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Abstract

Invasive macroalgae threaten the diversity and function of ecosystems and have the
potential to alter environmental biogeochemistry. In Hawai‘i two red macroalgae,
Acanthophora spicifera and Gracilaria salicornia, are successful invasive species.
Morphologically these species are different, A. spicifera is more flexible and forms less
dense canopies than the dense mats created by G. salicornia. This dissertation examined
the influence of A. spicifera on diel variations in water column nutrient concentrations
and sediment oxidation-reduction (redox) chemistry and the effect of G. salicornia on
water flow and redox chemistry. Diel changes were evident through changes in the
concentration of water column oxygen and sediment Mn?* and ammonium
concentrations, especially in sites colonized by A. spicifera. Additionally, sites with A.
spicifera had higher sediment ammonium concentrations and ammonium flux to the
water column. In situ electrochemical profiles revealed that hydrogen sulfide was present
in the water column within A. spicifera canopies. The detection of Mn®* and dissolved
iron, both in surface waters and at the sediment water interface, provide evidence that
colloidal Fe** and manganese oxides may be sorbing phosphate, contributing to the low
dissolved phosphate concentrations observed throughout the study. Despite the
difference in sediment redox chemistry and sediment nutrient concentrations between
sites with and without the invasive macroalga, no difference in water column nutrients
was found. Similar nutrient concentrations between areas with A. spicifera and devoid of
the alga are likely due to interception and uptake of nutrients at the SWI by the
macroalga. Gracilaria salicornia was found to reduce water velocity (XxRMS), turbulent
Kinetic energy and turbulent xRMS compared to adjacent macroalgae free regions. Thin,
(less than 1 cm) vertically isolated suboxic zones occurred within the otherwise oxic
water column of algal mats, which corresponded to regions within the mat where
turbulent xRMS of the dominant flow direction dropped to speeds near 0.001 m/s. These
suboxic microniches provide environmental conditions suitable for redox sensitive
nutrient transformations, such as reductive solubilization of phosphate bound to iron
oxides, to take place. Invasive algae are altering sediment and water column redox
conditions which may provide an ecological advantage to the algae.
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Chapter 1

Introduction



Nutrient cycling in coastal regions is an essential component of near shore
ecosystem function. Riverine input is a well-studied source of nutrients to the coastal
ocean, and sediments serve as vast reservoirs of biologically important elements. In
shallow coastal environments, benthic remineralization products can be mixed into the
water column and made available for use by primary producers. Sediments in coastal
regions are a unique component of nutrient cycling dynamics. Sediments can act as
sources or sinks for different nutrients depending upon local oxidation-reduction (redox)
conditions, as well as physical processes, such as mixing, and biological processes, such

as bioturbation.

The bioavailabilities of nutrients are controlled by a variety of factors, including
ambient oxygen concentration. For example, in oxygenated sediments phosphorus is
adsorbed to ferric-oxyhydroxides (Fe(OH)3), rendering phosphorus biologically
unavailable (Chambers and Odum 1990, Blomqgvist and EImgren 2004). Under anoxic
conditions, Fe(OH)3; undergoes reductive dissolution, causing phosphorus release and
diffusion into the surrounding water (Krom and Berner 1980, Jensen et al. 1995, Rozan et
al.2002, Hupfer and Lewandowski 2008). Nitrogen cycling is also dependent upon redox
state. Sediment oxygen penetration influences biotic nitrogen cycling pathways and
nitrogen availability upon release from sediments (e.g. Seitzinger 1988, Rysgaard et al.
1996). The biotic and abiotic processes occurring in sediments influence the burial and
release of biologically important elements, including phosphorus, nitrogen, iron and other

trace elements, and are influenced by redox conditions in sediments.



The dependence of nutrient bioavailability on local redox conditions highlights
the importance of the distribution of redox-reactive chemical species in sediments.
Perturbations of the depth oxygen penetrates in sediments, such as through increased
organic matter (OM) deposition and subsequent increases in benthic respiration rates, will
alter redox cycling and nutrient release to the water column (Rysgaard et al.1996, Rozan
et al. 2002, Corzo et al. 2009). Additionally, local physical conditions, including wind
speed and bottom shear stress, can influence the concentrations of nutrients available in
the water column (Oldham and Lavery 1999). The perturbation of local redox and flow
conditions can have ecosystem-wide effects because changes in water column nutrients
are known to alter the community composition of primary producers (e.g. Hecky and

Kilham 1988, and sources therein, Burkepile and Hay 2006).

Microbial Biogeochemistry

One of the simplest classification schemes for life is based on metabolism, which
in its most fundamental form is a series of oxidation-reduction (redox) reactions.
Autotrophic organisms fix carbon, while heterotrophs rely on previously fixed carbon
compounds. Photosynthetic autotrophs reduce CO, and oxidize H,O to form sugars and

O, (Falkowski 2008), as described in Equations 1.1 through 1.3.

Oxidation: 2H,0 — O +4H™+ 4e (loss of &) (1.1)
Reduction: CO,+4H"+4e” — CH,0+H,0 (gain of &) (1.2)
Full reaction: H,0+CO,; — CH,0 + 20, (1.3)

3



Respiration redox reactions performed by heterotrophs are the reverse of the
photosynthetic process, where carbon-based sugars are oxidized and O; is reduced,
creating water and carbon dioxide. The metabolic pathways of heterotrophic

microorganisms, however, are not limited to the use of oxygen (Figure 1.1).

Energy available from respiration reactions
Oxic Aem'é)es; e AG®°= -800 ki/mol
2 2

s | [kl AGP= 770 /o
Suboxic 2

= Denitrification:

c : AG®= -720 ki/mol

E NO;- — N,

o

K| |!ron 'T:ngfl';sé2+ AG®= -480 ki/mol
Anoxic

Sulfate Reducers:
v S0,3% — H,S AG®=-90 kJ/mol

Figure 1.1: Metabolic pathways for organic matter oxidation with the most energetically
favorable oxidant (O,) at the top, and the least (SO,>) at the bottom. Gibbs free energy*
is given on the right side for the oxidation of one mole of acetate using the stated oxidant
(Canfield et al. 2005). The far left side lists the terms commonly used to describe the
different sediment zones where the given microbial processes take place.

*The Gibbs free energy (AG®) for an equation determines whether a reaction is
spontaneous, with more negative AG® values indicating a more thermodynamically
favorable reaction.

Numerous oxidants can be utilized by microbes, including nitrate (Payne 1973),
MnO; (Nealson and Saffarini 1994), FeOOH (Nealson and Saffarini 1994), and sulfate
(Jorgensen 1982). It is the free energy of the redox reactions that determines the order in

which they occur. Denitrification, for example, yields more energy than sulfate
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reduction, and therefore microbial populations will exploit the higher energy reaction
first. Once the most energetically favorable oxidant is no longer available, the next in the
series is used, creating layers in sediments as the higher energy yielding chemical species
are used first leaving the less favorable ones to oxidize OM in deeper regions. These
shifts in microbial metabolism can be seen in pore water as dissolved species appear and
disappear depending upon the redox reaction occurring. For example, increasing
concentrations of Mn?* in pore water indicates that the majority of the more energetically

favorable oxygen has been reduced.

The biological reduction of sulfate accounts for a large portion of the total organic
carbon respiration in near shore marine environments (Jgrgensen 1982, Capone and
Kiene 1988, Koretsky et al 2003), and is very important over geologic timescales
(Falkowski et al. 2008). Sulfate reduction occurs in these areas because of the
availability of organic carbon and the high concentration of sulfate in sea water. Sulfide
concentrations increase in marine sediments after all of the more energetically favorable
oxidants have been utilized, because sulfate reduction has the lowest energy yield (Figure
1.1). Therefore, by measuring changes in the concentrations of redox species, and
knowing the abiotic rates of those transformations, one can determine the rates of

microbial metabolic reactions in sediments.

Redox-reactive Nitrogen Cycling

Despite comprising 78% of the atmosphere, nitrogen is a biologically limiting
nutrient in marine ecosystems because the dominant gaseous form of nitrogen in the

atmosphere is dinitrogen (N2) which is not biologically available to the majority of
5



eukaryotic primary producers (Sprent et al. 1987). Dinitrogen must first be converted
into either ammonia (NHj3) or nitrate (NO3") before the nitrogen is available for
biological uptake. Lightening and nitrogen fixing prokaryotes (diazotrophs) are the only
known natural pathways for nitrogen fixation, and the majority of diazotrophs can only
fix nitrogen under anoxic conditions (Paerl and Pinckney 1996, and sources there in).
Redox chemistry influences rates of nitrogen fixation because of the specific
environmental conditions required by diazotrophs. Specifically, other than through
nitrogen fixation, nitrogen becomes biologically available to primary producers through
the remineralization of OM. Under oxidizing conditions, ammonium (NH,") is
transformed into nitrite (NO;") and NOj3™ by nitrifying bacteria. Available nitrogen can
also be further transformed and lost from the system through denitrification (Equation

1.4).

NOs; — NO, — N,O —N; (1.4)

A major source of nitrate for denitrification is from the remineralization of OM in
sediments (Seitzinger 1988). Denitrification can occur under oxic and anoxic conditions
depending upon the nitrate reducing prokaryotes present (Payne 1973), and serves as an
important mechanism for nitrogen loss from marine sediments (Capone and Kiene 1988).
The microbial community composition in sediments not only determines rates of
nitrogen fixation and denitrification, but can also alter the concentrations of bioavailable
forms of nitrogen. For example, Straub et al. (1996) and Muehe et al. (2009) show

nitrate-reducing bacteria oxidize Fe®* (Equation 1.5).
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10 FeCO3 + 2 NO3 + 24 H,O — 10 FE(OH)g + N, + 10 HCO5; + 8 H* (15)

This process not only removes available nitrogen from the system but also produces
insoluble Fe(OH)s, which removes phosphorus from pore water. Thus, the microbial
community alters nutrient availability through redox reactions that directly and indirectly

influence nutrient concentrations.

Nitrogen transforming prokaryotes must also compete with photoautotrophs, such
as benthic microalgae, which require nitrate or ammonium for OM production. Dalsgaard
(2003) and Sundback et al. (2004) demonstrated that benthic microalgae decrease rates of
denitrification by limiting available nitrogen sources for nitrifying bacteria. Thus,
nitrogen cycling is controlled not only by redox reactions, but also by the biological

community composition of autotrophs and heterotrophs competing for available nitrogen.

Redox-reactive Phosphorus Cycling

Redox chemistry influences the solubility of phosphorus through interactions with
the iron and sulfur cycles. Phosphate becomes biologically unavailable when it adsorbs
onto Fe(OH) ;. The abiotic reduction of Fe(OH); in sediments releases adsorbed
phosphate, increasing its pore water concentration (Krom and Berner 1980). The rate of
dissolved inorganic phosphorus (DIP) solubilization is influenced by phosphate-particle

interactions. Adsorption and desorption of phosphate from particle surfaces is a



kinetically fast reaction, occurring at a rate of minutes to hours, while its diffusion after
absorption by particles is much slower (days to months) (Froelich 1988). Phosphate
pore water concentrations are also affected by the movement of phosphate from the pore
water to the overlying water (Sundby et al. 1992). Additionally, phosphate solubility is
influenced by sediment composition, as there are adsorption-desorption differences

between carbonate and iron rich sediments (Jensen et al. 1995).

Dissolved phosphate concentrations are indirectly influenced by additional
processes in benthic environments. Sediment oxygen concentrations and rates of organic
matter deposition influence iron speciation and, as stated above, DIP concentrations
(McManus et al. 1997, Colman and Holland 2000). Sulfur cycling also impacts DIP due
to its interaction with iron. The abiotic reductive dissolution of amorphous iron and
subsequent FeS and pyrite (FeS;) formation decreases the phosphate retention capacity of
sediments (Anschutz et al. 1998). The formation of FeS and pyrite also removes toxic

HS’ from the pore water.

Seasonal cycling is another important factor to consider regarding sediment
phosphorus cycling. Seasonal changes in sediment redox conditions, due to deposition of
OM from seasonal biological production, alter pore water concentrations of iron, sulfur,
and phosphate and the flux of those species into the overlying water column (Rozan et al.
2002), as increased OM deposition to sediments increases microbial respiration which
decreases O availability. The depletion of O, favors the use of less energy-yielding

microbial respiration pathways to oxidize OM. Oxygen availability, iron speciation, and



microbial respiration all influence redox cycling in sediments, which then controls the

release or burial of phosphate.

Impact of Benthic Photosynthesis on Sediment Chemistry

Communities of benthic photosynthesizers affect sediment nutrient flux and redox
chemistry through both physical and chemical alteration of the environment.
Morphological differences between macroalgae and microalgae cause macroalgae to alter
flow conditions at the sediment-water interface (SWI), while physiological differences
influence nutrient uptake rates and oxygen production. Thus, the alteration of benthic
algal community composition can impact sediment redox chemistry and the
concentrations of nutrients and oxygen released to the water column. Water flow and

turbulent energy affect sediment deposition and nutrient transport.

Within dense macroalgal canopies, water flow can be reduced to less than 10% of
that above the canopy (Escartin and Aubrey 1995). Reduced flow within canopies can
result in the deposition of smaller particles and higher accumulation of OM (Kleeberg et
al. 2010) relative to areas without canopies. Flow rates can also influence whether
sediments or the water column act as the major nutrient supplier to benthic algae (Larned
and Atkinson 1997). Additionally, in seagrass communities, the type of flow influences
ammonium uptake, with oscillatory flow corresponding to greater uptake rates than
unidirectional flow (Thomas and Cornelisen 2003). Thus, flow dynamics affect the

availability of nutrients for primary producers.



Benthic photosynthesizers can influence the release of nutrients from sediments as
well. Some species of benthic primary producers intercept NH," diffusing from
underlying sediments to the water column (McGlathery et al. 1997, Dalsgaard 2003).
Other species of algae have been shown to elevate rates of denitrification (An and Joye
2001) and deplete sediments of available nitrogen (Boyle et al. 2004). Additionally,
those species with rhizoids, such as sea grasses, increase sediment oxygen concentrations.
Macroalgae can also increase sediment OM pools, microbial activity and sulfide
concentrations (Holmer et al. 2009). As noted above, sulfide reacts abiotically with iron,
forming pyrite and FeS. The concentration and availability of iron in sediments is
therefore an important component in regions inhabited by macrophytes and algae, serving
as a sink for toxic sulfide and disrupting phosphate sequestration by iron-oxides

(Chambers et al. 2001, Marba et al. 2008, Ruiz-Halpern et al. 2008).

The availability of light is also important for photoautotrophs, and affects local
redox chemistry and nutrient concentrations as well. The presence of light on sediments
colonized by benthic microalgae has been shown to significantly decrease the nitrate flux
from sediments (Sundback et al. 2004) and the macroalgae Gracilaria spp. is known to
increase photosynthetic rates in response to high levels of irradiance, increasing the
release of oxygen to the water column (Phooprong et al. 2007). Thus, light is important
both for influencing the rate of oxygen production by photosynthesis, and decreasing

nitrate release from sediments.

In summary, sediment redox conditions can be altered by the morphological and

physiological characteristics of benthic algae. Flow rates and light levels at the sediment-
10



water interface (SWI) are important factors influencing the availability of oxygen and
nutrients at the SWI. Therefore changes to the benthic photosynthetic community
structure which alter flow conditions or light availability can impact sediment redox

chemistry and the availability of nutrients at the SWI.

Study Objectives

The cycling of iron, sulfur, nitrogen and phosphorus are all interlinked through
the biotic and abiotic reactions taking place in sediments and at the SWI. We propose
that the type of dominant benthic photosynthesizer influences sediment redox chemistry,
affecting nutrient flux across the SWI (Figure 1.2). The work presented in this
dissertation focuses on the influence of two invasive macroalgae, Acanthophora spicifera
and Gracilaria salicornia, on sediment redox chemistry and pore water nutrient
dynamics. The major objectives of this work include: (i) quantifying the effect of
invasive macroalgae on ammonium, nitrate and phosphate release from and retention by
sediments (Chapters 2 and 3), (ii) contrasting sediment redox zonation between
microalgal- and macroalgal-dominated benthic substrates (Chapters 2, 3 and 4) and (iii)
quantifying vertical oscillations of redox transition zones and changes in concentrations
of dissolved chemical species in sites with and without macroalgae under varying flow
conditions (Chapter 4). Chapter 5 represents work completed during my time as the
Head TA for the Oceanography Department undergraduate course, OCN 201- Science of

the Sea, in conjunction with Dr. Chris Measures. We developed a simplified, hands-on,
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laboratory exercise to teach students the relationship between burning fossil fuels (CO,

release to the atmosphere) and ocean acidification.

Sediment Macroalgae (\ ) Microalgae(® )
PO,
A\
Water ~ 11
column NO, N, 5
Oxic, X b: \ Xt
Anoxie= O e
. 7"' a ‘ ¥ Mineral
NH, = NO, NHI*NOTN, T
Fe-
Oxic PO, =>
[Anoxic™ ~ I T T T T Anoxic |
Sediment 7
- 2
PO, PO, PO,

Figure 1.2: Schematic of nutrient release as a consequence of presence/absence of
benthic algal types. Changes in oxygen penetration depth impact the bioavailability of
nutrients. Formation of an oxic surface layer promotes nitrification, and also phosphate
sequestration with Fe minerals. An anoxic surface layer provides an environment
favorable of nitrogen loss via denitrification, and enhances phosphate bioavailability as
iron-minerals reductively dissolve and release phosphate.
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Chapter 2

Effects of benthic macroalgae on sediment-water interface redox
oscillations and nutrient cycling

(He‘eia 2010)
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Abstract
Invasive algae are known to displace native algal communities and have the potential to
alter environmental biogeochemistry. This study examined the influence of an invasive
red alga, Acanthophora spicifera, on water column nutrients and oxidation-reduction
(redox) chemistry over a diel cycle within sandy and muddy sediments in He‘eia
Fishpond, O‘ahu, Hawai‘i. Water column oxygen concentrations ranged between 40 and
300 UM over the diel cycle above muddy sediment, and from 100 and 340 uM above
sandy sediment, with lowest concentrations in both sediment types occurring before dawn
at the sediment water interface in the presence of A. spicifera. Diel redox oscillations
were observed within sandy sites, especially in regions hosting abundant A. spicifera,
where pore water Mn?* concentrations were at a maximum before dawn (23 pM),
dropping to the lowest concentration in the afternoon (5 pM). Ammonium
concentrations and fluxes from the sediment into the overlying water column were higher
in the sites containing A. spicifera for both sandy and muddy sediment types. Despite the
presence of reducing conditions in sediments at all sites, pore water phosphate levels
remained at 1 M or less throughout the entire diel cycle. In He‘eia Fishpond, the
presence of A. spicifera canopies causes decreased oxygen concentrations at the
sediment-water interface and in the water column and the invasive alga increases the

concentration of reduced species, including Mn?* and ammonium, in the sediment.
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Introduction

Nutrient cycling in coastal regions is an essential component of near shore
ecosystem function. Rivers are a well known source of nutrients to coastal environments
(Eppley and Peterson 1979) and sediments serve as vast reservoirs of nutrients (Fisher et
al. 1982). In shallow coastal environments, benthic remineralization products can diffuse
into the water column and are then made available for use by primary producers (Rozan
et al. 2002). Sediments are a unique component of nutrient cycling dynamics because
they can act as sources or sinks for different nutrient species depending upon local
oxidation-reduction (redox) conditions (Mortimer 1941, 1942; Klump and Martens

1987).

The sequence with which microbially-mediated redox reactions occur is
dependent upon the lability of organic matter (OM) and availability of oxidants, such that
a succession of thermodynamically favorable reactions occurs within sediments (Figure
2.1). The most energetically favorable reactions typically occur in surface sediments and
less favorable ones occur at deeper depths. Exceptions to this simplistic paradigm of
vertically-stratified redox zones include locations where there are pockets of high organic
matter content and in regions of bioturbation (Canfield et al. 1993, Aller 1994). The most
favorable oxidant, oxygen, is used first as it provides the greatest energy yield. Nitrate
(Payne 1973), iron and manganese oxides (Nealson and Saffarini 1994), and sulfate
(Jgrgensen 1982) are also important oxidants in marine systems. The presence or
absence of oxidized or reduced chemical species in sediments and pore waters can

indicate the depth at which different microbial processes are occurring.
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Figure 2.1: Idealized pore water distribution of commonly measured redox species with
depth (left panel) are juxtaposed with the metabolic pathways for OM oxidation (right
panel), with the most energetically favorable oxidant (O,) at the top, and the least (SO.>)
at the bottom. Gibbs free energy for the oxidation of one mole of acetate using the stated
oxidant (Canfield et al. 2005) is given on the right side. The terms commonly used to
describe the different sediment zones where the given microbial processes take place are
shown in the middle panel. (The Gibbs free energy (AG®) for an equation determines
whether a reaction is spontaneous, with more negative AG® values indicating a more
thermodynamically favorable reaction.)

Redox controls on nutrients

Microbial nitrogen cycling in sediments is influenced by sediment redox
conditions because of the numerous stable oxidation states of nitrogen. Oxygen
availability and benthic microbes influence the speciation of nitrogen and set the depths
at which different nitrogen transformations occur. Remineralization of OM in sediments
occurs under aerobic and anaerobic conditions, and is a major source of ammonium in
benthic regions (Herbert 1999). Nitrifying bacteria are obligate aerobes, and are

therefore restricted by the depth of oxygen penetration in sediments. Nitrifiers oxidize

16



ammonium via a two step nitrification process, to form nitrate (Henricksen and Kemp
1988). Anaerobic ammonium oxidation (anammox), in contrast, results in the removal of
nitrogen from the environment through the oxidation of ammonium using nitrite. Nitrate
can also be removed from sediments as dinitrogen gas (N) through denitrification. In
coastal regions, sediment nitrate production is a major source of the nitrogen used for
denitrification (Seitzinger 1988). Nitrate is also removed from sediments through uptake
by microphytobenthos, which are known to compete with denitrifying bacteria for nitrate

(Dalsgaard 2003).

Redox chemistry influences the solubility of phosphorus through interactions with
the iron and sulfur cycles. Under oxic conditions, phosphate (PO4> ) becomes
biologically unavailable when it adsorbs to iron oxyhydroxides, while reducing
conditions can cause the reduction of oxyhydroxides and subsequent release of adsorbed
phosphate into pore waters (e.g. Krom and Berner 1980, Sundby et al. 1986, Jensen et al.
1995, Slomp et al. 1996a and b, Blomqvist and EImgren 2004). Sulfide indirectly
influences phosphate availability through the reductive dissolution of amorphous iron and
subsequent FeS and pyrite formation, decreasing the phosphate retention capacity of
sediments (Anschutz et al. 1998). Ultimately, the bioavailability of phosphate in pore
water is influenced by the redox state of sediments due to the reactivity of phosphate with

iron oxyhydroxides, and iron-sulfide interactions.

Manganese and iron as active participants and indicators

Iron and manganese speciation play a role in OM remineralization and the

movement of dissolved nutrients from sediments to the overlying water (Canfield et al.
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1993). Sediment microbes are capable of using manganese oxides (Myers and Nealson
1988, Nealson and Saffarini 1994) and iron oxides (Nealson and Saffarini 1994) as
electron acceptors in the oxidation of OM. The stratification of redox reactions in
sediments can be observed in the vertical stratification of reduced species, such as Fe*
and Mn%", in sediment pore waters (Sgrensen and Jargensen 1987) (Figure 2.1). Abiotic
processes also influence the speciation of manganese and iron in sediments. Sulfide
rapidly reduces iron (Canfield and Berner 1987, Nealson and Saffarini 1994) and
manganese oxides (Burdige and Nealson 1986) forming numerous chemical species,
including Fe?*, FeS and Mn®*. Manganese oxides can also be reduced by Fe?* to form
iron oxyhydroxides and Mn?*. Therefore the presence of Mn®* and Fe”* in pore waters

indicates the depth at which biotic and abiotic redox reactions are occurring in sediments.

In addition to determining the depth of different redox transformations,
manganese and iron reduction are important to nutrient cycling. As mentioned above,
PO, adsorbs onto iron oxyhydroxides under oxic conditions and is released to pore
water when iron is reductively solubilized. Therefore the quantity and oxidation state of
iron and manganese influence the amount of phosphate in sediment pore waters. These
metals are especially important in Hawai‘i because of the iron and manganese rich basalt
that comprises the islands. Seasonal cycling of iron and manganese has been found in
coastal sediments (Rozan et al. 2002, Thamdrup et al. 1994), where the deposition of OM
leads to anoxic conditions and the shoaling of manganese and iron redox transition zones.
Rozan et al. (2002) observed that the shoaling of the iron reduction zone in anoxic

sediments was accompanied by a release of phosphate, and actually stimulated a

18



secondary benthic algal bloom, highlighting the importance of sediment redox conditions

on water column nutrients and ecology.

Benthic Macroalgae and Microalgae

The dependence of nutrient availability on OM remineralization and on local
redox conditions highlights the importance of water column oxygen concentrations on
sediment chemistry. Therefore, processes that alter ambient oxygen at the sediment
water interface (SWI) have the potential to affect OM remineralization and release or
burial in sediments. Anoxic water column conditions that occur after a large die off of
phytoplankton or macroalgae, for example, are driven by the remineralization of labile
OM. Such episodes have been observed on monthly (Sundback et al. 1990) and seasonal
time scales to alter water column nutrient concentrations (Jgrgensen 1983, Lavery and
McComb 1991, Rozan et al. 2002, Corzo et al. 2009). The type of benthic primary
producer, whether microalgae, macroalgae, or macrophyte, also influences sediment
nutrient cycling. For example, oxygen is increased through benthic photosynthesis and
the oxidizing rhizosphere of macrophytes and sea grasses (Ottosen et al. 1999), while
oxygen is decreased when aquatic vegetation reduces water flow (Forster et al. 1996) and
during night time respiration by primary producers. Therefore a change in the dominant
type of benthic primary producer, especially from microalgae to macroalgae, can impact

sediment redox conditions and influence nutrient cycling.
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Project Objectives

The purpose of this study was to examine the effect of benthic macroalgal
canopies on SWI nutrient exchange over diel cycles. We contrasted SWI nutrient
concentrations and redox chemistry of sediments dominated by microphytobenthos to
those colonized by an invasive benthic red algae, Acanthophora spicifera, in two
sediment types. One set of study sites was characterized by a coarse, sandy, carbonate
facies while the second set of sites was located in a fine-grained, muddy facies. Major
objectives of the project were: (i) to quantify extent of vertical oscillations of redox
transition zones within the sediment column and coincident changes in the concentration
of dissolved chemical species over a diel cycle, (ii) to contrast sediment manganese, iron
and nutrient cycling between microalgae and A. spicifera dominated benthic substrates,
and (iii) to examine the effect of A. spicifera on sediment nitrogen and phosphorus
release and retention. We considered the site without the invasive macroalgae to be the
control, approximating what benthic conditions would look like in the absence of the
invasive species. We hypothesized that there would be reduced oxygen concentrations at
night within the thick A. spicifera canopies, relative to the control site, as a consequence
of increased microbial respiration due to a higher concentration of organic matter, and
decreased water transport, resulting in greater vertical oscillations in redox zones and an
alteration of sediment redox chemistry that favors phosphate and ammonium release from

sediments.
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Methods

Site description

He‘eia Fishpond is located adjacent to Kane‘ohe Bay on the northeast side of the
island of O‘ahu, Hawai‘i. An 88-acre ancient Hawaiian aquaculture pond, the fishpond is
situated at the land-ocean boundary and separated from the ocean by a rock wall.
Historically He‘eia Fishpond was used as a source of fish for local Hawaiians and is
currently being restored by repair of the two meter wide wall and removal of predators
from the pond through the work of the non-profit group Paepae O He‘eia. Six gates in
the wall of the pond allow freshwater and saltwater to flow into and out of He‘eia
Fishpond. Sediment type varies in a systematic way across the pond, with a fine-grained,
muddy facies located near the stream inputs, and a coarse-grained, sandy, carbonate
facies found closer to the ocean. The average depth of the pond is less than one meter,

with tidal fluctuations of less than 0.5 m during neap tidal cycles (Young 2011).

The pond and adjacent Kane‘ohe Bay have been colonized by the invasive benthic
macroalgae, A. spicifera, introduced to O‘ahu in the early 1950s via barge fouling (Doty
1961). This algae forms dense canopies in the pond and is one of the most common non-
indigenous algal species found in Hawaiian waters (Smith et al. 2002). Acanthophora
spicifera canopies are variable in size, but the patches studied here were 2-3 m across and

0.1to 0.3 m tall.
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Experimental Design

Within each sediment facies, we identified adjacent plots, one dominated by the
macroalgae A. spicifera, the other devoid of macroalgae and dominated by microalgae. A
total of four experimental sites were selected for data collection over the diurnal, two
within each facies. At each site, sediment and water column samples were collected
between 12-3 a.m. (midnight), 4-7 a.m. (dawn), 7-10 a.m. (morning) and 3-6 p.m.
(afternoon) on August 25 and 27, 2010. Sampling was conducted during neap tide to

minimize potential tidal effects.

Water column parameters

At each sampling time point, water was collected from three depths: 0.1 m below
the air-water interface (surface), just inside the A. spicifera canopy (canopy), and at the
sediment water interface (SW1), using Teflon® tubing and a 60-cc syringe. This design
allowed for minimal disturbance to the macroalgal canopy during water collection. For
the corresponding microalgae sites, where no canopy was present, water was collected at
the same corresponding depths above the SWI. Immediately after collection samples
were filtered through 0.2 um Whatman polycarbonate filters, and subsamples were stored
in acid clean HDPE bottles. Samples for phosphate analysis were placed into bottles with
12 N HCI to achieve a final pH of 1, and samples for ammonium and nitrate analyses
were stored in a second, unacidified bottle, and frozen until analyzed. In addition to
water collection, the water column was profiled for temperature and dissolved oxygen
(AADI optode) and pH (Sensorex submersible pH probe coupled with an Orion 5-star

meter).
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Sediment coring and sectioning

For each time point, a 10 cm deep sediment core, 9.5 cm in diameter, was
collected, sealed, and transferred via boat to the shore for immediate sectioning. The
core was sectioned in a glove bag purged with ultra high purity nitrogen at 0.25 cm
resolution for the top 2 cm and in 0.5 cm intervals from 2 cm to a minimum depth of 6
cm. Overlying water from the core was also collected while the core was in the glove
bag, and was treated as described below for sediment pore water samples. After
sectioning, the sediment was transferred to Whatman VectaSpin 20® 50 mL centrifuge
tubes for pore water extraction (Briggs 2011). After centrifugation, the tubes were
transferred to a clean, nitrogen purged glove bag where pore water was filtered through
0.2 um Whatman polycarbonate filters and stored for later analysis. Samples for
dissolved phosphate analysis were placed into pre-acidified vials, as described above for
water column samples. All samples were stored on ice until transported back to the
laboratory, where acidified samples were stored at 4 °C and those for ammonium and

nitrate analysis were stored at -20 °C.

Pore Water Analyses

The reactive nature of manganese, iron and ammonium warranted timely analysis.
Within six hours of collection, pore water samples were transported to the laboratory for
colorimetric analysis of manganese (Mn?*) (Tebo 2007) and total dissolved iron (Stookey
1970). Ammonium colorimetric analysis was completed within 12 hours of sample
thawing (Koroleff 1979). Nitrate + nitrite analysis was conducted by first reducing all

nitrate to nitrite using the nitrate reductase enzymatic reaction (Campbell et al. 2006),
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followed by standard nitrite colorimetric determination (Grasshoff et al. 1983). Nitrate +
nitrite will be referred to as nitrate in subsequent discussion. Dissolved inorganic
phosphate (DIP) was analyzed using the molybdate blue method (Grasshoff et al. 1983).
Total dissolved phosphate (TDP) was determined by drying 1.0 mL of water with 40 puL
of Mg(NO3), and combusting at 550 °C. The TDP samples were then shaken with 400
ML of 1 N HCI for 24 hours to hydrolyze and solubilize sediment phosphorus (Monaghan
and Ruttenberg 1999) and, after adjusting the pH of each sample to 1.0, colorimetrically
analyzed using the molybdate blue method (Grasshoff et al. 1983). All colorimetric
analyses were conducted on a Synergy HT BioTek Multi-Mode Microplate Reader using

Thermo Scientific Nuc 96-well Optical Bottom Microplates®.

Flux
The flux of nutrients, ammonium, nitrate, and phosphate, based on pore water
concentrations from each sediment core was calculated using on Fick’s first law of

diffusion (Equation 3.1).
J = (9)(Dsea)(dC/dz) (31)
Dsed = Dsw/ o’ (3.2)

For each profile, a least squares regression line was fit to the concentration profile of
each species to determine the change in concentration with depth (dC/dz). The sediment
diffusivity (Dseq) Of nitrogen, ammonium and phosphate was calculated using the
diffusivity of each species in seawater (Ds,) (Boudreau 1997) and tortuosity (Equation
3.2). Tortuosity (6%) was determined based on the sediment porosity (2) from values in
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Boudreau (1997). Briggs (2011) determined the porosity of the sediment in the muddy

facies to be 0.61 and 0.51 in the sandy facies.

Results

Water column parameters - Sandy Facies

Water column oxygen concentrations at sites within the sandy facies ranged
between 100 and 340 pM over the course of the 24 hour (diel) period (Table 2.1).
Minimum oxygen concentrations were observed at the SWI at midnight and highs
occurred in the canopy and at the SWI during the day (Figure 2.2 a and b). Temperatures
ranged from 23.5°C (dawn) to 25.4°C (afternoon). Low temperatures occurred at the
water surface and highs at the SWI. In surface waters, pH ranged from 8.4 to 8.6, and at
the SWI it ranged from 8.3 to 8.9 (Table 2.1). The highest pH (8.9) was measured in the

microalgal site, 20 cm above the SWI, before dawn.

Differences in oxygen concentration between sites occurred during the midnight
and afternoon samplings (Figure 2.2 a and b). At midnight, the dissolved oxygen
concentration in the A. spicifera site dropped from 250 M at the water surface to 200
MM in the canopy (Figure 2.2b), while in the microalgal site the dissolved oxygen
concentration remained at 260 uM (Figure 2.2a). At midnight, dissolved oxygen
concentrations were similar between sites at the SWI. At dawn the SWI oxygen
concentration was 50 UM lower in the A. spicifera site (130 pM) than the microalgal site
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(180 M), while below the air-water interface and at the depth of the canopy, similar
concentrations were present (Figure 2.2). These oxygen variations correlated with
temperature differences. At midnight the canopy was 0.9 °C warmer in the A. spicifera
site that the microalgal site, and by dawn the A. spicifera SWI was 4.4 °C warmer than
the microalgal one (Table 2.1). Between sites at dawn, pH at the SWI was 0.5 pH units

lower in the A. spicifera site than the microalgal site (Table 2.1).

At each site, water column nutrient data collected from three locations at each
sampling time. As a consequence of the lack of variability in concentration across the
diel, it seemed reasonable to pool the concentration across all sampling time points for
each depth (Figures 2.3a and 2.4a). This approach allowed simplification of data
presentation without loss of information. Nitrate and DIP concentrations were below the
detection limit (BDL) of 0.5 uM for all water column sampling points. Ammonium
concentrations ranged from BDL to 0.6 uM (Figure 2.3a). The A. spicifera site had
detectable ammonium levels for most sampling points; while the microalgal site had no
detectable ammonium. TDP values ranged from below detection limit to 0.9 uM (Figure

2.4a). The A. spicifera site had higher TDP values for all three locations.
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Table 2.1: Water column parameters for sites located in muddy and sandy facies. Times
are defined as follows: 12-3 a.m. (midnight), 4-7 a.m. (dawn), 7-10 a.m. (morning), and
3-6 p.m. (afternoon). Location refers to depth within the water column: surface is below
the air-sea interface, canopy is the depth where the top of the macroalgal canopy
occurred, and SWI is above the surface of the sediment. Data from sites with A. spicifera
are presented in the Macro columns, while sites without the macroalgae, the microalgal
sites, are listed in the Micro columns.

Muddy Facies Sandy Facies
Time Location Micro Macro Time Location Micro Macro
surface 210 180 surface 260 250
dawn  canopy 200 130 midnight  canopy 260 200
— SWI 70 40 — SWI 110 100
\23 surface 210 190 \23 surface 210 210
g,) morning  canopy 210 220 g,) dawn  canopy 190 170
< SWI 270 50 < SWI 180 130
© surface 270 290 © surface 250 250
afternoon  canopy 300 300 afternoon  canopy 300 310
SWI 210 240 SWI 340 330
Time Location Micro Macro Time Location Micro Macro
surface 8.30 8.10 surface 8.58 8.51
dawn  canopy 8.29  8.29 midnight  canopy 8.54  8.45
SWI 8.23 8.13 SWI 8.27 8.44
surface 8.14 8.06 surface 8.46 8.44
S | morning  canopy 813 840 | &5 | dawn  canopy 8.88  8.40
SWI 8.50 8.31 SWI 8.81 8.34
surface 8.43 8.28 surface 8.40 8.40
afternoon canopy 8.66 8.65 afternoon canopy 8.53 8.63
SWI 8.54 8.57 SWI 8.67 8.70
Time Location Micro Macro Time Location Micro Macro
surface 29.2 25.6 surface 24.4 24.6
dawn  canopy 256  26.6 midnight  canopy 247 256
o swi 266 270 [ O swi 257 259
7-5 surface 25.4 25.2 E surface 24.0 234
E morning  canopy 255  25.6 % dawn  canopy 282 286
;i SWI 261 262 | & swi 245 289
2 surface 26.7 266 | 2 surface 254 254
afternoon canopy 27.2 27.6 afternoon canopy 26.2 26.4
SWI 28.1 27.8 SWI 27.0 27.3
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Figure 2.2: Water column oxygen concentrations over the course of the diel cycle for
each of the four study sites. The top row shows the muddy facies and the bottom row
shows the sandy facies. The column on the left has microalgae only sites and the one on
the right is for sites dominated by the invasive macroalgae. Each bar represents a water
column location, and error bars are + 5%, the error of the optode.
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Figure 2.3: Water column ammonium concentrations for the (a) sandy and (b) muddy
facies from the surface, canopy and sediment-water interface (SWI) locations. Water
collected at each of the three time points (see Table 2.1) was pooled within each site, due
to similarity between most readings. Areas where data appears to be missing are from
samples where the reading was below the detection limit. Error bars represent £1 SD
(n=3 samples).
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Figure 2.4: Water column total dissolved phosphorus concentrations for the (a) sandy
and (b) muddy facies from the surface, canopy and sediment-water interface (SWI)
locations. Water collected at each of the three time points (see Table 2.1) was pooled
within each site, due to similarity between most readings. Areas where data appears to be
missing are from samples where the reading was below the detection limit. Error bars
represent +1 SD (n=3 samples).
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Water column parameters - Muddy Facies

Oxygen concentrations varied between 40 and 300 M in the muddy facies
(Figure 2.2b), with highest values occurring in the afternoon and lowest at the SWI
before dawn (Table 2.1). Temperatures ranged from 25 to 28 °C, with coolest values at
the surface in the morning and warmest at the SW1 in the afternoon. The pH varied
between 8.1 and 8.4 in surface waters and 8.1 to 8.7 at the SWI; the highest pH (8.7) was
measured in the canopy during the afternoon. For five of the six water column profiles in

the muddy sites, pH was lower at the SWI than at the canopy depth (Table 2.1).

Dissolved oxygen concentrations varied between the A. spicifera and microalgal
sites. At both the dawn and morning samplings, the microalgal site had higher surface
and SWI oxygen concentrations than the A. spicifera site (Figure 2.2c and d). The
reverse occurred in the afternoon, where the A. spicifera site had higher surface and SWI
oxygen concentrations. The largest difference between sites occurred at the SWI in the
morning, when the oxygen concentration in the microalgal site was 220 uM higher than
in the A. spicifera site. During this sampling the largest pH difference between sites also
occurred. The pH of the A. spicifera site was 0.3 lower at the canopy depth and 0.2 lower
at the SWI than the corresponding microalgal pH values (Table 2.1). During the dawn
sampling, at the canopy depth, oxygen in the microalgal site was 70 pM higher and 1.0

°C cooler than at the corresponding A. spicifera location.

At each site, water column nutrient data was collected from three locations at each
sampling time. As with the sandy facies, concentrations were pooled across all sampling

time points at each depth because of a lack of variability in concentration across the diel.
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Similar to the sandy sites, no detectable nitrate or DIP was found in the water column at
either site. Ammonium concentrations ranged from 1 to 6 uM (Figure 2.3b), and TDP
values ranged from 0.58 to 1.1 uM (Figure 2.4b). As indicated by the overlap of the
error bars, no significant difference in ammonium or TDP concentrations were found

between sites.

Pore water- Sandy Facies

Nutrients

In the sandy facies, nutrient depth profiles varied over the diel cycle. Nitrate was
detected in the water overlying the sediment in cores taken at the dawn and afternoon
time points (Table 2.2). When nitrate was at detectable levels, peak concentrations
ranged from 2 to 5 uM. The maximum nitrate concentration varied over the diel cycle;
nitrate was BDL at midnight and 5 uM in the afternoon. The depth of the maximum
nitrate concentration ranged from -1.0 cm in the dawn core to -0.75 cm in the afternoon
and midnight cores. The highest peak nitrate concentration (5 uM) occurred at -0.75 cm,

in the afternoon sampling.

Ammonium concentrations ranged from 2.4 to 37 uM in the water overlying the
core (Table 2.2). In the sediment, maximum pore water ammonium concentrations
ranged from 46 to 140 uM between depths of -0.25 and -2.5 cm. Highest peak
concentrations were found in the dawn sampling. DIP concentration was low to
undetectable in the cores, ranging from BDL to 1 uM. DIP was only measurable in the

water overlying the core at dawn at the microalgal site (0.7 uM).
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Considerable variability in pore water nutrient concentrations was also observed
between the two sandy sites. Nitrate concentrations were 2 to 3 UM higher in the
microalgal cores than those hosting A. spicifera, though concentration maxima occurred
at the same depth. The A. spicifera site had the same maximum nitrate concentration, 2
pM, at all sampling times. At the microalgal site, the maximum nitrate concentration was
more variable, with the highest concentration occurring in the afternoon (5 pM). Unlike
nitrate, ammonium maxima did not occur at the same depths between sites. At each
sampling, the depth of the maximum ammonium concentration was distinct for the A.
spicifera and microalgal sites, with a maximum depth discrepancy of 1.5 cm for the
afternoon sampling. While the depth at which the peak ammonium concentrations
occurred was different between sites, in both sites the maximum concentrations occurred

at the dawn sampling.

When detectable, maximum DIP concentrations occurred at shallower depths in
the microalgal core relative to the core colonized by A. spicifera. Except for the midnight
sampling, higher DIP levels were observed in the microalgal cores. Over the course of the
study higher nitrate and DIP concentrations were observed at the microalgal site, while

the A. spicifera site was characterized by higher ammonium concentrations.

Metals

In the water overlying the cores, Mn?* concentrations ranged between BDL and
1.5 uM (Table 2.2). The highest Mn?* concentrations occurred during the dawn
sampling, while the lowest were recorded in the afternoon (Figure 2.5 a and b).

Measurable dissolved iron was only present in the overlying water once (9 puM, dawn
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microalgal site) (Table 2.2). Maximum pore water dissolved iron concentrations were
lowest at the dawn sampling for both sites and highest at the midnight sampling for the

microalgae and in the afternoon for the A. spicifera site (Figure 2.6 a and b).

Mn®* maxima at both sites occurred at a shallower depth at the dawn sampling
than during the afternoon. At dawn, higher Mn** concentrations occurred in the A.
spicifera site (23 pM) than the microalgal site (13 pM), however Mn?* concentrations
were similar between sites at the afternoon and midnight time points (Figure 2.5 a and b).
Unlike Mn?*, the highest iron concentration did not occur at the dawn sampling. Instead,
the maximum iron concentration occurred at midnight in the microalgal site (36 uM) and
in the afternoon for the A. spicifera site (25 uM) (Figure 2.6 a and b). Depths at which
maximum iron concentrations occurred also varied between sites. At the A. spicifera site,
maxima occurred at the same depth for midnight and afternoon samplings, however in the
microalgal site the maximum iron concentration occurred at the same depth during the

midnight and dawn samplings.
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Table 2.2: Pore water data from the sandy facies. The top row for each site gives the concentration in the water overlying the core
The second line for each site gives the maximum (peak) pore water concentration and depth (cm) at which the concentration
maximum OCCurs.

midnight dawn afternoon
Sandy Facies depth  Conc. | depth  Conc. | depth  Conc.
(cm) (HM) (cm) (LM) (cm) (HM)
A. spicifera ove_rlylng water BDL 0.7 2
. sediment -0.75 2 -1 2 -0.75 2
Nitrate Vi " 5DL A p
Microalgae ove_r ying water
sediment - BDL -1 4 -0.75 5
A. spicifera ove_rlylng water 27 13 37
. sediment -1 100 -0.25 140 -1 100
Ammonium .
. overlying water 13 23 24
Microalgae )
sediment -1.5 57 -1.75 120 -2.5 46
A. spicifera ove_rlylng water BDL BDL BDL
DIP sediment -3.5 0.8 -1.5 0.5 - BDL
Microalgae ove_rlylng water BDL 0.7 BDL
sediment -1.25 0.6 -1.25 1 -2.5 1
A. spicifera ove_rlylng water 1.2 BDL 0.7
MnZ* sediment -0.25 13 -0.25 23 -1.25 5
Microalgae ove_rlylng water 15 1.5 BDL
sediment -0.25 11 -0.25 13 -0.5 6
A. spicifera ove_rlylng water BDL BDL BDL
sediment -1.25 15 -0.75 8 -1.25 25
Fe(TD) i
. overlying water BDL 9 BDL
Microalgae i
sediment -0.25 36 -0.25 9 -1 21
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Figure 2.5: Pore water Mn?* concentration in pM. Points located at 1 are values
obtained from the water overlying the core. The horizontal line indicates the location of
the sediment-water interface, and dotted lines connect data where points are missing.
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Figure 2.6: Pore water total dissolved iron concentration in uM. Points located at 1 are
values obtained from the overlying core water. The horizontal line indicates the location
of the sediment-water interface, and dotted lines connect data where points are missing.
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Pore water- Muddy Facies

Nutrients

Nutrient concentrations over the diel cycle were similar in cores taken from sites
within the muddy facies (Table 2.3). No nitrate was detected in the water overlying the
cores at either site. Pore water nitrate concentration maxima of between 5 and 7 pM
occurred at depths ranging between -0.25 to -1.25 cm. Ammonium was present in the
water overlying the core for all cores, and ranged from 11 to 26 uM. Pore water
ammonium concentrations did not display a distinct maximum peak, but remained
relatively constant over the top few cm of the core. Therefore, rather than reporting a
maximum peak concentration, ammonium concentrations were averaged from -0.25 to -
2.0 cm for each core. Over that depth interval, average ammonium concentrations ranged
between 22 and 42 uM. DIP concentrations were low, ranging from BDL to 0.9 uM; no

DIP was detectable in the water overlying the cores.

Maximum pore water nutrient concentrations observed at the two sites from
within the muddy facies were similar. At the dawn and afternoon time points, the
maximum nitrate concentration at the microalgal site occurred at -0.5 cm, while in the A.
spicifera site the maximum shifted from -0.25 cm at dawn to -1.25 cm in the afternoon
(Table 2.3). The pore water ammonium concentration was near 40 uM for the A.
spicifera site but only 25 uM for the microalgal site. At dawn, the ammonium in the
water overlying the core from the microalgal site (26 uM) was more than double that at
the A. spicifera site (11 pM), however in the afternoon both sites had similar ammonium

concentrations (20 M) in the water overlying the core. In the dawn core, DIP was BDL
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at all depths in the A. spicifera core, however it was detectable in the microalgal core (-
1.75 cm, 0.6 uM). In the afternoon, DIP peaks occurred at the same depth in cores from
both sites, but at a higher concentration in the A. spicifera core (0.9 uM) than in the
microalgal core (0.6 uM). The major difference in nutrients between sites was observed
in pore water ammonium concentrations: the A. spicifera site had nearly double the

ammonium concentration of the microalgal site.

Metals

In the muddy facies, variability in the iron and manganese concentrations
exceeded that observed in the nutrient data (Table 2.3). Mn?*was only detected in the
water overlying the core once, during the dawn A. spicifera sampling (0.7 uM) (Figure
2.5¢). Maximum Mn?* pore water concentrations ranged between 6 and 10 pM, and
occurred in the top 2 cm of the sediment. Dissolved iron concentrations in the overlying
water of the A. spicifera site ranged between 0.5 and 1.5 puM (Figure 2.6¢). Maximum
pore water dissolved iron concentrations ranged between 24 and 110 puM, and
concentrations were higher when the peak occurred deeper in the sediment (Figure 2.6 ¢

and d).

Between sites, large variations were observed in the depth of manganese maxima
and the concentration and depth of iron maxima; however within each core the
manganese and iron peaks occurred at the same depth. Mn?" concentrations varied
minimally between sites and sampling points, however peak depths varied by 1.5 cm
between sites (Figure 2.5 c and d). In A. spicifera cores the Mn?* concentration peaked at

a shallower depth at night (-0.25 cm, 6 pM) compared to the day (-2 cm, 10 puM) (Figure
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2.5¢), unlike the microalgal site where Mn?* peaked at a deeper depth during the night (-
1.75 cm, 7 uM) than during the day (-0.75 cm, 7 uM) (Figure 2.5d). In the A. spicifera
cores, dissolved iron peaked at a shallower depth at night (-0.25 cm, 24 pM) than during
the day (-2.0 cm 110 uM) (Figure 2.6c¢), and for the microalgal cores it peaked at a
deeper depth at night (-1.75 cm, 90 uM) than during the day (-0.75 cm, 75 puM) (Figure

2.6d).
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Table 2.3: Pore water data from muddy facies. Top row for each site lists the
concentration of the water overlying the core. The second line for each site gives the
maximum pore water concentration and depth (cm) at which the concentration maximum
occurred.

dawn afternoon
Muddy Facies Depth Conc. | Depth Conc.
(cm) (uM) | (cm) (M)
.. overlying water BDL BDL
A. spicifera .
Nitrate SPICITETE e diment 025 7 | 125 5
. overlying water BDL BDL
Microalgae .
sediment -0.5 7 -0.5 7
.. overlying water 11 20
. A. spicifera sediment * 41 * 42
Ammonium -
Microalaae overlying water 26 22
g sediment * 25 * 22
. overlying water BDL BDL
DIP A. spicifera sediment -- BDL -2 0.9
Microalaae overlying water BDL BDL
9% cediment 175 06 | 2 06
.. overlying water 0.7 BDL
A. f :
2 SPICITETa e diment 025 6 | 2 10
Mn -
Microalgae overlying water 0.8 BDL
sediment -1.75 7 -0.75 7
. overlying water 1 1.5
A. spicifera .
P sediment 025 24 | 2 110
Fe(TD) :
. overlying water 0.5 0.7
Microalgae )
sediment -1.75 90 -0.75 75

*Ammonium profile did not display a distinct peak, and therefore the mean over the top 2
cm is reported.
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Flux

Muddy Facies

The flux of nitrate from the sediment to the water column in the muddy
microalgal site occurred at a similar rate both at dawn and in afternoon (Figure 2.7a).
The macroalgal site had a higher nitrate flux at dawn than in the afternoon. Ammonium
flux in the A. spicifera site was highest at dawn, while the microalgal site had a higher
ammonium flux in the afternoon (Figure 2.8a). The microalgal site had a higher
phosphate flux at dawn, and the A. spicifera site had a higher flux in the afternoon

(Figure 2.9a).

Sandy Facies

In the sandy facies, nitrate flux was similar between the microalgal and A.
spicifera sites at dawn, while the flux of nitrate to the water column was higher in the
microalgal site in the afternoon and higher in the A. spicifera site at midnight (Figure
2.7b). The flux of ammonium to the water column was highest in the A. spicifera site at
all time points, especially in the afternoon (Figure 2.8b). Phosphate flux was higher in
the microalgal site than the adjacent A. spicifera site at midnight and dawn, and no flux of

phosphate occurred from either site in the afternoon (Figure 2.9b).
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Figure 2.7: Flux of nitrate from the sediment into the water column for a) the muddy
facies and b) the sandy facies.
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Figure 2.8: Flux of ammonium from the sediment into the water column for a) the
muddy facies and b) the sandy facies.

42



[Eny
o
J
=
o
)

T a) . T b)

o M A. spicifera b

S 08 - N 08 -

£ microalgae £

$ 06 - $ 06 4

< 0.6 <0

£ £

204 - 204 -

3 E

. 0.2 w02 -

: B ¢

% 0.0 * 0.0 . ‘
dawn afternoon midnight dawn afternoon

Figure 2.9: Flux of phosphate from the sediment into the water column for a) the muddy
facies and b) the sandy facies. No flux occurred during numerous time points, as
indicated by regions without bars.

Discussion

Oxygen availability drives numerous biotic and abiotic processes. Oxygen is
utilized in microbial respiration, during the breakdown of organic matter. When oxygen
becomes limited other oxidized species, including nitrate (Payne 1973), manganese and
iron oxides (Nealson and Saffarini 1994) and sulfate (Jgargensen 1982), are used by
microbes to oxidize organic matter, which releases N,, Mn?*, Fe?* and H,S to the
surrounding pore water (Figure 2.1). The depth of oxygen penetration into sediments
influences the vertical stratification of the dominant microbial metabolisms, with a deeper
oxygen penetration depth driving less energetically favorable reactions deeper into
sediments (Segrensen and Jgrgensen 1987). Additionally, oxic conditions influence
abiotic processes, by enabling the formation of iron and manganese oxides, which

remove Mn?" and Fe** from pore water and also remove dissolved phosphate due to
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sorption onto metal oxides. The availability of oxygen also impacts nutrient cycling,
with low oxygen conditions favoring nitrate reduction processes, such as denitrification
and ammonification (Herbert 1999), and creating reducing conditions suitable for the
release of phosphate from the reductive dissolution of iron oxyhydroxides (Chambers and

Odum 1990, McManus et al. 1997, Colman and Holland 2000).

The availability of oxygen for biotic and abiotic processes varies over a day-night
cycle, with higher concentrations of oxygen occurring during the day, as the rate of
photosynthesis is typically greater than that of respiration. Under day time oxic
conditions, the pore water concentration maxima of reduced species, such as ammonium,
Mn** and Fe®*, are expected to occur deeper in the sediment than at night, when redox
zones shoal and pore water concentrations of reduced species increase. Redox dynamics
should be especially apparent in regions colonized by A. spicifera, as macroalgae are
capable of reducing the availability of oxygen at the SWI due to self-shading (D’ Avanzo
and Kremer 1994), increasing microbial respiration (Alber and Valiela 1994, Smith et al.

2006), and decreasing flow of water through the canopy (Escartin and Aubrey 1995).

Diel changes in water column oxygen

Diel oscillations in the concentration of oxygen were evident in both the sandy
and muddy facies during this study. Water column oxygen concentrations within the
sandy facies ranged between 100 - 340 uM (Figure 2.2 a and b) and in the muddy facies

between 40 and 300 uM (Figure 2.2 ¢ and d) over the diel cycle. As expected, periods of
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active photosynthesis during the day were characterized by higher dissolved oxygen
(DO) concentrations than at night, when only respiration was occurring (Table 2.1).
Night time benthic respiration was evident in both the sandy and muddy facies, as
observed by the nearly 150 uM decrease in the concentration of oxygen in the water
column between the air-surface interface and the SWI during the night. These results are
consistent with previous work in He‘eia Fishpond, in regions devoid of A. spicifera,
where similar diel changes in the concentration of oxygen (60 - 220 uM) were observed

(Briggs 2011).

Differences in oxygen concentrations in the sandy site, between the microalgal
and A. spicifera dominated regions, also corresponded to differences in water
temperature. During the night, the temperature of the water within the A. spicifera
canopies was warmer than the water in the adjacent microalgal site. Differences in water
column temperature and oxygen concentrations provide evidence that the water column is
not homogenously mixed, and suggest the macroalgae is decreasing water flow within the
canopy. Numerous studies have shown decreased flow through macroalgal canopies
(Escartin and Aubrey 1995, Hurd 2000, and Nepf 2012). Reduced flow through the A.
spicifera canopies is likely causing the oxygen and temperature differences observed

within the canopy, compared to adjacent regions without the macroalgae.

During the day, DO concentrations were similar between sandy and muddy
regions, however the sandy facies had the highest DO concentrations at the SW1 (330
M) and the lowest in surface waters (250 pM), while in the muddy facies DO

concentrations were highest at the depth of the top of the A. spicifera canopy (300 M)
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and lowest at the SWI (~220 uM). Differences in day time water column DO
concentrations between the sandy and muddy facies suggest that in sandy facies benthic
photosynthesizers were a source of oxygen to the fishpond, while in the muddy facies
more respiration was occurring at the SWI. Higher benthic respiration in sediments from
the muddy facies, relative to the sandy facies, was likely due to a higher concentration of
labile organic matter in muddy facies sediments, caused by their close proximity to input
from He‘eia Stream (Briggs 2011). Organic matter remineralization is probably the

major factor decreasing dissolved oxygen concentrations at the SWI.

Enhanced respiration in the muddy facies was further illustrated by the extended
length of time (3 additional hours) that the SWI beneath the A. spicifera canopy was
exposed to low oxygen conditions. Despite being exposed to three hours of light prior to
the morning sampling, the water column at the base of the A. spicifera canopy remained
at low, overnight oxygen levels (Table 2.1). Self shading is known to occur in
macroalgae (D’Avanzo and Kremer 1994), reducing the availability of light and thus
decreasing the rate of photosynthesis at lower canopy locations. Low SWI DO within the
A. spicifera canopy, while the concentration was 200 uM higher at the SWI in the
adjacent non-colonized region, suggests that in the morning the macroalga is self-

shading.

At night, the concentration of DO in the water column was highest in surface
waters and lowest at the SWI, highlighting the importance of night time benthic
respiration to oxygen consumption. Night time DO was also affected by the type of

dominant benthic primary producer (Table 2.1). During the night in the sandy facies, DO
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was similar in the surface waters of both sites, but the A. spicifera site had lower canopy
and SWI DO concentrations. In the muddy facies, DO was lower in the A. spicifera site
at all water column locations. Reducing conditions in the water column of the A.
spicifera site are consistent with the observations reported in other studies (Lavery and
McComb 1991, Krause-Jensen et al. 1999). Low oxygen concentrations in macroalgal
canopies has been attributed to increased microbial respiration within the canopy, caused
by the release of OM from the macroalgae (Alber and Valiela 1994, Smith et al. 2006),
and reduced water movement through the canopy (Escartin and Aubrey 1995). Night
time respiration by A. spicifera is an additional oxygen sink within the canopy, and likely
contributes to the observed differences in DO between sites. The dominant oxygen sink,

however, is microbial respiration..

Diel changes in sediments

Nitrogen

Biotic nitrogen cycling favors the presence of nitrate during the day, when
photosynthesis creates oxic conditions, and ammonium during the night, when
nitrification is inhibited due to the loss of oxygen by respiration. Despite visible diel
variation in water column DO, water column NH4" concentrations remained similar
throughout the day and night and nitrate remained BDL. Within the sediments, the sandy
facies demonstrated the expected diel nitrogen trend, with increased ammonium
concentrations at night, and increased nitrate concentrations during the day (Table 2.2).

Within the A. spicifera site, diel oscillations in ammonium concentrations may be
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magnified by the preferential uptake of ammonium during the day, as opposed to at night,

as has been shown for Gracilaria tikvahiae (Peckol and Rivers 1995).

Although we expected the concentration of ammonium to be higher in the water
column at the A. spicifera site than at the microalgal site, due to the lower DO
concentrations observed in the macroalgal canopy, this was not the case. Similar water
column ammonium concentrations were observed at both the microalgal and A. spicifera
sites (Figure 2.3) in both facies. Increased pore water ammonium in regions dominated
by macroalgae has been attributed to reduced oxygen availability at the SWI (Sundback
et al. 1990), which decreases nitrification. The similar water column ammonium
concentrations between microalgal and A. spicifera dominated sites in our study suggest
that either there was no measurable increase in ammonium production, or decrease in
nitrification, within the A. spicifera dominated sites, or that the macroalga is taking up
ammonium as it becomes available. Benthic efflux has been shown to provide the major
source of nitrogen to macroalgae (Sundback et al. 2003), which is consistent with the
notion that macroalgal ammonium uptake may drive concentrations down at the

macroalgal sites, such that they are similar at the two sites.

Pore water ammonium concentrations and flux rates provide further evidence that
the reason for similar SWI water column ammonium concentrations between regions
dominated by the macroalgae and non-colonized regions is macroalgal ammonium
uptake. A higher concentration of ammonium was present in the pore water of the A.
spicifera sites than the microalgal sites (Table 2.2 and 2.3). These results are consistent

with previous studies (Sundback et al. 1990, Viaroli et al. 1996) which suggest the
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increase in ammonium concentrations are due to organic matter remineralization.
Additionally, the flux of ammonium from the sediment to the water column was higher
for sites dominated by the invasive macroalgae (Figure 2.8). Higher flux rates coupled
with similar water column concentrations (Figure 2.3) support the conclusion that more
ammonium is being produced in the sites with invasive macroalgae, and the macroalga is

taking up the excess ammonium.

Phosphorus

Pore water TDP was higher in the A. spicifera site than the microalgal site in the
sandy facies (Figure 2.4a), while no difference in TDP occurred between sites in the
muddy facies (Figure 2.4b). TDP is comprised of both the organic (DOP) and inorganic
(DIP) fractions of dissolved phosphate, and since DIP was BDL for all samples, the TDP
reported here primarily represents DOP. While DIP can be directly taken up by algae,
algae are also capable of using DOP to satisfy growth requirements through the use of
alkaline phosphatase enzymes (Kuenzler and Perras 1965). Macroalgae are known to
excrete dissolved organic matter (Khailov and Burlakova 1969, Alber and Valiela 1994,
Smith et al. 2006), and in the sandy facies, the difference in TDP between the two sites
may be caused by the excretion of dissolved organic matter by A. spicifera. The higher
concentration of TDP in the muddy microalgal site compared to the sandy microalgal site
suggests that organic matter input from He‘eia Stream does not travel far enough to
impact the sandy facies. The concentration of TDP at the A. spicifera site in the sandy

facies was similar to that found at both sites in the muddy facies, suggesting the invasive
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algae has a greater effect on TDP concentrations in the sandy facies than the muddy

facies.

In the water column, DIP was BDL, and pore water DIP concentrations were low
to undetectable throughout the entire study (BDL - 1 uM), with concentrations similar to
those previously observed in the pond (Briggs 2011). One of the mechanisms influencing
DIP availability in pore water is sorption of phosphate to iron oxyhydroxides under
oxidized conditions, and desorption under reducing ones (Krom and Berner 1981,
McManus et al. 1997, Coleman and Holland 2000). We expected to find increased DIP
concentrations at night, especially within A. spicifera sites, due to the low DO
concentrations at the SWI. However, despite the observed reducing conditions, as shown
by the presence of dissolved iron and Mn?" in pore waters, DIP concentrations remained
low, and no diel pattern was observed. Flux calculations do illustrate diel cycling in the
microalgal sites for both sediment facies (Figure 2.9). The flux of phosphate from the
sediment into the water column was highest at dawn and lowest in the afternoon in
microalgal sites, however phosphate flux was low, as expected from the low phosphate

concentrations in pore water.

A relationship was found between the concentration of dissolved iron and DIP in
the muddy facies, but not in the sandy facies. In the muddy sites, the maximum
concentration of dissolved iron and DIP occurred at the same depth in two of the four

cores. These two cores also had the highest total dissolved iron concentration (> 90 uM)
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observed throughout the entire study (10 total cores). The dissolved iron to phosphate
ratios calculated for the muddy facies were 122 (Microalgae: dawn, -1.75 cm) and 150
(A. spicifera: afternoon, -0.75 cm). Previous work demonstrated that Fe:P are higher in
freshwater (0.7 to 280) than marine (0.008 to 1.1) pore waters, and suggested that the
Fe:P difference was due to the formation of iron sulfides in marine environments
(Gunnars and Blomqvist 1997). Based on the difference in Fe:P between freshwater and
marine sediments, the muddy facies in He‘eia Fishpond is more characteristic of
freshwater than marine sediments. However, the down core salinity in these sediments
ranges between 15-20 (Briggs 2011), indicating that these sediments are not fresh.
Rather, it is likely that the high iron content of He‘eia sediments is inhibiting phosphate
availability; however, without analysis of detailed solid-phase iron and phosphate
speciation we cannot know for certain the mechanism causing low pore water phosphate

concentrations.

Iron

Iron redox cycling was observed in He‘eia Fishpond, as shown by the changes in
the concentration of dissolved iron over the diel cycle (Figure 2.6). In addition to
retaining phosphate, iron in sediments impacts the redox dynamics of manganese and
sulfur. lron oxyhydroxides are important electron acceptors during the microbial
oxidation of organic matter (Lovley and Phillips 1988, Sgrensen 1982). During
microbial iron reduction, Fe** is reduced to Fe®*, releasing adsorbed phosphate to the

surrounding pore water. Additionally, iron reacts rapidly with H,S to form pyrite and
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other iron-sulfide minerals, a process that removes Fe®* from pore water and prevents the
flux of sulfide from the sediment to the water column (Nealson and Saffarini 1994,

Thamdrup et al. 1994).

In the muddy facies of the pond, total dissolved iron and Mn?* maximum
concentrations occurred at the same depth (Table 2.3), whereas they occur at different
depths in the sandy facies. The observed overlap in redox zonations in the muddy facies,
but not the sandy ones, suggests that manganese oxides may play a role in the oxidation
of Fe®* in sediments from the muddy facies (Lovely and Phillips 1988 and Thamdrup et

al. 1994), according to Equation 2.1:
2 Fe?* + MnO; + 2 H,0 — 2 FeOOH + Mn?* + 2 H* (2.1)

If the total dissolved iron pool was composed entirely of Fe?*, there would be a higher
concentration of iron at night, due to the more reducing conditions occurring at that time.
In the muddy facies, a higher concentration of total iron was observed in the afternoon
than at dawn, suggesting that Fe** is also present in the pore water. Colloidal iron is
known to scavenge phosphate (Gunnars et al. 2002 and sources there in), therefore the
presence of Fe** in pore waters is likely contributing to the low DIP pore water

concentrations observed in this study.

52



Manganese

If diel manganese variations were occurring in the sediment, Mn®* concentrations
should be highest before dawn, when the sediment is most reducing, and lowest in the
afternoon, after photosynthesis has increased the concentration of oxygen at the SWI.
Diel variations in the concentration of Mn?* occurred in all sites (Figure 2.5) and were
especially apparent in the A. spicifera sandy site where the Mn** concentration decreased
from 23 pM at dawn to 5 uM in the afternoon. The higher concentration of Mn®* during
the night, and lower concentration during the day, supports our hypothesis that diel
variations in redox species are occurring in the pond. Although the microalgal sandy site
displayed a similar diel pattern, maximum Mn?* concentrations (6 - 13 uM) had less
variability than those observed in the adjacent A. spicifera site. The higher night time
concentration of Mn?" in the A. spicifera site is consistent with the oxygen data, which
indicated that the SWI beneath the macroalgal canopy was exposed to lower oxygen
conditions than the adjacent microalgal site. Thus water column oxygen appears to be

affecting the concentration of Mn®* in pore water.

The effect of SWI oxygen concentrations on pore water Mn* concentrations is
further supported by the similarity in maximum Mn** concentrations in the sandy facies
when SWI oxygen concentration were also similar, between the A. spicifera and
microalgal sites in the afternoon and at midnight when. In the water overlying the sandy
cores, Mn?* was detectable when SWI oxygen concentrations were approximately 130
MM, only 6 hours after SWI oxygen levels were near 300 uM. Previous work from an

incubation study, designed to examine the effect of varying degrees of low oxygen at the
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SWI on redox cycling, observed similar pore water Mn?* concentrations to those reported
in our study, but a longer time was required for Mn?* to move from the sediment to the
overlying water (Kristensen et al. 2002). Kristiansen et al. (2002) reported that when the
overlying water was devoid of oxygen the first release of Mn®* from sediment cores to
the water column occurred after three days, and when the concentration of oxygen at the
SWI was 85 pM, the initial Mn®* flux took six days (Kristensen et al. 2002). The
observations from He‘eia Fishpond suggest that in situ fluxes of reduced species occur on
a more rapid time scale than predicted by laboratory studies, which is likely caused by the

dynamic nature of in situ conditions, including bioturbation and turbulent water motion.

Diel changes in pore water Mn?* concentrations were observed over the course of
this study (Figure 2.5); however the mechanism for this change is uncertain. The
production and removal of Mn?" in sediments is driven by the reduction and oxidation of
manganese oxides, which can occur via biotic and abiotic processes. The formation of
Mn?* can be attributed to the biotic reduction of Mn-oxides (Nealson and Saffarini 1994)
or by the abiotic reduction of manganese oxides by Fe?* and H,S (Burdige and Nealson
1986, Thamdrup et al. 1994). The reduction of Mn-oxides by H2S is biologically
important as this process removes toxic hydrogen sulfide from the pore water, preventing
the flux of H2S from the pore water into the overlying water column. Regardless of the
mechanism, the larger shifts in the concentration of Mn?* in the A. spicifera site support
the hypothesis that the invasive alga is altered sediment redox dynamics by creating more

reducing conditions in surface sediments.
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Conclusion

The goal of this study was to examination of the effects of an invasive macroalga
on sediment redox chemistry and nutrient dynamics over diel cycles to determine whether
the invasive alga is altering local environmental conditions. Diel cycles were clearly
observed in sandy facies where higher pore water concentrations of the reduced species
Mn** and ammonium occurred during the night than during the day. For both sediment
facies, the influence of the diurnal cycle was most pronounced in water column DO
concentrations. In the sandy site, DO concentrations at the SWI were similar between
microalgal and A. spicifera sites, and increased from 100 uM at midnight to 340 uM in
the afternoon. Unlike the sandy sites, muddy sites displayed a large difference in DO
concentrations between sites with and without the macroalgae. For example, in the
morning, the DO concentration at the SWI in the muddy microalgal site was 220 uM

higher than at the same time and depth in the A. spicifera site.

Dissolved iron and manganese were observed in the pore water of surface
sediments throughout the study. The availability of iron and manganese oxides may
prevent the escape of sulfide from the sediment to the overlying water column, even
under the reducing conditions observed at the SWI in the pond. Despite the high
concentration of dissolved iron in pore waters, phosphate concentrations were low, with
maximum concentrations ranging between 0.5 and 1 puM. Low phosphate is likely due to

the presence of iron oxyhydroxides in surface sediments, and subsequent sorption of
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phosphate; further solid-phase speciation is required to confirm this as the reason for low

phosphate in sediment pore waters.

Vertical oscillations in redox transition zones were observed during the study, and
changes in the concentrations of oxygen, ammonium and Mn?* provide additional
evidence that diel redox cycling occurs in the pond. Comparison between microalgal and
A. spicifera dominated sites revealed differences in water column oxygen and ammonium
concentrations. Acanthophora spicifera had a more pronounced influence on sediment
redox chemistry in the sandy facies than in the muddy facies. Acanthophora spicifera
sites had higher ammonium concentrations and higher fluxes of ammonium from the
sediment to the water column than adjacent microalgal sites in both sediment facies.
Compared to microalgal dominate regions, the invasive macroalgae is altering redox
conditions in the fishpond, however little difference in water column nutrients were
observed between sites. Further work in the pond is needed to determine whether the
similarity in nutrient concentrations between sites arises from rapid uptake by the
invasive macroalgae, or other factors, because the changes in redox conditions are having

no effect on water column nutrients.
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Chapter 3

Oscillations in oxidation-reduction chemistry within an
Acanthophora spicifera canopy:

Implications for oxygen-sulfide cycling

(He‘eia 2011)

57



Abstract
Invasive macroalgae threaten the diversity and function of ecosystems. This study
compared the effect of an invasive alga, Acanthophora spicifera, on sediment oxidation-
reduction chemistry and water column nutrient concentrations over diel cycles in He‘eia
Fishpond, Hawai‘i. Eleven out of twelve in situ electrochemical profiles through two A.
spicifera canopies revealed that oxygen concentrations in the lower few centimeters
within A. spicifera canopies was less than 5 uM. The water column within A. spicifera
canopies also had higher concentrations of sulfide than adjacent non-colonized regions of
bare sediment. Additionally, beneath one of the A. spicifera canopies, anoxic conditions
persisted at the SWI for 12 hours of the diel time frame, while the SWI in the adjacent
region of bare sediment was only anoxic for six hours. Over the course of the study,
oxygen flux from the water column to the sediment ranged between 0 and 93 pmoles O,
m™ h™, and sulfide flux from the sediments ranged between 0 and 5.2 umoles H,S m™ h°
! Profiles showed the presence of sulfide and oxygen in close proximity to one another,
indicating that oxygen is an important oxidizer of sulfide within He‘eia Fishpond. Water
column ammonium concentrations were higher in areas colonized by the invasive alga
than in adjacent regions of bare sediment. Even though reducing conditions were
observed, as evidenced by the detection of hydrogen sulfide, Mn?* and dissolved iron at
the sediment-water interface, dissolved inorganic phosphate was below the detection
limit (0.5 uM) throughout the entire study. The detection of Mn®* and dissolved iron,

both in surface waters and at the sediment water interface, provide evidence that colloidal
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Fe>* and manganese oxides are likely sorbing phosphate and contributing to the low

phosphate concentrations within He‘eia Fishpond.

Introduction

Invasive algal species are a well known threat to ecosystem function (Schaffelke
et al. 2006, Williams and Smith 2007), and invasive algae cost the United States millions
of dollars each year in lost revenue (Hoagland et al. 2002). Canopy forming benthic
macroalgae are capable of altering the environment physically, biologically, and
chemically. Physically, macroalgal canopies alter water flow by reducing water velocity
within the canopy (Escartin and Aubrey 1995, Forster et al. 1996, Nepf 2012), and
increasing flow over the top of the canopy (Escartin and Aubrey 1995). The presence of
macroalgae also reduces light availability at the sediment water interface (SWI) causing a
decline in benthic microalgal abundance and reducing the concentration of oxygen at the
SWI (Sundback et al. 1990, Corzo et al. 2009). Biologically, invasive macroalgae
compete for habitat with native species. It is also true that invasive macroalgae, provide

shelter for macrofauna, and can be a source of food, which are positive factors.

Physiologically, macroalgae are complex organisms, capable of chemically
altering the environment. Macroalgae inhabiting the SWI can intercept the movement of
nutrients from the sediment to the overlying water column (Lavery and McComb 1991,
Larned and Atkinson 1997, Sundback et al. 2003, Engelsen et al. 2008), and often

compete with benthic microalgae (Corzo et al. 2009) and microorganisms for nutrients

59



such as nitrate (Dalsgaard 2003). During the day, macroalgae produce more oxygen than
needed for their respiration processes, creating an increase in water column oxygen
concentrations. At night, when photosynthesis is no longer occurring, macroalgal
respiration decreases oxygen availability in the water column. Diel oscillations in the
concentration of oxygen within macroalgal canopies highlight the dynamic nature of
shallow coastal environments and the importance of macroalgae in influencing water
column oxygen concentrations (D’Avanzo and Kremer 1994). Additionally, the
senescence of macroalgae provides a large organic matter flux to the benthic community,
increasing microbial respiration and reducing the concentration of oxygen (Sfriso et al.
1987, Sundback et al. 1990, Lavery and McComb 1991). Macroalgal canopies also
decrease water column oxygen concentrations through increased microbial respiration
caused by algal senescence (Krausse-Jensen et al. 1999, Viaroli et al. 2008), and the
release of dissolved organic carbon within canopies (Hauri et al. 2010), which results in
an alteration of nutrient availability (Larned 1998, Rozan et al. 2002). Thus, the ability
of benthic macroalgae to alter oxygen concentrations in shallow coastal waters has
implications for the redox chemistry and nutrient cycling of both the water column and

sediments.

Redox reactions alter the availability of biologically important chemical species,
including sulfide, phosphate, and nitrate. Metabolically, oxygen is the most energetically
favorable oxidant, and when available oxygen is used preferentially by microbes for the
oxidation of organic matter. Abiotic oxidation of reduced species, such as hydrogen

sulfide and Fe?", also take place under oxic conditions. Abiotic oxidation processes
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transform hydrogen sulfide into sulfate (or intermediates) and oxidize Fe®* to Fe**, which
then forms insoluble iron oxyhydroxides. Hydrogen sulfide is toxic to most aquatic life,
at varying concentrations depending upon the organism (Bagarinao 1992 and sources
therein), while sulfate is abundant in seawater. Hydrogen sulfide is removed from pore
water through oxidation or precipitation with iron in surface sediments and at the SWI,
which is biologically favorable for aquatic organisms such as benthic macroalgae and
benthic animals. The oxidation of Fe?* to iron oxyhydroxide is also a biologically
important process because unlike Fe?*, iron oxyhydroxides are known to sorb phosphate,
rendering the phosphate biologically unavailable (Krom and Berner 1980, Sundby et al.
1986, Chambers and Odum 1990, Jensen et al. 1995, Gunnars and Blomqvist 1997,
Blomqvist and EImgren 2004). Under oxidizing conditions, phosphate is removed from
sediment pore waters and the water column in the presence of iron oxyhydroxides to
levels that are potentially limiting the growth of primary producers. Thus, the oxidation
of hydrogen sulfide is beneficial to organisms such as macroalgae, while the oxidation of

Fe?* can be detrimental.

The availability of oxygen also influences biotic nitrogen cycling. Nitrogen is
stable in numerous oxidation states, and biological processes in sediments transform
nitrogen between the various forms. The remineralization of organic matter in sediments
under aerobic and anaerobic conditions is the primary source of ammonium in sediments
(Herbert 1999). In the presence of oxygen, ammonium is transformed by nitrifying
bacteria, via a two step process, to nitrite and finally nitrate (Henricksen and Kemp

1988). Abiotic conditions provide an environment suitable for denitrification, where
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bioavailable nitrate is reduced to nitrogen gas and is lost from the system. The
availability of oxygen at the SWI determines which microbial nitrogen transformations
can occur in surface sediments and influences whether ammonium or nitrate is available

at the SWI.

Study Site

This study was conducted in He‘eia Fishpond, located on the windward side of
the island of O‘ahu, Hawai‘i. He‘eia Fishpond is an 88-acre brackish pond, located at the
land-sea interface between the town of Kane‘ohe and Kane‘ohe Bay. The pond is
separated from the ocean by a rock wall, however freshwater and ocean water move into
and out of the pond through six gates in the wall. The pond is currently being restored to
function as it did during ancient times by the not-for-profit group, Paepae O He‘eia.
Paepae is working to strengthen and rebuild the wall around the pond and remove
predatory fish and invasive species, including the red algae Acanthophora spicifera and
Gracilaria salicornia and mangrove Rhizophora mangle, from the pond. The pond is
shallow, with an average depth of 1 m, and sediments in the pond range from fine grained
near the stream inputs to coarse grained at the ocean gates. This study was conducted in

fine grained sediments at the south-west side of the pond.

The pond and adjacent Kane‘ohe Bay are dominated by the invasive macroalgae,
Acanthophora spicifera. This species was introduced to O‘ahu in the early 1950s as a

hull fouler (Doty 1961) and has since become prevalent around all the main Hawaiian
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Islands. Acanthophora spicifera forms a dense canopy structure and is one of the most

common non-indigenous algal species found in Hawai‘i (Smith et al. 2002).

The purpose of this study was twofold. The first objective was to compare and
contrast diel changes in the concentration of water column nutrients, oxygen and sulfide
between an area of sediment colonized by the invasive macroalga, A. spicifera, and an
adjacent non-colonized region of bare sediment. The second objective was to compare
diel changes in the spatial and temporal concentration of redox species, including oxygen,

manganese, and sulfide, between two A. spicifera canopies.

Methods

Experimental Design

The study was conducted in He‘eia Fishpond over a two day period, in May 2011.
Dates were chosen during a neap tide to minimize the influence of tides on the study. On
the first day, we sampled an area with a small A. spicifera canopy, and an adjacent region
of bare sediment. The small A. spicifera canopy was approximately 2 m in diameter with
a height ranging between 0.1 to 0.2 m tall. Electrochemical profiles (see below) were
conducted at each site, every six hours, over a 24 hour period. Profiling began at 04:00,
10:00, 16:00, and 22:00, for a total of eight profiles over the diel cycle. In order to
compare oxygen distribution and penetration depth between sites, profiles were

conducted as temporally close together as possible. The first profile began at one of the
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above listed times in the A. spicifera dominated site. Immediately following the
completion of the A. spicifera profile, a profile was conducted in the adjacent site with
bare sediment. At each time point water was collected from both the A. spicifera and

bare sediment sites for nutrient analysis (see below).

The second objective of the study was to characterize short term diel vertical
oscillations in the oxic and anoxic transition zones within an A. spicifera canopy and
compare redox chemistry between two A. spicifera canopies. On the second day, profiles
were conducted throughout a large A. spicifera canopy, 4 meters across and 0.2 m tall,
beginning every 2 to 4 hours. Profiles were started at: 00:00, 04:00, 07:00, 10:00, 12:00,
14:00, 16:00, and 20:00 and took place at random places throughout the canopy. When
referring to the A. spicifera canopies in the subsequent discussion, we will refer to the
smaller canopy from the first day as the small A. spicifera canopy and the larger canopy

from the second day as the large A. spicifera canopy.

Electrochemistry

In situ water column and sediment oxygen and sulfide measurements were
conducted using voltammetry, a technique involving the measurement of
electrochemically active species through the application of a voltage across a three-celled
system. A solid state, gold-mercury (Au/Hg) amalgam working electrode is coupled with
a silver/silver-chloride (Ag/AgCl) reference electrode and a platinum (Pt) counter
electrode (Brendel and Luther 1995). In situ voltammetry has been used in coastal

studies (Rozan et al 2002), the Chesapeake Bay (Lewis et al 2007), the Black Sea (Glazer
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et al 2006), and deep sea sediment studies (Luther et al 1999) because it allows the
simultaneous measurement of numerous dissolved and aqueous chemical species in situ
(e.g. Luther et al. 2008 for review). For this study, we focused on the concentration of
oxygen, Mn?*, Fe?* and sulfide to focus on the oscillation of oxic and anoxic redox
transition zones (Table 3.1). Electrochemical analysis was performed using a DLK60

(AIS Inc.).

The working electrodes were constructed in the lab, using 100 um gold wires
encased in epoxy and PEEK tubing, as described by Luther et al. (2008). In previous
studies, working electrodes were constructed from 3 mm diameter PEEK tubing, however
for this study, in order to reduce environmental disturbance, 1.6 mm outer diameter
PEEK tubing was used to fabricate the electrodes (Figure 3.1). Working electrodes
encased in drawn glass, rather than PEEK, have been used in microbial mats (Glazer et
al. 2002) and sediment cores (Briggs 2011), however these electrodes are fragile and not
suitable for in situ sediment work in carbonate sediments. The working electrodes used
in this study reduced the electrode surface area, similar to using drawn glass, while

maintaining the durability of the PEEK electrodes.
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Table 3.1: Electrode reactions for select species at the gold-mercury working electrode
verse the saturated calomel electrode (adapted from Luther et al. 2008).

Electrode Reaction

Eox(E1p) (V)

Detection limit (uM)

0, + 2H" +2¢” — H,0, -0.33 5

H,0, + 2H" +2¢” — H,0 -1.23 5

Mn”**+ Hg + 2e” < Mn(Hg) -1.55 5

Fe?*+ Hg + 2e” —Fe(Hg) -1.43 10

Fe** + " —Fe™ -0.2t0-0.9 molecular species
FeS + 2¢” + H" «Fe(Hg) + HS -1.15 molecular species
HS + Hg — HgS + H" + 2¢” -0.6 0.1

HgS + H' 2e” <> HS™ + Hg ~-0.6 0.1

Figure 3.1: Photograph of 1.6 mm PEEK electrode above a 3 mm PEEK. The longer
PEEK and narrower body allow for a decreased algal canopy and sediment disturbance

during profiling.
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Profiles

In situ electrochemical profiles were conducted by attaching a solid state Au/Hg
amalgam electrode to a submersible micromanipulator. The micromanipulator consists
of three adjustable legs and a motor that turns a threaded rod causing an arm to move up
or down. The working electrode is attached to the arm of the micromanipulator. At the
start of each profile the micromanipulator was placed over an undisturbed region in the
pond. Profiles began in the overlying water column and the electrode was moved in
increments between 0.25 and 1.0 cm, down through the water column and into the
sediment. Movements in the finer 0.25 cm range occurred in regions where the real-time
data indicated changes in the concentration of redox species were occurring. Once a
profile was complete, the site where the profile was conducted was marked to ensure it

was not profiled again.

I
c
X

The flux of oxygen and hydrogen sulfide based on each profile was calculated

using on Fick’s first law of diffusion (Equation 3.1).
J = (9)(Dseq)(dC/dz) 3.1)

Dsed = Dsw/62 (32)
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For each profile, a least squares regression line was fit to the concentration profile of
each species to determine the change in concentration with depth (dC/dz). The sediment
diffusivity (Dseg) of oxygen and hydrogen sulfide was calculated using the diffusivity of
each species in seawater (Ds,) (Boudreau 1997) and tortuosity (Equation 3.2).
Tortuosity (6?) was determined based on sediment porosity (2) from values in Boudreau
(1997). Briggs (2011) determined the porosity of the sediment in this region of the pond

to be 0.61.

Water column nutrients

Water column samples were collected from the site with the small A. spicifica
canopy and an adjacent bare sediment site at 4:00, 10:00, 16:00 and 22:00 on the first day
of the experiment to allow for the comparison of water column nutrients between A.
spicifera colonized and non-colonized locations. The water sampler consisted of a 60-cc
syringe attached to Teflon® tubing and a three-way stop cock. The stop cock allowed the
tubing to be purged of air before sample collection. This sampling design targeted
specific areas in the water column and minimized the oxidation of the water before it was
filtered. Water was collected from the surface, approximately 0.1 m below the air-water
interface, and at the SWI for each sampling time point. After collection, the water was
filtered through 0.2 um Whatman polycarbonate filters and stored in acid clean HDPE
bottles. Subsamples for iron, manganese, dissolved inorganic phosphate (DIP) and total

dissolved phosphate (TDP) were acidified to a pH of 1, while subsamples for ammonium
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and nitrate were placed in separate, non-acidified bottles. Until analysis, acidified

samples were stored at 4°C, and non-acidified samples were frozen at -20°C.

Water samples were analyzed using standard colorimetric techniques. Manganese
was determined using the method of Tebo (2007). Briefly, a formaldoxime reagent,
consisting of 20 parts 10% hydroxylamine-HCI combined with 1 part 37% formaldehyde
was made. Samples were combined in a 7:1 ratio with the formaldoxime reagent and
read at 450 nm. Total dissolved iron was measured by mixing samples with a 0.2 M
hydroxylamine solution in a 10:1 ratio. After 12 hours, samples were run using the

ferrozine-acetate method described by Stookey (1970).

Ammonium colorimetric analysis was completed within 12 h of sample thawing,
using the Indophenol Blue Method (Koroleff 1979). In order to measure nitrate, the
nitrate was first reduced to nitrite using the nitrate reductase enzymatic reaction
(Campbell et al. 2006), followed by standard nitrite colorimetric determination
(Grasshoff et al. 1983). To measure TDP, a 1.0 mL subsample was combined with 40 pL
of Mg(NO3);, dried and then combusted at 550 °C. Following combustion, 400 uL of 1
N HCI was added and samples were shaken for 24 h to hydrolyze and solubilize sediment
phosphorus (Monaghan and Ruttenberg 1999). After adjusting the pH of each sample to
1.0, using HCI and NaOH as required, the samples were colorimetrically analyzed using
the molybdate blue method (Grasshoff et al. 1983). All colorimetric analyses were
conducted on a Synergy HT BioTek Multi-Mode Microplate Reader using Thermo

Scientific Nuc 96-well Optical Bottom Microplates®.
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Results

Small A. spicifera canopy and bare sediment

Electrochemistry

Electrochemical profiles conducted throughout the small A. spicifera canopy and
adjacent bare sediment showed that oxygen was consistently highest in surface waters
(Figure 3.2 and 3.3). At the site with the small A. spicifera canopy the concentration of
oxygen at the SWI was below the instrument detection limit (BDL) of 5 uM for three of
the four profiles. In these three profiles, the concentration of oxygen dropped to BDL
more than 5 cm above the SWI (Table 3.2). For the 10:00 profile, the single profile with
oxygen at the SWI, 22 uM of oxygen was present at the SWI, before dropping to BDL
between the SWI and 0.5 cm into the sediment. In the adjacent bare sediment site,
oxygen was present at the SWI at 10:00 (130 uM) and 16:00 (210 puM) and BDL during
the 04:00 and 23:00 time points. The maximum oxygen penetration depth was deeper in
the bare sediment site than the adjacent small A. spicifera site during all four sampling

times.

The vertical location and size of the suboxic zone, the region in the sediment or
water column where oxygen was absent but before hydrogen sulfide began to
accumulate, varied over the course of the study. Between the small A. spicifera canopy
and the bare sediment sites, the suboxic zone was larger in the A. spicifera site for all

time points. In the small A. spicifera site, the suboxic zone ranged in vertical extent from
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a minimum of 0 cm at 23:00 to a maximum of 2.8 cm at 04:00 (Table 3.2). In the bare
sediment site, the vertical extent of the suboxic zone was 0 cm for all time points except
04:00 (0.5 cm). The suboxic zone in the small A. spicifera site was larger and more

variable than the adjacent bare sediment site.

The depth of first appearance of sulfide varied at each site over the diel cycle.
Sulfide was present in the overlying water column for four of the eight profiles, during
the 04:00 and 16:00 time points for the small A. spicifera site and at the 23:00 time point
for both sites. Fe** was present in the majority of profiles, beginning near the depth of
sulfide appearance. The concentration of Fe®* cannot be determined using
electrochemical methods because it is not possible to determine the Fe** complexes
formed in the field. No correlation was found between the depth at which oxygen

concentrations dropped to BDL and the depth at which sulfide first appeared.

Oxygen flux from the water column into the sediment ranged between 15 and 60
umoles O, m2 hr (Figure 3.4a). The flux of oxygen was always from the water column
into the sediments. In the small A. spicifera canopy, flux only occurred during the day at
10:00. For the remainder of the profiles through the small A. spicifera canopy oxygen
concentrations dropped to BDL in the water column above the SWI. In the bare
sediment site, oxygen flux from the water column to the sediment was highest at 16:00
(60 pmoles O, m hr?) and lowest at 4:00 (0 pmoles O, m™ hr). Hydrogen sulfide flux
ranged from 0.11 to 0.76 pmoles H,S m™ hr'* (Figure 3.4b). In the small A. spicifera

canopy, flux from the sediment to the water column only occurred at 10:00. At 4:00 and
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22:00 hydrogen sulfide was present in the overlying water column at a higher
concentration than in surface sediments, and at 16:00, the first appearance of hydrogen
sulfide in sediments did not occur until greater than 1.5 cm below the SWI. In the bare
sediment site, hydrogen sulfide flux from the sediment to the water column occurred at
all times. Flux was highest at 16:00 (0.76 umoles H,S m? hr*) and lowest at 10:00 (0.15

pmoles H,S m™ hr'h).
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Figure 3.2: Electrochemical profiles through the water column and into the sediment at the bare sediment site. The solid line in each
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Figure 3.3: Electrochemical profiles through the water column and sediment at the site with the small A. spicifera canopy. The solid
line in each plot is the location of the SWI, and the dashed line represents the height of the A. spicifera canopy.
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Table 3.2: Comparison between the small A. spicifera site and the adjacent bare
sediment site for the depth at which oxygen dropped to BDL, the depth of the first
appearance of sulfide, and the vertical extent of the suboxic zone. Positive numbers
correspond to the height above the SWI, zero is at the SWI, and negative numbers are
locations below the SWI, in the sediment.

Depth of
Max. O, sulfide Vertical extent
penetration appearance of the suboxic
Profile | depth (cm) (cm) zone (cm)
4:00 6.0 3.0 3.0
02:]“:;; 10:00 0.0 1.0 1.0
A. spicifera 16:00 55 -1.8 7.3
22:00 7.0 6.5 0.5
4:00 0.0 -0.8 0.8
Bare 10:00 -0.5 -1.0 0.5
sediment 16:00 0.5 -1.0 0.5
22:00 0.5 0.3 0.2
400 10:00 16:00  22:00 08 -
O T T T 1
0.7 A
~-10 | 3 k= b)
£ NE 0.6 -
E -20 § 05 -
L -30 - §0,4 .
§ 10 203 -
« B A. spicitera O 4
O -60 - _ T 01 B
bare sediment 0.0 : : :
-0 - 4:00  10:00 16:00  22:00

Figure 3.4: Flux of (a) oxygen and (b) hydrogen sulfide across the SWI for the small A.

spicifera canopy (dark bars) the bare sediment (light bars). Positive numbers indicate
species movement from the sediment into the water column, and negative numbers
indicate movement from the water column to the sediment. No flux occurred during
numerous time points, as shown by regions without bars.
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Water column nutrients

Nutrient concentrations (nitrate, ammonium, DIP, TDP, total dissolved iron and
manganese) were quantified in order to compare water column conditions between the
site dominated by the small A. spicifera canopy and the adjacent bare sediment. Nitrate
was BDL (0.5 uM) for all samples. Ammonium was only detected in the A. spicifera
site: in surface waters at 10:00 (2.6 pM) and at the SWI at 10:00 (0.5 puM) and 16:00 (1.6
1M). DIP was BDL (0.5 uM) for all samples, and TDP was BDL (0.5 uM) for all
samples except at the SWI in the bare sediment site at 04:00 (2.8 uM). In the surface
water, manganese was only detectable in the A. spicifera sites, and was detected at 04:00,
10:00 and 16:00, while at the SWI manganese was detectable in both sites at all time
points (Figure 3.5). Total dissolved iron was detectable at all sites and time points
(Figure 3.6). The highest total dissolved iron concentrations at the SWI were observed
for both sites during the 04:00 and 22:00 sampling. Higher concentrations of reduced

species were present in the A. spicifera dominated site than in the adjacent bare sediment.
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Figure 3.5: Water column Mn?* concentration for water from the surface and at the SWI.
The dark bars are for the small A. spicifera site and the light bars are for the bare
sediment. Time points appearing to be without error bars have bars less than 0.1 uM
(n=3 analytical replicates; error bars represent +/- 1 SD).
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Figure 3.6: Water column total dissolved iron concentration for the water at the surface
and the SWI. The dark bars are for the small A. spicifera site and the light bars are for
the bare sediment. Time points appearing to be without error bars have bars less than 0.1
MM (n=3 analytical replicates; error bars represent +/- 1 SD).

77



Large A. spicifera canopy

Fluctuations in the concentration of oxygen occurred within the large A. spicifera
canopy over the 24 hour study period (Figure 3.7). Oxygen did not penetrate into the
sediment beneath the canopy during any of the eight profiles (Table 3.3). In the canopy,
the oxygen penetration depth ranged between 0.8 and 7.8 cm above the SWI. Sulfide was
present in the water column within the large A. spicifera canopy during 6 of the 8
profiles, with the 12:00 and 14:00 profiles being the only ones where the first appearance
of sulfide did not occur until the sediment. Fe®* was detected, starting near the depth of
the first appearance of sulfide, during all profiles. A good correlation (R?=0.95) between
the depth at which oxygen dropped to BDL and the depth where sulfide begins was

observed for all profiles, except the one taken at 14:00 (Figure 3.8).

Table 3.3: Comparison within the large A. spicifera canopy over the 24 hour period of
the depth oxygen dropped to BDL, the depth the first sulfide appearance, and the vertical
extent of the suboxic zone. Positive numbers correspond to the height above the SWI,
zero is at the SWI, and negative numbers are locations low the SWI, in the sediment.

Maximum | Depth of Vertical
O, first sulfide | extent of
penetration | appearance | the suboxic
Profile | depth (cm) | (cm) zone (cm)
0:00 3.5 3.5 0
4:00 3 3 0
7:00 3.8 3.8 0
10:00 7.8 7.5 0.3
12:00 1.3 -0.3 15
14:00 0.8 -8.8 9.5
16:00 1.3 1.3 0
20:00 3.8 3.8 0
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Figure 3.7: Electrochemical profiles through the water column and sediment at the site with the large A. spicifera canopy. The solid
line in each plot is the location of the SWI, and the dashed line represents the height of the A. spicifera canopy.
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The 14:00 profile was conducted following a brief, less than 30 minute, rain
event. There are numerous characteristics about the 14:00 profile that make it different
from the other profiles conducted during this study. The 14:00 profile had a large, 9.5
cm, suboxic zone compared to all other profiles in the large canopy, which averaged 0.25
cm. This profile also had the deepest oxygen penetration depth, to a depth of 0.75 cm
above the SWI. For these reasons, we consider the 14:00 profile to be significantly
different from the others and will interpret it separately from the other profiles. The
14:00 profile did show clear redox zonations within the sediment, suggesting bioturbation

or equipment malfunction were not the cause of the observed difference.

In the large A. spicifera canopy, oxygen only fluxed from the water column into
the sediments at 12:00 (93 pmoles O, m™ hr) and 14:00 (42 pmoles O, m™ hr'') (Figure
3.9 a). During the other profiles the concentration of oxygen dropped to BDL in the
water column above the SWI. Hydrogen sulfide fluxed from the sediment into the water
column during four of the eight profiles, with a maximum flux of 5.2 umoles H,S m? hr*
(Figure 3.9 b). During two of the times at which no flux of sulfide from the sediment to
the water column occurred, sulfide was detected in the water column above the SWI
(10:00 and 20:00) (Figure 3.7). At 16:00, the concentration of sulfide was higher in the
water column that in the sediment, indicating the direction of flux was into the sediment.
The other time when sulfide flux was absent occurred at 14:00, following the rain event

described above.
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Figure 3.8: Correlation between the depth at which oxygen is BDL and the depth at
which sulfide first appears for the profiles conducted within the A. spicifera site (R*=
0.95). Diamonds show the points for the seven profiles used in the correlation. The

asterisk is for the 14:00 profile, which occurred following a 30 minute rain event.
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Figure 3.9: Flux of (a) oxygen and (b) hydrogen sulfide within the large A. spicifera
canopy. Positive numbers indicate species movement from the sediment into the water
column and negative numbers indicate movement from the water column into the
sediment. No flux occurred during numerous time points, as shown by time points
without bars.
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Discussion

Invasive benthic macroalgae affect the environment by influencing nutrient
availability and changing redox chemistry at and below the SWI. The goals of this study
were to: (i) compare water column and sediment oxygen and sulfide concentrations
between regions of sediment colonized by an invasive macroalgae (A. spicifera) and an
adjacent non-colonized area of bare sediment, (ii) compare the availability of water
column nutrients between areas dominated by A. spicifera and adjacent non-colonized
areas, and (iii) compare changes in the availability and depth of redox species between a
small (2 m diameter) and a large (4 m diameter) A. spicifera canopy over a 24 hour

period.

Oxic Zone

Oxygen production occurs during the day, due to photosynthesis, while
respiration, oxygen consumption, occurs throughout the diel cycle. The deepest oxygen
penetration depth in He‘eia Fishpond was expected to occur in the afternoon, when water
column oxygen concentrations are highest, while the shallowest penetration should occur
in the early morning, before the onset of photosynthesis, as shown in previous work in
the pond (Briggs 2011). In the bare sediment site, without A. spicifera, oxygen
availability throughout the diel cycle followed the expected trend of penetrating deepest

during the day and shallowest at night (Figure 3.2). The diel cycle observed in our study
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is thus consistent with previous work and can be attributed to a net loss of oxygen near
the SWI at night, when photosynthesis is no longer occurring, and microbial respiration
continues in the sediment and in the water column (D’ Avanzo and Kremer 1994,

Sundback et al. 1991, Briggs 2011).

The concentrations of oxygen within the A. spicifera sites were more complex
than the bare sediment. In the small canopy, oxygen penetration was deepest at 10:00,
while the 16:00 profile had a shallower oxygen penetration depth, similar to the 04:00
and 22:00 profiles (Figure 3.3). We expected the 16:00 profile to have the deepest
oxygen penetration depth because the alga would have been exposed to sunlight for the
longest period of time, and thus photosynthesis would have increased the water column
oxygen concentration. The small canopy in our study had variable heights, ranging from
eight to fifteen cm, and the 10:00 profile, which had the deepest oxygen penetration depth
(Figure 3.3), occurred in the shortest region of the A. spicifera canopy. Previous work
within algal canopies attributed variations in oxygen profiles to the heterogeneity of the
algal canopy (Corzo et al. 2009), and we suspect the shorter region of the macroalgal
canopy profiled at 10:00, is the reason oxygen penetrated the deepest at 10:00, rather than

at 16:00.

In the large algal canopy, where profiles were conducted every two to four hours,
oxygen profiles were similar to those observed in the bare sediment. As expected,
oxygen penetration was deepest into the A. spicifera canopy during the 12:00 and 16:00

profiles, while the shallowest oxygen penetration depths were observed during the 10:00
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profile (Figure 3.7). This is consistent with previous work in macroalgal canopies in
He‘eia Fishpond (Chapter 2), where oxygen levels at 10:00 within an A. spicifera canopy
were found to be 50 uM, while outside of the canopy oxygen concentrations exceeded.

In Chapter 2, we speculated that this discrepancy arose because it takes a longer period of
time to oxygenate the water column within A. spicifera canopies, after oxygen levels
have been drawn down during the night, than adjacent regions without the macroalgae.
Additionally, water movement in the canopy is likely slowed, increasing the flushing
time of water within the canopy. In the large canopy, the SWI was exposed to less than 5
1M of oxygen for more than twelve hours (Figure 3.7), while the adjacent bare sediment
site had an oxygen concentration below 5 pM for less than six hours per 24 hour period
(Figure 3.2). McKinnon et al. (2009) observed changes in benthic community
composition beneath invasive algal canopies coincident with a similar decrease in the
concentration of oxygen, to that observed in Heeia Fishpond. We thus speculate that
the similar pattern of reduced oxygen under A. spicifera canopies in He‘eia Fishpond,
along with the extended period of suboxic conditions, is likely affecting the benthic

community inhabiting He‘eia Fishpond.

A decrease in the concentration of oxygen at the SWI is also affecting the flux of
oxygen from the water column into the sediment. Oxygen fluxes were lowest at 4:00, as
expected from diel cycling, when night time benthic respiration decreases the
concentration of oxygen at the SWI. The flux of oxygen from the water column to the
sediment occurred in three of the four profiles in the bare sediment but only one of four

in the small A. spicifera canopy and two of eight in the large canopy. Within the A.
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spicifera canopies, oxygen only fluxed into the sediment when it was light out, unlike the
bare sediment where oxygen flux into the sediment occurred as late as 22:00. Oxygen
flux rates within He‘eia Fishpond were consistent with those observed in previous studies
(Reay et al. 1995, Chrisensen et al. 2000). The presence of A. spicifera canopies is
reducing the flux of oxygen from the water column into the sediment by creating low
oxygen conditions in the water column above the SWI, creating an environment suitable
for flux of reduced species, including hydrogen sulfide, from the sediment into the water

column.

Despite the extended exposure to suboxic conditions in the A. spicifera site,
compared to the bare sediment site, nitrate was BDL in both sites. Nitrification is
performed by chemoautotrophic organisms, and occurs through the oxidation of
ammonium using oxygen (Hendriksen and Kemp 1988, and sources therein). The fact
that nitrate was BDL in both sites, indicates that A. spicifera is not affecting nitrification
rates, or in both sites algae are taking up nitrate as it becomes available. Additionally,
rates of denitrification may be such that nitrate is rapidly lost from the system as
dinitrogen gas, maintaining water column concentrations below our nitrate detection limit
of 0.5 uM. Previous work with macroalgae found rates of denitrification to be similar in
suboxic macroalgal canopies and adjacent regions with bare sediment (Krause-Jensen et
al. 1999). This may be true of the fishpond as well, with the rate of denitrification the
same between the water column in the A. spicifera canopy and the adjacent bare

sediment.
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As expected from the reducing environment created by the macroalgae, higher
ammonium concentrations occurred at the SW1 in the A. spicifera site than the bare
sediment. Contrary to our hypothesis that ammonium concentrations would be highest at
night, because of suppressed nitrification when oxygen concentrations were lowest,
ammonium was only detected during the day, not at night. The concentration of nitrate
and ammonium in the A. spicifera site is complicated by algal uptake rates, as there can
be a difference in the rate of macroalgal ammonium uptake between the day and night
(Dalsgaard 2003). Additionally, macroalgae take up ammonium at different rates based
on carbon to nitrogen ratios in their tissues, which can indicate whether the alga is
nutrient-replete (McGlathery et al. 1997). Work in our study suggests that A. spicifera
takes up ammonium at night, however further physiological work with the macroalgae is
needed to determine whether this is actually the reason for the observed difference in
ammonium concentrations between the day and night, or if some other component of the
nitrogen cycle is responsible for the increased concentration of ammonium during the

day.

Suboxic Zone

The suboxic zone occurs where the concentration of oxygen is BDL and the first
appearance of sulfide has not yet occurred, a region where organic matter oxidation takes
place via nitrate, manganese oxide and iron oxide reduction (Froelich et al. 1979, Berner
1980). The vertical extent of the suboxic zone varied between the three sites, with the
largest occurring beneath the small canopy and similar, smaller suboxic regions in the

large A. spicifera canopy and in the bare sediment (Table 3.2 and 3.3). Suboxic zones
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can vary in size due to diel cycling, where increased oxygen during the day penetrates
deeper into the canopy, or due to differences in organic matter content (Rozan et al.
2002). In He’eia Fishpond, no discernible diel pattern existed in the variation in the
vertical extent of the suboxic zone. Between sites, differences in the vertical extent of the
suboxic zone are likely due to algal and organic matter heterogeneity. The density of
algae influences oxygen concentrations within algal canopies, by affecting water flow
(Escartin and Aubrey 1995) and light penetration (Sundback et al. 1990). The larger
suboxic zone within the small A. spicifera canopy suggests the canopy has slower OM
remineralization than the other two sites, allowing slower oxygen consumption and
slower sulfide production within the small canopy.

During the day, SWI concentrations of Mn?* were similar between the small A.
spicifera site and the bare sediment site ( ~1 uM); however at night higher concentrations
of Mn®* occurred in the small A. spicifera site (5 uM) (Figure 3.5). (Water column Mn**
concentrations were BDL(15 uM) using voltammetry.) Higher Mn** at the SWI of the
small A. spicifera site is consistent with voltemmetric oxygen data, which show the small
A. spicifera site had a shallower oxygen penetration depth than the bare sediment site.
Thus, the reduced concentration of oxygen at the SWI is altering the concentration of
Mn®" in the water column.

For the majority of profiles through the large A. spicifera canopy (5 of 7), oxygen
became depleted at the same depth as the first appearance of sulfide, and the suboxic
zone was nonexistent (Figure 3.7). Despite this overlap between the oxic and anoxic
zones, where oxygen and sulfide were present at the same depth, Mn?* was detectable in

88



6 of the 7 profiles. Mn*" is formed through the microbial reduction of Mn-oxides
(Nealson and Saffarini 1994) and the abiotic reduction of Mn-oxides by Fe** and H,S
(Burdige and Nealson 1986, Thamdrup et al. 1994). These processes release Mn?* into
the surrounding water, where it remains until removal through abiotic manganese
oxidation, which takes place on the order of hours (Thamdrup et al. 1994). The
coincidence of Mn?* and H,S in the pore water suggests that the abiotic reduction of
manganese oxides is a major source of Mn** to pore waters, and the close proximity of
the oxic and anoxic zones in many of the profiles shows that oxygen is also an oxidant
for sulfide within the large A. spicifera canopy. This is especially apparent in Figure 3.7
at 10:00 and 12:00. During the profile taken at 10:00, both manganese and sulfide were
present in the lower half of the large A. spicifera canopy; however by 12:00, while
manganese was still present in the bottom half of the canopy, sulfide was not detected
until beneath the SWI (Figure 3.7). The disappearance of sulfide, but not manganese,
between the two profiles can be explained by the abiotic oxidation rate of the two
chemical species with oxygen. The abiotic oxidation of sulfide by oxygen is more rapid,
on the order of minutes (Cline and Richards 1969), compared to the abiotic oxidation of
manganese, which occurs on the order of hours to days (Thamdrup et al. 1994). Based on
these profiles, and the oxidation rates of Mn** and sulfide, the availability of oxygen in
the lower canopy controls the concentration of sulfide in the large A. spicifera canopy.
Given the close proximity of the Mn?* and sulfide peaks in the profiles, the abiotic
reduction of manganese oxides by hydrogen sulfide is likely the major source of Mn?®*
within He‘eia Fishpond.
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Iron cycling in He‘eia Fishpond is important for both sulfate and phosphate
availability. Iron rapidly reacts with H,S to form pyrite and other iron-sulfide minerals, a
process that decreases the concentration of Fe?* and prevents the flux of toxic hydrogen
sulfide from the sediment to the water column (Nealson and Saffarini 1994, Thamdrup et
al. 1994). In our study, total dissolved iron was detected in the water column at all sites
and at all times. Total dissolved iron is composed of the fraction of iron that passes
through a 0.2 pM filter, and thus contains both Fe?* and Fe**. Dissolved iron
concentrations observed at the SWI and surface were similar which implies that the
majority of iron detected in the water column was the oxidized form (Fe*"), as the
reduced form (Fe?*) is rapidly oxidized in the presence of oxygen, on the order of
minutes to hours (Davison and Seed 1983, Kirby et al. 1999). Fe** was also detected in
the majority of electrochemical profiles, beginning near the depth at which sulfide first
appeared. The presence of dissolved iron in the water column may also explain why
phosphate was BDL for the entire study. Under oxidizing conditions, as we observed in
much of the water column, phosphate is removed through sorption onto iron
oxyhydroxides (Krom and Berner 1980, Sundby et al. 1986, Chambers and Odum 1990).

Fe**, when detected, appeared in the pore water near the depth onset of sulfide
and co-occurred with sulfide for much of the profile. The overlap between sulfide and
Fe>* suggests that pyritization is occurring in the sediment. Pyritization is a rapid
reaction between sulfide and iron oxides, as demonstrated by the inability of sulfide to
accumulate in pore waters in the presence of iron oxides (Canfield 1989, Canfield et al.
1992). The reactivity of iron oxides with sulfide, however, is dependent upon the iron
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oxide mineralogy, with more crystalline forms being less reactive than amorphous forms
(Canfield 1989). The detection of sulfide in surface waters, and build up of sulfide in
pore waters, suggests that the more easily reducible iron oxides may have already been
reduced, and were thus unavailable to react with H,S and form solid FeS. The
coexistence of Mn®* with Fe®" and H,S, suggests that manganese oxides are oxidizing

Fe?* and sulfide in the fishpond.

Anoxic Zone

The depth of the first appearance of sulfide within a profile is a function of local
sulfide production and the availability of oxidants, such as oxygen, manganese oxides,
and iron oxides, to oxidize the sulfide. Differences in the concentration of hydrogen
sulfide in the water column between the small A. spicifera site and bare sediment site are
revealed by the profiling data. In the bare sediment site, sulfide was only present in the
water column during the 22:00 profile (Figure 3.2). The oscillation of the oxic-anoxic
transition zone from deeper during the day to shallower at night indicates diel cycling

occurs in the bare sediments.

Within the small A. spicifera site the depth of the first appearance of sulfide
occurred as expected for diel cycling. Sulfide was not detectable in the water column
during the day and at night sulfide was present in the water column (Figure 3.3). The
shape of many of the sulfide profiles, with larger concentrations of sulfide present in the
water column than in the sediment, indicates that the sediment is not the only source of

sulfide to the water column, but rather that sulfate reduction is occurring within the A.
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spicifera canopy. This is confirmed by the flux data. For example, at 04:00 sulfide
concentrations at more than one location within the A. spicifera canopy were higher than
at the SWI. Work by Nedergaard et al. (2002) showed that sulfate reducing bacteria are
present on the thallus of the benthic macroalgae Ulva, not just in sediments,
demonstrating that organisms capable of sulfate reduction live in the water column in
close proximity to macroalgae. The presence of in the water column consistent with the
flux data from the large A. spicifera canopy which indicated that sulfate was fluxing from
the water column into the sediment at 16:00. Additionally, macroalgae excrete dissolved
organic carbon (Alber and Valadia 1994, Valadia et. al 1997), providing an energy source
for local microbial metabolisms. Thus, increased microbial activity from the
decomposition of dissolved organic carbon excreted by the algae may explain why in
some profiles sulfide was present in the water column within the A. spicifera canopy at

higher concentrations than in the surface sediment.

Sulfide availability differed between the two A. spicifera canopies. In the smaller
canopy, sulfide was only present in the overlying water during the night (Figure 3.3),
while in the larger canopy sulfide was present in the overlying water for six of the seven
profiles, occurring during the day and at night (Figure 3.7). In the larger canopy a
correlation occurred between the depths of oxygen depletion and sulfide onset (Figure
3.8), while in the small canopy no such correlation existed. This oxygen-sulfide
correlation in the large canopy, coupled with the co-occurrence of oxygen and sulfide at
the same depth in five of the profiles suggests that the oxidation of sulfide by oxygen is

an important mechanism controlling sulfide concentrations within some of the A.
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spicifera canopies in the pond. In the small A. spicifera canopy a large suboxic zone
existed between the depths of oxygen depletion and sulfide onset (Figure 3.3), which
suggests that sulfide oxidation is occurring primarily through the reduction of manganese
and iron oxides. While Mn?* and dissolved iron can be detected using voltammetry
(Table 3.1), colorimetric data indicates that the reason dissolved manganese and iron
were not detected in the water column is because the concentrations were BDL. One
explanation for the larger suboxic zone in the small canopy is that there is decreased
sulfate reduction occurring in this canopy, perhaps due to variability in the oxygen
penetration depth throughout the diel cycle. Without using radiotracers, however, the
rate of sulfide production and sulfate consumption within the canopies and sediments
cannot be accurately calculated. Previous work has shown that different thresholds of
algal cover alter biogeochemical cycling within macroalgal communities (Viaroli et al.
2008). Once algal density reaches a minimum threshold, the alga begins affecting
biogeochemical cycling. The smaller surface area covered by the small canopy, along
with the shorter height, may create regions within the canopy below the threshold
required to create the higher sulfide concentrations observed in the larger A. spicifera

canopy.

The success of other macroalgal species, such as Caulerpa, has been attributed to
the macroalga increasing the local concentration of sulfide (McGlathery 2001, Holmer et
al. 2009). The creation of anoxic conditions in the water column by A. spicifera in
He‘eia Fishpond may give the alga an ecological advantage by creating a toxic

environment that other algae are unable to tolerate. The increased concentration of
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sulfide at the SWI within A. spicifera canopies provides further evidence of local habitat
alteration by the invasive species, and may contribute to success of the algae in He‘eia

Fishpond.

The flux of sulfide from the sediment to the water column occurred during three
of the four profiles in the bare sediment site. The flux of sulfide from the sediment to the
water column in sites colonized by A. spicifera was complicated by the production of
sulfide within the canopies. Unlike regions of bare sediment in the pond, the macroalgae
creates an environment where sulfide can be produced in the water column, allowing a

flux of sulfide to take place from the water column into surface sediments.

Previous work in the pond over bare sediments by Briggs (2011) found a larger
separation (many cm) of oxygen and sulfide than observed in our study, and concluded
that oxygen could not be a direct oxidizer of sulfide. The smaller depth separation
between oxygen depletion and sulfide onset in the bare sediment site from our work,
especially that observed at 22:00 (Figure 3.2) when sulfide was detected in the overlying
water column, indicates that oxygen was likely a sulfide oxidant over the course of our
study. Additionally, the data from the large A. spicifera canopy, showing overlap of the
oxic-anoxic zones provides further evidence that oxygen is an oxidant of sulfide in
He‘eia Fishpond. The difference in sulfide oxidation results between our work and that
from Briggs (2011) may be attributed to a difference in the organic matter content
between sites. Sulfate reducers compete with other microbes for organic matter, and in

the presence of large quantities of organic matter the more energetically favorable
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oxidants are utilized first, leaving sulfate reduction to oxidize remaining organic matter.
The close proximity of our bare sediment site to the macroalgae may have provided labile
organic matter to the bare site, increasing benthic respiration. Our results are consistent
with work by Jargensen (1977b) which showed sulfide to be a major consumer of oxygen

in coastal sediments.

Rain Event

The profile conducted in the large A. spicifera canopy at 14:00 followed a 20
minute rain storm. This profile showed numerous differences in redox characteristics
than the other profiles: the depth of the first appearance of sulfide occurred more than 8
cm deeper, oxygen penetrated closest to the SWI, and the depth of the first appearance of
Mn** was the deepest (Figure 3.7). The clear appearance of Mn®* and Fe?* in pore waters
at a shallower depth than sulfide suggests that bioturbation or equipment malfunction was
not the cause of the observed difference. Rather, the rain event appears to have increased
the oxygen penetration depth in the canopy. While this is only a single profile, the large
deviation from the surrounding time points indicates that storm events may be important
for water column mixing within A. spicifera canopies, and further work should examine

the significance of rain events on SWI redox chemistry within He‘eia Fishpond.

Fe-S-P Cycling

Under oxidizing conditions, phosphate binds to iron oxyhydroxides, while
reducing conditions favor phosphate release to the surrounding water (Krom and Berner

1980, Sundby et al. 1986, Chambers and Odum 1990, Jensen et al. 1995, Gunnars and
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Blomqvist 1997, Blomqvist and EImgren 2004). Sulfide rapidly reduces iron oxides (Dos
Santos Afonso and Stumm 1992, Canfield et al. 1992), a reaction that occurs on the order
of minutes to days, depending upon the type of iron mineral present (Poulton et al. 2004).
High concentrations of iron oxyhydroxides cause little to no sulfide to be present in
sediment pore waters due to iron-sulfide interactions (Canfield 1989). Additionally, the
reductive dissolution of iron oxides by sulfide, and subsequent formation of iron-sulfide
minerals, has been shown to release phosphate and stimulate macroalgal blooms (Rozan
et al. 2002). Therefore, when reducing conditions were present in the sediment and at the

SWI, we expected to find DIP in He‘eia Fishpond.

The presence of dissolved iron (Fe** and Fe?* smaller than 0.2 pm), Mn?** and
sulfide over the course of our study indicates that reducing conditions existed both in the
sediment, and in some cases in the overlying water column. Total dissolved iron was
detected in all samples from the water column at all time points, with similar
concentrations in surface waters and at the SW1 (Figure 3.6). Fe?" is rapidly oxidized by
oxygen, on the order of minutes to hours (Davison and Seed 1983, Kirby et al. 1999), and
thus the presence of similar concentrations of total iron at the SWI, where oxygen
concentrations were low, and in oxygenated surface waters, suggests that the majority of
the iron measured during our study was Fe**. Colloidal Fe** is a known scavenger of
phosphate (Gunnars et al. 2002 and sources therein), and the presence of Fe** in the
surface waters and at the SWI in He‘eia Fishpond indicates this species is likely the

dominant actor in sorptive removal of DIP from the water column.
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Previous studies in He‘eia Fishpond attributed the low dissolved DIP
concentrations in sediment pore waters (less than 2 M) to phosphate sorption by iron
oxyhydroxides (Briggs 2011, Murphy He‘eia 2010). The results from our study support
these findings, and further suggest that colloidal iron in the water column is scavenging
phosphate. Another possible mechanism for DIP removal is through sorption to
manganese oxides (Ingri and Bostrom 1991, Yao and Millero 1996). Dissolved
manganese was measured throughout the water column during our study. While the
abiotic oxidation of Mn®* by oxygen is slower than that of Fe?* (Davison and Seed 1983,
Thamdrup et al. 1994), and phosphate sorption by manganese is less important when iron
is present (Yao and Millero 1996), the presence of Mn?* both in surface sediments and in
the water column indicates that manganese oxides are prevalent in He‘eia Fishpond.
Thus DIP sorption by manganese oxides may be another phosphate removal mechanism

in the pond.

In our study, the occurrence of sulfide in the water column within A. spicifera
canopies provides a source for the reduction of manganese and iron oxides which could
release sorped phosphate to the surrounding water, making it available for uptake by the
macroalgae. The success of this invasive macroalgae in the fishpond may be due to its
ability to create pockets of reducing conditions where iron and manganese oxides are
reduced and phosphate is released. If phosphate release takes place in close proximity to
the algae, it would allow rapid phosphate uptake by the algae before the phosphate is
again sorbed by manganese and iron oxides. Further work on the physiology of A.

spicifera and mineralogy of surface sediments within He‘eia Fishpond is needed to
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determine whether the algal phosphate uptake mechanism just described is operant, and
to examine whether part of the success of this invasive species is due to its ability to

harvest phosphate from the ecosystem.

Conclusion

The invasive alga, A. spicifera is altering the habitat of Heeia Fishpond by
creating reducing conditions above the SWI. Areas in the pond with A. spicifera had
higher ammonium concentrations than adjacent areas of bare sediment. Sulfide was
found in the water column within the A. spicifera canopy throughout the diel cycle, while
in adjacent regions where macroalgae were absent, sulfide was only present in the water
column during the night. The higher concentration of sulfide in sites colonized by A.
spicifera indicates that increased rates of sulfate reduction are occurring in areas

colonized by the invasive alga.

The complex interactions between redox chemistry of manganese, iron, sulfide
and phosphate warrants further investigation into the solid phase chemistry of surface
sediments to determine what particles are sorbing phosphate in Heeia Fishpond.
Further biological work in the pond should examine the physiology of A. spicifera to
determine if the alga preferentially takes up ammonium during the day or night and
whether manganese or iron oxides are being reduced in close enough proximity to the
algae to allow rapid phosphate uptake, before phosphate is resorbed to particles. From a

management perspective, the larger patches of A. spicifera are more detrimental to the
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ecosystem, as these patches create conditions under which extended periods of anoxic
conditions can persist at the SWI, when compared to smaller patches and non-colonized

areas.
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Chapter 4

Dissolved oxygen and hydrodynamics in
Gracilaria salicornia mats:

characterizing a microniche

(Coconut Island)
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Abstract
The effect of the invasive alga, Gracilaria salicornia, on water column oxygen
concentration and water flow were examined by profiling through the water column and
into the algal mats using in situ voltammetry and an acoustic Doppler velocimeter. Mats
of G. salicornia reduced water velocity, turbulent kinetic energy and turbulent xRMS
compared to adjacent algae free regions. Water column oxygen concentrations were
reduced within algal mats, dropping to below the detection limit (5 uM) in the water
column for five of the six profiles, and the depth oxygen penetration into the mat was
proportional to flow velocity above the mat. The location of suboxic regions within the
mat occurred at depths where turbulent xRMS of the dominant flow direction dropped to
velocities near 0.001 m/s, indicating that reduced flow in the water column influences the
location of suboxic regions within G. salicornia mats. Thin, (less than 1 cm) vertically
isolated suboxic zones occurred within the otherwise oxic water column in vertical
profiles through two of the algal mats. These suboxic microniches provide
environmental conditions suitable for oxidation-reduction sensitive nutrient
transformations, such as denitrification and reductive solubilization of phosphate bound
to iron oxides, to take place. Results of this study illustrate that the biotic and abiotic
alteration of local habitats, through reduced flow and shifts in redox transition zones,

make G. salicornia an ecosystem engineer.
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Introduction

Invasive macroalgae comprise a large component of non-indigenous marine
species (Schaffelke et al. 2006). In shallow, coastal ecosystems, benthic macroalgae are
important primary producers. Blooms and subsequent die offis of macroalgae can lead to
water column anoxia from the microbial decomposition of algal tissues (Sfriso et al.
1987), which can stimulate further algal blooms (Rozan et al. 2002). Additionally,
blooms of macroalgae, whether native or introduced, negatively affect other benthic
organisms, including coral (Lapointe 1997, Smith et al. 2005, Hauri et al. 2010), seagrass
(McGlathery 2001, Holmer et al. 2009), and benthic fauna (McKinnon et al. 2009). The
ability of an organism to alter a habitat, through biotic or abiotic processes, such that
resource availability is altered, makes that organism an ecosystem engineer (Jones et al.
1994, Jones et al. 1997). Thus, the physical and chemical alteration of the environment,

benthic macroalgal mats can act as ecosystem engineers.

The presence of a benthic macroalgal mat alters local hydrodynamic conditions
(Forster et al. 1996, Nepf 2012). As much as 90% of the water flowing in an area can be
diverted around, rather than through, a mat (Escartin and Aubrey 1995). The amount of
water diverted around a mat is related to the extent of macroalgal coverage, such that
there exists a negative relationship between the macroalgal coverage and current velocity
through a mat (Widdows and Brinsley 2002). Local hydrodynamics are further altered in
regions with macroalgal mats through the dissipation of eddies and the resulting increase
in turbulent energy within the surface of macroalgal mats (Nepf 2012). In many mats,

there is enhanced turbulence at the top of the macroalga causing a rapid flushing of mat
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surface water and decreased turbulence at the bottom of the mat, resulting in slower
turnover of water (Nepf and Vivoni 2000). The reduction in flow through macroalgal
mats also influences the movement of water at the sediment water interface (SWI).
Reduced SWI flow decreases the rate at which fluids are moved from the sediment into
the overlying water column (Huettel et al. 1998). Macroalgal mats increase the size of
the benthic boundary layer (Koehl et al. 2003), increasing the distance solutes must travel
to escape the benthic boundary layer, and thus decreasing the rate at which diffusion
across the sediment-water interface takes place (Jargensen and Revsbech 1985). Thus, an
increased benthic boundary layer slows the movement of nutrients from the sediment to

the overlying water and changes oxidation-reduction (redox) conditions in the sediment.

Benthic macroalgal mats also reduce the amount of light at the SWI. By
decreasing the amount of light penetrating to surface sediments, macroalgae cause a
decline in the abundance of microphytobenthos (Sundback et al. 1990, Corzo et al. 2009).
In addition to shading other species, macroalgae can be self-shading, creating regions
within the mat where photosynthesis is reduced. D’Avanzo and Kremer (1994) noted
that only approximately the top 25% of a mat was photosynthetically active, indicating
that for the majority of the mat respiration was the dominant metabolic process. In
Gracilaria salicornia, Beach et al. (1997) demonstrate the red alga is able to acclimate to
reduced light within the self-created mat. A reduction in photosynthesis contributes to
the drop in water column oxygen concentrations observed within the lower regions of
benthic macroalgae (Sundback et al. 1990, D’ Avanzo and Kremer 1994, Hauri et al.

2010). The physical environmental alterations caused by benthic macroalgal mats,
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through the decrease in water flow, as well as the reduction of light availability at the
SWI, with consequent diminished photosynthetic activity, act together to reduce the
concentration of oxygen within mats. Reduced oxygen concentrations in mats alter redox
conditions at the SWI, where the remineralization of organic matter generates nutrients,
including phosphate and ammonium, and affects the movement of nutrients from the
sediment to the water column (Sundback et al. 1990). Thus, reduced concentrations of
oxygen, resulting from these physical-biological interactions have the potential to alter

redox chemistry occurring at the SWI.

Anoxic sediment conditions promote solubilization of phosphate during the
reductive dissolution of iron oxyhydroxides, rendering phosphate biologically available,
while oxic sediment conditions render phosphate biologically unavailable due to sorption
of phosphate onto iron oxyhydroxides (Krom and Berner 1980, Sundby et al. 1986,
Jensen et al. 1995). Thus decreased oxygen concentrations in macroalgal mats, create
conditions suitable for enhanced phosphate bioavailability. Macroalgal die-off events,
during which bacterial respiration decreases local oxygen concentrations, also provide a
mechanism for phosphate release from the sediments to the overlying water column

(Rozan et al. 2002).

A decrease in the concentration of oxygen at the SWI also alters nitrogen cycling.
Nitrification, the transformation of ammonium to nitrate, cannot take place without
oxygen (Henricksen and Kemp 1988). Therefore, reduced oxygen at the SWI creates an

environment characterized by increased ammonium and decreased nitrate concentrations
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(Sundback et al. 1990). In addition to affecting microbial oxidant availability and
nutrient transformations, macroalgae have nutrient growth requirements, and can
intercept nutrients diffusing out of sediments and into the overlying water column
(McGlathery et al. 1997, Larned 1998, Sundback et al. 2003). Macroalgae also compete
for nitrate with microorganisms, such as denitrifiers (Dalsgaard 2003). In summary, the
presence of benthic macroalgae alters local nitrogen availability by altering microbial

nitrogen cycling and by taking up nitrogen for growth requirements.

Through their effects on flow, light, and nutrient cycling, macroalgal mats have
the ability to physically and chemically affect ecosystems and therefore may be
considered ecosystem engineers. Benthic mats alter flow regimes by decreasing the
speed at which water moves through the mats. Slower water movement, coupled with
reduced photosynthesis within the mat due to shading, can create an environment where
community respiration occurs at a faster rate than photosynthesis, resulting in a decrease
in the concentration of oxygen at the SWI. A reducing environment at the SWI affects
nutrient cycling in surface sediments, altering the movement of nutrients from the

sediment to the water column.

In Hawai‘i, Gracilaria salicornia is a highly successful invasive macroalgal
species (Smith et al. 2002), which forms dense mats on coral reefs and the surrounding
sandy sediment. The purpose of this study was to determine if G. salicornia is physically
and chemically altering the local ecosystem and can be considered an ecosystem

engineer. In order to determine whether G. salicornia is altering local hydrodynamics
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and oxygen availability, our study compared flow and oxygen availability in the water

column between areas with and without the invasive macroalgae.

Methods

Site Description

Three locations around Coconut Island, in Kane‘ohe Bay, Hawai‘i, were chosen
for study based upon the presence of G. salicornia: in a lagoon (lagoon), in a channel at
the inlet to the lagoon (channel), and on sand flats located on the southeast side of the
island (flats). The sediment around Coconut Island consists of coarse grained sand, and
water depths throughout the experiment ranged between 0.5 to 1 m, depending upon the
site location. At each location, a patch of G. salicornia at least 9 m? in size was chosen to
conduct in situ profiles of chemistry using microelectrodes and flow using an acoustic
Doppler velocimeter (ADV). At each site, profiles were taken at three locations: the sand
outside of the G. salicornia mat (sand), the edge of the mat (edge- less than 0.5 m inside
the mat), and in the center of the mat (center). Profiles were conducted with the mat
aligned so that flow direction was from the outside, to the edge, towards the center

location.

Electrochemistry

The presence and concentration of electrochemically active species can be

detected and measured using voltammetry. The use of Au/Hg solid state electrode
106



sensors (Brendel and Luther 1995) enable the simultaneous measurement of numerous

chemical species in situ. Redox species that can be quantified by voltammetry include:

0,, H,S, Fe?*, and Mn?" (Luther et al. 2008) (Table 4.1).

Table 4.1: Electrode reactions for select species at the gold-mercury working electrode
verse the saturated calomel electrode (adapted from Luther et al. 2008).

Electrode Reaction

Eux(Eip) (V)

Detection limit (uUM)

0, + 2H" +2¢” — H,0, -0.33 5

H,0, + 2H" +2¢” — H,0 -1.23 5

Mn”**+ Hg + 2e” < Mn(Hg) -1.55 5

Fe”"+ Hg + 2e” —Fe(Hg) -1.43 10

Fe** + e o Fe -0.2t0-0.9 molecular species
FeS + 2¢" + H" «—Fe(Hg) + HS -1.15 molecular species
HS + Hg — HgS + H" + 2¢” -0.6 0.1

HgS + H' 2e” <> HS™ + Hg ~-0.6 0.1

In situ voltammetric profiles were conducted at the 3 locations: lagoon, channel,

and flats, and at 3 sites within each location: sand, edge and center, for a total of 9

profiles. A DLK60 (AIS Inc.) coupled with a submersible micromanipulator were used

to collect the in situ voltammetric data (Figure 4.1a). The micromanipulator consists of a

stepper motor, mounted on three adjustable legs, that turns a threaded precision rod and
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causes an arm to move up or down. The working electrode is attached to the arm of the
micromanipulator, and for this study the electrode was moved in 0.1 to 0.5 cm
increments. For each profile, a 0.3 cm diameter Au/Hg PEEK electrode (Luther et al.
2008) was attached to the micromanipulator and profiled from the water column, through
the G. salicornia mat, when present, and into the sandy sediment (Figure 4.1b). Each
profile took approximately 1 hour to complete. The concentration of oxygen at the
surface of the water, below the air-sea interface, was measured using an oxygen optode

(Aanderaa Data Instruments, 4330), and these values were used to confirm voltammetric

oxygen data.

Figure 4.1: (a) The micromanipulator in the edge of a G. salicornia mat. (b) Close up of
the electrode being inserted into the center of a G. salicornia mat.
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ADV

After completing the electrochemical profile, a Nortek Vectrino Il ADV (acoustic
Doppler velocimeter) was used to collect water column flow data. Electrochemical and
ADV profiles could not be conducted simultaneously due to the electrical interference
caused by the ADV on the electrochemical signals. The Vectrino Il was attached to a
stand with spring clamps, allowing rapid repositioning of the ADV within the water
column. For each profile, the initial collection occurred near the surface of the water and
subsequent measurements were taken in 1 to 10 cm increments down through the water
column. At each depth, data were collected for approximately 5 minutes before the ADV
was repositioned deeper in the water column. For profiles through regions containing G.
salicornia, it was necessary to cut a small hole into the macroalgal mat to allow insertion
of the ADV, due to the dense, tough nature of the algal mat, which introduces error.
Profiles were successfully conducted at 8 of the nine sites, and data were collected at a
minimum of 5 depths per site. We were unable to collect ADV data from the edge of the

lagoon site because of equipment malfunction.

Data from the ADV were analyzed based on the spectral analysis described in
Stainsen and Sundby (2001). The energy spectrum from each depth was broken down
into wave and turbulent components for the x, y and z directions, with x corresponding to
the primary flow direction (m s™). The root mean square (RMS) for each directional

component was then calculated to determine the velocity of water motion at each depth.
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Turbulent RMS for each directional component was then used to calculate the turbulent

kinetic energy (TKE) (Equation 4.1) at each depth, resulting in units of m? s,
TKE= 0.5 * (TXRMS? +TYyRMS? + TZRMS?) (4.1)

The short time frame over which data were collected at each depth prevented the
determination of the wave component. Wind waves in this area typically have periods of

6 — 10 s (Falter et al. 2004).

Results

Lagoon

In the lagoon, oxygen penetrated into the sediment in the bare sand site only (-0.5
cm) (Figure 4.2). In the two locations with G. salicornia, oxygen dropped to below the
detection limit (BDL) of the electrode (5 puM) within the water column inside of the mat,
at varying depths. The profile conducted at the edge of the mat indicated there was an
increase in the concentration of oxygen at the surface of the mat, followed by a steady
decline in oxygen until a depth of 6.9 cm above the SWI, at which point the oxygen
concentration dropped to BDL. In the center profile, some variance was noted in the
concentration of oxygen above the mat; however, unlike the edge, the center did not
display much of an increase in oxygen at the surface of the mat. Similar to the edge, the
center site had a rapid decline in the concentration of oxygen once inside the mat, and
dropped to BDL 8.3 cm above the SWI. The profile through the center of the mat was

unique in that after the initial depth where oxygen had dropped to BDL in the surface of
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the mat, two additional peaks in the oxygen concentration were observed in the water
column above the sediment (Figure 4.2c). Thus the profile of oxygen at the center
reveals the existence of suboxic pockets intercalating with oxic regions in the G.

salicornia mat.

The size of the suboxic zone, the zone in which neither oxygen nor sulfide are
detectable, and depth of the first appearance of sulfide varied between lagoon sites. The
vertical suboxic zone was small in the bare sand site (0.5 cm) compared to the sites
within G. salicornia (edge = 9 cm, center =13 cm). In the bare sand site, sulfide appeared
at the shallowest depth, 1 cm below the SWI, and more than 15 uM of sulfide was
detected 2 cm below the SWI. At the edge of the mat, sulfide was BDL for the entire
profile, which penetrated 5 cm below the SWI. In the center site, sulfide was first
detected (0.5 uM) at a depth of 5 cm below the SWI, but then dropped to BDL until 10

cm beneath the SWI, where sulfide was once again detected at low concentrations.

Channel

In the channel, oxygen profiles varied between sites (Figure 4.3). The bare sand
site had a relatively constant water column oxygen concentration before dropping to BDL
at 2.5 cm below the SWI. The two profiles conducted within the G. salicornia mat
displayed a complete loss of oxygen in the mat well above the SWI. At the edge of the
G. salicornia mat, the oxygen concentration dropped to BDL 4.7 cm above the SWI, then

increased 1 cm above the SWI to near overlying water concentrations, and finally
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dropped to BDL 1 cm into the sediment. The profile conducted in the center of the mat
showed near constant oxygen concentrations in the surface of the mat, before rapidly

decreasing to BDL 5.3 cm above the SWI.

The size of the suboxic zone varied between the three sites. Similar to the lagoon
location, the channel bare sand site had the smallest suboxic zone (1 cm), while the center
had the largest (7 cm). The edge site had two distinct suboxic zones, one in the water
column (5 cm) and a smaller one in the sediment (1 cm). Unlike the lagoon location, the
first appearance of sulfide occurred deepest in the bare sand site (-3.5 cm), followed by
the edge (-2.0 cm), with the center having the shallowest first appearance of sulfide (-1.0

cm).

Flats

Oxygen penetrated into the sediment at the bare sand site (-1.2 cm) and at the
edge of the G. salicornia mat (-1.5 cm) in the flats location (Figure 4.4). In the bare sand
site, the concentration of oxygen was constant until the SWI, where there was a slight
increase, followed by a rapid decrease in the sediment. The profile at the edge of the
algal mat showed a slight increase in the concentration of oxygen at the surface of the G.
salicornia mat, followed by a slight decrease in oxygen concentration within the mat, and
then a rapid decrease at the SWI. The profile in the center of the mat had a slight

increase in the concentration of oxygen at the surface of the mat, followed by a rapid

decrease, such that it was BDL 5.3 cm above the SWI. Similar to the lagoon-center site,
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the bottom half of the mat at the flats-center site had two areas of low oxygen within an

otherwise suboxic region.

For the bare sand and edge sites, where oxygen penetrated 1 cm into the sediment,
the suboxic zone was small (1 and 0.8 cm respectively) compared to the size of the
suboxic zone in the center of the mat (4 cm). The first appearance of sulfide occurred at
similar depths for the bare sand and edge sites (-2.1 and -1.8 cm respectively), while in

the center of the mat sulfide was not detectable until deeper in the sediment (-5.0 cm).

Table 4.2: Summary of data for sites with G. salicornia.

height above SWI1 | depth from surface of

mat height where oxygen is mat where oxygen

site (cm) BDL* (cm) drops BDL* (cm)
lagoon | edge 10.5 6.9 3.6
center 11 8.8 2.2
channel | edge 8 4.7 3.3
center 15 5.3 9.7

flats edge 5.5 -1.5 7

center 8 5.3 2.7

*BDL = Below the detection limit
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Figure 4.2: Oxygen and sulfide profiles for the three sites at the lagoon location. Depth is positive in the water column and negative below the
sediment water interface (SWI), with the SWI occurring at 0. Oxygen is displayed as filled in circles and sulfide as open circles. The location of
the top of the G. salicornia mat is indicated by the dashed line.
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Figure 4.3: Oxygen and sulfide profiles for the three sites at the channel location. Depth is positive in the water column and negative below the

sediment-water interface (SW1), with the SWI occurring at 0. Oxygen is displayed as filled in circles and sulfide as open circles. The location of
the top of the G. salicornia mat is indicated by the dashed line.
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Figure 4.4: Oxygen and sulfide profiles for the three sites at the flats location. Depth is positive in the water column and negative below the
sediment-water interface (SW1), with the SWI occurring at 0. Oxygen is displayed as filled in circles and sulfide as open circles. The location of
the top of the G. salicornia mat is indicated by the dashed line.
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Hydrodynamics

When comparing the lagoon, channel and sand flats locations, turbulent kinetic
energy was highest at the sand flats location and lowest in the lagoon. Water flow was
compared within each location, between the bare sand, edge and center of the mat, to
examine differences in the hydrodynamics in areas with and without G. salicornia. For
each of the three locations, the maximum water velocity at the bare sand site was higher
than the maximum velocity at the adjacent sites with G. salicornia. Water velocities
were slower within the G. salicornia mats when compared to velocities at similar heights
in the adjacent bare sand sites (Figure 4.5). Between locations, the overall lowest site
averaged TKE occurred in the lagoon and the highest in the flats. Additionally, for all
locations TKE was higher in the water column above the mats than within the mats

(Figure 4.6).

A positive relationship was observed between turbulent water velocity and the
concentration of oxygen for profiles conducted in the center of the G. salicornia mats
(Figure 4.7). Within the mat, the reduction in turbulent xRMS corresponded to a
reduction in the concentration of oxygen at a similar depth. Additionally, the onset of
suboxic conditions within the macroalgal mat occurred at approximately the same depth
at which turbulent xRMS slowed, approaching 0.001 m/s. No relationship between the
concentration of oxygen and turbulent xRMS was observed for sites within the center of

the mat and did not occur for profiles conducted at the edge of the mat.

117



Lagoon
80 4 K 9 Channel
\ —e— sand ¢— sand
—w - center .- edge
\ — - center mat —A- - center
60 T edge mat
= — — - center mat
5 ¥ £
= oA
<
= o
S 40 \ =
20 1
0 T T T T
0.00 0.02 0.04 0.06 0.08 0.10 J J J
0.04 0.06 0.08 0.10
XRMS (m s%) N
XRMS (m s™)
Flats
80 1 —e— sand
B edge
—4A- - center
edge mat
60 -
— - center mat
IS
o)
E=]
Q.
(]
-]

0.00 0.02 0.04 0.06 0.08 0.10
XRMS (m s%)

Figure 4.5: XRMS for each of the three locations: Lagoon, Channel, and Flats. Symbols represent different sites within each location:
circle (bare sand), square (mat edge), and triangle (mat center). The dotted line is the height of the G. salicornia at the edge of the
mat, and the dashed line is the height of the G. salicornia in the center of the mat.
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and the dashed line is the height of the G. salicornia in the center of the mat
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Figure 4.7: Water column profile taken at the center of the G. salicornia mats, where a depth of zero represents the SWI. Open squares represent
turbulent xRMS, filled circles represent oxygen concentration, and the dashed line indicates the location of the top of the G. salicornia mat.
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Discussion
The purpose of this study was to examine the interaction between water flow,
TKE and water column chemistry in sandy regions with and without G. salicornia, to
determine whether the invasive alga is altering local conditions. Based upon the changes
in flow velocity and oxygen availability within the Gracilaria salicornia mats, we
provide evidence that the macroalgae is an ecosystem engineer, capable of altering the

physical and chemical properties of local systems.

Oxyqgen and Flow

Oxygen dropped to BDL (5 uM) in the water column during five of the six G.
salicornia profiles, while oxygen was always present throughout the water column in
sites without the macroalgae. The loss of oxygen in the water column can be caused by a
number of factors, including: reduced macroalgal photosynthesis caused by self shading
(D’ Avanzo and Kremer 1994), and/or a decrease in water exchange between the mat and
the surrounding area (Escartin and Aubrey 1995). If self shading were the only reason
for a loss of oxygen within the mats, we would expect oxygen to decrease at
approximately the same depth beneath the surface of the mat at each site, with slight
variation due to heterogeneity in the density of the mat. For our profiles, the distance
from the surface of the mat to where the oxygen concentration dropped to BDL ranged
between 2 and 10 cm (Table 4.2). Therefore, self shading is probably not the dominant
mechanism controlling oxygen depletion within the G. salicornia mats. This is consistent
with the work of Beach et al. (1997) which found G. salicornia acclimates to lower light

levels within the mat.
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Numerous relationships between water flow and oxygen penetration depth were
found within the G. salicornia mats. Flow velocity influenced the depth of oxygen
penetration into the mats at all three locations: lagoon, channel and flats (Figure 4.5). In
the lagoon location, flow was slowest, and oxygen dropped to BDL farthest above the
SWI for both the edge and center sites (Table 4.2). The flats-edge site, which had the
highest flow rate, had the deepest oxygen penetration depth, while the lagoon-edge site,
which had the lowest flow rate, had the shallowest oxygen penetration depth. These
results are similar to those observed in porous sediments, where higher flow velocities
cause deeper water advection, increasing the concentration of oxygen and the oxygen

penetration depth within sediments (Booij et al. 1991).

Oxygen persisted to greater depths within the macroalgal mats at the edge of the
mat, relative to those in the center (Figures 4.2 — 4.4), indicating horizontal water
movement also influences oxygen penetration depth within G. salicornia mats. Around
the perimeter of submerged vegetation there is an edge-effect, where a rapid attenuation
of flow velocity occurs inside the edge of a canopy, as has been shown in sea grass
meadows by Peterson et al. (2004). The extent of this effect is likely dependent upon the
density of the algal mat and water velocity, making a direct comparison between edge
and center sites difficult. At the flats location, the velocity was higher above the mat at
the center site than the edge site (Figure 4.4). We attribute this difference to the
orientation of our site selection within the macroalgal mat with respect to wave driven
flow. At the flats site, waves encountered the center location of the mat before the

location selected to be the edge of the mat, which likely resulted in the dissipation of
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wave energy before encountering the edge location (Hurd 2000 and sources there in).
Wave dissipation as the cause for the differences between locations is further supported
by the higher TKE in the surface of the mat at the center than the edge location. In the
channel site, there was also a difference in TKE and water flow between the edge and
center location (Figure 4.6). We suggest this may be due to acceleration over the top of
the canopy and the resulting creation of eddies and flow instabilities (Hurd 2000).
Additionally, it was necessary to cut a hole in the canopy to make ADV measurements,
which introduces error to the measurement. Environmental variability makes it difficult
to compare the hydrodynamic results between the center and edge locations in the
canopy, however, when flow is compared at similar depths between the bare sand sites

and those with the macroalgae, flow is slower within the macroalgal mats (Figure 4.5).

The lower concentration of oxygen observed within the G. salicornia mats at
slower flow rates may signify a shift from advection to diffusion dominated transport
within the mats, decreasing the speed at which oxygen is transported through the water
column (Escartin and Aubrey 1995, Forster et al. 1996). Another possibility for the low
oxygen concentrations within the mats is an increase in the size of the boundary layer
around the algae. Solutes required for macroalgal growth, including nutrients, must pass
through a boundary layer around the alga in order to be taken up. Increased flow
velocities decrease the size of boundary layers around macroalgae, thus increasing the
rate of solute uptake (Wheeler 1980). The rate of solute transport, and therefore the size
of the boundary layer, in macroalgal canopies influences photosynthetic rate (Gonen et al.

1995). In addition to self shading, photosynthesis within the G. salicornia mat may be
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decreased because of an increase in the size of the boundary layer created by reduced

flow in the mat.

The channel-edge site had a unique oxygen profile (Figure 4.3b). At this site
oxygen dropped to BDL in the mat and then returned to near fully saturated conditions at
the SWI. We suspect the increase in oxygen at the SWI is due to either a gap between the
algae and the sediment, or some other aspect of algal morphology at the base of the mat
which allows more rapid water penetration into the lower portion of the mat, near the
SWI, than into the middle of the mat. Previous work in algal mats attributed irregular
oxygen profiles to heterogeneity in the structure of the algae (Corzo et al. 2009).
Additionally, Nepf and Vivoni (2000) determined that is a maximum local water velocity
at the SWI for submerged macroalgal mats. Unfortunately water flow data was not
collected at a height of 1 cm above the SWI, where the local oxygen maximum occurred,
which would have allowed us to determine to if an increase in flow at the SWI was the

cause of the increased oxygen; however we suspect this is the case.

Turbulent kinetic energy at all sites was higher above the mats than within them.
Similar results were found in a flume experiment using Caulerpa canopies (Hendriks et
al. 2009) and in an in situ seagrass meadow (Gambi et al. 1990), where maximum TKE
occurred above the mat and decreased inside of the mat due to the disruption of flow at
the canopy-water interface. The reduction in TKE within the algal mats may further
explain the existence of suboxic regions within the G. salicornia mats. Macroalgae

excrete large quantities of dissolved organic matter (Khailov and Burlakova 1969), which
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create regions of increased microbial activity (Alber and Valiela 1994, Smith et al. 2006).
Under reduced turbulence, the rate at which chemical species, including oxygen and
dissolved organic matter, are transported is decreased. Thus the macroalgal mats create
an environment with reduced advection, decreasing the rate of water exchange, and
increased microbial activity, increasing the rate of oxygen consumption. We conclude
that the environment of slowed water exchange and increased microbial respiration

creates suboxic regions in the water column within the G. salicornia mats.

The largest suboxic regions were observed in profiles through the center of the G.
salicornia mats. For these sites, the concentration of oxygen in the water column
followed a trend similar to the turbulent XRMS recorded in the mats (Figure 4.7). At
depths with increased turbulent xRMS, oxygen concentrations were higher, providing
further evidence that water motion within the macroalgal mats influences the
concentration of oxygen. Another component to the turbulent xRMS-oxygen relationship
occurred in the center of the mats, where the suboxic zone appeared as the turbulent
XRMS approached 0.001 m/s (Figure 4.7). This relationship was especially apparent at
the flats location, where two suboxic pockets were present, and the turbulent xRMS
profile showed a decrease in water velocity near the depth of each of the suboxic regions.
The relationship between turbulent xRMS and oxygen concentration, along with the
appearance of a suboxic zone as turbulent xRMS diminishes, approaching 0.001 m/s,
suggests that turbulent xRMS is an important factor in transporting oxygenated water to

the center of the algal mats, and contributes to the dispersion of oxygen through the mat.
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In summary, the relationship between flow rates and oxygen penetration depth
provides evidence that water flow is an important component in determining the
concentration of oxygen within G. salicornia mats. Reduced photosynthesis, combined
with the decrease in water flow rates within macroalgal mats are responsible for the loss
of oxygen within the water column. The existence of suboxic zones within G. salicornia
mats creates microniches within the water column and may provide a competitive

advantage for the invasive algae.

Microniches

Microniches have been observed in sediment burrows (Aller 1983), fecal pellets
(Alldredge and Cohen 1987) and around high concentrations of OM in marine sediments
(Jergensen 1977a). Previous work with macroalgal canopies has identified the existence
of low oxygen zones (Sundback et al. 1990) and anoxic water conditions beneath
canopies (Krause-Jensen et al. 1999); however to our knowledge the existence of suboxic
pockets, or microniches, within macroalgal structures has not been previously reported.
Suboxic zones are important both biologically and chemically because of the ecological
conditions they create and the nutrient transformations that take place within them. The
suboxic layers within G. salicornia mats provide an environment in which microbial
processes that otherwise would be confined to the sediment can occur, potentially
increasing the local transport and uptake of nitrogen and phosphorus, as described below,

and providing a competitive advantage to the invasive algae.
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The existence of suboxic pockets within G. salicornia mats alters the location of
redox reactions. Shoaling of the oxic-suboxic redox transition zone shifts the location of
biotic and abiotic nutrient transformations from the sediment to the overlying water
column. Solutes travel faster in water than in sediments, and therefore the shoaling of the
oxic-suboxic boundary into the water column increases the transport rate of the products
of redox reactions. The suboxic pockets within the G. salicornia mat also creates
multiple oxic-suboxic boundaries, potentially increasing the rate of reactions taking place
at the oxic-suboxic boundary due to the increased surface area over which these reactions
can take place. As described below, suboxic microniches within G. salicornia create an

environment conducive to increased nutrient transformations and nutrient transport.

Nitrogen is stable under numerous redox states, existing primarily as dinitrogen
gas, ammonium, or nitrate, depending on local microbial transformations. Nitrification,
the oxidation of ammonium to nitrate, is a strictly aerobic process (Henricksen and Kemp
1988). Denitrification, the reduction of nitrate to dinitrogen gas, is an anaerobic
metabolism, typically occurring at or below the SW1I in a thin layer beneath the oxic zone
where nitrate is present (Christensen et al. 1989). Suboxic water column conditions
cause denitrification to shoal from the sediments into the water column, a process that has
been observed in the lower suboxic portion of Chaetomorpha linum at a similar rate to

that found in adjacent sediments (Krause-Jensen et al. 1999).

The existence of multiple oxic and suboxic zones within the G. salicornia mat

observed during our study creates an environment of double diffusion layers, suitable for
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enhanced denitrification and nitrification. The rate of nitrification is influenced by
oxygen and ammonium concentrations, while denitrification rates are dependent on
suboxic conditions and the availability of nitrate (Rysgaard et al. 1994). Ammonium
concentrations are usually higher under macroalgal mats due to the remineralization of
organic matter (Sundback et al. 1990, Larned 1998). Unlike the C. linum mat in Krause-
Jensen et al.’s (1999) study, the G. salicornia mats from our study had numerous (up to
five) oxic-suboxic interfaces. The suboxic pockets within G. salicornia mats are likely
regions of enhanced organic matter remineralization, creating ammonium that can be
used for nitrification in the adjacent oxic regions. Suboxic pockets may be advantageous
for the macroalgae because these low-oxygen regions provide a localized source of
nitrate and ammonium for growth, and may decrease the release of nitrate and

ammonium to the surrounding water column.

Redox chemistry influences phosphorus cycling indirectly, through the interaction
of phosphate with iron. Oxic conditions favor the sorption of phosphate to iron
oxyhydroxides, rendering the phosphate biologically unavailable, and reducing
conditions promote the release of phosphate from iron oxyhydroxides to the surrounding
water (Krom and Berner 1980). The release of phosphate from iron minerals typically
takes place in the suboxic zone of sediments, and previous studies have observed
phosphate in the lower portion of macroalgal mats due to the creation of reducing
conditions at the SWI (Lavery and McComb 1991). Suboxic pockets within the G.
salicornia mat create an environment favorable for the reduction of phosphate at more

than one location within the algal mat. Reducing conditions within the G. salicornia mat,
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in contrast to reductive solubilization of iron-bound phosphate in the sediment below,
provide a pathway for phosphate release in close proximity to the algae. This is
advantageous for the macroalgae, as phosphate would become available within the mat,
rather than in the sediments, where the macroalgae would have to compete for phosphate

with abiotic sorption processes and benthic photosynthesizers.

Conclusion

Gracilaria salicornia is an ecosystem engineer, physically and chemically
altering the environment it invades. Within G. salicornia mats, we observed a decrease
in TKE and flow rates compared to adjacent regions without the macroalgae. The
invasive mats create suboxic regions within the water column, and in a few locations oxic
pockets were found interspersed in suboxic regions of the mat. Decreased TKE in the
macroalgal mats corresponded to a decrease in the concentration of oxygen, and as
turbulent XRMS approached 0.001 m/s the concentration of oxygen in mats fell to below
the detection limit. Gracilaria salicornia mats also create suboxic microniches, which
may be advantageous to the macroalgae by altering the location of nutrient
transformations, including ammonification and reductive solubilization of iron-bound
phosphate, from the sediment to the water column within the mat. The closer proximity

to nutrient release provides a competitive advantage to G. salicornia, and future research
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should examine this as a possible mechanism contributing to the success of this invasive

species.
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Chapter 5

Ocean Acidification: The role of CO,

By: Jennifer Murphy and Chris Measures
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Purpose of Activity

e Understand how water absorbs gases

e Understand why increasing the amount of carbon dioxide in the atmosphere is
decreasing the pH of the oceans.

e Understand what pH measures.

e Learn why pH is important for corals, and other organisms that build their

skeletons using calcium carbonate.

Audience
The laboratory activity was designed to be used with college freshmen and
sophomores, mostly non-science majors. Depending upon the number of calculations
included in the laboratory exercise, the activity could be adapted for high school students

or more advanced undergraduates or graduate students.

Background

For the past 250 years humans have been increasing the amount of carbon dioxide
(COy) in the atmosphere through the combustion of fossil fuels and changing land-use
activities. At the beginning of the industrial revolution, atmospheric CO, were in the
range of 270-280 ppmv (Wigley 1983). Over the past 50 years, weekly measurements at
Mauna Loa have revealed an increase in atmospheric CO, from 317 ppm in 1960 to 390

ppm in 2011 (Tans and Keeling) (Figure 5.1).
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Figure 5.1: Atmospheric CO, record from Mauna Loa, Hawai‘i.

Carbon reservoirs

The carbon on the planet is stored in different forms and places, and these are
called reservoirs (Table 5.1). It is important to note that the amount of total carbon on the
planet is not changing; it is merely being moved between these different reservoirs. From
Table 5.1 it is clear that the majority of the carbon on Earth is stored in the carbonate
sediments reservoir. Carbonate sediments are composed of the discarded shells and
skeletons of plants and animals that lived in the ocean, and inorganic carbon precipitated
from seawater. The former process is the most important in the modern oceans. While

alive, these organisms take up carbon and calcium from the water and by combining them
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build structures of the compound calcium carbonate (CaCOy3); this process is called
calcification. When these organisms die, their CaCOj shells and skeletons slowly sink to
the bottom of the ocean. In transit, much of the CaCOs is dissolved in the water column,
but about 35% of it is buried in sediments. The burial of CaCOj3 is an example of a CO,
sink, because carbon is being removed from the ocean and atmosphere reservoirs and is
being added to the carbonate sediment reservoir. This reservoir, and most of the others,
change on very long time-scales (e.g. thousands to millions of years) and are not playing
a role in the recent changes in atmospheric CO, concentrations. (It is important to note
that each time an organism produces 1 mole of CaCOs in the ocean, 1 mole of CO; is also
produced- exactly how much of that CO, remains dissolved in the ocean and how much
is released into the atmosphere is a function of the temperature of the ocean and the
partial pressure of CO, in the overlying atmosphere.) All evidence to date indicates that
as CO, concentrations in the atmosphere rise and the oceans become more acidic,
calcification rates will slow and the strength of this positive feedback to rising
atmospheric CO, will weaken. Also, changes in this biological pump may occur on time

scales of human generations.
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Table 5.1: Amount of carbon in different reservoirs on Earth (Open University Team).
Units are in 10*? tonnes of CO, equivalent- although most Earth Scientists use units of C,
we use CO; to facilitate comparison with the lab exercise.

Reservoir Quantity
carbonate sediments 150000
organic carbon in soils 25000
dissolved in

oceans/freshwater 140
living biological material 30
fossil fuels 27
atmosphere 2

The observed increase in atmospheric CO, concentration (Figure 5.1) is due to the
movement, by humans, of carbon between two of the smaller reservoirs, from the fossil
fuels reservoir to the atmospheric one. Looking at the Table 5.1, notice that burning all
of the fossil fuels, and therefore releasing that CO, into the atmosphere, could potentially
increase the amount of CO, in the atmosphere more than ten times! As humans continue
to burn fossil fuels, and move carbon between these different reservoirs, we need to

understand how the climate and geochemical cycles of the planet are going to be affected.

An increase in the concentration of atmospheric CO; has an influence on both
global temperatures and the chemistry of the ocean. It is well established that CO; is a

greenhouse gas that traps some of the infrared radiation leaving the surface of the planet
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to space, and thereby resulting in increased heating of the Earth. While comprising only
0.04% of the atmosphere, CO; is very important in regulating surface temperatures.
However, a large part of the CO, that goes into the atmosphere will dissolve in the
surface ocean as a result of Henry’s Law (see later), resulting in another set of problems

(see below).

Chemistry

When CO, dissolves in the ocean it partitions into several different forms, some
of which alter pH. The vast majority (400:1) of the CO, forms CO.,q Which has no effect
on pH, but the rest reacts with the water to form the diprotic acid H,COs3, which then
partitions into the various species shown in Equations 5.1-5.4. Exactly which of the
various species shown in these equations is dominant depends upon the pH of the
solution. The pH of a solution is a measure of the number of free hydrogen atoms (H")
available: the more H", the more acidic is a solution. Solutions are classified as acidic

(pH < 7), neutral (pH = 7) or basic (pH > 7) based on the number of free H" ions present.

CO, @ < CO, (aq) T H,O < H,CO;3 (5.1)
H,CO3 < HCO3 + H (52)
HCO;3 + H' & CO5* + 2H* (5.3)

The net overall reaction in seawater is:

CO; (g + COs* + H,0 = 2HCO; (5.4)
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The average pH of surface seawater, is 8.1, slightly alkaline. At pH 8.1, the presence of
HCOjs' is favored over the other two chemical species (H,CO3 and COgZ'), and therefore
every time one of the molecules of H,CO3 from the dissolved CO, turns into HCO3’, one
H" molecule is released. Thus the dissolution of CO, in water causes a decrease in pH as

the number of H' in solution is increased.

The pH of a solution not only influences the direction and equilibrium point of
chemical reactions, but also the saturation state of seawater with respect to CaCOs.
Decreasing the pH of the ocean decreases the CaCOj3 saturation state within seawater

making it harder for organisms such as corals to form their CaCOj3 shells.

As CO; is being added to the atmosphere through the combustion of fossil fuels
and land use activities, that CO, then moves from the atmosphere to the oceans by
diffusion and turbulent mixing (waves), in an attempt to reach an equilibrium dictated by
Henry's Law (see below). Chemically, the ocean is a complex system being controlled
by physical, biological and chemical processes. Biological respiration decreases pH,
physical mixing provides ocean-atmospheric gas exchange, and chemical buffering
reactions provide some stability in the environment. The buffering capacity of the ocean
is in part due to the ability of the salts dissolved in seawater to take up and release excess

protons. Without this buffering, the pH of the ocean would change even more rapidly.

Questions

Why does the increase in atmospheric CO, change the pH of the ocean?
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Does temperature influence the amount of CO, water is able to take up?

Materials
10 Tire valve stems- screw together type with gaskets (not the snap in type)
10 plastic 1 L soda bottles with plastic caps
500 mL graduated cylinders
small CO, cylinder with pressure regulator, hose and tire chuck (the tire chuck can be
bought at most hardware stores)
Hot water container
Cold water container
Methyl Red pH indicator dye (C15H15N30; in 0.1% ethanol, VWR catalog number
AA38698-AE CAS # 493-52-7)
pH paper strips
Tire pressure gauge
1000 mL seawater at room temperature (or baking soda dissolved in tap water as a
buffering agent)

Drill press (to make holes in the soda caps)

Activity
Before the laboratory, build the bottle cap assembly (Figure 5.2). Drill out the

plastic bottle caps and insert the tire valves so that there is a rubber gasket on the top and
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bottom of the cap. The drill bit should be slightly larger than the valve stem to ensure

easy assembly. Use a wrench to tighten the tire valves on the caps to prevent leaking

during the activity.

Figure 5.2: Pieces required for the bottle caps. The clamp-in tire valves can be
purchased at an auto-parts store.

Demonstration

Methyl red is a pH indicator that is yellow under neutral or basic conditions and
red under acidic conditions. Place approximately 1 mL of indicator dye into each 1 L
bottle, one containing approximately 1000 mL of freshwater and the other approximately

1000 mL of sea water (actual volumes vary slightly by bottle type). Due to variations in
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the volume of the bottle used, as well as pH and buffering capacity of the local water
source, the required headspace volume required for this demonstration will vary. We
suggest experimenting with your water supply to determine the actual volume of
headspace you will require. (For a simple way to demonstrate buffering capacity, or
ensure your demonstration is successful, dissolve sodium bicarbonate (baking soda) into
the water in the ocean bottle.) Secure the caps (hand tight), and add approximately 30
pounds per square inch (psi) of CO; to the headspace of each bottle. If the freshwater
bottle is not shaken as the CO;, is added, it is possible to observe the diffusion of CO,
from the headspace into the bottle by the formation of tiny red eddies in the surface layer
of the freshwater. After observing the diffusion, vigorously shake the bottles to
demonstrate turbulent mixing. Depending on the teaching level, ask what processes are
controlling the movement of CO, from the headspace to the water at each step. After
shaking, the freshwater bottle will turn red, while the seawater bottle remains yellow

(Figure 5.3).
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Figure 5.3: Demonstration of buffering using methyl red indicator dye. The bottle on the
left contains saltwater and the one on the right contains freshwater.

Hands-on Activity

How does the temperature of water influence the amount of CO, able to dissolve
into it? For this activity, students use 1 L soda bottles with modified caps to observe the
ability of water to take up CO; at different temperatures. Add 0.8 L of warm water
(approximately 50°C) to one bottle and 0.8 L of cold water (approximately 10°C) to
another bottle. If using pH paper, have the students take a pH reading before the CO,

addition. Loosely screw on the caps and squeeze the bottles to remove all air from the
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headspace. Then tightly screw on the caps. Depending on the audience, now is a great
time to make a few assumptions and ask students questions. For example, we assume

only water is in the bottle (i.e. no CO, has dissolved into the water) and ask students to
calculate the pH (7.0) and number of moles of CO; in the bottle (0 moles). Finally, the

bottles are brought to the instructor to be filled with 30 psi of CO, from the gas tank.

After filling, students should touch the bottles, and notice their firmness. Students
can then take the initial pressure of the bottles using a hand held tire pressure gauge. Be
aware that a good seal with the tire pressure gauge is necessary to avoid excessive loss of
gas from the bottle, and the pressure should only be measured once, as this process will
cause some loss of gas from the bottle. At this point, it is possible to calculate the
number of moles of CO; in the bottles using the ideal gas law (see later for a detailed

description).

To observe the effect of water temperature on CO, uptake, shake the bottles
vigorously. A large pressure drop can be observed in both bottles. The cold bottle
actually collapses as the CO, dissolves into the water, while the warm one becomes
noticeably less pressurized (Figure 5.4). The amount of CO, taken up by each liquid, and
therefore the number of moles of H' released into each bottle and subsequent pH can then
be calculated. If using the pH strips, students can take the post CO, addition reading and
reflect on why the calculated and actual pH vary (Table 5.2). (The actual change in pH

will depend on the temperature and water used.)
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Figure 5.4: The bottle on the left contains warm water and the one on the right contains
cold water. After removing all air from the headspace, the two bottles were filled with
CO; and then shaken. Notice the difference in pressure between the two bottles.

Table 5.2: Measured pH before and after CO, addition.

pH pre-CO, pH post-CO,
addition addition
sea water 8.0 5.6
freshwater 8.1 5.5
hot water (50 °C) 8.1 5.2
cold water (12 °C) 8.1 5.0
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We provide our students with a percent uptake for each bottle, but more advanced
students could also measure the change in bottle volume to approximate the quantity of
CO; dissolved into the water (Table 5.3). Unfortunately it is not possible to measure the
pressure inside the bottles after shaking with the tire pressure gauges to obtain a more

exact volume.

Table 5.3: Change in bottle volume with the hot and cold water additions.

Change in volume | Percent change

10 °C 100 cm® 50 %

60 °C 20 cm® 10 %

Humans and CO,

In addition to understanding the effects of CO, on ocean pH, this lab provides an
opportunity for students to consider how human activities are contributing to atmospheric
CO; concentrations. To begin, we ask students to list different ways they create CO,.
Answers vary from using cars and electricity to breathing. The students are then led
through a series of exercises to put into perspective how much CO, different processes
release. For example, a human respires approximately 1 kg of CO; each day, which is
equivalent to 22.7 moles of CO; per day. Students can also examine the influence of
fossil fuels on atmospheric CO,. If we assume the combustion of one gallon of gasoline

releases 8.8 kg of CO, (EPA Emission Facts), students can evaluate the amount of CO,
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released by cars with different fuel efficiencies. We compare three types of cars, and
calculate how much CO; each car releases if it is driven 10 miles a day over the course of
a year. Depending on the age of students, it may be more beneficial for students to
calculate how much CO;their car generates driving to and from school. To examine this
problem at a larger scale, knowing the United States consumes 18,810,000 barrels of oil
each day, students calculate how many moles of CO; are released into the atmosphere in

one day and in one year.

Another activity involves determining the significance of electricity consumption
on CO; emissions. Using EPA data on electricity generation and power sources, it is
possible to calculate the amount of CO, released to the atmosphere using light bulbs and
electric appliances. For example, in Hawai‘i, oil is the major source of electricity, and
CO; is produced at a rate of 0.609 kg CO,/kWh (EPA eGRID). By knowing the number
and wattage of light bulbs in the classroom, students are asked to calculate how much
CO; is released to power the lights for the length of our class. This could also be

extrapolated to calculate the amount of CO, released for numerous electronic devices.

Calculating the actual change in ocean pH due to increased atmospheric CO,
concentrations is beyond the scope of this laboratory exercise. In order to easily quantify
the process, there are numerous simplifying assumptions required: the ocean is
uniformly mixed, there is no CO; uptake by biological organisms, and the ocean lacks

any buffering capacity. Rather than make these simplistic assumptions, we suggest
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challenging students to discuss whether or not the bottle exercise provides a good model

of oceanic CO; uptake and pH change.

Theory

Henry’s Law states that at constant temperature the amount of gas in solution is
proportional to the partial pressure of the gas in equilibrium with the liquid (i.e. in the
headspace above it). Increasing the headspace pressure of a gas increases its solubility,
while increasing the temperature of the solution decreases the solubility of the gas. This
lab demonstrates the temperature aspect of Henry’s Law, a decrease in the water
temperature increases the solubility of the CO, in solution. It would also be possible to
demonstrate the pressure aspect, by using the same temperature water and altering the

pressure of the gas injected into the headspace.

The ideal gas law can be used to calculate the number of moles of CO;in the

headspace.
PXV=nxRxT (5.5)

In Equation 5.5: P= pressure (kPa), V = volume (L), n = moles, R = the gas constant,
8.431 (I moles™ K™, and T = temperature (K). Knowing the volume of the headspace in
the 1 L bottle, the room temperature and the atmospheric pressure the moles of gas in the
headspace of the bottle can be calculated. At 1 atmosphere (101.3 kPa or 14.7 psi) and

25°C, 1 mole of gas has a volume of 23.9 L. It is important to note that the volume of an
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ideal gas is 22.4 L at STP (0°C). Equation 5.6 shows how to calculate the moles of gas in

the headspace of the 1 L bottle after 0.8 L of water has been added.

0.2 L in headspacex1 mole gas
239L

= 0.008 moles gas in headspace of 0.2 L (5.6)

After the addition of CO, to the headspace by the gas cylinder, the pressure in the bottle
is approximately doubled (room pressure is 14.7 psi, and we increase it to approximately

30 psi). Therefore the number of moles of gas in the headspace is also doubled.

The pH of a solution is the number of protons (H") available, and the more H" the

lower the pH of the solution. Mathematically, pH is calculated in Equation 5.7.
pH =-log [H'] (5.7)
Therefore, in pure water at 25°C, where [H*] = 1.0 x 107 M, the pH of the solution is 7.0.

For the lab activity, after calculating the moles of CO;, in the headspace of each bottle, we
first assume all of the CO, dissolves from the headspace into the water and calculate what

the pH of the water in the bottle would be (Equation 5.8).

0.008 moles of gas in headspace at atmospheric pressure x 2 (we doubled the pressure

with pure CO, from the tank) = 0.016 moles of CO, in the headspace of the bottle. (5.8)

If we assume all of the gas dissolved into the water then 0.02 moles per liter H" was

released into the water (Equation 5.9).
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0.016 moles H* /0.8 L=0.02 M H* (5.9)

Add this to the concentration of H* present, [H*] = 1.0 x 107 + 0.02 = 0.02, and the pH of
the water would be 1.7. (Note the addition of the [H"] from the water does not change
the pH of the water in this example due to the large [H*] from the dissociation of H,CO3.)
This is only true if all of the dissolved CO, becomes HCO3". As mentioned previously,
the majority of CO; gas dissolving in water becomes CO 5q), With only 1 in 400 actually
becoming HCO;3 and releasing a proton. Therefore, to accurately calculate the pH in our

exercise, it is necessary to divide our calculated [H*] by 400.

If all the CO, from the headspace dissolved into the water, pH is calculated using

Equations 5.10 through 5.12.

0.016 moles CO; (g) in headspace — 0.016 moles CO (ag) (5.10)

0.16 moles CO3 (aq) 1mole H,CO3 1mole HCO; _ 1moleH™
400 moles COz (aq) 1mole H,CO3 1mole HCO3

=4 x10°moles H* (5.11)

pH = -log (4 x 10°moles H" /0.8 L) = 4.3 (5.12)

The change in pH for the different water temperatures can be calculated using the percent

change given in Table 5.3 (Equations 5.12 and 5.14).
4 x 10™° moles H* x 10% (at 50 °C) = 4 x 10° moles H*, pH = 5.3 (5.13)

4 x 10®° moles H* x 50% (at 10 °C) = 2 x 10> moles H', pH = 4.6 (5.14)
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Useful web resources

http://www.epa.gov/climatechange/fg/emissions.html

http://cdiac.ornl.gov/pns/fag.html
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Chapter 6

Conclusion
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Gracilaria salicornia and Acanthophora spicifera are two common and
successful invasive species in Hawai‘i (Smith et al. 2002). The goal of this dissertation
was to evaluate the effect of invasive algae on water flow, diel redox cycling and nutrient
availability. After completing the work for this dissertation, we propose that the success
of these invasive algae is due, in part, to the ability of the algae to alter local redox

conditions, creating an environment that enhances algal growth.

Invasive macroalgae are a major component of non-indigenous marine species
(Schaffelke et al. 2006). Whether native or invasive, benthic macroalgae biologically,
physically, and chemically alter local ecosystems. Biologically, macroalgae negatively
impact other benthic organisms, including coral (Lapointe 1997, Smith et al. 2005, Hauri
et al. 2010), seagrass (McGlathery 2001, Holmer et al. 2009) and benthic infauna
(McKinnon et al. 2009). Macroalgae increase the availability of organic matter (Khailov
and Burlakova 1969), which increases rates of microbial respiration (Alber and Valiela
1994, Smith et al. 2006), and reduces the concentration of oxygen in the water column.
Physically, macroalgal canopies and mats reduce local flow conditions (Escartin and
Aubrey 1995, Forster et al. 1996, Nepf 2012) and decrease the amount of light that
penetrates to the sediment water interface (SWI) (Sundback et al. 1990, Corzo et al.
2009). Chemically, a reduction in the concentration of oxygen at the SWI increases the
availability of phosphate, due to desorption from iron oxyhydroxides (Krom and Berner

1980, Sundby et al. 1986, Slomp et al. 1996a and b, Jensen et al. 1995, Blomqvist and
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Elmgren 2004), and increases ammonium concentrations, because nitrification can no

longer occur.

In He‘eia Fishpond, A. spicifera canopies decrease the concentration of oxygen at
the SWI and compared to non-colonized regions in the pond, the invasive algae extend
the length of time oxygen is absent at the SWI (Chapters 2 and 3). Enhanced diel cycling
was observed at the SWI beneath the A. spicifera canopies, where oxygen concentrations
were higher during the day and lower at night than in adjacent non-colonized regions
(Chapter 2). Areas with the invasive algae also had higher ammonium concentrations
(Chapters 2 and 3) and higher rates of ammonium flux from the sediment into the
overlying water column (Chapters 2) than sediments without the macroalgae (Chapters 2
and 3). Water column nitrate was below the detection limit (BDL) in sites with and
without the macroalgae, suggesting that denitrification rates are similar between
colonized and non-colonized regions (Krause-Jensen et al. 1999) or nitrate was being
rapidly taken up. Acanthophora spicifera created reducing conditions at the SWI, as
shown by the presence of Mn®* (Chapters 2 and 3), dissolved iron (Chapters 2 and 3) and
sulfide (Chapter 3) in the lower few centimeters of the algal canopy and at the SWI.
Despite the reducing conditions observed in the algal canopy and in sediments, dissolved
inorganic phosphate was below the detection limit (0.5 uM) during the majority of

samplings events, as previously reported for fishpond sediments (Briggs 2011).

Phosphate is particle-reactive, capable of sorbing to iron oxides, and the reductive

dissolution of iron oxides releases phosphate to the surrounding water. The Fe:P ratio
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was calculated at sediment depths when the maximum concentrations of iron and
phosphate coincided (Chapter 2). We found the Fe:P ratio to be in the range for
freshwater, not marine, systems, indicating less sulfide was available in the sediments

than required for FeS formation (Gunnars and Blomgvist 1997).

Reduced forms of manganese and iron were observed in the surface sediments of
the fishpond. Manganese oxides are abiotically reduced by sulfide and ferrous iron
(Burdige and Nealson 1986, Thamdrup et al. 1994), and sulfide is the primary abiotic
reducer for iron oxides (Nealson and Saffarini 1994, Thamdrup et al. 1994). These
reduction reactions are fast, occurring on the order of minutes to hours, depending upon
the types of minerals available (Cline and Richards 1969, Davison and Seed 1983, Kirby
et al. 1999). Previous work has demonstrated that the rapid iron-sulfide interaction
causes sulfide to be absent from sediment pore waters when iron oxides are abundant
(Canfield 1989). Sulfide was present in pore waters both in He‘eia Fishpond (Chapter 3)
and around Coconut Island (Chapter 4). Within He‘eia Fishpond, the detection of sulfide
at the SWI in the pore waters within fine grained, terrigenous facies, is surprising given
the high iron content in Hawaiian soils. The occurrence of sulfide in the presence of iron
oxides suggests sulfate reduction is occurring so rapidly that sulfide accumulates in the
pore water even in the presence of iron oxides. Alternatively, the type of iron oxide
present may be such that the sulfide-iron oxide reaction is occurring at a slower rate than

sulfide production.
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Our work in He‘eia Fishpond found that unlike idealized pore water profiles,
dissolved iron, dissolved manganese and sulfide overlap in sediment pore waters. The
co-occurrence of dissolved manganese and sulfide provides evidence that in addition to
reducing iron oxides, sulfide is likely reducing manganese oxides in these sediments
(Chapter 3). There are two potential reasons sulfide was detected in the water column of
the fishpond. One, the rate of sulfate reduction in the sediment beneath A. spicifera
canopies is so high that excess sulfide diffuses into the water column before it can react
with available oxidants in the sediment. Two, the mineralogy of the sediments is such
that iron-sulfide reactions cannot occur fast enough for all of the sulfide to be oxidized,
and therefore other oxidants, including manganese oxides are being reduced. Regardless
of the mechanism, the presence of both manganese and iron in the sediments and water
column of the pond provides a scavenging mechanism for phosphate, likely causing the
low phosphate concentrations found in the pore water and contributing to the low levels
of phosphate in the water column in He‘eia Fishpond. Additionally, the higher
concentration of sulfide in areas dominated by the macroalgae provides evidence of

environmental alteration by the invasive algae.

The relationship between redox chemistry and water flow was examined within
and around G. salicornia mats (Chapter 4). As previously reported for porous sediments
(Booij et al. 1991), we found that higher flow rates corresponded to deeper oxygen
penetration depths in the macroalgal mats (Figure 4.5). A comparison between turbulent
kinetic energy and oxygen availability revealed that when TKE is below 0.001 m/s

suboxic pockets appear in the center of mats (Figure 4.7), suggesting that an increase in
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the size of diffusive boundary layers influences the production and concentration of
oxygen in the mats. Compared to non-colonized regions, the G. salicornia created
reducing conditions at the SWI, as observed through the decreased concentration of

oxygen at the SWI.

The work completed for this dissertation has shown that the invasive macroalgae
A. spicifera and G. salicornia create regions of low oxygen in the water column and
cause reducing environments at the SWI (Chapters 2, 3 and 4). We expected reducing
conditions at the SWI beneath the macroalgae to increase the concentrations of
ammonium and dissolved inorganic phosphate, however only ammonium concentrations
were found to be higher beneath the macroalgae (Chapters 2 and 3). We propose the
existence of reducing conditions in close proximity to the macroalgae create microniches,
within which processes such as reductive dissolution of iron-oxides and subsequent
phosphate release are occurring, and that these conditions provide an ecological

advantage for the invasive macroalgae.
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