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Abstract 

Along the coastlines of the Hawaiian Islands, there is a valuable and critical resource known for 

its brackish water habitat – loko i‘a (Hawaiian fishponds). They are dynamic systems dependent 

on the balance between fresh groundwater inputs from uka (uplands) and landward flow of kai 

(seawater), which all vary depending on the behavior of our climate, including rainfall, tides, and 

storms. Nutrient-rich groundwater mixing with the seawater at the coast allows for an abundant 

growth of limu or primary productivity attracting many of Hawaii’s favorable native brackish 

water and herbivorous species.  Having an intimate relationship with this natural coastal nursery, 

Hawaiians effectively modified these coastal habitats into loko i’a to provide a sustainable food 

source for the communities in which they reside. In support of these invaluable resources and 

practices, this study seeks to understand primary productivity and salinity relationships along the 

same coastline at Honokea Loko of Waiuli, and Hale o Lono and Waiāhole/Kapalaho of 

Honohononui, Hawaiʻi. Weekly water quality monitoring by kiaiʻ loko (fishpond steward) and 

biweekly water column sampling, salinity in the three loko i’a ranged from 3.1 to 18.8 and was 

significantly different throughout different areas of each pond. Benthic primary productivity 

experiments, found significantly more growth at higher salinity locations across all sites. Due to 

these strong correlations, loko iʻa communities would greatly benefit from these methodologies 

to quantify the variability of environmental changes through time and specific impacts of climate 

phenomena, changes in rainfall and sea level. These factors have the potential to interfere with 

primary productivity and alter loko iʻa systems interactions entirely. 
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Introduction 

Brackish Water Ecosystems 

Situated at the interface between land and sea, transitional estuarine and brackish water 

habitats are considered to be one of the most valuable ecosystems on our planet (Van den Belt 

2011, Elliot and Whitfield 2011). These systems include estuaries, salt marshes, mangrove 

forests, seagrass meadows and floodplain swamps, which provide countless benefits ecologically 

and economically (Sheaves et al. 2013). Juvenile fish, seabirds, and desirable food fish and 

shellfish are dependent upon nearshore brackish water biomes (Friedlander and Parrish  1998, 

Eggleston et al. 2004, Adams et al. 2006). The communities within these habitats are comprised 

of freshwater and marine species sustaining life at the edge of their distribution and is often a 

temporary home until they migrate or make their way to their spawning grounds (Claridge et al. 

1986, Wheeler  1988, Day et al. 1989, Potter et al. 1997, Maes et al. 1997). For this reason, their 

life span in the brackish water system is crucial as they rely on the sources of food that thrive on 

the conditions in these ecosystems. Given that transitional habitats endure influences from both 

the land and sea, the ecological interactions are dynamic and complex having direct ocean forces 

and freshwater inputs (Day et al. 2012). 

 

Primary Productivity and Coastal Ecosystems 

While upland rains provide the freshwater sources that bring nutrients into the system, the 

ocean currents distribute the nutrients throughout the coastline interacting with the sunlight and 

allowing for the growth of primary production (Day et al. 2012, Nedwell 1999).  This freshwater 

influence can also cause haloclines (salinity stratification), which result in the light conditions to 

be most efficient at the top layer and support the growth of primary producers (Malone et al.  

1988, Nedwell 1999). Within these fluctuating environments of fresh and salt water, specific 

species of algae typically only exist within a limited range of salinities (Graham et al. 1997). For 

epipelic algae (algae growing on mud) in estuaries, temperature and salinity are crucial 

environmental factors influencing the abundance of particular species of algae (Sullivan & 

Moncreiff 1988, Oppenheim 1991, Underwood 1994, Underwood et al. 1997). Temperature, 

which is often associated with light in the water column will also influence the growth rate of 

algae (Nedwell 1999, Admiraal 1976). The presence of energy and nutrient sources (sunlight, 
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ocean currents, and submarine groundwater discharge), plants (surrounding vegetation and 

phytoplankton), animals (zoo-plankton, planktivores, carnivores, benthic feeders, benthic 

animals), and storage (inorganic nutrients and oxygen) illustrates brackish water environments as 

containing grazing and detrital food webs (Day et al. 2012). Marine benthic algae in particular 

provides some of the oceans most valuable primary producers contributing to an abundance of its 

diversity (Abbott 2004). The rate at which these biophysical interactions are taking place is 

dependent upon particular characteristics of a given system. 

 

Loko iʻa and Primary Productivity 

 The brackish water ecosystems of Hawaiʻi are the focus of this study.  The early 

arrivals of people in Hawaiʻi date back 1000 or more years. These people whom inhabited the 

coastline and developed extensive agriculture and aquaculture systems known as loko iʻa as a 

way to sustain themselves on the islands within the brackish water habitats (Kikuchi 1976, Allen 

1998). Loko iʻa or fishponds are built with the resources that are available in a given area. The 

fishpond habitats are enclosed from the marine environment by a permeable seawall or a sand 

hill where freshwater inputs from the land are provided to the system by way of groundwater 

springs or streams. Loko iʻa are also normally not more than six feet in depth which allows 

penetration of light sufficient for the growth of algae and theidentification of the dominant 

species of algae in these systems were practiced in order to “farm” fish intelligently (Abbott 

1947). Hawaiiʻs coastline has the resources and the potential to sustain coastal communities by 

way of a practice that was established and designed for the islands and is found nowhere else in 

the world. In 1778 when Captain Cook arrived in Hawaiʻi, at least 360 fishponds existed with an 

estimate production of 900 metric tons of fish/year (Costa-Pierce 1987). The Bishop Museum 

identified at least 488 loko iʻa throughout Hawaiʻi, Maui, Lanaʻi, Molokaʻi, Oʻahu, and Kauaʻi 

(DHM 1990). These counts and productions do not account for those numerous other 

undocumented loko iʻa that got covered or dredged overtime, but we can speculate the 

extensiveness of these systems as a whole on the islands as a primary food source for the coastal 

communities at the time.  

Loko iʻa are where brackish water species of algae were first studied in Hawaiʻi late in 

1943 in connection with a survey co-operatively conducted by the University of Hawaiʻi and the 

Territorial Board of Agriculture and Forestry (Abbott 1947). The study focused on numerous 
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ponds on the islands of Oahu and Molokai and found that the variety of algae forms in these 

systems were so large that they had to be sent to different specialist which identified 9 genera of 

green algae 1 of brown, and 11 of red (Abbott 1947).  Among those who enter loko iʻa are two of 

many desirable table fish in Hawaiʻi, the mullet (Mugil cephalos) and milkfish (Chanos chanos), 

both of which feed largely on microphytobenthos and other larger algae (Abbott 1947).  This 

productivity within loko iʻa includes diatoms, algae, and organic substances such as vegetative 

debris and detritus, and other minute algae growing on the bottom of the loko iʻa or occasionally 

on the larger algae (Marion 1989). By harvesting herbivorous fish, the food chain within the loko 

iʻa in this case is relatively short compared to the marine food web which results in a much more 

efficient use of the aquatic resource. This leads us to believe that without the reduced salinity in 

these systems that contain the influence of freshwater along the coast, these environments would 

not be favorable for algal growth, consequently not attracting the desired table fish (Marion 

1989). Therefore, the success of these systems are highly dependent upon the sources of 

freshwater and a balance between fresh and saltwater.   

 

Climate Change and Primary Production 

The Hawaiian Islands are vulnerable to many impacts of climate change and quantified 

predictions have been made for the islands based off of previous and ongoing environmental 

phenomena. Sea level rise (Marra et al. 2012, Leong et al. 2014, Reynolds et al. 2015, Laursen et 

al. 2018), increase in storm activity with decreasing annual rainfall(Chu and Chen 2005, IPCC 

2014 ), and increased coastal erosion (Vitousek et al. 2010, Fletcher 2012, Habel et al. 2017) are 

among the most concerning impacts of climate change that have an imminent threat to loko iʻa.  

The sea level rise in the Hilo Harbor on Hawaiʻi Island is estimated at a rate of 3.1± 0.6 

mm/yr since 1946, which is an average of 1.8 ± 0.4 mm/yr faster than Honolulu, Oʻahu due to 

subsidence of Hawaiʻi Island (Caccamise et al. 2004). Kiaʻi loko have already been experiencing 

sea level rise at individual loko iʻa by annual maximum high tides (“king tides”) overtopping 

fishpond walls, and rapidly increasing salinity within the system along with increasing the depth 

of these nursery environments. Predictions of sea level rise suggests that it is to increase 

dramatically over the next century (Church et al. 2013, Kopp et al. 2014) causing chronical 

erosion along the shorelines of the Hawaiian Islands (Anderson et al. 2015). For example, during 

an 80-year analysis period on coastal erosion of Hawaiʻi, many sandy shorelines on the islands of 
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Maui, Oahu, and Kauaʻi have been entirely lost to erosion (Fletcher et al. 2013). Sea level rise 

and coastal erosion in the case of the Hawaiian Islands are directly linked (Anderson et al. 2015). 

Coastal erosion will drastically alter loko iʻa ecosystems (if not done so already) by changing the 

pond habitat and potentially changing the characteristics of pond dynamics physically, 

hydrologically, and ecologically.   

Although Hawaiʻi experiences small variation in temperature (Giambelluca and 

Schroeder 1998), patterns in precipitation are highly spatially diverse because of the influence of 

complex thermos topography with outside pressure (Chen and Chu 2014). Given this complexity 

throughout the islands, trends in precipitation were found that precipitation extremes are not the 

same across all islands over the last 50 years (Chen and Chu 2014). This same study suggests 

that there are more intense extreme events during La Nina years but lower moderate precipitation 

events during El Nino years and is most evident of this circumstance on Hawaiʻi Island (Chen 

and Chu 2014). Moreover, heavy rainfall events have been more frequent over the last 50 years 

on Hawaiʻi Island which have direct impacts on ecological systems (Chen and Chu 2014).  

Loko i’a productivity can be highly variable because of the complex dynamic interface 

between freshwater and seawater between land and sea. As a result, the impact of various climate 

phenomena (e.g., changes in freshwater input, increased storminess, sea level rise) have the 

potential to directly affect loko i’a function. Conducting research in loko iʻa to examine the 

multi-faceted effects of climate change in coastal areas is especially advantageous because these 

systems are known to be a complex integrated farming system connecting watershed ecosystems 

to nearshore mariculture and fisheries ecosystems (Costa-Pierce 2002). Given this circumstance, 

loko iʻa are extremely vulnerable to changes in productivity due to the various roles both 

agriculture and marine environments have in controlling these ecosystems. Biological 

productivity, particularly in estuarine systems are known to be influenced by many factors 

including latitude, season, irradiance, temperature, flow, and nutrient loading (Mallin et al. 

1993). Current climate phenomena (i.e., storm events) in Hawai`i include several factors that 

show a potential impact to loko iʻa functioning by altering the factors that influence primary 

productivity. Most evident to kia’i loko (fishpond stewards), is the potential for seawater 

overtopping kuapā (fishpond walls) due to sea-level rise, along with declining influences of 

freshwater due to decreased tradewind and orographic rainfall for windward sites (Garza et al. 

2012). Long-term declines in rainfall and river flow have been documented for much of Hawai`i 
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(Chu and Chen 2005, Chu et al. 2010, Oki 2004). Concurrent declines in rainfall, groundwater 

discharge to fish ponds, and seawater overtopping will have a net effect of increasing salinity, 

which may affect productivity of loko i’a. This salt water intrusion of an elevated sea water table 

will undoubtably impact the salinity of loko iʻa even if the walls are built significantly higher. 

Sea level rise also produces extremely high tides such as “ king tide” events where salinity levels 

in loko iʻa may increase rapidly. 

 

Loko iʻa and Science Literature Limitations 

Although kiaʻi loko intuitively understand the importance of brackish water conditions to 

loko iʻa functioning, a quantitative understanding rooted in contemporary scientific approaches is 

important in helping contemporary kiaʻi loko prepare for and adapt to altered conditions that will 

accompany global climate change. Sea-level rise in particular, overtopping fishpond walls and 

intruding on freshwater influence within the loko iʻa ecosystems is a growing concern amongst 

kiaʻi loko today. There is much that is unknown of these systems in the science community with 

the very little literature on loko iʻa most of which focuses on the well-known fishpond of Heʻeia 

on Oahu and Kaloko on Hawaiʻi Island. These are much larger and different systems (e.g. stream 

influenced, less rainfall) than the ones focused on for this study. More studies for loko iʻa with 

differing characteristics are important to understanding how these systems are affected as a 

whole. In contribution to the limited scientific literature on loko iʻa, this study will provide for a 

baseline in predicting changes in loko i’a function expected to occur under scenarios of reduced 

groundwater input and/or sea level rise. The results from this study will also support kiaʻi loko in 

addressing immediate water quality needs for their individual loko iʻa by providing them with a 

quantified understanding of the relationships of primary productivity and water quality within 

each of the systems. 

By working directly with the kia’i loko at the specific study locations a research plan was 

designed to address these concerns. The main objectives of this project was to monitor three loko 

i’a along the same coastline as a case study to establish quantifiable relationships between 

salinity and benthic primary production and to assess seasonal changes in water quality. In doing 

so, we focused on five main hypothesis: 

H1a= Water quality (salinity, temperature, and dissolved oxygen) differs within loko iʻa. 
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H1b= Water quality in the high salinity region of each loko iʻa change overtime 

(monthly).  

H2a= Primary production, as measure by the ash-free drymass (AFDM) and chlorophyll a 

(chl a) differs within different salinity regions of each loko iʻa. 

H2b= Primary production is higher on the tiles with cages (grazing conditions).  

H3= Salinity is correlated with primary production.  

Methods 

Loko iʻa Background 

Today, there are over 50 loko i’a being restored with over a hundred fishpond caretakers, 

workers, supporters, and stakeholders from across the Hawaiian archipelago(kuahawaii.org). The 

perpetuators of these resources have taken on the responsibility to engage their communities in 

actively restoring these fishponds in order to revive the integrity and production of these places 

(kuahawaii.org). Many efforts include removal of invasive species, water quality monitoring, 

rebuilding of rock walls, public awareness, species monitoring, Hawaiian protocol and 

ceremonies, place-based learning, along with other countless revitalizing loko iʻa practices. 

Moreover, these efforts perpetuate traditional Hawaiian practices that are directed towards a 

sustainable lifestyle and a healthy and robust food system by optimal utilization of the natural 

patterns of Hawaii’s watersheds, nutrient cycles, and fish biology. By increasing the productivity 

of the coastal ocean, fishponds are an important component in creating sustainable communities.  

This form of aquaculture, engineered by the Hawaiians was very successful, and it 

required keen observational skills and knowledge of fish behavior that resulted in the fish 

harvesting themselves (Costa-Pierce 1987) which all has to do with the way these systems were 

structured and maintained.  Of these different types, the loko kuapā or seawall ponds are those 

that are focused on for this study. The loko i’a kuapā is identified by its main feature, known as 

the backbone of the fishpond, a permeable seawall made of coral or lava rock facing the ocean 

that is systematically built to control the flow and filtration of the seawater coming in and out the 

pond. For example, the wall at Heʻeia in Kaneʻohe, Oahu measures 2,134 m in length, all 

constructed by the hands of the people. An additional important feature of the loko kuapā is the 

makahā (sluice gate), which is traditionally made of dense branches engineered in a manner 

where the maka (eyes- spaces in the gate) only allow water and very small fish to pass freely in 
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and out of the pond. Hā in the word makahā, means breath or the number four referring to the 

four tides of the day (two high and two low each day) that allows the fishpond to bring in and let 

out water for a constant recharge of marine and freshwater. The makahā in this sense is placed 

strategically in the kuapā to allow for successful exchange of water and nutrients with the 

extension of another function known the auwai (canal/channel). The auwai provides driveway to 

the sea and allows for the attraction of stocking and harvesting of the fishpond.  

The auwai channels out all of the brackish water algae from the pond attracting the 

juvenile herbivorous fish from the ocean that enter the pond through the makahā feeling safe 

from predators and feeding on a buffet of their most favorite algae, only to grow fat and mature 

until they are ready to return to sea and spawn. No longer able to fit through the makahā, they 

gather together in the auwai waiting for the high tide to push in the warmth of the seawater 

allowing for the comfort to spawn and to let their offspring develop at sea. At this time it is 

indicated to the keen observers of these systems, otherwise known as the kiaʻi loko, that the fish 

are ready to be harvested with the satisfaction of maximizing the survival of the next generation.   

 

 Study Sites and Habitat Characteristics 

This study focused on three groundwater-fed loko iʻa in the Ahupuaʻa of Waiākea, along 

the coast of Honohononui and Waiuli near Hilo on the windward side of Hawaiʻi Island (Figure 

1). These loko iʻa are known as Honokea Loko at Waiuli along with Hale o Lono and 

Waiāhole/Kapalaho at Honohononui.  

 

Honokea 

Waiuli is located towards the east end of the Hilo coastline at what is commonly known 

as Richardson Ocean Park.  Waiuli is owned and maintained by the County of Hawaiʻi, and is a 

public park heavily used by locals and visitors for a variety of recreational purposes including 

fishing, surfing, turtle watching, sunbathing, swimming, and snorkeling.  The entire park area is 

approximately 4.92 acres of which Honokea Loko, a loko iʻa kuapā (cemented, non-permeable) 

makes up approximately 1.5 acres. The fish that thrive in this loko iʻa include the ʻamaʻama 

(Mugil cephalus). Honokea Loko is managed by Hui Hoʻoleimaluō, whose objective is to better 

understand the ecology of Hawaiian fishponds and anchialine pools in the Keaukaha area and 
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their potential to support and guide loko wai/loko iʻa restoration and conservation research 

development in the Waiākea Ahupuaʻa (Figure 2).  

 

Hale o Lono  

Hale o Lono is a five acre loko iʻa kuapā (traditional, permeable wall) ecosystem along 

the coast at Honohononui, approximately a 2 km west from Honokea. The system consists of 

three juvenile ponds connected to one large loko iʻa kuapā. Hale o Lono is the most impacted by 

its adjacent marine environment compared to other study sites. The primary fish that reside in 

this pond is ʻamaʻama (Mugil cephalus), which grow abundantly with a very diverse population 

of reef fish that have found refuge in the pond in recent years after its restoration.  Hale o Lono 

fishpond’s access is private and has served as a living center and laboratory for students ranging 

from preschool to college-level since Edith Kanaka’ole Foundation (EKF) has taken over its 

management (Figure 3).  

 

Waiāhole and Kapalaho  

Waiāhole and Kapalaho fishponds (Fig. 1) are one big system of multiple fishponds 

separated by ‘auwai (canals). They also sit along the eastern border of Honohononui.  Currently, 

Kamehameha Schools manages the property including the Kumuola Marine Science Education 

Center and has defined their mission as empowering the lāhui Hawaiʻi through the application of 

Hawaiian thinking and science, technology, engineering, the arts, and math.  Steered by 

community partnerships, Kumuola seeks to nourish community stewardship and well-being 

through the environmental and spiritual restoration of this important place. Some of the earliest 

recorded kiaʻi, or caretakers of the ʻili, were the Kanekoa ohana.  Mr. Kauhane Kanekoa watched 

over Hale o Lono fishpond, as well as Waiāhole and Kapalaho ponds as early as 1887. Waiāhole 

and Kapalaho ponds encompass about 5 acres of open water. The ponds are connected to the 

ocean via a 40 m long, 1.2 m wide culvert pipe, which runs under Kalanianaʻole Avenue 

(originally an extensive loko iʻa kuapā).  Through this pipe, Waiāhole and Kapalaho recruit a 

healthy population of ʻamaʻama, āhole, and ʻoʻopu (Figure 4).   
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Field Methods 

This study included both weekly and biweekly sampling at these three loko i‘a. All study 

sites varied in size and characteristics, therefore sample locations within each were based on the 

average of relatively low, middle, and high salinity regions within the loko iʻa as well as an 

additional site outside of the fishpond wall. These salinity regions were only relative to the 

individual sites and not across all sites because all sites are different from each other and have 

different exposures to their adjacent marine environment.The averages were determined out of 

eight stations that were sampled throughout the ponds weekly by the associated kiaʻi (steward) of 

each pond. On a weekly basis (any day and time) from January 2017 to December 2017, eight 

stations were selected (fixed stations) and monitored by the kiaʻi at each loko iʻa to measure 

dissolved oxygen (mg/L), salinity, and temperature (°C) along with associated metadata. A YSI 

Pro 2030 was used by placing the probe in the middle of the water column at each station. If the 

depth of the water was greater than 1.5 m, then measurements at the bottom and surface of the 

water column were recorded.  Data were recorded in a field electronic tablet (Android-Sony 

Xperia) on a custom datasheet created on Makai-Ottosoftware for a quick on site electronic data 

storing process.  These weekly measurements allowed for distinguishing of the relative low, 

middle, and high salinity regions of each loko iʻa.  

Once the different salinity regions were recognized, additional biweekly sampling took 

place. A total of four salinity stations per loko iʻa were selected based on their average salinity to 

carry our biweekly sampling from January to October 2017. Each sample was collect a 1-liter 

sample of water from the middle of the water column at each sample location using an acid 

washed brown Nalgene bottle that was rinsed at least three times at the sample location. The 

hand held YSI Pro 2030 was used first to measure dissolved oxygen, salinity, and temperature 

immediately after the sample was taken from its sample location to allow for an accurate reading 

of the temperature. The Nalgene bottle water sample was then stored in a cool area to be further 

subsampled once all samples from each fishpond were collected that same day. From each 

sample bottle, a subsample of water was used to process turbidity, chlorophyll a (chl a) , and 

dissolved inorganic nutrients as described below.  

 Turbidity was measured using a Hach 2100Q hand held Turbidity meter. Three 

subsamples were used per sample to measure turbidity making sure to invert the sample each 

time a subsample was taken to make sure the sample was mixed thoroughly. 



 10 

Inorganic nutrient samples were collected using 50 mL subsample of water. Each 

subsample from was pushed through a muffled GF/F filter (500°C for 6 hrs) into a 50 mL vial 

and capped. The 50 mL were immediately placed on ice and put into a low light area until they 

could be transported to a freezer for further lab processing.  Dissolved inorganic nutrients (DIN) 

were processed for nitrate+nitrite, orthophosphate, silica, and ammonium. DIN were analyzed 

using a Lachat Quikchem 8500 Series II (NO2
-+NO3

-[DL 0.07µmol/L, EPA 353.2], PO4
3-[DL 0.03 

µmol/L, EPA 365.5], H4SiO4[DL 1.00 µmol/L, EPA 366] and NH4
+ [DL 0.36 µmol/L, EPA 349]).   

Filters for chl a analysis were removed using forceps, carefully placed onto a square of 

foil and folded, making sure that the top side of the filter was folded in to prevent further 

exposure to light. The chl a filter samples were placed on ice and in a low light area until 

transported to the freezer for further lab processing. Chlorophyll a was quantified for all 

biweekly water column samples using a Turner DesignsTM (model 10AU) fluorometer (Arar & 

Collins 1997) to record an initial fluorometric reading and a second acidified (0.1 N HCL) 

reading in order to calculate chl a concentrations by correcting for phaeophytin (Sakihara et al. 

2015).  

AFDM samples (measure of epilithon biomass-autotrophic and heterotrophic) were 

processed and calculated by methods described in Sakihara et al. (2015) and Steinman et al. 

(2006). An autotrophic index (AFDM chl a−1) was also calculated to quantify the autotrophic 

condition of the epilithic community by assessing relative shifts with respect to autotrophy or 

heterotrophy as described in Sakihara et al. (2015). The higher the AI, the more relative 

heterotrophy, and the lower the AI value, the more relative autotrophy (Steinman et al. 2006).   

 

Benthic Primary Productivity Experiment 

In order to measure benthic primary productivity, a tile set was constructed based on a 

previous study by Sakihara et al. (2015). Some modifications were implemented to fit the 

environmental conditions of this particular experiment. A total of nine tile sets were constructed 

to place in the lowest, highest, and outer salinity regions of each loko iʻa. Each tile set was made 

of a half of an inch weatherproof plywood with a 41.91x55.88 cm base. Attached to the base 

included one 3.81 cm plywood pieces for trimming and fitting five (15.24x15.24 cm) unglazed 

tera-cotta tiles which provided substrate for the growth epilithon. A 2.54 cm hole was drilled in 

the middle of each square base for easy tile removal during field processing.  Also, using four 
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cement screws, attached to each tile set base were two eight by eight hollow cement tile blocks to 

act as anchors during deployments. To provide conditional grazing functioning to the 

experiment, plastic containers (16.5 x16.5 cm, Ziplock®) were used as cages to allow for grazing 

and non-grazing conditions. Each tile set included two grazing cages, two non grazing cages 

(containers with cut sides for access to feed), and one control with no cage at all. All four 

containers were cut to allow for the bottom portion and the four sides of the container to be open 

for grazing, making sure to leave all corners to attach to the plywood using stainless steel screws. 

In order to restrict grazing, a clear mesh (nylon mesh sheet, 500 microns) was glued to two of the 

containers on each set. HOBO pendant temperature/light data loggers (onset brand, model UA-

002-64) and Odyssey conductivity and temperature were also zip tied to each tile set base in 

order to quantify the light intensity, temperature, and salinity for every five minutes during each 

deployment.   

 

Deployment, Sample processing, and Laboratory Analysis 

All tile sets were deployed on the same day to ensure consistency amongst growth rates 

throughout all loko iʻa at the low, high, and outer salinity regions from the biweekly locations. 

Deployments at each station included placing the sets at the bottom of the water column and 

utilizing rocks in surrounding areas to hold the tile set in place in case of potential high surf 

impacts.  

 Each tile set was deployed for a total of six days per cycle, with a total of four 

deployments from August to October 2017. After six days, each tile set was removed from the 

loko iʻa and processed in the field. A total of 45 tile scraping slurry samples per deployment 

were conducted for this experiment. The flat (232 square centimeters) exposed surface of each 

tile was gently scrubbed clean with a stiff-bristle brush for one minute and rinsed into a slurry of 

known volume with water from the sampled loko iʻa that had been filtered through a GF/F filter 

pore size = 0.7 μm) (Sakihara et al. 2015). Slurry samples were stored in the dark on ice and 

returned to the laboratory freezer where they were further processed. Subsamples of the aliquot 

were vacuum filtered through pre-combusted GF/F filters. Separate subsamples were processed 

for analyses of chlrorophyll a (chl a), ash-free dry mass (AFDM), and percent carbon (%C), and 

percent nitrogen (%N) (Hillebrand & Kahlert 2001). Procedures for quantifying particulate C 

and N were followed by the same process as indicated in Sakihara et al. (2015) where filtered 
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samples were dried for 48 h at 60°C, rolled in tin boats and combusted in a Costech elemental 

analyzer.  Chlorophyll a samples were also processed the same way as the biweekly sampling 

protocols.   

 

Data Analysis 

  

To determine if water quality (salinity, temperature, and dissolved oxygen) differs within 

loko iʻa, a One-way Analysis of Variance (ANOVA) for normal data and Kruskal-Wallis tests 

for non-normal data were used. 

 To determine if water quality in the high sainity region of each loko iʻa change overtime 

(monthly), a One-way Analysis of Variance ANOVA and Kruskal-Wallis for dissolved oxygen, 

salinity, temperature by month for the high salinity region for each loko iʻa with the data 

collection from the winter of 2016 to the spring of 2018. Kiaʻi loko requested to analyze only the 

high salinity region as the area of the ponds that are potentially the most affected by salinity 

increases or sea level rise.  

To determine if AFDM differs within different regions of each loko iʻa, a One-way 

Analysis of Variance ANOVA and Kruskal-Wallis tests were also used to analyze the benthic 

primary productivity data collection in order to distinguish significant differences among the 

regions of each pond (low, high, outer) for salinity, temperature, light, AFDM, autotrophic index, 

chlorophyll a, %C, and %. A pearsonʻs correlation test was then used to find the relationships of 

salinity to those same parameters for each region of each loko iʻa. 

To determine the affect of grazing in the loko iʻa, a one-way ANOVA and Kruskall-

Wallis test were used to analyze the impact of grazing on benthic primary productivity within 

each system by comparing the response factors and grazing conditions (open cage, closed cage, 

control) for all tile experiment deployments.  

To determine the relationship between salinity and primary productivity, a Pearson’s 

Correlation test was used to examine the relationships of salinity to those same benthic primary 

productivity parameters in addressing negative and positive interactions of salinity with primary 

productivity at the individual loko iʻa.  The one-way ANOVA and Kruskall-Wallis test analyzed 

all loko iʻa together in understanding which system is most productive by comparing all 

indicators of benthic primary productivity that were measured (light, AFDM, chlorophyll a, 
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autotrophic index, %C, and %N) across all sites. All means are reported with the 1-standard 

deviation for the uncertainty.  Statistical significance was assessed based on p<0.05.  Statistics 

were calculated using Minitab Express (version 1.5.1) software. 

Results 

Water Quality 

Loko iʻa characteristics varied considerably among sampling sites. All sample locations 

were distinguished by four salinity (average) regions (low, mid, high, and outer) for each loko iʻa 

(study site) where average salinity across all ponds ranged from 3.1 ± 0.3 to 18.9 ± 3.3, dissolved 

oxygen average ranged from 80.7 ± 19.0% to 106.1 ± 17.3%, and average temperature ranged 

from 19.2 ± 1.0°C to 24.4 ± 1.2 ºC sites(Table 1). These are all daytime measurements, which 

likely differ at night. Among the loko iʻa, Honokea was the coldest, and Hale o Lono and 

Waiāhole/Kapalaho were similar. For salinity, Hale o Lono was the saltiest, and Honokea and 

Waiāhole/Kapalaho were similar. Hale o Lono also had the highest dissolved oxygen and 

Waiāhole/Kapalaho had the lowest dissolved oxygen.  

 Water quality differed significantly among high salinity stations sampled weekly (Figure 

8-10) and among salinity regions sampled biweekly in each loko iʻa (Tables 1-2). At Honokea 

the water column more turbid in the high salinity region compared to the low salinity region of 

the pond, and phosphate higher in the high salinity region compared to the mid salinity region 

(Table 2).  Hale o Lono had significant differences among salinity regions for nitrite+nitrate 

(mid, high, and outer regions were all different), phosphate (outer had less than the low and the 

mid regions), and ammonium (lower had less than the outer region) (Tables 1-2). At 

Waiāhole/Kapalaho, turbidity was significantly higher in the high salinity region compared to the 

low salinity region of the pond; and there were significantly lower concentrations of chlorophyll 

a concentrations at the low salinity region compared to the mid and high salinity regions (Tables 

1-2). Also, Honokea and Hale o Lono were similar in that phosphate significantly decreased as 

the salinity increased in the pond (Figures 5-6). Moreover, it is evident that at higher salinities 

there is a higher turbidity at Honokea and Waiāhole/Kapalaho (Figures 5 and 7). 

 

The relationships of salinity within the loko iʻa ecosystems of this research as a whole 

show significance throughout many variables that were monitored. Within the water column of 
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these loko iʻa, the data shows that dissolved oxygen (%), temperature, and average turbidity are 

all strongly positively correlated with salinity (p<0.0001). Also, NO2
-+NO3

-and PO4
3 are strongly 

negatively correlated to salinity (p<0.0001). Additionally, H4SiO4 has a slighter negatively 

significant relationship to salinity (p=0.0136). Whereas, chl a is not significantly related to 

salinity within these systems. 

From the winter of 2016 to the spring of 2018, temperature, salinity, and dissolved were 

measured weekly at those various salinity regions and found that there were significant 

difference over time (monthly) for all three parameters for Hale o Lono and Waiāhole/Kapalaho 

(Figures 8-10). 

 

Primary Production 

Four tile deployments each lasting 6 days were conducted for each loko iʻa and their 

corresponding salinity regions (low, high, and outer) including a grazing factor in order to 

identify primary productivity biomass and the effects of grazing on these systems. The grazing 

condition (open, closed, control) did not make a difference for any measurement of the benthic 

primary productivity products including AFDM, autotrophic index, chl a, %C, or %N (Table 5). 

Therefore, all of the following results are representative of the combination of all grazing 

conditions. 

Throughout all benthic deployments, the salinity ranged from 3.2 ± 0.01 to 18.9 ± 0.03 

and the temperature ranged from 19.1 ± 0.1°C to 25.2 ± 0.3°C across all three loko iʻa (Table 7). 

Waiāhole/Kapalaho had greater light exposure (Table 7).  All loko iʻa are unique in its amountof 

primary productivity. Chlorophyll a was highest at Waiāhole/Kapalaho compared to Honokea 

and Hale o Lono; AFDM was significantly higher at Waiāhole/Kapalaho(Table 7). The 

integrated characteristics of organisms on the tiles produced an autotrophic index that was 

highest at Hale o Lono and higher %C and %N at Wiāhole/Kapalaho(Figures 11-,13 Table 7).  

Within individual loko iʻa, benthic primary productivity biomass and indicators were 

monitored throughout the various salinity regions (low, high, and outer).  There was much more 

light exposure in the high salinity areas of Honokea and Waiāhole/Kapalaho (Figure 11-13, 

Table 9).  AFDM was the highest at the outer (saltiest) salinity region for all loko iʻa. 

Chlorophyll a was unique to each system where it was the highest in the outer salinity region for 

Honokea, the highest in the low salinity region for Hale o Lono, and the highest at the high 
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salinity region for Waiāhole/Kapalaho (Figures 11-13, Table 9). Autotrophic index was only 

significantly different among the salinity regions at Waiāhole/Kapalaho (Figures 11-13).  

While there are many substantial differences among the various regions of each loko iʻa, 

there were also significant correlations between salinity andother parameters.  Temperature had a 

very strong positive correlation with salinity for all loko iʻa study sites and across all salinity 

regions (Figure 15, Table 8). Benthic primary productivity parameters vary based on sample site. 

AFDM was positively correlated with salinity at Honokea and Hale o Lono (Table 8). 

Waiāhole/Kapalaho had a significant correlation between salinity and autotrophic index ranging 

from 0.13 ± 0.17 to 0.30 ± 0.23 (R=0.326, p=0.013) and a negative correlation of salinity and 

chlorophyll a ranging from 23.1 ± 34.3 to 78.0 ± 49.6µg  (R=0.279, p=0.034) (Table 8).  

Moreover, benthic primary productivity indicators and variables measured for the tile 

experiments also express relationships of salinity throughout the loko iʻa ecosystems. AFDM 

autotrophic index were significantly positively correlated with salinity (Figure 15, or Table 8). 

Chlorophyll a in the benthic primary production and in the water column was not significantly 

related to salinity. The %C increases significantly as salinity increases (p= 0.0377).  

Discussion 

This study provided opportunities to gain a better understanding of the food sources for 

fish available in an ecosystems at the interface between land and sea and how these resources are 

affected by various environmental factors. Monitoring three loko iʻa along the same coastline 

allowed us to establish quantifiable relationships between salinity and benthic primary 

production, the food source of the fish being farmed in these systems. The assessment of 

monthly changes in water quality aided in understanding how these systems change with time. 

The relationships discussed in this section will provide a basis for predicting changes in loko iʻa 

functioning expected to occur under scenarios of climate change. More importantly, the results 

from this study will directly support kiaʻi loko in addressing particular needs in water quality and 

primary productivity dynamics of the individual loko iʻa with these relationships. Above all, this 

study has allowed for a collective impact within the Hilo community where managers, the 

University of Hawaii at Hilo, and numerous members of the community have come together to 

address the efforts and concerns of our coastline of Keaukaha.  
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Water Quality 

The dynamic characteristics of loko iʻa cause them to be heterogeneous, with regions of 

differing water quality. Of the many variables that were monitored for this study, temperature, 

salinity, and oxygen had significant differences throughout various regions of each pond. Water 

column temperature, dissolved oxygen (%), and turbidity increased significantly with salinity 

and there are large differences in water quality amongst different areas of these loko iʻa. This 

suggests that the seawater provides warmer and more oxygenated water. Due to these 

differences, loko iʻa functions are very particular in the way they are structured. For example, the 

makahā are placed in particular areas of the kuapā, for spawning and feeding purposes (Costa-

Pierce 2002).  

 The high salinity region alone for each pond had significant changes in temperature, 

salinity, and dissolved oxygen over the months of the year. Salinity, in particular, was the highest 

in April for Honokea, in June for Hale o Lono, and in October for Waiāhole/Kapalaho 

suggesting that water quality as the foundation of the function of these systems are site specific 

while also changing over time and across different areas of each loko iʻa. Increases in surface 

water temperature are also concerning for some loko i’a as recorded for Heʻeia where multiple 

high fish mortalities occurred during the months of May and October of 2009 due to slackening 

trade winds (McCoy 2017). Hale o Lono, having the highest average water column temperature 

and salinity is the most comparable to Heʻeia and should be monitored closely throughout the 

year.  

  The three loko iʻa for this project are relatively small compared to other loko iʻa of the 

Hawaiian Islands, in particular the well-studied Heʻeia loko i’a (88 acres) in Kaneʻohe, Oahu, 

and Kaloko loko i’a in Kona, Hawaiʻi, which is groundwater fed (Young 2011, Costa Pierce 

2002).  One similarity among these loko iʻa are differences in water quality. Heʻeia, for example 

ranges from 0-30 in salinity, which is the lowest near the influences of stream flow (Young 

2011). The groundwater or stream water mixing with the seawater in loko iʻa create the 

differences in salinity regions. In Kona and South Kohala on Hawaiʻi Island, a study on 

anchialine pools, which are also tidal and groundwater influenced, also had high spatial and 

temporal variability in the chemical composition of the water (Brock 1988, Chai 1993).   
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The nutrients in these systems are also similar in that nutrients are not limited in any 

areas of the ponds or outside the pond due to the freshwater inputs (Young 2011, Knee et al. 

2010). Within loko iʻa, the correlations between nutrients and salinity indicate that they are 

significantly affected by the mixing of fresh groundwater and seawater. All nutrients except for 

NH4 had a significant negative relationship with salinity in all three loko iʻa suggesting that the 

nutrients are coming from the uplands, where the highest concentrations were in low salinity 

areas near freshwater springs.  Similar results were found in anchialine pools along the coast of 

Keaukaha (Chai 1993, Young 2011). Other studies on brackish water ecosystems in Hawai’i 

found that there are more nutrients along the coasts near freshwater inputs especially when using 

salinity as an indicator (Wiegner et al. 2015, Wiegner et al. 2012, Chai 1993). Moreover, the 

availability of nutrients in brackish systems suggests that groundwater plays a large role in the 

presence of primary productivity. The scatter in the data of nutrients in relation to salinity 

(Figure 15) likely indicates that the nutrients are being taken up by productivity within each loko 

iʻa. Similar results have been found in Kapoho anchialine and tide pools where more growth of 

macroalgae was present where there was increases in nutrients (Wiegner et al. 2015). Nutrients 

from fresh groundwater in this case are important to the growth of primary productivity along the 

coastlines of Hawaiʻi (Paytan et al. 2006).  

There is some concern of the health of the water quality in its suitability to human and 

ecosystem health. Monitoring these systems provides data that can be compared to the State of 

Hawaii, Department of Health Clean Water Branch standards for the purpose of safeguarding 

public health. In estuaries, the state standards for NH4
+ is 0.43 µM, NO2

-+NO3
- is 0.57 µM, and 

total PO4
3- is 0.81 µM, all of which are addressed as being harmful water if it exceeds those 

values (Hawai'i Administrative Rules 11-54). At all salinity regions in all three loko iʻa, average 

nutrient concentrations exceeded those values by double or more, indicating an unsafe 

environment for public use. From these results, nutrients play a critical role in the production of 

food sources for growing large populations of herbivorous fish, but the concentration levels in 

which can be harmful is understudied for these particular ecosystems of loko iʻa. Therefore, the 

sources within the watershed which regulate these influxes of nutrients at the coast must be 

identified in order for DOH to accurately regulate their contributios to the nearshore water. 
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Primary Production 

Benthic primary productivity can be complex in loko iʻa because of differences in water 

quality throughout the pond. AFDM, chlorophyll a, autotrophic index, and percent carbon and 

nitrogen were each analyzed to distinguish different aspects of production on the tiles. AFDM 

indicates how much organic material was on the tile, photosynthetic or not. Because AFDM 

accounts for all organic material, there is the potential that the samples are not fully 

representative of the primary productivity for those regions. Chlorophyll a is a pigment used by 

all plants, algae, and phytoplankton to do photosynthesis and is used as an indicator of primary 

producer biomass, autotrophic index is a calculation as the AFDM/chl a-1 ratio in order to 

quantify the epilithic community by assessing relative shifts with respect to autotrophy or 

heterotrophy; and percent carbon and nitrogen accounts for the difference in species composition 

of primary productivity of the samples.  

AFDM was the highest at Hale o Lono, and Waiāhole/Kapalaho was most abundant in 

chlorophyll a. To simplify this, salinity was correlated to primary productivity in the brackish 

water ecosystems of loko iʻa (Figure 15). Similar results were observed in Hawaiian anchialine 

pools, where higher AFDM was observed in higher salinity regions in incubations that lasted 29 

days (Sakihara et al. 2015). Consequently, strong correlations of benthic primary production with 

salinity including AFDM, autotrophic index, and %C suggest dynamic systems as seawater and 

freshwater inputs change in these systems.  

The most productivity inside of the loko iʻa was at Waiāhole/Kapalaho where the water 

column was clear with no limitation on light exposure and a consistent flow all day and night. 

Ways to maintain these features in loko iʻa are to clear all terrestrial plans that may limit light 

exposure; remove sedimentation to access hard substrate for limu to attach; clear all water 

pathways for flow; and always make sure that your makahā is clean of debris. Additional 

practical efforts that Honokea will implement from this study is the identification of the 

communities of limu growing throughout the pond and to see which of those species are most 

favored by the targeted ‘ama’ama and ‘awa species being raised in the loko iʻa. 

Chlorophyll a did not vary with salinity (Fig 15).  Different results have been found at 

Heʻeia loko iʻa, which has a salinity greater than 25 on a normal basis and during storm events 

when an increase in land-derived nutrients are added, more variation in chl a is evident 

throughout the loko iʻa (Young 2011). Opposite to these three loko i'a, lower salinities at Heʻeia 
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loko iʻa recorded more chl a under a storm event, which can be limited due to high turbidity by 

restricting light during these storm event (McCoy 2017 ). 

The autotrophic index (AI) correlates significantly with salinity across all sites and across 

all salinity regions within individual loko iʻa. Thus, the benthic primary productivity was less 

autotrophic where there was greater influences of seawater.  Differences in AI, %C and %N 

observed at the different loko i’a and different salinity regions suggest different communities of 

primary productivity and other organisms (e.g. bacteria) living on the tiles. Qualitative 

observations during the scraping of tiles found visual differences in primary productivity on tile 

experiments, with more green growth inside the loko i’a and more brown growth outside. Similar 

to production in anchialine ponds, salinity had the potential to impose restrictions on autotrophy 

and epilithion biomass and influence the community composition within loko iʻa ecosystems 

(Sakihara et al. 2015). This is similar to Kapoho, HI, where there were species of macroalgae 

that were only found in specific anchialine pools within specific ranges of salinity and nutrient 

concentrations (Wiegner et al. 2015).    

However, this data does not identify if the algae species or communities growing at 

higher salinities are favorable to the fish that are raised in the loko iʻa. The wrong types of algae 

could attract untarget species of fish in the loko iʻa causing a competition for food supply. For 

example, Hale o Lono being the saltiest, has much more species diversity in both herbivorous 

and carnivorous fish compared to the other two sites. In addition, the higher AI at higher 

salinities suggest that this AFDM is composed of production other than algae (e.g. bacteria, 

secondary production).  Future research should identify species composition in the different 

areas of the loko iʻa. Moreover, kiaʻi should observe which species are most favorable to the fish 

that are raised in the loko iʻa.   This additional information will be needed to better constrain how 

sea-level rise, drought, or more frequent storms will alter the conditions that are optimum for this 

growth. 

The AFDM and all other indicators of primary productivity were not affected by the 

grazing condition of the experiment, rejecting the assumptions that excluding grazers such as 

ʻamaʻama or Hapawai (Neritina vespertina) in the loko would result in significantly more 

primary productivity. This may have to do with the design for the tile experiment. The cages 

were small, only allowing for a certain size of grazer to feed on the tiles, which was especially 

restricting for loko iʻa such as Waiāhole/Kapalaho where the population of fish are majority 
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large adult mullet. If the cages had been much larger, to allow for larger fish to feed, the outcome 

of this result could have been different. A similar study found that cages had a significant impact 

of native shrimp grazing in anchialine pools during a 29 day incubations (Sakihara et al. 2015).  

Also, over the relatively short time of the experiments (6 days), there may not have been 

sufficient growth on the tiles for larger grazers to consume.  

 

Climate Change 

Water quality in loko i’a, having such variability within different areas of each pond and 

changes in variability over time, is susceptible to the impacts of climate change. Water quality, 

as the basis of primary productivity interactions, can predict how different areas of each pond 

will shift in its capacity to produce food sources for fish. High and low salinity areas of each 

loko i’a have the potential to migrate depending on changes in rain, storm events, and/or sea 

level rise.  

Loko iʻa have the potential to be affected by the impacts climate change. Global mean sea 

level is projected to rise 2.5 meters by 2100 which means deeper loko iʻa and an increase in 

salinity potentially increasing productivity in terms of AFDM and introducing different 

communities of limu into the systems (IPCC 2014). Moreover, higher salinities means warmer 

temperatures which has already posed a concern for the survival of the fish in Heʻeia (McCoy 

2017). Although kiaʻi loko have the skills to build the kuapā higher with the circumstance of sea 

level rise, alterantive methods must be taken into account in order to keep a balance between 

fresh and salt water given the permeability of the walls allowing all water to flow through. The 

uncertainties of more or less rainfall will have a direct impact on the freshwater inputs which 

could either limit nutrients or provide excess nutrients in loko iʻa, assuming the nutrient 

concentration in groundwater remains constant. Hawaiʻi Island in particular has been experiening 

in the recent years more intense extreme events during La Nina such as heavy rainfall which has 

the potential to increase the flux of nutrients to the loko iʻa causing an unknown effect on 

primary productivity (Zhang 2016, Chen and Chu 2014).  Kiaʻi loko and climate scientist in this 

case have the opportunity to maximize on deeply understanding all elements of our changing 

environment here on the islands as loko iʻa being responders to influences of land and sea.    
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Collaboration 

Collaborating and documentation of data collection at loko iʻa can be successful and 

beneficial to many efforts involving coastal communities, especially with the expansion of 

restoration activities of these invaluable resources that are being protected island wide by 

countless individuals. One of the greatest additions to the methods of this study involved the 

process of data collection which could not have been done without the help of the kiaʻi loko of 

each loko iʻa and the technology introduced to us by connections at the University of Hawaiʻi at 

Hilo. The data recording- Makai-Otto software app and the tablet-based application provided a 

simple and easy-to-navigate user interface. This ‘Otto-software’ platform facilitated multiple 

functions through a dynamic user interface such as all the weekly water quality including 

automatic GPS/date/time coding, collection of photos or drawings, processes data with or 

without Internet allowing for this study. It is also customized to facilitate any desired method of 

data collection. The ability to use the Otto-software tool on any device will allow for future 

‘crowd-sourcing’ or large collaborative citizen science projects, as users can log in and provide 

information using smartphones. This software was adapted for all three loko iʻa in this study and 

the kiaʻi loko continue to use this platform even after data collection for this study was done. 

This software has the potential to engage all data collection efforts that are happening in the field 

and even support expedited data processing and sharing throughout our communities. 

This study provided training in instruments that support community climate resilience 

through habitat enhancement, food security, and ecosystem awareness. With the achievement of 

consistent communication between scientists, kiaʻi loko, and community members throughout 

this study, the influence of these impacts are made possible, making interactions amongst these 

parties a strong component of this process. By quantifying an understanding of loko iʻa 

ecosystems rooted in contemporary scientific approaches, Hawaiiʻs efforts in enhancing its 

coastal resources and habitats can be better supported and integrated throughout all who depend 

on these ecosystems. Moreover, investigating and quantifying the relationship between salinity 

and primary productivity within loko iʻa systems will allow for an efficient approach in raising 

fish for our local communities as a means of food security as an isolated island, especially in 

regards to adapting to the conditions that will accompany climate change. Awareness through all 
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levels of education in this case plays a critical role in helping society to understand the 

importance of loko iʻa practices.  

Conclusion 

From this study, the dynamic interactions of land and sea at the coast were quantified by 

identifying different ranges of salinity, temperature, and dissolved oxygen throughout three loko 

i’a along the same coastline on Hawaiʻi Island. Within these ranges, we find that the water 

quality along with the nutrients from the freshwater sources of the land and the sunlight supports 

the growth of limu, a critical food source depended on by so many in these nursery 

environments. Furthermore, these brackish ecosystems serve different communities of 

productivity which is strongly correlated to salinity or the influences of the marine environment. 

The water quality in the three loko i’a also show changes over different periods of the year 

suggesting that paying close attention to these systems will allow for understanding the optimum 

growth conditions for limu.  Consequently, the results show how important it is to maintain 

strong connections between influences of the land and the sea along the coastlines in order to 

sustain loko i’a lifestyles and to treat these interactions as equally beneficial. Climate change in 

its uncertainties and predictions of rainfall, storm events, sea-level rise, and other weather 

patterns will have direct impacts on loko i’a from all angles. Kiaʻi loko and communities 

working in loko iʻa are “first responders” of the impact of climate change and must practice 

resiliency and progress in the face of a changing and evolving environment.  

 As a baseline to understanding the relationships of primary productivity and water quality 

in loko i’a of Honohononui and Waiuli, this research can be applied to the restoration of this 

coastal practice in many ways in the efforts to support local food production on our islands. Most 

loko i’a throughout the islands have the goal of producing food for their immediate communities. 

From this study, we examine the different results that can potentially support best stewardship 

practices towards this goal. Since water quality (salinity, temperature, and dissolved oxygen) are 

strongly correlated to primary productivity,  monitoring of these three parameters on a regular 

basis is important to keep track of the conditions throughout individual ponds. From this 

investigation the goal is to optimize the conditions of the pond to fit the needs of this favored 

limu in order to attract and maintain the greatest potential for growing fish for the community 

just as the practice was created to do. In doing so, the greatest tools of all come from practicing 
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the lessons rooted in the ancestral knowledge of Hawaiʻians and to implement contemporary 

approaches that serve the communities and lands. Opening these opportunities and exposing 

them to the next generation in this case is the only means of sustainability.  
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Table 1. Biweekly average ± standard deviation for biological and chemical water column property measurements at the various 
salinity regions of each study site for a total of 21 sample days from 1/27/17 to 10/27/17. 

Site Name  
Salinity 
Region Salinity  

Temperature 
(ºC) 

Turbidity 
(NTU) 

Dissolved 
Oxygen 
(mg/L) 

Dissolved 
Oxygen (%) 

Waiāhole/Kapalaho Low 3.1 ± 0.34 21.0 ± 0.73 0.57 ± 0.22 7.67 ± 0.78 87.5 ± 8.42 

 
Mid 3.2 ± 0.26 22.2 ± 4.49 0.72 ± 0.27 7.40 ± 0.91 84.9 ± 10.86 

 
High 4.3 ± 4.03 21.1 ± 0.85 1.08 ± 0.52 7.40 ± 0.69 80.7 ± 18.97 

  Outer 12.8 ± 4.53 22.6 ± 1.71 1.05 ± 0.37 7.93 ± 1.09 95.1 ± 20.04 
Hale o Lono Low 5.6 ± 1.01 21.2 ± 1.02 0.86 ± 0.64 7.07 ± 0.91 81.9 ± 10.66 

 
Mid 5.6 ± 1.32 21.5 ± 0.84 1.17 ± 0.49 8.35 ± 1.45 92.6 ± 25.07 

 
High 11.4 ± 2.77 22.6 ± 1.20 1.18 ± 0.82 7.52 ± 0.99 89.7 ± 21.65 

  Outer 18.8 ± 3.29 24.4 ± 1.22 1.36 ± 1.15 8.05 ± 1.30 106.1 ± 17.32 
Honokea Low 3.9 ± 3.60 19.2 ± 1.01 0.41 ± 0.36 7.77 ± 0.68 85.9 ± 10.24 

 
Mid 3.7 ± 0.43 19.6 ± 0.45 0.34 ± 0.17 7.85 ± 0.58 87.7 ± 7.06 

 
High 4.7 ± 4.31 20.1 ± 1.23 0.50 ± 0.47 7.98 ± 0.77 90.0 ± 8.15 

  Outer 18 ± 5.92 23.4 ± 2.05 0.68 ± 0.28 7.82 ± 1.03 101.8 ± 15.31 
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Table 2. Biweekly average ± standard deviation for biological and chemical water column property measurements at the various 
salinity regions of each study site for a total of 21 sample days from 1/27/17 to 10/27/17. 

Site Name  
Salinity 
Region 

Chlorophyll a 
(µg) 

Nitrite+Nitrate  
(µmol/L) 

Phosphate 
(µmol/L) Silicate (µmol/L) 

Ammonium 
(µmol/L) 

Honokea Low 0.14 ± 0.20 14.00 ± 5.91 1.17 ± 0.43 
288.0

0 ± 95.10 0.89 ± 0.71 

 
Mid 0.20 ± 0.15 15.20 ± 5.90 1.25 ± 0.44 

297.3
0 ± 87.30 0.97 ± 0.94 

 
High 0.36 ± 0.43 16.10 ± 5.80 1.03 ± 0.46 

320.1
0 ± 90.70 0.95 ± 0.78 

  Outer 0.35 ± 0.27 10.90 ± 7.03 0.92 ± 0.46 
255.6

0 ± 
101.4
0 1.23 ± 0.55 

Hale o Lono Low 0.86 ± 0.85 15.70 ± 6.78 1.19 ± 0.46 
267.9

0 ± 
108.0
0 0.87 ± 0.53 

 
Mid 1.11 ± 1.61 15.60 ± 6.12 1.13 ± 0.41 

300.0
0 ± 

119.7
0 1.07 ± 0.41 

 
High 0.49 ± 0.39 12.60 ± 6.02 1.04 ± 0.41 

306.5
0 ± 

101.5
0 1.15 ± 0.43 

  Outer 0.58 ± 0.90 9.10 ± 6.08 0.82 ± 0.43 
252.0

0 ± 78.60 1.52 ± 0.90 

Waiāhole/Kapalaho Low 0.32 ± 0.23 18.30 ± 7.10 1.44 ± 0.47 
294.7

0 ± 
108.0
0 1.59 ± 2.91 

 
Mid 0.86 ± 0.72 15.50 ± 6.59 1.27 ± 0.48 

285.9
0 ± 86.30 1.89 ± 2.85 

 
High 1.21 ± 1.17 16.00 ± 8.17 1.34 ± 0.48 

316.8
0 ± 

124.3
0 1.67 ± 2.30 

  Outer 0.66 ± 0.57 13.00 ± 6.76 1.12 ± 0.49 
335.2

0 ± 
102.6
0 0.98 ± 0.37 
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Table 3. Seasonal averages and standard deviations of weekly measurements of dissolved oxygen, salinity, and temperature for 
individual loko iʻa from the winter of 2016 to the spring of 2018. 

Loko iʻa Season Dissolved Oxygen (%)          Salinity Temperature (℃) 
Honokea Winter 83.63 ± 10.50 4.3 ± 1.4 18.9 ± 0.5 

 
Spring 87.45 ± 16.61 4.4 ± 2.5 19.0 ± 0.6 

 
Summer  87.16 ± 19.32 4.3 ± 2.2 19.3 ± 1.0 

 
Autumn  98.78 ± 88.51 4.7 ± 2.5 19.2 ± 1.5 

Hale o Lono Winter 79.39 ± 22.68 10.7 ± 7.2 20.7 ± 1.1 

 
Spring 83.81 ± 32.55 10.1 ± 6.7 21.5 ± 1.8 

 
Summer  89.78 ± 27.11 9.9 ± 5.8 22.3 ± 2.5 

 
Autumn  85.51 ± 25.29 10.4 ± 5.5 22.7 ± 2.2 

Waiāhole/Kapalaho Winter 86.58 ± 17.36 5.4 ± 5.5 20.6 ± 1.3 

 
Spring 93.11 ± 18.46 5.4 ± 5.5 21.1 ± 2.0 

 
Summer  92.17 ± 25.51 5.9 ± 6.0 21.5 ± 2.0 

  Autumn  87.25 ± 18.66 6.0 ± 6.2 21.3 ± 2.0 
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Table 4. Comparative statistics for physical water properties measured weekly for individual loko iʻa from the winter of 2016 to the 
spring of 2018. 

Loko iʻa  Measurement  Test N 
F or H 
value  P-value Winter Spring Summer Autumn 

Honokea 
Dissolved Oxygen 
(%) ANOVA 578 2.69 0.0453 A A A A 

 
Salinity  ANOVA 587 1.11 0.3451 - - - - 

 
Temperature 

Kruskal 
Wallis 590 29.81 <0.0001 B B A A 

Hale o Lono 
Dissolved Oxygen 
(%) 

Kruskal 
Wallis 666 13.01 0.0046 B,C B A A,C 

 
Salinity  

Kruskal 
Wallis 660 1.76 0.6247 - - - - 

 
Temperature 

Kruskal 
Wallis 665 93.96 <0.0001 C B A A 

Waiāhole/Kapalaho 
Dissolved Oxygen 
(%) 

Kruskal 
Wallis 237 26.15 <0.0001 A B B A 

 
Salinity  ANOVA 864 0.68 0.5659 - - - - 

  Temperature 
Kruskal 
Wallis 867 34.83 <0.0001 C A B A 
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Table 5. Benthic primary productivity comparative statistics for benthic response factors and grazing conditions (open, closed, 
control). Sample size 40. 

Loko Iʻa Parameter F-value P-value Open  Closed Control 
Honokea AFDM (mg) 0.52 0.5945 A A A 

 
Autotrophic Index 0.13 0.8783 A A A 

 
Chlorophyll a (µg) 0.13 0.8811 A A A 

 
%C 0.61 0.3410 A A A 

  %N 1.10 0.5447 A A A 
Hale o Lono AFDM (mg) 1.42 0.2490 A A A 

 
Autotrophic Index 0.29 0.7480 A A A 

 
Chlorophyll a (µg) 3.81 0.0283 A A A 

 
%C 0.75 0.4759 A A A 

 
%N 1.65 0.2016 A A A 

Waiāhole/Kapalaho AFDM (mg) 1.17 0.3181 A A A 

 
Autotrophic Index 0.69 0.5060 A A A 

 
Chlorophyll a (µg) 0.32 0.7245 A A A 

 
%C 1.50 0.2313 A A A 

  %N 1.64 0.2038 A A A 
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Table 6. Biweekly comparative statistics for physical, biological, and chemical water column property measurements at the various 
salinity regions of each study site for a total of 21 sample days from 1/27/17 to 10/27/17. 

Loko Iʻa Measurement Test 
F or H 
value P -value Low Mid High Outer 

Honokea Salinity Kruskal-Wallis 42.15 <0.0001 A B B C 

 
Temperature (°C) Kruskal-Wallis 40.17 <0.0001 A B B C 

 
Turbidity (NTU) ANOVA 3.40 0.0226 A A,B B A,B 

 
Dissolved Oxygen (mg/L) ANOVA 0.29 0.8360 A A A A 

 
Dissolved Oxygen (%) Kruskal-Wallis 15.51 0.0014 A B,A B C 

 
Nitrite+Nitrate  (µmol/L) ANOVA 2.52 0.0648 A A A A 

 
Phosphate (µmol/L) ANOVA 3.36 0.0234 B A,B B A,B 

 
Silicate (µmol/L) ANOVA 1.55 0.2100 A A A A 

 
Ammonium (µmol/L) ANOVA 0.77 0.5146 A A A A 

  Chlorophyll a (µg/L) ANOVA 2.17 0.1025 A A A A 
Hale o Lono Salinity Kruskal-Wallis 6.77 <0.0001 A A B C 

 
Temperature (°C) ANOVA 37.86 <0.0001 C A B C 

 
Turbidity (NTU) ANOVA 1.22 0.3096 A A A A 

 
Dissolved Oxygen (mg/L) ANOVA 4.81 0.0039 B A A,B A 

 
Dissolved Oxygen (%) ANOVA 5.63 0.0015 B A,B B A 

 
Nitrite+Nitrate  (µmol/L) ANOVA 4.72 0.0460 C C B A 

 
Phosphate (µmol/L) ANOVA 2.81 0.0452 A A A,B B 

 
Silicate (µmol/L) ANOVA 1.20 0.3146 A A,B A,B B 

 
Ammonium (µmol/L) ANOVA 3.81 0.0135 B A,B A,B A 

  Chlorophyll a (µg/L) ANOVA 1.02 0.3908 B A,B A,B A 
Waiāhole/Kapalaho Salinity  Kruskal-Wallis 47.51 <0.0001 A B B C 

 
Temperature (°C) ANOVA 2.15 0.1010 A A A A 

 
Turbidity (NTU) ANOVA 8.38 <0.0001 A B B A 

 
Dissolved Oxygen (mg/L) ANOVA 1.75 0.1635 A A A A 

 
Dissolved Oxygen (%) ANOVA 3.22 0.0270 A A,B A,B B 

 
Nitrite+Nitrate  (µmol/L) ANOVA 1.74 0.1665 A A A A 

 
Phosphate (µmol/L) ANOVA 1.43 0.2409 A A A A 

 
Silicate (µmol/L) ANOVA 0.83 0.4800 A A A A 

 
Ammonium (µmol/L) ANOVA 0.53 0.6655 A A A A 

 Chlorophyll a (µg/L) Kruskal-Wallis 10.51 0.0147 A B B B,A 
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Table 7. Descriptive statistics including mean and standard deviation for all benthic primary productivity parameters measured from a 
total of four deployments from 8/29/17-10/29/17. Sample size 40. 

Loko I'a 
Salinity 
Region Salinity 

Temperature 
(°C) Light AFDM (mg) 

Autotrophic 
Index 

Chlorophyll a 
(µg) %C %N 

Honokea Low  5.4 ± 0.9 20.4 ± 0.4 983 ± 531 2.46 ± 0.85 0.78 ± 0.07 52.0 ± 35.3 10.18 ± 3.23 1.01 ± 0.54 

 
High 9.7 ± 2.8 20.3 ± 1.1 1542 ± 424 2.40 ± 0.92 0.13 ± 0.09 30.1 ± 29.0 9.67 ± 1.19 0.79 ± 0.41 

  Outer 18.9 ± 0.0 25.2 ± 0.3 1410 ± 515 5.67 ± 3.17 0.13 ± 0.13 79.7 ± 74.5 9.78 ± 1.39 0.92 ± 0.40 
Hale o Lono Low  6.9 ± 1.3 20.7 ± 0.3 866 ± 273 3.05 ± 0.54 0.19 ± 0.26 44.2 ± 44.0 9.98 ± 1.36 0.86 ± 0.40 

 
High 11.5 ± 0.1 23.5 ± 0.4 1567 ± 391 2.888 ± 0.92 0.61 ± 0.59 12.1 ± 14.7 10.11 ± 2.26 0.94 ± 0.39 

  Outer 18.8 ± 0.0 24.7 ± 0.3 606 ± 569 4.105 ± 2.29 0.51 ± 1.26 38.0 ± 45.2 9.85 ± 1.67 0.86 ± 0.26 
Waiāhole/Kapalaho Low  3.2 ± 0.0 19.1 ± 0.1 1460 ± 226 2.54 ± 0.52 0.17 ± 0.22 31.6 ± 17.7 13.38 ± 7.16 1.48 ± 1.24 

 
High 4.5 ± 0.2 19.7 ± 0.1 1659 ± 706 4.11 ± 2.16 0.13 ± 0.17 78.0 ± 49.6 12.57 ± 5.61 1.36 ± 0.89 

  Outer 12.8 ± 0.1 23.9 ± 0.6 1354 ± 340 3.85 ± 2.39 0.30 ± 0.23 23.1 ± 34.3 13.49 ± 6.11 1.43 ± 1.24 
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Table 8. Pearsonʻs Correlation test for salinity vs. all benthic primary productivity parameters. A total of four deployments from 
8/29/17-10/29/17 with a sample size of 40. 

Loko I'a Parameter R-Value P-Value 
Honokea Temperature (°C) 0.870 <0.001 

 
LightLight (lum/ft²) 0.230 0.077 

 
AFDM (mg) 0.563 <0.001 

 
Autotrophic Index 0.220 0.097 

 
Chlorophyll a (µg) 0.227 0.086 

 
%C -0.030 0.826 

 
%N -0.092 <0.001 

Hale o Lono Temperature (°C) 0.913 <0.001 

 
Light (lum/ft²) -0.266 0.04 

 
AFDM (mg) 0.315 0.014 

 
Autotrophic Index 0.153 0.261 

 
Chlorophyll a (µg) -0.018 0.893 

 
%C -0.017 0.897 

 
%N 0.015 0.908 

Waiāhole/Kapalaho Temperature (°C) 0.989 <0.001 

 
Light (lum/ft²) -0.180 0.168 

 
AFDM (mg) 0.167 0.202 

 
Autotrophic Index 0.326 0.013 

 
Chlorophyll a (µg) -0.279 0.034 

 
%C 0.034 0.797 

 
%N -0.003 0.982 
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Table 9. Benthic primary productivity parameters comparative statistics by salinity region. A total of four deployments from 8/29/17-
10/29/17 with a sample size of 40. 

Loko I"a Measurement Test 
H or F 
Value P-value Low High 

Oute
r 

Honokea Salinity Kruskall Wallis 46.72 <0.001 A B C 

 
Temperature (°C) Kruskall Wallis 35.64 <0.001 A B C 

 
Light (lum/ft²) ANOVA 7.03 0.002 B A A 

 
AFDM (mg) Kruskall Wallis 29.49 <0.001 A B C 

 
Autotrophic Index ANOVA 1.82 0.172 - - - 

 
Chlorophyll a (µg) ANOVA 4.66 0.014 A,B B A 

 
%C Kruskall Wallis 0.43 0.805 - - - 

 
%N ANOVA 1.10 0.339 - - - 

Hale o Lono Salinity Kruskall Wallis 52.46 <0.001 A B C 

 
Temperature (°C) ANOVA 684.03 <0.001 C B A 

 
Light (lum/ft²) Kruskall Wallis 30.33 <0.001 A B A 

 
AFDM (mg) Kruskall Wallis 8.42 0.015 A A B 

 
Autotrophic Index ANOVA 1.37 0.264 - - - 

 
Chlorophyll a (µg) ANOVA 3.94 0.025 A B A,B 

 
%C ANOVA 0.10 0.908 - - - 

 
%N Kruskall Wallis 0.90 0.638 - - - 

Waiāhole/Kapal
aho Salinity Kruskall Wallis 52.46 <0.001 A B C 

 
Temperature (°C) Kruskall Wallis 53.00 <0.001 A B C 

 
Light (lum/ft²) Kruskall Wallis 1.86 0.395 - - - 

 
AFDM (mg) Kruskall Wallis 12.18 0.002 A B B 

 
Autotrophic Index ANOVA 3.77 0.029 A,B B A 

 
Chlorophyll a (µg) Kruskall Wallis 17.49 <0.001 A B C 

 
%C ANOVA 0.13 0.88 A A A 

 
%N ANOVA 0.06 0.943 A A A 
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Table 10. Total average benthic primary productivity parameters comparative statistics by site (excluding outer salinity region). 
Sample size of 80 per site from 8/29/17-10/29/17. 

Measurement Test 
F/H 
Value pvalue Honokea 

Hale o 
Lono 

Waiāhole/ 
Kapalaho 

Light (lum/ft²) ANOVA 5.09 0.0076 A A B 
AFDM (mg) ANOVA 3.99 0.0481 A A,B B 
Autotrophic 
Index 

Kruskall 
Wallis 14.56 0.0007 A B A 

Chlorophyll a 
(µg) ANOVA 4.3 0.0158 A,B A B 
%C ANOVA 6.8 0.0016 A A B 
%N ANOVA 6.75 0.0017 A A B 
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Figure 1. Study site maps of the three loko iʻa indicated by the stars (A= Honokea, B= Hale o Lono, C= Waiāhole/Kapalaho) on the 
windward side of Hawaiʻi Island in the district of Hilo and within areas known as Waiuli (A) and Honohononui (B and C). Images 
from Google Earth.  
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Figure 2. Birds eye view of Honokea loko at Waiuli, HI. Red dots indicate low (far left), mid, high, and outer (far right) salinity 
regions (sample locations) for this study. 
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Figure 3. Google Earth screen shot of Hale o Lono fishpond with red dots indicating the low (far left), mid, high, and outer (far right) 
salinity regions (sample locations) for this study. 
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Figure 4. Google Earth screen shot of Waiāhole and Kapalaho fishpond with red dots indicating the low (far left), mid, high, and outer 
(far right) salinity regions (sample locations) for this study. 
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Figure 5.  Water column parameters within the low, mid, high, and outer salinity regions (x-axis) of Honokea, Waiuli. Sample size 21 
from 1/27/17 to 10/27/17. 
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Figure 6. Water column parameters within the low, mid, high, and outer salinity regions (x-axis) of Hale o Lono, Honohononui. 
Sample size 21 from 1/27/17 to 10/27/17. 
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Figure 7.Water column parameters within the low, mid, high, and outer salinity regions (x-axis) of  Waiāhole/Kapalaho, 
Honohononui. Sample size 21 from 1/27/17 to 10/27/17. 
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Figure 8. Monthly averages of weekly measurements of dissolved oxygen, salinity, and temperature at the high salinity region for 
Honokea loko, Waiuli, from the winter of 2016 to the spring of 2018. Sample size of 280. 
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Figure 9. Monthly averages of weekly measurements of dissolved oxygen, salinity, and temperature at the high salinity region for Hale 
o Lono, Honohononui, from the winter of 2016 to the spring of 2018. Sample size of 280. 
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Figure 10. Monthly averages of weekly measurements of dissolved oxygen, salinity, and temperature at the high salinity region for 
Waiāhole/Kapalaho, Honohononui, from the winter of 2016 to the spring of 2018. Sample size of 280. 
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Figure 11. Benthic primary productivity and light intensity averages at low, high, and outer salinity regions of Honokea, Waiuli, from 
8/27/17 to 10/27/17. Sample size 40. 
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Figure 12. Benthic primary productivity and light intensity averages at low, high, and outer salinity regions (x-axis) of Waiāhole and 
Kapalaho, Honohononui, from 8/27/17 to 10/27/17. Sample size 40. 
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Figure 13.  Benthic primary productivity and light intensity averages at low, high, and outer salinity regions (x-axis) of Hale o Lono, 
Honohononui, from 8/27/17 to 10/27/17. Sample size 40.  
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Figure 14. Total average (±SD) benthic primary production indicators by site. Sample size 80 (excludes outer salinity regions) from 
8/27/17 to 10/27/17. 
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Figure 15. Scatter plots of significant relationships between salinity and biweekly water column parameters from 8/27/17-10/27/17 
across all sites. Pearsonʻs correlation with a sample size of 226. 
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Figure 16. Scatter plots of significant relationships between salinity and biweekly water column parameters from 1/27/17-10/27/17 
across all sites. Pearsonʻs correlation with a sample size of 226. 
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