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Abstract

Benthic ecosystems are important components of biogeochemical cycles and serve as indicators
of environmental change. They mediate nutrient remineralization and organic matter processing
through the respiration of benthic organisms. Infaunal communities are influenced by varying
environmental conditions, such as hydrology, sediment grain size, water column depth and
human influences. In turn, infaunal community composition controls the magnitude and form of
benthic biogeochemical pathways, and thus the exchange of chemicals with the water column.
This study investigated benthic metabolism and benthic community composition with a focus on
the potential influence of mariculture activities at eight sites across southern Kachemak Bay,
Alaska, a large, highly productive estuarine ecosystem. In addition, pH and oxygen sensor arrays
were deployed beneath the Tutka Bay Lagoon salmon hatchery net pens to collect time series
data during summer 2023 to determine how benthic processes and lagoon features influenced
water column dynamics. Community composition analysis revealed the dominance of small
deposit feeding organisms, represented by a core group of taxa abundant across all sites except
beneath hatchery net pens. Microbial biomass rivaled macrofaunal biomass and was significantly
higher in some instances (p < 0.017). Furthermore, the benthic metabolism beneath the net pens
showed significantly higher respiration than other regional sites, in the form of high dissolved
organic carbon production and high sediment oxygen utilization (p < 0.050). The metabolic
fluxes at the salmon hatchery site were 177.20 + 76.44 mmol O>m d™! for total oxygen uptake
(TOU) and 960.16 + 677.93 mmol C m™ d! for dissolved inorganic carbon (DIC) production.
The oxygen and pH time series in the hatchery net pens indicated high values regionally (0.6 pH
units and 13 mg L! oxygen outside of regional ranges) with extreme variability, leading to high

pH (> 9) and oxygen concentrations (> 25 mg L), likely due to a phytoplankton bloom fueled



by excess organic matter. Peaks of oxygen concentration and pH were followed by periods of
hypoxia (< 2 mg L) at the surface, which were mediated on a diel cycle by tidal flushing and
photosynthesis. These findings are indicative of organic matter enrichment in a hydrographically
isolated lagoon, where high inputs of organic matter coincide with limited tidal flushing and a
stratified water column, resulting in degradation of the benthic and pelagic environment in Tutka
Bay Lagoon. Finally, an oyster farm in Jakolof Bay had no discernable impact on the benthic
environment in terms of benthic community composition and benthic metabolism. The
magnitude of organic matter inputs and the hydrodynamics of an area, as an indicator of organic
matter dispersal, are key factors in mediating organic matter enrichment and the potential

accompanying adverse impacts.
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Plain Word Summary

The benthic environment in southern Kachemak Bay, Alaska provides critical ecosystem
services, processing organic matter from the land and the sea, and returning nutrients to the food
web. In Kachemak Bay, concerns have arisen that marine agriculture (mariculture) operations in
the form of salmon hatcheries and oyster farms may have negative impacts on the local
environment. This thesis investigates the seafloor sediment environment to assess these potential
impacts under salmon hatchery net pens in Tutka Bay Lagoon, and under an oyster farm in
Jakolof Bay. We found that beneath the net pens, high waste inputs of fish food, feces and dead
fish contribute to negative impacts on the local environment. Very few sediment organisms were
found, and most are likely excluded from that habitat by lack of oxygen that arises due to inputs
of excess organic matter. Furthermore, the hatchery site showed high oxygen and carbon fluxes
associated with microbial and physical processes, because macrofaunal organisms were not
present. Time series data show how the lagoon frequently experiences conditions that are outside
of the regionally expected values and indicate that waste inputs from hatchery operations,
together with the isolated nature of the lagoon, contribute to low oxygen conditions persisting in
the deeper portion of the lagoon. Overall, the Tutka Bay Lagoon salmon hatchery has an adverse
impact on the local environment. However, oyster farms sites did not show any negative impacts
on this specific environment, being similar in terms of their community and ecosystem to non-

mariculture sites, which are good measures of ecosystem status.
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Chapter 1: General Introduction

1.1 Introduction

Alaskan estuaries are unique compared to those in the contiguous United States in that
they are more 1solated from anthropogenic impacts due to low human population, limited
anthropogenic development, and stronger seasonality. Kachemak Bay, Alaska, resides along the
eastern side of the greater Cook Inlet, which opens into the Northern Gulf of Alaska. The
Kachemak Bay National Estuarine Research Reserve (KBNERR) is both the largest and highest
latitude reserve in the NERR system (Buskey et al. 2015). Kachemak Bay faces pressures
distinct from estuaries at lower latitudes; colder waters can absorb higher levels of CO; and thus
face faster changing pH due to anthropogenic climate change (Roots 1989). Many estuaries in
the United States are managed with a focus on rehabilitation and mediation of damaged habitat,
but Alaskan estuarine ecosystems are comparatively pristine, thus a greater management priority
1s placed on prevention and protection of existing unimpacted ecology. Communities
surrounding Kachemak Bay benefit from the economic, cultural, and recreational activities
provided by the local ecosystem. Residents of the communities of Seldovia and Voznesenka and
the city of Homer interact with the coastal ecosystem through subsistence and commercial
fishing and harvesting, tourism, recreation, and scientific research. Additionally, the growth of
shellfish farming compliments the two existing salmon hatcheries in the region located at Port
Graham and in the Tutka Bay Lagoon (Cook Inlet Aquaculture Association, NOAA 2022).

Nearshore coastal ecosystems, such as Kachemak Bay, are dynamic and environmentally
heterogenous, facing changing conditions over short and long-time scales, which create a
patchwork of microhabitats favoring specific organisms, shaping the community composition

and food web dynamics therein (Dethier & Schoch 2005). Inputs of fresh water from rivers and



glaciers carry varying degrees of nutrients, minerals, sediments and organic matter into an
estuary, where it is transported and dispersed depending on the local hydrology, geography, and
wind currents (Middelburg & Herman 2007). Therefore, each bay and sub-bay can be unique in
its local environmental conditions and ecology. However, the food web dynamics are similar
despite local differences in the environment (Nelson et al. 2015). Nutrient and light availability
control photosynthesis and primary production, and phytoplankton and algae in the water column
sustain larger zooplankton and benthic organisms (Middleton & Bursch 2013). Zooplankton are
consumed by fishes and small crustaceans, facilitating the transfer of energy further along its
trophic linkages to sustain larger organisms, even those that reside on land, such as birds and
bears (Ursus spp.) (Steinberg & Landry 2017). When these organisms excrete waste and
decompose at the end of their lifecycle, they return that energy to the environment by sinking
through the water column and becoming a source of carbon for detritovores and bacteria. In the
nearshore, detritus sinking rates are modulated by water currents, which transport particles until
they reach their final settling location (Rowe & Staresinic 1979). Furthermore, the amount of
organic matter buildup at the sediment layer, and the level of degradation that organic matter
experiences before settling, is dependent on the current speed at the sediment water interface and
in the water column (Xu et al. 2021)

Organic matter in the benthic environment accumulates over time with sedimentation,
where it 1s consumed and processed by macro- and meio-fauna in conjunction with the microbial
community. Organic matter in the oxygenated portion of the sediment is processed primarily
through aerobic respiration, where organisms and bacteria utilize oxygen to oxidize organic
matter and excrete inorganic carbon and nutrients as waste (Rowe et al. 1975), resupplying these

materials to the sediment and pelagic ecosystems. Transfer of dissolved nutrients to the water



column 1s accomplished through diffusive and advective flux mediated by currents and
organisms at the sediment-water boundary, and by submarine groundwater discharge, which
circulates water through the sediment into the water column in coastal regions with the tidal
cycle (Dahm et al. 1998, Santos et al. 2021). The refractory component of organic matter is
harder to process due to its molecular and physical structure, and is usually processed after the
labile component, resulting in burial at depth in the sediment, where the lack of oxygen enables
the long-term of storage of refractory carbon (Hulthe 1998). Throughout the ocean, this burial is
a significant part of the oceanic carbon cycle, with a substantial amount of burial occurring in
shallow and shelf waters (<50 m depth), where a large amount of terrigenous organic matter is
deposited (Dunne et al. 2007). Organic matter processing and nutrient regeneration by benthic
ecosystems are important ecosystem services, particularly in high-productivity nearshore
systems.

The composition of benthic communities (bacteria, meiofauna, macrofauna, and
epibenthic organisms) plays an important role in ecosystem functioning and can provide valuable
information about dominant ecological and biogeochemical processes at a given location. The
microbial community breaks down labile and refractory organic matter while utilizing different
metabolic pathways depending on the availability of oxygen and other electron receptors. The
amount of material that microbial communities remineralize through aerobic respiration rivals
the respiration of meiofaunal and macrofaunal organisms (Jorgensen et al. 2021). Benthic
macrofaunal assemblages are often dominated by polychaetes which commonly display high
species richness and abundance (Hutchings 1998). Polychaetes, in addition to other benthic
macrofauna, such as small crustaceans, also provide important ecosystem functions that can

modify the biogeochemistry of their local environment, via activities such as feeding, respiration,



and burrowing. These biological activities affect the distribution of oxygen and nutrients in the
sediment, alter pH and dissolved inorganic carbon (DIC), and move labile and refractory organic
matter throughout the sediment (Rhoads 1974, Kristensen et al. 2012). However, differences in
morphology and concurrent ecological functions of macrofaunal organisms mean that changes in
community composition can result in changes to these ecosystem functions, such as organic
matter respiration rates (Rhoads 1974). Habitats with reduced environmental disturbance support
a more complex community, with higher ecological niche overlap, greater species richness and
an increased presence of larger, longer-lived organisms (Rhoads 1974).

Nearshore ecosystems face an inherent level of natural environmental disturbance due to
seasonality, tides, weather, wind currents, terrestrial inputs, variable freshwater inputs, etc. This
1s especially true in Kachemak Bay, where the salinity, pH, light availability, and currents vary
greatly on diel and seasonal cycles (Johnson 2021, Miller & Kelley 2021). Due to increased
impact of riverine, glacial, and oceanic influence, as well as physical disturbance, near-shore
benthic habitats may be less favorable to a complex macrofaunal community in comparison to
offshore systems that are insulated from disturbance by their depth (Dernie et al. 2003).
Furthermore, near-shore environments must also contend with anthropogenic pressures. A
common influence is through excess organic matter and nutrient inputs, either from a point
source pollution, like salmon hatchery net pens, or from passive fluxes of agricultural runoff (He
& Silliman 2019). These inputs can lead to eutrophication, where excess nutrients and carbon
lead to elevated primary production, which in turn leads to depletion and a degradation of water
quality after algal blooms senesce and decompose, often resulting in hypoxic or anoxic
conditions (He & Silliman 2019). Nearshore benthic communities that face anthropogenic

pressures are often dominated by small bodied and opportunistic organisms, which represent the



first wave of succession and recolonization (Rosenberg 2001). Further along a spatial and
temporal gradient of succession from the incidence of disturbance, communities become more
complex and begin to feature larger organisms and more overlap in niche and function
(Rosenburg 2001).

In Kachemak Bay, Alaska, the Tuka Bay Lagoon hosts a salmon hatchery, a site where
anthropogenic pressures may lead to adverse impacts on the local benthic ecosystem. The Tutka
Bay Lagoon salmon hatchery consists of an on-land traditional hatchery, where pink salmon (O.
gorbuscha) are incubated from egg to fry before being moved into net pens within the lagoon.
They reside until summer in net pens before being released, once they are large enough (CTIAA
2025). The lagoon itself is connected to Tutka Bay through a narrow channel that is only
accessible by boat during high tide. Tutka Bay is a fjord system on the southern coast of
Kachemak Bay. The narrow channel that connects Tutka Bay to the lagoon limits the effects of
tidal flushing and mixing, leading to accumulation of organic matter (Sacca 2016). Thus, excess
organic matter introduced to the lagoon in the form of fish feed and waste, as well as the
decomposition of returning fish, may accumulate and have an adverse impact on the local
environment.

The overarching goal of this thesis was to characterize habitat and community structure at
a range of sites encompassing natural variability in southern Kachemak Bay and investigate
relationships among community and environmental variables to benthic metabolism. In addition,
the potential impacts of mariculture operations on benthic community composition and
ecosystem metabolism were investigated. Research into benthic ecosystem functioning is often
used as a measure of ecosystem impacts from anthropogenic influences due to the nature of the

benthos as depositional systems (Washburn et al. 2016). This thesis addresses questions of



anthropogenic impacts on the benthic environment in the context of finfish and shellfish
mariculture. It is important for local research to explore the environmental impacts of such
activities to inform and guide proper management and stewardship of natural resources and the
environment. Furthermore, this work may contribute to the growing body of research
surrounding Kachemak Bay as a study system (i.e., Saeedi et al. 2021, Jones et al. 2021, Konar
2018, Miller & Kelley 2021, Haag et al. 2023).

Chapter 2 presents a quantitative assessment of benthic community composition in
southern Kachemak Bay. Habitat conditions and community composition were examined across
eight sites, primarily in four bays, where we compared microbial and macrofaunal carbon
biomass, classified macrofaunal taxa, and identified the environmental variables that shaped
these communities. These variables were also compared in proximity to shellfish mariculture,
fish mariculture, and non-mariculture influenced sites to evaluate impacts of these activities.

Chapter 3 assesses the benthic metabolism of organic matter and nutrient regeneration
and characterizes high-frequency carbonate chemistry and oxygen dynamics in the water column
using sensor arrays at the surface and benthos beneath the Tutka Bay Lagoon salmon hatchery
net pens. Measurements of benthic respiration using total oxygen utilization and dissolved
mnorganic carbon production were carried out and accompanied by nutrient flux rate
measurements. Together, these two chapters provide a comprehensive analysis of the benthic
community and subsequent ecosystem function across southern Kachemak Bay and evaluate the

potential mode and scope of impacts from anthropogenic activity in the region.
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Chapter 2: Benthic community composition and mariculture effects in southern Kachemak

Bay, Alaska

2.1 Abstract

Benthic sediment ecosystems are important indicators of environmental change due to the
way organic matter is deposited and the limited mobility of benthic organisms. Infaunal
communities are influenced by varying environmental conditions, such as hydrology, sediment
grain size, water column depth, and human influence. Here, we collected sediment cores from
eight sites across southern Kachemak Bay, Alaska, including sites under an oyster farm and a
salmon hatchery and analyzed them for environmental parameters including sediment grain size,
1sotopic signature and content, microbial content and community composition. Microbial and
macrofaunal carbon biomass were only significantly different from each other at two stations (p
< 0.017) suggesting that both communities are important contributors to carbon processing in
this area. Macrofaunal community composition differed across sites, with select taxa being
important contributors of abundance across the area. SIMPER analysis revealed the importance
of Spionidae and Capitellidae polychaetes as key components in determining similarity of
community composition within and among sites. K-dominance curves indicate a moderate level
of environmental disturbance leading to heterogenous levels of larger macrofaunal organisms
across all sites. Tutka Bay Lagoon salmon hatchery cores exhibited low macrofaunal presence
dominated by Capitellidae, likely a result of large organic matter inputs from overlying hatchery
operations. Further, the community composition at the outflow of Tutka Bay Lagoon
experienced a high abundance of Cumacea and highly negative §'3C signature, which suggests of
a mild influence from hatchery operations due to the similar isotopic signature to fish feed. Due

to the constricted nature of Tutka Bay Lagoon, the hatchery has a substantial impact on the
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community composition directly underneath the net pens, but the impact of that organic matter is

likely dispersed upon entering the larger Tutka Bay.

2.2 Introduction

Due to their depositional nature, benthic ecosystems serve as a natural lens to examine
long-term changes in deposition of organic matter, lithogenic sediment, and other particles
(Thrush et al. 2021). Sediment communities are largely composed of organisms with limited
motility that feed on organic matter sinking from above, thus reflecting average water column
conditions while integrating short-term variations, such as tidal signals, pulses of primary
production, and changes in freshwater runoff (Thrush et al. 2021). Moreover, benthic
ecosystems provide essential services, such as the remineralization of organic matter and the
replenishment of nutrients to the water column above (e.g., Siwstrom et al. 2016; Rodil et al.
2020). The benthic environment can thus be used to assess anthropogenic influence on marine
ecosystems. Human activities like mariculture can directly impact marine habitats by
contributing sinking and suspended detritus particles, feces, and excess feed from mariculture
operations (Hyland et al. 2005).

The benthic community is composed of diverse organisms, from microbes to
macrofauna, all capable of modifying their environment (Thrush et al. 2021). Microbial
communities influence biogeochemical cycling by utilizing a broad array of metabolic
pathways to break down a variety of components in the organic matter pool. The dominant
pathway is aerobic respiration of organic matter, which can rival the respiration of metazoan
organisms within the same community (Sawstrom et al. 2016; Jorgensen et al. 2021).
Polychaetes often dominate sediment macrofauna assemblages in terms of both species’

richness and abundance (Hutchings 1998). They perform a diverse set of ecosystem functions
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and modify their environment’s biogeochemistry through feeding, respiration, and burrowing,
affecting the distribution of oxygen, nutrients, pH, and labile organic matter in sediments
(Rhoads 1974; Rhoads et al. 1978; Kristensen et al. 2014). Bioturbation introduces organic
matter into deeper sediment layers, where it is accessed by different assemblages of
microorganisms that provide more complete degradation of refractory compounds (Mayer
1993). Furthermore, bioturbation reintroduces oxygen to buried refractory organic matter,
stimulating degradation rates of otherwise buried material (Hulthe et al. 1998). Sediment fauna
play a variety of functional roles, such that changes in infaunal community composition can
impact organic matter respiration rates (e.g., Bongers & Bongers 1998; Braeckman et al. 2010;
Jumars et al. 2015; Rodil et al. 2020). In this regard, characterizing benthic community
composition can provide insights into nutrient and organic matter cycling (e.g., Braeckman et
al. 2010; Kristensen et al. 2014; Rodil et al. 2020).

Biogeochemical processes are also modified by organic matter deposition derived from
human activities. In nearshore marine ecosystems of Alaska, mariculture and finfish hatchery
operations have the potential to impact the benthos through organic matter enrichment from the
sinking of feces and other organic detritus (Hyland et al. 2005). Excess organic matter in
sediment can increase oxygen consumption to the point of inducing anoxic conditions, shifting
microbial assemblages to more anaerobic taxa (Holmer et al. 1999). Anaerobic decomposition
of organic matter is less efficient and can create byproducts, such as sulfide, that are toxic to
animal life (Rhoads 1978). Generally, adverse conditions like increased sediment deposition
and sulfide production can reduce community diversity and shift habitat availability to favor
opportunistic organisms, which can limit or change the ecosystem services provided by that

community (Kenny et al. 2018). However, limited increases of organic matter can stimulate
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higher biomass due to increases in food availability that does not reach the threshold of organic
matter enrichment (Rhoads 1978).

Kachemak Bay experiences mixed land usage and varying levels of human influence,
including recreational and commercial fishing, harbors of varying sizes, mariculture farms, and
two salmon hatcheries. Kachemak Bay also opens into the larger Cook Inlet, where additional
human impacts include oil and gas development, and a future harbor expansion in Homer, AK,
which may increase traffic of large cruise ships into Kachemak Bay (City of Homer, 2024).
Much of the coastline in Kachemak Bay boasts undeveloped and wild ecosystems;
understanding how existing and future developments in mariculture and human activities may
influence the natural environment is vital for managing and preserving these pristine
ecosystems. Hartwell et al. (2009, 2017) demonstrated that human disturbance in the form of
contaminants and harbor operations influenced benthic community composition in Kachemak
Bay. Moreover, deposit feeding infaunal organisms dominated subtidal habitats and a
cosmopolitan subset of taxa co-occurred across almost all sampling stations (Hartwell et al.
2009, 2017).

The focus of this study was to describe the benthic community in shallow subtidal areas
of southern Kachemak Bay, Alaska, and determine how variations of infaunal assemblages
were associated with heterogeneous environmental characteristics that included mariculture
activities. We collected sediment cores via SCUBA across eight sites, including beneath active
salmon hatchery net pens and oyster lanterns, to determine sediment characteristics, microbial
biomass, and infaunal community structure. Based on prior research (e.g. Verhoeven et al.
2018, Zhou 2012, Hargrave 2010), we hypothesized adverse impacts on the benthic

environment beneath the salmon hatchery net pens from organic-matter enrichment and
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resulting effects on oxygen availability and infaunal community composition. Conversely, in
line with prior research (e.g. Crawford et al. 2003) we hypothesized no impact of oyster farms,
with the community composition resembling other non-mariculture sites with similar
environmental parameters due to the limited amount of organic matter deposition associated

with oyster farming.

2.3 Methods
2.3.1 Study site and sample collection

Kachemak Bay resides along the eastern edge of Cook Inlet, in the northern Gulf of
Alaska, encompassing 300 miles of coastline (Fig. 2.1) and experiences a large tidal range of up
to 8 m (Archer et al. 2013). A counterclockwise current enters from the southwest and mixes
with fresh water from multiple smaller bays and fjords as it circles the bay (Johnson et al. 2021).
Human activity is largely concentrated on the north side of the bay in the city of Homer, which is
home to a port facility and boat harbor used by recreational and commercial fishing vessels. The
eastern coastline of Kachemak Bay includes multiple mariculture operations, and the city of
Seldovia, located at the far southwestern edge of the bay, hosts a small boat harbor.

We sampled eight sites in four smaller bays that adjoin the larger Kachemak Bay (Fig.
2.1). Locations were selected to capture a variety of substrate types with additional sites selected
in bays with active mariculture or salmon hatchery operations. Two sampling locations were in
Jakolof Bay, which contains several mariculture operations growing kelp and oysters. Jakolof
Bay is relatively shallow (avg ~10 m) with gravelly sediments mostly covered by prostrate
macroalgae, predominantly Saccharina latissima. River input at the head of the bay flows over a
mudflat containing eelgrass beds. We sampled via SCUBA directly under oyster lantern cages at

7.6 m (Station JAK 1) in June 2022, and on foot in the mudflat at low tide (Station JAK 2). We
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also sampled in nearby Seldovia Bay (Station SEL) during the same month at approximately 50
m from the ferry dock at a depth of 7.6 m. The benthos at StationSEL was characterized by high
macroalgal cover and the sediment contained high proportions of gravel and shell hash. One site
in Kasitsna Bay was sampled in June 2023 on McDonald Spit (Station MCD), a protected sand-
flat area that partially encloses the bay. Samples were taken by hand at low tide.

Four sampling locations were chosen in Tutka Bay (Fig. 2.1), a fjord with a shallow sill
on either side of the bay that descends to ~10 m before dropping steeply to 82 m. On the western
shore, connected by a shallow, narrow channel, lies Tutka Bay Lagoon, which is fed by a creek
at its southern end. The shallow inlet to the lagoon limits flushing to more extreme high tides
(boat entry is only accessible at +14 ft. tides). In the small lagoon, salmon hatchery net pens hold
millions of salmon fry throughout the spring and summer. The majority of the salmon fry are
pink salmon (O. gorbuscha) with a small number of sockeye salmon (O. nerka), which are not
released directly into the lagoon. We sampled in June 2022 via SCUBA at the mouth of the
channel (2.1 m depth; Station TUT 1), at the edge of the shelf (4.5 m; Station TUT 2), and on the
shelf on the eastern side of the bay directly across from the inlet to the lagoon (Station TUT 3).
The sampling locations in Tutka Bay had few rocks, with little to no macroalgae cover, but
intermittent mussel beds occurred at TUT 1 and TUT 3. In June 2023, we returned to sample
directly beneath the net pens in Tutka Bay Lagoon at a depth of ~10 m (Station TUT 4).
Although sampling at Station TUT 4 was conducted one year later, it was done during the same
season (June), which minimizes potential effects of seasonal variability in the benthic
community composition. Furthermore, research suggests that benthic macrofaunal assemblages
are relatively stable year by year if there are no major disturbances (Ysebaert & Herman 2002,

Bilyard 1987). If hatchery operations may constitute a disturbance, it is one that is there
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consistently every year, thus we believe that comparisons among sample stations are still
ecologically valid, despite the one-year time difference for Station TUT 4.

At all sampling sites, intact sediment cores were retrieved by inserting 10-cm diameter
polycarbonate tubes into sediments by hand to a depth of ~10-15 cm. Depth of individual cores
varied in response to the presence of large rocks or shell fragments, which limited the depth of
tube insertion. Seven replicate cores were collected at each site. The cores were collected within
a 3x3 m area by pressing the coring tube into the sediment as deep as possible and then capping
both ends with rubber stoppers. Upon return to the wet lab, three cores were sectioned at 1-cm
intervals down to 10 cm (or as deep as possible) for analysis of sediment organic matter and
microbial biomass. Samples from each layer were frozen individually and stored at -80°C prior
to analysis. Three cores were sieved whole to characterize macrofauna abundance and biomass.

The last core was sampled for sediment grain-size analysis.
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Figure 2.1: Map of the eight sites in southern Kachemak Bay, Alaska included in this study. Red
stars indicate sites with mariculture activity: a Pacific oyster (Crassostrea gigas) farm in Jakolof
Bay, and a salmon (Oncorhynchus gorbuscha, Oncorhynchus nerka) hatchery in Tutka Bay
Lagoon. The yellow stars indicate sampling sites without mariculture or hatchery activities.

2.3.2 Sediment characteristics

Sediment organic-matter content was assessed using bulk stable-isotopes (6'°N, 81°C),
total organic carbon and total nitrogen content (TOC, TN; mg cm™), and carbon to nitrogen
ratios (C:N) for each sediment layer. A subsample of each layer was freeze-dried and rinsed with

1 N HCIl until effervescence ceased to remove carbonates. Samples were then rinsed with reverse
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osmosis water and freeze-dried again. Samples were analyzed by the Alaska Stable Isotope
Facility at the University of Alaska Fairbanks Water & Environmental Research Center.
Elemental and stable isotope analyses were conducted via continuous-flow isotope ratio mass
spectrometry using a Thermo Scientific Flash 2000 elemental analyzer and Thermo Scientific
Conlflo 1V interfaced with a Thermo Scientific DeltaV Plus Mass Spectrometer. Stable isotope
ratios were reported in 6 notation as parts per thousand (%o) deviation from the international
standard Vienna Pee Dee Belemnite (VPDB; carbon). Typically, instrument precision is < 0.2
%o. Instrument precision based on peptone standard replicates was < 0.05 %o for 6!°N and < 0.09
%o for 81°C (n = 14).

For grain-size analysis, surface water was siphoned off and a subsample was taken from
the upper 5 cm of the core using a 60-cc plastic syringe modified for core subsampling. When
large rocks or shells inhibited subsampling, the upper 5 cm layer of the whole core was used.
Wet sediment samples were mixed in 20 mL of sodium hexametaphosphate (2 g L™!) and 30 mL
deionized water to separate aggregated clumps. The samples were then wet sieved through 2-mm
mesh to retain gravel and passed through 63-um sieves to obtain silt content. Size fractions were
dried at 90°C until all moisture had evaporated. After drying, material retained on the 63-pm
sieve was further sieved through nested 1000, 500, 250, 125, and 63-um sieves using a sieve
shaker. In instances where the silt/clay fraction (< 63 um) was greater than 5% by weight, the
subsample was mixed with 30% hydrogen peroxide (H20O2) to remove organic matter. It was then
heated using a block heater to decompose the hydrogen peroxide and dried at 90°C. Grain size
data were analyzed using GRADISTAT grain size distribution software sorting for composition
of sand, gravel, and mud, as well as mean phi, sorting, skewness, and kurtosis using the Folk and

Ward method (Blott & Pye 2001).
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Salinity and temperature were recorded opportunistically at all sites except McDonald
spit (Station MCD). Samples for salinity from stations TUT 1, JAK 1, JAK 2, and SEL were
collected from Niskin bottles, and salinity was measured in the lab using a YSI 3100
Conductivity Instrument, whereas temperature was measured at time of collection using an
Omega HH81A digital thermometer. Salinity and temperature data from stations TUT 2 and
TUT 3 were recorded using a Sonde Exo YSI probe and averaged across water column depth.
Salinity and temperature were recorded at StationTUT 4 using a HOBO Salinity Logger and a

Seabird Seafet pH sensor, respectively.

2.3.3 Sediment microbial biomass

Microbial biomass (MCB) in sediments was measured via analysis of bacterial-derived
phospholipid fatty acids (PLFAs) in each 1-cm layer of the sectioned cores. Phospholipids are
components of all cell membranes, degrade rapidly after cell death, and are found in consistent
amounts in bacterial cells in different environments (White et al. 1979, Kunihiro et al. 2014).
Lipids were extracted from freeze-dried sediments and converted to fatty acid methyl esters
using a direct esterification procedure modified from Lewis et al. (2000). Extracts were analyzed
on a Thermo Trace 1310 gas chromatograph with flame ionization detector (Agilent
Technologies, Wilmington, DE, U.S.A) (GC-FID) with a DB-23 capillary column (60 m x 0.25
mm 1.d., 0.25 pm film, Agilent Technologies) using the instrument procedure outlined in Dissen
et al. (2018). A C19:0 internal standard (Methyl nonadecanoate, CAS 1731-94-8) was added to
each sample prior to analysis for fatty-acid methyl ester (FAME) quantification, and peaks were
identified through comparison to two external standards (Supelco 37 FAME mix CRM4788S5,

and BAME mix 47080-U, Millipore Sigma). Concentrations of known bacteria-specific PLFAs
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were calculated as mg fatty acid/g dry sediment using the C:19 standard peak area. Ante-1s015:0,
15014:0, 1s015:0 and ante-1s016:0 were selected as bacterially associated fatty acids (Boschker et
al. 2002, Moodley et al. 2005). Sediment density (g dry sediment cm™) was measured for a 5-
cm? subsample of sediment and used to calculate mg PLFA c¢cm™ for each sample layer. Total
PLFA content was reported as the average of the upper 5 cm of sediment. To account for varied
depth of cores, in instances where there were less than 5 cm of depth the average mg PLFA cm™
(each layer ~60.4 cm®) of the available 1cm depth layers was multiplied by five layers. Fatty acid
content (mg PLFA cm™) was then converted to total carbon biomass (g C m™) using a
conversion factor of 0.056 g carbon PLFA per gram of carbon biomass (Middleburg et al. 2000,
Volkman et al. 1989, Brinch-Iversen & King 1990). This conversion assumes a carbon to

Chlorophyl a ratio of 40.

2.3.4 Macrofauna abundance and biomass estimate

For macrofauna abundance and biomass, cores were gently sieved through 500-pm mesh
to retain macrofauna, which were then preserved in 10% formalin. During preservation, the
samples were stained with Rose Bengal to enhance visibility before transferring into 70%
1sopropyl alcohol for sorting. Sieved organisms were identified to coarse taxonomic levels.
Polychaetes were identified to the family level. Crustacean identification varied with amphipods
and cumaceans limited to order, and some distinctive taxa identified to genus or family (e.g.,
Idotea and Sphaeromatidae). Clams and mussels were identified to the species level, whereas
snails were 1dentified to the genus level only. Epibenthic organisms were omitted from analyses,
because the collection method is not considered quantitative for epifauna. These omitted

organisms include mussels, nematodes, barnacles, snails, and sea cucumbers among others.
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Clams, most of which were Macoma nasuta, were considered infauna and thus included in
analyses (Rudy et al. 2013). A full taxon list 1s available in SM1 (Supplemental Appendix 1,
Table 1).

Biomass was estimated as the wet weight of all individuals of each taxon to 0.1 mg
precision. Biomass was converted into carbon units of g C m™ using published conversion
factors (Brey et al. 2010). These conversions included values for shelled organisms. Shells were

removed and weighed separately from soft tissue whenever possible (e.g., for larger individuals).

2.3.5 Data Analysis

Statistical analyses for univariate data were conducted in R (version 4.3.3). Site specific
differences for a given variable were determined by an ANOVA, if the data were normally
distributed (Shapiro-Wilk’s test) and of equal variance (Levene’s test), otherwise a Kruskal-
Wallis test was utilized. If the p-value was significant (a < 0.05), the ANOVA and Kruskal-
Wallis tests were followed by a post hoc Tukey-Kramer test or Dunn’s test, respectively.

Relationships among benthic community composition and environmental variables were
analyzed using Primer 7 (with PERMANOVA+) software (Clark et al. 2014). Abundance and
biomass data at the family level were square root transformed to mitigate the impact of highly
abundant taxa and then averaged by sampling site. Environmental variables were analyzed using
principal components analysis (PCA) to evaluate differences among site characteristics. Total
organic carbon (TOC), total organic nitrogen (TON), and microbial carbon biomass (MCB) were
all averaged to the top 5 cm sediment depth due to differences in core depth. Stable isotopic
signatures for the 1-cm surface layer were used as indicators of the source of recently deposited

organic matter. Kurtosis, % mud, % sand, and % gravel had one value from each site, taken from
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sediment grain size analysis. Salinity was not included in the PCA due to inconsistent sampling
methods and a lack of salinity data for Station MCD. However, salinity was used to give insight
into the general characteristics of each site such as the level of freshwater input. Further square-
root transformations were applied to TOC, kurtosis, % sand, and % mud to reduce skewness. All
environmental data were then normalized and averaged for each site. Transformed data were
analyzed via principal components analysis (PCA) to visualize the differences in environmental
characteristics and quantitatively assess the importance of each environmental characteristic in
differentiating among sites.

A multivariate approach to analyzing community composition among sites was
implemented using a Bray-Curtis similarity index. Bray-Curtis similarity index compares taxa
abundances in pairwise fashion among sites. Abundance data were square root-transformed to
moderate the effect of highly dominant taxa, and a Bray-Curtis similarity matrix was generated.
A non-metric multidimensional scaling (nMDS) plot was constructed to visualize patterns in
community composition. Spatial patterns were then evaluated using analysis of similarities
(ANOSIM) to test for site differences. With only three replicates from each site, the ANOSIM,
which is a permutation-based test, can conduct a maximum of 10 permutations for each site
pairing, limiting interpretation of significance for site-wise differences to the 10% level (Clarke
et al. 2014). Due to the low number of replicates, a hierarchical clustering analysis of station
similarity was carried out in conjunction with a type 1 similarity profile analysis (SIMPROF) to
examine specific groupings of sites based on community composition. The clustering analysis
was conducted using group-averaged linkages and the SIMPROF test utilized 999 permutations
at the 5% significance level. A second hierarchical clustering analysis using group-averaged

linkages was implemented in conjunction with a type 3 SIMPROF test with the same
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permutation structure to examine specific groupings of taxa based on station occurrence. The
results from these tests and the ANOSIM informed the ability to further investigate differences in
community composition among sites. A similarity percentages analysis (SIMPER) was carried
out to investigate prominent taxa contributing to dissimilarity among sites. First, to minimize
effects of rarer taxa, those contributing no more than 5% of the total abundance or biomass from
any one site were dropped. Results from the SIMPER analysis were used to identify key species
driving differences in community composition among study sites.

K- dominance plots were employed to examine the dominance of macrofaunal abundance
versus macrofaunal biomass across sites. K-dominance plots, or abundance-biomass curves
(ABC) assess the cumulative dominance of all taxa in terms of rank order for abundance and
biomass. Communities with a dominant presence of large bodied organisms are represented in
these plots as having a biomass curve above the abundance curve across the ranked taxa. The
inverse is indicative of a disturbed or polluted site, as there are fewer large-bodied organisms
present (Clarke et al. 2014).

A biota and environmental matching model analysis (BIONENV/BEST) was performed
in PRIMER 7 to determine the subset of environmental characteristics with the highest
correlation to community structure. The BIOENV calculated Spearman’s rank correlations
between the Bray-Curtis similarity matrix for macrofaunal abundance and a Euclidian-distance

matrix for environmental variables.

2.4 Results

2.4.1 Sediment environmental characteristics
Sediment grain size and organic matter content were consistent among most sites, but

three sites differed from the others (Fig. 2.2; Table 2.1). The principal component (PC) analysis

25



revealed that 75.6% of the cumulative variation among sites could be attributed to the first two
PCs; the first five PCs represented 97.5% of the cumulative variation. On PC1, Station MCD was
separated from other sites by higher sand content, high §'°N, and lower 8!3C, whereas other sites
had higher gravel content and microbial carbon biomass (MCB). Station TUT 4 was separated
from other sites along PC2 based on fine sediment content (% mud), homogeneous sediment
structure (kurtosis), and high TON (Fig. 2.2). Station JAK 1, the location directly below the
oyster farm, was also distinct, characterized mostly by moderate gravel content and high MCB.
The rest of the sites (Stations TUT 1-3, SEL, JAK 2) were clustered together with lower MCB,

higher gravel content, and higher surface 33C.

Table 2.1: Environmental variables from eight sediment core stations across southern Kachemak
Bay, Alaska. Total organic carbon (TOC), total organic nitrogen (TON) and microbial carbon
biomass (MCB) are normalized to the first 5 cm of depth to account for differences in sample
volume. Kurtosis, % gravel, % sand, % mud had single replicates taken from each station,
whereas other measures were collected in triplicate and shown as mean + 1 standard deviation.
813C and 8'°N are from the surface layer of the sediment.
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MCB Kurtosis % Gravel % Sand Y% Mud Salinity
gCm” g Nm? {%o) (%ho) gCm-2 %% % %% oC
423.774153.98

SEL 43.47+5.10 5.87=0.14 -22.01+0.70 R.91£1.01 0.57 0,32 0.64 0.04 31.20 10.00
JAK1 6436.19+4731.04 158.65£20.54  5.58+0.31  -22.25+1.18 18.9043.52 0.87 0.28 0.61 0.11 29.10 10.20
JAK 2 13534047116 118,45+37.31 4,19+0.27 21.93+0.07 22,32+2.94 0.68 0.39 0.40 0.20 24,13 13.90
TUT 1 1201.82£334.91  141.52+26.63  3.29+0.87 -25.15+£0.20 16.00+5.06 0.59 0.33 0.62 0.04 16.10 12.60
TUT 2 330.31£52.37 115.8540.70  2.54+0.59  -22.58+0.33 5.5243.01 0.69 0.32 0.62 0.07 29.03 5.97
TUT 3 1547.72L808 44 58.96:10.35 4.12+£030 -22.97+0.09 13.4942.72 0.74 0.54 0.41 0.04 25.46 10.17
TUT 4 1009.67£89.54 219.65£134.85  6.21+0.30  -21.87£0.40 13.9616.60 (.96 0.03 0.51 0.46 25,78 6.39
MCD 889.25+£151.67 140.11+12.03  7.20+=0.34  -18.74+1.03 3.16+0.94 0.60 0.01 0.98 0.01 NA NA
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Figure 2.2: Principal components analysis (PCA) of environmental variables collected for each
of eight sediment core stations across southern Kachemak Bay, Alaska. Included variables are %
mud, % gravel, % sand, kurtosis, microbial carbon biomass (MCB), total organic carbon (TOC),
total organic nitrogen (TON), isotopic carbon signature (8'°C) and isotopic nitrogen signature
(8'°N). Vectors are representative of their labeled environmental variables with their length
representing proportional contributions to the PCA axes, and the direction reflecting correlations.
The circle represents the maximum possible correlation of the environmental variables.

Low salinities were measured at stations JAK 2, TUT 1, and TUT 4 (Table 2.1). The
mudflat at the head of Jakolof Bay, JAK 2, experiences fresh water from riverine and submarine

groundwater inputs that are represented in the low measured salinity (~ 24). The hatchery site
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(TUT 4) 1s also influenced by freshwater inputs from a creek. Additionally, freshwater 1s piped
from the creek directly into the hatchery net pens for rearing the salmon, leading to periods of
sustained low salinity (16-19; Chapter 3). In early June, when samples were taken, salinity was
modestly low at 25.5. Station TUT 1 is located at the mouth of the channel connecting Tutka Bay
Lagoon to Tutka Bay and is thus influenced by the channel outflow. The fresh water at this site
was observed visually during diving as a freshwater lens about halfway between the surface and
the seafloor.

Station TUT 4 experienced high concentrations of organic carbon and organic nitrogen
compared to other sites. Whereas the total organic carbon (TOC), and total organic nitrogen
(TON) at this station were similar to other sites (Table 1), the organic carbon and nitrogen
concentrations in the sampled sediment were significantly higher than all other sites (ANOVA, p
< 0.0001). In this regard Station TUT 4 averaged 1.14 £ 0.16 %C, and 8.20 + 1.01 %N, where
together all other sites averaged 0.12 + 0.10 %C and 0.97 + 0.75 %N. The discrepancy between
total organic content and concentration stems from the inventory calculations using sediment
density, which was low for Station TUT 4. So, while there were no significant differences in
TOC and TON among sites (ANOVA, p > 0.07), Station TUT 4 recorded significantly higher
concentrations of organic carbon and nitrogen beneath the hatchery net pens than nearly every
other station (p < 0.038 and p < 0.045 respectively) with exceptions of Station TUT 3 for carbon

and Stations TUT 3 and JAK 1 for nitrogen.
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Table 2.2: Results of principle components analysis of environmental variables of sediment cores
from eight stations across southern Kachemak Bay, Alaska. Included variables are % mud, %
gravel, % sand, kurtosis, microbial carbon biomass (MCB), total organic carbon (TOC), total
organic nitrogen (TON), stable isotopic carbon signature (3'3C) and stable isotopic nitrogen
signature (3'°N).

Principle

Component Eigenvalues %oVariation Cum. % Variation

(1 3.35 40.5 40.5

2 2.83 34.1 74.6

3 (.89 10.8 85.4

|4 (.63 7.6 93.1

5 0.36 4.4 97.5

| Variable PC1 PC2 PC3 PC4 PC5 |
| TOC -0.13 0.21 -0.73 0.26 -0.11 |
TON 0.02 0.35 0.13 0.44 0.087
|615N 0.35 0.31 -0.32 -0.39 0.29
813C .40 0.17 -0.12 -0.53 -0.16
| Kurtosis -(0.20 0.52 -0.04 0.0030 -0.65
|MCB -0.36 0.15 -0.30 0.011 0.59
| % GRAVEL -0.41 -0.38 -0.24 -0.26 -0.19
| % SAND 0.53 -0.051 -0.11 0.45 -0.0032 |
% MUD -0.24 0.50 0.39 -0.15 0.22

Principal Component Scores

‘Sample SCORE1  SCORE2 SCORE3 SCORE4 SCORES
'SEL 0.96 -135 0.07 -0.80 0.39
JAK 1 -0.63 1.52 -1.74 0.59 -0.33 |
JAK 2 -1.66 0.18 0.01 0.77 0.76
TUT1 -0.84 -1.37 0.17 1.42 0.69
TUT 2 -0.06 -1.16 1.23 0.44 -0.88
TUT 3 -1.57 ‘118 -0.51 -0.76 -0.68
TUT 4 -0.20 331 1.14 -0.086 0.0065
MCD 1 4.02 0.04 -0.37 -0.035 0.034
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2.4.2 Microbial versus macrofaunal biomass

Microbial carbon biomass (MCB) demonstrated little variability across sites (Fig. 2.3), or
with depth in sediments. Total MCB in the upper 5 cm of sediment ranged between 0.76 g m™
and 24.96 g C m™? (12.70 £ 7.74 g C m?), two orders of magnitude lower than the available TOC
in the same layer. MCB did not significantly differ among sites except for Station MCD, which
was significantly lower than StationJAK 2 (Kruskal-Wallis test, p = 0.042). Estimates of MCB
included a conversion from the phospholipid fatty acid (PLFA) concentration in lipid extracts to
grams of PLFA using the estimated density of sediment. Prior to conversion, the PLFA
concentration in Station TUT 4 was high relative to other sites; however, the low sediment
density resulted in a mass of PLFA not significantly different than other sites (Dunn’s test, p >
0.94) (Fig. 2.3).

Macrofaunal biomass (MFB) ranged from 0.0 g C m™ to 50.01 gC m?(7.12+13.22gC
m2), with stations TUT 4 and JAK 2 containing the lowest biomass. The only significant
difference in MFB was among stations TUT 3 and TUT 4 (Dunns’s test, p = 0.041). However,
standard deviations were large at stations TUT 2 and TUT 3. For TUT 2, this high variability
was driven by macrofaunal biomass in one sample dominated by two large polychaetes of the
family Lumbrineridae (38% of total biomass), as well as several large Glyceridae polychaetes
(18% of total biomass). Similarly, at Station TUT 3, one sample with very high biomass
contained two large Nereidae polychaetes and a high abundance of Macoma nasuta clams
representing 66% and 22% of the biomass, respectively. Overall, MFB and MCB were
significantly different, with differences varying by site (ANOVA, p = 0.042). T-tests from each

site showed significant differences between MCB and MFB at stations JAK 1, and JAK 2 (p =
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0.017, 0.0034) respectively. At these sites there were significantly higher MCB than MFB.
However, MFB and MCB were generally within one order of magnitude at all sites, except for

Station TUT 4, the hatchery site.
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Figure 2.3: The mean macrofaunal biomass (MFB) and the microbial carbon biomass (MCB)
within the upper 5 cm of sediment across eight sites in southern Kachemak Bay, Alaska. Letters
A and B represent significant (0<0.05) groups comparing MFB and MCB respectively among
stations. Bars without a letter are not significantly different from other groups. Stations with stars
indicate significant differences between the MCB and MFB at those stations. Error bars represent
one standard deviation from the mean.

2.4.3 Macrofaunal community composition
Benthic community composition across the study sites was largely composed of small-

bodied deposit feeding polychaetes, small crustaceans, and the clam M. nasuta, although
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individual sites contained high abundances of specific taxa, including certain meiofauna and
epibenthic organisms not included in the general analysis. Spionidae, Capitellidae, and
Cirratulidae were the most abundant deposit feeding polychaetes across all sites. Small
crustaceans, particularly Amphipoda and Cumacea, were also present at all sampling sites.
Amphipoda were mostly identified to the Phoxocephalidae family. Most of the M. nasuta found
in this sampling effort were juveniles <1 cm length and were present at nearly every site,

constituting the dominant organism in terms of biomass at Station TUT 3 (Figure 2.4, 2.6).
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Figure 2.4

cores sampled across eight sample stations in southern Kachemak Bay, Alaska. Taxa are
arranged according to a dendrogram constructed using type 3 similarity profile (SIMPROF)
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groups. Lettering A, B, and C denote salient groups of taxa in relation to specific sampling
stations (listed on top). Refer to Fig. 2.1 for site locations.

The results from a one-way analysis of similarities (ANOSIM) signaled that sampled
sites were characterized by significantly different macrofaunal community composition
(ANOSIM, R =0.751, p = 0.001). However, due to the sample size of 3 cores per site, the test
lacked power to evaluate the significance of pairwise comparisons amongamong sites. The high
R statistic of 0.751 suggests high fidelity in community composition among samples at each site,
which enabled further assessment of differences in community composition based on site.
Examination using hierarchical clustering analysis and type 3 SIMPROF grouping of the
community composition among sites indicated that a group of ten cosmopolitan taxa co-occurred
across all sampling sites, as seen as group A in Fig. 2.4. These same taxa were significant in
discriminating among sites using SIMPER analysis; notably Spionidae, Capitellidae, Nemertea,
Sigalionidae, and Cumacea (Table 3). Spionidae and Capitellidae in particular were present in
most samples and were thus important drivers of dissimilarity, with Cumacea contributing to site
differences due to high abundances at stations TUT 1 and JAK 2, while being absent elsewhere
(Fig. 2.4). These taxa, which were generally more abundant, played a larger role in
differentiating community composition relative to other rarer taxa, which did not meet the 70%
cutoff of low contributions to dissimilarity in the SIMPER analysis. Overall, average within-site
similarity ranged from 55% to 78%, whereas average dissimilarity among sites ranged from 41%
to 80% (Table 3). Due to the lack of macrofauna at Station TUT 4, there were high levels of
dissimilarity when compared to all the other sites (> 90%). Additionally, stations SEL and JAK 1

had the most similar community compositions of the site-wise comparisons (Fig. 2.4, Table 3).
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Table 2.3: Results from a one-way similarity percentages analysis (SIMPER) of taxa
contributions to sediment cores from eight sampling stations within southern Kachemak Bay,
Alaska. Part A represents within site similarity in benthic community composition, whereas part
B represents inter-site dissimilarity in community composition.

A

B i SEL JAK1 JAK2 TUT1
SEL 26% - - - - - - -
N 41% 31% - - - - -

JAK?2 58% 56% 40% -
TUT 1 66% 66% 47% 22% - - - -
TUT 2 49% 48% 67% 65% 36% -
TUT3 66% 65% 70% 61% 53% 45% - -
TUT 4 93% 93% 87% 91% 96% 96% 100% -
MCD 49% 53% 70% 83% 64% 81% 96% 45%

Several larger predatory organisms contributed to differences in community composition
among sampling sites when present. Sigalionidae and Nemertea accounted for large proportions
of inter-site differences based on SIMPER analysis. Other predatory polychaetes tended to co-
occur with these taxa, such as Phylodocidae, which were abundant at Station TUT 3. Predatory
polychaetes, which also included Syllidae, Lumbrinaridae, Polynoidae, and Dorvilleidae, were

generally present across sites, although there was high variability among replicates (Fig. 2.4, Fig.

36



2.5). Even at Station TUT 3, where there were higher abundances of predatory polychaetes, the

biomass of this group was dominated by two large individuals in one of the samples.
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Figure 2.5: Non-metric multi-dimensional scaling (nMDS) bubble plot representing square root
transformed abundance data from sediment cores sampled from eight stations across southern
Kachemak Bay, Alaska. This nMDS was created using a Bray-Curtis similarity matrix of overall
community composition. The 2D — stress of 0.03 indicates that the nMDS preserves the rank
order of dissimilarities among samples with minimal distortion. Each bubble shows average
counts of predatory polychaete taxa at each station. Refer to Fig. 2.1 for site locations.

Outside of the common taxa present across all sites, stations TUT 2, and TUT 3 included
a distinct additional group of taxa, as did Station MCD. Stations TUT 2 and TUT 3 were
represented by an additional clustered group of taxa, as seen in group B in Fig. 2.4, which
featured a range of co-occurring taxa, such as Oweniidae, Orbiniidae, and Ampharetidae. Even
though some of these taxa did occur at other sites, such as at Station SEL, they were the most

abundant at stations TUT 2 and TUT 3, which hold similar locations on the nMDS plot (Fig. 2.5)
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and in the PCA (Fig. 2.2). Similarly, Station MCD was represented by a third distinct clustering
group of taxa, seen as group C in Fig. 2.4. This group included the small crustaceans Halacaridae
and Tanaidacea, as well as some rarer polychaetes, such as Maldanidae. Overall, results from
type 1 SIMPROF (n = 4.49, p = 0.015) testing indicated that Station TUT 4 was significantly
different in community composition based on average abundance of taxa from all other stations,

while all other sites were grouped together without any significant differences among them.
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Figure 2.6: The abundance and dry weight biomass of macrofaunal organisms typed from
sediment cores at eight sample stations across southern Kachemak Bay, Alaska. Biomass and
abundance were averaged across replicates with shading denoting the proportional contribution
from each group.
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2.4.4 Relationship among environmental variables and benthic community composition

Sediment grain size and stable isotopic composition were strongly related to benthic
community composition. The BEST analysis produced a model in which 79% of the observed
variation in community composition was correlated to 6'*C, % gravel, and % mud. Two of the
variables, 8"3C and % mud, represented 75% of the correlation, and additional variables did not
markedly improve this correlation.

Most of the sites displayed a higher cumulative dominance of abundance over biomass,
with stations TUT 4 and TUT 1 following this trend to the greatest degree, as visualized in the
K-dominance plots (Fig. 2.7). The abundance line was more above than below the biomass line
for all taxa at Station TUT 1, and for most ranked taxa at Station TUT 4 (Fig. 2.7), indicating a
higher dominance of small-bodied organisms, and a general lack of large-bodied organisms. At
Station TUT 1, the dominance of small bodied organisms was generally due to abundant small
cumaceans, yet, contributed little to the overall biomass at the site. This was generally true for all
sites. Bivalves, which were almost exclusively M. nasuta, were also present everywhere except
at Station TUT 4 and contributed to high proportions of biomass. M. nasuta displayed varying
sizes within a given site but were of similar size ranges across sites. Polychaetes were universally
present, but their biomass contributions varied depending on the presence of large-bodied

individuals.
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Figure 2.7: Abundance-biomass curves (ABC curves) for benthic macrofauna from sediment
cores from eight sampling stations across southern Kachemak Bay, Alaska. At sites with low
environmental stress, biomass curves lie above abundance curves. Higher levels of
environmental stress, through disturbance or pollution, lead to curves crossing or the abundance
curve lying above the biomass curve. Refer to Fig. 2.1 for site locations.
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2.5 Discussion

Southern Kachemak Bay is composed of a heterogeneous mix of benthic marine habitats.
Sediment grain size and organic matter composition were related to differences in community
composition across sites (Fig. 2.2), where microbial and macrofaunal carbon biomass
represented roughly equivalent pools of carbon in the ecosystem (Fig. 2.3). Small deposit feeding
polychaetes and crustaceans were abundant across sites, with a ubiquitous presence of the small
deposit feeding clam M. nasuta. Larger predatory organisms were represented at certain sites,
where they may pose a predatory control on the community composition. Dominance of smaller
deposit feeders in macrofaunal community composition suggested moderate levels of
environmental and human disturbance within some of the sites. The Tutka Bay Lagoon site
(Station TUT 4) was represented by a lack of macrofauna, which is indicative of disturbance
through organic matter enrichment from the salmon hatchery net pens. There was some evidence
of organic matter transport outside of the lagoon in terms of community composition and stable
1sotopic signature of the sediment. There oyster farm site (Station JAK 1) was represented by
similar community composition to non-mariculture sites, with no evidence of disturbance
through organic matter enrichment.
2.5.1 Environmental factors and benthic community composition

Habitat conditions, particularly sediment grain size and organic-matter composition,
shape the benthic community by physically creating an environment to support macrofauna.
Gravel and mud are primary drivers of benthic community composition, because they influence
other aspects of the benthic environment, including sediment permeability, mixing of organic
matter, and availability of interstitial spaces that serve as habitat for microscopic fauna (Von

Bertrab et al. 2013, Vause et al. 2019). Equally important, benthic macrofauna also play a role in
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sediment processing through burrowing and organic matter transport (Montserrat et al. 2008).
Sediment 6"3C values provide insight into the dominant source of organic matter to the benthos,
as marine-derived carbon values generally range from -16%o to -20%eo, and -26%o to -30%o for
terrestrial carbon (Post et al. 2002). At our sites, 6'*C spanned -20%o to -25%o, indicating a mix
of marine and terrestrial inputs, which is consistent with other studies in this region (Haag et al.
2025, Corliss et al. 2024, Siegert et al. 2022).

The small-bodied, deposit-feeding polychaetes ubiquitously observed at all sites, are
indicative of small organic-matter deposits providing the primary food source and suggest
potential disturbance effects (Giangrande et al. 2005). Spionidae, Capitellidae, and Cirratulidae,
the most abundant polychaetes, are all small deposit feeders (Jumars et al. 2015). Capitellidae
and Cirratulidae were generally very small (<5 mm), while Spionidae were larger (<15 mm).
Furthermore, Spionidae are mostly selective feeders compared to Capitellidae and Cirratulidae
(Jumars et al. 2015). These differences suggest that there is high enough food availability to
support larger size classes of deposit feeders and taxa with overlapping niches.

In addition to polychaetes, other deposit feeding taxa were also abundant across sites.
Cumacea, which were present at all sites, are also detritivores that consume particulate organic
matter deposits and burrow in the sediment (Oliver et al. 1982, Petrescu et al. 2009). Similarly,
the dominant bivalve, M. nasuta, are small-bodied clams <70 mm in length, and use a siphon to
feed on surface organic matter (Rudy Jr. et al. 2013). However, most of the M. nasuta found in
this sampling effort were less than 10 mm in length, with only Station TUT 3 containing larger
individuals and high bivalve biomass. Even at that site, individual M. nasuta did not exceed 25
mm; larger individuals may reside deeper in sediments or at lower densities not adequately

sampled by the small core size used in this study. Alternatively, while Amphipoda could not be

42



identified to more specific taxa for community composition analysis, the most common observed
family was Phoxocephalidae, which prey on larval and juvenile polychaetes (Oliver et al. 1982).
Amphipoda utilize a variety of feeding pathways, depending on the species, but their distribution
across sampled sites (Fig. 2.4) may present a predatory force, limiting the growth of larger
polychaetes, depending on the abundances at each site. The dominance of smaller organisms, and
the diversity of deposit feeding organisms, suggests a high availability of small-sized particles.
Prior studies in the region found similar results, with deposit feeding organisms being dominant
in subtidal infaunal assemblages, and a cosmopolitan group of organisms present across all
sample stations (Hartwell et al. 2009, 2017, Fig. 2.4).

Dominance of small bodied organisms, in terms of abundance and biomass, may be a
sign of elevated levels of natural and anthropogenic disturbance across our sample sites (Clarke
et al. 2014). Many of the K-dominance plots (Fig. 2.6), apart from at Station JAK 1, suggest
smaller bodied organisms were dominant in the samples, which is indicative of a low to
moderate level of disturbance (Fig. 2.6, Clarke et al. 2014, Clarke 1990). Although the limited
number of replicates likely fails to detect some rarer taxa, these patterns may reflect the naturally
variable environment of southern Kachemak Bay. This region experiences some of the highest
tides in the world, where the water level can change as much as 8 m at the peak of the tidal cycle
(Archer 2013) and 1s subject to strong seasonal forcing (Field & Walker 2003, Miller & Kelley
2021). Furthermore, Kachemak Bay is an estuarine system that receives variable freshwater
inputs from many different watersheds (Jenckes et al. 2023). These inputs vary with snow melt
and glacial inputs, leading to some areas having highly variable particle content, salinity, and pH
depending on the season (Miller & Kelley 2021). This moderate level of natural variability will

exclude organisms not adapted to this level of environmental disturbance (Clarke et al. 2014).
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Furthermore, the variation in physical conditions may influence larval settlement success, which
may contribute to the uneven distribution of larger bodied organisms (Woodin 1974).

Microbial organisms also play an important role in organic matter processing. In this
study, microbial carbon biomass was equivalent, or even exceeded, the macrofaunal carbon
biomass in the eight sites sampled (Fig. 2.3) suggesting both ecosystem components contribute
significantly to organic matter cycling in this nearshore region. This method of comparing
microbial and macrofaunal carbon pools has largely focused on deeper oceanic habitats, such as
the continental shelf and the deep sea, with no direct comparison of microbial to macrofaunal
benthic biomass in the nearshore. However, macrofaunal biomass estimates from this study were
similar to those of other estuarine regions (Rodil et al. 2008, Ehrnsten et al. 2019). Despite the
potential for rates of carbon processing between macrofaunal and microbial communities to
differ, as well as possible differences among sites, carbon processing rates and overall carbon
cycling capacity are primarily mediated by total biomass (macrofaunal and microbial combined;
Woulds et al. 2016).

2.5.2 Impacts of mariculture activities: oyster farm and fish hatchery net pens

Benthic community composition was starkly different beneath the Tutka Bay Lagoon
Hatchery net pens, likely due to high input of organic matter from pens, as well as returning
adult salmon, and influence of low salinity (Fig. 2.4, 2.5). Low macrofaunal abundance and
biomass, in conjunction with regionally comparable microbial biomass to other sites, suggest an
impacted site. The community composition below the net pens was dominated by Capitellidae,
which are often present in habitats experiencing pollution of heavy metals, industrial waste and
excess organic matter. (Fauchald & Jumars 1979, Jumars et al. 2015). In this study, M. nasuta for

example, were found at every sample site, except beneath the salmon hatchery, suggesting that
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they are resilient to natural levels of disturbance but are excluded by the impacts of the salmon
hatchery net pens, potentially due to acidic conditions created by organic matter enrichment that
would preclude shell formation (Gazeau et al. 2013). Additionally, the microbial biomass at
Station TUT 4 was comparable to other sites, despite low macrofaunal biomass (Fig. 2.3). This is
reasonable given that the microbial community is more adaptable to drastic changes in sediment
conditions than macrofauna, as microbes can shift from aerobic to anaerobic assemblages that
can carry out alternate diagenetic pathways in low oxygen-high organic matter conditions
(Hensen et al. 2006). This was likely the case under hatchery net pens, as sediment cores smelled
strongly of sulfur and organic waste upon surfacing, signaling sulfide production. Additionally,
the hatchery net pens also introduce a direct source of low salinity riverine water, as the hatchery
operations have a direct freshwater pipe into the net pens to provide a salinity gradient for the
salmon fry as they develop. Without the net pens, Station TUT 4 would still receive some
freshwater from the creek flowing into the lagoon, but it would be much less in magnitude given
the position and flow direction of the creek, which is on the far side of the lagoon. These direct
and indirect freshwater inputs may contribute to the exclusion of macrofaunal organisms at the
site in addition to organic matter inputs from the hatchery operations.

Organic matter enrichment from fish mariculture is a phenomenon that has been well
documented. Adverse impacts on the benthos have been described for fish farms and hatcheries
globally (e.g., Zhou 2012, Verhoeven et al. 2018). However, the impacts may be modulated by
tidal and current patterns influencing the dispersion or concentration of organic matter from
hatchery operations. Areas with low currents are likely to have more settling of organic matter
and more pronounced impacts compared to high energy locations (Yokoyama et al. 2006). This

is the case, Tutka Bay Lagoon is isolated from the daily tidal flushing that affects most of the
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surrounding region. The small opening into the lagoon is only a stream except during the high
part of the daily tidal cycle when it is accessible by boat, thus restricting outflow and dispersal of
accumulated organic matter at the benthos. The combination of high concentrations of organic
carbon and nitrogen, paired with high proportions of mud, and a lack of macrofaunal community,
are signs of a level of organic matter input into the lagoon that constitutes enrichment, likely
caused by salmon mariculture operation. Inputs directly from the net pens in the form of fish
feces and excess fish feed, as well as the returning fish that escape cost recovery efforts in the
fall, and potential inputs from the on-land hatchery all accumulate in the lagoon. Of course,
sampling at the hatchery occurred a year after the other sites, which may influence comparisons
to other sites in terms of environmental variables and community composition. However, the
extreme lack of macrofauna would not likely be a result of yearly variation in the natural
environmental conditions. Changes year to year or throughout the year would likely be a result of
changes or timing of hatchery operations. Furthermore, there were no previous data from the
Tutka Bay Lagoon hatchery site for comparison, and these conditions may have been present
beforehand as a factor of the lagoon hydrology. Despite this, visual observations during sample
collection via SCUBA back up the assessment of organic matter enrichment; during sample
collection the water column was extremely turbid below the first meter, and the bottom of the
water column was completely shrouded in a cloud of suspended matter within several meters of
the bottom.

The community composition data from this study suggested that some organic matter
from the lagoon may be exported into Tutka Bay. At Station TUT 1, located at the outflow from
the lagoon, dominance plots show abundance was consistently higher than biomass across all

species rank, indicating dominance of small-bodied organisms and a higher degree of
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disturbance (Clarke et al. 2013). Comparable to Station TUT 4, the dominant taxa were Cumacea
and Capitellidae. Capitellidae, which are known to prefer muddier substrate (Fauchald & Jumars
1979). The same taxa were also abundant at Station JAK 2, which has a high proportion of mud.
However, Station TUT 1 had a low proportion of mud, so substrate type may not be the main
driver. Cumacea are also small bodied detritovores, which likewise prefer muddier substrate
(Petrescu et al. 2009) and were also observed in high abundance at Station JAK 2. However,
Cumacea were abundant at Station TUT 1, an order of magnitude greater than at any other site,
despite the lack of muddy habitat at the site. The high abundance of Cumacea and Capitellidae
suggests that there is likely an enhanced availability of particulate organic matter supporting
these deposit feeding detritivores. The high level of Capitellidae and Cumacea may also
contribute to the higher abundance of Phyllodocidae and Nemertea, which are known predators
(Jumars et al. 2015). Despite the high abundances of smaller organisms, the overall biomass at
Station TUT 1 was low compared to sites with similar habitat (Stations SEL, TUT 2, and TUT 3,
Fig. 2.2). However, the relatively low biomass may have occurred regardless of the hatchery
operations due to environmental conditions.

The community composition may be supported by organic inputs from the hatchery net
pens outflowing from the lagoon over Station TUT 1. Even though direct isotopic data for the
fish feed used in the Tutka Lagoon Hatchery (Bio-Oregon, Bioclark-Fry) is not available,
fishmeal-based feed such as those produced by Bio-Oregon have been found to exhibit §'*C
values of -24%o - -22%o (Krusche et al. 2017). This 1s comparable to Station TUT 1, which had
the lowest stable isotopic carbon signature (-25.15%o + 0.20 of all the stations. However, the
channel output from Tutka Bay Lagoon also receives output from the glacially fed river that exits

into the lagoon. Stable isotopic carbon signatures measured from other glacially fed streams in
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Tutka Bay from 2019-2022 had a recorded mean of -29.06%o = 1.27%o (Alaska NSF EPSCoR
2025). Other sampling stations such as Station JAK 2 have nearby rivers without the
corresponding very low signature, likely due to the lack of glacial influence. Taken together with
the community composition data, these results suggest the possibility of of organic matter from
the salmon hatchery escaping the lagoon and exerting influence over the benthic community at
Station TUT 1. However, this influence may not be adverse; low to moderate influxes of organic
matter in a habitat with consistent water flow can provide higher food availability to organisms
without leading to excess aerobic respiration (Bolam et al. 2002). What is clear is that this effect
does not reach stations TUT 2, or TUT 3 on the other side of the bay, suggesting that after
entering the much larger Tutka Bay, the organic matter is quickly dispersed, without affecting
the benthic environment of greater Tutka Bay. No evidence of excessive enrichment, such as
microbial mats or sulfidic sediments were observed visually on the seafloor at any sites outside
the lagoon.

The elevated mixing of waters in open bays in southern Kachemak Bay, driven by strong
tidal forcing (Haag et al. 2023), likely dispersed organic matter inputs from the oyster farm site
at Station JAK 2, which did not show indications of excess organic matter or a significantly
different community composition from non-mariculture stations. The stable isotopic signature at
Station JAK 2 had a '3C of -22.25%o = 1.09%o, which is aligned with phytoplankton and
zooplankton values in the area (Haag et al. 2025). During a similar time period to this study,
oysters in Jakolof Bay had a §'*C signature of —18.36 + 0.57%o, whereas phytoplankton were —
23.55 £ 0.29%0 8'3C (Haag et al. 2025). This indicates that organic matter in the sediment was
likely not primarily influenced by oyster feces/pseudofaeces. Additionally, the benthic

community composition at Station JAK 1 was very similar to that of Station SEL, which lacked
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an oyster farm, and shared similar environmental parameters such as 6*C and % gravel.
However, the benthic ecosystem below the oyster farm was characterized by low overall
abundance and biomass when compared to other sites, even Station SEL, which had a similar
community composition. Despite this, Station JAK 1 did have an abundance-biomass curve
where biomass was consistently higher than abundance, a sign of minimal disturbance (Clarke
1990). This suggests there was no impact from the oyster farm on the benthic community, which
1s consistent with prior findings (Crawford et al. 2003). Had the oyster farm produced a
significant organic matter input to the benthos, there would likely have been a more pronounced
difference in community composition favoring larger bodied organisms. Similarly, had the oyster
farm deposited excess organic matter leading to organic matter enrichment, the community
composition would likely exhibit reduced organism abundance and dominance by a small
number of opportunistic taxa. This evidence supports the claim that the oyster farm had no
significant impact on the benthic environment in southern Kachemak Bay. However, impacts of
oyster farms may be possible in areas with higher concentration of oysters, or longer water

residence times (Forrest et all. 2019).

2.6 Conclusions

Southern Kachemak Bay experiences natural and human disturbance, which mediates
macrofaunal benthic community composition. The dominance of opportunistic deposit feeding
polychaetes, such as Spionidae and Capitellidae, and the dominance of small bodied organisms
in terms of abundance and biomass, suggest that heterogeneous coastal conditions exert a
moderate level of natural disturbance on benthic ecosystems. In this context, the oyster farm on
Jakolof Bay did not appear to influence the community composition at sampled sites. On the

other hand, the benthic community composition beneath the salmon hatchery net pens in Tutka
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Bay were likely impacted by the excess organic matter deposition from the hatchery operations.
There are also potential indicators in the stable carbon isotopic data and in the community
composition of organic inputs from the hatchery reaching the outflow from the lagoon. However,
beyond the lagoon and its direct outflow, there were no observed effects, indicating that any
anthropogenic impacts were largely restricted to the lagoon and that the circulation within the

Tutka Bay was sufficient to disperse the input from the lagoon.
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Chapter 3: Benthic metabolism and nutrient cycling in the shallow coastal ecosystem of

Kachemak Bay, Alaska

3.1 Abstract

Benthic ecosystems are important components of coastal biogeochemical cycles by
mediating nutrient remineralization and organic matter processing. The site-specific community
composition in sediment controls the magnitude and type of benthic biogeochemical pathways,
and thus the flux of chemicals to and from the water column. This study investigated the benthic
metabolism and nutrient cycling at eight sites across southern Kachemak Bay, Alaska, a large,
highly productive estuarine ecosystem. This study focused on the potential influence of
mariculture activities, including a salmon hatchery, on local benthic biogeochemical processes
and carbonate chemistry. Sediment cores were collected and incubated to measure fluxes of
dissolved oxygen (O2), dissolved inorganic carbon (DIC), and key macronutrients. These fluxes
were compared to biomass of both macrofauna and microbes collected in a simultaneous
sampling effort. In addition to core samples, surface and benthic moorings were deployed at the
salmon hatchery site with hourly measurements of pH, O», salinity, and temperature collected
from April — August, 2023. Total oxygen uptake (TOU) and DIC fluxes were not significantly
different among the non-salmon hatchery sites, which had all together had a mean of 35.79 +
27.94 mmol O> m? d! and 45.90 £ 55.95 mmol C m™ d!, respectively. However, sites varied as
either sources or sinks for nitrite and ammonium, and all were sinks for nitrate. Differences in
nutrient fluxes among sites were likely driven by competing nitrification and denitrification.
Fluxes of Oy and DIC at the salmon hatchery site were significantly higher than the surrounding
region; 177.20 + 76.44 mmol O> m™ d! for TOU and 960.16 + 677.93 mmol C m™ d! for DIC.

Fluxes of Oy and DIC at the oyster farm site were not significantly different from non-
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mariculture sites; 18.24 + 1.20 mmol Oy m™ d”! for TOU and 21.81+5.09 mmol C m™ d*! for DIC.
Elevated fluxes were likely driven in part by hypoxic conditions in sediments and near-bottom
water in Tutka Bay Lagoon. At this site, O and pH peaked in July at higher levels than seen
elsewhere in the region, likely due to a phytoplankton bloom. This was followed by a period of
low pH coupled with periods of near anoxia (< 2 mg L) in the upper water column in July 2023,
reflecting tidally mediated adverse conditions for salmon fry and benthic organisms below the
salmon net pens. The benthic ecosystem in southern Kachemak Bay plays a crucial role in
nutrient regeneration by metabolizing organic matter. However, there are some indications that
salmon mariculture practices in conjunction with the isolated nature of a coastal lagoon may

disrupt these processes, leading to suboptimal conditions for local ecosystem functions.

3.2 Introduction

Benthic ecosystems play a critical role in the metabolism and nutrient cycling of coastal
environments by processing organic matter deposited at the seafloor (Smith & Hollibaugh 1993).
In shallow coastal systems, the benthos and water column are tightly coupled as sinking detritus
1s metabolized on the seafloor, and the regenerated nutrients support primary producers in the
water column (Aller et al. 1996, Hopkinson et al. 1999, Mortazavi et al. 2012). Benthic microbes
and fauna can contribute ~20 to 30% of the total ecosystem metabolism (Hopkinsons et al. 1999,
Alonso-Perez et al. 2015). Macrofaunal aerobic respiration rate varies depending on the benthic
community composition at a given site. However, certain taxa may consume disproportionate
amounts of organic carbon, even when they do not dominate in terms of abundance or biomass
(Woulds et al. 2007, Evrard et al. 2010, Hunter et al. 2012). Remineralization rates and processes
thus vary spatially, such that site-specific studies are required to characterize relationships to

benthic community structure and environmental conditions (Hopkinson & Smith 2005).
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The benthos 1s often described as a mosaic of habitats created by varying environmental
conditions, which allows for diversity in the composition of benthic communities and
corresponding changes in biogeochemical cycling. In estuarine and marine ecosystems,
environmental variables explain approximately 50% to 60% of macrobenthic community
variation, with hydrodynamics and grain size distribution being key factors (Toumi et al. 2024,
Couce et al. 2020). Microbial communities are also influenced by sediment grain size, which
affects pore space and organic matter availability (Lin et al. 2023), in turn governing the
magnitude and pathways of nutrient cycling (Hopkinson et al. 1999). However, a stronger
explanatory variable for benthic community structure is anthropogenic pressure, including fish
aquaculture and centers of other human activities, such as agriculture, industrial development,
dredging, and harbors (Toumi et al. 2024). Mariculture farms and fish hatcheries can shift
benthic community structure, with consequences for metabolism, biogeochemical cycling, and
fluxes across the sediment-water interface (e.g., Stark et al. 2014, Ehrnsten et al. 2020).
Mariculture 1s a growing industry in Alaska (Decker et al. 2018), where it has the potential to
impact the relatively pristine coastal ecosystems.

Kachemak Bay, located in the northern Gulf of Alaska, is home to a dynamic and
heterogeneous estuarine environment that faces a variety of natural and anthropogenic pressures.
Located within Cook inlet, the bay receives marine water from the Gulf of Alaska, as well as
freshwater from several glacial and boreal riverine inputs along the bay’s southern shore.
Kachemak Bay is highly productive, with abundant macronutrients supplied by deep-water
upwelling from the Northern Gulf of Alaska (Batten et al. 2015). Other major sources of
essential nutrients to this nearshore region include riverine flux and submarine groundwater

discharge (Hood & Scott 2008, Haag et al. 2023). Kachemak Bay has the potential to be
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impacted by anthropogenic activities, including active harbors in Homer and Seldovia, Alaska, a
fish hatchery, oyster and kelp farms, and a robust commercial and sport fishing industry. In this
light, it is important to understand the current ecosystem processes within Kachemak Bay, to
better grasp how they might be affected in the future.

Local communities have expressed concerns regarding mariculture activities in
Kachemak Bay, including the Tutka Bay Lagoon Hatchery, and expansion of oyster and kelp
farms (Armstrong 2021). The hatchery 1s located within the Kachemak Bay State Park and
consists of floating net pens that hold millions of salmon fry (Oncorhynchus gorbuscha) every
year during the spring until they are large enough to release in early summer when conditions are
ideal for their survival (Cook Inlet Aquaculture Association 2024). As salmon fry are in the pens,
they receive high protein fish feed made of fish meal and fish oil. Excess feed and fish feces sink
to the bottom of the lagoon. These inputs combined with outflows from the land-based hatchery
represent an unquantified influx of organic matter to the benthic environment. In addition, adult
salmon return to the lagoon, when they are ready to spawn, and while many are harvested by
seiners, some die, as they attempt to return to their native site, representing an additional organic
input, with upwards of one million salmon returning to the lagoon in a given year (Cook Inlet
sAquaculture Association 2024). Oyster (Crassostrea gigas) farms, in contrast, do not require
supplemental feed and may thus be less impactful on the local environment (Crawford et al.
2023). However, oysters do produce feces and pseudo-feces which are a source of organic
carbon. Furthermore, oyster farming structures may interrupt natural water flow and lead to
higher levels of sediment and organic matter deposition (Kim et al. 2021).

Elevated organic matter inputs can lead to degradation of the local conditions through the

effects of elevated organic-matter respiration rates, drawing down oxygen (O) levels, and
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producing dissolved inorganic carbon (DIC). Excess organic matter deposition can result in
hypoxic or anoxic conditions, and a shift to anaerobic remineralization pathways that produce
hydrogen sulfide in sediment with toxic effects on fauna (Kim et al. 2021). This process 1s well
documented at fish farms (Kim et al. 2021, Holmer et al. 2005, Hargrave et al. 1997) but is not
seen in oyster farms, which have been found to have little to no impact on rates of aerobic
respiration in the benthic environment (Grant et al. 1995, Crawford et al. 2003).

To quantify benthic metabolism and its influence in nutrient cycling in southern
Kachemak Bay, core incubation experiments were implemented at sites associated with, and
distant from, mariculture operations. Benthic community structure and organic matter content in
sediments were previously analyzed from these sites (Chapter 2). Here, we measured DIC, O,
and nutrient fluxes across the sediment-water interface, and their relationship to community and
environmental variables. Additionally, paired pH and O; sensor arrays were deployed at the
surface waters and bottom of Tutka Bay Lagoon, the location of salmon hatchery net pens, to

evaluate potential impacts of the hatchery on organic matter cycling and water quality.

3.3 Methods
3.3.1 Sample collection and analysis

Eight sites were sampled across four bays in southern Kachemak Bay, Alaska, two of
which included mariculture presence: a Pacific oyster (Crassostrea gigas) farm and a salmon
hatchery (Oncorhynchus gorbuscha, Oncorhynchus nerka)(Fig. 3.1). The site of the oyster farm
1s Jakolof Bay, a shallow bay with gravelly sediment which is covered in macroalgae and shell
hash. At the head of the bay is an extensive mudflat that contains seagrass beds and a freshwater
riverine input. Oyster farms have been present in Jakolof Bay since the early 1990°s. The

hatchery is located in Tutka Bay Lagoon, a small, constricted body of water connected to Tutka
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Bay by a narrow channel that is reduced to a small stream connecting to the larger Tutka Bay at
low tides. The salmon hatchery was constructed in 1976 and has been in near continuous
operation since then with some exceptions (Cook Inlet Aquaculture 2024). Sampled sites
included: beneath the oyster farm (Station JAK 1), the mudflats at the head of Jakolof Bay
(Station JAK 2), beneath the salmon hatchery net pens in Tutka Bay Lagoon (Station TUT 4),
two sites outside the channel to Tutka Bay Lagoon (Stations TUT 1 and TUT 2) and on the
opposite side of Tutka Bay (Station TUT 3), Seldovia Bay across from the pier (StationSEL),
which exhibits similar benthic conditions to Station JAK 1, and a sandy beach on McDonald Spit
(Station MCD 1; Fig. 3.1). Jakolof Bay, Seldovia, and Tutka Bay were sampled in June 2022 and
Tutka Bay Lagoon and McDonald Spit were sampled in June 2023.

Triplicate sediment cores were taken at each site using a 10-cm diameter tube core with a
maximum volume of 2000 mL for a closed-system incubation experiment that began within three
hours of collection at the University of Alaska Fairbanks and National Oceanic Atmospheric
Association (NOAA) joint operated Kasitsna Bay Laboratory. Cores were kept in complete
darkness from the time of collection through the end of the incubation to prevent oxygen (O2)
production through photosynthesis. Overlying water was siphoned from the surface of each core
and replaced with seawater from the seawater intake in the wet lab, such that all incubations
began with the same water source. Water was sampled at time zero for nutrients and DIC, and
each core was capped at the initiation of the incubation. A rare-earth magnet was suspended from
the cap inside each core tube, and another magnet was attached to a motorized rotor to gently
agitate the water inside each tube preventing boundary layer formation. Dissolved O, was
recorded in the water above the sediment in the core using a Fibox 4 and O» Sensor Spots SP-

PSt3 (PreSens). O> from the Fibox 4 was measured in mmol L at 15 min to 1-hour intervals
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depending on observed rate of O, consumption. Cores were incubated until O; levels decreased
by at least 25%, which varied between 1 and 18 hours. At the end of each incubation experiment,
top water was sampled again for DIC and nutrient concentrations. DIC samples were inoculated
with 20 pL of mercuric chloride, and nutrient samples were filtered and frozen at -20°C prior to
analysis.

Nutrients were analyzed on a Seal Analytical continuous-flow QuAAtro39 AutoAnalyzer
at the UAF Nutrient Analytical Lab. Nutrients were not measured for Station TUT 4 due to
contamination of samples from particles during the filtration process. DIC was measured on
either a Marianda AIRICA (Automated Infrared Inorganic Carbon Analyzer) attached to a LI-
COR 700 in the Ocean Acidification Research Laboratory, or an Apollo Dissolved Inorganic
Carbon Analyzer attached to a LI-COR LI-7815 in the UAF Hauri Lab.

To determine high-frequency water column physicochemical dynamics, paired sensor
arrays were deployed in Tutka Bay Lagoon from April 19 to August 18, 2023. Each array

consisted of a SeaFET™

pH sensor, an Onset HOBO conductivity logger, and a PME miniDOT
optical oxygen logger to record in situ water column pH, salinity, temperature, and O>. One array
was placed among hatchery pens at 1.5 m depth and the second above the sediment at 8 m depth.
pH was recorded and discussed in terms of the total hydrogen ion scale. O> time series data were
recorded as a concentration value measured in mg L!. The sensor arrays malfunctioned during
the deployment period resulting in the loss of salinity data for the upper water column and O»
data for the lower water column. The O3 sensor in the lower column was covered with
accumulated copper sulfide. Tidal data were sourced from the NOAA sensor station at Seldovia,

AK (Station #9455500) for the same date range as the Tutka Bay Lagoon sensor deployment

(NOAA 2023). As the tidal data from NOAA were recorded every six minutes, the data were
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matched to the closest hourly measurement to pair with the hourly sampling of the in situ
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Figure 3.1: Map of eight sampling stations sampled for sediment cores across southern
Kachemak Bay, Alaska. Red stars a site directly below a mariculture activity: in Jakolof Bay this
represents a Pacific oyster (Crassostrea gigas) farm and in Tutka Lagoon this represents a pink
salmon (Oncorhynchus gorbuscha) hatchery. The yellow stars indicate sites without mariculture
or hatchery activities.
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3.3.2 Data processing and analysis

Flux rates of nutrients (nitrate, nitrite, and ammonium), DIC, and O» were calculated
based on linear regression of concentrations over time. All fluxes were corrected to area using
the surface area and volume of the cores. Total oxygen uptake (TOU) was converted to mass-
specific units by dividing TOU by macrofaunal and microbial biomass in cores (Chapter 2).
Incubated cores were sieved over 500-pum mesh to remove macrofauna and all organisms were
identified and wet-weighed. Organism weight was then converted to dry weight and then to
carbon weight using published conversions (Brey et al. 2010). Microbial biomass was estimated
from separate cores taken simultaneously from each sample location by analyzing bacterially
associated phospholipid fatty acids (PLFAs) (Boschker et al. 2002, Moodley et al. 2005). PLFA
analysis was described in Chapter 2. O3 to DIC ratios were calculated by dividing TOU by the
DIC flux and 1s reported as the respiratory quotient (RQ). An RQ near 1 suggests aerobic
respiration through carbon metabolism (1 unit O» consumed to 1 unit of DIC produced), whereas
an RQ near 0.7 1s indicative of fat metabolism. Deviation from these values is indicative of

alternative processes influencing O consumption and DIC production.

Data analysis was conducted in R (version 4.3.3). Summary statistics were reported as the
mean =+ | standard deviation. Site-specific differences were determined by an ANOVA, if the
data were normally distributed (Shapiro-Wilk’s test) and of equal variance (Levene’s test);
otherwise, a Kruskal-Wallis test was utilized. If the p-value was lower than alpha (o = 0.05)
ANOVA and Kruskal-Wallis tests were followed by a post hoc Tukey-Kramer test or Dunn’s
test, respectively. To compare paired values across sites, a two-sample t-test or Wilcoxon rank
sum test was used depending on normality and homoscedasticity. For comparison of microbial

biomass and macrofaunal biomass (which were from non-paired separate sample cores) and the
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related mass specific oxygen intake, a Z score compared the mean and standard deviation.
Propagation of error carried all uncertainties to the final standard deviation (Taylor 2022).

The upper and lower water column pH and O» time series were cross correlated with the
‘ccf” function in the R-package ‘tseries’ to determine the presence of a lag between the two
datasets (Trapletti & Hornik 2023). The same was done for both the upper and lower water
column pH time series in relation to the tidal height. To characterize the frequency of each time
series, the data were processed through the stats R-package using “spectrum’ (R Core Team
2024). A high-pass Butterworth filter (package ‘signal’) was first applied to remove low-
frequency components that can dominate the spectrum; the cutoff was set to 0.01 cycles per hour
(Mersman et al. 2023). The underlying periodicities were plotted to visually determine the
dominant drivers of pH frequency. Tidal height data were sourced from a National Oceanic and
Atmospheric Association tidal station (Station ID: 9455500) located in the Seldovia, AK harbor
(NOAA 2023). A cross-correlation analysis was applied to the pH and tidal height, as well as the
O» and tidal height, to determine the presence of lag between these datasets. Finally, Pearson’s
correlation analysis was conducted among all time series values to assess the potential of linear
relationship. Pearson’s correlations were calculated under the assumption that the large sample
size (n = 2922) in combination with the robustness of Pearson’s method could ensure
approximate normality of the sampling distribution of the correlation coefficient. It was not
strictly assumed that all individual variables were normally distributed, and thus the data were

manually checked for the presence of linearity and the absence of extreme outliers.
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3.4 Results

3.4.1 Benthic metabolism: oxygen and dissolved inorganic carbon

The TOU of benthic cores during the incubation experiments demonstrated sedimentary
O, uptake from the water column across all sites (Fig. 3.2A). Flux generally did not vary among
sites except for Station TUT 4, the site of the salmon hatchery net pens. High variability was
observed for replicates at Stations TUT 4, TUT 3, and MCD. TOU at Station TUT 4 was over
100 mmol O» g C! day™! higher than any other site and was significantly higher than Station SEL
(Dunn’s Test, p = 0.05). The TOU at Station TUT 4 was on average 177.20 £ 76.44 mmol O> m™
d! (n = 3), whereas the TOU for the remainder of the stations ranged between 11.79 mmol O> m™
d!and 144.47 mmol O>m™ d'! (35.79 £ 27.94 mmol O> m? d!, n = 21). Mass-specific oxygen
uptake rate (MOU) at Station TUT 4 was one order of magnitude higher than all other stations
except for Station MCD, at 12.6 mmol O g C! day™! (n=3) and 1.96 £2.01 mmol O> g C! day
. n=21), for stations TUT 4 and MCD, respectively. Microbial biomass (MCB) far exceeded
macrofaunal biomass (MFB) at Station TUT 4 (Chapter 2) suggesting a greater contribution of

microbes to TOU.

Table 3.1: Table of benthic fluxes from sediment cores taken from eight sampling stations across
southern Kachemak Bay, Alaska. Variables include total oxygen uptake (TOU), dissolved
inorganic carbon flux (DIC), respiratory quotient (RQ), mass specific oxygen uptake (MOU),
and net fluxes of nutrients. Fluxes of nutrients were not measured for Station TUT 4 due to
contamination of samples during filtration.
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DIC efflux from sediments was higher at Station TUT 4 relative to all other sites (Fig.

JAK 1,

3.2B); with significant differences from sites with lower DIC production at stations SEL,

JAK 2, and TUT 1 (Dunn’s test, p < 0.018, Fig. 3.2B). DIC efflux at Station TUT 4 was 960.16 +

3), whereas the remainder of the sites ranged between 13.71 mmol C

677.93 mmol Cm™ d! (n

20; Table 1, Fig. 3.2B) and

m d!and 100.34 mmol C m? d! (45.90 + 55.95 mmol C m?d !, n
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exhibited significant difference between Station TUT 4 and Station TUT 1 (Fig. 2B, p = 0.040 ).
The low number of samples may have contributed to the high variability in DIC efflux in
addition to the natural variability at a given site.

The respiratory quotient (RQ) was significantly different between stations TUT 4 and
TUT 1, where values were high (Fig. 3.2C, Dunn’s test, p < 0.040), while all other sites were not
significantly different from one another (Dunn’s test, p > 0.18; Fig. 3.2C). Outside of Station
TUT 4, RQ ranged between 0.186 and 4.678 (1.250 = 0.904, n = 20). An RQ near 1 suggests
aerobic respiration through carbon metabolism, whereas an RQ near 0.7 is indicative of fat
metabolism. Most sites displayed ratios close to 1 except for an elevated ratio at Station TUT 1
RQ=2.57 £ 1.83) and lower ratios at stations TUT 2 and TUT 4, which was well below 1 (RQ =

0.210 £ 0.060 and 0.532 + 0.300, respectively; Fig. 3.2C).
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Figure 3.2 Bar plots depicting (A) the total Oz utilization (TOU), (B) the release of dissolved
inorganic carbon (DIC) from the sediment, and (C) the respiratory quotient (RQ) from sediment
cores sampled across eight sampling stations in southern Kachemak Bay, Alaska. Significant
differences (alpha<0.05) among sites are denoted by letters “A” and “B.”
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Figure 3.3: The mass specific oxygen uptake (MOU) for sediment cores taken from eight
sampling stations across southern Kachemak Bay, Alaska. MOU was calculated as the total
oxygen uptake (TOU) of sediment cores per unit of combined macrofaunal and microbial carbon
biomass (MFB and MCB, respectively). Error bars represent propagated standard deviation of

the distinct biomass pools and TOU.

3.4.2 Nutrients

Benthic nutrient fluxes largely did not vary across sites, as the variability among

replicates exceeded site-specific values (Fig. 3.4). Only nitrite (NO>") fluxes differed
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significantly among sites (Kruskal test, p > 0.054). Nitrite flux was significantly higher at
stations JAK 1, MCD, and SEL (Tukey test, p < 0.025), ranging between -0.058 mmol m™ d!
and 0.13 mmol m d! (0.028 + 0.058 mmol m™ d™!, n = 9). Across stations JAK 2, TUT 1, TUT
2, and TUT 3, Nitrite flux ranged between -0.076 and 0.13 mmol m™ d! (-0.0085 + 0.060 mmol
m2 d!, n=12). Although differences in other nutrient fluxes were not significantly different
among sites, graphical representation of the data suggest possible trends that were not detected
due to high variability among the small numbers of replicates (Fig. 3.4). For example, the flux of
ammonium and nitrite had positive values at stations JAK 1, MCD, and SEL, and negative

values at the other stations.
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Figure 3.4: Bar plots of nutrient fluxes (mmol m~ day™') from sediment cores taken from eight
sampling stations across southern Kachemak Bay, Alaska. Positive and negative values
indicating the release or consumption of each chemical from the sediment, respectively. Fluxes
across all sites were calculated for (A) ammonium, (B) nitrite, (C) nitrate. The scale of the Y-
axis was adjusted for each nutrient. Station TUT 4 data are not included due to contamination
from particles during filtration.
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3.4.2: Tutka Bay Lagoon water column time series

The upper and lower water column of Tutka Bay Lagoon displayed distinct periods of
maximum and minimum pH with times of extreme variability (> 0.5 units in 24 hrs.) (Fig. 3.5).
Overall, pH ranged between 6.99 and 9.13 (8.18 £ 0.26, n = 2922) in the upper water column,
and between 7.24 and 8.78 (8.07 £ 0.31, n = 2922) in the lower water column. The upper water
column pH varied by 0.6 units until the end of June, when values increased to a maximum of
9.13. The variability in late summer increased by 1.4 units from July through August. Cross-
correlation between the upper and lower pH time series indicated that the upper water column
lagged behind the lower water column by 48 hours (i.e., two days). Moreover, the pH of the
lower water column was generally lower than the upper water column, particularly in early June

and early July to mid-August (Fig. 3.5).
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Figure 3.5: Time series from Tutka Bay Lagoon, Alaska in summer 2023, beneath salmon
hatchery net pens. The data show (A) tidal height, (B) pH of the upper and lower water column,
(C) oxygen of the upper water column, (D) temperature of the upper and lower water column,
and (E) salinity of the lower water column.

The power spectral analysis characterized similar periodicity in pH between the upper
and lower water column of Tutka Bay Lagoon (Fig. 3.6). The strongest peaks for the entire water
column were the 1 d"! and 2 d! frequencies, which correspond to diel and tidal forcing (i.e., 12-
hour cycling), respectively. The diel forcing likely represented the photosynthesis-respiration
cycle driven by light availability. Approaching June 21% (summer solstice) there is near
continuous daylight in Kachemak Bay, however light intensity still changes depending on the

time of day. As light attenuates with depth, stronger forcing in the upper water column relative to

the lower was expected (Fig. 3.6). The salmon hatchery net pens also displayed visibly high
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turbidity during sample collection periods, which heavily restricted light availability below the

surface layer.
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Figure 3.6: Results from the power spectral analysis of pH time series data from Tutka Bay
Lagoon, beneath salmon hatchery net pens in summer 2023.Lines denote frequency of pH
variability in the upper and lower water column .

Further cross-correlation analysis of local tidal height to pH in Tutka Bay Lagoon
indicated that tidal fluctuations had a strong and significant influence on pH and O»
concentration for the upper water column, and a weak influence on the lower water column (ACF

>0.036, n = 2922). For the whole water column, a strong oscillating autocorrelation function
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(ACF) pattern occurred with peaks every six hours, and stronger peaks every twelve hours,
indicative of the diurnal tidal cycle (Fig. 3.7). This is consistent with the power spectral analysis
showing a similar pattern. This correlation was significant (ACF > 0.036, n = 2922) for the upper
water column over most of the tidal cycle. However, the lower water column was more weakly
correlated, only showing significance (ACF > 0.036, n = 2922) at the most extreme portion of
the tidal cycle. This difference is supported by the increased variability of pH for the upper water
column in contrast to the lower water column across diel time scales (Fig. 3.5). A significant
correlation (ACF > 0.036, n = 2922) was detected between the tidal cycle and O concentrations
in the upper water column with a peak of 0.126, which was weaker than the correlation between
upper water column pH and tidal height (peak ACF of 0.183). When comparing upper and lower
water-column pH, peak ACF was 0.106 at -48 hours signifying that the strongest correlation was
when the upper water column lagged the lower water column by two days. The second highest

peak correlation corresponded to a lag of one day (ACF =0.77).
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Figure 3.7: Cross-correlation analysis demonstrating the autocorrelation function (ACF) between
tidal height and pH (top panel) and oxygen (bottom panel) time series across lag time for the
upper and lower water column at Tutka Bay Lagoon in summer 2023, beneath salmon hatchery
net pens. Significant correlation thresholds (ACF > 0.036, n = 2922) are denoted with dashed
lines.

The O concentration in the upper water column displayed two distinct phases bisected by
a peak in late June (Fig. 3.5B). Throughout both phases, O> and pH in the upper water column
had a strong positive correlation (r = 0.73; Table 2). During the first phase, O» concentration
averaged 12.88 = 1.52 mg L' (n = 1480); the second phase displayed higher variability and
lower Oz levels (6.38 +2.72 mg L, n = 1168). Oz levels peaked on June 24" and June 25%,
reaching as high as 26 mg L! over the course of two days. However, during this peak event,
there was high variability, with O, concentration fluctuating as much as 17 mg L' within 3

hours. After this high O; event, levels steadily decreased towards the second significant time

phase for O concentration, which was characterized by low concentration and high variability.

82



In July, the concentration repeatedly dropped to hypoxic levels <2 mg L™! for a period of
approximately five days (Fig. 3.5B). An Oz sensor was deployed in the lower water column
during the same period, but that O; sensor failed. Nonetheless, O levels in the lower column
were likely lower than at the surface, and sub-oxic conditions near the surface would be expected
to parallel such conditions lower in the water column. These conditions recurred once more at
the end of July and to a lesser degree in early August.

Temperature was relatively consistent throughout the study period, with a slow rise
throughout the summer, while salinity experienced large swings for different time periods. Water
temperatures for the upper and lower water column were closely coupled for most of the time
series; however, temperature was more variable in the upper water column, particularly during
high tides. Temperature measurements diverged in the upper and lower portions of the water
column during the end of June, which corresponded with peak O concentrations. During this
time, the upper water column was warmer by approximately 2-3°C. Within the general trend of
increasing temperature over the study period, there were spikes of warmer temperatures that
aligned with negative peaks in O; concentration and pH. Temperature was negatively correlated
with upper water column O3 and pH (r = -0.52, -0.56, respectively; Table 3.2). Salinity was only
measured for the lower water column, where it experienced high variability throughout the
summer, despite low short-term variability (Fig. 3.5E). The mean salinity for Tutka Bay Lagoon
during the deployment period was 24.3 + 4.18 (n = 2922). Furthermore, salinity had little

correlation with any of the other variables (r < 0.13; Table 3.2).
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Table 3.2: Pearson’s correlation coefficients (r) between time series variables from sensor
deployments in Tutka Bay Lagoon in summer 2023 beneath salmon hatchery net pens. For all
coefficients, p <0.001, and df =2920. Weak or no correlation is represented by r < =+ 0.3,

moderate correlation is represented by + 0.3 < r < = 0.7, and strong correlation 1s
represented by r > + (.7. Bolded values indicate important correlations.

Lower
\Variable Upper pH Lower pH |Upper Oxygen Upper Temp |Lower Temp [Salinity
Upper pH 1.00
Lower pH 0.57 1.00
Upper Oxygen 0.73 0.65 1.00
IUpper Temp -0.52 -0.67 -0.56 1.00
Lower Temp -0.59 -0.67 -0.65 0.97 1.00
Lower Salinity -0.098 -0.098 0.016] 0.11 0.13 1.00
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Figure 3.8: Comparison of macrofaunal and microbial biomass in carbon biomass units from Fig.
2.3 representing sediment cores taken from eight sampling stations across southern Kachemak
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Bay, Alaska. Starred sites indicate significant differences between macrofaunal and microbial
biomass at those sites. Letters A and B denote statistically significant differences (alpha<0.05) in
macrofaunal biomass among sites, while letters X and Y denote statistically significant
differences in microbial biomass among sites. Macrofaunal biomass is updated from Fig. 2.3 to
include epibenthic and meiofaunal organisms in the macrofauna carbon pool, to account for their
contributions to benthic fluxes in the incubation experiment.

3.5 Discussion

Outside of the salmon hatchery site, benthic metabolism and nutrient fluxes were similar
among sites, with small local differences in fluxes of intermediate nitrate forms (Fig. 3.2, 3.4)
suggesting a relatively consistent rate of respiration and carbon processing across the study area.
However, beneath the Tutka Bay Lagoon salmon hatchery net pens, O> uptake was significantly
higher than at other sites despite very low macrofaunal biomass. Time-series analysis of
carbonate chemistry within the lagoon demonstrated trends of pH and O» concentration, which
were correlated with tidal activity and water column temperature with large peaks in late June,
and O depletion in July. These results revealed impacts from salmon hatchery activities on the
local environment driven by the respiration of organic matter at the seafloor and in the water

column.

3.5.1 Role of benthic metabolism in oxygen utilization and nutrient cycling

Benthic respiration of organic matter plays an important role in carbon cycling of coastal and
estuarine systems (Hopkinson et al. 1999, Alonso-Perez et al. 2015), where organic carbon 1s
converted to dissolved inorganic carbon (DIC; carbon dioxide) via aerobic and anaerobic
respiration, sulfate reduction, methanogenesis, or calcium carbonate dissolution (Chester &
Larrance 1981, Mayer 1993, Hopkinson & Smith 2005). Oz uptake by sediments is commonly

used as a proxy for organic matter remineralization (Glud et al. 2008, Provoost et al. 2013) as 1t
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1s consumed in the benthos through aerobic respiration, although chemical oxidation of reduced
substrates diffusing out of deeper sediment layers can also contribute significantly to O» uptake
(Arndt et al. 2013). Total oxygen uptake (TOU) in Kachemak Bay was ranged from ~18 to 75
mmol O» m™ d! outside of the salmon hatchery site (Fig. 3.2). This is comparable to the TOU of
background sites in studies investigating fish mariculture impacts in Denmark, Canada, and the
Philippines (26 to 92 mmol O> m™ d''; Holmer et al. 2005). High TOU at the hatchery site
(Station TUT 4, 177.20 + 76.44 mmol O>m™ d!) is also mirrored at fish mariculture sites in
these same regions (100 - 278 mmol O> m™ d''; Holmer et al. 2005). Organic matter enrichment
at these sites consistently leads to elevated benthic respiration with an accompanying high
demand for O». However, differences in benthic metabolism between Station TUT 4 and non-
hatchery stations may also be a factor of the one-year difference in sampling time. Seasonal
events such as phytoplankton blooms, inputs of terrestrial organic matter, and quantity of
freshwater inputs are examples of environmental factors that may change in their timing year to
year. Despite this, the elevated benthic metabolism at TUT 4 is similar to that of other fish
mariculture sites, and the magnitude of difference between Station TUT 4 and the other stations
suggests that the year difference in sampling time did not have a large effect on this comparison.
Benthic metabolism and nutrient cycling are tightly controlled by macrofaunal and
microbial organisms which process the available organic matter. Macrofaunal organisms
consume organic matter particles and O» while producing DIC during aerobic respiration.
Benthic communities with higher mass-specific oxygen consumption (MOU, i.e., O> uptake
relative to macrofaunal and microbial biomass) may contain organisms with high O, demands,
but other processes may also consume O». At Station TUT 4, the MOU was high relative to other

stations due to low macrofaunal biomass (MFB) and high TOU. This suggests that O» uptake
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was driven by chemical oxidation of sulfide and methane diffusing out of sediments in response
to the strong oxidation gradient that likely formed by adding fresh seawater to the cores
containing hypoxic sediments during experimental setup. Furthermore, similar MCB among
sites, and significantly higher MCB and MFB (Fig. 3.8) at some sites, highlight the important
role of microorganisms in driving TOU and organic matter processing.

Whereas the MOU estimate assumes aerobic respiration is the primary process utilizing
O», the (RQ), indicates that O» uptake and DIC production are uncoupled at certain sites. A RQ
of ~1 was observed at four of the eight sampled sites, whereas two sites had a RQ > 1, and two
sites had a RQ <1, the salmon hatchery site was definitively low (RQ =0.209 £ 0.074 Fig 3.2C),
which would suggest processes other than aerobic respiration were impacting carbon
consumption. Of these, three stations demonstrated RQs not close to 1; stations TUT 1, TUT 2,
and TUT 4. At Station TUT 1, just outside of Tutka Bay Lagoon, the RQ was notably higher at
2.57 £ 1.83, indicating excess Oz consumed relative to DIC produced. This elevated RQ may
have been a product of physical mixing and reoxygenation of the sediment during core
incubation setup, which could lead to the reduction of oxidized anaerobic products from deeper
in the sediment cores, thus consuming O» from the overlying water without producing additional
DIC. Alternatively, the high variability among replicates suggests that a higher level of
replication would be needed to accurately assess the processes driving the RQ at Station TUT 1.
At the salmon hatchery site (Station TUT 4), the RQ was much lower than one (0.21 £ 0.07; n =
3), demonstrating lower Oz consumption relative to DIC production. High DIC flux may be
produced through methanogenesis, carbonate dissolution, or efflux of stored DIC. In this case,
Station TUT 4 demonstrated high O consumption compared to other sites, but the DIC flux

exceeded 1t by approximately 5:1. Elevated organic matter inputs from the fish hatchery could
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have led to a buildup of DIC in pore water. The organic matter load from fish hatchery net pens
includes fish fecal pellets, excess fish food, and returning salmon that perish, can also enhance
anaerobic microbial activity (Holmer et al. 2005). With the introduction of new overlying water
during incubation, a strong oxidation gradient likely facilitated higher rates of flux for DIC
already present. The lack of macrofauna and rapid of O» uptake suggest that physical and
chemical processes drive this low RQ.

Benthic metabolism drives the flux of chemicals across the sediment-water interface and
1s an important contributor to nutrient cycling in nearshore coastal ecosystems. Nutrients
accumulated in sediment pore waters during organic-matter remineralization can be reintroduced
to the water column via diffusion, or advective flux driven by currents at the sediment water
interface or submarine groundwater discharge (SGD) (Haag et al. 2023). Within the benthic
ecosystem, organic nitrogen from organic matter gets converted into ammonia and ammonium
through ammonification, after which it is subject to the competing processes of nitrification and
anaerobic ammonium oxidation (Herbert 1999). Some nitrate produced during nitrification can
be lost via denitrification. Nitrogen cycling and fluxes in the sediment, and between the sediment
and water column, take place at differing rates corresponding to the range of autotrophic and
heterotrophic organisms, as well as the local physical and chemical conditions.

Nitrite fluxes demonstrated the only significant differences among sites, but these fluxes
were two orders of magnitude lower than the fluxes of ammonium and nitrate at the same
stations. The low standing stock of nitrite in the water column and sediment reflects its transient
nature, as it can be rapidly consumed once made available during nitrification, denitrification and
anammox (Devol 2015). Nitrate was the only nitrogen form to have fluxes into the sediment

across all stations (Fig. 3.4), which suggests denitrification was common in some regions of the
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pore waters. This is supported by strong flux of O» from the overlying water into the sediment
during incubations, which is indicative of low O in the porewater, especially deeper in the core,
which would facilitate this process (Fig. 3.2). The net negative flux of nitrate at all stations
indicates that denitrification was consuming nitrate at a higher rate than its production through
nitrification. However, ammonium and nitrite fluxes formed two distinct groups of stations (Fig.
3.4), with stations JAK 1, MCD, and SEL exhibiting high relative ammonium and nitrite fluxes
into the water column (positive), other stations (JAK 2, TUT 1-3) exhibiting negative fluxes into
the sediment. Positive fluxes of ammonium and nitrite suggest nitrification was prevalent at the
sediment surface of these stations, while anaerobic processes were prevalent at stations with
negative fluxes (Devol 2015). The tight coupling of nitrite and ammonium may also indicate that
anaerobic ammonium oxidation, which consumes nitrite and ammonium, was important at
stations TUT 1, TUT 2, TUT 3, and JAK 2. Alternatively, the biological assimilation of
ammonium and nitrite may also be driving negative fluxes. Overall, there was high variability at
each station, which could be evidence of patchiness in the habitat nutrient cycling, or an artifact

of the core collection and incubation method.

3.5.2 Water chemistry dynamics in an anthropogenically managed lagoon

The pH and carbonate chemistry of the water column at the salmon hatchery site in Tutka
Bay Lagoon demonstrated high peaks of pH and O» concentration in late June, as well as periods
of very low O concentration in July and early August 2023, that are abnormal when compared to
other non-mariculture sites in southern Kachemak Bay. Similar measurements from two other
nearshore sites in southern Kachemak Bay, Jakolof Bay and Bear Cove, can serve as valuable

regional comparisons, as they are not directly influenced by finfish mariculture (Miller & Kelley
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2021). While these sites have differing hydrology from Tutka Bay Lagoon, they host oyster
mariculture activities, and experience similar temperature ranges and trends in pH and O»
concentration over the time period sampled here. Carbonate chemistry time series from October
2018 to October 2019 in Jakolof Bay and Bear Cove recorded pH ranging from 7.60 to 8.37
(Miller & Kelley 2021). At both sites, pH variability was driven by biological forcing, as
indicated by a correlation with Oz concentration (Miller & Kelley 2021). Similarly, the carbonate
chemistry time series from Tutka Bay Lagoon showed a strong correlation between Oz and pH (r
= (.73), with a high O, and pH peak in mid-summer. This peak can also be seen in the Bear Cove
and Jakolof Bay time series, albeit several weeks earlier in 2019 than in the Tutka Bay Lagoon
data collected here in 2023. However, pH extremes (pH = 9.13) seen in Tutka Bay Lagoon were
higher than found in Jakolof Bay and Bear Cove (pH < 8.4; Miller & Kelley 2021). The peak pH
value, although high compared to the Jakolof and Bear Cove timeseries, was similar to that
observed during phytoplankton blooms in other lagoons and hydrographically isolated areas
(Pedersen & Hansen 2003). For example, in the Santo André Lagoon in Portugal, recorded pH
reached 9.6, nearly 0.5 units higher than in Tutka Bay Lagoon (Macedo et al. 2001). In Denmark,
the Mariager Fjord, a documented high-pH system, dinoflagellate blooms have led to peak pH
measurements as high as 9.75 (Hansen 2002). In the Tutka Bay Lagoon, the pH peak above 9 is
indicative of a phytoplankton bloom occurring at that time. However, during much of the study
period, pH levels in the lagoon were not outside the expected range for the region.

Similar to pH, the O; concentration displayed average conditions comparable to other
sites in Kachemak Bay, but greater extremes characteristic of an anthropogenically influenced
system. Miller & Kelley (2021) reported Oz concentrations in Jakolof Bay and Bear Cove

between 6 and 13 mgL™!, whereas concentrations in Tutka Bay Lagoon reached extremes as high
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as 26 mgL! and as low as 0.12 mgL™! (average of 12.88 + 1.52 mg L!) High O concentrations,
especially above 20 mgL™!, are indicative of high levels of photosynthetic activity caused by
phytoplankton blooms, as this level of O; concentration would exceed the natural O saturation
capacity based on temperature and salinity. Long term O monitoring in Quartermaster Harbor,
WA in Puget Sound has reported similarly high O concentrations during phytoplankton blooms,
where levels reached 22 to 28 mgL! (King County Environmental Science 2022). In this regard
the combination of concurrent peaks in pH and high O concentration is indicative of a
phytoplankton bloom. Similarly, hypoxic conditions (O2 < 2.0 mgL™) as reported for Tutka Bay
Lagoon in July may be characteristic of an isolated and anthropogenically influenced coastal
lagoon. When peaks of primary production, such as a phytoplankton bloom, coincide with
periods of poor mixing in a lagoon that has limited exchange with its connected larger body of
water, the lagoon can experience O; depletion in the sediment, bottom water and even the entire
water column (Sacca 2016). For example, in Ria Formosa Lagoon in Portugal, a two-year time
series of dissolved O; found that hypoxic conditions prevailed < 5% of the time and occurred
cyclically with the tidal cycle. The Ria Formosa Lagoon is influenced by human pressures from
two cities (Cravo 2020). Because of their isolated nature, lagoons like Tutka Bay Lagoon and
Ria Formosa are vulnerable to anthropogenic pressure through nutrient and organic matter inputs
(Cravo 2020).

Taken in combination, the O, and pH time series indicate that organic matter loading
from hatchery net pens and the land-based hatchery effluent, in combination with seasonal
terrestrial inputs, lead to eutrophic conditions favoring a phytoplankton bloom and in turn,
temporarily elevated pH and O levels in the lagoon. The strong correlation between pH and O»

concentration in the upper water column indicates that carbonate chemistry in the lagoon was
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biologically mediated (Miller & Kelley 2021). Phytoplankton blooms naturally consume carbon
and produce O; through primary production, and when concentrated, can lead to peaks in pH and
O; concentrations (Lopez-Archilla et al. 2004). The effects of phytoplankton blooms on these
variables can be seen in the Jakolof and Bear Cove time series (Miller & Kelley 2021). In this
vein, reduced tidal flushing in 1solated Tutka Bay Lagoon potentially led to more intense bloom
conditions than those at Jakolof and Bear Cove, further fueled by nutrients derived from the
hatchery inputs. In the days leading up to the peak of Oz and pH values (June 24, 2023), O
concentrations varied by as much as 17 mgL! over the course of one day, which reflects the push
and pull between photosynthesis during the day and microbial respiration dominating at night.
Additionally, elevated pH conditions (>9) enhance algal blooms and exclude grazing
zooplankton (Pedersen & Hansen 2003).

Tidal flushing was a large driver of short-term variability in the upper water column of
the lagoon, where pH and O» concentration were strongly correlated with the tidal cycle (Fig.
3.7), with a more limited effect near the bottom pH (Fig. 3.7). In the power spectral analysis
(Fig. 3.6), the larger peak in power for the upper water column as opposed to the lower water
column at 2 d”! supports tidal mixing as a key driver of pH and O in the lagoon system. Minimal
flushing of bottom water in the lagoon indicates that terrestrial and hatchery-sourced organic
matter likely has a long residence time at the bottom of the lagoon (Arzayus & Canuel 2005).
Lower-magnitude variability in the lower water column further suggests reduced tidal influence
near the bottom, as does the decoupling of pH and temperature between the upper and lower
water column pH at different points during the summer. During the likely phytoplankton bloom
event, for example, the high pH value of 9.13 was not mirrored in the lower water column, where

the pH had already been declining for over a week, leading to a difference of 1.19 pH units on
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June 24, 2023. Suspended particulates and/or dense phytoplankton in the surface water likely
blocked light penetration to deeper water. During this high photosynthetic period around June
24, there was also a temperature difference of 1.5-2°C, suggesting temporary stratification of the
water column that tidal mixing could not overcome. Thus, the combination of the geographic
isolation of Tutka Bay Lagoon and the hatchery operations led to localized extreme conditions
through primary production and organic matter respiration.

Elevated pH conditions can be a stressor for organisms, even if they are relatively rare to
encounter naturally. Conversely, low O; and low pH are increasingly encountered due to
anthropogenically driven eutrophication in coastal regions and can be very detrimental to benthic
and pelagic ecosystems (Diaz & Rosenburg 1995). After the high Os and pH event at the start of
July, both metrics gradually decreased before approaching a consistent state of low O» and pH
that was moderated by tidal activity (Fig. 3.5). Continuing the phytoplankton bloom hypothesis,
this change represents the shift to heterotrophy, where bacterially driven respiration of organic
matter from the hatchery and from the senescing phytoplankton consumes the available O,
releasing CO», and lowering pH. The upper water column lagged two days behind the lower
water column throughout the time series (Fig. 3.5), suggesting that benthic metabolism strongly
influences the overlying water column through aerobic and anaerobic respiration. This 1s
expected, as O» demand for respiration is usually driven by the lower water column where
organic carbon settles (Diaz and Rosenburg 1995). Furthermore, peak O2 demand tends to
coincide with high water temperatures, trends which are visible within the Tutka Bay Lagoon
time series. However, the magnitude of variability and extreme conditions mark the Tutka Bay

Lagoon as an outlier for the region.
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Throughout the time series, O concentration and pH levels in the upper column were
both correlated with tidal activity (Table 3.2), which introduced comparatively higher O and pH
water from Tutka Bay into the lagoon during high tides. However, the O> was so depleted for
parts of July and early August that even the upper water column reached hypoxic conditions (< 2
mgL! O») for portions of each day, when that influx of oxygenated water eased during the tidal
cycle. Although there were no measurements of O for the lower water column due to sensor
malfunction, this was in itself an indication of anoxia. After sensor retrieval, it was determined
that the copper mesh on the miniDOT O3 sensor reacted with hydrogen sulfide, producing copper
sulfide (CuS), which quickly clogged the mesh. The buildup of copper sulfide eventually
obscured the miniDOT optode, inhibiting O> measurements after only two weeks of deployment.
This suggests that the benthic environment was hypoxic for much longer and more consistent
periods of time than the upper water column.

Hypoxic conditions exclude most aerobic macrofauna and epifauna. The associated shift
to anaerobic microbial respiration produces hydrogen sulfide, which further excludes benthic
organisms due to its toxicity (Diaz & Rosenburg 1995). This can be seen in sediment samples
collected in mid June 2023 from below the hatchery net pens, which contained low abundances
of benthic macrofauna despite high O conditions in the upper water column at the time (Chapter
2). Furthermore, the microbial biomass greatly exceeded the macrofaunal biomass at the site,
where the macrofaunal benthic community was solely constituted of a small abundance of
capitellid polychaetes, small-bodied deposit feeding burrowers that succeed in disturbed sites
(Rosenberg 2001, Chapter 2). This 1s a sign that low Oz and otherwise exclusionary conditions
persisted for longer periods in the lagoon’s benthos, or that variable timing of adverse conditions

impedes the development of a robust benthic community.
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Low pH values, in addition to low O; levels, as observed in Tutka Bay Lagoon, would
affect a variety of marine organisms in the benthos and the water column, both directly through
physiological stress and indirectly by altering food web dynamics and shifting community
composition to disfavor calcifying organisms (Christen et al. 2013, Alcantar et al. in review).
This is consistent with the lack of calcifying organisms in the lagoon, but they exist in great
numbers in Tutka Bay, where Mytilus trossulus and Macoma nasuta dominate (Chapter 2). In
Alaska hatcheries, pink salmon (Oncorhynchus gorbuscha) fry are usually released from net
pens in early summer, but in 2023 some fish were still observed in the net pens during our
sampling in July and August, evidencing that at least some fish were subject to the low pH
conditions that were recorded during those time periods. When experiencing pH values below
7.6, pink salmon exhibit reductions in body mass and condition during development (Alcantar et
al. in review). The upper water column reaches this threshold multiple times during the time
series (Fig. 3.5) suggesting that the organic matter loading from the hatchery and the subsequent
benthic metabolism in Tutka Bay Lagoon could reduce the quality of the fish raised there,
depending on the timing of release. Should a phytoplankton bloom take place earlier in the
season, as seen in Jakolof Bay in 2019 (Miller & Kelley 2021), there could be extended periods
of overlap between adverse water conditions and salmon containment. The hydrographic
1solation of the lagoon allows for potentially deteriorating conditions for the benthic and pelagic
environment for hatchery fish and other lagoon inhabitants during late summer. Alternatively,
the hydrographic isolation of the lagoon may also reduce the risk of effluent and organic matter
settling throughout greater Tutka Bay (Chapter 2, Bannister et al. 2016). This lack of flushing
allows for potentially deteriorating conditions for the benthic and pelagic environment for

hatchery fish and other lagoon inhabitants during late summer. Alternatively, the lack of flushing
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may also insulate Tutka Bay from adverse impacts stemming from organic matter enrichment.
The effects of the lagoon on benthic metabolism and water quality were not observed at stations
TUT 1 or TUT 2, which are just outside of the lagoon. Thus, the isolation in the lagoon may

contribute to limiting the area of impact by hatchery operations to within the lagoon.

3.5 Conclusions

Benthic metabolism in southern Kachemak Bay drives the remineralization of deposited
organic matter and nutrient regeneration into the overlying water column. The elevated organic
enrichment in an isolated lagoon from an active fish hatchery lead to a high benthic metabolism
and likely enhanced a natural phytoplankton bloom, leading to hypoxic conditions in sediments
and near-bottom waters, and reduced water column O and pH levels beyond natural limits,
whereas the presence of an oyster farm had no discernable impact on benthic ecosystem
functioning.

This study provides evidence of adverse environmental impacts on the lagoon, but it is
limited in its assessment. Water quality trends in the lagoon should be monitored over time. A
multi-year study which assessed seasonal and inter-annual differences and potential recovery of
macrofaunal communities throughout the winter could assess longer term impacts. Furthermore,
testing sulfide levels in the sediment and the water column throughout the summer months would
help determine if there is a buildup of toxic substances during periods of anoxia in the lower
water column. Recent advances in permitting in Alaska have advanced regulation of hatchery
wastewater and organic matter inputs (Alaska Department of Environmental Conservation 2024),
however, evaluation of direct impacts on the benthic remains difficult for regulators and hatchery
operators. Because of this limited environmental analysis, community members in Kachemak

Bay have expressed concerns about the possibility of environmental degradation in Tutka Bay
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Lagoon and the surrounding area. Additionally, there are legal and legislative concerns with the
use of the land at Tutka Bay Lagoon for hatchery operations, which resides within the Kachemak
Bay State Park (Armstrong 2021). This study demonstrates substantial differences in the benthic
ecosystem function and carbonate chemistry beneath the hatchery net pens as compared to the
greater Tutka Bay and the surrounding coastal region and may provide relevant information to

further the public discourse surrounding the Tutka Bay Lagoon salmon hatchery.
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Chapter 4: General Conclusions

4.1 Conclusions

The southern Kachemak Bay, Alaska benthic ecosystem is similar to other subarctic
estuaries, where both the benthic community of microbial and infaunal organisms play important
roles in organic matter processing and nutrient regeneration (Sundbick et al. 2003, Hopkinson et
al. 2001). The nearshore benthic habitat was heterogeneous in terms of organic matter inputs,
sediment quality, physical disturbance, and water quality conditions, constituting regional
variation in community composition and subsequent ecosystem functioning. However, a
common group of taxa dominated the community composition at most sites, contributing to a
benthic metabolism that exhibited no significant differences among the non-salmon hatchery
sites. Despite this study being focused on the nearshore (< 10 m depth), Kachemak Bay contains
many deeper and open water areas, where physical disturbance may be reduced and organic
inputs more consistent. Continuation of this work could include an examination of differences in
the benthic ecosystem across a depth gradient within Kachemak Bay.

Anthropogenic influences in the form of mariculture can have distinct impacts on the
community composition and subsequent benthic metabolism of nearshore benthic ecosystems in
southern Kachemak Bay. This thesis provided evidence of organic matter enrichment in Tutka
Bay Lagoon, based on sediment samples and water chemistry time series collected from
underneath salmon hatchery net pens. Excess organic matter in the form of fish feces, fish feed,
decaying fish, and outflow from the hatchery on land stimulated high oxygen demand in the
sediment and the water column. Throughout most of the summer, the oxygen demand in the
upper water column was met during the day through photosynthesis, air-sea flux, and tidal

flushing, as indicated by the abundant oxygen concentration in this layer from April through
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June (12.88 + 1.52 mg L'!). However, after an algal bloom terminated, the input of organic
matter from senescence, in conjunction with high light availability and warm temperatures,
oxygen demand outweighed oxygen availability, leading to periods of hypoxia, <2 mg L™, in
surface waters, occurring on a diel cyclical basis. Furthermore, the near total lack of macrofauna
underneath the hatchery, as sampled during a period of high oxygen concentration in the upper
water column, suggests that hypoxic conditions persist in the sediment throughout the summer.
Conditions of hypoxia and coupled low pH represent a degradation of local conditions of
the benthic environment and the overlying water column. Macrofauna in the sediment require
oxygen to survive and are thus excluded from anoxic zones. For this reason, infauna usually
reside within the upper section of the sediment, where oxygen is most prevalent, or occupy
burrows which are actively ventilated by the organism (Rosenburg 2001). Furthermore, low
oxygen availability in the sediment can lead to hydrogen sulfide formation, which is biologically
toxic and serves as a further exclusionary force upon the macrofauna (Vaquer-Sunyer 2010).
This combination of oxygen depletion and sulfide presence has negative impacts on fish and
other aquatic organisms (Roden et al. 1992). Even though the upper water column remained
oxygenated when most salmon resided in the net pens, it is likely that the deeper sections of the
net pens experienced limited oxygen availability and hypoxia (< 2 mg L) for periods of time,
especially at night when photosynthesis ceased, shifting from autotrophy to heterotrophy (Reyes
et al. 1991). This may be problematic for salmon fry in the net pens, who are meant to segregate
along a depth gradient of freshwater influence as they age, and who could face adverse impacts
to their physiology at low oxygen conditions (Brett et al. 1981, Richards et al. 2009). These
conditions could contribute to lower rates of survival and eventual returns to the lagoon which.

However, hatchery has not reported any mortality events during these time periods. As it stands,
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low pH and low oxygen concentrations in the late summer may have negative effects on the
condition of returning salmon (Carter et al. 2005).

Any organic enrichment conditions and effects in the lagoon are likely as much a product
of the geography of the lagoon as it is from the hatchery operations. Due to its position, the
lagoon is connected to Tutka Bay and greater Kachemak Bay through a narrow channel which is
only passable by boat at high tide, resulting in limited tidal flushing and tidally driven mixing of
the water column. Due to this limited physical mixing, conditions in the lagoon are strongly
governed by the biological processes of respiration and photosynthesis. Lagoons are already
prone to algae blooms and hypoxic events due to their isolated nature (Sacca 2016). Without
consistent mixing of the water and introduction of newly oxygenated water through tidal
pressure, organic matter deposition in the lagoon was concentrated at the benthos. In this way,
the elevated organic matter inputs from hatchery operations contribute to organic matter
enrichment in Tuka Bay Lagoon. It is entirely possible that the same level of organic matter
input would not lead to organic matter enrichment were the net pens located in a setting that had
increased tidal flushing and mixing, which would not only work to keep the water column
oxygenated, but disperse the organic matter over a large area, thus minimizing the impact to any
one location.

From a resource management and regulation perspective, it is important to consider the
location and hydrographic setting of potential future mariculture activities. Currently, permitting
in Alaska requires regulation of hatchery wastewater and organic matter inputs (Alaska
Department of Environmental Conservation 2024). Enforcement mostly focuses on managing
levels of input without detailed assessment of impacts on the local environment, and regulations

more focused on how the fish themselves may affect the pelagic food web (Alaska Hatchery
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Program 2022). However, this study shows the potential for hatchery operations to have adverse
impacts on local environmental conditions of both the benthos and the water column. Using the
results of this study from a permitting perspective, it is important to consider the level of tidal
flushing and mixing occurring beneath net pens, as it relates to the accumulation of organic
matter. Further pursuit of this research could involve examining the benthic environment at
salmon hatcheries with varying hydrography, to see if there is a threshold for mixing at which
adverse impacts could be limited, or to determine the ideal setting in which hatchery net pens
may operate in an environmentally friendly way.

Finally, while this study found adverse impacts beneath salmon hatchery net pens, there
was no evidence of similar impacts beneath an oyster farm. This is in line with previous research
indicating the neutral effect of oyster mariculture on the benthic environment (Crawford et al.
2003). Due to their suspension feeding, oysters do not need additional organic matter inputs,
instead filtering organic matter from the water column. They produce feces and pseudo-feces,
and there is the possibility that oyster farm equipment may contribute to higher rates of sediment
deposition. However, this study supports the position that these inputs are not contributing to
organic matter enrichment in Jakolof Bay, Alaska, either due to low enough organic inputs, the
elevated level of flushing in the bay, or the combination of these two factors. There were no
significant differences in benthic metabolism at the oyster farm site, and environmental
parameters, and community composition was similar to that in Seldovia Bay, which contains no
oyster farms. Furthermore, salmon hatchery and oyster operations differ in scale. Even though
there are roughly 1 million oysters at various life stages within Jakolof Bay that filter 9.7% of the
bay every day (Haag et al. 2025), they are spread throughout a bay with high flushing rates

(Haag et al. 2023). In contrast, hatchery net pens concentrate several million salmon fry in small
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areas, so the resulting deposition all takes place in the same location (Cook Inlet Aquaculture
Association 2024). With this understanding, this study demonstrates that oyster mariculture in
Jakolof Bay, which is the hub for oyster farming in the region, does not have adverse impacts on

the benthic environment.
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Appendix A: Supplemental Material

Figure A.1: A list of all observed taxa from sediment cores taken from eight sampling stations
across southern Kachemak Bay, Alaska, and whether they were included as macrofauna. Taxa
were excluded for being epifauna and meiofauna, as the used sampling method would not
accurately capture data on those groups. Meiofauna are smaller than the apertures in the 500
micron sieves used so many individuals likely were not captured, which would skew data.
Epifauna are more motile and not necessarily representative of average conditions at a given
station for this sampling method. However, all observed taxa were used for Chapter 3, because
organisms were still present in sample cores during the incubation experiment.

axa Inclusion Taxa Inclusion
Spionidae Y Priapulida Y
Syllidae Y Nemertea Y
Cirratulidae Y Amphipoda Y
Paracnidae \d Copepoda N
Maldanidae Y Cumacea Y
Nephytidae A Ostracoda Y
Orbiniidae Y Sphaeromatidea Y
Glyceridae Y Idoctea Y
Capitellidae Y Diogenidae Y
Phyllodocidae Y Chitonidae N
Terebellidae Y Tanaidacea Y
Oweniidae Y Halacaridae Y
Scallibregamatidae Y Mysid Shrimp Y
Polynoidae Y Leptochelidae Y
Pectineridae Y B. glandula N
Dorvelidae Y B. glandula (cyprid} N
Sabellidae Y M. trossulus N
Sigalionidae Y Myidae Y
Magelonidae Y M. nasuta Y
Flabelligeridae Y Nematoda N
Lumbrinaridae Y Euspira N
Opheliidae Y Littorina N
Ampharetidae Y Holothuroidea N
Nereididae Y Amphiuridae N
Cossuridae Y Anthozoa N
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