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ABSTRACT

He‘eia National Estuarine Research Reserve (NERR), established as the 29«
NERR in the U.S. national system in 2017, provides a living laboratory to better
understand the complex relationships in areas where freshwater streams meet the sea.
He‘eia Fishpond, located within He‘eia NERR boundaries, is an 88-acre, approximately
800-year old traditional Native Hawaiian fishpond that once provided sustenance for the
communities in the area. However, a century of land-use change and introduction of non-
native species have resulted in low productivity of food fish in He‘eia Fishpond. One of
He‘eia NERR’s missions include removing invasive species to restore the watershed to a
system that reflects Indigenous knowledge and practices. In keeping with this mission,
this project aimed to understand habitat change by measuring water circulation and flow
related to invasive species removal efforts at He‘eia Fishpond. Efforts to restore the
fishpond into a system that produces native food fish species for community sustenance
is currently ongoing, led by a Native Hawaiian community non-profit group, Paepae o
He‘eia, also the caretakers of He‘eia Fishpond. Water flux was measured at each of the
six sluice gates (makaha), relative flow was measured within the fishpond, and the data
was compared to water circulation data from a similar study conducted in the pond in
2018. As estuarine environments are highly dynamic in nature, understanding how the
removal of invasive algae affects water circulation throughout the fishpond since 2018
may aid in addressing future coastal management issues and restoration actions for

resource managers within the He‘eia NERR.
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1.0 INTRODUCTION

1.1 Estuaries: Where freshwater streams meet the sea

An estuary is defined as a semi-enclosed coastal body of brackish water, which
has a free connection to the open sea (Pritchard 1967). The dynamics of estuaries are
driven by both marine (tidal cycles, waves, in/outflux of seawater) and terrestrial
(nutrients, in/out-flux of freshwater) influences, as well as physical and biological forcing
from both sides. Within estuaries, there can be a strong salinity gradient of the waters
from the land to the sea, as estuaries are found in places where freshwater inputs from
terrigenous sources make contact with seawater from the ocean (Schlesinger & Bernhardt
2013). The mixing of fresh and saltwater occurs in the estuary’s central channel, creating
a transition zone where rapid biogeochemical processes and high productivity may occur
(Burton 1988, Dagg et al. 2004). The turbulent mixing also generates abrupt changes in
the environment’s temperature, pH, nutrient concentrations, and other factors that
influence the biogeochemical processes that take place there. Because these complex
ecosystems are highly dynamic in nature, estuarine environments are one of the most
challenging areas on Earth to study its biogeochemical processes.

Estuaries are one of the most productive areas in the world. The cycling and
distribution of nutrients, in particular, is an essential component of a healthy estuarine
environment. Many plants, animals, and humans rely on these ecosystems for food,
habitat, and sustenance (NOAA 2016). Often referred to as the “nurseries of the sea”
(USEPA 1993), estuarine environments provide vital nesting and feeding spaces for

many aquatic flora and fauna.
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FIGURE 1. He‘eia ahupua ‘a (land division). Native Hawaiians are known to use
sustainable practices of their natural resources. Wai (freshwater) trickles down the
streams of the Ko‘olau mountains and into the /o i kalo (taro patches), providing
community sustenance and filtering excess sediments and nutrients. Wai then makes its
way into the loko i ‘a (fishpond), allowing for a native fish community to thrive and

sustain the people for generations. Photo courtesy of Manuel Mejia

1.2 Native Hawaiians and the ahupua ‘a system

For centuries, Native Hawaiians have had a holistic understanding of the
relationships between animals, environment, and humans, occurring from mauka
(mountain) to makai (sea). They understood the responsibility of replenishing the natural
resources from which they borrowed, from the crops they used for sustenance on land, to
the water that eventually made its way back to the sea (Smith & Pai 1992). Although

Native Hawaiians did not practice land ownership, they heavily relied on and developed a
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complex system of land tenure, known as the ahupua ‘a system. The main Hawaiian
Islands were divided into several ahupua ‘a, which typically follow natural watershed
boundaries such as mountain ridges and streams, that stretches from the mountain ridges
on land to the outer bounds of coral reef systems in the sea (Kamakau et al. 1968).

Each ahupua ‘a contained the necessary resources needed to sustain the ‘ohana
(families) who live within the area. Holistic understanding of the relationships between
natural resources were evident in the Native Hawaiians’ use of fishponds (loko i ‘a) and
taro patches (/o ‘i kalo) in coastal environments, especially in Windward O‘ahu (Figure
1) (Kikuchi 1976). From diverting stream water to provide for copious taro patches in the
wetlands to controlling sedimentation input that may end up in the fishpond, Native
Hawaiians had a robust understanding of the physical, hydrodynamic, and
biogeochemical processes of the watershed. Efficiently implementing this customary
knowledge of place allowed them to persist and live for centuries prior to the arrival of

western Europeans.

1.3 History of invasive species in within the He‘eia ahupua ‘a
1.3.1 Red mangrove — Rhizophora mangle

Physical changes of land-use within the past century have led to land-
management decisions that resulted in severe negative repercussions for the He‘eia
ahupua ‘a that are still evident today. The He‘eia wetlands were once one of the largest
areas of wetland taro cultivation in the island of O‘ahu (Handy, Handy & Pukui 1972).
Starting in the mid-1800s, there was a transition in land-use from subsistence-based

flooded taro agroecosystems (/o ‘i kalo) to a plantation-style commercial economy
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(Kako*‘o ‘Oiwi 2010). While the flooded taro agroecosystems aided in regulating stream
discharge rate and trapped excess sediment and nutrients, the new plantation-based
economy accelerated excess erosion and siltation to the nearshore environment and
surrounding Kane‘ohe Bay — harming coral reefs, adjacent coastal fisheries, and fishpond
practices (Bahr et al. 2015, Moehlenkamp et al. 2019). In an attempt to control erosion
and sedimentation brought on by the new sugar plantation, the red mangrove (Rhizophora
mangle) was introduced to the island of Molokai in 1902 (Munro 1904), and introduced
to O‘ahu in 1922 when they were planted in the He‘eia estuary by the Hawaiian Sugar
Planter’s Association (Fosberg 1948, Wester 1981). Currently, the persistence of the
invasive mangrove is still one of the biggest problems He‘eia Fishpond faces today, and

efforts to remove them have been on-going since the early 2000s (Figure 2E).
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FIGURE 2. He‘eia Fishpond site. (A) The He‘eia ahupua ‘a. The ahupua ‘a is outlined in
yellow, He‘eia stream is outlined in blue where it flows into He‘eia Fishpond, shaded in
red, out into Kane‘ohe Bay. (B) Shows the bio-cultural restoration outline from 2012-
2018. Sluice gate locations that control freshwater and marine inputs into the pond are in
yellow (Hawaiian names in white). Black line refers to areas worked on during the
restoration periods. (C) Ocean Break, a large opening in the fishpond wall caused by the
1965 flood. It is currently rebuilt into makahd Kaho‘okele today. (D) Newly built sluice
gate where Ocean Break used to be. (E) Invasive mangrove removal sites on the northern

end of the fishpond. Source: Moehlenkamp (2019)
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In many cases, mangroves are highly desirable in their native ecosystems as they
provide shoreline protection, sediment stabilization, and nursery grounds for various
animals in the area (Gedan et al. 2011). However, in the case of Hawai‘i, the introduction
of non-native mangroves has led to serious negative ecological and economic impacts
(Chimner et al. 2006). The invasive red mangrove is found in almost all major Hawaiian
islands. They have obstructed sluice gate structures, decreasing water volume flux and
circulation of water in the fishpond and the streams that feed them (Allen 1998, Walsh
1967). Mangrove-dominated areas have high sediment rates and have become anoxic due
to the excess bacterial decomposition of detritus (Allen 1998, Crooks 2002, Demopoulos
& Smith 2010). As mangroves outcompete other native species in the area, their detritus
becomes a sink for nitrogen and phosphorus and the excess sediment they trap cause poor
water flow and decrease dissolved oxygen in its surrounding waters, which could
potentially inhibit the rates of primary production in native Hawaiian fishponds (Walsh
1967). Because the red mangrove is non-native, native detritivores are unable to
assimilate mangrove-derived nutrients and are not adapted to break down mangrove
detritus (Demopoulos 2007).

Sediment loading from agricultural and urbanization sources has increased
significantly since the 1800s. Dense mangrove root mass has resulted in an increased
accumulation of terrigenous matter that extended outside the fishpond and onto the coral
benthos (Vasconcellos 2007). Dense mangrove forests grew along the fishpond wall,
resulting in increased salinity, organic matter, and turbidity that compromised the once
native-dominated composition of the fishpond and moved towards an environment

dominated by non-native species and invasive macro-algae.
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Since 2001, the non-profit community organization Paepae o He‘eia has been
earnestly restoring the prosperity of the Native Hawaiian fishpond, including removing
invasive species, restoring the fishpond wall (kuapa) and other structures, and working to
maintain a favorable environment for native food fish species such as Hawaiian striped
mullet (‘ama ‘ama). Thousands of volunteers have dedicated tens of thousands of hours
toward the removal of mangrove and restoration over the years. As of 2018,
approximately 1.46 km of the 2.13 km wall has been cleared of red mangrove via

physical removal.

1.3.2 Invasive macroalgae

The Keapuka Flood of 1965 severely compromised the circulation and water
volume flux patterns within He‘eia Fishpond, creating a 183 m opening in the
northwestern sector of the fishpond wall adjacent to He‘eia Stream (Banner 1968).
Historical tide data (NOAA Tides and Currents) show that the flood likely occurred
during a perigean spring tide event, and might also explain the 56 m break (called “Ocean
Break,” Figure 2C) in the eastern seaward sector of the fishpond wall, likely from the
build-up of internal pressure of the flood coupled with the extremely low tide outside the
fishpond. These breaks of both the land- and seaside of the fishpond wall prevented
He‘eia Fishpond from maintaining functionality and productivity. The pond’s volume
became unstable as it became even more tidally dominated, allowing for a dense
mangrove forest to flourish and fragments of invasive macroalgae to enter and become

well-established within the pond. Over time, the growth of invasive macroalgae
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contributed to more damage to the fishpond wall, effectively decreasing water exchange
within the pond (Walsh 1967, Allen 1998).

Various species of invasive macroalgae populate the surrounding Kane‘ohe Bay.
In particular, three invasive macroalgae species are present within He‘eia Fishpond:
prickly seaweed (Acanthophora spicifera), gorilla ogo (Gracilaria salicornia), and
smothering seaweed (Kappaphycus sp.). The distribution of the algae during wet and dry
seasons can be seen in Figure 3. Although the map and surveys were generated in 2012,
the distribution can be perceived as accurate of the current state of the pond prior to the
intense algae removal that took place from June 2019 to March 2020 (H. Kawelo & K.
Kotubetey, personal communication). A. spicifera is the most widespread invasive alga in
Hawai‘i, first introduced in the 1950s most likely through unintentional introduction via
barges (Doty 1961). G. salicornia and Kappaphycus sp., on the other hand, were both
introduced in Hawai‘i in the 1970s for the purpose of commercial cultivation (Cox 1999).
Based on current observations, distribution of G. salicornia and A. spicifera are mostly
concentrated near the fishpond wall facing Kane‘ohe Bay, with smaller clusters

distributed throughout the pond.
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FIGURE 3. Invasive macroalgae distribution in He‘eia Fishpond during wet and dry
seasons of 2012. A. spicifera is consistent at the extreme northern and southern sectors of
the pond. G. salicornia is consistent at locations adjacent to the mangrove forests near the

shoreline and the fishpond wall facing Kane‘ohe Bay. Source.: Loko I‘a Digital app

Due to their phenotypic plasticity, high growth rates, and fragmentation
capabilities, these invasive macroalgae have succeeded to spread and persist in the
Hawaiian waters (Russell 1983, Kilar & Mclachlan 1986, Russell et al. 1992, Abbott
1999, Cox 1999). Fragments of these algae eventually made their way into He‘eia
Fishpond via high tides and established themselves throughout the area (Hawai‘i Office

of Planning 2016). The presence of invasive macroalgae are known to have detrimental

17



effects to the overall health of the pond. Dense patches of the invasive seaweed damage
the fishpond walls and clog the in/out flux of fresh and saltwater that flows through the
pond, making it difficult to create a sustainable food chain and reestablish aquaculture
production (Hawai‘i Office of Planning 2016).

Throughout the surrounding Kane‘ohe Bay, remediation efforts have been done in
an attempt to control the invasive macroalgae population. In collaboration with the State
of Hawai‘i Division of Aquatic Resources and the University of Hawai‘i at Manoa,
physical removal of macroalgae has been done through the use of the Supersucker, a
suction generated from a large pump system located on a barge (Figure 4).
Bioremediation through the introduction of native sea urchins have also been found to be
successful in controlling invasive macroalgae populations (Neilson et al. 2018) (Figure
4). Since June 2019, an intense period of physical removal of invasive macroalgae within
He‘eia Fishpond was undertaken by Paepae o He‘eia using the Supersucker. This intense

removal period was concluded at the end of March 2020.
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FIGURE 4. Methods of invasive macroalgae removal in Kane‘ohe Bay. Physical

removal of algae through the use of the Supersucker (Left) and the introduction of native

sea urchin species as a means of bioremediation (Right).

1.4 He‘eia National Estuarine Research Reserve

The National Estuarine Research Reserve (NERR) System consists of a network
of 29 coastal sites across the United States designated to protect and study estuarine
systems (NOAA OCM 2020). These Reserves are established through partnerships with
the National Oceanic and Atmospheric Administration (NOAA) and respective coastal
states. These sites provide researchers, policy makers, and caretakers of the land with
“living laboratories” to better understand the unique relations that take place in areas
where freshwater systems meet the sea. With over 1.3 million acres (over 500,000
hectares) of estuarine areas stewarded, NERR sites manage the site’s coastal stewardship,
education, research, and long-term water quality monitoring (Winter et al. 2020).

The He‘eia NERR is the newest implemented Reserve, established as the 29th
Reserve in the national system in 2017 (NOAA NOS 2017). Encompassing 1,385 acres
(>550 hectares), He‘eia NERR consists of unique and diverse upland, wetland, stream,

estuarine, coastal, and marine habitats within the He‘eia ahupua ‘a (Figure 5). He‘eia
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NERR is quite unique from other Reserves across the nation in implementing a
management plan that takes on a “Traditional and Contemporary Approach”, which plans
to integrate Indigenous ways of knowing and contemporary scientific research,
monitoring, and sharing as a model for a sustainable estuary (Hawai‘i Office of Planning
2016). Through collective efforts with various site partners and the State of Hawai‘i, the
designation of He‘eia NERR was determined appropriate in addressing the local

challenges in improving land and water resources through their partnership with NOAA.

Hawaii
State
Parks

Hawaii Institute
of Marine Biology

He'eia NERR Boundaries

[ Hawaii Institute of Marine Biology
Hawaii State Parks
Kako'o 'Oiwi
Paepae o He'eia

I [_INERR Core

NERR Buffer

FIGURE 5. Entities within the He‘eia NERR boundaries and partnering organizations
managing them. He‘eia State Park located to the north, wetlands of Hoi located
south/west, Moku o Lo ‘e (Coconut Island) to the east, surrounding marine waters with
patch and fringing reefs, and Loko i‘a o He ‘eia (He‘eia Fishpond) in the center. Source:

heeianerr.org/about-us/

20



Priority coastal management issues within He‘eia NERR include invasive species,
loss of habitat, erosion and sedimentation, non-point source pollution, urbanization and
human activities in the area, water quality issues, agricultural development, and climate
change impacts (Hawai‘i Office of Planning 2016). For this study, we were called upon
by one of He‘eia NERR’s site partners, Paepae o He‘eia, to evaluate the circulation and
water exchange dynamics of He‘eia Fishpond before and after the intense invasive algae
removal that started in June 2019. The objective of this study is to understand how the
removal of invasive species affect water circulation and flow within He‘eia Fishpond.
Estuarine environments are highly dynamic in nature, and water circulation plays a
significant role in the distribution of nutrients and microbial community throughout the

pond, influencing food web dynamics and overall health of He‘eia Fishpond.
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2.0 METHODS

2.1 Study Site: Loko i‘a o He ‘eia — He‘eia Fishpond

He‘eia Fishpond (Loko i‘a o He ‘eia) is a 0.356 km: Native Hawaiian fishpond
located along the coast of He‘eia Uli, bordering Kane‘ohe Bay on the windward side of
O‘ahu (Figure 6). It is one of the largest fishponds in the Hawaiian Archipelago and is
the second largest of at least 20 fishponds that were once active along the Kane‘ohe Bay
shoreline (Henry 1975, Kikuchi 1976). He‘eia Fishpond has been estimated to have been
built over 600-800 years ago above the Malauka‘a fringing reef (Kelly 2000).
Characterized as a coastal wall fishpond (loko i ‘a kuapa), it is entirely enclosed by a 2.5
km wall (kuapa) made up of a combination of basalt and fossilized coral (Henry 1975).
The south and east kuapa is bordered by Kane‘ohe Bay, north bordered by He‘eia
Stream, and a historic man-made watercourse (auwai) that runs adjacent to the fishpond

along the entire western bank.
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Island of O'ahu

He'eia Fishpond

FIGURE 6. Loko i‘a o He ‘eia is an 800-yr. old native Hawaiian fishpond situated in

Kane‘ohe Bay. Source: Na Kilo Honua o He ‘eia.

Sluice gates (mdakaha) are located throughout the fishpond in order to (1) control
water flow in and out of the pond, and (2) protect target fish species from larger predators
outside the pond. He‘eia Stream is the main supplier of freshwater input and Kane‘ohe

Bay is the main source of seawater (Apple & Kikuchi 1975, Kelly 2000). Historically,

23



inland marshes upstream the fishpond were filled with taro patches which diverted water
from He‘eia stream for crop irrigation. This system not only provided sustenance for the
communities that tended for the land (‘@ina), but also trapped excess sediment eroded
from the land, ultimately reducing the sediment and nutrient load that enters the fishpond

(Kikuchi 1976, Kelly 2000).

2.2 Measuring water flux at each makaha

To evaluate the flux of water that goes through sluice gates into and out of He‘eia
Fishpond, Sontek Argonaut Shallow Water (SW) Profilers (Sontek, San Diego, CA,
USA) with battery housings were deployed at each mdakahda for ~24 hr to capture a full
tidal cycle (Figure 6). Deployments took place between June 15 - 20, 2019. Over the
sampling period, one full spring tide was measured. Sontek Argonaut SW Profilers were
oriented to face into the channel and placed at the bottom of each makaha floor between
the sluice gate’s interior/exterior edge. Instrumentation was mounted to a 0.7 x 0.7 m
metal mooring and weighed down with ~30 kg weights. Measurements were recorded
every 10 s with an average interval of 10 s. The blanking distance was set to the
minimum of 0.07 m due to the shallow water column (~ <0.50 m). Water velocity (m s™!)
and water level measurements (m) were acquired to calculate water volume flux (WVF,
m? s7") at each makaha using this equation:

® = wdv €))

where ® is WVF (m? s!), w is the respective makaha width (m), d is the water level
vector (m), and v is water velocity through the respective makaha channel (m s'). For

makaha
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Kahoalahui, water volume flux values were calculated by tripling the flow measurements
taken at the southernmost makaha channel to reflect the three makahda units located at
that station.

As each makaha was built with varying heights at time of construction, a different
tidal cycle length (hr) was determined for each mdakaha to take this into account. Flood
tidal cycle start and end times were defined as low slack water (LSW, WVF = 0 m? s™)
tide stage and high slack water (HSW, WVF = 0 m? s!), respectively (Moehlenkamp
2018). For ebb tide cycles, start and end times were defined as HSW and LSW,
respectively. LSW water levels for each makaha ranged widely from 0.08 m in Wai 1 to
0.64 m in Kaho‘okele. HSW water levels can also range widely from 0.5 m in Wai 1 to
1.1 m in Kaho‘okele. Peak WVF (m? s!) is defined as the highest WVF observed at each
tidal cycle of each makaha. Cumulative flux per tidal cycle (m?) is the total volume of
water exchanged per tidal cycle, and was calculated using this equation:

Cum. Flux = Mean WVF x Tidal Cycle Length 2)
Where Cum. Flux is the cumulative flux per tidal cycle (m*), Mean WVF (m? s™!) is the
average WVF at each tidal cycle of each makaha, and Tidal Cycle Length (hr) is the
length of time a tidal cycle takes place. We multiply Equation 2 by 60x60 to reach the
final unit of m3.

To remove errors in the data retrieved from the Sontek Argonaut SW Profilers, we
manually removed water level measurements (m) that deviated &+ 0.05 the trend. As water
level can be used as a proxy for tide levels (increase in water level indicate incoming tide,
decrease in water level indicate outgoing tide), we referenced tide levels retrieved from

NOAA.
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2.3 Measuring relative water flow within He‘eia Fishpond

Clod cards have been widely used in marine habitats to correlate clod card weight
loss with water motion, and shows the difference in water movement relative to other
sites (Jokiel & Morrisey 1993). To measure water flow within He‘eia Fishpond, clod
cards were deployed at 10 previously selected sites throughout the pond (Figure 7). Clod
cards are solid blocks of calcium sulfate created by mixing a 10:9 ratio of Plaster of
Paris:water, respectively. At each site, two pre-weighed, replicate clod cards were
secured to a masonry brick at the fishpond floor for a ~24 hr. period. For control, the
same setup was placed in a bucket filled with water from the pond in a shaded area,
where water was motionless and consistent in salinity. Due to the wide salinity range
within the pond, two control setups were conducted with waters from the north side (low

salinity) and south side (high salinity) of the pond, respectively.
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FIGURE 7. Deployment sites of Sontek Argonaut Shallow Water (SW) Profilers at each

makaha (blue) and clod card site distribution (red) within He‘eia Fishpond.

After retrieval, clod cards were rinsed with freshwater and dried in an oven for a
couple of days until there were minimal changes in mass between daily readings. Three
daily readings of each clod card were then measured and averaged to calculate post-
weight. The diffusion index factor (DF) was then calculated:

DF = weight loss of field clods / weight loss of control clods Q)

A restoration project to remove invasive algae throughout He‘eia Fishpond took
place from June 2019 to March 2020. Uptake of algae via the Supersucker was the
primary method of removal, and was led by a team at Paepae o He‘eia. Selected areas of
algae removal were based on visual observations by the fishpond stewards for where the

majority of the algae was present. Approximately 100 ft x 200 ft grids were defined along
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the fishpond wall and removal of algae took place within each grid. Algae collected at
each grid were weighed and sorted by species. Removal efforts primarily took place near
the fishpond wall as invasive macroalgae was observed to be most abundant in those
areas. The majority of algae collected were G. salicornia and A. spicifera. In order to
determine whether algae abundance correlated with water flow at specific sites, we used
the DF from clod cards as a proxy for relative water flow to the weight of algae collected

from corresponding sites.

2.4 Comparison to 2018 water circulation study

Quantitative studies of water flow and circulation throughout He‘eia Fishpond
were first conducted by Charles Young (2011), who laid the groundwork for future
studies of water volume dynamics within the pond. For this study, methods used in this
study were replicated from a study done by Moehlenkamp et al. (2019), which measured
long-term effects of the removal of the invasive mangrove island and cattle egret absence
on water circulation and flow within He‘eia Fishpond. Water fluxes at each makaha from
Moehlenkamp’s study, conducted in 2018, were compared to calculated fluxes measured

at corresponding sites.
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3.0 RESULTS

3.1 Water volume flux dynamics in He‘eia Fishpond
3.1.1 Water flux at each makaha

The four makaha facing towards the ocean (Hthimanu, Kaho‘okele, Nui,
Kahoalahui; Figure 2) are observed to have bi-directional flow due to the semi-diurnal
tidal cycle that takes place in Kane‘ohe Bay. Wai 1, the first makahd in He‘eia Stream
closest to the stream mouth, experiences bi-directional exchange of both seawater and
freshwater from He‘eia Stream. Wai 2, further up He‘eia Stream towards the wetland, is
observed to have a unidirectional flow of surface water into the fishpond. Wai 3, the river
makaha located furthest upstream was not yet fully restored from past flood events and
was not used in this study. Sampling period took place from June 15 to June 20, 2019.
Tide data from NOAA Tide Predictions was used to determine the best dates for
sampling and collecting water volume flux (WVF) measurements. Sampling period days
were similar in predicted water levels and all within spring tides cycle.

Site-specific WVF (m?® s) of each of the six makaha were organized relative to
water level (m) during Spring Flood and Spring Ebb tides (Figure 8). A positive WVF
represents flux into the fishpond from Kane‘ohe Bay and/or He‘eia Stream. A negative

WVF represents flux out of the fishpond into Kane‘ohe Bay.
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WVF measurements were used to calculate flow rates per tidal cycle through each
makaha (Table 1). We found that peak WVF was highest during flood tides at all
makaha with the highest in makaha Kaho‘okele (2.20 m? s™'). Mean WVF is higher at
Spring flood tide at Hthimanu, Kaho‘okele, Nui-North, and Kahoalahui, with the highest
mean WVF in Kahoalahui (1.72 m? s!), indicating that most water exchange takes place
at this makaha. Nui-South shows a higher mean WVF during Spring ebb tide. Figure 9
shows relative water exchange at each makaha during Spring Flood and Spring Ebb tides.

On the other hand, the two river makaha Wai 1 and Wai 2 show similar mean
WVF for both flood and ebb tides. For Wai 1, this may suggest uniform water exchange
at both tidal cycles. Wai 2, however, has a positive mean WVF, indicating that water is
primarily flowing into the pond. This can be explained as there is a wooden board in Wai
2 that allows water to flow into the pond only, unless water level in the pond is higher
than the board (Figure 8, Wai 2). In addition, Spring flood tidal cycle lengths are
generally shorter than their Spring ebb counterparts, with a mean tidal cycle length of
6.33 +£0.84 hr and 7.01 + 0.59 hr for Spring flood tide and Spring ebb tide,
respectively. Overall, the combination of shorter-duration Spring flood tides and higher
amounts of water volume exchange during Spring flood tides may suggest that He‘eia
Fishpond is still a flood-dominant system, as it was determined two years ago

(Moehlenkamp et al. 2018).
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3.1.2 Comparison to Post-Mangrove Restoration Study (2018)

A similar study to quantify WVF in He‘eia Fishpond was conducted in 2018 by
Moehlenkamp et al. (2019) in response to the large-scale removal of invasive mangrove
throughout the pond. Table 2 compares their findings to those of this study, which was
done two years post-mangrove island removal.

At the time of their study, Moehlenkamp et al. (2019) found that more than half of
the total water exchange was responsible by makaha Nui for both flood and ebb tides
(relative WVF = 51.03% and 43.64% for flood and ebb respectively, Figure 9B), and
found that He‘eia Fishpond was a flood-dominant system. Between Moehlenkamp’s
study and the time of this study, makahda Nui was reconstructed into two sections
(measuring 2.46 m north side and 2.03 m south side), as opposed to one wide makahda
(measuring 6.48 m) when it was originally built. We find that both makaha in Nui still
play an important role in volume water exchange but has decreased in relative WVF since
the last study (total 25.60% and 26.06% for flood and ebb spring tides, respectively,
Figure 9C). We now find Kaho‘okele to play a similar role in relative water exchange to
Nui in both Spring flood and ebb tides (24.60% and 26.68%, respectively). We find a
~three-fold increase in relative water flux in Kahoalahui for both Spring flood and ebb
tides in this study (33.72% and 33.73%, respectively), making it the site in which most
water exchange occurs in and out of the makaha. In comparing site-specific WVF rates
from the two studies, we see a ~37-48% decrease in total water volume exchanged per
tidal cycle in He‘eia Fishpond, from 191,660 m? to 120,140 m? for flood tide and a

decrease from 174,880 m?® to 90,268 m? for ebb tide (Table 2).
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FIGURE 9. Relative Water Volume Exchange at each makaha during Spring Flood and
Spring Ebb tides. (A) shows the location of each makaha, (B) shows relative water
exchange rates from Moehlenkamp (2018), and (C) shows relative water exchange rates

from this study (2019).

Overall, there is a slight increase in relative WVF at each makaha (other than
Kaho‘okele and Nui) at the time of this study, suggesting that water flow is more
distributed between each of the makaha than Moehlenkamp’s study. We find the most
obvious shift in water exchange in makaha Kahoalahui, where we find a ~three-fold
increase in relative exchange of water volume exchange in both Spring flood and ebb tide
(12.74% to 33.72% and 11.56% to 33.73%, respectively). There is also about a ~three-

fold increase in makaha Hihimanu’s relative contribution to water volume exchange in
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Spring flood and ebb tide (from 3.69% to 10.97% and 2.73% to 9.14%, respectively). The
two river makahd - Wai 1 and Wai 2 - continue to have minor roles in water exchange in
both studies (Table 2). In the summer of 2018, a water channel, referred to as
“Horseshoe,” was created in the northern side of the pond with the intention of
redirecting more freshwater through the two river makahda. At the time of our study, we
see a slight increase in relative water exchange for Wai 1 for Spring ebb tide (4.35% to
6.80%). Although Wai 2 continues to display a unidirectional flow of freshwater into the
fishpond since the 2018 study regardless of tidal state, we find that there is an increase in
relative water flux flowing into the pond (0.44% to 1.47% in flood tide). We also find
that there is a ~two-fold increase in volume exchanged per tidal cycle for Spring flood
and ebb tides (840 m? to 1763 m? and 1560 m3 to 2172 m?, respectively), which suggests

that Wai 2 is contributing more freshwater input into He‘eia Fishpond.

3.2 Relative water flow within the fishpond and invasive algae distribution pre-removal
3.2.1 Relative water flow measured using clod cards

Clod cards were used to determine relative water flow at different locations
throughout He‘eia Fishpond (Figure 10). Clod cards were deployed prior to the invasive
algae removal project that took place from July 2019 to March 2020. We find that
relative water flow is higher around the northern sector and sites adjacent to the shoreline
of the pond, where there is an observed less presence of invasive algae at time of
deployment. The southern sector and along the fishpond wall is shown to have the lowest

relative flow adjacent to the fishpond wall facing Kane‘ohe Bay.
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FIGURE 10. Clod card deployment sites show diffusion factor (DF) as a proxy for
relative water flow. The higher the DF, the higher the water flow relative to other clod
card sites. There is an observed lower relative water flow at sites adjacent to the pond

wall.

3.2.2. Removal of invasive macroalgae in He‘eia Fishpond

A massive project to remove invasive macroalgae within He‘eia Fishpond took
place from July 2019 to March 2020. Although algae removal sites were chosen based on
observed areas of algae presence, the generated maps in Figure 11 may not be
completely representative of the algae distribution throughout the entire pond, as most
sites were concentrated along the southern/southeastern sectors of the pond. The 2012
algae distribution map (Figure 3) may be a more accurate visualization of algae

distribution at the time before the project. At the time of the invasive macroalgae removal
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project, collected algae was sorted by species and weighed accordingly within 100 ft x
200 ft grid sites within He‘eia Fishpond. Figures 11A and 11B shows the abundance of
A. spicifera and G. salicornia, the two most prominent invasive macroalgae in the pond,
at each site. Throughout the entire large-scale removal project, 105,830 1bs of G.
salicornia and 20,410 lbs of 4. spicifera, for a total of 126,240 lbs of algae were
collected. Overall, G. salicornia was the more abundant invasive macroalgae in the pond
and was present at all grid sites (Figure 11B). 4. spicifera was distributed mostly around

the southern sector of the pond, and were not present in 7 of the 32 sites (Figure 11A).

FIGURE 11. Invasive algae abundance at algae removal sites. Project took place from
July 2019 to March 2020. (A) shows abundance (Ibs.) of A. spicifera, (B) shows
abundance (Ibs.) of G. Salicornia, and (C) shows combined weight (Ibs.) of all invasive

algae collected at each removal site.
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At the time the clod cards were deployed, large-scale invasive macroalgae
removal had not yet taken place. When compared to the amount of invasive macroalgae
removed, we find that the southern end of the fishpond, where we see high densities of
both algae (Figures 11C), appeared to have lower relative flow than other parts of the

pond (Figure 10).
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4.0 DISCUSSION

4.1 Addressing changes in study objectives

The original intention of this study was to measure water volume flux and
exchange before and after the large-scale removal of invasive macroalgae using the
Supersucker within He‘eia Fishpond. However, due to the restrictions and risks from the
COVID-19 pandemic, we were unable to complete the ‘after removal’ survey portion of
the study, which was scheduled for April 2020. Instead, we decided to focus the study on
comparing the data we collected to the water volume fluxes that were measured after
mangrove island removal in 2018 (Moehlenkamp, 2019).

It is also important to take into consideration the differences of the two studies
when comparing their findings. Moehlenkamp’s 2019 study measured water fluxes of
four tidal cycles (Spring flood, Spring ebb, Neap flood, Neap ebb) at each makaha for 7-
day sampling periods. This study observed water flux exchange at Spring flood and ebb
tides at each makaha for ~24 hrs (one full tidal cycle) only. Thus, comparisons were
made between their calculations for Spring tides. Also, at the time of this study, makaha
Nui had been rebuilt into two makaha (2.03 m and 2.46 m), whereas during
Moehlenkamp’s study Nui was only one makaha unit (6.48 m). Intense removal of
mangroves upland of He‘eia Fishpond at Kako‘o ‘Oiwi had started during March 2018
and continued during the time of this study, and a water channel had been created at the
northern sector of the pond in the summer of 2018 in hopes to channel more freshwater

into the pond.
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4.2 Changes in water flux two years post-mangrove removal efforts

Our results found a ~40% decrease in total volume exchange in this study
compared to Moehlenkamp (2019)’s water volume fluxes. A plausible suggestion for this
decrease could be the reconstruction of makaha Nui, which was rebuilt into two smaller
makaha units. Moehlenkamp’s 2018 study found that when Nui was one mdakahda unit
(6.48 m), it accounted for approximately half of the water volume exchange in the pond
for Spring flood and ebb tides (Table 2). We also know that the restoration of the Ocean
Break makaha (known today as Kaho‘okele) redistributed how much water is exchanged
at each makaha (Moehlenkamp et al. 2019), so this might be what we are witnessing with
the reconstruction of makaha Nui.

We also see an increase in freshwater flow into the pond from Wai 2 two years
post-mangrove island removal (Table 2). As Wai 2 is observed to have a unidirectional
flow into the pond from He‘eia Stream, this may indicate that there is an increase of
freshwater input into the pond. This may suggest that the water channel built in the
summer of 2018, has been successful in redirecting freshwater from He‘eia Stream into
the two river makaha. As the overall health and productivity of estuarine environments
such as He‘eia Fishpond requires input of both freshwater and ocean water sources (Dagg
et al. 2004, Burton 1988), this may suggest that the clearing of invasive mangrove forests
has allowed more freshwater from He‘eia Stream to be fed into the pond.

The calculations in this study only reflect a period of one Spring tidal cycle (~24
hr) in June 2019, and we expect additional studies with a longer sampling period with
other tidal cycles and seasons represented may be needed to make further holistic

comparisons and analyses. Future studies could also look into the residence time of the
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water in the pond. As restoration efforts continue within the fishpond and the surrounding
uplands, we expect fluctuations in He‘eia Fishpond’s water volume exchange in response
to these changes. Climate change may also alter fishpond circulation dynamics, as
aperiodic freshwater input into the pond may increase during more intense storms, as well
as increased seawater input through sea level rise and king tides. Thus it is important to
continue to monitor changes in water volume flux and circulation in order to guide

fishpond management.

4.3 Invasive algae distribution

Invasive macroalgae distribution and species type was mapped back in the wet
and dry seasons of 2012 (Figure 3) and greatly represents the algae distribution in the
pond for a long time, until a few months before the intensive algae removal described in
this study, when large abundances of G. salicornia appeared (H. Kawelo & K. Kotubetey,
personal communication, July 21, 2020). The 2012 map shows that regardless of the
season, A. spicifera is more tolerant of freshwater than G. salicornia (Kilar & Mclachlan
1986), so that may explain why 4. spicifera is present at the extreme northern and
southern sectors of the pond year-round, around the river makaha and along the pier. G.
salicornia, on the other hand, was observed to be present adjacent to the mangrove
forests along the shoreline and near the fishpond wall facing Kane‘ohe Bay, which is
where the team at Paepae o He‘eia focused on removing the algae. G. salicornia has the
tendency to tumble across the pond with the currents and entangle with each other and
other species throughout the pond, obstructing flow (Cox 1999, Doty 1986). Because of

this, it is hard to pinpoint exactly where they are located during different tidal cycles.
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There is also an observed combination of macroalgae species throughout the middle of
the pond. Compared to the distribution that was collected during the large-scale algae
removal process, we find that G. salicornia continues to be persistent along the fishpond
wall as it was back in 2012 (Figure 3, Figure 11B).

We found that G. salicornia are found in large clusters and surrounding the mouth
of the ocean makaha. We suggest that as water flows in and out of the makaha, this
causes fragmentation of the algae, allowing it to proliferate in the surrounding area and
be found in such large amounts. As for A. spicifera, its low tolerance of salinity and wave
exposure (Russell et al. 1992, Kilar & Mclachlan 1986) could be responsible for its
continued presence in the northern sectors of the pond, near the river makaha, and

southern sectors, near the fishpond pier.

4.4 Restoration efforts continue to make progress

He‘eia Fishpond has undergone large changes since the time of Moehlenkamp’s
study, including additional structural changes such as extension of the kuapa on the
northwestern side and additional mangrove removal. In addition, the surrounding uplands
in the He‘eia wetland, managed by Kako‘o ‘Oiwi, have continued to restore flooded-field
agroecology (/o ‘i kalo), native agroforestry, and further removed acres of mangrove trees.
As of June 2020, most of the upland mangroves have been cleared and more water is
being directed downstream, thus we expect these restoration activities to improve water
circulation and freshwater access into the fishpond.

We hypothesize that there is a more even distribution of water flow between each

makaha compared to Moehlenkamp’s 2018 study, in response to the ongoing restoration
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efforts being done within the pond and the surrounding uplands. We also see an increase
of freshwater input in the river makaha Wai 2, suggesting that there is more mixing of
waters within the pond. Future studies can try to better understand the underlying
processes and seasonal dynamics of such water diversions, so that the fishpond stewards
can benefit from the information to manipulate water flow in the makaha to obtain
favorable flow rates into the pond. Currently, the third river makaha Wai 3 has been
constructed; however, the surrounding areas still need to be removed of debris in order to
increase water flow, and the flow is highly dependent on water passage in the He‘eia
wetland upstream, in Kako‘o ‘Oiwi. This increased input of freshwater sources could
contribute to the overall water exchange within the brackish waters of the pond, which

would in turn increase productivity within He‘eia Fishpond.
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5.0 CONCLUSION

Loko i‘a o He ‘eia provides us the unique opportunity to integrate western science
and Indigenous ways of knowing in order to better understand the complex relations that
take place where freshwater streams meet the sea. With the many restoration efforts that
have been conducted and are currently ongoing, the dynamics of the fishpond will
continue to change in response. This study shows that the water volume exchange
dynamics of He‘eia Fishpond respond to the structural changes being done within the
fishpond and surrounding uplands. Through the combination of the findings of research
collaborators and the deep-rooted Indigenous knowledge of how He‘eia Fishpond
functions, the fishpond stewards are provided with vital insight to create effective
management plans. By understanding the underlying factors that drive the dynamics of
the pond, we can continue to help to regulate water exchange through the makaha and
increase productivity for the native biota within the pond, to work together towards the
main goal of restoring the pond into the functioning Native Hawaiian /oko i ‘a it once

was.

45



LITERATURE CITED

Abbott, 1. (1999). Marine red algae of the Hawaiian Islands . Honolulu, Hawai‘i: Bishop
Museum Press.

Ahupua‘a. (n.d.). Hawaiian History. Retrieved from
http://www.hawaiihistory.org/index.cfm?fuseaction=ig.page&CategoryID=299

Allen, J. (1998). Mangroves as alien species: the case of Hawai‘i. Global Ecology &
Biogeography Letters, 7(1), 61-71. doi.org/10.1111/5.1466-8238.1998.00272.x

Apple, R. & Kikuchi, W. (1975). Ancient Hawai‘i shore zone fishponds: an evaluation of
survivors for historical preservation. Office of the State Director, National Park
Service, United States Department of the Interior. Honolulu, HI.

Bahr, K. D., Jokiel, P. L., & Toonen, R. J. (2015). The unnatural history of Kane‘ohe
Bay: coral reef resilience in the face of centuries of anthropogenic impacts.
PeerlJ, 3(1), €950-26. http://doi.org/10.7717/peerj.950

Banner, A. H. (1968). A fresh-water" kill" on the coral reefs of Hawai‘i. Honolulu, HI:
Hawai‘i Institute of Marine Biology, University of Hawai‘i.

Burton, J.D. (1988). Riverborne materials and the continent-ocean interface. In: A.
Lerman and M. Meybeck, editors. Physical and Chemical Weathering in
Geochemical Cycles, Kluwer Academic Publishers, 299-321.
doi.org/10.1007/978-94-009-3071-1 14

Chimner, R. A., Fry, B., Kaneshiro, M. Y., & Cormier, N. (2006). Current Extent and
Historical Expansion of Introduced Mangroves on O‘ahu, Hawai‘i. Pacific

Science, 60(3), 377-384. doi.org/10.1353/psc.2006.0013

46



Cox, E. (1999). Rate of spread of introduced rhodophytes Kappaphycus alvarezii,
Kappaphycus striatum, and Gracilaria salicornia and their current distributions
in Kane‘ohe Bay, O‘ahu, Hawai‘i. Pacific Science, 53(3), 232. Retrieved from
http://search.proquest.com/docview/219844019/

Crooks, J. A. (2002). Characterizing ecosystem - level consequences of biological

invasions: the role of ecosystem engineers. Oikos, 97(2), 153-166.
doi.org/10.1034/1.1600-0706.2002.970201.x

Dagg, M., Benner, R., Lohrenz, S., & D. Lawrence. (2004). Transformation of dissolved
and particulate materials on continental shelves influenced by large rivers: plume
processes. Continental Shelf Research, 24(7-8), 833-858.
doi.org/10.1016/j.csr.2004.02.003

Demopoulos, A. & C. R. Smith. (2010). Invasive mangroves alter macrofaunal
community structure and facilitate opportunistic exotics. Marine Ecology
Progress Series, 404, 51-67. https://doi.org/10.3354/meps08483

Demopoulos, A. W., Fry, B., & Smith, C. R. (2007). Food web structure in exotic and
native mangroves: a Hawai‘i—Puerto Rico comparison. Oecologia, 153(3), 675-
686. https://doi.org/10.1007/s00442-007-0751-x

Doty. M.S. (1986). Experiments with Gracilaria in Hawai‘i, 1983-1985. Hawai‘i
Botanical Science Paper, no. 46. University of Hawai‘i. Honolulu, Hawai‘i.

Doty, M.S. (1961). A possible invader of the marine flora of Hawai‘i. Pacific Science 15:
547-552.

Fosberg, F. R. (1948). Immigrant plants in the Hawaiian Islands. II. Occas. Pap. Univ. of

Hawai‘i 46:1-17.

47



Gedan, K. B., Kirwan, M. L., Wolanski, E., Barbier, E. B., & B. R Silliman. (2011). The
present and future role of coastal wetland vegetation in protecting shorelines:
answering recent challenges to the paradigm. Climatic Change, 106(1), 7-29.
DOI 10.1007/s10584-010-0003-7

Handy, E., Handy, E., & Pukui, M. (1972). Native planters in old Hawai’i : their life,
lore, and environment (Rev. ed.). Honolulu: Bishop Museum Press.

He‘eia National Estuarine Research Reserve. (2019). (n.d.). About Us. Retrieved from
https://heeianerr.org/about-us/

Henry, L. B. (1975). An inventory and status of recognizable fishponds along the
Kane‘ohe Bay shoreline. University of Hawai‘i Urban and Regional Planning
Program: 1-12.

Jokiel, P., & Morrissey, J. (1993). Water motion on coral reefs: evaluation of the “clod
card” technique. Marine Ecology Progress Series, 93(1/2), 175-181.

Kako’o ‘Oiwi. (2010). Mahuahua ‘Ai o Hoi He’eia Wetlands Restoration Strategic Plan
2010-2015. Kane’ohe, Hawai’i.

Kamakau, S., Barrere, D., & Pukui, M. (1968). Ka po‘e kahiko = The people of old
(Paperback ed.). Bishop Museum Press.

Kelly, M. (2000). Loko 1‘a o He‘eia / He‘eia fishpond (2nd ed.). Honolulu, Hawai‘1.
Dept. of Anthropology, Bernice Pauahi Bishop Museum.

Kikuchi, W. (1976). Prehistoric Hawaiian Fishponds. Science. 193(4250), 295-299.

Kilar, J., & Mclachlan, J. (1986). Ecological studies of the alga, Acanthophora spicifera

(Vahl) Berg. (Ceramiales: Rhodophyta): Vegetative fragmentation. Journal of

48



Experimental Marine Biology and Ecology, 104(1-3), 1-21.
https://doi.org/10.1016/0022-0981(86)90094-8

Kleven, A. (2014). Coastal groundwater discharge as a source of nutrients to He‘eia
Fishpond, O‘ahu, Hawai‘i (Undergraduate thesis). University of Hawai‘i at
Manoa, Hawai‘i, USA.

Moehlenkamp, P. (2018). Kit Hou Kuapa: Increase of water exchange rates and changes
in microbial source tracking markers resulting from restoration regimes at He‘eia
Fishpond (Master’s thesis). University of Hawai‘i at Manoa, Hawai‘i, USA.

Moehlenkamp, P., Beebe, C., McManus, M., Kawelo, A., Kotubetey, K., Lopez-Guzman,
M., Nelson, C., & R.A. Alegado. (2019). Kii hou kuapa: cultural restoration
improves water budget and water quality dynamics in he‘eia fishpond.
Sustainability, 11(1), 161. MDPI AG. Retrieved from
http://dx.doi.org/10.3390/sul1010161

Munro, G. C. (1904). Island of Moloka‘i. First Report of the Board of Commissioners of
Agriculture and Forestry of the Territory of Hawai‘i for the Period from July,
1(1903), 94-96.

Neilson, B., Wall, C., Mancini, F., & Gewecke, C. (2018). Herbivore biocontrol and
manual removal successfully reduce invasive macroalgae on coral reefs. PeerJ
PrePrints. https://doi.org/10.7287/peerj.preprints.26796v1

NOAA National Ocean Service (NOS). (2017). NOAA designates 29th National
Estuarine Research Reserve. Retrieved from

https://oceanservice.noaa.gov/news/jan17/new-hawaii-reserve.html

49



NOAA Office for Coastal Management (OCM). (2020). National Estuarine Research
Reserves. Retrieved from https://coast.noaa.gov/nerrs/about/

NOAA. (2016). Final environmental impact statement: He‘eia National Estuarine
Research Reserve. Office for Coastal Management, NOAA. Honolulu, HI.

Pritchard, D. W. (1967). What is an estuary: physical viewpoint. G. H. Lauf (ed.)
Estuaries, A.A.A.S Publ. 83, Washington, D.C. pp 3-5.

Russell, D. (1983). Ecology of the imported red seaweed Eucheuma striatum Schmitz on
Coconut Island, O‘ahu, Hawai‘i. Pacific Science, 37(2), 87-108. Retrieved from
http://search.proquest.com/docview/13786808/

Russell, D., Sindermann, C., & Steinmetz, B. (1992). The ecological invasion of
Hawaiian reefs by two marine red algae, Acanthophora spicifera (Vahl) Boerg.
and Hypnea musciformis (Wulfen) J. Ag., and their association with two native
species, Laurencia nidifica J. Ag. and Hypnea cervicornis J. Ag. ICES Marine
Science Symposia. Copenhagen, 194, 110-125. Retrieved from
http://search.proquest.com/docview/16251034/

Schlesinger, W.H. & E.S. Bernhardt. (2013). Biogeochemistry: an analysis of global
change (3rd edition). Academic Press.

Smith, M.K. & M. Pai. (1992). The Ahupua‘a concept: relearning coastal resource
management from ancient Hawaiians. Naga, the [CLARM Quarterly, 15(2), pp.
11-13.

U.S. Environmental Protection Agency (USEPA). (1993). Volunteer Estuary Monitoring:
A methods manual. Office of Water, EPA 842-F-98-011. Washington, DC.

http://www.epa.gov/owow/estuaries/pfiesteria/fact.html

50



Vasconcellos, S. M. K. (2007). Distribution and Characteristics of a Photosynthetic
Benthic Microbial Community in a Marine Coastal Pond. University of Hawai‘i
Manoa: Honolulu, HI, USA.

Walsh, G. E. (1967). An ecological study of a Hawaiian mangrove swamp. Estuaries, 83,
420-431.

Water Levels — NOAA Tides and Currents. Retrieved from
https://tidesandcurrents.noaa.gov/waterlevels.html?1d=1612480&units=standard
&bdate=19650101&edate=19651201&timezone=GMT&datum=MLLW &interv
al=mé&action=data. Accessed on 15 November 2019.

Wester, L. (1981). Introduction and spread of mangroves in the Hawaiian Islands.
Yearbook of the Association of Pacific Coast Geographers, 43(1), 125-137.
doi:10.1353/pcg.1981.0006

Winter, K. B, Y. Rii, F. Reppun, K. Hintzen, R.A. Alegado, B.W. Bowen, L.L. Bremer,
M. Coffman, J.L. Deenik, M.J. Donahue, K.A. Falinksi, K.L. Frank, E.C.
Franklin, N. Kurashima, N.K. Lincoln, E. Madin, M.A. McManus, C.E. Nelson,
R. Okano, A. Olegario, K. Oleson, P. Pascua, M.R. Price, M.J. Rivera, K.
Rodgers, C. Sabine, C.M. Smith, T. Ticktin, A. Hewitt, R. Kaluhiwa, M. Cypher,
J. Leong, B. Thomas, K. Kekuewa, K. Kukea-Shultz, H. Kawelo, K. Kotubetey,
B. Neilson, J. Tanimoto, T. Lee, & R.J. Toonen. (2020). Collaborative research
to inform adaptive co-management: a framework for the He‘eia National
Estuarine Research Reserve. In press.

Young, C. W. (2011). Perturbation of nutrient inventories and phytoplankton community

composition during storm events in a tropical coastal system: He ‘eia Fishpond,

51



O ‘ahu, Hawai ‘i (Master’s thesis). University of Hawai‘i at Manoa, Hawai‘i,

USA.

52



