THE INFLUENCE OF A PACIFIC INVASIVE SPONGE ON CORAL REEF
DYNAMICS IN HAWAI‘I

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF
THE UNIVERSITY OF HAWAI‘l AT MANOA IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN
OCEANOGRAPHY

AUGUST 2018

By

Joy Leilei Shih

Dissertation Committee:

Brian N. Popp, Chairperson
Matthew J. Church
Richard E. Zeebe
Ruth D. Gates
Les Watling

Keywords: Marine sponges, nitrogen cycling, stable isotopes, Hawai‘i, invasive species



© 2018 Joy Leilei Shih ALL RIGHTS RESERVED

il



For W41}

The matriarch of our family over multiple generations. Your dream was that we could fulfill our

dreams in life. We are doing that, because of you.

il



ACKNOWLEDGEMENTS

First and foremost, I’d like to thank my advisor Brian Popp who introduced me to the exciting
world of stable isotope biogeochemistry and guided me patiently throughout my project.
Through your immense knowledge you both inspired and challenged me. I am indebted to your
mentorship. I also want to extend my sincerest gratitude to my committee members who
provided invaluable feedback and encouragement. Ruth Gates, no one can share the wonder of
corals and impart the importance of these magnificent organisms like you. Thank you for letting
me be a part of the magic in your lab. Richard Zeebe, your unparalleled knowledge in the field of
carbon chemistry has inspired me from day one. The bars you set would be intimidating if not for
your friendly and sincere desire to help others set and reach their own bars. Matt Church, your
expertise in microbial nitrogen cycling has been essential to my development as a scientist. I am
truly grateful to the willing time you always took to always answer questions and discuss my
research. Les Watling, your always thoughtful perspective helped my project take shape, thank
you for your graciously provided guidance. It has been an honor and privilege to work with

every one of you.

Graduate school is a long and arduous journey and is one I would not have been able to complete
without the wisdom, nurture, and enthusiasm of my past academic mentors, James Graham,
James Leichter, and Dimitri Deheyn. I am also enormously appreciative to Laura Nunez Pons,
who taught me much that I know about conducting research on sponges in the field, and Michael

Cooney for his welcoming mentorship and support.

v



Throughout this challenging undertaking, every step was illuminated with the unwavering and
unconditional support of my dearest friends, Tracy Chen, Ali Firouzi, Rawson Glover, Roxanne
Rivero, Scott Higgins, and Jennivine Lee. My success would have been impossible without your
support, and for that [ am eternally grateful. While in Hawai‘i, I met a group of individuals who
have become lifelong friends. Robert and Reina Harris, Joshua and Malia Wisch, and Chris Lee,
it is a great understatement to say that you are all doing amazing things to change the world. I am
so honored and humbled to share friendships with you that have included everything from
shoulders to cry on, brainstorming ideas that would become groundbreaking legislation, and
laughing so hard it hurts while playing Bears vs. Babies. Truly, you have all been essential to the

preservation of my physical and mental health throughout my graduate career.

Of course, I would not have been able to go down this path without the unconditional support of
my mother Judy Chin and father K.C. Shih. Many other members of my family were equally
critical to my success. Especially essential to this achievement was my brother Kingstone Shih,
my grandfather Robert Liu, and my aunt Christina Shih for their unconditional love and sources

of inspiration.

Last but not least, I would like to thank Alexander Mouldovan, the light in my life, and Kalia, the

apple of my eye.

Financial support for the research presented in this dissertation was provided by NOAA Sea
Grant #NA140AR4170071. Supplemental funds were provided by the University of Hawai‘i at

Manoa Graduate Student Organization Grants and Awards program.



ABSTRACT

Sponges are ecologically important components of many benthic ecosystems and are abundant
on coral reefs. Many sponges host a diverse consortium of microbes and are known to rely on
their symbiotic microbial communities for a variety of functions including nutrition, metabolic
waste removal, and the production of secondary metabolites for chemical defense. Mycale
grandis is an alien invasive sponge that first appeared in Hawai‘i in the late 1990s and is found
within several partially degraded shallow water coral ecosystems throughout the main Hawaiian
Islands. In surveys of south Kane‘ohe Bay, M. grandis benthic coverage was found to range from
2% on fringing coral reefs to 32% in mangrove ecosystems. I report seawater pumping rates
(0.016 L seawater s™' kg™ sponge (dry mass)) and ammonia oxidation rates (21.2 nM g'h™!) for
M. grandis, which are the first such rates measured in a Pacific sponge. Combining pumping
rates, biomass estimates, and nitrogen flux rates for M. grandis with depth and circulation
parameters in south Kane‘ohe Bay indicates that it is the most significant benthic source of
dissolved inorganic nitrogen to the water column in the environments studied. Individual amino
acid 6'3C and 6'°N values suggest that M. grandis acquires nutrition from its associated bacteria
through direct assimilation of bacterially-synthesized amino acids. Statistically indistinguishable
>V indices and trophic position of microbial and sponge cells also support this dietary strategy.
These results strongly suggest that the M. grandis microbial consortia assimilate DOM,
resynthesize the organic material, and pass on nutrition to the sponge in the form of amino acids
through translocation. The vulnerability of native and endemic species to invasive reef species
coupled with the threats of increased anthropogenic activity, ocean acidification, and ocean
warming have growing implications for ecosystems throughout Hawai‘i. It is evident that where

sponges are abundant members of the reef community, the sponge holobiont can play important

vi



roles in organic matter recycling and can significantly alter nutrient profiles within the water

column through their rapid rate of seawater circulation and biogeochemically active microbiome.
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CHAPTER 1:

Introduction



Sponges are an abundant and ecologically important component of coral reefs, yet research on
the biogeochemical roles of these ubiquitous members of the benthic habitat is limited for the
Pacific. Investigating how these filters feeders affect the biogeochemistry of the overlying water
column through their active pumping rates and metabolic activities is crucial to understanding
the role sponges play in ecosystem dynamics. Given the abundance of sponges in Hawai‘i and
the diverse and active microbial symbioses observed in sponges, investigating the influence of
invasive sponges on these ecosystems has great implications for our understanding of the

ecology and biogeochemistry found on tropical reefs.

In Hawai‘i, sponges account for about one third of the total alien marine species (Eldredge and
Carlton 2002). Mycale grandis, an invasive sponge from the Indo-Pacific region, was
unintentionally introduced to Hawai‘i in the late 1990s. It is the most abundant and most
aggressive invasive sponge found on Hawaiian reefs (Coles et al. 2007). Biomass of the sponge
increased throughout the mid 2000s and the sponge remains a prominent member of the benthic
community in Kane‘ohe Bay and other partially degraded shallow coral reef ecosystems in

Hawai‘i.

Globally, sponges are one of the most successful multicellular organisms in the ocean. The
resilience of siliceous sponges like M. grandis has been long exemplified by their survival
through mass extinctions that eliminated many other organisms (Botting et al. 2017). Their
resiliency suggests sponges will continue to be competitive in compromised ecosystems such as
coral reefs under future regimes of ocean warming and ocean acidification (Bell et al. 2013) and

decreased sunlight (Botting et al. 2017) while calcifying organisms are particularly vulnerable to



rising ocean acidity and temperatures (Hoegh-Guldberg et al. 2007, Fabry et al. 2008, Hofmann
et al. 2010). Associations between sponges and microbes have a remarkable history of at least
600 million years in the fossil record making them one of the first symbioses between microbes
and Metazoa (Wilkinson 1984). The largest and most internally consistent reconstruction of a
metazoan-scale superalignment of 1,719 genes confirmed that sponges are the sister group to all
other multicellular animals (Simion et al. 2017). Sponges owe their unique adaptability to a
variety of conditions and environments to their ability to use both dissolved and particulate
matter as nutritional sources, and to their close relationship with their symbiotic microbial
communities. Sponges use their array of microbial symbionts for functions such as nutrient
acquisition, conversion of their own metabolic wastes into less harmful substrates, and to attain

secondary metabolites for chemical defense (Taylor et al. 2007a).

This study focuses on Kane‘ohe Bay in O‘ahu, Hawai‘i. Considered a model system, many
variables are richly documented in the bay. Because Kane‘ohe Bay is typically a nitrogen limited
environment except for short bursts following heavy rainfall (De Carlo et al. 2007) any
perturbation to the N balance in the bay has the ability to affect the overall ecosystem, potentially
favoring some reef species over others. Increases in dissolved inorganic nutrients and/or
reductions in the numbers of herbivores may allow algae to outcompete and overgrow living
coral (Smith et al. 2010), in turn creating an optimal environment for the opportunistic sponge to
grow. As M. grandis is able to overgrow compromised coral heads, it can further enhance the
cycling of DIN to support continued macroalgal growth. Indeed previous studies in Kane‘ohe
Bay Hawai‘i show its history of nutrient enrichment supported the growth of various invasive

macroalgae (Stimson and Larned 2000). Reefs in the future may no longer represent their



pristine shapes in terms of water quality, elevated CO2, and warmer temperatures. A more
comprehensive understanding of this prominent member of partially degraded reefs in Hawai‘i
would complement existing literature on the changes in the bay throughout its history of runoff,
algal dominance and recovery, sedimentation, and more recently, coral bleaching events. The
overarching goal of this research is to characterize the influence of M. grandis on
biogeochemical cycling on coral reef ecosystems in Kane‘ohe Bay, O‘ahu, Hawai‘i through
assessing biomass, seawater pumping rates, and microbially mediated nitrogen
transformations performed by the sponge holobiont. Furthermore, an understanding of the
sponge’s nutritional strategies and how its dietary behavior relates to its microbial symbionts
would reveal the affiliation of the sponge to its environment and other reef organisms, and

provide insight on the sponge’s ability to adapt and establish itself on Hawaiian coral reefs.

Sponges are known to drive a number of biogeochemical processes and have been found to be a
significant source of DIN on coral reefs in the Caribbean (Southwell et al. 2008b, Fiore et al.
2013), however little research has been done on the biogeochemical role of Pacific sponges and
in particular in Hawai‘i. Sponge-mediated nitrification has been shown to be a potentially
important source for bioavailable N to organisms in a variety of benthic environments (Corredor
et al. 1988, Jiménez and Ribes 2007). The rates of sponge-mediated DIN flux measured in this
study are over an order of magnitude greater than other reported fluxes of DIN in Kane‘ohe Bay

and other coral reef environments.

The ability of sponges to influence seawater chemistry is directly tied to their active pumping

and water filtration processes. Sponges have been measured to sustain pumping rates of up to



10,000 times their body volume daily (Weisz et al. 2008) to facilitate water flow for substrate
acquisition and metabolic waste removal. As a result of their active pumping, sponges circulate
large amounts of overlying water through their microbially rich interior mesohyl. The functional
roles of microbes associated with alien invasive sponges in the Pacific has not been previously
studied. Dynamic biogeochemical transformations such as nitrification (Diaz and Ward 1997,
Jiménez and Ribes 2007, Southwell et al. 2008a, b), nitrogen fixation (Mohamed et al. 2008),
and Nz production (Schlappy et al. 2010, Mohamed et al. 2010) have been observed to be
performed by microbial communities hosted within Atlantic sponges. Because Kane‘ohe Bay is
typically an N limited system (De Carlo et al. 2007) the role of sponges in active N
transformations is an integral part of understanding the biogeochemical cycling of coastal coral

reef ecosystems.

Sponges are also important drivers of organic matter recycling in an ecosystem through their
effective uptake of both dissolved and particulate organic matter (DOM and POM) (de Goeij et
al. 2008b). Though coral reef ecosystems are characterized by low nutrients (Webb et al. 1975)
with typical dissolved inorganic nitrogen and phosphorus concentrations of <0.5 and <0.1 pM,
respectively (Furnas et al. 2005, Cox et al. 2006), coral reefs are able to support extremely high
productivity through the sponge loop (de Goeij et al. 2013). Sponges can uptake DOM otherwise
unavailable to organisms at higher trophic levels and facilitate the transfer of carbon through the
rapid shedding and regeneration of choanocytes (sponge water filtering cells) that are then fed
upon by detritivores. Through this process, sponges sustain food webs in oligotrophic systems by

this rapid and efficient DOM - to - POM recycling (de Goeij et al 2013).



This dissertation addresses the fundamental questions regarding the role of sponges in coastal
coral reef ecosystems in Hawai‘i and in particular the biogeochemical influence of an invasive
sponge on overlying reef waters. Chapter 2 provides a comparison of M. grandis biomass within
different environments in south Kane‘ohe Bay where this sponge is most abundant and provides
the first updated biomass surveys of the alien invasive sponge in over a decade. Sponge coverage
assessments are paired with sponge-mediated biogeochemistry ascertained in the following
chapters to determine a magnitude of influence of the sponge in the bay. Through these
observations I describe life history of the sponge and discuss the controls on biomass within the
sponge. The ecological effects due to the presence of M. grandis in the extended phase shift from
coral dominance to dominance by the green alga Dictyosphaeria cavernosa observed in
Kane‘ohe Bay (Stimson 2014) are pertinent to developing ecosystem based management

strategies in Hawai‘i.

Chapter 3 discusses how M. grandis can influence biogeochemistry on coral reefs. Pumping rates
and DIN flux rates determined for M. grandis were combined with depth and circulation
parameters in south Kane‘ohe Bay for a discussion of sponge influence on the biogeochemistry
in the overlying water on different environments in south Kane‘ohe Bay. These rates are the first
description of ammonia oxidation in a Pacific sponge and the first seawater pumping rates

measured for M. grandis.

Chapter 4 examines the dietary behavior and trophic position of M. grandis through bulk §'°N
values of whole sponge samples and separated sponge and microbial cells as well as carbon and

nitrogen compound specific isotopic analysis of amino acids (CSIA) of separated sponge and



microbial cells. Broad characteristics of the diverse consortia of microbes found in association
with M. grandis were classified through flow cytometry methods (FCM). The dietary
contribution of associated symbionts to the host sponge as described through amino acid isotopic

patterns and trophic relationships appears to dominate the nutritional needs of the sponge cells.

These observations on the invasive and pervasive sponge M. grandis suggest that the sponge is
an important and understudied component of Pacific shallow water tropical benthic communities.
The research presented here comprises a significant contribution to the understanding of the
biogeochemical role of invasive sponges in tropical Pacific ecosystems. In addition, I reveal
insights into the dietary relationship between the sponge and its associated microbes and the
mechanism of transfer of nutrition from symbiont to the sponge. I provide evidence that the
ability of sponges to uptake DOM is facilitated by bacterial intermediates, and that specifically
bacterially synthesized amino acids, including nonessential amino acids, are directly assimilated

by the sponge.

This research is important because little is known about the role of sponges in coastal N
biogeochemical cycles, yet they are prevalent in shallow coastal ecosystems throughout the
Hawaiian Islands. Invasive, introduced sponge species such as M. grandis are of particular threat
to Hawaiian habitats because of unique and limited ecosystems characterized by endemic and
often endangered species. Because sponges are capable of affecting the N biogeochemistry of its
habitat through high seawater pumping rates and active microbial communities, the impact of
sponges is not limited to just spatial competition with native species. As coral reefs are

oligotrophic environments, and because Kane‘ohe Bay is nitrogen limited (De Carlo et al. 2007,



Drupp et al. 2011), and community structure can be shaped by nutrient levels (Hunter and Evans
1995, Dudgeon et al. 2010), a change in the nutrient profile caused by an introduced sponge has
the potential to alter community dynamics. Details about the feeding strategy of tropical Pacific
sponges provide additional insight into the ecological ties between sponges, microbial
symbionts, and other reef organisms. Future climate change and environmental degradation may
differentially affect resilient sponges and less adaptable coral species within Kane‘ohe Bay. An
understanding of these community dynamics would help predict how coral reef ecosystems may
be impacted by future regimes and guide future directions for the protection and preservation of

these important living resources.



CHAPTER 2:

An Assessment of an Invasive Tropical Sponge on Coral Reefs in Hawai ‘i



Abstract
Sponges are an ecologically important component of many marine ecosystems and are found
abundantly within the benthic fauna on coral reefs. Although sponges perform important
functions on the reef such as seawater filtration, uptake of particulate and dissolved organic
matter, and the recycling of nutrients, some reefs have been observed to shift from more coral
dominated habitats to more sponge dominated habitats, raising questions about the increasing
influence of sponges on ecosystem dynamics. For example, many Caribbean reefs are largely
dominated by sponges hosting biogeochemically active microbial communities. Tropical sponges
in the Pacific have not been comparably well studied. Importantly, Mycale grandis is an alien
invasive sponge now found on many partially degraded shallow water coral ecosystems in
Hawai‘i. M. grandis is known to compete spatially with dominant native reef building coral such
as Montipora capitata and Porites compressa. Since its appearance in the late 1990s, M. grandis
has been observed to spread and establish itself in a number of coral reef ecosystems around the
main Hawaiian Islands. This study provides the current status of M. grandis abundance within
Kane‘ohe Bay, O‘ahu and considers factors that may contribute to its continued success on these
reefs. Within south Kane‘ohe Bay, sponge coverage was found to be 4.6% on patch reefs, 2.1%
on fringing reefs, and 32.3% within mangroves habitat along the northern edge of Coconut
Island. Furthermore, first details of life history of the sponge are described. The study of M.
grandis in Kane‘ohe Bay serves as a model system for studying the impacts and future
trajectories of coral reefs that will more likely resemble Kane‘ohe Bay than pristine reefs in the

future.
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Introduction

Coastal ecosystems worldwide contribute substantial direct economic benefits (e.g., fisheries and
tourism) and provide important ecosystems services (Jackson et al. 2001, Doney 2010).
However, they are being increasingly compromised such that many of these systems no longer
resemble their more pristine states (Jackson et al. 2001, Lotze et al. 2006). The appearance of
invasive sponges such as Mycale grandis are of particular interest because sponges can affect
nitrogen recycling and flux on a reef (Jimenez and Ribes 2007, Southwell et al. 2008b). Sponges,
especially in the Pacific tropical region, are understudied and underappreciated. On tropical
reefs, introduced sponges compete spatially with coral but do not provide the same reef building
structure or ecosystem function as stony coral and may further alter ecosystem balance by
influencing the nutrient profile and community structure within their environments. Some reefs
have experienced a shift in baseline environments to macroalgal dominated systems under effects
of increased runoff, sedimentation, ocean warming, ocean acidification, fishing, recreational use,
and introduced species. Kane‘ohe Bay on O‘ahu in Hawai‘i has experienced well-documented
phase shifts from coral dominance to dominance by the green alga Dictyosphaeria cavernosa
(Stimson 2014) and the appearance of highly successful alien invasive arthropods (Eldredge and
Smith 2001). M. grandis is an unintentionally introduced sponge prevalent in several shallow
water coral reef communities around the main Hawaiian Islands and is considered the most

successful and aggressive alien sponge in Kane‘ohe Bay (Coles et al. 2007).

Mycale grandis is an opportunistic species and overgrows compromised coral infrastructure, and

has been observed to overgrow living coral heads. Although it is not the only invasive sponge in

Hawai‘i, it is the most widespread and is a threat to overgrowing some coral reefs. Recent
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surveys by the Smithsonian’s Marine Global Earth Observatory program (MarineGEO) found
150 previously unseen sponge species in Hawai‘i, among those of which a third are new species
(https://marinegeo.si.edu/place/kane%CA%BBohe-bay-O‘ahu, see also Nunez Pons et al. 2017).
Research on M. grandis establishes a foundation for future hypothesis-driven studies aimed at
better understanding the role of sponges in ecological and biogeochemical processes on tropical

Pacific coral reefs.

Marine sponges are essential to driving the high productivity observed on nutrient poor coral
reefs via the “sponge loop” which occurs through rapid turnover of sponge cells that are shed and
consumed by reef fauna (de Goeij et al. 2013), thereby enabling dissolved organic matter to

become available to higher trophic levels.

Here I present (i) updated biomass surveys in over a decade of the alien invasive sponge M.
grandis since the Coles et al. (2007) surveys, including (ii) a comparison of the biomass of M.
grandis within different environments in Kane‘ohe Bay, (iii) a discussion of controls on the
biomass of M. grandis in south Kane‘ohe Bay, and (iv) descriptions of life history of the sponge.
Through this study I aim to provide more details to major questions regarding the invasive alien
sponge as a member of the benthic community under the current extended phase shift in
Kane‘ohe Bay and what continued ecological role M. grandis will play in the long term within

Kane‘ohe Bay and other shallow water coral reef ecosystems in Hawai‘i.

Study site
Kane‘ohe Bay, a semi-enclosed body of water with the only barrier reef in the Hawaiian

archipelago, is 13 km long and 4 km wide with an extended coral reef system located on the
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northeast coast of O‘ahu, Hawai‘i (21° 26' 0.59" N, 157° 47' 10.79" W) (Figure 2.1). It has
served as a model system for studying the impacts and recovery of coral reefs and has undergone
significant changes in water quality due to periods of heavy discharge and sustained heavy
human activity within the bay (Hunter and Evans 1995). Because it is such a well-studied
ecosystem, Kane‘ohe Bay is also a model system to study future impacts under projected climate
regimes. Degraded reefs in the future are more likely to resemble Kane‘ohe Bay than pristine
reefs. Reef flats extend over much of the area and are characterized by macroalgae, coral, coral
rubble, sands and muds. Patch reefs and fringing reefs are also distributed throughout the bay,
including in the south bay, the area of focus for this study. The bay experienced a shift from
coral to algal dominance during 25 years of sewage discharge that ended in 1977-1978 followed
by a recovery to coral after the cessation of discharge, although it remains a partially degraded
ecosystem with continued overgrowth of invasive macroalgal species. Water is exchanged with
the open ocean through two main channels via the partially dredged Ship Channel in the north of
the bay and the shallower Sampan Channel in the south. Water movement across the bay is
dominated by wind-driven waves and swell that bring water to the reef with nutrient profiles of
typical tropical oceanic waters (Atkinson 1987). The residence time of seawater in southern
Kane‘ohe Bay, the site of interest for this study, is between 30 days and 2 months (Lowe et al.
2009). Findings from the study “Assessment of Invasiveness of the Orange Keyhole Sponge
Mpycale armata in Kane‘ohe Bay, O‘ahu, Hawai‘i” funded by the Hawai‘i Coral Reef Initiative
(HCRI) from 2004-2006 indicated that the sponge had maximal abundance in the south-central

region of the bay near the Hawai‘i Institute of Marine Biology (HIMB) pier and Coconut Island.
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Figure 2.1: Map of Kane‘ohe Bay and Moku o Lo‘e, O‘ahu (modified from Stimson and Larned
2000) including the main sites for this study. Outlined areas represent fringing reefs, patch reefs,

and the barrier reef.
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History of Mycale grandis

Mpycale grandis, (also formerly referred to as Mycale armata), is native to Australia, Indonesia,
Malaysia, and India and spread to Hawai‘i as biofouling on ships’ hulls. The initial inoculation
point was most likely on O‘ahu in Honolulu Harbor or Pearl Harbor where there is heavy
shipping traffic (Coles 2007). The first official account of M. grandis in Hawai‘i was reported
for Pearl Harbor in 1996 (Coles et al. 1997, Coles et al. 1999). It is unlikely that this sponge
would have been missed in historical accounts and previous surveys because of its shallow water
habitat and striking orange coloration. There was no report of M. grandis in the de Laubenfels
surveys in Kane‘ohe Bay or elsewhere in Hawai‘i (de Laubenfels 1950 and 1951). The first
preliminary abundance studies of M. grandis in Kane‘ohe Bay were undertaken in 1996 and
2000 (Coles et al. 1999, Coles and Eldredge 2002). M. grandis is predominantly found in
shallow-water fouling communities of major harbors or associated disturbed habitats, but has
now appeared throughout Kane‘ohe Bay, although predominantly in the south basin of Kane‘ohe
Bay (Coles et al. 2007). The higher abundance of these sponges in south bay are likely due to
conditions favorable to sponges such as higher nutrients and particulate organic matter compared

to the mid or northern portions of the bay.

M. grandis appears as a bright orange, thickly encrusting, and firm but cushiony sponge.
Individuals observed in Kane’ohe Bay usually range from several cms to 0.2 m across, although
the sponge is known to reach 1 m across and 0.5 m or more in thickness. The inner cavities often
harbor clusters of the brittle star Ophiactis savignyi. The surface is smooth but textured and
uneven and is covered with unevenly distributed oscula and smaller keyhole shaped ostia. M.
grandis overgrows reef building coral species such as Montipora capitata and at least one

endemic species (Porites compressa) (Coles et al. 2007) (See Figure 2.2).
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Figure 2.2: M. grandis overgrowing living Porites compressa on the Lilipuna Pier fringing reef

in south Kane‘ohe Bay.

Methods

Biomass surveys

Coverage of M. grandis in south Kane‘ohe Bay was assessed by 25 m video belt transects of the
fringing reef running perpendicular to Lilipuna Pier, with two transects along the reef crest in
each direction and two transects over the reef flat in each direction for a total of 8 transects, and

by 65 semi-quantitative rapid assessment estimates of 1 m? quadrats all along the inner and outer
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reef crests of Coconut Island Reef 2, and 3 semi-quantitative rapid assessment estimates of 1 m?
quadrats in the mangroves on the northern edge of Moku o Lo‘e (Coconut Island) (see Figure

2.3).

(b)

Lilipuna Pler Fringing Reef

Towards Coconut Island

Mangroves around Coconut Is. [/

(y) ;
By ™

L

Figure 2.3: Areas surveyed for M. grandis coverage. (a) Photo quadrats on Reef 2 (b) belt

transects on Lilipuna Pier fringing reef (c) quadrats in mangroves on Moku o Lo‘e.

Abundance surveys in south Kane‘ohe Bay by Coles and Bolick (2006) and Coles et al. (2007)
were performed using rapid assessment manta board surveys (in 2004-2005 only), and in digital
photo analyses of permanently marked 0.66 m? quadrats along 25 m belt transects on the reef
slope located on the southeast perimeter of Coconut Island in the vicinity of Coconut Island Reef
2. This study sought to approximate those methods using biomass assessments along linear

transects as well as photo quadrat assessments.

Twenty permanently marked photo quadrats from the Coles and Bolick (2006) 2004-2005 study
were established in October 2004 on the reef slope along the southeast perimeter of Coconut
Island in the vicinity of the Coconut Island Reef 2 transects. During their study, eleven of these

quadrats remained in 2006. Two and then later four additional quadrats were established in 2007.
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These previously marked quadrats from the Coles and Bolick (2006) and Coles et al. (2007)
studies no longer existed so new quadrats were selected and assessed within the same region for

this study.

For video transects of M. grandis coverage, 25 m of transect tape were laid along the reef and
anchored at both ends with lead dive weights. The swimmer then proceeded slowly along one
side of the tape while recording a video transect with a GoPro Hero 3 in one direction, and
recording along the opposite side of the tape in the other direction. Percent coverage of M.
grandis on the reef was estimated by assessing the transect video frame by frame roughly every
0.5 m. Estimate of coverage is reported by the 2D percent coverage of M. grandis versus other
substrate as viewed from directly above. The depth of the reef ranged from 1 m to 3 m along the
reef crest and the GoPro was maintained at a depth of 1 m above the reef to the best of the
swimmer’s ability. The width of the transect included in determining sponge coverage was

0.66 m outwards from each side of the transect tape.

For the semi-quantitative rapid assessment biomass estimates, quadrats were chosen by random
over the inner and outer reef crests of Reef 2. The depth of the reef ranged from 0.5 m to 2 m
deep. The sponge growing around the roots of Rhizophora mangle were at a depth of
approximately 0.3 m depth. A 1 m by 1 m PVC frame was placed over the area and two
snorkelers separately estimated the percentage of M. grandis cover. The average of the two
estimates was recorded as the semi-quantitatively determined 2D M. grandis coverage within

each quadrat.
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Collection of M. grandis

Specimens of M. grandis were collected from under the Lilipuna Pier in south Kane‘ohe Bay to
assess rates of sponge growth. Pieces of sponge ranging from 6 to 10 cm across were carefully
excised using a razor and transferred into a bucket without exposure to air. The sponges were
then immediately moved to Coconut Island by boat and placed into outdoor seawater flow
through water tables where the sponges were exposed to natural daylight cycles for an
acclimation period of one week. The flow through water tables at the Hawai‘i Institute of Marine
Biology have continuous seawater with similar ambient profile pumped in from the eastern edge
of the island in the southern portion of Kane‘ohe Bay, which is an area where M. grandis is
found abundantly. Water tables were scrubbed of any visible algae and siphoned of detritus twice
weekly and the day before experiments. The water tables are approximately 150 cm long, 75 cm
wide, and 15 cm deep with water flowing in from one end and exiting at the opposite end.
Residence time of seawater in the flow through water tables were calculated and adjusted to ca.

three hours to ensure turnover of any particulate detritus.

Growth rates

Change in mass was measured in five M. grandis samples collected from under the Lilipuna Pier.
Sponges were tagged with color-coded zip ties and maintained in outdoor seawater flow through
tables. Wet weight of the five sponges were measured on an analytical scale at the HIMB Wet
lab over a ten week period spanning from late winter to early spring of 2018. Sponges were

collected specifically for growth rate assessment and were not subject to other experiments.
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Results

Sponge Abundance

Average coverage of M. grandis along the reef crest of Coconut Island Reef 2 was 2.1% on the
inner reef crest and 9.2% on the outer reef crest with an average coverage of 4.6% on the reef
ranging from 0% to 30% coverage. The average cover of M. grandis on the transects on the
fringing reef running perpendicular to Lilipuna Pier in south Kane‘ohe Bay was 2.9%. M.
grandis was found in all transects. Average coverage of M. grandis around the roots of

Rhizophora mangle along the northern edge of Moku o Lo‘e was 32.3% (Table 2.1).

Site N Mean coverage SD
Inner Reef 40 2.09° 2
Outer Reef bp) 9.19" 10.85°
Fringing Reef 100 70 4.68"
Mangroves 3 32.33¢ 4.04

Table 2.1: Area coverage percent. Note: Mean marked ® lower than means marked ® in
independent-sample t tests; mean marked ¢ higher than means marked? and ® in one-sample t
tests. Variance (SD?) was significantly lowest for group marked ¢ and significantly highest for

group marked marked &.

One-sample t tests were used to compare the area percentage of sponge coverage in the
mangrove locations (N = 3, M =32.33) to area percentage in the inner reef (N =40, M =2.09).

The sponge coverage in the mangroves was statistically greater, ¢ = -76.44, df = 39, p = 0.00,
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than the inner reef. The mangroves also had statistically greater sponge coverage than the outer

reef (N =22, M=9.19), t =-10.01, df = 21, p = 0.00.

The percent area of coverage in photographed and unphotographed transects did not differ
significantly. Kolmogorov-Smirnov tests for normality showed that the data for number of
sponges and percent area of coverage were normally distributed within each reef setting, and so
independent sample t tests could be used to make comparisons across settings. Table 2.2 shows
that the number of sponges and percent area of coverage were both significantly greater in the
outer reef areas. However, the number of sponges per area covered did not differ significantly in
the inner and outer reefs. In paired-sample t tests where data from the inner reef and the outer
reef in the same transects were paired, the results showed the same pattern of significance. In the
paired-sample t tests for data within the same transects, there were also no significant
correlations between (a) inner reef and outer reef number of sponges, (b) inner reef and outer

reef percent area coverage, or (¢) inner reef and outer reef number of sponges per area covered.

21



N M SD Range t df p  Mean difference (95% CI)

Number of sponges -2.98 18.96 0.01 -11.68(-19.89, -3.48)
Inner reef 25 6.44 6.65 0-33
Outer reef 16 18.13 14.75  2-50, many

Area % coverage -2.78 15.7 0.01 -7.88 (-13.91, -1.86)
Inner reef 25 157 2.14 0.00-8.26
Outer reef 16 945 11.21 0.12-43.00

Sponges per m* 1.43 39 0.16 0.15 (-0.03, 0.33)
Inner reef 25 0.22 0.42 0.00-1.94
Outer reef 16 0.07 0.1 0.10-0.29

Paired transects (N=16)

Number of sponges -3.53 15 0 -13.31(-21.34,-5.28)
Inner reef 4.81 3.62 1-12
Outer reef 18.13 1475  2-50, many

Area % coverage =251 15 0.02 -7.59 (-13.89, -1.28)
Inner reef 1.86 2.47 0.04-8.26
Outer reef 9.45 11.21 0.12-43.00

Sponges per m” 1.25 15 = 025 0.05 (-0.03-0.12)
Inner reef 0.11 0.1 0.01-0.25
Outer reef 0.07 0.1 0.10-0.29

Table 2.2: Number of sponges, percent area of coverage, and sponges per m? on the inner and
outer reef crests of Reef 2 compared using independent sample t tests. N is number of
measurements, M is average % coverage, and SD is standard deviation. Transects on the inner
and outer reef were evaluated separately and also evaluated in pairs. Note: On the outer reef, six
transects contained too many individual (uncountable) sponges and were not included in the

analyses. This could have affected the level of significance in the analysis for sponges per m?.
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Growth rates

All five M. grandis specimens maintained in the water tables over a ten week period exhibited
loss in biomass. All sponges remained alive and otherwise appeared healthy. Over the first four
weeks, the sponges lost an average of 16% by weight, ranging from 6 to 28% loss by weight.
Results for individual sponges are reported in the Appendix in Table A.1. Over a ten week
period, all sponges exhibited a loss in biomass with an average loss of 24% for all five sponges

ranging from 17 to 35% in wet weight.

Discussion

The appearance of M. grandis in the coral reef environment of Kane‘ohe Bay differed from
previous appearances of the sponge in environments such as major harbors and significantly
disturbed environments. Two decades after it was first observed in 1996, this invasive sponge
remains a conspicuous member of the reef community in south Kane‘ohe Bay. M. grandis’
ability to alter seawater chemistry (Shih, this volume, Chapter 3) coupled with active seawater
pumping raises questions about the ecological influence of M. grandis on reefs where the sponge
can be found. The observed long-term sustained biomass implies the adaptability of this invasive

sponge to Kane‘ohe Bay.

Unlike other alien sponges reported in Hawai‘i which appear to be relatively benign
introductions, M. grandis may present a true threat to corals and the reef communities in
Hawaiian waters (Coles and Bolick 2006). The sponge has been observed to not only overgrow
living coral, but is observed to weaken its calcium carbonate skeleton, the stony part of the reef
that provides habitat for other marine animals and is part of a double incursion on coral as

macroalgae smothers from above (McCook et al. 2001) and sponges intrude from below. Algae
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can further indirectly cause coral mortality by enhancing microbial activity via the release of
dissolved compounds high in organic carbon (Smith et al. 2006). Thus far the threat is limited to
the central and southern portions of Kane‘ohe Bay. Coles et al. (2007) noted that M. grandis was
not found near the Kane‘ohe Yacht Club despite the environment’s resemblance to other areas
M. grandis had become established. Instead, the fact that they found M. grandis predominantly
by the pier and around the Hawai‘i Institute of Marine Biology led to speculation that the point

of introduction of M. grandis could have been from Lilipuna Pier or HIMB.

Sponge abundance

Results of the sponge coverage surveys were comparable to the abundance of M. grandis on the
reefs measured by Coles et al. in 2004 - 2005 and 2007. These most recent surveys focused on
south Kane‘ohe Bay as Coles et al. (2007) found that coverage decreased substantially in all
directions from south bay, with less than 1% coverage beyond the 1 - 3 km Moku o Lo‘e
“epicenter”. The Coles et al. (2006) assessment in 2004 - 2005 included 20 permanent quadrats
on Reef 2. Of those they repeated 11 of the quadrat assessments in 2006. As the quadrats from
those studies were no longer present these follow up quadrats were placed at random along Reef
2. Also to note for comparison purposes, their quadrats were 0.66 m?> whereas the quadrats for
this study were 1 m? quadrats, therefore the data from this study and the Coles and Bolick (2006)
and Coles et al. (2007) studies are not directly comparable but serve as a record of updated
observations. Percent coverage observed in this study was comparable to mean coverage
observed in the Coles and Bolick (2006) study (an average of 4.6% versus 4.5 - 5% on the
Coconut Island and HIMB dock reefs nearby in 2004 - 2004) and less than the mean cover of

12.2% observed on Reef 2 in 2006.

24



Larger clusters of M. grandis are present in shaded areas such as along pier pilings and docks but
also grows in clear and shallow locations on the reef. It is not readily obvious if M. grandis
prefers shade or if shade and turbidity inhibit the growth of coral and thereby provide an
opportunity for sponge to grow. Areas around docks and piers also tend to be disturbed
environments and again may compromise the localized health of coral. In addition, low light
penetration may aid in sponge proliferation as it also inhibits the growth of light-dependent
macroalgae. Kane‘ohe Bay is also subject to turbidity, which can smother coral whereas sponges
can actively block pores from sediment as well as actively expel small particles. Turbidity may

also reduce light levels for algal growth.

M. grandis was also found to grow prolifically on the roots of the nonindigenous Red Mangrove,
Rhizophora mangle (Figure 2.4), native to Florida, West Indies, and South America, and is also
abundant in Pearl Harbor and Keehi Lagoon. In this situation one invasive species is providing

habitat for another invasive species, enabling a co-evolved community shift.
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Figure 2.4: Example of M. grandis growing on the roots of the invasive mangrove Rhizophora

mangle.
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Current M. grandis biomass on Coconut Island Reef 2 aligns with observation that the
appearance of the sponge has seemed to stabilize rather than completely overgrow live coral,
which had been a point of concern when it first aggressively appeared and then doubled in
abundance from 2005 to 2006. The presence of this invasive alien sponge on the reef is
nonetheless a departure from the baseline community structure, potentially altering resource
dynamics, and influencing seawater chemistry. Sponge growth and reproduction must be
balanced by predation or other forms of turnover. The “sponge loop” is at least partially
responsible for limiting the growth rate of tropical sponges. Sponges retain organic matter on
reefs through their rapid uptake of DOM on tropical reefs (de Goeij et al. 2013). However, some
tropical sponges have been measured to respire only 42% of the carbon taken up from the water
column. If the remaining 58% is used for growth, a biomass increase of 38% of body carbon per
day (more than a doubling of biomass every 3 days) would be expected (de Goeij et al. 2008a).
However, the net growth of some sponges is near zero due to rapid turnover of old choanocyte
cells shed as particulate organic matter, which enables the transfer of DOM to higher trophic
levels. This implies that sponges use the majority of carbon uptake to replenish their choanocytes
used in their water pumping system and to maintain these high rates of cell turnover. Phase
shifts to more sponges may cause carbon release rates on reefs to increase (de Goeij et al. 2013),
which could play an important role in restructuring higher trophic levels within an ecosystem
(Silveira et al. 2015). The net growth of spatially constrained sponges such as cryptic species in
the Caribbean is considered to be zero (de Goeij et al. 2008a) whereas the same assumption
cannot be made for the asconoid and vertical sponge Xestospongia muta which shows
considerable annual growth (McMurray et al. 2008). Sponges in cryptic habitats may be severely

space limited and, by consequence, could be driven to allocate more energy towards functions
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other than growth. As an encrusting sponge, M. grandis experiences spatial competition and may
tend towards function rather than growth. These results also suggest that as the sponge occupies

an area its rate of growth may slow down relative to the remaining habitable space.

Growth rates

Sponges kept in the outdoor flow through water tables did not exhibit net growth and overall
decreased in mass over the ten week observation period. Although not reported in units of mass,
Coles et al. (2007) found increases in coverage biomass on reefs over the 2004 to 2006 study
period suggesting growth. The decline in mass of sponge individuals in the water tables was
most likely due to a number of environmental differences such as changes in insolation (partially
shaded tanks versus unshaded reef) that may affect phytoplankton-derived sources of nutrition to
the sponge and the water flow in the tables compared to water movement on the reef. Sponges
have the ability to grow in response to water flow and optimize their morphology to conform to
their environment (Wilkinson and Vacelet 1979). The flow regime in the water tables differ from
water movement on the reef, as the residence time of seawater in the table was calculated to be
ca. 3 hours versus the 30 days characteristic of south Kane‘ohe Bay. Additionally, the flow of
water in the tables is unidirectional versus varying with wind and tides. Creating conditions in
the water tables identical to the flow regime and nutrient sources on the reef is not realistic for
these aquaria. The sponges may also have experienced partial starvation due to less particulate
organic matter or sources of dissolved organic matter in the water that is supplied to the
facilities. Many sponges are observed in intimate contact with corals and it is known that coral
mucus can be used as a nutrient source by sponges (Rix et al. 2016, Rix et al 2017). Tropical

sponges also undergo rapid shedding of choanocyte cells (de Goeij et al. 2013) thus sponge
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growth is not necessarily retained as biomass. Also, a review of quarterly measurements by
Coles et al. (2007) suggests that sponge growth is not constant but is in spurts, sometimes
interspersed with periods of moderate regression, and that M. grandis was observed to increase
in abundance and habitat overall within Kane‘ohe Bay in the mid 2000s. Finally, these samples
were collected around the same period that sponge eggs were discovered within the mesohyl of
some sponge samples. If there are reproductive seasons for M. grandis, the sponge may be

allocating more energy towards reproductive strategies than towards net growth.

Vicente et al. (2016) also observed a decrease in biomass of 25 - 35% in M. grandis specimens
that were collected and kept in shaded tanks over a 26 day period, although their sponges were
subject to pCO» and temperature experiments. Although positive net growth rates were not
observed in their sponges either, they did exhibit internal silica biomineralization. M. grandis
requires silica uptake to support its densely spiculated siliceous skeleton (see Figure 2.5).
Because lower levels of silica were measured in their experimental tanks compared to ambient
seawater in the bay, it was suggested that M. grandis growth was potentially limited by silica in
this experiment. Vicente et al. (2016) further suggested that diatom uptake of silica in the tanks
may have been responsible for reducing available silica. Silica uptake rates for M. grandis
increased proportionally when tanks were spiked with silica (Vicente et al. 2016). Future longer
term studies performed using caged experiments on the reef would better constrain representative
growth rates under ambient environmental conditions. Observations over different seasons and

time periods could account for differential growth phases and seasonal differences.
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Figure 2.5: Transmitted and fluorescent light confocal microscope image of M. grandis showing
siliceous spicules. Red pigment is from natural fluorescence of chlorophyll from associated

phytoplankton.

The only sponge to have been studied and observed to displace coral in the Pacific is Terpios
hoshinota in Guam (Rutzler and Muzik 1993). This aggressive sponge grows 23 mm month™!
and rapidly spread around the west and south reefs of Guam from 1971 to 1973, dominating
shallow submerged reefs (Bryan 1973, Plucer-Rosario 1987). M. grandis has spread more
aggressively than other known invasive sponges in Hawai‘i which appear to have minimal

impact (Gelliodes fibrosa, Suberites zeteki, Zygomycale parishii, and Haliclona caerulea), and
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has the potential to pose a threat to native reef-building corals in south Kane‘ohe Bay (Coles et
al. 2007). While M. grandis is the most prevalent and widespread sponge in Hawai‘i, its
abundance on Hawaiian reefs appears to have stabilized with similar reef coverage in south

Kane‘ohe Bay since 2007.

Reproduction

Reproductive strategies of M. grandis were previously unknown, although it is assumed that like
most sponges it is capable of asexual reproduction by fragmentation (Eldredge and Smith 2001).
During the preparation of sponge tissue samples clusters of sponge eggs were observed within
the mesohyl of some specimens (Figure 2.6), indicating that M. grandis is also capable of sexual
reproduction. Some sponges are able to reproduce sexually by capturing sperm that has been
released into the water column by an adjacent sponge. Samples in which eggs within the mesohyl
were observed were collected in the spring of 2017. It is unknown if M. grandis has specific
spawning seasons. The discovery of gamete cells is important as many organisms spawn under
duress and attempts to physically remove or otherwise perturb M. grandis may induce spawning

and cause further proliferation.
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Figure 2.6: Eggs within the mesohyl observed in samples of M. grandis collected in May of

2016.
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Management of the sponge in the bay

Coles et al. (2007) attempted to remove M. grandis mechanically but the results yielded no net
effect due to regrowth of the sponge and inadvertent damage to live coral. Further trials included
the injection of compressed air into the sponges which proved to be an effective method to
control proliferation, however eradication of the sponge would require expensive and extremely
labor intensive efforts (13 to 23 man hours per m? depending on the method) (Coles et al. 2007).
Although compressed air is an effective treatment, M. grandis does not appear to be significantly
impacted by exposure to atmospheric air. Clusters of M. grandis can be found exposed for hours

on pier pilings and reefs during lower tides.

Invasive sponges are likely in competition with invasive macroalgae and native coral. Rapidly
growing macroalgae smothers coral and compromised coral heads are susceptible to invasion by
opportunistic M. grandis. Unlike the top-down control on both sponges and macroalgae that are
observed on Caribbean reefs (Pawlick 2013), both M. grandis and macroalgae such as D.
cavernosa owe their success partially to the fact that they both experience low grazing pressure
within Kane‘ohe Bay (Stimson and Larned 2000, Stimson 2014). Coles et al. (2007) reported
that the principle bycatch obtained by the “Supersucker” for mechanical removal of the invasive
macroalga Gracilaria salicornia was M. grandis. Fragments of G. salicornia that are easily
moved on by waves may provide a mechanism by which M. grandis could be spread to new
areas in the bay. Because of evidence of sexual reproduction of the sponge, uncontrolled manual
and mechanical removal of the sponge should be approached with caution so as to not induce
spawning. Even sponges with relatively low growth rates are able to dominate on reefs provided
there is little-to-no predation (Gonzalo-Rivero et al. 2011). One potentially positive role of M.

grandis is based on the observation that M. grandis does not appear to be a boring sponge.
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Because it grows on the surface of reefs and on coral rubble, it is possible that the sponge could
temporarily bind rubble or hold together the reef against mechanical breakdown and from

bioerosion by other organisms (Wulff and Buss 1979).

Overall, management of algal species in the bay has allowed significantly for the recovery of
corals. This reduction of algae has reduced the opportunity for sponge to further establish
because coral is less compromised and remains spatially competitive. Dictyosphaeria cavernosa
also declined dramatically throughout the bay between February and June 2006 (Stimson and
Conklin 2008) as the result of heavily overcast and very low irradiance levels during an unusual
42-day period of continuous rain. There has been no major resurgence of the alga since 2008 and
is a rare example of a reverse phase shift from an algal-dominated to a coral-dominated
community structure on a reef (Stimson and Conklin 2008). It is worth noting that M. grandis
may have begun to spread less aggressively around this time. If macroalgae do aid in the
proliferation of sponges on coral reefs (McCook et al. 2001, Smith et al. 2006), this may be one
explanation for the stabilization of M. grandis coverage in Kane‘ohe Bay as well as the lack of
growth when sponges were isolated and incubated in the flow through seawater tanks.
Furthermore, previous increases of sponge within the bay may have altered the balance of
nitrogen substrates available to macroalgae and further reduced the pressure of algal overgrowth
on coral because of macroalgal preference for energetically favorable NH4* over oxidized forms
of N (Rees 2007) released by the sponge (Shih, this volume, Chapter 3). Preferential use of NH4"
is observed when NHy4" is available at only a few uM or less (Glilbert et al. 2015). Sponge-
hosted microbially mediated NH4" also converts N into forms available to N loss processes,

potentially enhancing the N limitation already observed in the bay.
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Predators

There are no in situ observations of nor physical evidence for natural predators for M. grandis in
Kane‘ohe Bay, however the Tiger Cowry Cypraea tigris will consume the sponge if provided as
a food source in an aquarium (current project being undertaken by Jan Vicente and Andrew
Osberg at HIMB) (see Figure 2.7). It is not known whether cowries will preferentially consume
the sponge if given other natural food options. However, predation could be one of the controls
behind the limited net growth observed in M. grandis on the reef. Some species of sea turtles
(e.g. Eretmochelys imbricata) and fish (angelfishes (Pomacanthidae), wrasses (Labridae),
(leatherjackets (Monacanthidae), boxfishes (Ostraciidae) and pufferfishes (Tetraodontidae)) are
known to be spongivores though there has been little evidence of these species acting as local
controls on M. grandis in Hawai‘i. While purely speculation, some species may interpret the
bright orange coloration as aposematic warning, though there can be little or no actual
connection to chemical or physical defenses (Pawlick et al. 1988). The coloration of sponges is
often acquired from cyanobacterial symbionts, such as Synechococcus in the red-orange
Caribbean sponge Xestospongia muta. Synechococcus is also found in the tissue of M. grandis

(this study, Chapter 4) as well as abundantly throughout Kane‘ohe Bay (Selph et al. 2018).
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Figure 2.7: Cypraea tigris feeding on M. grandis in enclosed seawater flow through tables at

HIMB.
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Conclusion

Results of this study indicate that the coverage of M. grandis in Kane‘ohe Bay appears to have
stabilized in recent years, and while the sponge does not appear to be spreading at aggressive
rates as previously feared, there appears to be no viable options for full eradication. The current
abundance of M. grandis on the reef is likely to persist especially as part of the extended phase
shift or alternative steady state found in Kane‘ohe Bay. However, invasion by the persistent alien
sponge could be exacerbated by changing climate. While coral are expected to be “losers” under
future climate regimes, sponge growth rates of six Caribbean species were not affected by pH or
warmer temperatures (Duckworth et al. 2012), and M. grandis has displayed exceptional ability
to withstand pCO; and temperature conditions that are stressful to many other organisms,
suggesting that this invasive sponge will continue to be a competitor on coral reefs in Hawai‘i in
a warmer and more acidic ocean (Vicente et al. 2016). Vicente et al. (2016) did not observe a
difference in silica uptake or growth rates in M. grandis under projected levels of elevated CO»
and temperature. In fact, studies have shown that some sponges may even benefit from predicted
conditions of acidified oceans. Spiculated sponges are able to tolerate warmer seawater
temperatures and ocean acidification and actually accelerate their attachment rates to substrates
(Duckworth et al. 2012). Decreased pH will favor the speciation of Si(OH)s and HCO3™ which
could make Si(OH)s and HCO3™ more available for the Na*/HCO3~ symporter protein to
transport and facilitate uptake of silica through the cell membranes (Zeebe and Wolf-Gladrow
2001) of organisms such as M. grandis. In addition, rates of bioerosion on the reef are
anticipated to increase with decreasing pH (deCarlo et al. 2015). A shift to greater coverage of
M. grandis on the reef away from stony coral reduces the availability of hard reef infrastructure

and habitat, as well as prevents the creation of new rocky reef which has the potential to cause an
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entire community shift. Anthropogenic activities in the bay that result in fragmentation of the

sponge or inducement of spawning could further propagate the sponge.

M. grandis will likely be present on the reefs of Kane‘ohe Bay and other partially degraded coral
reef environments throughout Hawai‘i for the foreseeable future as these reefs are unlikely to
return to pristine conditions due to continued anthropogenic activities, terrestrial inputs, and
increasing pressures of climate change. However, there is potential for returning to more baseline
conditions based on the history of recovery in Kane‘ohe Bay from previous extreme phase shifts.
A favorable outcome is enhanced through management of invasive macroalgae and minimization
of artificial nutrient loads in runoff and in submarine groundwater discharge to the bay. The
management of algae has allowed coral to recover and may have improved resilience against
spatial competition from M. grandis. However, M. grandis is an opportunist and easily
establishes on a variety of substrates in addition to compromised coral. Bleaching induced by
elevated seawater temperature is the current greatest threat to coral in the bay, especially over
longer time frames that delay recovery or bleaching events that occur over consecutive years.
Other threats experienced by coral in Kane‘ohe Bay include light limitation by increased

particulate matter in the water column and smothering by macroalgae and sedimentation.

Invasive species management is a priority for the State of Hawai‘i and the findings of this study
could contribute to local ecosystem management and preservation. Coral reefs are one of
Hawai‘i’s most valuable natural resources and face the multiple threat of algal overgrowth
enhanced by runoff and pollution, invasive species, and climate change. The consequences of an

alien invasive species as a permanent and potentially progressively more dominant member of
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the local benthic biota under anticipated future regimes should be taken into account as
regulatory agencies move towards adopting increasingly proactive climate change policies and

ecosystem-based management strategies.
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CHAPTER 3:
An invasive sponge as an important driver of nitrogen biogeochemistry on coral reefs in

Kane ‘ohe Bay, O ‘ahu
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Abstract

Sponges have long been known to be ecologically important members of the benthic fauna on
coral reefs, but there is virtually no information on the role of sponges in nitrogen
biogeochemistry of coral reefs in the Pacific. Studies of sponges particularly in the Caribbean
and Mediterranean Sea have shown that they can host a variety of microbially-mediated nitrogen
transformations. Sponges are prolific filter feeders and pump seawater for the dual purpose of
obtaining resources and removing metabolic wastes, and thus come into contact with large
amounts of water in their near environment. The alien invasive sponge Mycale grandis was
measured to pump 0.0027 L seawater s"'L! sponge or 0.016 L seawater s™! kg! sponge (dry
mass), equivalent to 115 times its own volume per day. Volume and mass normalized rates of
ISNH4* oxidation determined from incubation of '"'NH4" performed on sponges collected from
two sites in Kane‘ohe Bay ranged from 3.9 to 75.1 nmol g'h! (dry weight) and averaged 21.2
nM g'h'l. Ammonia oxidation rates determined from uptake of NH4" in sponge excurrent
compared to ambient seawater ranged from 84.5 to 339.1 nmol g'h'!. These pumping rates,
biomass, and flux rates were combined with depth and circulation parameters in south Kane‘ohe
Bay to determine the influence of M. grandis-facilitated ammonia oxidation on the
biogeochemistry of overlying reef water in south Kane‘ohe Bay. These are the first reported
ammonia oxidation rates for a Pacific sponge and the first seawater pumping rates measured for

M. grandis.

Introduction

Coral reefs have long been recognized as one of the world’s most biodiverse habitats (Birkeland

1997). These benthic reef communities are composed of hard coral, macroalgae, encrusting
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coralline algae, sponges, and other sessile invertebrates. Understanding this biodiversity and how
each member contributes to ecosystem function is critical to predicting how reef dynamics will
evolve under the trajectory of community shifts catalyzed by climate change and other
anthropogenic influences. Sponges and their role on coral reef communities are largely
understudied and underappreciated, especially in tropical Pacific regions. Furthermore, previous
research focusing heavily on binary coral and macroalgae models as indicators of reef health has
ignored key influences of other vital players within the community such as marine sponges

(Gonzalez-Rivero 2011).

In addition to an extended history as the first multicellular organism on earth and having
survived several mass extinctions that eliminated many marine organisms through episodes of
elevated CO», acidified oceans, warmer temperatures, and decreased sunlight (Botting 2017),
studies suggest sponges including the invasive sponge Mycale grandis will be resilient and
competitive in compromised ecosystems such as in coral reefs under future regimes (Bell et al.
2013, Vicente et al. 2016). Some reefs have seen a recent shift from coral dominance to sponge
dominance (Maliao et al. 2008). Because nutrient levels typically drive productivity and
ultimately food web and community structure in ecosystems (Falkowski et al. 2008) sponges and
their role in active nitrogen transformations are integral to the understanding the biogeochemical
cycles within a coastal ecosystem. Sponges harbor high concentrations of diverse and active
microbial communities (Hentschel et al. 2006) known to perform biogeochemical
transformations such as nitrification (Diaz and Ward 1997, Jiménez and Ribes 2007, Southwell
et al. 2008a, b), N fixation (Mohamed et al. 2008), anammox, and N> production (Mohamed et
al. 2010). Nitrification is the two-step microbial oxidation of ammonia (NH3) first to nitrite

(NO2") and then to nitrate (NO3"). Nitrification, and in particular ammonia oxidation, is of
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interest because it is often the rate limiting step in the marine nitrogen cycle and because rates of
ammonia oxidation in the ocean have been shown to be affected by declining seawater pH
(Beman et al. 2011). The influence of sponge nitrogen flux is enhanced by their extraordinary
seawater filtration capacity that can reach upwards of 30 L hr™! per L of sponge (Weisz et al.
2008). Their prolific pumping rates effectively expose large volumes of seawater to
biogeochemically active microbial communities within the sponge holobiont. Animal-derived
nutrients can be important drivers in structuring nutrient regimes within and between ecosystems
when aggregating organisms undergo repetitive behavior creating nutrient hotspots (Shantz

2015).

Sponges also sustain paradoxically high productivity and biodiversity on coral reefs despite
being nutrient-poor “marine deserts” by making dissolved organic matter available to higher
trophic levels (de Goeij et al. 2013). This “sponge loop”, analogous to the well-established
microbial loop in the open ocean (Azam et al. 1983) reveals an additional importance of sponges
to overall function of coral reefs ecosystems and how they can impact the delicate balance of

community structure.

Kane‘ohe Bay in O‘ahu, Hawai‘i consists of coral patch reefs and a barrier reef and has a long
history of heavy use, urbanization, and sewage discharge resulting in shifts to algal dominance
and recovery during the 25 years of sewage discharge up until 1977 - 1978 (Hunter and Evans
1995). Considered a model system, many variables are richly documented in the bay. Because
Kane‘ohe Bay is a typically nitrogen limited environment except for short bursts following
heavy rainfall (De Carlo et al. 2007) any perturbation to the N balance in the bay has the ability

to affect the overall ecosystem, potentially favoring some reef species over others.
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Mpycale grandis was only first reported on Hawaiian coral reefs in 1996 (Coles and Bolick 2007)
and is pervasive in Kane‘ohe Bay. Hawai‘i is particularly susceptible to invasive species because
of the high rate of endemism due to the archipelago’s geographic isolation (Kay and Palumbi
1987, Jokiel 1987). Recent surveys by the Smithsonian’s Marine Global Earth Observatory
program (MarineGEO) found an astonishing 150 sponge species previously unseen in Hawai‘i,
among those of which a third are new species
(https://marinegeo.si.edu/place/kane%CA%BBohe-bay-oahu, see also Nufiez Pons et al. 2017).
The cumulative influence of these sponge species could be even greater than previously
imagined and future research efforts should focus on the biogeochemical influence of these

ubiquitous benthic organisms in the tropical Pacific.

Coral reefs in the future may resemble Kane‘ohe Bay more than pristine coral reef ecosystems.
Invasive species and climate change are causing entire community baseline shifts and therefore
we seek to understand partially degraded systems such as Kane‘ohe Bay. The goal of this study
was to determine the effects of the invasive sponge M. grandis on the nitrogen speciation on
coral reef environments. I specifically measured the seawater pumping rate of the sponge and
measured the net removal or addition of dissolved nutrients in water circulated through the
sponge holobiont, as well as specifically determined the microbially-mediated ammonia
oxidation rates performed by the sponge microbiome. These pumping rates are combined with
biomass estimates (Shih, this volume, Chapter 2) and the production rates of ’NO3™ + 'NO»-
from "NH4" uptake incubations as well as the drawdown of NH4" between ambient seawater and
sponge excurrent to calculate fluxes through two experimental methods. These fluxes are then

compared with other sources of NO;™ found throughout different reef environments within
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Kane‘ohe Bay to evaluate the importance of sponge-mediated NO3™ production for reef nitrogen

biogeochemistry.

High microbial abundance (HMA ) sponges have bacterial densities that are two to four orders of
magnitude higher than in low microbial abundance (LMA ) sponges (Hentschel et al., 2006). In
HMA sponges, microbial biomass can comprise up to one third of the total sponge biomass
(Vacelet 1975). LMA sponges are characterized by higher pumping rates and higher rates of
heterotrophic feeding on particulate organic matter (Weisz et al. 2008, Schldppy et al. 2010,
Freeman and Thacker 2011). Based on the encrusting morphology of M. grandis, the higher
abundance of LMA sponges found in in shallow water (Pawlik et al. 2015), and LMA
classification of other Mycale spp. (Rutzler 1990, Gloekner et al. 2014), I hypothesized that M.
grandis is an LMA sponge, and from that further hypothesized that M. grandis would have a
higher seawater pumping rate. The hypothesis that M. grandis in an LMA sponge would have to
be further confirmed by transmission electron microscopy to quantify the abundance of
microorganisms in the mesohyl matrix or by comparison of the specific diversity of microbes
found within M. grandis to the differentiation of phylotypes observed and described for other
LMA and HMA sponges (Gloecker et al. 2014). Broad categorization of the microbial
community associated with M. grandis is explored using flow cytometry methods (FCM) and
carbon and nitrogen compound specific isotopic analysis (CSIA) of amino acids in Chapter 4
(Shih, this volume). Based on nitrification measured in several Caribbean sponges (Diaz & Ward
1997, Jiménez & Ribes 2007, Southwell et al. 2008a, b) and the presence of Crenarchaeota
phylotypes in M. grandis (Wang et al. 2009) and the high availability of NH4" in the south
Kane‘ohe Bay water column, I hypothesize that the M. grandis holobiont performs ammonia

oxidation. Finally, due to the shallow habitat of M. grandis, its abundances in south Kane‘ohe
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Bay (Coles et al. 2007, Shih, this volume, Chapter 2), as well as the low circulation within the
semi-enclosed south bay (Lowe et al. 2009), I hypothesize that M. grandis has the potential to be

an important driver of local biogeochemical cycling and nitrogen balance in Kane‘ohe Bay.

To our knowledge these are the first reported rates of ammonia oxidation by a sponge in the
North Pacific and the first reported rates of seawater pumping and rates of microbially-mediated
nitrification by the alien sponge M. grandis, the most abundant invasive sponge species on coral
reefs in Kane‘ohe Bay. By investigating the importance of M. grandis relative to other dissolved
inorganic nutrients (DIN) sources reported in literature and examining its representation as an
indicator of change on reefs in Hawai‘i, we can improve efforts in native coral habitat

conservation through increased understanding of drivers of biogeochemistry on the reef.

Methods

Site description

Kane‘ohe Bay (Figure 3.1) is the largest sheltered body of water in Hawai‘i and is on the
Northeast coast of O‘ahu. The bay is 12.8 km long by 4.3 km wide with an average depth of 8 m,
with a maximum depth of 12 m in the dredged channel, and is characterized by an extensive
coral reef system protected from trade wind swells by a barrier reef bordering the windward
margin and patch reefs and finger reefs throughout parts of the bay. The physical oceanography
of Kane‘ohe Bay and its effect on nutrient delivery to reef organisms is well known from early
descriptive studies (Bathen 1968) and from more recent 3D coupled wave-circulation numerical
models (e.g. Lowe et al. 2009). M. grandis is found in shallow waters throughout Kane‘ohe Bay,
on reefs, on or near pier pilings, mangroves, harbors, floating docks or within other shallow areas

of the bay. This invasive and introduced sponge threatens lagoon-patch reef communities around

46



Hawai‘i where it spatially-competes with and can overgrow two of the dominant reef-forming
corals in Kane‘ohe Bay (Coles et al. 2004). M. grandis is a bright orange, thickly encrusting,
asymmetrical cushiony sponge. Individuals in Kane’ohe Bay are usually observed to range from

several cms to 0.2 m across, although the sponge can reach 1 m across and over 0.5 m in

thickness.
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Figure 3.1: Map of Kane‘ohe Bay on O‘ahu, Hawai‘i and the Hawai‘i Institute of Marine
Biology on Coconut Island (Moku o Lo‘e ). The diamonds mark the collection sites of Mycale
grandis for "NH4" incubations from the reef along Lilipuna Pier and Reef 2, located just

northwest of Moku o Lo‘e .
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Collection of M. grandis for seawater pumping rates

Whole sponge pieces of M. grandis were collected from under the Lilipuna Pier in south
Kane‘ohe Bay. Sponge fragments ranged from 6 to 10 cm across and were carefully excised
using a razor and moved into a bucket containing seawater avoiding exposure to air. The sponges
were then immediately transferred by boat to the outdoor seawater flow through tables located at
Hawai‘i Institute of Marine Biology where specimens were exposed to natural daylight cycles
and allowed to acclimate for one week. Seawater is continuously pumped into the tables from the
eastern edge of Moku o Lo‘e from a region where M. grandis commonly grows, supplying a
natural seawater nutrient profile supportive of this sponge. Water tables were cleaned twice
weekly of detritus and visible algae and again the day before experiments. The flow through
water tables are approximately 150 cm long, 75 cm wide, and 15 cm deep. Residence time of
seawater in the flow through water tables was adjusted to be ~3 hours to avoid accumulation of

excess particulate detritus in the tables.

Sponge seawater pumping rates

Seawater pumping rates through M. grandis were determined for three individuals using
techniques modified from Southwell et al. (2008a) and Fiore et al. (2013). The acclimated
sponges were visually inspected and healthy sponges were selected based on fully healed
surfaces and absence of signs of necrosis or irregular coloration. Sponges were transferred to a
clear tank marked with cm and mm tickings along x, y, and z axes. A small amount of
Fluorescein dye solution was carefully injected along the perimeter of the sponge (where the
ostia are located) using a syringe. Uptake of the dye via active pumping by the sponge was
apparent within several seconds and the dye was observed to be expelled in coherent jets by the

sponge through its oscula, which are irregularly distributed every few centimeters over the
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surface of the sponge. The injection and uptake of the dye was video-recorded and the velocity
of the jets (Ax/t, where x is in cm and ¢ is time in seconds) was estimated by the progress of
distinct ripples along markings on the x, y, and z axes by the jets of sponge excurrent (Figure
3.2). The video was slowed to one quarter speed to more accurately constrain the velocity of the

jets.

The velocity of the jets perpendicular to the plane of the sponge at the site of the osculum was
measured in triplicate and averaged for each observation. Velocity was then multiplied by the
area of the excurrent plume (assumed to be 7r? based on the best estimate of the radius of the
plume) to obtain the volume of seawater being pumped by the sponge per second. The volume of
pumped seawater was normalized to the volume of the sponge (L seawater s™' L'! sponge) and by
dry mass (L s™! kg'! dry weight). To determine the conversion of wet weight (WW) to dry weight
(DW) for M. grandis, the weights of five samples of saturated sponge were measured, freeze
dried (VirTis benchtop freeze dryer) and reweighed. Using this method, the dry weight of M.
grandis was determined to be 0.16 of the wet weight, (or DW:WW = 1.6:10). The average
density of M. grandis (wet), determined through volume displacement of water compared to the

wet weight of sponge sample is 1.08 g mL™".
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Figure 3.2: Distinct jets of Fluorescein dye expelled from the oscula of M. grandis showing

ripples used to estimate velocity of jets along x, y, and z axes in cm and mm.
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Sponge collection for YNH4* oxidation incubations

Specimens of M. grandis were collected from under the Lilipuna Pier near Moku o Lo‘e
(Coconut Island) and Reef 2 (Fig 3.1) for a total of ten ’NH4" oxidation rate experiments.
Nitrification rates were determined for M. grandis by conducting incubations of sponge pieces in
ISNH4" using techniques described in Southwell et al. (2008a). Ammonia oxidation by the sponge
is evidenced by the "NH4" tracer appearing in the NO3™ + NO, pool in increasing concentrations

over the duration of the incubation as well as an increase in the concentration of NO3;™ + NO;".

For the first set of incubations which were performed at a concentration of 5 pM "NH.4", pieces
of sponge were harvested and fastened to segments of weighted PVC with zip ties and left to
acclimate in situ near the site of collection. After one week, sponge pieces were examined to
ensure they were healthy and absent of necrosis. Sponges were transferred into buckets without
exposure to air and immediately brought to outdoor facilities at the Hawai‘i Institute of Marine
Biology. Incubations were initiated within a half hour of collection and conducted in natural

daylight.

Live samples of M. grandis for incubations at lower concentration of "'NH4" (0.1 uM and 1.0
uM SNH4") were collected from Lilipuna Pier and Reef 2 and immediately transported in
seawater to outdoor open seawater flow through tables at Hawai‘i Institute of Marine Biology for
acclimation. Prior to the ammonia oxidation incubations, the sponges were allowed to acclimate
for a period of one week and inspected for any signs of necrosis. Tanks were regularly cleaned of
algal growth. All sponges remained healthy throughout the acclimation period and were used for

the ammonia uptake incubations. Volume and weight of sponge samples for rate calculations
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were determined by water displacement and by measuring the wet weight of each sponge
sample. Two additional sets of incubations using acclimated sponges were performed each at
concentration of ’NH4" of 5 uM and 10 uM, which minimized effects of isotope dilution due to

NH," production in the experiment (Kanda et al. 1987) .

Ammonia oxidation incubations

The incubations were performed in open top constant volume tanks of known volume containing
ambient seawater sourced from the site of sponge collection and were continuously aerated with
standard aquarium pumps (Rio Plus 600 Powerhead Aqua Pump) running through an air stone
throughout the incubation. To begin the incubation, "NH4" (Isotec ammonium-'°N chloride 98
atom %) was added to a concentration of 5 uM, which matched ambient levels of NH4* in south
Kane‘ohe Bay (measured to be 4 to 13 uM during the sampling periods for this experiment).
Two additional sets of ammonia oxidation incubations using identical procedural steps were
performed using tracer levels of >N-labeled NH4* (0.1 uM and 1.0 pM), defined as 10% or less
of the typical range of ambient ammonium concentration. Tracer level experiments are designed
with the idea of not excessively increasing the concentration of NH4" above ambient levels
during the incubation. Additional incubations were repeated at concentration of "'NH4" of 5 uM
and 10 pM NH4*, but most of the NOs™ + NO,™ pool samples drawn from these incubations
could not be analyzed because they contained too much >N label for reliable measurement (i.e.,
the working range of the detector on the mass spectrometer during analysis was greatly
exceeded). "'NH4* was also added to control incubations conducted in enclosures without
sponges for each set of incubations to account for nitrification that could be occurring in the

seawater. Samples of seawater were drawn at the start of the incubation upon addition of "NH4"
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(to), 30 minutes, 1 hour, 2 hours, and 4 hours. The incubation was conducted in ambient outdoor
conditions and water samples were collected in HC1 washed 60 mL HDPE bottles. Collection
bottles were rinsed three times with sample seawater before collection and samples were kept on
ice during the experiment. Immediately following the incubation, samples were transported to

the University of Hawai‘i at Manoa and stored at -20°C until analysis.

Sample analysis

Samples were analyzed using the “denitrifier” method (Sigman et al., 2001) using methods as
described previously (Popp et al., 1995; Dore et al., 1998). Briefly, "’NOs™ + >'NO," present in
each sample was converted to '"'N,O gas through denitrification by Pseudomonas aureofaciens,
transferred from the reaction vial, cryofocused, and separated from other gases using a CP-
PoraBOND Q capillary column (0.32 mm inner diameter x 25 m x 5 um) held at 20 — 25°C. §'°N
values of N2O were analyzed using a ThermoFinnigan MAT 252 isotope ratio mass spectrometer
coupled to a modified GasBench II interface (Beman et al. 2008, Christman et al. 2011).
Ammonia oxidation rates were calculated from 8'°N values as previously described (Christman
et al. 2011, Beman et al. 2012); the detection limit for this measurement (0.001 nM d™') was
determined by using the detection limit for [NH4] and [NOy], as well as the uncertainty in stable
isotope measurements using this equipment (Beman et al. 2011). Reference materials (USGS-32,
NIST-3, and UH NaNOs) and blanks were bookended every 7 - 14 samples. The measured §'°N
values were linearly correlated (R = 0.996 - 0.999) with the accepted 8!°N values of the

reference materials. Duplicate analyses of procedural blanks were below the limit of detection.
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Ammonia oxidation rates ('*Rox) from 8!°N values of the accumulated NO3™ + NO>™ pool were
calculated using the equation (Eq. 3.1) and methods described in Beman et al. (2011) and

modified from Ward et al. (1989),

(n, —”om;> X [NO; + NOZ'}

15Rox =
<HNH4~ —I’lon) Xt
‘ (Eq. 3.1)

where n; is the atom % >N in the NOs~ + NO, pool measured at time ¢ in the incubation, ngnox- is
the measured atom % "N of unlabeled NO3™ + NO;", nong++ is the background atom % >N of
NH4*, [ NO3 + NO»] is the concentration of the NOx™ pool, and nyuy+ is the atom % enrichment
of NH4" at the beginning of the experiment. The N natural abundance of unlabeled NH4" was
assumed to be 0.3663 atom % "N and initial atom % enrichment of the substrate at the
beginning of the experiment nxus+ was calculated by isotope mass balance based on measured
ambient NH4" concentrations (which ranged from 0.3 to 13.5 umol L!) in the seawater used
during the incubation. Nutrients were analyzed at the SOEST Laboratory for Analytical

Biogeochemistry (S-LAB).

To compliment measurement of rates of ’NHs oxidation, rates of NOs™+ NO; ~ production were
also calculated using the increase in peak area of masses 44 ("*N!*N'60) and 45 ("’N'*N'®O or
MNISN'60) in samples incubated in the presence of 0.1 uM and 1.0 uM '"NH4". Peak areas
corrected for background were measured using techniques described above from each
experimental data point, giving the concentration of N>O produced, which can only originate

from NO2 ~ or NO;3™ produced via the denitrifier method used in this analysis (Sigman et al.
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2001). Therefore, in these experiments, increases in mass 44 as a function of time is attributed to
the formation of '*NO," and "*NOs", whereas mass 45 is attributed mainly to the formation of
I5NO;" and '>NOs". Calibration was achieved using known quantities of reference materials at
the start and end of each analysis sequence as well as after approximately every ten samples. The
slope of the regression of the sum of masses 44 and 45 as a function of time was used to

calculate the rate of production of NO3"+ NO> ~.

Concentration of nutrients in excurrent versus ambient reef water

The nutrient profile of sponge exhalent (seawater exiting the sponge) from M. grandis was
compared to surrounding ambient seawater to determine A[analyte], the excurrent concentration
of the measured nutrient minus the ambient concentration of the measured nutrient, for analytes
NH4*, N+N (NOs™ + NOy), total nitrogen (TN), PO4*, and silicate (Si(OH)4). Seawater samples
representative of sponge excurrent were drawn by carefully inserting a syringe needle 0.5 cm
into the cavity of the oscula and slowly drawing (~1 mL s™!) the sponge excurrent water sample.
The ambient seawater sample was drawn from the adjacent water column 0.3 m to the side of
and away from the sponge. Samples were filtered through 0.22 pM syringe filters (Millex GV
Durapore) into sample bottles which were rinsed 3x with sample material before drawing the
final water sample. The nutrient samples were placed on ice, transferred to the University of
Hawai‘i at Manoa and stored frozen at -20°C until analysis. Sample 60 mL HDPE bottles and
syringe barrels were washed with Liquinox® Detergent, rinsed well with deionized water and
soaked in freshly made 10% HCI for 24 hours, rinsed again in DI water and allowed to dry.
Syringe plungers were washed with Liquinox® Detergent, rinsed with DI water, soaked in 10%
HCI for 10 minutes, rinsed well with DI water and air dried. 18 gauge 1 % inch needles were

washed in Liquinox® Detergent and rinsed with DI water and allowed to dry. Initial attempts to
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collect samples from the field were not successful as surface movement of water on the reef
made it challenging to maintain the position of the syringe and the needle would tear the small-
sized oscula on the sponges, and therefore the in sifu method was not conducive to yielding
meaningful samples. Therefore, samples were drawn from 5 sponge individuals collected from
Reef 2 and kept in the large seawater flow through aquaria at the Hawai‘i Institute of Marine

Biology.

DIN analysis

Sponge exhalent and ambient reef water nutrient samples were submitted to the SOEST
Laboratory for Analytical Biogeochemistry (S-LAB) at the University of Hawai‘i at Manoa for
analysis of dissolved inorganic nutrients. The S-LAB utilizes methods and procedures outlined
by Seal Analytical for the AA3 Nutrient Autoanalyzer (BRAN-LUEBBE, Hamburg, Germany).
Ammonium is measured fluorometrically following the method of Kerouel and Aminot (1997).
N+N is analyzed via the diazo reaction based on the methods of Armstrong et al (1967) and
Grasshoff (1983). Total Dissolved Nitrogen and Phosphorus (TDN and TDP) analyzed under an
in-line UV digester following the method developed by the University of Hamburg in
cooperation with the Ocean University of Qingdao for the autoanalyzer. The determination of
orthophosphate is based on the colorimetric method of Murphy and Riley (1962). Silicate is
measured using the method of reduction of silicomolybdate in acidic solution to molybdenum
blue by ascorbic acid (Grashoff and Kremling 1983). The mean detection limit (MDL) is defined
as three times the standard deviation of the analytical blank as was dependent on the range of the
analyte in the sample. The MDLs in the ranges of detection were as follows: MDL = 0.009 pmol

L! for PO4*" in the range 0 - 3 pmol L™!, MDL = 0.09 pmol L™! for Si(OH)4 in the range 0 - 40

57



umol L™!, MDL = 0.06 pmol L™! for NO>" + NOs in the range 0 - 4 pmol L™}, and MDL =
0.132 pmol L™! for NO," + NOs in the range 0 - 43 pmol L™!, and MDL = 0.42 pumol

L! for NH4" in the range 0 - 42 umol L™!. Volume normalized ammonia uptake rates by the
sponge from this experiment was calculated as the product of its pumping rate and ANH4"
concentration between ambient seawater and the sponge excurrent samples, and ammonia
oxidation rates were calculated normalizing to sponge volume and weight by using sponge

density and dry and wet mass conversions determined for M. grandis in this study.

Results

Pumping rates

M. grandis was determined to pump at 114.9 + 15.1 (mean £+ 1 SD; n = 10) times its own volume
per day, or a mean of 0.0027 L seawater s"'L"! sponge. M. grandis individuals did not show
significantly different average excurrent flow rates over the measure period (signed-rank test, p =
0.06). The pumping rate of seawater by the sponge ranged from 0.0025 to 0.0028 L seawater s™!
L! sponge (Figure 3.3), or 0.015 to 0.016 L seawater s! kg™! sponge (dry mass) (Figure 3.4). A
Wilcoxon signed-rank test showed that the pumping rates did not differ significantly from each
other (z =-1.84, p =.07). Although attempts to measure flow rate in the field were unsuccessful
due to excessive surface water movement disrupting the excurrent plume, the rate of uptake of
Fluorescein dye as determined by the time it took to appear in oscula were similar in the field as

those observed in the tank experiments.
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Figure 3.3a: Pumping rate per volume of sponge (reported in L seawater s™! L' sponge)
determined for M. grandis (mean + 1 SD, n = 10) for M. grandis individual #1 (clear) and M.

grandis individual #2 (filled).
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Figure 3.3b: Pumping rate by dry weight of sponge (L seawater s! kg™! dry weight sponge)
determined for M. grandis (mean + 1 SD, n = 10) for M. grandis individual #1 (clear) and M.

grandis individual #2 (filled).
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Ammonia Oxidation Rates

The volume and mass normalized rates of "NH4" oxidation ranged from 3.9 to 75.1 nmol g'h’!
(dry weight) (see Appendix Table A.2) and averaged 21.2 nmol g''h"! over all incubations. All
incubations for the three different concentrations of "NH4* added showed active and sustained
rates of ammonia oxidation, with no indication of rates declining over the course of the
incubation. At the 0.1 uM concentration of added "NH4* (n = 10 measurements), the average
ammonia oxidation rate was 23.5 nmol g'h! for all sites; at the concentration of 1.0 uM SNH4*
added (n = 7 measurements), the average ammonia oxidation rate was 60.2 nmol g''h'! (Table
3.1); and at the concentration of 5.0 uM added (n = 15 measurements), the average ammonia
oxidation rate was 8.4 nmol g''h (Table 3.2). Ammonia oxidation by site from where the sponge

was collected is reported in Table 3.2.

The rates determined from each 1.0 uM incubation was significantly different from each 1.0 uM
and 5.0 uM incubation outside of two standard deviations. Neither 0.1 pM incubation was
statistically different from either 5.0 uM incubations outside of two standard deviations. All 0.1
uM, 1.0 uM and 5.0 uM incubations were not statistically different from the other incubation
performed at the same concentration. For all incubations performed at 0.1 uM, 1.0 uM and 5.0
uM, rates were lowest at the 5.0 uM concentration. Although only two rate measurements from
the experiments performed in the presence of 10 uM "NH4" are considered to be reliable
because of excessive incorporation of the label into the NO3™ + NOy™ pool in the remaining
samples, rates at 10 pM were lowest of all and comparable to rates measured at 5 uM. Rates
peaked at the intermediate 1.0 pM incubations, which also matches typical concentrations of
NH;4" in Kane‘ohe Bay most closely. Ammonia oxidation rates for each time interval of all

incubations are reported in the Appendix in Table A.2.
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- NH," ox. rate (nmol h' g'l) NH," ox. rate (nmol h! g'l)

Sponge “NH," added accumulation in *NO;” +'*NO, pool  increase in peak area in masses 44+45

A 0.1 utM 14.9 26.38
B 0.1 uM 28.6 21.25
Average 0.1 pM 235 23.82
C 1.0 uM 75.11 22.95
D 1.0 uM 55.25 17.5
Average 1.0 uM 60.22 20.23

Table 3.1: Ammonia oxidation rates of M. grandis determined using accumulation of >N in the
N+N pool and using increase in peak area of masses 44 (*N'¥N'°0) and 45 ('>’N'“N'®O or
MNN!®0) as a function of time in "'NHj incubation experiments performed at 0.1 pM and 1.0

uM. Rates are reported in nmol h'! g! sponge (dry weight).

Concentration 15NH4+ added
0.1 pM 1.0 uyM 5.0 uM

Reef 2 14.9 75.1
Lilipuna Pier 28.6 55.3 8.4

Table 3.2: Average ammonia oxidation rates by collection site and by concentration of "NH4*
added reported in nmol g'h"! determined from '"NH4" incubations of M. grandis. All ammonia

oxidation rates are reported in Table A.2 in the Appendix.

Volumetric ammonia oxidation rates were converted into flux rate estimates on the reef by
assuming an average thickness of 10 cm to 20 cm of M. grandis. Sponge thickness ranged from

<1 cm to up to 50 cm on the reef in assessments performed for this study, however the
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overwhelming population of M. grandis on the reef was between 10 and 20 cm thick and so this
assumed best range was chosen to calculate flux. On Reef 2, average M. grandis coverage was
4.6% whereas coverage in the Lilipuna fringing reef averaged 2.9%, and coverage averaged
32.3% in the mangroves on the northern edge of Moku o Lo‘e (see Chapter 2, this volume). The
calculated benthic flux of DIN from M. grandis nitrification (per m? of projected reef area) for
Reef 2 is 1.92 to 3.84 mmol m2 d!, 1.21 to 2.42 mmol m d"! on Lilipuna Pier fringing reefs,

and 13.5 t0 26.9 mmol m d! within mangroves (See Table 3.7).

Five out of six of the '>’NH4" incubations of M. grandis showed a steady linear accumulation of
5N in the NO3s™ + NO>™ pool over the four hour period indicating oxidation of >’NH4" added in
concentrations representative of a typical range of NH4" levels found in Kane‘ohe Bay. Control

incubations containing no sponge showed no detectable !°N enrichment in the NOx pool.

(a) 0.1 uM SNH,*

Time (hours)

(a)
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Figure 3.4: Accumulated atom % '*N in the NOs~ + NO>" (N+N) pool over a four hour "NH4*
incubation of Mycale grandis at 0.1 uM (a.), 1.0 uM (b.), and 5.0 uM (c.). Each figure includes
two independent sponge incubations at the same concentration. In (a.) both sponges were
collected from under the Lilipuna Pier. For incubations (b.) and (c.) sponges indicated by filled
circles were collected from Lilipuna Pier and sponges indicated by filled squares were collected
from Coconut Island Reef 2. For (b.) (the 1.0 uM incubation) water samples drawn beyond the

two hour time stop maxed out the detector on the ThermoFinnigan MAT 252.
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Rates of NO3™ + NO; ~ production determined from the increase in peak area of masses 44 and 45
from incubation experiments in the presence of 0.1 uM "NH4 averaged 23.8 nmol day™! g!
sponge (dry weight) (SD = 3.6) and ranged from 21.3 to 26.4 nmol day™! g'! (Table 3.1). In
results from incubation experiments in the presence of 1.0 S'NH4", the average rate of NOs™ +
NO;" production was 20.2 nmol day™! g'! sponge (dry weight) (SD = 3.9), and ranged from 17.5

to 23.0 nmol day! g'! sponge (Table 3.1).

Change in nutrient concentration in excurrent versus ambient reef water

The concentration of nutrients, [NH4"], [N+N] ([NO3™ + NOz]), [TN] (total nitrogen), [TP] (total
phosphorus, [POs*] (phosphate), and [Si(OH)4] (silicate) was measured in the sponge excurrent
relative to ambient concentrations. A[analyte] indicates the change in nutrient concentration (in
umol L) from the ambient to exhalent sample (A-E). In four of the five sponges sampled, there
was a drawdown in [NH4"] in seawater that had passed through the sponge (see Table 3.4). In the
four sponges that showed a drawdown of [NH4*], the average A[NH4"] was 2.97 umol L', which
is a drop by one third (33.6%) of the ambient [NH4"] in these samples (average of 8.85.

umol L1). For all 5 sponges, the average A[NH4*] was 2.12 umol L', which is over one third
(36.7%) of the average ambient level of ammonium measured in Kane‘ohe Bay (5.78 umol L)
in conjunction with these experiments. Average A[N+N] (A-E) was 0.06 umol L! (ranging from
-0.05 t0 0.18 pmol L), 2.23 pmol L! for A[TN] (-1.05 to 5.51 umol L), 0.08 umol L' for
A[TP] (-0.13 to 0.28 pmol L), -0.02 umol L' for A[PO4+*] (-0.09 to 0.04 umol L), and 0.5
umol L for A[Si(OH)4] (-2.76 to 3.99 umol L!). Individual measurements for the excurrent and
ambient reef water samples are reported in the Appendix in Table A.3. Due to the small number
of samples (n = 5), the non-parametric Wilcoxon signed-rank test was used to test for significant

differences in nutrient concentrations in sponge excurrent and ambient seawater samples. Table
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3.4 shows that [NH4"] in the excurrent were lower than the ambient concentrations, though the
difference in rank sums was marginally significant (p < 0.08). [TN] in the sponges’ excurrent
were also marginally significantly lower than in the ambient seawater samples (p < 0.08).
Exhalent [TP] and [PO4*"] concentrations were greater than ambient [TP] and [PO4>"] in 3 of the
5 sponges samples, whereas 4 out of 5 samples of exhalent concentrations were lower than the
ambient concentrations for all other nutrients. Changes in [NH4*], [NO3™ + NO>], and [TN] (total
nitrogen) were more significant than changes in [PO4+*] and [Si(OH)4]. Table 3.4 also presents
the mean differences in the ambient and exhalent concentrations together with 95% confidence
intervals for the differences in scores. Volume normalized ammonia oxidation rates based on the
drawdown in NH4" between the ambient seawater and sponge excurrent samples range from 14.6
to 58.6 pumol h'! L' of sponge or 84.5 to 339.1 nmol g'h™! (dry weight) which are approximately
5x higher than ammonia oxidation rates determined in the "NH4" oxidation incubations (Table
3.3). Flux rates of ammonium uptake calculated from the drawdown of NH4* by M. grandis (per
m? of projected reef area) for Reef 2 is 10.1 to 80.9 mmol m? d!, 6.4 to 51.0 mmol m? d! on
Lilipuna Pier fringing reefs, and 70.7 to 567.8 mmol m d"! within mangroves, although it is
important to note that these values serve as a proxy for ammonia oxidation/ammonia uptake rates
rather than net flux of N+N as a product of nitrification, as the AIN+N] between ambient and

excurrent samples were insignificant.

Vol. normalized flux (1mol h”' L™") NH," oxidation rate (nmol g’ h™)

NH," tracer experiments 0.7-8.0 39-46.4
NH," uptake excurrent v. ambient 14.6 - 58.6 84.4 -339.1
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Table 3.3: Range of volume normalized ammonia oxidation rates in umol h'! L'! and ammonia
oxidation rate by mass in nmol g! h'! (dry weight) determined from ""NH4" incubations

compared to rates determined from A[NH4"] in sponge excurrent versus ambient seawater

samples.
Samples Ambient (A) Exhalent (E) A>E A<E Mean difference
Nutrient n Mean (pmol L) SD Mean (nmol LY SD n n z P A-E (95% CI)
NH, 5 7.9 3.61 5.78 1.31 4 1 1.75 0.08 2.12 (-1.05, 5.28)
Sum ranks 14 1
Expected 7.5 7.5
N+N 5 0.41 0.25 0.34 0.16 4 1 1.48 0.14 0.06 (-0.05, 0.18)
Sum ranks 13 2
Expected 7.5 7.5
TN 5 10.4 2.28 8.17 0.53 4 1 1.75 0.08 2.23 (-1.05, 5.51)
Sum ranks 14 1
Expected 7.5 7.5
TP 5 0.8 0.56 0.72 0.52 2 3 0.41 0.69 0.08 (-0.13, 0.28)
Sum ranks 9 6
Expected 7.5 7.5
PO,> 5 0.1 0.04 0.12 0.01 2 3 -0.94 0.35 -0.02 (-0.09, 0.04)
Sum ranks 4 11
Expected 7.5 7.5
Si(OH), 5 8.79 0.93 8.17 2.18 4 1 0.67 0.5 0.62 (-2.76, 3.99)
Sum ranks 10 5
Expected 7.5 7.5

Table 3.4: Mean sponge exhalent versus ambient seawater nutrient concentrations in pmol L-!
reported with signed-rank comparisons for sponge exhalent (E) and ambient (A) seawater
nutrient concentrations. A>E is number of samples in the sample set with a higher nutrient
concentration in the ambient sample than in the exhalent sample and A<E is the number of

samples with a lower nutrient concentration in the ambient sample than in the exhalent sample. A
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value of p < 0.10 is considered as indicative of a marginally significant difference the between

mean ambient concentration and mean exhalent concentration.

Discussion

The sponge M. grandis competes spatially with other benthic organisms in Kane‘ohe Bay as an
alien and invasive species that does not provide the same habitat as native reef-building stony
coral. Furthermore, the results of this study support the main hypotheses that M. grandis alters
the nitrogen balance on reefs based on the measured seawater pumping rates by the sponge and
its ability to facilitate microbially-mediated ammonia oxidation. The effects of altered nutrient
concentrations found in sponge excurrent is retained on the localized reefs because of long
residence times and sluggish circulation within Kane‘ohe Bay. Though the pumping rates of M.
grandis are on the low end compared to rates reported for other sponges and the nitrification
rates are moderate compared to other sponges, M. grandis plays an important role in
biogeochemical cycling within the N limited, shallow habitats of Kane‘ohe Bay where this
sponge is found. The DIN flux from M. grandis is higher than other non-sponge sources reported
in other coral reef environments and compared to other benthic fluxes previously measured in

Kane‘ohe Bay (Table 3.7).

Pumping rates

The pumping rate of M. grandis (0.0027 L s™! L'!) was comparable to the low end of rates
measured for various Caribbean and Floridian sponge species and was an order of magnitude
lower than some Caribbean sponges (Table 3.5). Weisz et al. (2008) measured rates for sponges
on the Florida Keys ranging from 0.005 to 0.578 L s'! L*! for 25 species of LMA, HMA, and

unclassified sponges. Volume normalized pumping rates for other sponges fell within this range
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as well (Gerrodette and Flechsig 1979, Fiore et al. 2013, McMurray et al. 2014, Fiore et al. 2017)

(see Table 3.5).

Species Pumping rate (L seawater s'L! sponge)

M. grandis 0.0027 This study

25 assorted FL Keys spp. 0.005 - 0.578 Weisz et al. 2008
X muta 0.028 - 0.056 Fiore et al. 2013

S. vesparium 0.17+0.11 Fiore et al. 2017

1. campana 0.08 Fiore et al. 2017

Table 3.5: Seawater pumping rate of M. grandis compared to seawater pumping rates measured
in a variety of other tropical Caribbean and Floridian sponges, in liters of seawater pumped per

second per liter of sponge.

Despite the relatively low pumping rate of M. grandis compared to some Caribbean sponges, it
can significantly influence the nutrient balance on these reefs because of the shallow depth of its
habitat and the long residence time of seawater (>30 days) in south Kane‘ohe Bay (Lowe et al.
2009). Pumping rates measured for M. grandis may be low compared to some other sponges for
several reasons. The low pumping rate is consistent with M. grandis being classified as an HMA
(high microbial abundance) sponge, as HMA sponges exhibit lower pumping rates (Weisz et al.
2008) although this is only one parameter of HMA/LMA classifications. Sponges are able to
adjust their pumping rates and flow patterns based on their nutritional needs or stop pumping
altogether. Sponges under stress may also reduce or suspend their pumping (Reiswig 1974). The
pumping rates determined in these experiments were measured from initially cut but visually
healed sponge fragments that had been transferred from one tank to another and may or may not

have resumed their maximum pumping activity. Unfortunately, the small size of the oscula on M.
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grandis was not conducive to measuring rates in situ. Initial attempts to use the Fluorescein dye
method on sponges in situ did not result in coherent or sustained visible streams of dye in the
sponge excurrent because of wave surge even on very calm days, necessitating that Fluorescein
dye experiments be conducted in the more controlled environment of an aquarium tank with
seawater flow temporarily halted. However, the time it took for Fluorescein dye to be taken up
by the sponge and appear in the oscula was similar in the field as that in the aquarium suggesting

the pumping rates in the field are similar to those measured in the laboratory.

Influence on reefs in south Kane ‘ohe Bay

Biomass assessments in three different environments were performed within south Kane‘ohe
Bay, the region found by Coles et al. (2007) to have the highest abundances of M. grandis.
Findings from Coles et al. (2007) on 18 reefs throughout Kane‘ohe Bay indicated that the sponge
had its greatest surface area coverage in the south bay near the Hawai‘i Institute of Marine
Biology (HIMB) pier and Coconut Island. Furthermore, coverage on other reefs decreased to less
than 1% on reefs at 1-3 km from this area of maximum abundance. Therefore, I found it most
productive to focus on these data rich areas of high abundance. The exact contribution to
biogeochemical cycling on the reef cannot be fully quantified without a comprehensive survey of
the coverage of M. grandis on all reefs in south Kane‘ohe Bay, including regions that were not
surveyed here nor in previous studies, but the degree of impact over these studied areas can be
extended to reasonably represent potential impacts on and in similar shallow reef environments

where M. grandis is present.

M. grandis coverage on the reef was determined for three distinct environments in these areas of

high abundance near HIMB: On a reef crest, on a fringing reef, and within mangrove roots. For
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each region, the degree of influence of M. grandis can be described by the amount of time it
takes M. grandis to overturn the overlying water column for each zone. Using the average
biomass found in each zone and the corresponding water depth, the amount of time for all of the
overlying water to circulate through the sponge is remarkably short due to the shallow water
depths. As seawater is filtered through M. grandis, it comes into contact with the sponge’s
biogeochemically active microbiome. Over Coconut Island Reef 2, the volume of the entire
overlying water column is pumped through M. grandis in 1.9 days, using the average water depth
of 1.0 m over the reef crest as determined from a composite bathymetric map (Figure 3.5).
Equivalently, this is the entire volume of the overlying water column circulating through M.
grandis 16 times in a 30 day period, which is approximately the seawater residence time in this
region. It requires just 3 days for the overlying water column to be circulated through M. grandis
on the Lilipuna Pier fringing (average depth ~1m) or approximately 10 times per 30 day period.
Within the mangrove root habitat with an average depth of ~0.5m, it takes merely 3.25 hours for
seawater to be circulated through the M. grandis community, or 223 times per 30 day

period. Due to the long residence of seawater in these habitats, the biogeochemical byproducts
of the sponge are not expected to be immediately flushed or mixed away but rather retained

within the system.
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Figure 3.5: Bathymetric map of Kane‘ohe Bay from NOAA/Army Corps of Engineers LIDAR
showing depths used to calculate seawater turnover times of seawater filtered through M.

grandis.
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South Kane‘ohe Bay is characterized by extremely slow circulation with a residence time
spanning two weeks to two months depending on wind forcing and to a much lesser extent on
tidal forcing. Wind stress can slightly decrease the residence time of otherwise sluggish southern
lagoon waters. The effect of tides is minimized by the negligible phase difference in the tides
along the entrance of the bay and its relatively short extent (~8 km) (Lowe et al. 2009). The
overall residence time is broadly considered to be ca. 30 days, with a minimum of 20.9 days and
a maximum of 49.2 days (Lowe et al. 2009). This region is only weakly connected to the open
ocean because the geographically isolated region is largely enclosed by Mokapu Peninsula and
its connectivity with the rest of Kane‘ohe Bay is limited to just two narrow channels on either
side of Coconut Island. The net slow movement of water in the bay is typically driven by the
predominant trade winds, generating a clockwise circulation in the southern sector of Kane‘ohe
Bay, resulting in the slow flow of riverine inputs along the shore northwards. Under “Kona”, or
southwesterly wind conditions, stream inputs are advected more directly northwards towards the

sea from the Kane‘ohe Stream mouth (Ostrander et al. 2008).

Diffusion, rather than turbulent mixing, dominates the transport of dissolved organic materials
within and through the boundary layer. Consequently, nutrients may accumulate near the
sediment and are slow to mix into the overlying water column. For example, in Kane‘ohe Bay
when nutrients are released from the sediments at higher rates than the rate of mixing into the
water column, a nutrient-enriched zone develops from which benthic algae may acquire nutrients
(Stimon and Larned 2000). A similar phenomenon of nutrients hotspots may occur through

sponge-released DIN.
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Nitrification

The rates of ammonia oxidation by Mycale grandis fall within the ranges reported for other
sponges (Table 3.6). Nitrification rates of 14.7 and 8.8 nmol cm™ day! (equiv. to 0.61 and 0.37
nmol cm~h!) were found for Mediterranean sponges D. avara and C. reniformis, respectively
(Schlappy et al. 2010), 566 nmol N cm day! for the Atlantic sponge G. barretti (Hoffman et al.
2009), and 3 to 13 nmol N g (dry weight)! min! for six common sponges widely distributed in
Mediterranean sublittoral rocky bottom habitats (4. oroides, D. avara, C. reniformis, A.
polypoides, I. oros, and A. aerophoba) (Jiménez and Ribes 2007). Among tropical sponges, Diaz
and Ward (1997) found that NO, accumulated during all the experiments with 0. violacea (170
to 580 nmol g'! h'!), while NOs", accumulated with P. zeai (0 to 1033 nmol g! h), C. nucula
(360 to 2650 nmol g! h'!), and P. halichondroides (0 to 320 nmol g! h!). Nitrification rates as
high as 1umol g h'! in X. muta were reported by Southwell (2007) though later studies observed
a negative flux of N+N indicating either denitrification or anammox processes were taking place
(Fiore et al. 2013). For further comparison, M. grandis nitrification exceeds other known benthic
environments where nitrification rate was measured, such as in consolidated coral reef carbonate
sediments on the Great Barrier Reef that produce at a maximum measured nitrification rate of 3.8

nmol g! of dry sediment per hour.
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Source Nitrification rate Study

M. grandis 3.9 - 46.4 nmol g'h This study

Mediterranean sponges (6 spp. ) 180 - 780 nmol g-h- Jimenez and Ribes 2007

O. violacea 170 - 580 nmol g-h- Diaz and Ward 1997

P. halichondroides 0 - 320 nmol gh- Diaz and Ward 1997

G. barretti 56.6 nmol g-h- Hoffman et al. 2009

X muta 0-1 pmol gh Southwell et al. 2008, Fiore et al. 2013
Consolidated reef sediments 3.8 nmol g-1 h-1 Capone et al. 1992

Table 3.6: Ammonia oxidation rates in M. grandis compared to rates measured in a selection of
Caribbean and Mediterranean sponges. Rates of ammonia oxidation are comparably low but fall

within order of magnitude range compared to other sponges.

The flux of DIN from M. grandis on the Reef 2 reef crest and Lilipuna Pier fringing reef are
comparable to flux rates from other coral reef sponge nitrification rates measured in the
Caribbean (12 mmol m? d"! NO3™ DIN for C. nucula and A. varians (Corredor et al. 1988), 5.8 to
10.9 mmol m? d"! NO3™ + NOy" for P. zeai (Diaz and Ward 1997), and 13 + 2.8 mmol m? d*! for
14 specific sponge species on Conch Reef in Florida (Southwell et al. 2008b) and 15 + 3.0 mmol
m? d'! for the extrapolated total nonencrusting sponge community (>23 species) on Conch Reef.
The flux rate calculated for the mangrove is high compared to other sponge flux rates due to the

exceptionally high biomass (32.3% coverage) of M. grandis in mangrove roots.

M .grandis flux rates of N+N exceed all other benthic N+N flux rates previously measured in
Kane‘ohe Bay by one to two orders of magnitude (see Table 3.7). The Kane‘ohe Bay reef flats
had a negative efflux of -490.7 pmol m d"! N+N, while the reef slope had an average positive

flux rate of 122.7 pmol m d-!, which is one order or magnitude below M. grandis N+N flux
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rates measured on the reef. The south bay bottom was measured to have a flux rate of 295 pmol

m2 d!, while the mid bay had a flux rate of 3 umol m d-!, and the north bay had a flux rate of

194 pmol m2 d! (Stimson and Larned 2000). There are no known reports of DIN flux from coral

cavities in Kane‘ohe Bay, but M. grandis flux rates exceed those measured from coral cavities in

the Red Sea (22.3 mmol m? d'! (Richter et al. 2001)) and in the Caribbean (5.4 + 9.8 mmol m? d!

(Scheffers et al. 2004)). Although coral cavities are space limited habitats, they may contain

cryptic sponges that are responsible for some of the DIN flux measured in cryptic habitats (de

Goeij et al. 2013, Hoer et al. 2017).

Source Flux rate Study
Kane‘ohe Bay fringing reef 6.4-51.0 mmol m:* d- This study
Kane‘ohe Bay Reef 2 10.1-80.9 mmol m: d* This study

Kane‘ohe Bay mangroves

Kane‘ohe Bay reef flat
Kane‘ohe Bay reef slope

South Kane‘ohe Bay bottom

Mid Kane‘ohe Bay
North Kane‘ohe Bay

Shallow marine sediments
GW seepage (North K. bay)

Red Sea coral cavities
Caribben coral cavities
Microbial mats (France)

70.7-567.8 mmol m:* d-
-490.7 pmol m* d-
122.7 pmol m* d-!
295 pmol m? d-

3 pmol m? d-

194 pumol m= d-
0.613 mmol m? d

4 pmol m= d-

22.3 mmol m¢ d

5.4 4+ 9.8 mmol m: d-
~1 mmol m d-

Coral reef sediment (Puerto Rico) 0.018-0.033 mmol m: d*

This study

Stimson and Larned 2000
Stimson and Larned 2000
Stimson and Larned 2000
Stimson and Larned 2000
Stimson and Larned 2000
Stimson and Larned 2000
McGowan Thesis 2004
Richter et al. 2001
Scheffers et al. 2004
Bonin and Michetoy 2006
Corredor and Morell 1985

Table 3.7: M. grandis DIN flux rates from this study compared to other benthic environments in

Kane‘ohe Bay and other coral reef substrates.
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Finally, flux rates of DIN from M. grandis exceeded all reported flux rates of DIN of other
benthic habitats such as microbial mats in southeastern France (~1 mmol m? d"! NOs") (Bonin
and Michetoy 2006), coral reef sediment (0.018 - 0.033 mmol m? d*! ) (Corredor and Morell
1985), and shallow water marine sediments in Hawai‘i (0.613 mmol m? d'!) (Stimson and Larned
2000). These data suggest M. grandis is the most important source of DIN flux to the reef within

Kane‘ohe Bay.

There are no known measured water column nitrification rates in south Kane‘ohe Bay but it is
presumed to be negligible compared to M. grandis hosted nitrification. Water column ammonia
oxidation rates have been measured in the open ocean at Station ALOHA within the broad nitrite
maximum at the base of the euphotic zone, with reports of rates ranging from 1 to 137 nmol

L 'd"! during three HOT cruises (Dore and Karl 1996), a maximum oxidation rate of 1 nmol

L 'd! at Station ALOHA by Sutka et al. (2004), and 2.89 to 10.3 nmol L™!d™! also at Station
ALOHA by Beman et al. (2011). While rates of water column ammonia oxidation at Station
ALOHA are already substantially lower than rates of sponge-hosted ammonia oxidation (16.8
pumol L™'d™! to 1.4 mmol L™'d™!), water column nitrification rates in Kane‘ohe Bay are most
certainly lower than nitrification rates measured at the base of the euphotic zone at Station
ALOHA due to light inhibition of ammonia oxidizers. Photoinhibition in 7haumaracheaota and
AOB have been described (Merbt et al. 2012), while evidence of sensitivity of ammonia
oxidizing species to ROS (reactive oxygen species) rather than direct photoinhibition has been
described by Tolar et al (2016). ROS such as H»O; is produced by abiotic and biotic processes in

all sunlit marine waters where it can enter and damage cells that do not have detoxifying
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enzymes, although this effect was found to be more pronounced in polar waters than in temperate

waters (Tolar et al. 2016).

Although the appearance of '’N in the NO3™ + NO; ~ pool as a function of time in incubation
experiments with added '"NH4" is a quantitative measure of ammonia oxidation, results may not
indicate complete nitrification. Sponges can harbor microorganisms capable of N2 production
from anaerobic ammonia oxidation (Mohamed et al. 2010) and presumably denitrification (Fiore
et al. 2013). In addition, nitrite oxidation can be decoupled from ammonia oxidation in the open
ocean (Beman et al. 2013). Increases in the concentration of N2O produced during the
denitrification method and quantified by the mass spectrometer as a function of time in
incubation experiments in the presence of 0.1 and 1.0 uM '"NH4* provide unequivocal evidence
of the production of NO3™ + NO: ~. The net rate of NO3™ + NO; ~ production in these experiments
can provide insight into the coupling of ammonia oxidation and nitrite oxidation as well as

nitrogen loss mechanisms.

Rates of NO3™ + NO; ~ production calculated from the increases in masses 44 and 45 as a
function of time in samples from incubation experiments with ’NH4" added may overestimate or
underestimate rates. In our measurements, mass 45 was not corrected for contribution of 1’0
("*N!N'70). Although most of the oxygen atoms in N>O produced from NO>" and NOs™ using
Pseudomonas aureofaciens originates from NO>™ and NOs’, there is up to 10% exchange with
water (Casciotti et al. 2002). Consequently, the origins of 17O in mass 45 may be uncertain. In
addition, mass 46, which frequently includes doubly *N-labeled N>O (}°N'>N'60), which would
form predominantly from the oxidation products of the added '"NH4*, was not included in our

calculation. In incubation experiments in the presence of 1.0 uM "NH4" mass 46 was not
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quantifiable at incubation times exceeding 1 hour because this mass saturated the detector.
However, the contribution of 'O to mass 45 and the lack of quantification of mass 46 probably
did not change our rates markedly since 'O contributes less than 0.04% to the isotopes of
oxygen and the signal of mass 46 in the mass spectrometer is highly amplified because of its low
abundance in nature. With these caveats in mind, however, it is possible to compare rates of
ammonia oxidation from "NH4" with rates of NO>" and NOj3™ production quantified using masses

44 and 45.

Rates of ammonia oxidation agree well with rates of NO3™ + NO> ~ production in incubation
experiments in the presence of 0.1 uM "NH4" but not in experiments in the presence of 1.0 uM
ISNH4" (Table 3.1). The agreement between rates of ammonia oxidation and NOs™ + NO; ~
production in incubation experiments in the presence of 0.1 uM "NH4" suggest that these
processes were tightly coupled and that there was no appreciable N> production. However, rates
of NOs™ + NO; ~ production in incubation experiments in the presence of 1.0 uM "NH* were
three times lower than the rate of ammonia oxidation suggesting that either nitrite oxidation was
decoupled from ammonia oxidation or that anammox or denitrification occurred under the
conditions of this experiment and led to loss of nitrogen as N». Although it is impossible to
distinguish these processes from these results, sponges are known to modulate their pumping
rates in response to environmental conditions (Reiswig 1971). Anoxic zones within sponges can
temporarily form in sponges (Fiore et al. 2010), potentially facilitating denitrification or
decreasing rates of nitrite oxidation mediated by their aerobic symbiotic prokaryotes. Nitrogen
cycling in sponges is likely complex. I speculate that the lower NH4" concentrations in excurrent

water relative to ambient with little change in NO3™ + NO» ~ concentrations in the same samples
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(see below) reflects this complexity. The lack of change in NO3™ + NO; ~ concentrations in
excurrent versus ambient samples where there was a clear decrease in ammonium concentrations
is most likely due to ammonia assimilation (Kirchman 1994, Kirchman et al. 1998) by associated
bacteria or may also partially reflect a decoupling of ammonia and nitrite oxidation (e.g., Beman
et al. 2013) or could indicate N> formation from anaerobic processes (Mohamed et al. 2010,
Fiore et al. 2013). Heterotrophic bacteria can account for a large fraction of ammonium uptake in
marine environments (Kirchman 1994), although the rate of ammonium uptake varies with
bacterial assemblages within an environment, substrate availability, and C:N ratios required to
support bacterial production (Kirchman 1998). Further research including measuring rates of
nitrite oxidation and N, formation would be helpful in distinguishing the importance of these

processes.

Excurrent versus ambient reef water nutrient profile

Uptake of ammonium by the sponge microbiome was evidenced by the depletion of ammonium
in the exhalent relative to the surrounding seawater concentrations. The change in DIN across the
samples along with the '"’NH4" incubation experiments indicate that the sponge serves as a sink
for NH4", supporting the hypothesis that the sponge holobiont is removing reduced N and adding
oxidized N to seawater as it passes through the sponge. Kane‘ohe Bay is characterized by high
ammonia levels for a coral reef (up to 4.38 uM) (Drupp et al. 2011) and averaged 3.9 uM in
south Kane‘ohe Bay measured at the time of the experiments. Sponges likely pump water as
much for food and substrate acquisition as for removing metabolic wastes. Observed ammonia
oxidation rates suggest that an efficient coupling between ammonia waste production by the

sponge and subsequent ammonia and nitrite oxidation could exist, a mechanism by which
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harmful ammonia is converted to NO»" (slightly less toxic than NH3) and NOs3™ (mildly toxic) that

can be further used as microbial substrates or subsequently pumped away.

The wide variety of microbial symbionts found in sponges benefit the host in an array of ways
including maintaining favorable nutrition, metabolic waste removal, and other functions such as
the exchange of primary metabolites contributing to nutrition, and the production of secondary
metabolites for chemical defense purposes. Indeed sponges use both vertical (Schmitt et al. 2007,
Sharp et al. 2007) and horizontal transmission strategies (Taylor et al. 2007, Schmitt et al. 2008,

Webster et al. 2010) to maintain their complex and diverse microbial communities.

Microbial phylotypes found in M. grandis are related to eight phyla: Proteobacteria (classes
Alpha-, Beta-, Delta- and Gammaproteobacteria), Bacteroidetes, Actinobacteria,
Cyanobacteria, Firmicutes, Chloroflexi, Acidobacteria, and Crenarchaeota (Wang et al. 2009).
Thaumarchaeota (previously Crenarchaeota) are recognized to be ammonia oxidizers in the
marine environment (Francis et al. 2008), including the marine ammonia oxidizer
Nitrosopumilus maritimus. The associated microbial community of sponges has been found to be
quite stable through space and time, with minimal or no temporal variability (Taylor et al. 2007).
The case for bacterially driven ammonia oxidation in sponges is supported by natural abundance
isotopic fractionation observed for nitrification (Southwell et al. 2008a), although more recent
research points to the significance of archaea as responsible for driving ammonia oxidation in the
ocean (Beman et al. 2008, Santoro and Casciotti 2011). The proportion of bacteria relative to
archaea-driven processes which otherwise produce the same biogeochemical products may be

identified by differences in coupled biogeochemical transformations, carbon fixation
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mechanisms, competitive availability, environmental sensitivity (e.g. light inhibition), and

isotopic fractionation (Southwell et al. 2008a).

Volume-normalized flux ammonia oxidation rates calculated from NH4" drawdown the in
excurrent versus ambient samples (14.6 to 58.6 umol h'! L") were much higher compared to
volume-normalized ammonia oxidation rates determined from the conversion of "NH4" to
ISN+5N in the "NH4"* oxidation incubations (0.7 to 8.0 umol h™' L!). The higher rate determined
from the drawdown of NH4" in the excurrent versus ambient samples supported by the lack of
significant difference in N+N in the excurrent versus ambient samples suggests that ammonia
assimilation by chemolithoautotrophs (Zerh and Ward 2002) within the sponge is occurring, and
that some N+N resulting from nitrification may also undergo N loss processes through coupling
of nitrification to denitrification processes in the sponge. The presence of P. denitrificans-like
phylotypes were identified in M. grandis (Wang et al. 2009) and merits the investigation of
whether M. grandis hosts microbially-mediated nitrogen loss processes. This could also partially
explain the lower rate of ammonia oxidation measured in the ’NH4" incubations if some of the
label is further incorporated into N loss processes, although this effect would likely be
insignificant. If denitrification were occurring during the '’NH4* incubations, it would not have
been observed because of the high '*N activity in NH4* even though the isotope fractionation
observed for denitrification is reasonably high (e = 28.6%o in P. denitrificans) (Barford et al.
1999), but that isotope fractionation is small relative to the amount of >N label in the
experiments. Therefore the atom % "N of NOs™ + NO>™ throughout the time series is likely

representative of the rate of ammonia oxidation.
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The lower rates observed in the '"’NH4" incubations may have been in part due to isotope dilution
effect. Isotope dilution effect is due to the in vitro regeneration of the substrate (in this case,
regenerated ammonium by the sponge) being measured and could increase the unlabeled NH4*
pool (Harrison and Harris 1986, Kanda et al. 1987). In >'NH,4" tracer experiments, the isotope
enrichment of ammonium can change significantly as the incubation proceeds, confounding the
precise determination of >N content in the substrate. While isotope dilution effect can be
corrected for or minimized by increasing the >N activity of the substrate, regeneration rates from
the sponge would be difficult to ascertain due to coupled nitrogen cycling processes.
Conventional calculations that do not take isotope dilution into account would result in an
underestimate of the true ammonia oxidation rates. However, effects are strongest in longer
incubations and lower substrate concentrations (Harrison and Harris 1986, Kanda et al. 1987).
These incubations were kept to four hours and did not exhibit a drop-off in the accumulation of
5N in the N+N pool. Paradoxically, incubations using higher concentrations of "NH4" (5 uM
I>NH4* added incubations) resulted in lower ammonia oxidation rates compared to incubations in
the presence of 1 uM "NH,4", which yielded the highest ammonia oxidation rates, which does
not align with this rationale. It is possible that NH4* concentrations of 5 uM were slightly toxic
to the microbes. Variable concentrations of ammonium in the Kane‘ohe Bay on the different
days these incubations were performed may also lead to different ammonium oxidation rates, i.e.
if ambient [NH4*] was 1 uM, an addition of 5 uM ""NH4" would make the total [NH4*] ("“NH4* +
SNH4") 6 uM, which is still within the range of typical ammonium concentrations found in the
bay. However, if ambient [NH4"] on the day of incubations was 10 uM, an addition of 5 uM
ISNH4* would drive the total [NH4*] to 15 uM which could approach toxic levels for the sponge

organism. Indeed some incubations with 5 uM ""NH4* added yielded good results, while other
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incubations at the same added concentration repeated on different days did not yield viable data.
The samples at the beginning of those experiments (to and t = 30 min) yielded peaks that were
too small for reliable isotope measurement, but the later time incorporated too much label and
greatly exceeded the linear range of the detector of the mass spectrometer used, indicating that a
higher rate of ammonia oxidation could be occurring during these incubations. Differences in
ammonia oxidation rates may also be due to temporal variations of ammonia oxidation
performed by the sponge in response to nutrient concentrations or metabolic needs which could
also explain the discrepancy in ammonia oxidation rates determined from "NH4" incubations
versus the higher rates determined from the difference in [NH4"] in ambient versus excurrent
samples. Also, while ’NH4" incubations are incontrovertible evidence that ammonia oxidation is
occurring, the ambient versus excurrent samples were drawn from unperturbed sponges under
natural nutrient concentrations albeit growing under non-natural conditions in an aquarium with

flowing seawater.

In previous studies, sponges that belong to the HMA group were observed to excrete NO3z”
whereas sponges of the LMA group do not excrete N+N, or excretions were at much reduced
rates (Jiménez and Ribes 2007, Yahel et al. 2007, Bayer et al. 2007), supporting the hypothesis
that M. grandis is an LMA. However, the low pumping rates and active oxidation of ammonia
imply that M. grandis may be an HMA sponge, though the density of associated microbes would
have to be confirmed through enumeration methods such as through cell counts using electron

microscopy.
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Conclusion

Sponges rely on their ability to regulate seawater pumping and to facilitate biogeochemical
processes in response to environmental variables, such as to changes in nutrient loads and
metabolic needs. Despite lower pumping rates and less significant biomass compared to large
barrel sponges on reefs in the Caribbean, M. grandis plays a proportionally significant
biogeochemical role within Kane‘ohe Bay and potentially other Hawai‘i coral reef ecosystems
because of its shallow water habitat. M. grandis has also proven to be a pervasive and adaptable
alien invasive species. These are the first measurements of pumping rates and ammonia
oxidation in the sponge Mycale grandis. Ammonia oxidation rates calculated using "NH4" tracer
experiments were commonly lower than in the comparison of [NH4"] in excurrent water versus
ambient seawater suggesting either that ammonia oxidation was decoupled from nitrite oxidation
or there was loss of nitrogen as N either through denitrification or anammox or there was
ammonia assimilation. Regardless, the flux of NOs;™ + NO» ~ from M. grandis was the most

significant benthic source of biologically available nitrogen in the environments studied.

The vulnerability to invasive reef species in Hawai‘i coupled with the threats of increased
anthropogenic activity, ocean acidification, and ocean warming have growing implications for
the native ecosystem within Kane‘ohe Bay. It is evident that where sponges are abundant
members of the reef community, they can play an important role in organic matter recycling and
altering nutrient profiles within the water column. A further increase in the abundance of
invasive sponges such as M. grandis could result in concomitant changes to delicate balances on
Hawaiian reefs, leading to or strengthening phase shifts. M. grandis may further directly or

indirectly shape community structure through its feeding behaviors and relationship to other
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organisms within the environment. These first results indicate that M. grandis has the potential to

impact ecosystem balance through biogeochemical cycling on coral reefs in the Pacific.
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CHAPTER 4:

Trophic estimates and insights into the dietary strategy between the tropical Pacific sponge
Mycale grandis and its microbial symbionts using compound specific isotopic analysis
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Abstract

Many sponges host abundant and active microbial communities and are known to rely on them
for nutrition. An increasing number of sponges have been identified to feed on dissolved organic
matter (DOM), in particular of algal and coral origin, although the mechanism of DOM uptake in
sponges is not well described. Bulk and compound specific isotopic analysis of whole sponge,
isolated sponge cell, and isolated symbiotic microbial cells of the shallow water tropical Pacific
sponge Mycale grandis were used to elucidate the dietary relationship between the host sponge
and its associated microbial community. §'°N and §'3C values of the majority of amino acids in
M. grandis isolated sponge cells are not different from those of its bacterial symbionts, and
hence there is no difference in trophic position calculated from the difference in the §'°N values
of glutamic acid and phenylalanine or from the differences in the average or weighted average
&N values of trophic and source amino acids, which are a proxy of trophic position. These
observations indicate that M. grandis sponge cell isolates do not display amino acid isotopic
characteristics typical of metazoan feeding but rather are consistent with some phagotrophic
protists. Furthermore, both the isolated microbial and sponge cell fractions were characterized by
a similarly high =V value, calculated from the sum of variance among individual '°N values of
trophic amino acids and is a measure of bacterial resynthesis of organic matter. These high £V
values observed in the sponge suggests that M. grandis is not reliant on nutrition from
photosymbionts nor through feeding on water column phytoplankton but through uptake of
amino acids of bacterial origin. Presently, the specific fraction(s) of DOM utilized by sponges
have not been identified. These results suggest that direct assimilation of bacterially-synthesized

amino acids from its symbionts either in a manner similar to translocation observed in the coral
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holobiont or through phagotrophic feeding is an important if not primary pathway of amino acid
acquisition for M. grandis. Sponge-associated bacteria may also serve as an intermediary for the
assimilation of photosynthates of photosymbionts and algae and for DOM of coral origin that are

then passed on from bacterial symbiont to sponge.

Introduction

Sponges are ubiquitous members of benthic coral reef communities and many species are known
to host diverse and active symbiotic microbial communities. Sponges are essential to sustaining
high productivity on oligotrophic coral reefs through their rapid uptake of dissolved organic
matter (DOM) and subsequent shedding of particulate organic matter, driving an efficient
transfer of DOM to higher trophic levels (de Goeij et al. 2013). The mechanisms by which DOM
is assimilated and transferred by the sponge is not well known but is thought to be facilitated by
a close symbiosis between sponges and their microbial communities (Hoer et al. 2017). This
symbiosis is amongst the most ancient of metazoan symbioses (Wilkinson 1984) and is likely
often of mutualistic and fundamental importance as even distantly related sponges from
geographically disparate regions share a common set of associated microbes, some of which are
unique to sponges and cannot be acquired from the surrounding environment (Hentschel 2002,

20006).

Many of these sponge-microbial associations are assumed to be mutually beneficial in which the
symbiont is provided with a substrate-rich sheltered environment and in exchange the sponge is
provided with products of microbial metabolism. On coral reefs, the essential mutualism between

corals and their dinoflagellate Symbiodinium has been extensively studied and it has been shown
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that some reef building coral cannot grow or compete for substrates on the reef in the extended
absence of their symbionts (Muscatine 1969 and 1989). Some of the symbioses in marine
sponges may serve a similar function. Sponges often host microbial communities that are capable
of photo- and chemoautotrophic carbon fixation and nitrogen transformation processes such as
nitrification, nitrogen fixation, denitrification, and anammox (Wilkinson 1979, Hoffmann et al.
2006, 2009, Southwell et al. 2008a and b, Mohamed et al. 2010, Fiore et al. 2013). Microbially-
mediated nitrification is confirmed in the invasive sponge Mycale grandis (Shih, this volume,
Chapter 3), which is found in Kane‘ohe Bay and other partially degraded coral reef habitats
around the main Hawaiian Islands, and there is evidence to suggest that other microbially-
mediated processes such as denitrification may also occur in the sponge. Sponge associated
symbionts most likely also contribute to sponge nutrition (Weisz et al. 2007), and some sponge
symbionts can produce secondary metabolites that are believed to be provided to their hosts that
function as chemical defense (Kennedy et al. 2007, Siegl and Hentschel 2010, Thomas et al.

2010).

Though sponges are known to acquire carbon through heterotrophic filter feeding, some sponges
can obtain half of the energy budget and more than half of their carbon budget from their
photosymbionts (Wilkinson 1983). It is proposed that symbiont supplied nutrition is essential to
some Caribbean sponge hosts (Erwin and Thacker 2008) and widely in Indo-Pacific sponges
(Wilkinson 1987). Several studies have established that a transfer of carbon and nitrogen from
microbial symbionts to sponge hosts occurs (de Goeij et al. 2008b, Freeman and Thacker 2011,
Freeman et al. 2013, Rix et al. 2016, Rix et al. 2017, Hoer et al. 2017), although the exact

mechanism by which these nutrients are transferred is not currently known and direct evidence of
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such nutrient transfer is yet to be confirmed. An increasing number of sponges have been
identified to feed on dissolved organic matter (DOM), with DOM accounting for up to 90% of
the diet of some sponges (Mueller et al. 2014, de Goeij et al. 2008b, Hoer et al. 2017). In fact,
while Caribbean sponge species are primarily observed to derive much of their required
metabolic C through heterotrophic feeding, Indo-Pacific species have been observed to rely

heavily on photoautotrophy (Wilkinson 1983, Wilkinson 1987).

On reefs, sponges are primarily responsible for total DOM uptake and remove the same amount
of DOM from the water column in 30 minutes as free-living bacteria take up in 30 days (de Goeij
et al. 2007, de Goeij et al. 2009). Sponges subsequently transform a substantial fraction of this
DOM into particulate organic matter (POM), primarily as rapidly shedding choanocyte cells.
This sponge detritus is then available to a variety of benthic detritivores. Therefore, sponges
retain organic matter within the reef community and thereby prevent energy and nutrient losses

to the open ocean (de Goeij et al. 2013).

The underlying mechanisms of DOM uptake and rapid cell turnover in sponges are not yet fully
understood. The close associations between sponges and their microorganisms form a so-called
holobiont, and studies using *C labeled DOM have shown '*C uptake by sponge cells and
microbes (Rix et al. 2017), although the pathways of acquisition of DOM and their relative
contributions remain largely unknown and are expected to vary across species. Sponge cells are
likely predominantly capable of taking up larger colloidal material in DOM such as viruses and
free amino acids while bacteria can assimilate the smaller, truly dissolved fraction of DOM

(Yahel et al. 2003, de Goeij et al. 2008a, b).
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Here I suggest that the means of transferring nutrition from microbial symbiont to sponge is
through uptake of amino acids synthesized by its symbiotic bacteria, and that specifically,
bacterially-produced amino acids are a major substrate by which carbon and nitrogen is
transferred from microbial symbiont to the sponge. This efficiency of the mechanism of transfer

is benefitted by the high concentrations of microbial communities hosted within their mesohyl.

Studies on the Caribbean sponge Xestospongia muta have been performed using uptake rates of
dissolved oxygen (respiration demand) and rates of removal of dissolved organic carbon (DOC),
showing that DOC from the water column is used by the entire sponge holobiont to fuel
respiration (Hoer et al. 2017). Other studies sought to investigate specific sources of DOM to the
sponge. De Goeij et al. (2008b) used '*C enriched diatom DOM and POM to positively
demonstrate that algae derived DOM was assimilated by the sponge and furthermore shed as
sponge cells as POM that was then consumed by other reef fauna at higher trophic levels. Rix et
al. (2016) used '*C and >N labeled warm and cold water coral mucus DOM as food sources for a
warm water Red Sea sponge and a North Atlantic cold water sponge respectively, and
demonstrated assimilation of coral mucus into sponge tissue and subsequent sponge-derived
POM. Through observing the assimilation of coral mucus C into sponge phospholipid-derived
fatty acids (PLFAs) synthesized de novo or by modification of coral-derived PLFAs, they
demonstrated that sponges actively process coral mucus similarly to algal and bacterial food
sources, confirming its viability as a nutritional source. Rix et al. (2017) used *C and >N
enriched coral and algal derived DOM to compare uptake by Red Sea coral reef sponges of the
two sources and demonstrated that both coral and algal derived DOM were assimilated.

However, the two DOM sources were processed differently, with algal derived DOM being
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incorporated into bacteria-specific PLFAs at a higher rate while coral derived DOM was
preferentially incorporated into sponge-specific PLFAs. Both DOC and DON from the two
sources were shown to be assimilated by the sponge and subsequently released as sponge-

derived POM, however, algal-derived DOM was released as sponge cell detritus as a higher rate.

The main producers of DOM on coral reefs are primary producers, particularly the algal
symbionts in scleractinian corals and macroalgae, which release a substantial fraction of their
excess photosynthates into the water column (Wild et al. 2004). However, since some sponges
can harbor concentrations of bacteria over 10° microbial cells g™ of sponge wet weight
(Hentschel et al. 2006), I hypothesize that bacterially-derived DOM is also a significant source of

dissolved organic matter to sponges.

The study of a diverse and complex consortia of symbionts within sponges is challenging
because multiple functions and interactions can take place simultaneously and it is difficult to
resolve the specific roles and contribution of these symbionts. Here I use stable carbon and
nitrogen isotope analyses of whole sponge, sponge cell and microbial cell fractions as well as
isotopic analyses of individual amino acids in the cell fractions to elucidate the dietary pathways

of M. grandis nutrition.

Stable N isotopic composition (§'°N values) has been widely used in ecosystem research based
on the consistent increase in "N/!*N ratios from food source to consumer. Bulk sample §'°N
measurements have been used in earlier studies of marine food webs as an indicator of relative

trophic position (Peterson and Fry 1987, Lajtha and Michener 1994), however key dietary details
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can be limited due to multiple factors influencing bulk tissue §'°N values including mainly
differences in baseline values and questions regarding trophic levels of organisms. Compound
specific isotopic measurements can be used to address some of these challenges. 6'°N values of
individual amino acids allows for determination of trophic positions (TP) based on the
differential fractionation of amino acids during trophic transfer. In samples of consumer tissues,
“source” amino acids retain the isotopic composition of nitrogen sources at the base of the food
web, whereas “trophic” amino acids are greatly enriched in '’N with each trophic transfer
(Chikaraishi et al. 2009, McClelland and Montoya 2002, Popp et al. 2007, Bradley et al. 2014).
The amino acid compound specific isotopic analysis (AA-CSIA) approach can generally be
attributed to the fact that the nitrogen isotopic composition of an individual AA reflects the
degree of isotopic fractionation associated with various biochemical reactions that involve C-N
bond breakage (i.e. deamination and transamination) in individual AA involved in nitrogen
metabolism, although the exact mechanisms are complex (O'Connell 2017, Fuller and Petzke
2017). The 6'°N value of an organism also inherently reflects the isotopic composition of
inorganic nitrogen sources (e.g. nitrate, nitrite, ammonia, and urea) assimilated by primary
producers at the base of the food web, but since source amino acids retain §'°N values at the base
of the food web, results of AA-CSIA can provide information about nitrogen metabolism,
constrain trophic position, identify the source and transformation of dissolved and detrital
organic matter in marine waters and sediments (McCarthy et al. 2007, Calleja et al. 2013,
Hannides et al. 2013), and can provide location and migration patterns of a consumer (Dale et al.

2011).

93



The mechanisms of organic matter assimilation by sponges are still not well known but is
thought to involve the close symbiosis between sponges and the microbial communities they
host. While the suite of functional roles of the microbial community of M. grandis is not known,
M. grandis has been shown to host active autotrophic nitrifying microorganisms. Previous
studies on M. grandis show it hosts a wide variety of other associated microbial phylotypes
(Wang et al. 2009). One central question is whether M. grandis obtains carbon and nitrogen from
their microbial symbionts in addition to or instead of through heterotrophic filter feeding. Bulk
and compound specific isotopic analysis of nitrogen and carbon can reveal key dietary details of
sponge nutrition and nutrient acquisition. To investigate possible transfer of carbon and nitrogen
from microbes to M. grandis, microbial cells and sponge cells were isolated from whole sponge

samples prior to isotopic analysis.

I propose that M. grandis derives a major part of its nutrition directly from amino acids produced
by its microbial symbionts. M. grandis hosts a diverse microbial community (Wang et al. 2009)
and is demonstrated to at least host microbially-mediated nitrogen cycling. The results of this
work provide support for the hypothesis that the means of transferring carbon and nitrogen of
symbiont-driven nutrition to M. grandis is through direct assimilation of amino acids derived

from their associated microbial communities.

Methods
Sampling locations
Kane‘ohe Bay on the northeast coast of O‘ahu is characterized by an extensive system of stony

coral fringing reefs, patch reefs, and a large barrier reef. Sponge samples for bulk tissue isotopic
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analysis were collected from two patch reefs just northwest of Coconut Island (21°26'07.5"N
157°47'43.9"W) in the southern portion of Kane‘ohe Bay (n = 34), from a patch reef in mid
Kane‘ohe Bay (21°27'37.5"N 157°49'19.7"W) (n = 10), and from a patch reef in the northern
portion of Kane‘ohe Bay (21°28'37.6"N 157°49'54.7"W) (n = 10) in the spring of 2015. Sponge
samples for bulk and compound specific isotopic analysis of isolated cell fractions (n = 8) were
collected from approximately 1 m depth from the fringing reef located beneath the Lilipuna Pier
in south Kane‘ohe Bay (21°25'46.0"N 157°47'31.2"W) in the spring of 2017. Sponge specimens
were inclusive of surface pinacoderm, inner mesohyl, and choanocyte chambers. Visible debris
and epiphytes were removed from the surface of the samples. Specimens from north, mid, and
south Kane‘ohe Bay collected for bulk isotopic analysis were immediately frozen at -80°C and
stored until analysis. Whole sponge samples for epi-fluorescence microscopy were collected
from under the Lilipuna Pier, rinsed with filtered seawater, and preserved in 1%

paraformaldehyde.

Separation of microbial cells and sponge cells from sponge tissue

Separate analyses of isolated sponge cell and symbiotic microbial cells can reveal information
about the relationship and mechanism of nutrient transfer between symbionts and the sponge
host. Sponge and microbial cells of M. grandis were separated through size fractionation using
the methods described in Freeman and Thacker (2011 and 2013) with the following
modifications: Samples were homogenized with mortar and pestle for 3 minutes to dissociate the
sponge cells and vacuum filtered (Whatman No. 4 filter, 20-25 pm nominal pore size). The
resulting filtrate was centrifuged (430 x g) for 6 minutes to form a sponge cell pellet for M.

grandis. The supernatant containing microbial cells was decanted and stored at 4°C. The pellet
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was then resuspended and centrifuged (770 x g) for 5 minutes at 4°C. The supernatant was
discarded and this rinse step was repeated twice, resuspending the pellet between each rinse. The
pellet was then resuspended, transferred into a microcentrifuge tube and centrifuged (3900 x g)
for 2 minutes. This additional rinse step was repeated twice and the isolated sponge cell pellet

was stored frozen at -20°C for future analysis.

To isolate the microbial cell fraction, the previously frozen supernatant containing the microbial
fraction was thawed and centrifuged (17,000 x g) for 17 minutes at 4°C. The supernatant was
decanted, the pellet was resuspended, and the centrifuge step was repeated. The pellet was
resuspended and transferred to a 1.5 mL centrifuge tube and the microbial cell fraction
centrifuged 12,800 x g for 2 minutes, and the supernatant was carefully removed and discarded.
The resulting microbial pellet was rinsed twice using the same procedure and the remaining
pellet was frozen at -20C until analysis. Good separation of the fractions was confirmed through
flow cytometry and significant differences in bulk isotopic composition and C:N ratios,

described in detail in the discussion sections below.

Flow cytometry

A small volume (40 pL) of the separated sponge cell and microbial cell fractions were fixed in
paraformaldehyde to a final concentration of 1% in preparation for flow cytometry analysis
(FCM). Frozen samples were transported to the University of Hawai‘i at Manoa on ice and
stored at -80°C until analysis. Samples were thawed and diluted with 800 pl of filtered seawater
(FSW) and stained with Hoechst 33342 (to 1 pg/mL final concentration) for 1 hour in the dark

and analyzed using the methods outlined in Selph et al. (2011). Microbial samples were run at
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~700 V. The sponge cell fractions were run at low voltage settings (~400 V). Microbial cells
were below the limit of detection for this instrument at this setting, indicating that smaller

bacteria and phytoplankton were effectively removed by sample processing.

Cell abundances within samples were estimated using FCM enumeration. Aliquots of 100 pL
were analyzed for Synechococcus (SYN), photosynthentic eukaryotes (P-Euk), and non-
pigmented bacterial (HBACT) abundances using a Beckman Coulter EPICS Altra flow
cytometer with a Harvard Apparatus syringe pump for volumetric sample delivery. Simultaneous
(co-linear) excitation of the plankton was provided by two water-cooled 5-W argon ion lasers,
tuned to 488 nm (1 W) and the UV range (200 mW). Discrete populations were enumerated on
the basis of chlorophyll a (red fluorescence, 680 nm), phycoerythrin (orange fluorescence, 575
nm), DNA (blue fluorescence, 450 nm), forward scatter, and right-angle scatter signatures.
Calibration beads (0.5- and 1.0-mm yellow-green beads and 0.5-mm UV beads) were used as
fluorescence standards. Listmode files were processed using the FlowJo software (Treestar Inc.,

www.flowjo.com).

Subtraction of picoplankton containing chl a from the total prokaryotes yielded the non-
pigmented bacterial fraction of the community while cyanobacterial cells were identified by the
presence of phycoerythrin fluorescence. Cell counts were converted to carbon contribution for
each fraction assuming carbon cell quota of 30 fg cell™! for bacteria (Fukuda et al. 1998), 200 fg
cell’! for Synechococcus and other picophytoplankton, 800 fg cell! for nanophytoplankton

(Garrison et al. 2000), and 3 pg cell"! for sponge cells (de Goeij et al. 2009).
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Bulk sponge and cell isotope analysis

The 8'3C and 8'°N values of lyophilized bulk sponge tissue (1.7-2.1 mg), isolated sponge (0.2-
0.3 mg) and microbial cells (0.3-0.4 mg) were determined using a Costech elemental combustion
system (Model 4010) coupled to a ThermoFinnigan Delta Plus XP Isotope Ratio Mass
Spectrometer (IRMS) through a Conflo IV interface, and are reported in standard 6-notation
relative to V-PDB and atmospheric N, respectively. Accuracy and precision were <0.2%o, as
determined from multiple laboratory reference materials extensively calibrated using National

Institute of Science and Technology reference materials and analyzed every 10 samples.

Preparation of samples for amino acid isotope analysis

Isolated sponge and microbial cells were prepared for compound-specific amino acid (AA) 3'3C
and 6'°N analysis (AA-CSIA). Due to insufficient materials, cell fractions isolated from separate
sponges (8 starting in total) had to be grouped prior to analysis. Microbial fractions for sponges 1
and 3 were combined, as were the sponge cell fractions. For sponges 4, 6 and 7 sufficient
materials were available for AA-CSIA of microbial cell fractions for each sponge, however these

three sponge cell isolates were combined for §!°C and 3!°N analysis.

Samples for AA-CSIA were hydrolyzed and trifluoroacetyl/isopropyl ester derivatives created
according to the methods of Popp et al. (2007) and Hannides et al. (2009). For preparation of
trifluoroacetyl/isopropyl ester derivatives, 4 - 11 mg were hydrolyzed using trace-metal grade
6M HCI and the hydrolysate purified using low protein-binding filters and cation exchange
chromatography. Purified samples were esterified using 4:1 isopropanol:acetyl chloride and

derivatized using 3:1 methylene chloride:trifluoroacetyl anhydride. Finally,
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trifluoroacetyl/isopropyl ester derivatives were purified using solvent extraction (Ueda et al.
1989) and stored at -20°C for up to two weeks before analysis. Samples were prepared with an

additional vial containing a mixture of 15 pure AAs purchased commercially (Sigma Scientific).

Nitrogen isotope analysis of amino acids

The 8'°N values of trifluoroacetyl/isopropyl ester derivatives of AAs were determined using gas
chromatography combustion isotope ratio mass spectrometry (GC-C-IRMS, Hayes et al. 1990).
Specifically, I used an isotope ratio mass spectrometer (IRMS; Thermo Scientific Delta V or
MAT 253) interfaced to a gas chromatograph (GC; Thermo Scientific Trace) fitted with a 60 m
BPXS forte column (0.32 mm internal diameter with 1.0 um film thickness; SGE, Inc.) through a
GC-C III combustion furnace (980°C), reduction furnace (650°C), and liquid nitrogen cold trap.
Helium (1.2 mL min') was used as the carrier gas. Immediately before analysis, samples were
dried and redissolved in an appropriate volume of ethyl acetate. The analysis consisted of at
least 3 injections for each sample, with norleucine and aminoadipic acid internal reference
compounds co-injected in each run. The suite of 15 pure amino acids was also analyzed every 3
injections to provide an additional measure of instrument accuracy. The isotopic composition of
all pure amino acid reference compounds were previously measured using the bulk isotope
technique described above. Nitrogen isotope values are reported in standard d-notation relative to
atmospheric N». For replicate injections of samples, amino acid 8'°N standard deviations
averaged 0.46%o and ranged from 0.12%o to 0.99%o. Uncertainty in calculations of trophic
position was determined using propagation of errors and include all analytical errors and the

uncertainty in the constants used (Bradley et al. 2015, Jarman et al. 2017).
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Carbon isotope analysis of amino acids

813C values of individual amino acids were also determined using GC-C-IRMS. The §'3C values
of trifluoroacetyl/isopropyl ester derivatives were determined using an IRMS (MAT 253)
interfaced with a Trace GC Ultra via a combustion furnace (1000°C) and ConFlo IV interface
(Thermo Scientific). Samples were injected using a PTV (pressure/temperature/volume) injector,
held at 40°C for three seconds, heated to 87°C (400°C min'), heated again to 200°C and
transferred at 200°C using a 1:10 split. Helium (1 mL min!) was used as the carrier gas.
Individual AAs were separated using a BPXS forte capillary column (30 m x 0.32 mm internal
diameter with 1.0 um film thickness; SGE, Inc.). The oven temperature for the GC started at
40°C and was held for one minute before heating at 15°C min! to 120°C, then 3°C min! to
190°C, and finally 5°C min’! to 300°C where it was held for an additional 10 min. Isotope values
are reported in standard d-notation relative to V-PDB. Analysis consisted of at least 3 injections
per sample with a perdeuterated n-Czo alkane with a well-characterized 6'3C value co-injected as
an internal reference. The 15 AA reference suite was analyzed every 3 injections, and sample
813Caa values corrected relative to this AA suite following Silfer et al. (1991). For statistical
analysis, I compared our 3'3Caa values to those previously published by Larsen et al. (2009,
2012, 2013). To account for inter-laboratory differences, I used results of previous extensive

inter-calibrations (see Arthur et al. 2014, Gémez et al. 2018).

Trophic proxy and trophic level

A proxy for trophic level was also determined using the difference in averaged 3'°N values

between trophic (Ala, Leu, Glx) and source amino acids (Phe, Lys). A second trophic level proxy
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was also calculated using weighted mean 3'°N values of trophic (Ala, Leu, GIx) and source

amino acids (Phe, Lys) using:

(Equation 4.1)

(Hayes et al. 1990, Bradley et al. 2015),

where 8'°Ny is the nitrogen isotopic composition of a specified AA within the grouping and ox is
the standard deviation in 8!°N value of that specific AA determined by triplicate isotopic
measurements (Equation 4.1) (Hayes et al. 1990). Errors for proxy trophic level calculations

were propagated using the measured reproducibility of individual AA in at least triplicate.

Trophic level was estimated using the difference in 3'°N values between the trophic amino acid
glutamic acid (Glx) and the source amino acid phenylalanine (Phe), assuming a f value of 3.4%eo
for the difference in 6'°N values between Glx and Phe in primary producers and assuming that
Glx was enriched in >N relative to Phe (A value) of 7.6%o with each trophic transfer, e.g.: TP =
((8"N gix - 85N phe - 3.4) / 7.6) + 1 (Chikaraishi et al. 2009). The error in this TP calculation was
propagated assuming the uncertainty in S value is £0.9%o0 and the error in A is £1.1%o and using
the measured analytical uncertainty in 8'°Ngix and 8'°Npne based on at least triplicate analyses

(see equations in Jarman et al. 2017).

Summed variance in 6"°N values of trophic amino acids (XV)
McCarthy et al. (2007) introduced an index for microbial resynthesis of amino acids: £V, which

is the sum of variance among individual 8'°N values of trophic amino acids (Equation 4.2). I
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calculated XV for isolated sponge cell and microbial cell fractions using 8'°N values of alanine,

leucine, proline, aspartic acid and glutamic acid using

1
IV = = X Abs |xi|
(Equation 4.2)

where y; is the deviation of §'°N values of each individual amino acid from the average value of
all of the trophic amino acids in a sample = [6'°Ni - AVG 6'°N ], and n is the number of amino

acids used in the calculation.

Results

Flow cytometry

The population abundances of cell types found within the separated sponge (host) and microbial
(symbiont) fractions are reported in Tables 4.1 and 4.2. All flow cytometry count event images
for isolated sponge cell and microbial cell fractions can be found in the Appendix (Figure A.1).
There were substantially more (ca. 8x) sponge cells present than residual phytoplankton or
bacterial cells in the sponge cell fractions. “HiDNA” cells within the sponge fraction are sponge
cells containing very high chlorophyll signature and high phycoerythrin signal (PMT 3) and are
most likely sponge cells with phytoplankton prey within them. “LowChl” cells indicate sponge

cells without prey in them.

Sponge cell fractions contained a mean of 6 x 10° sponge cells per gram wet weight of starting

sample (range 1.4 x 103 to 1.2 x 10° cells g!, n=8) (Table 4.1.). Of the sponge cells, hiDNA cell
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counts ranged between 4 x 10% and 3.9 x 10 cells g*! and lowChl cell counts ranged from 1.0 x
103 and 8.2 x 10° cells g'!. Possible residual microbial sample cell count contained a mean of 9.8
x 102 cells g'! wet weight starting sample, (range 2.5 x 10% to 2.1 x 103 cells g!), with subsets of
“lowChl/LowSS” (smaller phytoplankton and bacterial cells) counts ranging from 49 to 1.2 x 103
cells g'! and “lowDNA” (photosynthetic eukaryotes) cell counts ranging from 1.9 x 10? to 1 x
103 cells g™!'. Using carbon per cell contributions for sponge cells (de Goeij et al. 2009) and for
picophytoplankton, nanoplankton, and microplankton (Verity et al. 1992, Garrison et al. 2000,
Menden-Deuer and Lessard 2000), the carbon contribution of sponge cells carbon to the
“sponge” fraction ranged from 85% to 98% and averaged 94 + 4%, and residual microbial cells
carbon contribution to the “sponge” fraction ranged from 1.8% to 15% and averaged 6.3 + 4%

(See Figure 4.1).

Sample  hiDNA g‘l lowChl g'1 Tot. sponge cells g‘l lowChl/LowSS g-l lowDNA g'l Residual microbial cells

1 1124 1762 2887 242 453 695
2 409 995 1404 49 199 249
3 871 2201 3072 429 1005 1435
4 3238 4037 7275 492 189 681
5 1045 2969 4014 442 531 973
6 3908 8147 12055 1218 868 2086
7 2970 5594 8564 316 401 717
8 1999 6395 8394 518 510 1028
Mean 1946 4013 5958 463 520 983
Stdev 1203 2340 3426 320 271 525

Table 4.1: FCM cell count per gram for sponge cell fraction samples, n = 8. Total sponge cells
per gram is the sum of “hiDNA” and “lowChl”. Residual microbial cells are the sum of

“lowChl/LowSS” and “lowDNA”.
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Figure 4.1. Composition of sponge cell fractions by carbon contribution based on C cell’!
contributions for sponge cells from de Goeij et al. (2009) and picophytoplankton, nanoplankton,
and microplankton from Verity et al. (1992), Garrison et al. (2000), and Menden-Deuer and
Lessard (2000). Sponge cells include cells with high DNA (“hiDNA”) and low chlorophyll
(“lowChl”). “HiDNA” are sponge cells containing high chlorophyll and high phycoerythrin
(PMT 3) signals and are sponge cells with phytoplankton prey within them. “LowChl” cells
indicate sponge cells without prey in them. Residual bacterial cells include “LowChl/lowSS”

cells that are likely residual bacteria and “lowDNA” cells are likely residual phytoplankton.

The microbial fraction samples were run using Chl and DNA detectors and contained high
counts of bacteria and phytoplankton (Table 4.2). No cells larger than 5 pm diameter were
detected in the microbial fraction. Microbial cell samples contained between 3.8 x 10% and 2.9 x
107 non-pigmented heterotrophic bacterial cells (“HBACT”) g! starting wet weight. High DNA
heterotrophic bacteria (“HiDNA BACT”) and low DNA heterotrophic bacteria (“LowDNA
BACT”) cell counts are subsets of “HBACT” and ranged from 3 x 10° to 1.2 x 107 cells g™ and
8.1 x 105 and 2.2 x 107 cells g'! respectively. Counts of Synechococcus ranged from 4.1 x 10° to
2.4 x 10%, and counts of “hiChl” eukaryotes (likely larger nanophytoplankton or smaller
microphytoplankton) ranged from 3.1 x 10° to 1.6 x 10*. “LowChl” eukaryotes (likely smaller
nanophytoplankton) ranged from 4.9 x 10* to 3.1 x 10° cells per gram starting wet weight. The
carbon contribution of heterotrophic bacterial cells carbon to the microbial fraction ranged from
33% to 84% and averaged 69 + 20%, the carbon contribution of Synechococcus to the microbial

fraction ranged from 0% to 1% and averaged 1 + 0.4%, and the carbon contribution of
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nanophytoplankton to the microbial fraction ranged from 16% to 66% and averaged 30 + 20%

(see Figure 4.2).
Sample HBACTg' HiDNABACTg-1  LowDNA BACT g SYN g hiChl g! lowChlg”'
1 23283951 11135802 12148148 13565 11946 219072
7) 8327622 6958868 1301166 5665 3081 90250
3 4343524 3503816 813761 24263 15647 306312
4 7858732 3027416 4907431 4090 7582 48781
5 3888216 3036261 830422 17010 13667 193005
6 29018265 6962043 22465753 18253 9548 220820
7 15132641 5244879 10403691 6148 13998 104983
8 13965937 11970803 2362637 23642 8679 177068
Mean 13227361 6479986 6904126 14080 10518 170036
Stdev 8467844 3287285 7175466 7541 3851 78607

Table 4.2: FCM cell counts per gram wet weight for microbial cell fraction samples n = 8.
“HiDNA BACT” and “LowDNA BACT” are subsets of “HBACT”. “SYN” represents
Synechococcus. “HiChl” and “lowChl” cells are likely large and small nanophytoplankton,

respectively.

A one-tailed t test was used to test for differences in “HiDNA” and “LowChl” between samples
S1 through S5 and samples S6 through S8, as the sponges for samples 6 through 8 contained
sponge eggs in the mesohyl. The sponge cell fraction samples S6 through S8 contained
significantly more “HiDNA” cells (p = 0.04) and “LowChl” cells (p = 0.00) than samples S1
through S5. The standard deviations do not differ significantly, and there were no significant
differences for the other FCM parameters for cell type in either the remaining sponge fractions

samples or the microbial fraction samples.
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Figure 4.2: Composition of microbial cell fractions by carbon contribution. “HBACT” is
composed of “HiDNA BACT” (actively growing and dividing) and “LowDNA BACT” (likely
dormant) bacteria. “SYN” represents Synechococcus. “Nano” is composed of “HiChl” and
“lowChl” cells are likely large and small nanophytoplankton respectively. C cell™! values of 30 fg
cell'! for bacteria (Fukuda et al. 1998), 200 fg cell”! for Synechococcus other picophytoplankton,

and 800 fg cell! for nanophytoplankton (Garrison et al. 2000) were used for conversion.

C:N molar ratios of whole sponge and isolated sponge and microbial cell fractions

C:N molar ratios for whole sponge samples averaged 4.5 and ranged from 4.0 to 5.4 but varied
with geographic location (Table 4.3). Mean C:N ratio of the isolated sponge cell fraction was 6.0
+ 0.2 (Table 4.4) and the mean C:N ratio of the isolated microbial cell fraction was 7.3 £ 1.3 (see
Table 4.5). The sponge cell and microbial cell fraction C:N ratios were significantly different in
one-tailed (p = 0.006) and two-tailed t tests (p = 0.0124). Whole sponge samples in the north bay
had significantly higher C:N than samples from mid bay (one-tailed p = 0.005 and two-tailed p =
0.009 t tests) as well as from the south bay (one-tailed (p = 0.003) and two-tailed (p = 0.006) t
tests). C:N ratios of whole sponge samples collected from the mid bay were not statistically
different than C:N ratios of whole sponge samples collected from the south bay (p = 0.25, one-
tailed t test). The C:N of both the sponge cell fraction and the microbial cell fraction were
significantly higher than the C:N all of the whole sponge samples from all locations (p = 0.000

for all in one- and two-tailed t tests).
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Bulk &°N and 8°C

Bulk tissue §'°N and 8'3C values of whole sponge samples averaged 5.1%o and -18.0%o,
respectively, but varied by geographic location within Kane‘ohe Bay (Table 4.3). The mean bulk
&N values of whole sponge samples from the north bay were significantly higher than the mean
&N values of whole sponge samples from the mid bay (p = 0.001, one-tailed t test; p = 0.003,
two-tailed t test) and the mean §'°N values of whole sponge samples from the south bay (p =
0.005, one-tailed t test; p = 0.008, two-tailed t test). However, §'°N values of sponges from the
mid bay and south bay were not significantly different (p = 0.25, one-tailed t test; p = 0.51 two-
tailed t test). The mean bulk §'*C value of sponges for the north bay were significantly higher
than the mean §'3C values of sponges from the mid bay (p = 0.04, one-tailed t test) and the mean
&"3C values of sponges from the south bay (p = 0.000, one-tailed t test, p = 0.000, two-tailed t
test). The mean §3C values of sponges from the mid bay were also significantly higher than the
mean 6'3C values of sponges from the south bay (p = 0.02, one-tailed t test; p = 0.04, two-tailed t
test). Average bulk §'°N value of the isolated sponge cell fraction was 8.1%o = 0.3%o (n = 7) and
average §13C value was -22.4%o + 0.4%o (n = 7). Average bulk 6"°N value of the isolated
microbial cell fraction was 7.9%o = 0.4%o (n = 8) and average §'3C was -26.0%0 + 3.4%o (n = 8)
(See Tables 4.4 and 4.5). The mean §'°N values of the sponge cell and microbial cell fractions
were not significantly different (p = 0.1, one-tailed t test; p = 0.2, two-tailed t test). However, the
mean §'3C value of the sponge cell fraction was significantly higher than the §'3C values of the
microbial cell fraction (p = 0.01, one-tailed t test; p = 0.02, two-tailed t test). The §'°N value of
both the sponge cell and the microbial cell fractions were significantly higher than the §'°N value
of whole sponges collected from all locations (p = 0.000 in one- and two-tailed t tests for all),

and the 6°C value of both the sponge cell and microbial cell fractions were significantly lower
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than the §'C values of whole sponges collected from all locations (p = 0.000 in one- and two-

tailed t tests for all).

8!3C values of the microbial cell fractions were significantly and positively correlated with C:N
molar ratios (Figure 4.3, F < 0.001, R? = 0.97). In addition, 6'°N values of whole sponge samples
and sponge cell fraction are significantly and positively correlated with C:N molar ratios (Figure

4.4, C:N = 0.42445'°N + 2.3506, R?=0.825).
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Location Sample "N s°c C:N
%o vs. AIR %o vs. V-PDB

North Bay
n=10 NBI1 6.4 -17.4 4.9
NB2 5.5 -16.9 4.8
NB3 5.7 -18.1 43
NB4 6.9 -17.7 5.4
NBS5 5.8 -17.8 4.7
NB6 6.0 -17.9 43
NB7 5.9 -17.7 5.4
NBS8 5.8 -16.2 4.9
NB9 5.2 -17.3 43
NB10 5.4 -17.6 4.8
Mean (NB) 59+0.5 -17.5+0.6 48+04
Mid bay
n=10 MBI1 6.1 -18.0 4.6
MB2 4.5 -18.3 43
MB3 4.5 -18.0 4.1
MB4 4 -18 4.6
MBS5 5.2 -17.7 4.6
MB6 4.5 -17.6 4.5
MB7 5.5 -17.4 43
MB8 4.8 -18.5 4.1
MB9 5.1 -18.1 4.2
MB10 4 -18.1 43
Mean (MB) 48+0.7 -18.0+0.3 44+0.2
South bay
n=10 SB1 2.5 -19.8 4.0
SB2 4.7 -18.5 4.2
SB3 43 -18.5 4.0
SB4 4.7 -19.1 4.2
SBS 3.9 -19 4.1
SB6 6.1 -18.5 4.6
SB7 4.8 -19 4.5
SB8 4.9 -17.2 43
SB9 4.1 -17.8 4.2
SB10 6 -19.6 4.7
Mean (SB) 46+1.0 -18.7+0.8 43+0.2

Table 4.3: Bulk 3'°N, bulk 8'*C, and C:N (mol:mol) values for whole sponge samples collected
from north (NB), mid (MB), and south (SB) Kane‘ohe Bay, with mean values + SD reported by

location.
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Figure 4.3: Relationship between C:N (mol:mol) ratio and bulk §'*C in the microbial fraction
showing that when §'3C values are corrected for high C:N (circled samples), the microbial cells

have a much lower bulk §'3C value than the sponge cells.

112



® North bay (Reef 44) A A
: A A 6
* Mid bay (Reef 25) A &
A
W South bay (Reefs3+4) LT 55
A Sponge cells * . Q.
....... . s
0 e
.... L]
* . e - 45 A
n. S8
* o m ® L0 0
m B ly e
e u 4
.......... 3.5
y = 0.4244x + 2.3605 3
R2=0.825
2.5
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

SN

Figure 4.4: Bulk §"°N versus C:N (mol:mol) of whole sponge samples and sponge cell fraction
samples. Regression through all sample data points: C:N = 0.42446'°N + 2.3506, R?=0.825. The

bulk §'°N values and C:N ratios of whole sponges reflect variation by site of collection.

Compound specific amino acid analysis

Carbon isotopic composition of individual amino acids were determined on six samples,
however some fractions were combined in order to have sufficient material for analyses (Table
4.4). Microbial cell fractions M1 and M3 as well as sponge cell fractions S1 and S3 were
combined into a single microbial and a single sponge sample, respectively for AA CSIA. Three
microbial cell fractions M4, M6 and M7 were analyzed individually, however their equivalent
sponge fractions had to be combined into a single sample (S4 + S6 + S7). Although 14 amino

acids were detected, the 6'3C values of 12 were reliably measured in all samples (Table 4.5). T
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was unable to measure the carbon isotopic composition of isoleucine and methionine in all
samples. The 3'3C values of amino acids ranged from -27.0 to 4.5%o. The essential amino acid
(Thr, Val, Leu, Phe and Lys) 8'3C values of microbial cell fraction M1 + M3 were not
significantly different from those of sponge cell fraction S1 + S3 (p = 0.446, one-tailed and p =
0.892, two-tailed t tests). In addition, the essential amino acid 8'3C values of microbial cell
fractions M4, M6 and M7 were not significantly different from those of sponge cell fraction S4 +

S6 + S7 (p = 0.461, one-tailed and p = 0.922, two-tailed t tests).

Recovery limited nitrogen isotope analyses even more than carbon isotope analysis and only five
samples had sufficient material for analysis. In addition, only eight amino acids were reliably
measured in all samples (Table 4.5). 8'°N values ranged from 2.3 to 16.4%o and trophic amino
acid (Ala, Leu, Pro, Asx, GIx) 8'°N values were higher (10.6 % 3.3%o) than those of source amino
acids (Lys, Phe, 4.1 + 1.3%0). Direct comparison of nitrogen isotopic compositions between
microbial and sponge cell fractions could only be made for M4, M6 and M7 and S4 + S6 + S7.
The source amino acid §'°N values of microbial cell fractions M4, M6 and M7 were not
significantly different from those of sponge cell fraction S4 + S6 + S7 (t test, one-tailed p =
0.144 and two-tailed p = 0.288). In addition, the trophic amino acid 8'°N values of microbial cell
fractions M4, M6 and M7 were not significantly different from those of sponge cell fraction S4 +

S6 + S7 (t test, one-tailed p = 0.133 and two-tailed p = 0.267).

Trophic level calculated from the difference in 8'°N values of Glx and Phe (TLgix-phe) for the

combined sponge sample (S4 + S6 + S7) is 2.1 (propagated SD=0.2) and the average trophic

level for samples M4, M6, and M7 is 1.9 (propagated SD=0.3) (see Table 4.6). TLgix-rhe of these

114



sponge cell and microbial cell fractions were not significantly different (t test, one-tailed p =

0.311 and two-tailed p = 0.622).

The difference in the average 8'°N values of trophic and source amino acids of the sponge cell
fraction (sample S4 + S6 + S7) was 6.9 + 1.3%o and that of the microbial cell fractions (samples
M4, M6, and M7) was 5.9 £ 1.2%.. These proxy measurements of trophic level of the microbial
and sponge cell fractions were not significantly different (t test, one-tailed p = 0.270 and two-

tailed p = 0.540).

The difference in the weighted mean 8!°N values of trophic and source amino acids of the
sponge cell fraction (sample S4+S6+S7) was 9.4 (propagated SD = 0.4) and 8.9 (propagated SD
= (.3) for the microbial cell fractions (samples M4, M6, and M7). This trophic proxy of the
microbial and sponge cell fractions was also not significantly different (t test, one-tailed p =

0.143 and two-tailed p = 0.286).
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Sample TL TP using average 1SN TP using weighted mean 515N

S4 + 86+ S7 2.1+£0.2 69+1.3 9.4+0.3
M4 1.9+0.2 6+1.0 11.1£0.2
Mé6 1.6+0.2 51+14 79+0.4
M7 2.1+£0.2 6.6+1.1 7.7+0.4
Average M4 + M6 + M7 1.9+0.3 59+12 89+03

Table 4.6: Trophic level, trophic proxy calculated using average of 6'°N values of trophic and
source amino acids, and trophic proxy using weighted mean 6'°N values of trophic and source

amino acids, reported with propagated standard deviations.

Summed variance in 6"°N values of trophic amino acids (XV)

>V values ranged from 2.0 to 3.0 (Table 4.7). £V values of microbial cell fractions M4, M6 and
M7 were not significantly different from those of sponge cell fraction S4 + S6 +S7 (t test, one-
tailed p = 0.115 and two-tailed p = 0.230). The XV values in microbial and sponge cell fractions
are similar to those found in cultures of heterotrophic bacteria and microbially reworked particles
in the ocean (McCarthy et al. 2007, Calleja et al. 2013, Hannides et al. 2013) and are higher than

values found in phytoplankton and zooplankton (McCarthy et al. 2007).
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Sample VvV

M1 + M3 2.9
S4 +S6 + S7 3.0
M4 2.6
M6 2.0
M7 24
Average Microbial 25

Average M4 + M6 + M7 20

Table 4.7: Summed variance in the 8'°N values of select trophic amino acids (ZV) of isolated

sponge (S) cell and microbial (M) cell fractions of Mycale grandis. See text for details.

Discussion

Sponge associated microbial symbionts play an important role in sponge nutrition. Separate
analysis of sponge and symbiotic microbial cells can reveal details about the relationship and
mechanism of nutrient transfer from symbiont to sponge. While the sponge holobiont has been
shown to be capable of DOM uptake and ultimately incorporation, the exact mechanisms and the
role(s) microbes may play in this process has not been well described. The separated sponge cell
and microbial cells fractions contained distinct cell compositions from each other, with the
sponge fraction dominated by sponge cells and the microbial cell predominantly composed of
heterotrophic bacteria. Despite variation of §'°N and §'3C values in sponge samples by location
throughout Kane‘ohe Bay, the §!°C values of the essential amino acids and 8'°N values of the
source amino acids are not statistically different between the two fractions. The indistinguishable
amino acid compositions and high XV values raise questions about the nature of transfer of

carbon and nitrogen and suggest that the sponge is primarily if not exclusively acquiring carbon
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and nitrogen through direct transfer of bacterially-synthesized amino acids, and not from feeding

on their associated microbes or through filtration of plankton in the water column.

Separation of sponge and microbial cell fractions

Our results indicated good separation of the sponge and microbial cells. Flow cytometry revealed
fractions distinguished by size, pigment (chl and PMT 3), and DNA content. Epi-fluorescence
microscopy at 200x and 400x identified that large (~5 micron nuclei) cells within the sponge
tissue samples were largely devoid of fluorescence and hence were composed of only sponge

cells.

The distinct composition of the two fractions confirmed good separation of sponge cell and
microbial cell fractions containing profiles of cells distinct from each other, with the sponge
fraction containing predominantly sponge cells and the microbial fraction containing smaller
prokaryotic cells. The sponge cell fraction contained on average 84.0% sponge cells by count for
M. grandis identified through FCM in this study, consistent with Fiore et al.’s (2013) finding that
their sponge fraction for X. muta contained ~85% sponge cells revealed through epi-fluorescence
microscopy. The cell separation method has also been shown to be effective for other Caribbean
sponge species (Freeman and Thacker 2011). While efforts were made to fully dissociate and
homogenize the sponge tissue samples to allow for separation of the sponge cells from the
prokaryotic cells, it is possible that some prokaryotes remained intracellularly in some sponge
cell fraction samples. Overall, the sponge cell fraction resulting from the Freeman and Thacker
(2011) protocol produces a representative mix of sponge cells of ~10 micron size and may

contain small remnants of structural materials such as broken spicules or spongin fibers.
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Sponge cell fraction S6 had the highest “HiDNA” and “LowChl” counts, and sponge cell
fractions containing eggs within the mesohyl (S6, S7, and S8) all had significantly higher counts
of “HiDNA” and “LowChl” than samples S1 through S5, which did not contain visible egg
clusters. As expected, the presence of gametes in samples S6, S7, and S8 resulted in greater
“HiDNA” cell counts. Samples S6, S7, and S8 also exhibited lower chlorophyll. Unlike other
sponge tissue cell types, sponge gamete cells would not contain prey cells within them nor

contain directly integrated chlorophyll from food sources.

Theoretically, all planktonic microbes have the potential to populate the mesohyl of a sponge
provided they can survive the digestion and immune response in sponges and are capable of
growing in the microenvironment within the sponge (Zhu et al. 2008). Syrnechococcus is the
dominant cyanobacteria taxon in Kane‘ohe Bay and contributes > 35% of phytoplankton biomass
(Selph et al. 2018). At 200x and 400x magnification using epi-fluorescence microscopy,
Synechococcus was the most abundant sponge-associated microbe in M. grandis, ranging in 0.5

to 1.5 micron in size as indicated by phycoerythrin (PMT 3).

In Kane‘ohe Bay, abundances of Synechococcus (primary producer) and heterotrophic bacteria
(decomposer) are tightly coupled to each other. Rapid growth of Syrnechococcus and larger
heterotrophic consumers are thought to augment the number of trophic pathways by which
carbon moves from the microbial community to metazoan consumers and thereby supports

higher transfer of production to metazoans (Azam at al. 1983, Selph et al. 2018).
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Among cyanobacteria, the Synechococcus/Prochlorococcus clade is the single most dominant
group in most of the world’s oceans and have been found in at least 26 Demospongiae families
(Hentschel et al. 2006). A monophyletic “S. spongiarum” clade that is phylogenetically distinct
from the nearest free-living Synechococcus relative has been reported to be present in a total of
18 sponge species from various geographic locations (Steindler et al. 2005). “HiDNA” cells
within the sponge fraction are sponge cells containing very a high chlorophyll signature and high
phycoerythrin signal (PMT 3) and may be sponge cells with phytoplankton prey within them or
residual phytoplankton cells in the sponge cell fraction. Some sponges have been shown to prey
on Synechococcus in feeding clearance studies (Pile et al. 1997, Pile et al. 2003). It is unknown
whether M. grandis can consume Synechococcus prey directly as a dietary strategy. To
determine whether M. grandis consumes Synechococcus, future studies could include
Synechococcus clearance feeding experiments, or alternatively, repeat comparative
measurements of PMT 3 in sponge cell samples following starvation experiments. Disappearance
of the phycoerythrin signal would suggest that ingestion of Synechococcus is the source of PMT

3 measured in sponge cell samples.

Bulk 6'°N and 8'3C values in the whole sponge, sponge cell, and microbial cell fractions also
indicated good separation of the fractions (Figure 4.5). Although there is overlap in §'3C values
between the microbial and some sponge cell fractions, the average difference between these two
fractions is quite large (3.5%o) and the mean C:N values of sponge cell and microbial cell
fractions are statistically different indicating distinct compositions between the two fractions.
Some microbial cell fractions (M2, M3, M5, and M8) were found to have unexpectedly high C:N

ratios. In addition, 8'*C values of the microbial cell fractions are significantly and positively
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correlated with C:N ratios (Figure 4.3) suggesting that some microbial cell fractions potentially
contained a small amount of carbonate that would increase both C:N ratios and §'°C values. An
isotope mass balance based on the §'3C value of microbial cell samples and carbon contribution
and estimated §'3C values of heterotrophic bacteria (§'3C ~ -33.5%o) and nanophytoplankton
(6'3C ~ -22%o) within each sample was performed to calculate the estimated amount of residual
carbonate (with 6'*C value of 0%o) in each sample. The contribution of Synechococcus was
ignored because all fractions contained < 1% Synechococcus contribution to carbon. Isotope
mass balance confirmed that samples with the highest §'*C values also contained the high
amounts of residual carbonate (samples M2 (26%), M3 (11%), M5 (14%), and M8 (25%)) (See
Figure 4.3). While sample M4 and M6 also contained appreciable amounts of carbonate (14%
and 10%), these two samples had the lowest contribution of nanophytoplankton and highest
amounts of heterotrophic bacteria within the fractions which would drive §'3C values lower (See

Figure 4.3).

Greater nanophytoplankton contribution in some of the microbial cell fractions would have the
effect of driving up §'°C values. Nanophytoplankton carbon contribution was especially high in
samples M3 (66%), M5 (58%), and M8 (26%) (see Figure 4.2). These samples were amongst
those that exhibited the lowest §'3C values. While different species of phytoplankton vary in
ability to take up HCOs3™ versus CO; and exhibit a range in fractionation (Keller and Morel 1999,
Laws et al. 2001), the overall effect of greater nanophytoplankton to heterotrophic bacteria
counts would be higher §'3C values compared to samples with greater heterotrophic bacteria to
nanophytoplankton counts. Thus, the fractions with higher C:N values are not considered to be

representative of the true microbial fraction, while the lower C:N values found in samples M1,
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M4, M6 and M7 are considered to be more representative. The average microbial cell §'*C
values of M1, M4, M6 and M7 is -29.0 + 1.6%o, which is significantly lower (one-tailed t test, p

< 0.001) than the average sponge cell fractions 8'3C value of -22.4 + 0.4%o.

Lastly, there is a significant negative linear relationship (F = 0.044) between the §'°C values of
bulk microbial cells and the abundance of bacteria (HIDNA BACT + LowDNA BACT). A plot
of 313C versus 1/Sum BACT yields an intercept of -29%o as the predicted value of a “pure”
bacterial fraction, which closely resembles samples M1, M4, M6 and M7. Based on this
relationship I suggest that a greater separation in §'*C values is found in the microbial cell
fractions with higher numbers of bacteria. From the composition of the sponge cell fraction and
the relationship between 3!3C values and C:N ratios, I conclude these microbial cell samples are

distinct from sponge cell fractions and are representative of sponge microbial cells.
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Figure 4.5: Relationship between the 3'3C and 3!°N values of whole sponges and the sponge and
microbial cell isolates. The whole sponge carbon and nitrogen isotopic composition of the
sponges that the cells were isolated from was not measured. Note: Sum of isolated sponge cell +
microbial cell isolates # whole sponge. Whole sponge samples include structural material not

present in either fraction.

Isolated sponge cell and microbial cell fractions differ significantly from whole sponge tissue
samples in C:N, 6"°N and 6'°C values. The internal sponge matrix is dominated by gelatinous
collagen-rich mesohyl reinforced by a dense network of fibrous spongin. Spongin is a modified
collagen protein found in demospongiae and provides structure and flexibility. Spongin fibers are
secreted by collagen producing sponge cells found within the mesohyl. Bulk sponge tissue
samples are predominantly composed of spongin and mesohyl. As observed in these samples,
protein-rich spongin drives down the C:N ratio in bulk sponge. Diet-to-collagen isotope

fractionation in bone collagen is known to result in 1*C enrichment in bone collagen of about 5%o
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relative to other biomolecules from plants and animals (e.g., see Fernandes et al. 2012 and
references therein). I speculate that similar carbon isotope fractionation can explain the ~5%o
difference between whole sponge and sponge cell fraction §'*C values although certainly more

work is required to confirm this hypothesis.

The C:N of the sponge cell fraction (average of S4 + S6 + S7) is significantly lower relative the
C:N of the microbial fraction (average of M4 + M6 + M7), indicating fundamental differences in
the composition of the two fractions. In addition, the microbial cell fraction also exhibits lower
average bulk §13C values compared to the bulk §'3C values of sponge cells. Higher lipid-to-
biomass content drives §'°C values lower and increases C:N ratio (Hayes 2001, Post et al. 2007).
Higher lipid content in microbial cells may in part contribute to observed §'*C values and C:N
ratios. While the C:N ratio and the relative carbohydrate-lipid-protein composition of sponge
associated bacteria are not known, the sponge cell fraction is expected to contain relatively
higher protein and carbohydrate composition relative to the microbial samples, which may be
reflected in the observed C:N ratios. While lipid content partially explains some of the observed
C:N and §'3C differences, the fraction of interest is the protein fraction that contains dietary
information about the transfer of amino acids in the fractionation between trophic and source

amino acids in nitrogen and non-essential and essential amino acids in carbon.

Although the 85N values of the sponge cell fraction is significantly different from those of
whole sponge, I suggest that this difference is derived from the varying nitrogen isotopic
composition of nutrients in different regions of Kane‘ohe Bay (Figure 4.4). Nitrogen inputs vary

with seasonal patterns and weather (e.g. heavy rainfall and wind). Stream runoff and
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anthropogenic inputs from urban developments such as coastal residential housing, He‘eia
Harbor, and commercial developments are also sources of §'°N variability across the bay. The
higher §'°N values measured in samples from the north bay may indicate input from higher
concentrations of cesspools in the northern portion of the bay, as NO;™ associated with sewage
input is typically more enriched in N (Kendall et al. 2001, Richardson et al. 2016).
Additionally, submarine fresh groundwater discharge sources (Hunter and Evans 1995) would
also result in higher 6'"°N (McClelland and Valiela 1998, Vizzini et al. 2005). Indication of
variations in nitrogen isotopic compositions by capture location of across the bay have also been
observed the brown stingray Dasyatis lata (Dale et al. 2011). Brown stingrays captured in the
southern part of Kane‘ohe Bay were consistently depleted in 1*C and enriched in >N compared
with stingrays caught in the mid and north bay. While §'°N trends for D. lata have opposite
correlation by location compared to M. grandis samples, Dale et al. (2011) similarly attributes
high §'°N values measured in brown stingrays to high levels of human population in the south
bay, high rates of nutrients, and residual effects of sewage discharge in the south bay from 1951-
1978 (Hunter and Evans 1995). These differences are most likely due to seasonal variability and

fluctuating inputs of nitrogen sources.

Average C:N in north Kane‘ohe Bay was significantly different from average C:N in both mid
and south Kane‘ohe Bay, while the mid bay and south did not differ significantly from each
other. Bulk §'°N values of both sponge cell and microbial cells were significantly higher than the
85N of whole sponge samples. Despite these differences, the high correlation between C:N
ratios and 8'°N values of whole sponge and sponge cell fractions (Figure 4.5) is consistent with

our suggestions for the observed variation in §'°N values across samples.
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Although the flow cytometric and epifluorescence characteristics and the C:N ratios and carbon
isotopic compositions of microbial and sponge cell fractions are distinctly different, the carbon
and nitrogen isotopic compositions of amino acids in these fractions are remarkably similar
(Tables 4.4 and 4.5). The compound specific amino acid isotopic data of the bacterial and sponge
cell fractions strongly suggest that M. grandis is acquiring amino acids directly from its
heterotrophic bacterial symbionts and not through Synechococcus spp. or other marine
photoautotrophs. It is unlikely that Synechococcus would synthesize amino acids with a carbon
and nitrogen isotopic composition identical to the pattern found in heterotrophic microbial cells

that dominate the microbial cell fractions as identified through FCM.

Indo-Pacific sponges have long been considered to be phototrophic (Wilkinson 1983, Thacker
2005). Characteristics of M. grandis suggest that it can acquire nutrients from photoautotrophs,
for example, it is found in well-lit shallow reef habitat and has bright orange coloration
suggestive of photosymbionts such as the Synechococcus spp. that provide similar coloration to
the Caribbean sponge X. muta. Furthermore, M. grandis (formerly Mycale armata) was revealed
to host cyanobacterial phylotypes (Wang et al. 2009). One explanation for the lack of growth
measured in M. grandis samples kept in flow through water tables at HIMB was a decrease in
light levels (Shih, this volume, Chapter 2). Sponges that are classified to be extremely dependent
on cyanobacterial photosynthesis lost mass under shaded conditions (Thacker 2005). M. grandis
kept in water tables were exposed to natural light cycles but were partially shaded from direct
sunlight. However, samples of sponge analyzed for FCM and CSIA were collected directly from
the sunlit reef and revealed heterotrophic bacterial rather than cyanobacterial dominance in the

microbial fraction. Although cyanobacterial symbionts can comprise 25 to 50% of a sponge’s
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cellular volume (Riitzler 1990), relatively little is known about the metabolic exchanges and
ecological interactions between sponges and their microbial symbionts. The unicellular
cyanobacterium Synechococcus spongiarum is the most prevalent photosynthetic symbiont
present in marine sponges (Erwin and Thacker 2007). In M. grandis, Synechococcus spp.
represents less than 1% of the carbon contribution within the microbial cell fraction, although
Synechococcus cells, which are larger than most bacterial cells, may have been lost in the

efficiency of the separation by size fractionation.

Phylogenetic analyses of S. spongiarum 16S rRNA sequences from sponge host species revealed
a genetically distinct symbiont clade from free living cyanobacteria but are indistinguishable
from symbiont populations within different species and from distant geographic locations
(Thacker 2005). S. spongiarum appears to be a generalist symbiont capable of horizontal
transmission among hosts and exhibits widespread dispersal across the oceans. Synechococcus
symbionts may be commensals that exploit the resources provided by their sponge hosts without
significantly affecting sponge mass but may be consumed by their hosts or may be able to

disperse from their host sponge when unfavorable environments arise (Thacker 2005).

Summed variance in 6"°N values of trophic amino acids (XV)

XV is a proxy for heterotrophic bacterial resynthesis of organic matter, as partial resynthesis
introduces isotopic variability among amino acids in bacterial cells (McCarthy et al. 2007,
Calleja et al. 2013, Yamaguchi et al. 2017). Heterotrophic reworking of proteinaceous material
occurs through a range of processes including extracellular hydrolysis (Hannides et al. 2013), de

novo synthesis, salvage AA incorporation into new biomass, selected resynthesis, and strict
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catabolism (McCarthy et al. 2007). The £V index is a measure of the relative change §'°N values
of select trophic amino acids due to microbial alteration against a backdrop of other §'°N values
that remain relatively unaltered (Yamaguchi and McCarthy 2018). This pattern can differentiate
microbial processing from eukaryotic processing of amino acids. Values above £V =2 are
generally considered to be a threshold for organic matter resulting from a predominantly
heterotrophic resynthesis of detrital materials, although consumption of particles by zooplankton

can also result in a slight increase in ZV values (McCarthy et al. 2007).

Both sponge cell and microbial cell fractions exhibited high XV values, indicative of
heterotrophic microbial alteration of amino acids. McCarthy et al. (2007) observed typical values
of £V range from ~0 to 1 for phytoplankton, 1 to 1.5 for zooplankton and up to ~3 for detrital
POM in surface sediment traps along the equatorial Pacific. Yamaguchi and McCarthy (2018)
also measured high values of £V (~2 to 4) in high molecular weight dissolved organic matter in
the North Pacific Ocean north of Hawai‘i. Yamaguchi and McCarthy (2018) showed that £V
values increased from surface waters (21 m, XV =~2) to mesopelagic depths (XV =~2.8 at 915
m and ~4 at 670 m). In comparison, Yamaguchi and McCarthy (2018) found particles ranging in
size from 500 kDa to ~1 um (collected in GF/F filters) from depths of 25 to 750 m had £V
values less than ~2. Consequently, they suggested that high XV values are found in highly
bacterially altered particulate organic matter in the deep ocean, high molecular weight dissolved
organic matter and in bacterial cells which have partly resynthesized amino acids (McCarthy et

al. 2007, Callega et al. 2013, Yamaguchi et al. 2017, Yamaguchi and McCarthy 2018).
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The ZV of the microbial and sponge cell fractions can reveal the origin of the small particles
found in the sample. The high values observed in the sponge cell fractions (S4 + S6 + S7)
suggest that amino acids are not acquired directly from the consumption of fresh phytoplankton
as a LV closer to that of phytoplankton (~1.0 to 1.5) would be expected. Although higher XV
values were observed in zooplankton relative to phytoplankton in the equatorial Pacific Ocean
(McCarthy et al. 2007), those changes were small (increase from ~0.7 to 1.5). Sponges have
been demonstrated to be capable of uptake and incorporation of dissolved organic matter (de
Goeij et al. 2008b, Rix et al. 2016, Rix et al. 2017, Hoer et al. 2017). The high £V observed in
microbial and sponge cell fractions may be evidence of uptake of DOM with high XV values.
However, the lack of statistical difference between the £V of sponge cell and microbial cell
fractions supports the hypothesis that the high XV observed in the sponge cell fraction were
inherited from their microbial symbionts, rather than the sponge cells directly taking up DOM

from the water column.

Heterotrophic bacteria are thought to transform labile components into increasingly refractory
dissolved organic matter (e.g., Jiao et al. 2010). It is unclear if bacterial symbionts in sponges are
responsible for the observed direct uptake of DOM by sponges. If bacteria in M. grandis play a
significant role in DOM uptake, they could acquire at least some of their high £V values from
dissolved organic matter and transfer those partially resynthesized amino acids to the host

sponge cells.

Results from FCM, lack of significant difference in the £V index, and amino acid patterns show

that photosymbionts are not a major direct source of amino acids to M. grandis and that their role
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in sponge nutrition may be less important than previously thought. If Synechococcus spp. are
providing nutrition to the sponge, it would not be a direct source to the sponge, but through an
intermediary, such as Synechococcus photosynthates being utilized by heterotrophic bacteria that
subsequently transfer amino acids to the sponge host. Although the role of Synechococcus in M.
grandis nutrition appears to be small if any, they could provide an alternate source of nutrition
under different environmental regimes similar to the alternative stable states observed in coral

that undergo bleaching (Cunning et al. 2017).

Trophic position and trophic proxy

Compound specific isotopic analysis revealed that both sponge cell and microbial cell fractions
contain statistically indistinguishable amino acid composition. While calculation of the trophic
position has become standard in determining a relative position in studies within a food web, the
values of f and A are made on assumptions about the base of the food web being studied and the
degree of enrichment between amino acids for each trophic level shift, and can exhibit variation
across primary producers and consumers (Chikaraishi et al. 2009, Bradley et al. 2015). Although
the absolute values of f and A in all predator-prey situations are not known, they are assumed to
remain reasonably constant, therefore the difference between the isotopic compositions of

trophic and source amino acids drives the calculation of trophic position.

Trophic position proxy (TP) removes the reliance on assumed constants and is based only on the
difference in trophic and source amino acids in symbiont and host to reveal a relationship
through the trophic position between the organisms (Decima et al. 2013, Bradley et al. 2015).

Metazoan consumption would result in the >N enrichment of trophic amino acids relative to
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source amino acids (McClelland and Montoya 2002, Popp et al. 2007, Chikaraishi et al. 2009).
The trophic position of sponge cells (S4 + S6 + S7) was not greater than the trophic position of
the complementary microbial cell samples (M4, M6 and M7) when determined from average
85N values of amino acids. Trophic position using weighted 6'°N averages based on the
uncertainty of the measurements also revealed no significant difference in TP between the

sponge and its associated microbes.

One caveat is the observation that phagotrophic protists do not necessarily follow the systematic
5N trophic enrichment that is well established for metazoan consumers. Salvage incorporation of
AA was thought to be restricted only to bacteria, but the trophic amino acids in protistan
consumers are generally not, in fact, significantly enriched in '°N relative to their prey
(Gutierrez-Rodriguez et al. 2014) with the exception of alanine (Gutierrez-Rodriguez et al. 2014,
Decima et al. 2017). While a similar effect cannot currently be eliminated as a possibility for the
lack of difference observed between sponge and microbial cell fractions amino acid patterns, all
other evidence discussed indicates that it is a direct transfer and incorporation of amino acids
from microbes to sponge, inclusive of nonessential amino acids indicating that neither bond

breakage nor resynthesis are taking place.

No significant differences in trophic level between the sponge cell and microbial cell fractions
are observed. In addition, the §'°N values of source amino acids and the §'3C values of essential
amino acids are not statistically different in microbial and sponge cell fractions, providing
additional evidence that AA in the sponge fraction are directly transferred from the sponge-

associated microbes to its host without isotope fractionation. These measures of AA suggest that
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amino acids are translocated from the microbial symbionts to the sponge cells rather than

through classic trophic transfer found in more typical metazoan consumers.

Sponges acting as a typical metazoan by consuming bacterial cells would exhibit a difference in
trophic position through obligate deamination and transamination in amino acids. It appears
amino acids are transferred from symbiont to the host by translocation in a manner similar to
those found in coral and its symbiont Symbiodinium in the transfer of nutrients (Muscatine and
Porter 1997, Radecker et al. 2015). Corals similarly harbor a variety of symbiotic archaea and
bacteria. Reshef et al. (2006) proposed in their ‘coral probiotic hypothesis’ that a dynamic
relationship between symbiotic microorganisms and the coral host selects for the most
advantageous composition of the coral holobiont under varying conditions. Additionally, the
translocation of photosynthates to the host can help the symbionts to maintain a favorable C:N
ratio (Dubinsky and Jokiel 1994). Sponges may likewise be able to undergo shifts between
translocation-like nutrient acquisition and heterotrophic feeding as observed in coral
(Houlbreque and Ferrier-Pages 2009) under different environmental regimes. The amino acid
compositions of sponge and microbial cells suggest that M. grandis acquires carbon and nitrogen
predominantly through translocation of AA or through some kind of direct assimilation.
Translocation specifically would be a process that does not produce isotopic fractionation. It is
not currently known if translocation of amino acids can occur in sponges however our results are
consistent with some type of translocation mechanism in sponges. I observe that isotopic
compositions of amino acids in sponge and microbes are nearly identical although the sponge

cell and microbial cell fractions were composed of distinct cells. In addition, the high XV
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observed in the sponge is not indicative of a typical metazoan consumer but rather of bacteria or

of bacterially reworked organic matter.

Conclusion

Evidence of symbiont-provided nutrition has been well studied in phototrophic sponges (Erwin
and Thacker 2008, Freeman and Thacker 2011) as has the ultimate incorporation of algal and
coral derived DOM into sponge tissue (de Goeij et al 2008b, Rix et al. 2016, Rix et al. 2017).
Microbial symbionts are purported to provide nutrition to the host sponge. While primary
producers have been identified as the original source of carbon and nitrogen to reefs and the
sponge holobiont, previous experiments did not directly demonstrate that carbon and nitrogen
were transferred from photoautotrophs directly to the sponge. Instead, I propose an intermediate
step in the transfer of carbon and nitrogen facilitated through bacterial symbionts. It would be
unlikely to observe identical isotopic compositions of amino acids in sponge and microbial cells
if the direct transfer of AA from photosymbiont to sponge cell was occurring, as photosymbionts
and heterotrophic bacteria would not be expected to contain the same amino acid isotopic
compositions. Rather, I propose that the bacteria are consuming DOM, resynthesizing the
organic material, and passing on nutrition to the sponge in the form of amino acids through
translocation. This translocation may be key to the observed efficient transfer of carbon and
nitrogen during the DOM uptake segment of the sponge loop. No change in trophic position and
absence of amino acid isotopic fractionation between the microbe and the host sponge cells
implies that no amine bonds were broken in this transfer of carbon and nitrogen and that a direct
translocation of amino acids from symbiont to host is occurring, inclusive of nonessential and

“trophic” and “source” amino acids. It has been previously established that M. grandis hosts
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active nitrifying communities (Shih, this volume, Chapter 3) and there may well be other active
microbial communities within the sponge holobiont. I further propose that regenerated ammonia
from the sponge may be coupled to ammonia assimilation by its symbiotic bacteria which then
synthesize the amino acids translocated to the sponge. Indeed, nitrogen cycling within marine
sponges is likely more complex than previously assumed. These data are evidence that the
transfer of nutrients from primary producers to sponge are mediated by bacterial symbionts in a

process similar to translocation observed in coral.
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CHAPTER 5:

Summary of Findings, Conclusion, and Future Directions
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This dissertation investigated the influence of the alien invasive sponge Mycale grandis and the
role it plays in the cycling of nitrogen (N) in shallow coral reef habitats in Hawai‘i. In addition,
abundances of the sponge Mycale grandis in Kane‘ohe Bay and seawater pumping rates were
ascertained, and life history and key dietary behavior and how their microbial symbionts relate to
their nutrition are investigated and discussed. Although this sponge is native to the Indo-
Australian south Pacific, no research had previously been done on the sponge in its native
habitat. Therefore little was known about the impacts it would have as an alien invasive sponge
in Hawai‘i and elsewhere. Anecdotally, the sponge has also spread to regions in Guam and
Mexico. The appearance of M. grandis in Hawai‘i is of particular significance because Hawai‘i
has one of the highest rates of endemism in the world. We owe these unique species to the fact
that Hawaiian Archipelago is the most isolated and the largest tropical reef ecosystem on the
planet (Coles and Eldredge 2002, Eldredge and Carlton 2002) and thus is extremely susceptible
to the threat of invasive species. While research on sponges on tropical coral reefs in the
Caribbean provides clues to the success of sponges as community benthic members and their
ability to influence biogeochemical cycling on the reefs, we can only infer how some of those
roles will manifest in analogous ways on Hawaiian coral reefs. This research focused on
collecting data needed to test hypotheses about drivers of sponge biomass and success on the reef
and their ability to cycle seawater. Through controlled experiments on live sponges, further
hypotheses were addressed regarding the physiological behaviors of the sponge through
measurements of pumping rates and through complementary methods of measuring change in
dissolved inorganic nutrients (DIN) in seawater that is circulated by the sponge. How the sponge
microbiome manipulates DIN levels was measured using incubation methods and comparison

methods between sponge excurrent and ambient seawater. Underlying mechanisms of DOM
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uptake by the sponge was investigated using compound specific isotope analyses of amino acids.
Sponge nutrition appears to be intimately tied to its symbiotic microbial community in a way that
is suggestive of direct assimilation of bacterially-produced amino acids rather than through

typical metazoan feeding.

From these investigations we can slowly piece together the story of M. grandis and what led to
its success on local reefs. We have a better understanding of the mechanisms that lead to the
observed biomass and how it further shapes its habitat to compete with other benthic members as
well as possibly indirectly benefiting other invasive species such as the invasive native
macroalga Dictyosphaeria cavernosa and non-native macroalgae Gracilaria salicornia and
Kappaphycus striatum. The sponge M. grandis grows on the same substrate as native reef
building coral. The consequence of this spatial competition, besides the overgrowing of coral
itself, is that sponge does not contribute to the creation of new stony substrate and alters the
available habitat for other native reef species. Furthermore, sponge metabolic products and algal
exudates may further harm coral health (Smith et al. 2006). Despite the lower seawater pumping
rates measured in M. grandis compared to other sponges (Weisz et al. 2008, Fiore et al. 2013),
M. grandis still impressively cycles over 100 times its own volume of seawater through its body
each day, essentially putting this seawater into direct contact via filtration through its active
microbiome. Sponges have been referred to as “microbial fermenters” (Hentschel et al. 2003)
and the ability to affect seawater chemistry is a very deliberate strategy for the sponge’s various
physiological demands. Kane‘ohe Bay is a relatively shallow habitat and the semi-enclosed body
of water in the south bay has extremely slow turnover and circulation with seawater residence

times measured upwards of one month (Lowe et al. 2009). From pumping measurements and
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known circulation information, the degree that M. grandis can assert its influence on seawater
within the south bay was calculated, defined as the amount of time it takes M. grandis to
overturn the overlying water column for each zone examined. The findings were compelling in
that on Coconut Island Reef 2, which is similar to nearby Reefs 4, 5 and 7, the equivalent of the
entire overlying volume is circulated in just 1.9 days. It requires just 3 days for the overlying
water column to be circulated through M. grandis on the Lilipuna fringing reef. In nearby
mangrove areas that were studied, it took merely 3.25 hours for seawater to be circulated through
the M. grandis community. Whether the DIN produced by the sponge remains within generated
nutrient hotspots (Shantz et al. 2015) or is gradually dispersed through diffusion or limited
circulation, the local and broad chemistry within south Kane‘ohe bay certainly contains the

contribution of sponge-produced DIN.

Previous sponge research especially in the Caribbean and the Mediterranean region have
highlighted the importance of sponges on shaping ecosystems dynamics. It has been found that
sponges are responsible for driving the high productivity found on coral reefs despite
oligotrophic conditions due to their ability to take up dissolved organic matter (DOM) to fuel the
rapid growth and shedding of active pumping sponge cells (choanocytes), therefore creating a
continual source of POM available to higher trophic levels (de Goeij et al. 2013). The “rainforest
of the sea” status of coral reefs can in a very meaningful way be credited to sponges’ ability to
move and recycle carbon efficiently and rapidly through the ecosystem. Sponges act as hosts for
what is essentially a concentrated analogue of the microbial loop (Azam et al. 1938) within their
bodies through their proactive pumping activity and dense and active microbial communities

within their mesohyl.
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Sponges have been found in this and other studies to be a greater source of DIN flux that other
sources measured from a variety of habitats in the oceans, including high sources such as marine
sediments (Stimson and Larned 2000) and microbial mats (Bonin and Michetoy 2006). I found
that the rate of DIN flux from M. grandis greatly exceeds the known fluxes measured in coral
reefs in other parts of the world as well as known fluxes within Kane‘ohe Bay inclusive of
sediments, reef flats, and reef slopes (Stimson and Larned 2000). As a major source of DIN,
sponges can shape the structure of the community in situations where nutrient levels can tip
dynamics in one direction or the other. Kane‘ohe Bay itself is an N limited system except for
very short periods after extreme rain events (De Carlo et al. 2007) and so a shift in the N balance
due to sponges has the ability to alter ecological aspects within the bay. If the overall baseline N
balance in the bay is shifted towards more bioavailable N, the degree of N limitation could be
reduced and frequency of N relief could increase. The bay is not generally considered to become
phosphorous (P) limited because P is never fully drawn down even by phytoplankton blooms
following N input, potentially because P is slowly but steadily released by suspended soil

particles following these heavy runoff events (De Carlo et al. 2007).

Chapter 2 assessed current biomass of the sponge on multiple sites within south Kane‘ohe Bay
using belt transects and photo quadrats as well as preliminary details about the life history of the
sponge and controls on M. grandis in the bay. M. grandis currently averages 6.6% coverage over
the habitats surveyed in south Kane‘ohe Bay. While positive growth rates were not measured in
specimens kept in aquaria, this does not rule out that M. grandis abundances can continue to
persist. These are the first updated biomass assessments since those performed by Coles et al.

(2006 and 2007) since the mid 2000s and served both as an update and current biomass
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comparison to those records and for the purpose of determining the influence of M. grandis
within the bay based on its abundance combined with its biogeochemical cycling activities.
Findings from Coles et al. (2007) on 18 reefs throughout Kane‘ohe Bay indicated that the sponge
had its greatest abundance in the south bay near the Hawai‘i Institute of Marine Biology (HIMB)
pier and Coconut Island. Coverage on other reefs decreased to less than 1% on reefs at 1 - 3 km
from this area of maximum abundance in the south bay and thus this study was focused on these
areas of maximum abundance and significance. There is no indication that M. grandis abundance
has declined since the mid 2000s despite a recovery from algal dominance within the bay. The
presence of M. grandis on coral reefs is of first order significance because it is an invasive
species that has only been observed in Hawai‘i since the late 1990s. Chapter 3 utilized
Fluorescein dye pumping and videography methods modified from Weisz et al (2008) to
determine a seawater pumping rate for M. grandis. Seawater filtration coupled to nutrient cycling
is generally considered the most important functional role of sponges to reef communities.
Ammonia oxidation rates were determined using '>’NH4" incubations of the sponge and DIN
fluxes were constrained from analyses of sponge excurrent water compared to ambient seawater.
In addition, DIN flux to the reef from M. grandis was also determined from biomass and these
ammonia oxidation rates. The higher ammonium uptake rates determined from DIN flux
measurements suggest that true ammonia oxidation rates are likely at the higher end of rates
determined from these experiments because the lack of difference between [NO3;+NO;] in
ambient and excurrent samples indicate that NO3™ and NO>” may be subsequently lost to
denitrification or anammox performed by the sponge microbiome. The implication of this
process is that some bioavailable DIN may be removed from the system by the sponge. This

raises questions about net DIN flux that must take into consideration both the sponge’s own
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generated ammonia and sponge-hosted nitrogen loss processes. Chapter 4 elucidated nutritional
strategies and trophic relationship of the sponge to its microbial symbionts through bulk and
compound specific isotopic analysis of whole sponge and isolated sponge cell and microbial cell
fractions. A consortia of microbial types found associated with M. grandis was identified
through flow cytometry methods (FCM). These broad microbial communities identified within
the sponge were examined as a presumed food source for the sponge. No significant difference in
amino acid 6'°N and §'3C values between sponges and its bacterial symbionts was found
suggesting that bacterial cells rather than phototrophic feeding is the major source of amino acids
in these sponges. Furthermore, sponges may be indirectly rather than directly acquiring carbon
and nitrogen from coral and algal derived DOM, although carbon and nitrogen, including labeled
C from '*C labeled coral or algal mucus feeding experiments (de Goeij et al. 2008, Rix et al.
2016, Rix et al. 2017) would be passed on to the sponge through its bacterial symbionts. Like the
microbial cell fraction, the sponge cell fraction was characterized by high XV values, an index
indicative of heterotrophic bacterial resynthesis of amino acids. Certainly, M. grandis is not
feeding on host-associated or water column phytoplankton. Instead, results of amino acid carbon
and nitrogen isotopic analyses indicate direct assimilation of bacterially-derived amino acids

through either a translocative process or phagotrophic feeding.

Much of the approach to this research on M. grandis was based on our knowledge of Caribbean
sponges on which the vast majority of previous tropical sponge research has been conducted.
These results create a framework for further studies on this and other sponges in Hawai‘i and the
Pacific. Although M. grandis is the most abundant and conspicuous invasive sponge in Hawai‘i,

recent surveys continue to identify additional species of sponges in Hawai‘i, one third of which
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are previously unknown species (https://marinegeo.si.edu/place/kane%CA%BBohe-bay-O‘ahu,

see also Nufiez Pons et al. 2017). In addition, one third of total alien marine species in Hawai‘i
are sponges (Eldredge and Carlton 2002). These results established baseline measurements for
future studies on M. grandis and other sponges in Hawai‘i. For example, how much can M.
grandis vary its pumping rate? Would we see changes in pumping rate under different levels of
particulate or dissolved matter? Do sponges pump more or less over the diel cycle, and can it be
linked to primary production either in the water column or within the sponge itself? Perhaps
most importantly, how many of the cryptic sponges that are just now being recognized in
Kane‘ohe Bay host microbial consortia similar to that of M. grandis, which can affect the

biogeochemistry of ambient seawater?

The measurements in this study were performed on cut and transferred sponges that were placed
in aquarium tanks for measurements. Though all care was taken to ensure that sponges were
handled carefully and were fully healed before experiments, there are likely differences between
undisturbed sponges left in situ and those raised in aquariums. Furthermore, the flow pattern
within aquaria likely modified sponge morphology that adapted to the flow regime found in the
water tables. Seawater residence times in aquaria are much shorter than in the environment and
therefore sponges may expend less energy pumping to create water flow. I would hypothesize
that true pumping rates would be closer to the higher end of rates measured in the aquaria and if
future measurements could be made in sifu we may measure even higher pumping rates. This of
course would increase the significance of sponge influence already elucidated in this study.
Pumping rates can be measured under known conditions of higher and lower POM and DOM as

well to study sponge preference and potential shifts in dietary behavior. Previously M. grandis
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was believed to reproduce asexually and predominantly by fragmentation (Eldredge and Smith
2001). The discovery of eggs within the mesohyl of samples collected in the month of May is
indication of sexual reproduction. Sponge eggs in M. grandis have not been previously observed
or reported and raise the question of spawning behavior and whether there are spawning seasons
for M. grandis. This information would address questions about how M. grandis spreads to new
areas on the reef and if perturbation or stressors to the animal induces spawning. M. grandis also
spreads by fragmentation that can be facilitated through activities that mechanically break and
propagate sponge pieces. Both fragmentation and possible stress-induced spawning necessitate

care in sponge removal methods for both research and invasive species control.

While identification of phylotypes (Wang et al. 2009) and flow cytometry methods have helped
to identify populations present in the sponge microbiome, they do not provide abundances of
individual populations found within the sponge nor provide information about which populations
are most biogeochemically active. The fraction of some of the dormant and active broad
populations of associated microbes could be identified using flow cytometry methods, but
whether those populations were active could not be ascertained. Functional genomics would
identify which biogeochemical transformations are performed most actively by the microbial
communities hosted within M. grandis. The differences in DIN measured in the sponge excurrent
versus ambient seawater revealed that while the sponge was actively taking up ammonium as
also confirmed through the >’NH4" incubations, little change in NO3™ + NO," was found in the
excurrent, implying that there must be a further sink for NO3™ + NO» created by sponge-
mediated ammonia oxidation. The natural question to ask is whether M. grandis hosts N loss

processes such as denitrification or anammox. '°N labeled substrates can be used to distinguish
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denitrification versus anammox mechanisms for N> production by sponge-hosted microbes using
the modified isotope pairing technique (IPT) (Trimmer et al. 2006) in experiments conducted in
sealed in situ incubation chambers of the sponge. The modified IPT method uses '*N-labeling of
N0 to determine the ratio of “NOy to "NOy, which distinguishes between N production via
anammox and denitrification (Risgaard-Petersen et al. 2003, Trimmer et al. 2006). Interpretation
of N tracer results is complicated because NH4" and NO3™ + NO," with natural abundance >N
contents are always present in incubations due to respiration and nitrification (e.g., Corredor et
al. 1988, Southwell et al. 2008b). Isotopic labeling using "’NH4" and '>'NOj3" could be used to
distinguish between major nitrogen loss processes. When '"NH4" is added >N could be
produced by coupled nitrification-denitrification ("NH4" — NO» + ambient *NOy") or by
anammox ('*NH4" + ambient '“NO>"). Likewise, when '"'NOs" is added, 2°N; could be produced

by denitrification (:’NOs™ + ambient '“NOy’) or anammox (>’NO3;~ — ’NO," + ambient "“NHy").

As we work towards a more complete picture for the biogeochemical processes performed by M.
grandis, we will be able to answer questions on the net contribution of M. grandis to the N pool
within Kane‘ohe Bay. How much net nitrification does M. grandis perform when taking into
account regenerated ammonium? How much of this N+N is further lost through N loss
processes? Does M. grandis serve as a net positive or negative flux of DIN to the reef? Is this
flux involved in any kind of feedback cycle? Could there be a balance whereby conditions that
allow for sponge growth then draws down local DIN and POM/DOM and creates a stable phase
shift on the reef inclusive of sponges and coral, for example? Do macroalgae and sponges help or

harm each other through similar processes?
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Amino acid isotopic composition between sponge cell and microbial cell fractions imply that
bacterially-produced amino acids, including nonessential and source amino acids, are directly
assimilated into the sponge and that for M. grandis this may be the dominant if not sole source of
carbon and nitrogen for the sponge. Can M. grandis switch to other feeding strategies? If so, it
would necessarily be reflected in the amino acid isotopic composition, which were identical to
bacterial amino acids in this study. Do symbiotic bacteria serve as an intermediary between other
sources of carbon and nitrogen on the reef and the sponge, in other words, is the uptake of carbon
and nitrogen from coral and algal derived DOM passed on to the sponge through its bacterial
symbionts? If so, is this a process similar to -or identical to- translocation observed in coral
between the coral animal and their Symbiodinium? Can the microbial communities found within
sponge and coral holobionts on the same reef undergo horizontal transmission between the two

hosts?

Preliminary and intriguing results of carbon and nitrogen contents and whole sponge nitrogen
isotopic composition suggest a strong influence of corals on sponge nutrition. In a single
experiment, sponges from Reef 4 were collected and whole sponge C:N molar ratio and §'°N
values were determined. A subset of these sponges was incubated for six weeks in aquaria with
flow through seawater at HIMB. Some sponges were incubated in contact with coral (Montipora
capitata and Porites compressa) whereas other sponges were incubated in tanks without corals.
At the end of the experiment, whole sponge C:N molar ratio and 8'°N values were determined
(Figure 5.1). These results indicate that when sponges are incubated in contact with coral for six
weeks, C:N ratios and 3'°N values of M. grandis are lowered significantly (t test, p < 0.001) and

there is a significant positive correlation between C:N ratios and 8'°N values for all specimens
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analyzed (R? = 0.87, F <0.001). Although the mechanism(s) responsible for change in C:N ratios
and 6'°N values of M. grandis are unknown, they suggest that sponge nutrition may be derived
from corals when the two are grown in contact with each other and perhaps sponge nutrition is
derived from coral mucus as has been suggested for other sponges (Rix et al. 2016, Rix et al,
2017). It is unknown if these results indicate that only the sponge benefits from intimate contact
with corals or if the relationship is beneficial to both sponges and corals. Since many of the
previously unrecognized cryptic sponges in Kane‘ohe Bay are found in association with corals, it
could be significant to further investigate other specimens of M. grandis as well as other sponges

growing in association with corals in Kane‘ohe Bay (e.g., see Figure 2.2).
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Mycale grandis, whole sponge
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Figure 5.1: C:N molar ratios and 8'°N values of M. grandis from Reef 4 in Kane‘ohe Bay.
Sponges incubated with corals in aquaria with flow-through seawater have significantly lower
C:N ratios and 8'°N values compared with sponges collected from Reef 4 and analyzed as well
as sponges that were collected from Reef 4 and incubated for six weeks without sponges (t test, p

<0.001).
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The original contributions of this work contain several first descriptions of a Pacific sponge
including ammonia oxidation rates, pumping rates, and its relationship with its microbial
symbionts through the separation of M. grandis sponge cells from its microbial cells. These data
complement similar research conducted in other ocean basins with the added component of
examining the influence of the sponge in the context of a fairly new invasive species on its
environment. Furthermore, I employ powerful compound specific isotopic analysis tools to
examine sponge dietary sources relative to its bacterial symbionts. Thus far, minimal research

using amino acid *C and N tools has been applied to sponge dietary studies.

The broad implication of this research is that demosponges such as M. grandis have evolved
exceptional life strategies through their well-established associations with its symbiotic microbes
(Wilkinson 1984) that likely led to its success within new and degraded environments through
competitive substrate acquisition and high adaptability. Ecological dynamics are driven and
supported by microbially driven chemistry, and sponges are essentially prolific and deliberate
hubs for biogeochemical activity. The most obvious application of this research is to use what we
have learned about a highly successful invasive species for consideration of local invasive
species management and as an incentive for and how to prevent the spread of invasive sponges to
other reef habitats in Hawai‘i. In the context of research, these findings compel us to consider
how increases in sponge biomass can be due to or cause the success or decline of other species
and how it can enhance, influence, or drive nutrient dynamics within the observed phase shifts in
Kane‘ohe Bay. M. grandis certainly has the ability to directly impact the success of some species
through spatial competition, but the more interesting questions revolve around how these

sponges shape overall biogeochemistry on the reef and the implications of those findings. How
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this sponge will affect coral reef resilience in the future grows in relevance throughout
ecosystems in Hawai‘i and around the world as these valuable ecosystems respond to further

changes to anthropogenic activity, ocean warming, and ocean acidification.

All sponge specimens were collected under the Special Activity Permits (SAP): SAP 2015-7,
SAP 2016-55, and SAP 2018-3 issued by the Board of Land and Natural Resources Department,

Division of Aquatic Resources, State of Hawai’i.
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Sponge Initial mass (g)  mass (g) 4 weeks mass (g) 10 weeks % change in mass

1 56.56 49.77 45.25 20
2 49.75 35.82 37.3 25
3 77.22 72.6 64.1 17
4 64.89 51.26 46.45 28
5 39.08 32.05 254 35

Average 24

Table A.1: Change in mass of M. grandis kept in aquaria to measure growth rates. Wet weight
was measured in g on an analytical scale in the Wetlab at the Hawai‘i Institute of Marine
Biology. All sponges exhibited a decline in mass averaging a loss of 24% and ranging from 17%

to 35% loss from the initial weight over ten weeks.
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Table A.2: >'NH4" oxidation rates measured in 0.1 pM, 1.0 pM, 5.0 uM, and 10.0 uM added
ISNH4" incubations. Includes rate for each time interval, mean rate by concentration, and mean

rate of all incubations.

'SNH," ox. rate in nM/h/g
Sponge  [°NH,] added Incubation duration (hrs) Vol. sponge (ml) for each interval (dry weight)

A 0.1 0.0 280 -
A 0.1 0.6 280 (289.3)
A 0.1 1.1 280 13.9
A 0.1 2.1 280 18.0
A 0.1 4.2 280 12.8
Ave rate for Sponge A: 14.9
B 0.1 0.0 415 -
B 0.1 0.6 415 37.8
B 0.1 0.6 415 38.1
B 0.1 1.1 415 23.8
B 0.1 2.1 415 25.7
B 0.1 4.3 415 17.8
Ave rate for Sponge B: 28.6
Ave of 0.1uM incubations: 23.5
C 1 0.0 195 -
(o) 1 0.6 195 7.40
C 1 1.1 195 75.11
C* 1 2.1 195 63.88
C* 1 4.3 195 35.99
Ave rate for Sponge C: 75.11
D 1 0.0 250 -
D 1 0.6 250 69.90
D 1 1.1 250 49.27
D 1 2.1 250 46.58
D* 1 4.3 250 26.93
Ave rate for Sponge D: 55.25
Ave of 1.0uM incubations: 60.22

(continued on next page)
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E 5 0.0 39 -
E 5 0.0 39 -
E 5 0.7 39 5.7
E 5 1.2 39 8.1
E 5 2.2 39 13.4
E 5 3.7 39 13.7
E 5 3.7 39 11.8
Ave rate for Sponge E: 10.6
F 5 0.0 41 -
F 5 0.0 41 -
F 5 0.7 41 4.0
F 5 0.7 41 3.9
F 5 1.2 41 5.9
F 5 2.2 41 8.1
F 5 2.2 41 8.0
F 5 3.7 41 9.4
Ave rate for Sponge F: 6.6
Ave of 5.0uM incubations: 8.4
G 10 0.0 395 -
G 10 0.0 395 -
G¥ 10 0.5 395 42
G 10 0.5 395 4.6
G¥ 10 0.5 395 4.6
G* 10 1.1 395 4.6
G* 10 2.1 395 4.5
G* 10 3.7 395 3.0
Ave rate for Sponge G: 4.6
H 10 0.0 375 -
H 10 0.0 375 -
H 10 0.5 375 4.8
H 10 0.5 375 5.0
H* 10 1.1 375 43
H* 10 2.1 375 3.8
H* 10 3.7 375 2.9
© sample peaks too small Ave rate for Sponge H: 5.0
* maxed out detector Ave of 10.0pM incubations: 4.8
() Outlier excluded from analyses (>2c)
Mean rate (all) 21.2
Min rate (all) 3.9
Max rate (all) 75.1
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Figure A.1: Flow cytometry count event images. For microbial cell samples parameters for
lowChl, hiChl, and HBACT were measured. For sponge cell samples parameters for HIDNA,
lowChl, lowDNA, and lowChlLowSS were measured. Sponge samples (S) were run at a much
lower voltage setting (~400 vs. 900 V) for Chl and DNA detectors indicating that the signals on
those detectors are much higher than in the microbial (M) samples. This indicates there is more

DNA per cell and more Chl per cell when present.
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