pigments (Chl a, Chl a: phaeopigments) and DO flux
data (GPP, NPP, BOC); for nutrient fluxes and N2 fixation, 2-way ANOVA was used with faunal
treatment and incubation condition (e.g., L/D) as main and interaction factors. In Exp II + III, 1way ANOVA was applied to DO flux rates, sediment OM, and macroalgal tissue nutrient
content. Macroalgal biomass and diversity data did not consistently achieve normality and/or
homoscedasticity in either experiment, so the procedure of rank transformation (RT-1) outlined
by Conover & Iman (1981) was employed and 1-way ANOVA used to evaluate transformed
values for separate time-points. Initial and final biomass values of fauna in Exp III were
compared using paired t-tests.
Linear regressions were performed to evaluate correlations in Exp I between GPP and (1)
light-induced DIN uptake (i.e., D – L difference) and (2) Chl a concentration. The magnitude of
sediment influx (or reduction of efflux) attributable to the onset of irradiance is defined as D - L
difference in rates. Linear regressions were also used in Exp II + III to assess relationships
between primary productivity and macroalgal biomass, as determined from conversion of wet to
dry weights during DO fluxes. In order to compare predicted and observed results of faunal
diversity in MIX microcosms, yielding equations were applied in each experiment. Calculations
followed Waldbusser et al. (2004), with the null hypothesis (yielding = 0) that measurable
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contributions per individual organism (relative to defaunated controls) are identical whether
present in monospecific populations or assembled communities. Positive or negative yielding
values indicate diversity effects that are either greater or less than predicted, respectively.

3.3 RESULTS

Organism recovery at the termination of Exp I was 100%. During replacement of a
deceased specimen, an inadvertent polychaete introduction into a CTL microcosm altered the
number of intended replicates per treatment in Exp I. Thus, CTL was reduced to n = 3 and ALI
was increased to n = 5. At the termination of Exp II, 100% of invertebrates were recovered alive
within respective treatments. In Exp III, the overall survival rate was 98%, as polychaetes in one
ALI microcosm neglected to acclimatize. This replicate was omitted from all data and statistical
analyses.

3.3.1 Exp I: Faunal impacts on sediment functions and benthic microalgae
3.3.1.1 Sediment-water column nutrient fluxes
Of all nutrient fluxes, treatment had a significant effect only upon NH4+ (Table 3a; p =
0.001), and post-hoc comparisons showed that the reduced rates in ALI were different from other
treatments. Daily rates of total DIN and PO43- release were both highest in ILY and lowest in ALI
(Fig. 1), by 1.7-fold and 3.4-fold, respectively. Net fluxes of NH4+ and PO43- were always
directed out of sediments, while daily NO3- fluxes were positive for ALI and ILY and negative for
CTL, MYA, and MIX. Ultimately, sediments in all treatments were a net source of inorganic
nutrients to the water column.
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Incubation condition (L/D) produced a significant effect on each nutrient flux (Table 3a;
p < 0.001), and an interaction between faunal treatment and L/D condition was observed for
NO3- (p = 0.01). A directional transition occurred between L/D conditions for NO3-, with dark
efflux and light influx in all treatments except ILY which exhibited constant efflux (Fig. 2); D –
L differences ranged from 411 ± 31 (CTL) to 66 ± 51 (ILY) µmol m-2 hr-1. Compared to dark
conditions, flux magnitudes for NH4+, DIN, and PO43- were reduced in the light by 20 – 53%, 43
– 93%, and 64 – 93%, respectively.

3.3.1.2 Sediment-water column oxygen fluxes
Significant differences were observed between treatments for NPP (Table 3b; p < 0.05),
but not for BOC or GPP values. Post-hoc comparisons for NPP showed that ALI and MIX
belonged to separate subsets. Mean NPP values ranged from -1.7 ± 11.0 (ALI) to -31.3 ± 2.4
(MIX) mmol O2 m-2 d-1, as all Exp I treatments were net heterotrophic during daytime (Fig. 3).
BOC was slightly enhanced by the presence of macrofauna (by 7 – 30% compared with
defaunated CTL), and ranged from 65.6 ± 1.0 (CTL) to 93.5 ± 5.6 (MIX) mmol O2 m-2 d-1. For
GPP, values were again highest in ALI and lowest in MIX, although differences were not
significant. Linear regressions (Fig. 4) of GPP plotted against L/D differences in DIN fluxes
illustrated a positive correlation with NH4+ (r2 = 0.55, p < 0.001) but not with NO3- (r2 = 0.00, p >
0.99). Calculated benthic microalgal N demand (mmol m-2 d-1) ranged from 2.6 ± 0.4 (MIX) to
4.9 ± 1.2 (ALI). Uptake of sediment-derived DIN could meet ca. 90 to 100% of daytime
microalgal N demand, with 30 to 45% of requirements in the form of NH4+.
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3.3.1.3 Sediment N2 fixation
Mean N2 fixation rates (Table 4) for all incubation conditions in surface sediments were
within the following ranges (µmol N m-2 hr-1): 28.7 to 32.5 (D), 18.2 to 22.8 (L), and 9.6 to 11.7
(D +Mo). In sub-surface sediments, mean values were somewhat lower (ca. 50%): 16.1 to 17.3
(D) and 5.0 to 5.2 (D +Mo). The relative importance of SRB was similar between sediment
depths, as potential contributions were 60% (ILY), 65% (CTL), and 70% (ALI) for surface
sediments, and 70% (both CTL and ALI) for sub-surface sediments. Results of 2-way ANOVA
(Table 5a) for separate depth intervals showed that incubation condition (L, D, D +Mo) produced
significant effects (p < 0.001), but no interactions (p > 0.75) or main effects of treatment (p >
0.30) were found.

3.3.1.4 Benthic chlorophyll a
Benthic Chl a concentrations were between 32.2 ± 1.7 (ILY) to 56.1 ± 8.3 (ALI) mg m-2
(Fig. 5a). Significant treatment effects were found (Table 5b; p < 0.025), and Tukey’s HSD
revealed differences between ILY and ALI. Phaeopigments were more abundant than Chl a,
ranging from 145 ± 18.7 (ILY) to 197 ± 16.5 (MYA) mg m-2 (data not shown). Ratios of Chl a:
phaeopigments varied between 0.22 and 0.39 (Fig. 5b), and were highest in ALI although not
significantly so (Table 5b). Final Chl a concentrations displayed a positive, linear correlation
with GPP (Fig. 6; r2 = 0.50, p < 0.001).
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3.3.2 Exp II: Faunal impacts upon a macroalgal monoculture
3.3.2.1 Changes in macroalgal biomass
Gracilaria biomass declined over time in all microcosms (Fig. 7), with complete
disappearance in ALI by Day 21 and in MIX by Day 28. Seven days following macroalgal
additions, biomass loss in ALI and MIX represented an average decrease of 55 and 32 g wwt m-2
d-1, respectively. Gracilaria in microcosms hosting Alitta virens displayed clear evidence of
grazing and physical disturbance, coupled with redistribution of macroalgal thalli into polychaete
burrows. Remaining thalli were increasingly fragmented and pigmentation shifted from dark red
to pale yellow-brown (Fig. 8). In contrast, mean macroalgal biomass in ILY was 2.4-fold greater
than in CTL on Day 28, although values were similar at prior time-points. Treatment differences
were highly significant at each measurement (Table 6a; all p < or = 0.001). Post-hoc
comparisons for Day 7 divided treatments into 2 homogenous subsets: CTL, ILY, MYA vs. ALI,
MIX. These groups were maintained through Day 28 (Tukey’s HSD), except for MYA, which
was statistically similar to both groups during final measurements.

3.3.2.2 Benthic oxygen fluxes
There were significant differences between treatments for BOC, NPP, and GPP (Table
6b; all p < 0.05). Post-hoc tests (Tukey’s HSD) designated separate subsets for ILY and ALI for
BOC, and MIX was different from CTL and ILY for both NPP and GPP (Fig. 9). Comparisons
between Exp I and Exp II showed that addition of macroalgae in the latter study generated
negligible effects on oxygen consumption in the dark, as the ranges of mean BOC values (mmol
O2 m-2 d-1) were similar between experiments: 65.6 to 93.5 (Exp I) and 55.2 to 104.6 (Exp II). In
contrast, DO production in the light was much higher in Exp II and was highly correlated with
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macroalgal biomass (Fig. 10): GPP (r2 = 0.94, p < 0.001) and NPP (r2 = 0.96, p < 0.001).
Treatments containing abundant thalli were distinctly autotrophic (CTL, ILY, MYA), while those
with low biomass were marginally autotrophic (ALI) or net heterotrophic (MIX). GPP in MIX
was similar between Exp II and Exp I (31.2 vs. 23.2 mmol O2 m-2 d-1, respectively), while rates in
ILY were nearly an order of magnitude greater when macroalgal thalli were present (216.3 vs.
24.9 mmol O2 m-2 d-1).

3.3.2.3 Macroalgal tissue nutrients
At the termination of Exp II, only CTL and ILY retained sufficient macroalgal tissue for
elemental analysis (Table 7). There were no significant differences between treatments (Table
8a; all p > 0.30), although total tissue N was 2-fold greater in ILY compared with CTL (8.00 ±
2.23 vs. 3.83 ± 1.75) and C:N was lower in ILY (9.37 ± 0.06 vs. 9.88 ± 0.49). Tissue C:N
preserved at the time of macroalgal introduction (Day 0; mean: 16.74 ± 0.50) was substantially
higher than ratios in thalli retrieved from microcosms at the end of the experiment. This change
was driven by both an increase in % N and a decrease in % C over time.

3.3.2.4 Sediment organic content
Organic content of surficial sediments (0 – 2 cm) was enriched during the course of the
experiment: % OM at Day –7 was 1.28 ± 0.05, and the range across treatments on Day 28 was
1.44 ± 0.17 (ILY) to 2.08 ± 0.16 (MYA) (Table 7). There were no effects of treatment upon
sediment OM content (Table 8b; p > 0.05).
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3.3.3 Exp III: Faunal impacts upon a macroalgal assemblage
3.3.3.1 Changes in macroalgal biomass and diversity
Total biomass declined between initial and final conditions in all treatments (CTL: -21%,
MIX: -56%, ALI: -80%) except ILY (+6%). As in Exp II, extensive grazing and redistribution of
macroalgae by Alitta virens substantially diminished standing stock throughout the experiment
(Fig. 11a). A. virens also exerted negative controls on macroalgal diversity within the
microcosms by eliminating 2 of 3 species from the assemblage (Fig. 11b, 12c). Mean values for
both total biomass and diversity exhibited the same sequence in treatment ranks (ILY > CTL >
MIX > ALI), and effects were significant at each time-point (Table 9a). For both total biomass
and diversity, the following pairwise differences emerged: ILY vs. ALI (Days 7, 14, 33) and CTL
vs. ALI (Days 14, 33). In addition, diversity in MIX differed from both ILY and ALI on Day 33.
Component species within the macroalgal assemblage (Fucus, Gracilaria, and Ulva)
displayed distinct temporal variations in biomass that were a function of faunal treatment (Fig.
12). In CTL and ILY (Fig. 12a and 12b), Fucus biomass peaked on Day 14 and final standing
stock was slightly enhanced relative to initial values (ca. 12%). Gracilaria exhibited accelerated
growth in both CTL and ILY, with minor increases during the first 14 days (CTL: 0.07% d-1; ILY:
0.86% d-1) and more pronounced augmentation between Days 14 – 33 (CTL: 1.00% d-1, ILY:
1.26% d-1). Within these same treatments, a relatively slow decline of Ulva was observed from
Days 0 – 14 (CTL: 0.93% d-1, ILY: 0.14% d-1) followed by a rapid reduction between Days 14 –
33 (CTL: 4.11% d-1, ILY: 1.68% d-1). No significant differences were detected between these
treatments during any measurement, although final mean biomass of each macroalgal species
was greatest in ILY.
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In sharp contrast, the presence of Alitta virens radically altered the patterns exhibited in
CTL and ILY. Examination of temporal biomass trends (Fig. 12c,d) and documentation of
physical destruction of thalli (Fig. 13) in ALI and MIX revealed differential susceptibility to loss
among the macroalgal species. The largest comparative declines between subsequent time-points
for ALI were as follows: Gracilaria (7.43% d-1, Days 0 – 7), Ulva (7.57% d-1, Days 7 – 14), and
Fucus (2.42% d-1, Days 14 – 33). These sequential reductions were reflected in statistical
analyses (Table 9), as significant differences between treatments were determined for Gracilaria
on Day 7 (+ Day 14, 33), Ulva on Day 14, and Fucus not until Day 33. Biomass trends in MIX
also varied across time and macroalgal species (Fig. 12d).

3.3.3.2 Benthic oxygen fluxes
Significant differences were observed between treatments for BOC, NPP, and GPP
(Table 9b; all p < 0.01). BOC was distinctly greater for ALI compared to ILY and CTL, and CTL
also differed from MIX (Fig. 14). Mean BOC values (mmol O2 m-2 d-1) in Exp III were greater
than in the earlier experiments: 96.6 ± 10.6 (CTL) to 172.1± 12.5 (ALI). For NPP, ALI belonged
to a unique subset, and for GPP, ALI was significantly lower than ILY and MIX, but not CTL.
With regard to trophic status, ILY and CTL were net autotrophic during daytime, MIX was
marginally heterotrophic, and ALI was net heterotrophic. GPP values (mmol O2 m-2 d-1) ranged
between 56.6 ± 9.2 to 85.8 ± 4.5, and displayed the following treatment sequence: ILY > MIX >
CTL > ALI. Compared to Exp II, relationships between DO production and macroalgal biomass
in Exp III were substantially weaker for GPP (r2 = 0.22 p < 0.041) and somewhat weaker for
NPP (r2 = 0.77, p < 0.001) (Fig. 15). Of the individual macroalgal species, Ulva biomass was the
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best predictor of GPP (r2 = 0.35, p = 0.007), while Gracilaria (r2 = 0.10, p = 0.181) and Fucus (r2
= 0.01, p = 0.691) were not correlated.

3.3.3.3 Macroalgal tissue nutrients
Sufficient tissue for elemental analysis was present in all microcosms for Fucus, within
CTL and ILY for Gracilaria, and within a subset for Ulva (CTL: n = 2; ILY: n = 4). For each
species, average % N of tissue ranged from 1.43 to 2.38 (Fucus), 3.67 to 3.97 (Gracilaria), and
4.77 to 5.02 (Ulva) (Fig. 16, Table 10a). There were significant differences for total N, % N, and
C:N of Fucus (Table 11a), with 2 groups of homogenous subsets for each parameter: CTL and
ILY vs. ALI and MIX. No differences were observed for Gracilaria composition (p > 0.05),
although % N was on the margin of significance (p = 0.051). For Ulva, total N was different
between CTL and ILY (p < 0.025), but not % N or C:N. Total tissue N bound within entire 3species assemblages was significantly greater in ILY compared to CTL (p < 0.025), primarily as a
function of greater macroalgal biomass. No tissue from Day 0 was analyzed for comparison
between initial and final experimental conditions in Exp III.

3.3.3.4 Sediment organic content
For sediments in Exp III, % OM content (Table 10b) in the following intervals varied
between 0.25 ± 0.03 (ILY) to 0.28 ± 0.05 (ALI) in 0 – 2 cm, 0.28 ± 0.03 (ALI) to 0.35 ± 0.03
(MIX) in 2 – 5 cm, and 0.24 ± 0.01 (CTL) to 0.29 ± 0.03 (MIX) in 5 – 10 cm. Total g OM per
microcosm ranged from 2.97 ± 0.28 (ALI) to 3.35 ± 0.15 (MIX). No treatment differences were
found for either % or total OM content (Table 11b; p > 0.05).
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3.3.3.5 Changes in faunal biomass
Significant decreases in faunal biomass (Table 12) occurred in both single- (p < 0.001)
and mixed-species (p = 0.001) treatments for Ilyanassa obsoleta, but Alitta virens lost weight in
ALI only (p < 0.05) and not in MIX (p > 0.3). Mean biomass decline in I. obsoleta throughout the
experiment was 0.04 g (ILY) to 0.05 g (MIX), and for A. virens was 0.28 g (ALI) to 0.16 g (MIX).
In ALI, it was noted that 50% of polychaetes had lost and subsequently regenerated posterior
segments; this phenomenon was not observed in MIX, where fewer than 2 individuals were
present per microcosm.

3.3.4 Observed vs. predicted effects of faunal diversity
Comparison of observed and predicted values revealed substantial variability in effects of
diversity in all experiments (Table 13). BOC was within 3 – 7% of predictions in each
experiment, while NPP in MIX ranged from –127% to –73% to +225% in Exp I – III,
respectively. For nutrient fluxes, NO3- underyielded by 266%, NH4+ overyielded by 25%, and
PO43- was near calculated values (-8%). At final sampling, benthic microalgal biomass (Exp I)
underyielded by 16%, and total macroalgal biomass underyielded by 100% (Exp II) and 30%
(Exp III), driven primarily by grazing pressure and rapid reduction of Gracilaria thalli (-61%
yielding in Exp III). Other macroalgal species within the assemblages were within 5% (Ulva) to
15% (Fucus) of predictions on Day 33.
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3.4 DISCUSSION

The invertebrates in our experiments exhibited controls over benthic algal communities
and sediment nutrient release, with divergent, species-specific effects that have direct
implications for ecosystem functioning. Relative to controls and other fauna, the polychaete
Alitta virens stimulated benthic microalgal growth, inhibited steady-state nutrient fluxes of NH4+,
and decreased macroalgal standing stocks and diversity. Conversely, the gastropod Ilyanassa
obsoleta suppressed benthic microalgae, enhanced release of DIN and PO43-, and maintained
macroalgal biomass, productivity, and species composition. The bivalve Mya arenaria did not
appear to alter the examined sediment or algal properties when in isolation, compared with
controls. When fauna were present in combination, observed results generally deviated from
values predicted from individual responses in single-species populations. In mixed assemblages,
benthic microalgal biomass and productivity appeared to be disproportionately influenced by I.
obsoleta, while the activities of A. virens exerted dominant, negative controls on macroalgal
properties. Effects of diversity on nutrient fluxes were more variable: inhibition of NH4+ efflux
by A. virens was limited to monospecific populations and resulted in overyielding in mixture,
PO43- release approached predicted results, and daily NO3- fluxes showed considerable
underyielding.

3.4.1. Faunal effects on benthic microalgae and sediment nutrient release
Exp I demonstrated that fauna could act to either inhibit (ILY) or stimulate (ALI) benthic
microalgal communities, and that positive or negative effects observed in monospecific
populations did not always materialize within assemblages. The observed results provide
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evidence of non-linear responses with increased species or functional diversity, and deviations
from expected values could be attributable to interspecific interactions that cannot be predicted
from individual species performances in isolation. Comparison of simple v s. complex
assemblages suggests a particularly strong effect of diversity on primary production, which is
apparent when examining properties measured during both light and dark conditions. For
example, observed BOC in the mixed treatment was within 7% of predictions in darkness, yet in
the light, NPP differed from expected values by 225%. Drastic underyielding for NPP may be a
function of enhanced community oxygen consumption during daytime, and/or decreased
production by benthic microalgae. A potential underlying mechanism contributing to efficient
reduction of microalgae could stem from resource competition between Ilyanassa obsoleta and
Alitta virens, as both species feed upon microalgae and surficial detritus. Few experimental
studies have reported on mixed-faunal effects on benthic microalgae, although Andersen &
Kristensen (1988) also documented lower levels of oxygen production within an assemblage that
included mudsnails and A. virens, as compared with respective single-species treatments. Field
evidence suggests that the foraging behavior of I. obsoleta can negatively affect abundances of
deposit-feeding polychaetes, as high mobility and strong attraction to detrital patches endow the
snail with a dominant ability to structure benthic communities (Kelaher et al. 2003).
Alternatively, grazing by polychaetes could be enhanced within assemblages as a function of
reduced intra-specific competition, as density-dependent behaviors (Miron et al. 1992) and
sediment effects (Mahl 2009) have been shown for A. virens.
Microalgal species vary with regard to photosynthetic efficiencies (Underwood et al.
2005), and faunal activities within sediments may impact benthic microalgae on a functional and
compositional level, as well as regulation of biomass. For example, Ilyanassa obsoleta can
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reduce Chl a and benthic productivity (Pace et al. 1979, Connor et al. 1982), in addition to
modifying species composition through selective grazing of larger, motile diatoms (Connor et al.
1982). Grazing effects are likely dependent upon snail density, as Connor et al. (1982) illustrated
that at low abundances (80 ind. m-2), I. obsoleta increased benthic microalgal biomass, Chl a:
phaeopigment ratios, and GPP through intermediate levels of disturbance. High snail abundances
(160 ind. m-2) counteracted stimulatory effects, due to over-consumption. The lowest density in
our study (140 ind. m-2; Exp I + II: MIX) corresponds approximately to upper limits used by
Connor et al., suggesting that snail grazing may have produced direct impacts upon the benthic
microalgal community across the range of densities included in our experiments. Moreover, our
finding that single-species Alitta virens microcosms had the highest microalgal biomass and Chl
a: phaeopigment ratios could be a function of low-level disturbance, or selective removal of
senescent microalgae upon the sediment surface. Others have found higher turnover of benthic
microalgal carbon and pigments due to nereidid polychaetes (Tang & Kristensen 2007), which
may have implications for community succession in sediments if A. virens promotes abundance
of new, active cells.
In addition to importance within trophic webs as a carbon source for deposit-feeders
(Miller et al. 1996), benthic microalgae play a critical role as a nutrient filter in estuarine
sediments (McIntyre et al. 1996, Sundback & Miles 2002, Sundback et al. 2004). Nutrient fluxes
are correlated with productivity and sediment trophic status, as net heterotrophic sediments tend
to release more DIN (Andersen & Kristensen 1988), and benthic microalgae in net autotrophic
sediments may depress DIN flux by up to 100% (Engelsen et al. 2008). Although microcosms in
Exp I were net heterotrophic and sediments functioned as a nutrient source to overlying water on
a daily basis, fluxes were reduced during light conditions when microalgae photosynthesize.
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Likewise, our results showed that the treatment with highest productivity and Chl a values (ALI)
also displayed the lowest release of DIN and PO43- to the water column, and conversely, the
treatment with lowest benthic microalgal biomass (ILY) had the greatest efflux of nutrients.
Many studies have excluded photosynthetic microalgae, either altogether or during flux analyses,
in order to determine the direct, mechanistic effects of fauna on sediment processes (e.g.,
Henriksen et al. 1983, Mermillod-Blondin et al. 2004, Michaud et al. 2005, 2006, Nizzoli et al.
2007). Few direct assessments of feedbacks between light regime, fauna, and solute exchange
have been reported, although Andersen & Kristensen (1988) compared L/D and dark-only
microcosms and observed changes due to inclusion of irradiance. Our results show that
illumination produces significant impacts on solute exchange, and suggests that inclusion of L/D
regimes resembling field conditions could provide a more comprehensive estimation of daily,
steady-state fluxes in euphotic sediments.
In addition to light regime, incongruities across experimental designs that encompass
sediment characteristics and manipulation techniques, faunal density and biomass, and
chronology of analyses may produce variable results among published reports. Many studies
have demonstrated that nereidid polychaetes stimulate NH4+ effluxes and rates of oxygen uptake
(e.g. Henriksen et al. 1983, Andersen & Kristensen 1988, Mermillod-Blondin et al. 2004,
Michaud et al. 2004, 2006, Nizzoli et al. 2007), in contrast to our current findings. The time
elapsed between faunal colonization and flux analyses may partially dictate the magnitude and/or
direction of nutrient exchange, and could explain discrepancies in putative effects. Evidence of
temporal variation has been observed by others, as sequential measurements conducted by
Hansen & Kristensen (1997) showed initial pulses of nutrient release and oxygen uptake with the
nereidid Hediste diversicolor, followed by a decrease and relative stabilization after 15 to 20
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days of sediment incubation. Further, sampling conducted after 1 day (Nizzoli et al. 2007), 8
days (Mermillod-Blondin et al. 2004), and 14 days (Henriksen et al. 1983) following polychaete
introductions documented significant increases in NH4+ release to the water column relative to
sediments without macrofauna, in contrast with efflux reduction measured on Day 25 in the
current study. The relatively low NH4+ flux rates in ALI in our experiment could be a function of
active flushing and depletion of sediment pools over time, as described below.
Several mechanisms may offer explanation for stimulation of NH4+ release: enhanced
mineralization through activation of microbial communities within polychaete burrow structures
(Kristensen & Blackburn 1987, Andersen & Kristensen 1988, Hansen & Blackburn 1992,
Mermillod-Blondin et al. 2004), high excretion rates of NH4+ (Kristensen 1983, 1985), and
reduction of sediment nutrient pools through rapid, efficient irrigation of porewater solutes via
burrow ventilation (Henriksen et al. 1983, Hansen & Kristensen 1997, Mermillod-Blondin et al.
2004). A companion investigation by Mahl (2009) using microcosms with incubation conditions
identical to those in the present study showed that A. virens significantly reduced porewater
NH4+, and that steady-state release was a function of polychaete abundance – with substantial
suppression at low densities, and greater efflux at high densities. In the absence of new inputs
after sediment pools are depleted, sustained release of excretory metabolites at higher faunal
densities may counteract reductions of the sediment NH4+ reservoir (Mahl 2009). Thus, NH4+
fluxes measured shortly after polychaete colonization may capture immediate mobilization of
solutes, active irrigation, and stimulation of mineralization, while longer-term analyses are
indicative of steady-state, density-dependent processes.
Potential transformation of NH4+ to NO3- through nitrification processes depends in part
upon ambient NH4+ concentrations and extent of oxygen penetration into the sediment (Rysgaard
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et al. 1995), which may in turn be dictated by faunal burrowing depth (Henriksen et al. 1983) and
duration of bioirrigation activity (Mayer et al. 1995). Our results suggest that effects on NO3exchange between sediments and the water column may be dependent upon species or functional
composition of communities, coupled with irradiance conditions. While we did not find any
main effect of fauna on NO3- fluxes, the significant interaction of treatment and L/D condition
underscores feedbacks among faunal, bacterial, and benthic microalgal communities that vary
throughout the course of the day. Release of NO3- in ILY during light incubations, in contrast
with uptake in all other treatments, is likely a function of bioturbation. Mixing of surface
sediments increases oxidation processes, thereby enhancing potential nitrification and advection
of nitrate, while uncoupling denitrification of sediment NO3- and reducing microalgal or
microbial uptake. Others (Henriksen et al. 1983, Michaud et al. 2006) have illustrated
correlations between faunal functional traits and patterns of nutrient release that correspond with
the trends observed in our study: bioturbating deposit-feeders active in upper sediment layers
where porewater NO3- is highest tend to promote release of NO3- to the water column, while
deeper-dwelling species that inhabit both nitrification and denitrification zones reduce NO3efflux or even promote influx. Burrow structures hosting M. arenaria and A. virens can increase
the amount of oxygenated surface area within the sediment (Henriksen et al. 1983), and these
biogenic structures can sometimes attain higher nitrification potential than surface sediments
(Mayer et al. 1995). Thus, faunal bioturbation depth and activities may have important
implications for transformation reactions and subsequent mobilization of nutrients from
sediments.
Elevated release of DIN in the presence of Ilyanassa obsoleta, particularly during light
conditions, may provide an important nutrient source to primary producers in the overlying water
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column. The lack of enhanced efflux in the mixed-fauna treatment, however, suggests that
inhibition by other species may counteract stimulation by the mudsnail. A similar trend for PO43-,
with highest release in ILY relative to other single-species treatments, is probably related in part
to direct microalgal uptake. In addition, treatment differences could also be a function of OM
mineralization rates and/or adsorption of P to iron oxides. PO43- release is coupled with
reduction-oxidation (redox) reactions and decomposition processes (McManus et al. 1997), and
is closely tied to iron and sulfur cycling in marine environments (Rozan et al. 2002). When suboxic circumstances persist, P is no longer bound in sediments and can be mobilized to the water
column (Ingall & Jahnke 1994). Enhancement of oxygen penetration into sediments by Alitta
virens could therefore be responsible for further reduction of PO43- fluxes. In contrast, for
environments where P limits autotrophs, regeneration of PO43- by I. obsoleta could stimulate
further primary productivity through positive feedbacks with oxygen depletion and P release
(Ingall & Jahnke 1994, Rozan et al. 2002).
Fauna displayed no detectable effects with regard to N2 fixation, as compared with rates
in defaunated sediments. In general, benthic bacterial fixation is not a major input of N in nonvegetated, estuarine sediments that have low-moderate organic content (Howarth et al. 1988a,
1988b), and rates observed in the current study were negligible compared with net NH4+ fluxes.
If all N fixed within defaunated surface sediments were hypothetically mobilized to the water
column, N2 fixation would contribute a maximum of ca. 10% of the total NH4+ release. It was
hypothesized that Ilyanassa obsoleta might impact fixation rates at the sediment surface and
Alitta virens at depth, due to grazing, bioturbation and oxidation, alteration of NH4+ availability,
and effects on microbial communities. Top-down controls have been illustrated through
zooplanktonic grazing upon filaments of heterocystic cyanobacteria, which limited pelagic N2

71

fixation in estuarine mesocosms (Marino et al. 2002). Moreover, Gettel et al. (2007) found that
lacustrine snails in a N-limited system reduced fixation rates in sediments, although decreases
were not directly linked to cyanobacterial abundance. Our study suggests a somewhat minor role
of surficial autotrophic bacteria, with a relatively higher estimated contribution of SRB to total
N2-fixation (60 – 70%). Ranges determined in our assays were comparable to values for SRB
reported by others using molybdate-addition techniques in estuarine sediment slurries: < 65%
(Steppe & Paerl 2002) to 75 – 95% (Welsh et al. 1996). Below the sediment surface, nereidid
polychaetes have been shown to influence heterotrophic microbial communities, as MermillodBlondin et al. (2004) observed that Hediste diversicolor decreased the percentage of active SRB
and increased the abundance of aerobic bacteria surrounding burrow structures. Although no
effects on the N2-fixing community were observed in our study, it is unknown whether nonfixing SRB were impacted by fauna.

3.4.2 Faunal mediation of macroalgal dynamics
The results of Exp I demonstrated that the fauna under investigation are capable of
regulating steady-state release of nutrients, which in turn can be utilized by primary producers in
overlying water. The strongest evidence for faunal command over bottom-up supply was
reduction of DIN fluxes by Alitta virens, and enhancement by Ilyanassa obsoleta. Because
sediments can function as a significant internal reservoir of nutrients for the continued growth of
macroalgae (Krause-Jensen et al. 1996, McGlathery et al. 1997, Stimson & Larned 2000, Tyler
et al. 2001, 2003, Sundback et al. 2003, Kamer et al. 2004, Engelsen et al. 2008), active
mediation of fluxes may be important in determining productivity. Fauna may exert further

72

control through release of dissolved organic nitrogen (DON), in the form of urea and amino acids
that are available for macroalgal uptake (Tyler et al. 2003, 2005).
In response to altered nutrient availability in the water column, we expected to see effects
upon macroalgal growth and elemental composition. Although no differences were observed
with respect to %N or C:N in either experiment, final weights of all macroalgal species were
consistently higher in the presence of Ilyanassa obsoleta. In particular, biomass of Ulva was 3.5fold higher in ILY microcosms, as snails slowed the process of macroalgal decline. Facilitation of
macroalgae by bioturbating gastropods has been reported elsewhere, as Fong et al. (1997) noted
that the presence of California horn snails increased growth and N content of Ulva expansa
tissue via excretion and transfer of nutrients from the benthos. Furthermore, Giannotti &
McGlathery (2001) illustrated that I. obsoleta enhanced tissue N content of Ulva lactuca by up to
40 – 80%, although they determined that snails ultimately caused the demise of macroalgae. In
our study, the autogenic biomass reduction of Ulva is attributed in part to the enlarged, circular
perforations that emerged within thalli, both in the presence and absence of fauna, and appeared
unrelated to grazing effects. Perforations in Ulva fronds have been associated with reproductive
activities through both gametogenesis and the formation and release of sporophytes (Humm
1979). Others have documented dramatic biomass loss in Ulva field populations during the long
reproductive season (Hernandez et al. 1997), particularly in early August (Niesenbaum 1988),
when our experiment was conducted. The onset of reproduction can be related to abiotic factors
such as temperature, light, water depth, desiccation, and lunar cycles (Niesenbaum 1988), and it
is uncertain whether our laboratory conditions prompted a reproductive response.
In contrast to the fertilization effect of snails, Alitta virens consistently reduced
macroalgal biomass and effectively eliminated Gracilaria. Pigmentation changes observed in
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Gracilaria before full disappearance suggest that N content may have decreased, as Ryther et al.
(1981) noted that Gracilaria loses its red-brown pigment (phycoerythrin) and turns a pale yellow
color when thalli are N-deficient. This pattern has also been documented in field populations of
Gracilaria under conditions with low nutrient concentrations and high irradiance (Tyler &
McGlathery 2006). Furthermore, Alitta virens significantly reduced %N and increased C:N of
Fucus, the macroalgae least susceptible of all 3 species to polychaete grazing. Changes in tissue
composition could be related to the production of phlorotannins, a C-based secondary metabolite
found in brown algae (Hay & Fenical 1988), with two model hypotheses that account for
formation: (1) subjection to conditions with sufficient irradiance, yet limited nutrient supply, and
(2) response to grazing pressure. Studies have shown that phlorotannin production in Fucus is
negatively correlated with nutrient enrichment (Hemmi et al. 2004) and tissue N content (Pavia
& Toth 2000), and is positively correlated with light availability (Pavia & Toth 2000) and
oligotrophic conditions (Yates & Peckol 1993). Inducible-defense responses in Fucus may have
complex interactions with nutrient conditions (Yates & Peckol 1993, Peckol et al. 1996) and
could also be dependent on grazer species-identity (Cronin & Hay 1996). In the present study, all
of these criteria could have contributed to phlorotannin production and reduced N content;
further study would be needed to clarify the specific mechanisms responsible for altered tissue
composition.
In conjunction with faunal controls exercised through resource availability (Valiela et al.
1992, 1997, Pedersen 1995, Fong et al. 1997), macroalgal biomass can be dictated by grazing
pressure and consumer preferences (Lubchenco 1978, 1983) or an interaction of top-down and
bottom-up factors (Hauxwell et al. 1998, Worm et al.1999, 2000, Lotze et al. 2001, Bracken &
Stachowicz 2007, Guerry 2008, Nelson et al. 2008). We observed direct top-down controls by
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Alitta virens, within single- and mixed-species treatments in both experiments, as the polychaete
redistributed thalli into burrows where it was consumed and/or decomposed. The temporal
patterns and intensity of disturbance were dependent upon macroalgal species identity. Selective
consumptive preferences for Gracilaria and Ulva, the more palatable, annual taxa, subsequently
favored dominance of the perennial alga, until grazing upon the apical tissue of Fucus became
apparent at the end of the experiment. In contrast to A. virens, no evidence of consumption was
exhibited by Ilyanassa obsoleta, as supported by observations of promoted growth or slowed
decline of macroalgal biomass. When the mudsnail and polychaete were combined in the
presence of the 3 macroalgal species, top-down impacts by A. virens were dominant upon
Gracilaria and ultimately Fucus. Although A. virens grazed upon Ulva thalli within the faunal
assemblage, negative effects on biomass seemed to be moderated by I. obsoleta enhancement.
The few studies that have recently reported on the herbivorous impacts of nereidid
polychaetes have also documented significant macroalgal biomass reductions. For example,
Raffaelli (2000) exhibited experimental evidence of filamentous Ulva spp. decline and
redistribution into sediments by Hediste diversicolor, in addition to lower macroalgal biomass
within regions of the Ythan Estuary, Scotland, dominated by the nereidid. Engelsen & Pihl
(2008) demonstrated reduced growth of Ulva spp in the presence of the same polychaete, and
showed that increased nutrient supply negatively affected grazing capacity. Moreover, H.
diversicolor substantially decreased biomass of filamentous green taxa (Ulva spp. and
Cladophora glomerata) in experiments by Nordstrom et al. (2006), and reductions of Ulva spp.
were dependent on polychaete density. The authors also examined impacts on Fucus vesiculosus
over the course of 7 days, and found that algal biomass declined with H. diversicolor, but
decreases were not significantly different from defaunated controls. In the present study, Fucus
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grazing was not documented until the end of our experiment (33 days), thus illustrating the
importance of long-term monitoring for potential controls and impacts.
Nordstrom et al. (2006) and Engelsen & Pihl (2008) also showed that green macroalgae
conferred nutritional benefits to grazing polychaetes, as biomass of Hediste diversicolor
increased or stabilized in the presence of algae, yet decreased in algae-free microcosms. In Exp
III of our study, A. virens showed a decrease in biomass within the single-species treatment that
contained two polychaetes per microcosm. This change is likely a function of detached posterior
body segments, potentially due to aggressive, territorial interactions between A. virens
individuals (Miron et al. 1992). Despite substantial grazing and redistribution of macroalgae into
sediments, no subsequent increases in OM were documented in either Exp II or III. Tissue not
consumed directly by polychaetes likely was subject to rapid mineralization and loss to the water
column, as relocated thalli showed intensive fragmentation and signs of decomposition. Others
have illustrated that macroalgae (Cladophora glomerata) decays faster when in contact with the
sediment surface (Salovius & Bonsdorff 2004), perhaps due to higher microbial activity and a
more hostile metabolic environment. Furthermore, nereidids may accelerate decomposition rates
in sediments, as Hediste diversicolor has been shown to enhance degradation of refractory OM
(Fucus serratus detritus) by 90% at the surface, and 270% in subsurface sediments (Kristensen
& Mikkelsen 2003). The authors also showed that H. diversicolor vertically homogenized the
sediments, by redistributing detritus placed at the surface to lower depths and mixing subsurface
detritus into upper layers. Although no homogenization effects were statistically detectable in
our study, it is likely that the substantial redistribution and fragmentation of thalli may have
enhanced rates of macroalgal degradation.
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While bottom-up and top-down effects have mostly been discussed separately, these
controls act simultaneously within ecosystems to influence the structure and dynamics of benthic
communities. Macroalgal species dominance patterns may be a function of nutrient uptake and
storage capacity, as well as palatability to consumers. Macroalgal species with relatively high N
content were consumed preferentially in our study, and is a pattern reported by others (Hauxwell
et al. 1998, Worm et al. 2000). Furthermore, selective grazing on specialized tissues may play a
disproportionate role in regulating continued growth of macroalgae (Bracken & Stachowicz
2007). In microcosms with Alitta virens, we observed a disappearance of the fleshy, apical tissue
of Fucus rather than the recalcitrant stipe, which could have accelerated further biomass loss by
impeding photosynthesis or uptake of nutrients. Fucus has the slowest nutrient uptake potential
(Pedersen 1995) of the macroalgae used in our study, and could be out-competed if critical
tissues are damaged. Of the annual species, growth of Ulva is superior to Gracilaria in nutrientenriched conditions, while the latter species can rely more upon internal storage compounds in
depleted waters (Teichberg et al. 2008). While grazers tend to restrict dominance of palatable
taxa when macroalgal biomass is low, annuals such as Ulva may displace perennials like Fucus
as nutrient loads to estuaries increase (Worm et al. 2000).
Plant identity can be an important determinant of primary productivity in both terrestrial
(Hooper & Vitousek 1997) and marine (Bruno et al. 2005) systems. Furthermore, GPP for
particular species can vary according to whether it is present in mono- or polyculture, and
opportunistic taxa such as Ulva can be more productive in the absence of other species (Bruno et
al. 2005). We found that macroalgal biomass and productivity were highly correlated in
monoculture, while relationships between these parameters were much weaker when multiple
species were present. Ulva was the best predictor of productivity of all the macroalgal taxa

77

within the assemblage, perhaps as a function of inherent species traits or nutrient content at the
time of analysis. The relatively higher GPP in the mixed-fauna treatment in Exp III, despite
lower overall macroalgal biomass than in the defaunated treatment, may be attributed to reduced
interspecific competition among macroalgae for light or nutrients, or faunal-mediated
enrichment. Potential relationships between macroalgal identity and ecosystem functions such as
productivity, in addition to preferential consumption and selection exhibited by fauna, were only
observable within polyculture. Our results thereby emphasize the need to incorporate
increasingly complex, multi-species assemblages across trophic levels in biodiversity studies.

3.5 CONCLUSIONS

The findings of our investigation have important implications for understanding
interactions between biodiversity and ecosystem processes. Our study highlighted speciesspecific effects on ecosystem functions: Ilyanassa obsoleta, a common bioturbating gastropod,
could accelerate feedbacks with eutrophication by enhancing nutrient release and indirectly
promoting macroalgal growth. Conversely, the bioirrigating polychaete Alitta virens may buffer
initial impacts of nutrient enrichment by inhibiting DIN release and efficiently reducing bloomforming seaweeds through grazing. When in combination, effects of I. obsoleta tended to
dominate in bare sediments through exertion of controls on benthic microalgae, while A. virens
disproportionately impacted the fate of macroalgae through consumptive forces, in both simple
and complex assemblages.
Future studies will address abilities to scale up microcosm results to ecosystem-level
processes. It will be important to continue simulating field conditions as closely as possible in
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laboratory settings, as environmental variables encompassing hydrodynamics (Biles et al. 2003,
Caron et al. 2004) and spatial heterogeneity (Dyson et al. 2007) can produce critical effects on
macrofaunal behaviors and resulting measures of ecosystem function. Furthermore,
incorporating multiple trophic levels and plant-herbivore relationships in biodiversity research
may also more closely resemble reality, as underscored by Bruno et al. (2008). In our study, the
significant influence of light regime upon nutrient and oxygen dynamics in euphotic sediment
further underscores the need to mimic realistic conditions. Marine studies may deliver important
contributions to biodiversity-ecosystem functioning research (Raffaelli et al. 2003, Naeem 2006),
and can be used to explore generalities and test theories originally developed in terrestrial
systems (Giller et al. 2004). In light of overwhelming species loss on a global scale and within
coastal regions (MEA 2005), the need to further clarify feedbacks and mechanistic relationships
between faunal diversity and ecosystem processes is urgent.
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Table 3.1. Overview of Experiment I - III designs and treatments. Details include parameters
upon initial conditions for (a) macrofauna and (b) macroalgae. Abbreviations are as follows:
Exp, experiment; Trt, treatment code; n, number of replicates; ind, individuals; mcsm,
microcosm; wwt, wet weight. Values for biovolume and biomass are mean ± SD.
(a) Macrofauna
Abundance
(ind mcsm-1)

Density
(ind m-2)

Biovolume
(mL mcsm-1)

---

---

---

---

4

Ilyanassa obsoleta

3

430

4.5 ± 0.4

MYA

4

Mya arenaria

2

290

4.6 ± 0.5

ALI

4

Alitta virens

2

290

4.5 ± 0.5

MIX

4

Ilyanassa obsoleta

1

140

1.2 ± 0.2

Mya arenaria

1

140

1.9 ± 0.3

Alitta virens

1

140

1.6 ± 0.3

Exp

Trt

n

Species

I+II

CTL

4

ILY

III

CTL

5

---

---

---

---

ILY

5

Ilyanassa obsoleta

6

860

7.2 ± 0.6

ALI

5

Alitta virens

2

290

7.3 ± 1.0

MIX

5

Ilyanassa obsoleta

3

430

3.5 ± 0.2

Alitta virens

1

140

3.9 ± 0.1

(b) Macroalgae
Density
(g wwt m-2)

Biomass
(g wwt mcsm-1)

---

---

---

20

Gracilaria vermiculophylla

663

4.65 ± 0.02

20

Gracilaria vermiculophylla

206

1.45 ± 0.02

Fucus vesiculosus

206

1.45 ± 0.01

Ulva sp.

206

1.44 ± 0.01

Exp

Trt

n

Species

I

---

---

II

All

III

All
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Table 3.2. Timelines for Experiments (Exp) I - III. Day 0 denotes initiation of faunal treatments
in Exp I, and the addition of macroalgae in Exp II and III.
Exp

Day

Procedure

I

-18

Microcosm construction + acclimation

II

0

Introduction of fauna

7

Surficial organic matter (OM) enrichment

25

Sediment-water flux analysis (dissolved oxygen [DO] + nutrients)

32

Final sampling (nitrogen fixation rates, chlorophyll a)

-25

Microcosm construction + acclimation

-7

Introduction of fauna

0

Addition of macroalgal monoculture and surficial OM

7,14,21,28 Macroalgal biomass recordings

III

17

Sediment-water flux analysis (DO)

28

Final sampling (sediment OM, macroalgal tissue)

-26

Microcosm construction + acclimation

-12

Surficial OM enrichment

-3

Introduction of fauna

0

Addition of macroalgal assemblage

7,14,33

Macroalgal biomass recordings

14

Sediment-water flux analysis (DO)

32

Final sampling (sediment OM, macroalgal tissue, faunal biomass)
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Table 3.3. Experiment I. Results of 2-way ANOVA for (a) dissolved nutrient fluxes with faunal
treatment and light/dark (L/D) condition as main and interaction factors, and 1-way ANOVA for
(b) dissolved oxygen (DO) fluxes, including benthic oxygen consumption (BOC), net (NPP), and
gross (GPP) primary productivity. Significant results (p < 0.05) in bold.
Source
(a) Nutrient Flux Rates

df

F

p

Faunal Treatment

4,28

6.58

0.001

Condition (L/D)

1,28

23.16

< 0.001

Treatment x Condition

4,28

0.39

0.815

Faunal Treatment

4,24

0.73

0.580

Condition (L/D)

1,24

48.94

< 0.001

Treatment x Condition

4,24

4.18

0.010

Faunal Treatment

4,24

1.72

0.179

Condition (L/D)

1,24

88.04

< 0.001

Treatment x Condition

4,24

2.53

0.066

Faunal Treatment

4,28

2.14

0.103

Condition (L/D)

1,28

23.93

< 0.001

Treatment x Condition

4,28

0.48

0.749

df

F

p

BOC

4,15

2.58

0.080

a

NPP

4, 15

3.20

0.044

b

GPP

4,15

2.33

0.104

NH4+

NO3-

DIN

PO43-

(b) DO Flux Rates

a

b

: log (x + 10); : 1/x
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Table 3.4. Experiment I. N2 fixation rates (µmol N m-2 hr-1) determined through acetylenereduction assays using the slurry technique. Surface sediments were incubated in light, dark, and
dark + molybdate (+Mo) conditions, and sub-surface sediments received dark and dark +Mo
incubations. Treatment (Trt) codes: CTL, control; ALI, Alitta virens; ILY, Ilyanassa obsoleta. nd,
no data. Values are mean ± SE.
Sediment Depth + Incubation Conditions
Surface Sediments

Sub-surface Sediments

Trt

Light

Dark

Dark +Mo

Dark

Dark +Mo

CTL

22.8 ± 2.2

32.5 ± 4.3

11.7 ± 2.1

17.3 ± 0.9

5.2 ± 1.7

ALI

18.2 ± 1.8

30.4 ± 2.4

9.6 ± 0.8

16.1 ± 1.9

5.0 ± 0.7

ILY

21.2 ± 4.6

28.8 ± 1.9

11.5 ± 1.7

nd

nd
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Table 3.5. Experiment I. Results of 2-way ANOVA for (a) N2 fixation rates with faunal
treatment and incubation condition (light, dark, dark + molybdate = L, D, D +Mo) as main and
interaction factors, for both surface and sub-surface sediments. Results of 1-way ANOVA for (b)
benthic microalgal biomass. Significant results (p < 0.05) in bold.
Source
(a) N2 Fixation Rates

df

F

p

Faunal Treatment

2,26

1.11

0.345

Condition (L, D, D +Mo)

2,26

51.44

< 0.001

Treatment x Condition

4,26

0.36

0.837

Faunal Treatment

1,12

0.24

0.635

Condition (D, D +Mo)

1,12

61.06

< 0.001

Treatment x Condition

1,12

0.09

0.767

df

F

p

Chlorophyll (Chl) a

4,15

4.24

0.017

Phaeopigments: Chl a

4,15

2.84

0.062

Surface Sediments (0 – 1 cm)

Sub-surface Sediments (3 – 4 cm)

(b) Benthic Microalgal Biomass
a

a

: 1/x
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Table 3.6. Experiment II. Results of 1-way ANOVA for (a) biomass of Gracilaria
vermiculophylla at each measurement time-point, and (b) dissolved oxygen (DO) flux rates,
including benthic oxygen consumption (BOC), net (NPP) and gross (GPP) primary productivity.
Significant results (p < 0.05) in bold.
Source
(a) a Macroalgal Biomass

a

F4,15

p

Day 7

12.29

< 0.001

Day 14

8.71

0.001

Day 21

10.22

< 0.001

Day 28

10.25

< 0.001

(b) DO Flux Rates

F4,5

p

BOC

7.04

0.028

NPP

8.50

0.019

GPP

7.33

0.025

: rank-transformation
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Table 3.7. Experiment II. Macroalgal tissue nitrogen (N) content and carbon (C):N ratios, and
organic matter (OM) content of surface sediments (0 – 2 cm) as % dry weight (dwt). Treatment
(Trt) codes: CTL, control; ILY, Ilyanassa obsoleta; MYA, Mya arenaria; ALI, Alitta virens; MIX,
mixed-fauna. nd, no data

Macroalgae

Sediment

Trt

Total N (mg)

%N

C:N

OM (% dwt)

CTL

3.83 ± 1.75

2.98 ± 0.18

9.88 ± 0.49

1.98 ± 0.32

ILY

8.00 ± 2.23

3.00 ± 0.05

9.37 ± 0.06

1.44 ± 0.17

MYA

nd

nd

nd

2.08 ± 0.16

ALI

nd

nd

nd

1.74 ± 0.03

MIX

nd

nd

nd

1.45 ± 0.11
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Table 3.8. Experiment II. Results of 1-way ANOVA for (a) macroalgal tissue nitrogen (N) and
carbon (C):N ratios, and for (b) organic matter (OM) content of surface sediments (0 – 2 cm) at
final sampling.
Source
(a) Macroalgae

df

F

p

Total Tissue N

1

1.29

0.333

Tissue %N

1

1.15

0.564

Tissue C:N

1

1.36

0.506

(b) Sediment OM

df

F

p

4,15

2.57

0.081

Surface
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Table 3.9. Experiment III. Results of 1-way ANOVA for (a) macroalgal biomass (assemblage
totals and component species) and Simpson’s Index of Diversity (1-D) at each measurement
time-point, and (b) dissolved oxygen (DO) flux rates, including benthic oxygen consumption
(BOC), net (NPP), and gross (GPP) primary productivity. Significant results (p < 0.05) in bold.
Source
(a) a Biomass and Diversity

F3,15

p

Fucus vesiculosus

0.36

0.785

Gracilaria vermiculophylla

9.42

0.001

Ulva sp.

2.69

0.084

Total Biomass

5.34

0.011

Diversity (1-D)

6.78

0.004

F3,15

p

Fucus vesiculosus

1.16

0.356

Gracilaria vermiculophylla

9.87

0.001

Ulva sp.

4.53

0.019

Total Biomass

8.69

0.001

Diversity (1-D)

7.78

0.002

F3,15

p

Fucus vesiculosus

6.07

0.006

Gracilaria vermiculophylla

8.50

0.002

Ulva sp.

3.21

0.053

Total Biomass

12.13

< 0.001

Diversity (1-D)

16.36

< 0.001

F3,15

p

BOC

16.87

< 0.001

NPP

9.69

0.001

GPP

5.69

0.008

Day 7

Day 14

Day 33

(b) DO Flux Rates

a

: rank-transformation
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Table 3.10. Experiment III. Mean values (± SE) upon termination of experiment (Day 33) for (a)
total tissue nitrogen (N) of each macroalgal species, and (b) sediment organic matter (OM),
expressed as % dry weight (dwt) within each depth interval and as total g OM per microcosm.
Treatment (Trt) codes: CTL, control; ILY, Ilyanassa obsoleta, ALI, Alitta virens, MIX, mixedfauna. nd, no data.
(a) Total Macroalgal Tissue N
Trt

Fucus vesiculosus
(mg N)

Gracilaria vermiculophylla
(mg N)

Ulva sp.
(mg N)

CTL

9.0 ± 0.9

24.5 ± 3.6

2.7 ± 0.9

ILY

10.9 ± 0.5

36.3 ± 4.1

12.6 ± 3.4

ALI

4.0 ± 1.2

nd

nd

MIX

5.5 ± 1.3

nd

nd

(b) Sediment OM Content
Trt

0 – 2 cm
(% dwt)

2 – 5 cm
(% dwt)

5 – 10 cm
(% dwt)

0 – 10 cm
(Total g OM)

CTL

0.26 ± 0.03

0.32 ± 0.03

0.24 ± 0.01

3.05 ± 0.17

ILY

0.25 ± 0.03

0.34 ± 0.03

0.24 ± 0.02

3.09 ± 0.14

ALI

0.28 ± 0.05

0.28 ± 0.03

0.26 ± 0.02

2.97 ± 0.28

MIX

0.26 ± 0.03

0.35 ± 0.02

0.29 ± 0.03

3.35 ± 0.15
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Table 3.11. Experiment III. Results of 1-way ANOVA for (a) macroalgal tissue nitrogen (N) and
carbon (C): N ratios, and (b) sediment organic matter (OM) as % dry weight within each depth
interval and as total g OM per microcosm (0 – 10 cm).
Source
(a) Macroalgal Tissue Composition

df

F

p

Fucus vesiculosus Total N

3,15

9.62

0.001

Fucus vesiculosus % N

3,15

13.61

< 0.001

Fucus vesiculosus C: N

3,15

12.38

< 0.001

Gracilaria vermiculophylla Total N

1,8

4.74

0.061

Gracilaria vermiculophylla % N

1,8

5.23

0.051

Gracilaria vermiculophylla C: N

1,8

0.35

0.568

Ulva sp. Total N

1,8

7.65

0.024

Ulva sp. % N

1,4

0.09

0.774

Ulva sp. C: N

1,4

0.00

0.989

Assemblage Total N

1,8

9.72

0.014

(b) Sediment OM

df

F

p

0 – 2 cm

3,15

0.19

0.940

2 – 5 cm

3,15

1.31

0.307

5 – 10 cm

3,15

0.77

0.562

Total g OM (0 – 10 cm)

3,15

0.82

0.503
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Table 3.12. Experiment III. Results of paired t-tests for changes in faunal biomass between
initial and final conditions. Treatment codes: ILY, Ilyanassa obsoleta; ALI, Alitta virens; MIX,
mixed-fauna.
Source
Faunal Biomass

n

T

p

Ilyanassa obsoleta (ILY)

30

7.99

< 0.001

Ilyanassa obsoleta (MIX)

15

4.31

0.001

Alitta virens (ALI)

8

2.63

0.034

Alitta virens (MIX)

5

1.08

0.340
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Table 3.13. Experiments I – III. Results of yielding equations, comparing observed vs. expected
values in mixed-faunal treatments. Positive values indicate overyielding (i.e., greater effect than
predicted from calculations), and negative values represent underyielding.
Experiment I

Observed

Expected

Yielding

Benthic Oxygen Consumption (BOC)

-93.5

-87.4

+ 7%

Net Primary Productivity (NPP)

-31.3

-9.6

+ 225%

Gross Primary Productivity (GPP)

23.2

41.3

- 44%

NH4+ Daily Flux

6.72

5.36

+ 25%

NO3- Daily Flux

-0.86

0.52

- 266%

PO43- Daily Flux

0.16

0.17

- 8%

Chlorophyll (Chl) a

39.31

46.62

- 16%

Chl a: Phaeopigments

0.29

0.31

- 6%

Observed

Expected

Yielding

Experiment II
BOC

-86.3

-91.0

- 5%

NPP

-19.1

69.7

- 127%

GPP

31.2

122.8

- 75%

Gracilaria vermiculophylla Biomass (Day 28)

0.00

0.92

- 100%

Observed

Expected

Yielding

BOC

-142.0

-138.5

+ 3%

NPP

-2.6

-9.6

- 73%

GPP

80.2

71.2

+ 13%

Gracilaria vermiculophylla Biomass (Day 33)

0.40

1.01

- 61%

Ulva sp. Biomass (Day 33)

0.46

0.48

- 5%

Fucus vesiculosus Biomass (Day 33)

1.07

1.25

- 15%

Total Assemblage Biomass (Day 33)

1.92

2.74

- 30%

Simpson’s Index of Diversity (Day 33)

0.32

0.31

+ 2%

Experiment III
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Fig. 3.1. Experiment I. Daily rates for sediment-water column fluxes (Day 25) of (a) NH4+, (b)
NO3-, (c) dissolved inorganic nitrogen (DIN), and (d) PO43-. Positive values = sediment release
and negative values = sediment uptake. Bars are mean +/- SE. Identical lower-case letters inside
bars indicate homogenous subsets (Tukey’s HSD). Treatment codes: CTL, control; ILY,
Ilyanassa obsoleta; MYA, Mya arenaria; ALI, Alitta virens; MIX, mixed-fauna.
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Fig. 3.2. Experiment I. Sediment-water column flux rates (Day 25) during dark and light
incubations for (a) NH4+, (b) NO3-, (c) dissolved inorganic nitrogen (DIN) and (d) PO43-. Positive
values = sediment release and negative values = sediment uptake. Bars are mean +/- SE.
Treatment codes: CTL, control; ILY, Ilyanassa obsoleta, MYA, Mya arenaria; ALI, Alitta virens;
MIX, mixed-fauna.
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Fig. 3.3. Experiment I. Daily rates for (a) benthic oxygen consumption (BOC), (b) net (NPP),
and (c) gross (GPP) primary productivity determined from sediment-water column dissolved
oxygen fluxes. Values are mean +/- SE. Identical lower-case letters above bars indicate
homogenous subsets (Tukey’s HSD). Treatment codes: CTL, control; ILY, Ilyanassa obsoleta,
MYA, Mya arenaria; ALI, Alitta virens; MIX, mixed-fauna.
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Fig. 3.4. Experiment I. Linear regressions for gross primary productivity (GPP) plotted against
magnitude of flux-rate differences between dark and light (D – L) incubations for NO3- (gray
circles) and NH4+ (black triangles).
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Fig. 3.5. Experiment I. Surficial concentrations (0 – 1 cm) of (a) benthic chlorophyll a (Chl a)
and (b) ratios of Chl a: Phaeopigments. Values are mean + SE. Identical lower-case letters inside
bars indicate homogenous subsets (Tukey’s HSD). Treatment codes: CTL, control; ILY,
Ilyanassa obsoleta, MYA, Mya arenaria; ALI, Alitta virens; MIX, mixed-fauna.
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Fig. 3.6. Experiment I. Linear regression of chlorophyll (Chl) a values (Day 32) plotted against
gross primary productivity (GPP, Day 25).
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Fig. 3.7. Experiment II. Biomass change of Gracilaria vermiculophylla within a macroalgal
monoculture. Values are mean ± SE. Treatment codes: CTL, control; ILY, Ilyanassa obsoleta,
MYA, Mya arenaria, ALI, Alitta virens, MIX, mixed-fauna. Identical lower-case letters above
treatments indicate homogenous subsets (Tukey’s HSD) for Day 28 measurements.
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Fig. 3.8. Experiment II. Thalli of Gracilaria vermiculophylla in CTL (control), ALI (Alitta
virens), and MIX (mixed-fauna) treatments, 7 days following addition. Macroalgae in
microcosms containing A. virens exhibited increased fragmentation, and changes in pigmentation
from dark red to pale yellow-brown.
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Fig. 3.9. Experiment II. Daily rates for (a) benthic oxygen consumption (BOC), (b) net (NPP),
and (c) gross (GPP) primary productivity determined from sediment-water column dissolved
oxygen fluxes. Values are mean +/- SE. Identical lower-case letters above or inside bars indicate
homogenous subsets (Tukey’s HSD). Treatment codes: CTL, control; ILY, Ilyanassa obsoleta,
MYA, Mya arenaria, ALI, Alitta virens; MIX, mixed-fauna.
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Fig. 3.10. Experiment II. Linear regressions of gross (GPP) and net (NPP) primary productivity
plotted against dry biomass of Gracilaria vermiculophylla during dissolved oxygen fluxes on
Day 17. Negative values for NPP indicate heterotrophic benthos.
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Fig. 3.11. Experiment III. Mean values (± SE) for (a) total macroalgal biomass and (b)
macroalgal diversity (Simpson’s Index of Diversity [1-D]) changes over time. Maximum
diversity was achieved at the time of macroalgal addition (1-D = 0.667), as initial biomass was
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homogenous subsets (Tukey’s HSD) at final measurements (Day 33). Treatment codes: CTL,
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Fig. 3.12. Experiment III. Biomass (g wwt) changes over time of macroalgal assemblage species
(FCS, Fucus vesiculosus; GRC, Gracilaria vermiculophylla, ULV, Ulva sp.) for (a) CTL,
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Values are mean ± SE.
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Fig. 3.13. Experiment III. Evidence of grazing by the polychaete Alitta virens upon thalli of
Gracilaria vermiculophylla 7 days following macroalgal additions, Ulva sp. after 14 days, and
Fucus vesiculosus after 33 days.
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Fig. 3.14. Experiment III. Daily rates for (a) benthic oxygen consumption (BOC), (b) net (NPP),
and (c) gross (GPP) primary productivity determined from sediment-water column dissolved
oxygen fluxes. Values are mean +/- SE. Identical lower-case letters above or inside bars indicate
homogenous subsets (Tukey’s HSD). Treatment codes: CTL, control; ILY, Ilyanassa obsoleta,
ALI, Alitta virens; MIX, mixed-fauna.
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Fig. 3.15. Experiment III. Linear regressions of gross (GPP) and net (NPP) primary productivity
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CHAPTER FOUR:

Conclusions

109

4. CONCLUSIONS

The species composition of benthic macrofaunal communities can have important
functional consequences in shallow estuaries. As outlined in the objectives stated in Chapter
One, the field surveys of West Falmouth Harbor (WFH), MA, discussed in Chapter Two, were
designed to answer the following general questions:
(1) Which species of benthic macroinvertebrates are present throughout the harbor, and
how are they distributed?
(2) Are compositions correlated with habitat patches, such as the presence or absence of
seagrass beds, and/or geographic locations that reflect a spatial gradient of suspected
degradation?
(3) How can the patterns of diversity and abundance within the harbor be characterized?
The surveys revealed clear differences in faunal communities with regard to species and
functional diversity, along a spatial gradient of suspected enrichment stress. To directly evaluate
correlations between wastewater contamination and the structure of species distributions, we will
need to concurrently measure additional environmental variables that are indicative of
enrichment status, such as benthic oxygen consumption and organic matter content of sediments.
When data are combined with multi-annual surveys, we will also be able to capture and explore
temporal as well as spatial variability in distribution patterns. In addition, further studies will
address the ability to apply microcosm results to ecosystem-level processes. Future research
within WFH that employs both mensurative and manipulative techniques will enable a more
comprehensive understanding of the effects of fauna on biogeochemical cycling and the
progression of eutrophication.
In Chapter Three, we explored the relationships between faunal diversity and ecosystem
processes in soft sediments by pursuing the following questions:
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(1) How do species with different functional traits, as related to feeding behaviors and
bioturbation modes, influence primary production, benthic microalgal biomass, and
nutrient fluxes in bare sediments (Experiment I)?
(2) In light of bottom-up factors examined through the first experiment, how does the
interaction of faunal-mediated nutrient supply and top-down controls impact the
biomass, productivity, and nutrient content of a macroalgal monoculture (Experiment
II)?
(3) What types of faunal effects are evident within a diverse macroalgal polyculture
(Experiment III)?
(4) When invertebrates are combined within mixed-species assemblages, how do
responses differ from those measured in monospecific populations (all experiments)?
The invertebrates in our experiments exhibited species-specific controls over the
examined ecosystem processes, which appeared to be a function of feeding behaviors, modes of
mobility, and sediment reworking. For example, Alitta virens, the omnivorous polychaete that
frequently irrigates its constructed burrows, stimulated benthic microalgae and productivity, and
inhibited steady-state NH4+ release from sediments. The omnivorous gastropod Ilyanassa
obsoleta exhibited contrasting impacts: suppression of benthic microalgae and productivity, and
enhancement of nutrient release, which were likely a result of active grazing and disturbance of
the sediment surface. When habitat complexity was enhanced through the addition of
macroalgae, A. virens and I. obsoleta again showed contrasting effects on investigated properties.
A. virens consistently diminished macroalgal biomass and productivity, reduced diversity of a
macroalgal assemblage, and changed the elemental composition of remaining thalli, while I.
obsoleta maintained or enhanced macroalgal biomass, productivity, diversity, and nutrient
content. In isolation, Mya arenaria, the deep-burrowing, suspension-feeding bivalve that
displays lower relative mobility than other fauna, did not produce any significant effects on
measured processes. When fauna were combined, productivity and biomass of benthic
microalgae and a macroalgal monoculture were lower than predicted. Dominant negative
controls on the same parameters were also observed in the macroalgal polyculture, although the
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seaweed taxa displayed different susceptibility to decline as illustrated through marked temporal
variability. The study suggests that invertebrate communities dominated Ilyanassa obsoleta (or
functionally comparable species) could accelerate feedbacks with eutrophication by enhancing
nutrient release and indirectly promoting macroalgal growth. In contrast, Alitta virens or
functionally redundant species may slow the initial progression of enrichment symptoms,
through inhibition of nutrient release and grazing of bloom-forming macroalgae.
Faunal regulation of macroalgae and benthic microalgae, with associated effects upon
oxygen and nutrient exchange, production and mineralization of organic matter, and pathways of
energy transfer, has important consequences for functioning in shallow estuaries. Our findings
have fostered a deeper understanding of relationships between ecosystem processes and
biodiversity across multiple trophic groups. Nonetheless, our knowledge of feedbacks on a larger
scale is still lacking. Future research in WFH should examine effects of species interactions and
test the degree of redundancy and complementarity among species impacts in benthic
communities, to better project ecosystem responses in the face of enrichment. In order to better
comprehend the implications of eutrophication and biodiversity change in this valuable coastal
ecosystem, and in estuaries in general, we need to further clarify the mechanistic relationships
between fauna and functioning.
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APPENDIX A:
Benthic Macroinvertebrate Abundance and Diversity Data
from Field Surveys of West Falmouth Harbor, MA (Chapter Two)

.
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Table A-1. Macroinvertebrate abundance data from the Inner Basin of West Falmouth Harbor,
MA. Values for each sample are presented as individuals per 0.014 m2 as determined from
duplicate cores, and the final column displays totals per taxon obtained from all samples within
the basin. Codes: numbers (1 – 4) denote station and paired letters (V = vegetated; N =
nonvegetated) indicate presence/absence of seagrass within sampled sediment patch.
Taxa

1V

1N

2V

2N

3V

3N

4V

36

64

6

4N Total

Arthropoda: Crustacea
Microdeutopus gryllotalpa
Ampelisca abdita

65

Hippolyte zostericola

2

7

36

1

3
2

Leucon americanus

2

Ampithoe longimana

1

Ampithoe valida

9

1

115
112

1

1

6
3
1

1

Lysianopsis alba

1
1

1

Annelida: Polychaeta
Alitta succinea

3

Scoloplos acutus

3

2

1

6

2

1

Capitella capitata

6

Heteromastus filiformis

2

4

3

9
1

1

1

Pectinaria gouldii

8
1

1

Lepidonotus sublevis

18

1
1

1

Mollusca: Gastropoda
Haminoea solitaria

2

Ilyanassa obsoleta

1

1

2

1

1

4

9
3

Mollusca: Bivalvia
Gemma gemma

1

1

1

7

1

1

12

Anadara transversa

1

1

Mytilus edulis

1

1

bivalve (unidentified)

1
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Table A-2. Macroinvertebrate abundance data from the Outer Basin of West Falmouth Harbor,
MA. Values for each sample are presented as individuals per 0.014 m2 as determined from
duplicate cores, and the final column displays totals per taxon obtained from all samples within
the basin. Codes: numbers (5 – 8) denote station and paired letters (V = vegetated; N =
nonvegetated) indicate presence/absence of seagrass in sampled sediment patch. For Station 6,
no “N” data was available on the survey date due to extensive vegetative coverage.
Taxa

5V

5N

6V

7V

7N

8V

8N

Total

Lysianopsis alba

49

8

14

12

1

84

Microdeutopus gryllotalpa

3

7

1

13

4

28

6

6

Arthropoda: Crustacea

Pagurus longicarpuss
Eobrolgus spinosus
Rhepoxynius epistomus

2
1

1

3

2

3

Rhithropanopeus harrisii

1

1

2

Chiridotea coeca

1

1

Cyclaspis varians

1

1

Erichsonella filiformis
Pinnixa chaetopterana

1

1

1

1

decapod (unidentified)

1

1

Annelida: Polychaeta
Heteromastus filiformis

1

4

Capitella capitata

8

13

1

Hediste diversicolor
Harmothoe imbricata

1

Prionospio steenstrupi

1

Drilonereis longa

1
1

10

13

1

9

10

2

3
3

1

2

1

2

2

2

Alitta virens
Clymenella torquata

34

2

2

Glycera sp.
Sabella microphthalma

8

1
1

1
1
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Table A-2. Continued.
Taxa

5V

5N

6V

7V

7N

8V

8N

Total

Hypereteone heteropoda

1

1

Orbinia sp.

1

1

Polychaeta, continued

Pectinaria gouldii

1

1

Pista elongata

1

Platynereis dumerilii

1

1

1

Tharyx setigera

1

1

Mollusca: Gastropoda
Costoanachis lafresnayi

1

Testudinalia testudinalis

3

4

2

2

Polinices duplicatus

1

1

Mollusca: Bivalvia
Tellina agilis

6

Nucula proxima

3

1

7

1

4

Anadara transversa

1

1

Mya arenaria

1

1

Echinodermata
Ophioderma brevispina
Leptosynapta tenuis

2
1

2

2

6
1
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Table A-3. Abundance values and diversity indices for all samples. Index codes: n = total
number of individuals; R1 = rank-1 abundance; S = total number of species; d = Margalef’s
species richness; J’ = Pielou’s evenness; H’ = Shannon diversity; sΔ+ = sum of taxonomic
diversity; sΦ+ = sum of phylogenetic diversity. Sample codes: numbers (1 – 8) denote station
and paired letters (V = vegetated; N = nonvegetated) indicate patch type.
Inner Basin

n

R1

S

d

J’

H’

sΔ+

sΦ+

1V

73

0.89

5

0.93

0.30

0.49

475

450

1N

20

0.35

6

1.67

0.86

1.54

560

517

2V

1

1.00

1

0.00

0.00

0.00

0

100

2N

53

0.68

9

2.01

0.55

1.20

829

700

3V

48

0.75

8

1.81

0.46

0.96

671

567

3N

73

0.88

8

1.63

0.29

0.61

724

600

4V

16

0.38

6

1.80

0.86

1.55

547

500

4N

20

0.45

7

2.00

0.80

1.56

656

583

Average

38

0.67

6

1.48

0.52

0.99

558

502

Outer Basin

n

R1

S

d

J’

H’

sΔ+

sΦ+

5V

10

0.20

9

3.47

0.98

2.16

763

683

5N

4

0.50

3

1.44

0.95

1.04

200

233

6V

70

0.70

12

2.59

0.52

1.29

1048

833

7V

30

0.27

9

2.35

0.82

1.79

833

733

7N

41

0.34

10

2.42

0.74

1.70

889

750

8V

45

0.29

10

2.36

0.81

1.87

889

717

8N

35

0.29

10

2.53

0.81

1.87

870

717

Average

34

0.37

9

2.45

0.80

1.67

785

667
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APPENDIX B:

Images of Macroalgal Species Documented
During Biomass Measurements in Experiment III (Chapter Three)
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Time
Day 7

Day 14

Day 33

Ulva
sp.

Fucus
vesiculosus

Gracilaria
vermiculophylla

Fig. B-1. Experiment III. Images of macroalgal species comprising assemblages from a
representative microcosm in the defaunated control (CTL) treatment, as documented at all
biomass measurement time-points.
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Time
Day 7

Day 14

Day 33

Ulva
sp.

Fucus
vesiculosus

Gracilaria
vermiculophylla

Fig. B-2. Experiment III. Images of macroalgal species comprising assemblages in a
representative microcosm from the Ilyanassa obsoleta (ILY) treatment, as documented at all
biomass measurement time-points.
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Time
Day 7

Day 14

Day 33

Ulva
sp.

Fucus
vesiculosus

Gracilaria
vermiculophylla

Fig. B-3. Experiment III. Images of macroalgal species comprising assemblages in a
representative microcosm from the Alitta virens (ALI) treatment, as documented at all biomass
measurement time-points.
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Time
Day 7

Day 14

Day 33

Ulva
sp.

Fucus
vesiculosus

Gracilaria
vermiculophylla

Fig. B-4. Experiment III. Images of macroalgal species comprising assemblages in a
representative microcosm from the mixed-faunal (MIX) treatment, as documented at all biomass
measurement time-points.
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CTL

ILY

ALI

MIX
Gracilaria
vermiculophylla

Ulva
sp.

Fucus
vesiculosus

Fig. B-5. Experiment III. Images of macroalgal species comprising assemblages in representative
microcosms from all treatments, as documented at the final biomass measurement time-point
(Day 33). Treatment codes: CTL, control; ILY, Ilyanassa obsoleta; ALI, Alitta virens; MIX,
mixed-fauna.
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