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ABSTRACT 

Previous research has linked feral pig activity to the decline of native bird species 

and the spread of invasive plants across the Hawaiian Islands. While there is a variety of 

anecdotal evidence, only a few studies have attempted to quantify the effects offeral pig 

activity on runoff, erosion, and nutrient transport in forested watersheds. This study set 

out to fill these knowledge gaps by constructing eight fenced exclosures on sites of 

various slopes « 30%) throughout the Miinoa watershed on the island of Oahu. At each 

site, paired runoff plots (5.04m2
) were constructed with one plot located inside the fenced 

exclosure and the other located in the adjacent area open to feral pig activity. Three soil 

samples were collected from each plot in September 2007 to determine the baseline 

edaphic characteristics. Runoff from both plots was collected once a month from 

November 2007 through February 2008 following rain events and analyzed for total 

runoff amount, total suspended solids (TSS), total dissolved solids (TOS), and nutrient 

content. Prior to each event, antecedent conditions were recorded, including canopy 

cover, mid-story canopy cover, soil cover and soil moisture. Antecedent conditions, 

throughfall, and slope were then correlated with runoff, TSS, IDS, and nutrient load. 

Results of this study show high spatial and temporal variability in runoff and soil loss. 

Soil moisture was found to influence TSS in runoff followed by percent cover of bare 

ground. An investigation of changes in soil cover and TSS over the four-month period 

showed decreasing cover and increasing TSS in unfenced plots. In contrast, fenced plots 

displayed increasing vegetation cover and decreasing TSS. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

1.1 Background and Objectives 

Home to only 0.2% of the total land area of the U.S., Hawai'i claims 31 % of the 

country's endangered species and 75% of its recorded extinctions (Allison and Miller 

2000). Land alteration and invasive species are the two most influential factors 

accounting for these alarming statistics. Of the several hundred invasive species in 

Hawai'i, the feral pig has caused the most damage, especially in wet forests (Tomich 

1986). Pig activities such as rooting, browsing, digging, and trampling lead to a loss of 

biodiversity, propagation of invasive plants, and increased erosion (Stone and Loope 

1987; Cuddihy and Stone 1990; USGS 2006). It is because of these activities, pigs are 

considered the primary threat to native flora and fauna and minimizing their impact is the 

top priority ofHawai'i's parks and reserves (Stone and Loope 1987; Cuddihy and Stone 

1990). 

Increased knowledge of these threats has expanded to the point where it is now 

accepted that feral pigs not only harm flora and fauna but also adversely impact the 

health of entire watersheds. Such far-reaching effects also have important implications 

for public health. Consequently, it has become imperative to understand how feral pigs 

influence runoff and soil loss in order to develop appropriate and effective management 

practices. For instance, there is much speculation about the efficacy of fencing feral pigs 

out of vital sections of Hawaiian watersheds. This may alleviate key watershed issues 

such as increased soil loss, but it is still possible that a great deal of erosion occurs 



naturally due to high-intensity rainfall and steep slopes. One thing that is not disputable 

is that our understanding of watershed dynamics related to runoff, erosion, and feral pig 

activity is limited. Although the effects of feral pigs on native ecosystems are wide 

ranging, the objective of this study was to specifically identify the effects pigs have on 

runoff and soil loss. Additionally, this study aimed to improve our understanding of the 

processes of runoff and soil erosion in a typical Hawaiian watershed. 

Using infonnation from a literature review, combined with new data on runoff 

and erosion, the goals of this research were as follows: (I) identify how much runoff is 

typically generated in the upper forested areas of the Manoa watershed; (2) analyze how 

characteristics of slope, soil type, ground cover, canopy cover, and feral pig disturbance 

influence runoff and soil loss within Milnoa watershed; (3) record water quality 

characteristics of runoff from the higher forested reaches; and (4) observe differences in 

the sediment load, nutrient content, and total amount of runoff between fenced plots 

where feral pig activity is excluded and unfenced plots. Given what is currently known 

about the processes of soil erosion and runoff, this research involved three main 

hypotheses: 

(I) runoff and erosion in forested areas of the Milnoa watershed will be closely 

correlated with throughfall and slope; 

(2) forested areas with pig activity will produce more runoff and erosion than 

areas in which pig activity has been excluded; 

(3) areas with heavy pig activity negatively affect water quality through increased 

sediment transport and nutrient input. 
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The data collected from this project will be of interest to managers, the public, and policy 

makers. The results and recommendations of this research may lead to reduced soil 

erosion, mitigation of stream degradation, and improved health of estuarine and coral reef 

ecosystems. 

1.2 Feral Pigs and Hawai'i: A Historical Perspective 

Before the Polynesians first arrived on the Hawaiian Islands. the archipelago's 

biota was believed to have evolved in near isolation for 40 million years (Beverley and 

Wilson 1985) and originally included over 8,000 endemic species (Allison and Miller 

2000. Free from the effects of mammalian grazing and predation I plants lost their natural 

defenses to such threats. The Hawaiian Islands experienced their first major biological 

disturbances around 1700 years ago with the arrival of the Polynesians in the 4th century 

AD (Cooray and Mueller-Dombois 1981; Stone and Loope 1987). Prior to their arrival, 

the natural ingress of species was estimated to be about one new vertebrate, bird or plant 

every 50,000-100,000 years (Stone and Loope 1987). Upon arrival, early Polynesians 

brought with them, either intentionally (as sources of food or companionship), or 

inadvertently (as passengers), numerous species of plants, birds, mammals and insects 

that significantly altered this rate of colonization. Among the many new introduced 

species brought by Polynesians were domesticated pigs. However, these pigs were 

believed to be of a smaller Asiatic subspecies that probably did not venture far from 

human settlements and is thought of as having minimal impact on the surrounding 

environment (Tomich 1986; Cuddihy and Stone 1990). The initial spread of feral pigs 

into Hawai'j's wilder areas and away from human settlements is believed to have begun 
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with the introduction of a new European sub-species of Sus scrofa. This European-bred 

pig was larger in size and was believed to contain genes from wild boar, making it more 

independent then the domesticated Polynesian subspecies. It was reportedly brought to 

Hawai'i in 1778, during the visit of Captain Cook to the island of Niihau. Populations 

were established on all eight of Hawai'i's major islands soon thereafter (Tomich 1986). 

Today, Lana'i is the only main Hawaiian island free of pigs. After introduction, this 

European subspecies soon surpassed and hybridized with the smaller subspecies and 

became the dominant pig species found in Hawai'i today. It was not until the 20th 

century, however, that pig population densities began to increase and the negative 

impacts associated with their presence were observed. Reasons for this expansion 

include factors such as the increase in area disturbed by humans and the expansion of 

non-native plants preferred by pigs, which in turn are spread by pig grazing and 

browsing (Cuddihy and Stone 1990). Another notable factor responsible for the 

burgeoning of feral pig populations has been the establishment and proliferation of 

introduced earthworms, which consist of about 6% of their diet (Diong 1982). 

1.3 Physical Characteristics, Ranges and Reproduction 

The physical characteristics of Hawai'i's feral pig are difficult to defme due to the 

interbreeding between wild and domestic stocks since its initial introduction. This 

manipulation of the gene pool continues today as some hunters in Hawai'i have been 

known to intentionally release domestic pigs to increase individual feral pig size in wild 

populations (Stone and Loope 1987). Subtleties in appearance also exist between 

populations of different islands. Broad generalizations of these characteristics have, 
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however, been observed. Adult feral pigs found in Hawai'i are usually 60 kg on average, 

with long snouts and straight tails (Diong 1982). Coat colors can vary significantly 

including brown, white, red, black and even spotted patterns (Diong 1982). Stripes are 

commonly observed injuveniles. 

Feral pigs have adapted to life in a wide range of habitats. In Hawai'i feral pig 

populations thrive in coastal grasslands to montane rain forests and extend to the sub

alpine areas of Hawai'i's largest volcanoes (Mauna Kea, Mauna Loa, and Haleakalii). 

However, the greatest densities typically exist within wet forest habitat due to the 

availability of food and water (Cuddihy and Stone 1990). The lack of natural predators 

and the provision of numerous areas inaccessible to pig hunters also influence feral pig 

abundance in wet forests (Cooray and Mueller-Dombois 1981). 

Feral pigs are non-territorial animals. Densities have been reported from 3.9 to 

115 pigs per km2 (Barrett 1978). Their ranges are dependent on food availability and 

terrain, but can vary from less than Ikm (Anderson and Stone 1993) to upwards of 50km' 

(pavlov 1991). Male pigs tend to be more solitary, whereas female pigs are more often 

found in groups of other sows and offspring (pavlov et al. 1992). Some have suggested 

that males inhabit larger ranges than females (Singer 1981; Anderson and Stone 1993), 

but others have noted that differences in male and female ranges are insignificant 

(Mcllroy et al. 1989). Pigs are not considered noctumal creatures, but they are typically 

most active during the early evening, most notably from early dusk until close to twilight 

(Mcllroy et al. 1989) . 

• Study from Australian feral pigs. 
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As briefly mentioned earlier, feral pigs reproduce rapidly. This characteristic has 

enabled feral pigs to become so invasive in many areas of the world. Feral pigs are 

capable of year-round breeding. On average sows first breed at 12 months, but in areas 

with an abundant food supply, such as Hawai'i, breeding can occur as early as 6 months 

(Singer 1981; Pavlov et aI. 1992). Sows produce, on average, litters of 5-7 piglets. 

Having two litters per year is not unusual (pavlov et al. 1992). In Hawai'i, with little 

predation t and a variety of food to choose from. survivorship of piglets is high. 

1.4 Effects of Pig Activity on Watersheds 

1.4.1 Waterborne Pathogens 

Feral pigs present numerous water quality issues through the propagation of 

several different types of pathogens. It should first be noted that most pathogens are not 

solely spread by feral pigs. Other warm-blooded mammals such as the mongoose and rat 

also playa role in their distribution. Fecal coliform, E. coli, and Enterococci are all types 

of adverse bacteria that are present in human and animal waste, and when released into a 

watershed, can negatively affect water quality. Humans exposed to water contamjnated 

with such fecal bacteria are prone to contracting a range of illnesses from diarrhea to 

meningitis, pneumonia and even death in extreme cases. These bacteria are used as 

indicators of water quality, more specifically to test for the presence of raw sewage. In 

Hawai'i several streams regularly surpass the allotted EPA limits for such bacteria (Roll 

and Fujioka 1997). The primary source of such high numbers is the tropical soil, which 

, Diong (1982) suggested that feral piglets are predated on by mongoose, though only in small numbers. 
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is able to support the existence and reproduction of these bacteria (Hardina and Fujioka 

1991). Whether these bacteria are found naturally in the soil or initially deposited by 

animals is still not well known. Either way, feral pigs playa role both in the initial 

dispersal of such material and also through soil disturbance that promotes erosion of soil 

high in fecal bacteria. 

Outbreaks of E. coli have been more directly linked to the presence of feral pigs 

because strains found in the E. coli can be matched with strains from pigs. A 2006 

outbreak in spinach that caused the death of three people and illnesses in about 200 others 

was believed to be caused by feral pigs grazing on a spinach farm in Califomia (AP 

2(06). Other health problems that have been propagated by feces of feral pigs include 

staph infections (Pavlov et aI. 1992) and the intestinal parasite, giardia (Hills 1988). 

Leptospirosis is another health concern posed by feral pigs. This bacterium is 

found in the kidneys of infected wild or domestic animals and is released into the 

environment through the discharge of urine. Once in the environment it too can be easily 

contracted by humans through contact with contaminated water. The majority of 

exposures are reported from the windward sides of Hawai'i's main islands (Anderson and 

Minette 1986) where rainfall is typically high, increasing the possibility of the bacterium 

making its way to the nearest waterways. Most studies have determined that mongoose 

and rats are primary vectors, but have observed instances of infection from feral pigs 

(Tomich 1979). 

The spread of pathogens by feral pigs is not only felt by humans. On the island of 

Moloka'i, feral pigs passed bovine tuberculosis onto cattle, resulting in a slaughter of six 

thousand cows and a substantial economic loss to the livestock owners (Hills 1988). In 
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Australia feral pigs are considered one of the primary vectors for the transmission of foot

and-mouth disease. Johnston (1982) estimated that an outbreak: of this disease could cost 

Australia $3 billion in damages. Other diseases that can be carried and transmitted to 

domestic animals include swine fever, swine influenza, vesicular stomatitis, vesicular 

exanthema, and swine vesicular disease (pavlov et aI. 1992), all of which have severe 

environmental and economic implications. 

1.4.2 Impacts to Native Bird Populations 

Bird species endemic to the Hawaiian Islands evolved in seclusion for millennia 

and formed a delicate ecosystem originally composing of 71 taxa. With the arrival of 

Polynesians, Europeans and their associated introductions of non-native biota, the 

number of native bird species was drastically decreased. Atkinson et aI. (1995) estimated 

that of the total bird species recorded in historical times, greater than 75% are either 

extinct or endangered. Of the several reasons for this decline, two thought to be directly 

linked to the activity of feral pigs: (1) habitat destruction, and (2) the introduction of 

avian diseases. 

Pigs have been studied to decimate native plant communities and therefore disrupt 

symbiotic relationships between native birds and plants. In tum. this destruction of 

native plants has lead to an increase in non-native plant species that are influenced rather 

than harmed by ungulate grazing. Proliferation of non-native plants is encouraged 

through pig's dispersal of seeds and the creation of seed banks from digging. 

Additionally. pigs waste enhances nitrogen (N) levels in soils that were once N-poor and 

only supported native species adapted to this low nutrient environment. The influx of N 

provided by feral pigs diminishes the adaptation advantage natives once had over 
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invasives (Cuddihy and Stone 1990). This relationship between feral pigs and invasive 

plants becomes complimentary, where the preponderance of one promotes further spread 

by the other and vice versa (Stone and Loope, 1987). Pigs are most notorious for 

promoting the spread of invasive banana poka (Passiflora mollissimo) and strawberry 

guava (Psidium cattleianum), but can also increase the highly-invasive ftre tree (Morella 

faya), which consisted of 5% of the average stomach contents in one study (Stone and 

Taylor 1984). 

Current management techniques to thwart further spread of invasive plant species 

calls for removal of feral pigs. In most situations, after feral pig removal, a state of near 

equilibrium will be reached between native and introduced plant species (Jacobi 1981; 

Stone and Loope 1987). This correlation between alien plant presence and feral pig 

activity is so coupled with one another that Aplet et al. (1991) suggested the possibility 

that fteld observations of plant composition could be used to estimate the relative amount 

of pig activity. 

Additionally, the introduction of mosquitoes and their capacity to carry and 

spread diseases such as avian malaria has had adverse impacts on the native bird 

population. Native bird species are highly susceptible to these introduced diseases. 

Though the initial introduction of mosquitoes had little to do with the presence of pigs in 

Hawaiian forests, the increased density of mosquitoes and resultant spread of avian 

malaria into higher elevations and deeper areas of forests have been related to the 

formation of mosquito breeding grounds caused by pig activity. 

Wallowing is the common practice of pigs digging and rolling in mud-filled 

puddles to cool body temperature. In this process large wallows are created that can 
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retain rainwater and subsequently provide breeding pools for mosquitoes. In Hawaiian 

forests, pigs also have a propensity to consume the inner cores of native ferns, leaving a 

hollow space inside the core after feeding. After rainfall fills the void these areas can 

support thousands of mosquito larvae (USGS 2006). As feral pigs continue to penetrate 

intact native ecosystems, their activities contribute to the spread of avian malaria. Most 

of the remaining endangered native bird species are now only found in the higher reaches 

of their original habitat where colder temperatures and the absence of mosquito breeding 

pools have kept mosquito populations in check. This has lead to the adoption of 

management practices that incorporate complete pig removal in order to decrease the 

spread of avian malaria to these fragile bird populations (Stone and Loope 1987). 

1.4.3 Increase runoff and soil loss 

Perhaps the most threatening of all impacts posed by feral pig presence is the 

ability to disrupt basic hydrologic functions within a watershed. Feral pigs threaten the 

critical watershed function of providing water quantity. In some areas of Hawai'i, a 

majority of the water utilized by the community comes directly from catchments of 

runoff. Mosses, ferns and other plants that line the forest floor act as a sponge that can 

collect and slowly percolate water down a watershed. The degradation and removal of 

these plants increases runoff during and after a rainfall event. As water rapidly flows into 

the sea, this leaves less water to be utilized for human and agricultural consumption. It 

also increases the potential of severe flooding during times of heavy rainfall. Hawai'i, 

especially, is susceptible to damage during flash floods and state and federal governments 

have spent a considerable portion of funds to thwart such effects. The Army Corps of 

Engineers spent over $23 million on flood prevention in 2006 alone (ACOE, 2007). 

10 



Pigs also increase runoff through the compaction of soils. Compaction is 

principally carried out by wallowing, formation of pig trails, and trampling of dense 

vegetation to browse for food and create nests. Browsing in particular is the most 

damaging. In the areas immediately surrounding ferns, a favorite food offeral pigs, a 

30% increase in soil bulk density was observed (Vtorov 1993). In a 7 year soil recovery 

study, Vtorov (1993) found that soil porosity within a pig exclosure decreased more than 

3 times by the end of the study period. That same project also illustrated the correlation 

between feral pig presence and the absence of native microarthropods that depend on 

particle spaces and abundant organic matter for survival. These microarthropods are not 

only good indicators of soil quality, but also perform a vital role in soil formation and 

nutrient cycling processes. 

One of the most readily-observable impacts of feral pigs on watersheds is their 

tendency to disturb soil cover. This reduction in soil cover is due to feral pig browsing 

and feeding. Pigs are considered omnivores, but mostly feed on fleshy plants and 

invertebrates that exist in the soil. A great deal of digging and/or rooting is required in 

order for pigs to feed on these food sources. The term digging generally pertains to the 

pig's browsing activity when searching for soil invertebrates, whereas rooting implies the 

pigs are pulling up the roots of usually younger plants. Rooting is such a regular pursuit 

offeral pigs that it is commonly used as an indicator of pig population density (Hone 

1988). The fact that feral pig rooting activity decreases soil cover is well known and not 

unique to Hawai'i. This phenomenon has been observed worldwide. One observation 

from Singer (1981), details sample stations in Poland that were surveyed prior to pig 

occupation and resurveyed after 8 years of pig inhabitation. The difference between the 
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same sites over the 8 years was dramatic. Plant cover had been reduced by 87%. 

Subsequently, bare ground dominated the forest floor when no bare ground had been 

noted prior to pig introduction. Also noted were a 36% reduction in litter horizon depth 

and intermixing between the AI and A2 soil horizons to a point where they were no 

longer discernible. Cooray and Mueller-Dombois (1981) found that digging by pigs 

could disturb as much as 30% of the forest floor. 

The combination offactors discussed above results in an environment highly 

susceptible to soil erosion. This can be particularly dangerous in Hawaiian watersheds 

because the areas typically inhabited by pigs are steep in terrain (Cuddihy and Stone 

1990). The south shore of Moloka'i is a prime example of the amount of erosion feral 

pigs, in combination with goats and deer can cause. Massive amounts of sediment have 

washed out to sea and buried large areas of coral reefs. A study of erosion on Moloka'i 

concluded that up to four inches of topsoil per year runoff into estuaries, fish ponds and 

coral reefs, at a rate more than four times greater than that of the last four centuries (Hills 

1988). 

The resulting effects of sedimentation are well known and will not be covered in 

detail, but it is important to state that sedimentation has multiple negative impacts that 

affect watersheds and adjacent coastal areas. These impacts include nutrient influx 

carried by sediments, damage caused to streams, estuaries, and coral reefs from increased 

turbidity, and the steep cost of dredging coastal waterways. Given these impacts it is 

important to quantifY how feral pigs contribute to runoff and erosion, in order to best 

identify and implement proper watershed-based management strategies. It is the finding 

of this literature review that there exists a gap in knowledge as to the effects of feral pigs 
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on runoff and soil loss. Rough estimates have been theorized and the visual evidence is 

abundant, however few attempts to quantify the actual amount of runoff/soil loss exist, 

and this particularly true for Hawaiian watersheds. 

1.5 Feral Pigs - Sustained Hunting versus Eradication 

When contemplating the damage imposed by feral pigs, the easy answer seems to 

be a complete eradication of pig populations from a\I of the islands. This however, is not 

an open and shut case. Pig hunting is a popular recreational activity in Hawai'i that has 

been a part of Hawai'i since feral pigs first started to inhabit the islands. Pig hunting has 

since been passed down for multiple generations, and is now so engrained into Hawaiian 

society that total eradication is not likely an option. Many native Hawaiians, who also 

hunt, claim pig hunting as a cultural right that links them to the land of their ancestors. 

Although a smaller minority in Hawai'i, hunters have substantial political influence (Hills 

1988). This influence is readily apparent in the success hunters have had in keeping 

stable pig populations on all the main Hawaiian Islands except Lana'i. Other social 

factors come into playas well. The use of pig hunting to subsist in a state where the cost 

ofliving is reasonably high is also a valid argument. In addition to supplementing food 

requirements for the single family, hunted pigs are used in festivities that bring a smaIl 

community together (Diong 1982). This has led to whole communities, not just hunters, 

to passionately resist pig control measures in their area. Due to the remoteness of most 

feral pig habitat, the consequences of unchecked feral pig activity on a watershed are not 

easily observed by most residents. Likewise, the negative side-effects of increased runoff 
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and sedimentation are not always easy to observe and even more difficult to identifY feral 

pigs a contributor to such damage. 

1.6 Control Measures of Feral Pigs 

1.6.1 Control Measures Background 

The current mission ofHawai'i's Division ofForestry and Wildlife (DOFA W) is 

to maintain a balance between preserving native flora and fauna while at the same time 

providing a sustained population of wild game animals (i.e. feral pigs) for state hunters. 

This mission is not only difficult, but also controversial. On Oahu in particular, anti-pig 

sentiment has grown as pig numbers increased along with the rise in human populations 

and subsequent expansion of urban areas. On average, the Oahu DOF A W Branch Office 

receives 12 phone calls per month regarding pig nuisance (DLNR 2006). Due to the 

growing concern over pigs, citizens have become more vocal in their call for government 

action to reduce pig populations. To date the federal government and state of Hawai'i 

have considered and implemented several different control procedures either to eradicate 

pigs in the last stands of sensitive native ecosystems, or to maintain pig populations at a 

level where impact is minimal. These control procedures include hunting, trapping (live 

and kill methods), poisoning and fencing. The control method utilized depends, among 

other various factors, on what end state is preferred. Complete eradication is the desired 

end state in the most vulnerable areas such as national and state parks where maintaining 

some semblance of native habitat is a priority. In contrast, some areas are managed 

explicitly for the purpose of game management. In these areas sustained hunting is the 

sole method used. Areas that do not fit into either category are in the majority. In these 

14 



lands pigs are tolerated so long as their populations are kept at a manageable, low impact 

number and therefore control methods vary widely among them. For the remainder of 

this section each method's effectiveness at controlling feral pig populations will be 

discussed, along with their capacity in performing eradication. 

1.6.2 Recreational Hunting 

Recreational game hunting has prospered in Hawai'i to a point of popularity 

where a population of feral pigs is now managed in order for this pastime to continue. 

There are currently over 40 game management and public hunting areas managed by the 

state ofHawai'i through the DOFA W. Feral pigs are the most abundant and popular 

game animal, but other game mammals such as feral goats (Capra hircus), mouflon 

sheep (Ovis ammon), axis deer (Axis axis) and black-tailed deer (Odocolleus hemionus 

columbianus) also exist on different islands. 

The popular techniques of pig hunting include archery, rifle, and the use of dogs 

and knife. Of the three, the most effective hunting technique is the dog-and-knife method 

(Diong 1982). This method allows dogs (usually groups of 3 or more) to sniff out and 

chase down pigs, which is more of a proactive way of seeking out pigs. Because pigs 

have a keen sense of smell, archery and rifle methods are less successful. Instead they 

must rely on a sit-and-wait approach. Attempting to eradicate pigs through hunting is 

only a worthwhile endeavor if fences are first installed to enclose the area targeted for 

protection. Once fenced, hunters can be employed to hunt the pigs that remain within the 

enclosed area. This method is effective so long as it is accompanied with smaller scale 

fenced enclosures (less than 5km2
) and bordered by roads that allow easier access (Stone 

and Loope 1987). Where rugged terrain hampers access, the success of the dog and knife 
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method decreases dramatically, influencing the use of alternative means (non-hunting). 

One such example is an attempt that used dogs and hunters to completely remove pigs 

from a 71ha fenced enclosure in a rugged section ofHawai'i Volcanoes National Park 

(HA VO). Eradication took more than two man-months and spent over $4,000 (Stone and 

Loope 1987). Additionally, many hunters borrow other dogs for hunts. Occasionally the 

dogs are not well trained, and little hesitation is given to leave lost dogs (Diong 1982). 

This has lead to instances offera1 dogs inhabiting forested lands in Hawai'i. Another 

problem with using hunters to clear pigs of an area deals with ulterior motives of pig 

hunters. Many pig hunters do not agree with complete eradication (Hubrecht 2006) and 

also benefit when pig numbers rise to such a number where their services are requested. 

1.6.3 Trapping 

A number of different trap types can be used to catch feral pigs. This section 

groups all traps into two categories, kill and live, and will discuss the features and 

limitations of each. Kill traps vary in structure, setup and process, but most have been 

studied to be a valuable means offeral pig management. One such measure is the use of 

snaring. In this method, snares are affixed to trees and then suspended above the ground 

at the appropriate height to allow pigs (both adult and young) to be seized. Anderson and 

Stone (1993) found this suspended height to be most successful at the 5-20cm range. 

This range ensnared pigs from three to over sixty months of age during their research. 

Because energy output on pig pursuit and trap monitoring are relatively low after initial 

installation, the snaring of pigs has been considered the most effective in reducing and/or 

eliminating pig populations in a given area, especially more remote environments or in 

areas with steeper slopes. During the same Anderson and Stone (1993) study, less than 
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two man months were needed to successfully eradicate pigs in a 620ha fenced area. 

Snaring and other kill traps, are recommended especially in areas where steep slope and 

rough terrain can lower the success of traditional means of hunting. The use of snares 

and all other kill traps are not without controversy. Pigs are usually found well after the 

time of death and this, combined with the remoteness of the areas, translates into 

numerous carcasses that are not fit for consumption. Some see this has a waste of meat. 

Also there exists the possibility of the snare not working correctly or even snaring a'pig's 

limb instead of around the neck. Situations such as these could lead to a prolonged 

miserable death, which is not highly regarded by the public eye, especially animaI rights 

groups (Leone 2001). 

Live traps also vary, but the concept remains the same amongst all of them. Pigs 

are baited into a confined space where, by trap design the only route of egress is closed 

off. Live traps are more popular with the public because they are less likely to harm non

target species, including humans and the animals can be processed for meat. The safety 

of live traps is why it is the preferred method for use within areas of high human 

population such as residential neighborhoods (DLNR 2006). One downfall of live 

trapping though is that they tend to be much more bulky, making transport and setup in 

rough terrain difficult. Also, many live-trapping programs, including those incorporated 

by DOFA W, allow captured pigs to be re-released in other areas so as to make it 

available for hunters at a later date. This could make any attempts at eradicating pigs in 

an area that much more difficult. 

Both trapping methods share some negative aspects as well. As with the case of 

hunting, eradication through trapping alone is difficult to overcome the persistent 
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Both trapping methods share some negative aspects as well. As with the case of 

hunting, eradication through trapping alone is difficult to overcome the persistent 

population growth of feral pigs. Furthermore, the initial setting of traps can be both labor 

intensive and time consuming. One final consideration is that the use of trapping in place 

of hunting does not usually sit well with the hunters, most of which would pay for the 

opportunity to hunt these areas (Hubrecht 2006). 

1.6.4 Poisoning 

Another approach to feral pig management involves poisoning. Poison's ease of 

distribution has been the biggest strength when compared to other control techniques. 

Signiftcant reductions of pig numbers have also been observed (Saunders et al. 1990). 

There are two types of poisons that have been used in controlling pig populations, sodium 

monofluoroacetate (1080) and warfarin. 1080 was ftrst introduced to control feral pig 

populations in Australia. Problems with 1080 arose soon after as researchers and 

managers began to notice several problems, including bait shyness, killing of non-target 

species, the lack of an antidote and especially tolerance by pigs that had ingested large 

amounts (McIlroy et al. 1989; Hone 1992). Nonetheless, 1080 is a toxicant still used in 

some areas to reduce pig numbers. One benefit of 1080 is that it is usually lethal within 

3-80 hours from ingestion (McIlroy et al. 1989), which could be a distinct advantage if 

feral pigs were to suddenly provide a vector for the outbreak of a harmful disease, such as 

foot and mouth disease. 

The complications of 1080 led to the development of a better alternative, 

warfarin. A poison highly toxic to pigs, warfarin also showed reduced likeliness of bait 

shyness and possesses an antidote, vitamin Kl (McIlroy et al. 1989). Due to this 
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improvement in efficiency, these traits have made warfarin a more popular choice by land 

managers when utilizing poisons for control. A trial poisoning by McIlroy et al. (1989) 

illustrates just how effective warfarin can be with a reported extermination success rate of 

94%. However, the study also found one downfall of warfarin, which is that fatal results 

are incurred much later (approx 5-10 days) when compared to 1080. 

Arguments against poisoning are abundant and justified. First, poison is 

indiscriminate and could potentially harm pets and small children. This technique is 

therefore, not highly popular in areas such as Hawai'i where pigs and humans may reside 

within such close proximity. Given the time lag from ingestion to death, poisoning 

produces a real threat to hunting dogs and humans. This risk is the primary reason why 

poisoning is vehemently opposed by pig hunters (Diong 1982). The haphazardness of 

poisoning can also prove harmful to non-target species, though this would more than 

likely need to involve the direct feeding on the carcass by the non-target species. 

Another argument that pertains to its usefulness in Hawai'i is that most of the 

"successful" poisoning programs were conducted in areas lower in food supply. In 

Hawai'i, food abounds for feral pigs, which would make them less willing to ingest new 

foods laced with poison. All of the above suggests that the best implementation for 

poisoning would be in the most inaccessible areas where interaction between humans is 

extremely unlikely. Also eradication within exclosures where there is an idea of the 

number of target individuals remaining would also be an ideal situation for poisoning. 

1.6.5 Fencing 

One of the most effective techniques, especiall y when combined with one or more 

of the previous methods, is the use of fencing. The effectiveness of fencing requires a 
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complete eradication of pigs from one side of the fenced boundary. This consideration 

makes fencing unique from the other control methods because none of the others require 

eradication. Many suggest the focus of fencing should be to keep pigs out of higher 

elevations, thus leaving these exclosed regions to perform necessary watershed functions 

and provide undisturbed habitat for the remaining native species (Hills 1988). With this 

proposal, soil erosion would also be less likely because pigs would not be inhabiting 

areas steep in slope. This would allow hunting to continue under the designated fence 

line where pig numbers could be better controlled and damage would not come at such a 

cost. 

Fencing of areas is not without a price. Fencing steeper Hawaiian watersheds in 

particular, would be extremely costly. Most areas deemed crucial for protection of 

watershed services and endangered species are found in the higher reaches of Hawaiian 

forests where slopes can average greater than 30% (Hills 1988). This makes installation 

time consuming, labor intensive, and expensive. One approximation from 1988 

estimated the costs to just transport material into designated areas can range from 

$10,000 to $100,000 per mile (Hills 1988). In 1998, the cost of actual fence installation 

was estimated to be $40,000 per mile (Kaiser et al. 1999). The cost does not stop there. 

For fencing to remain effective, continuous monitoring must be performed to ensure 

fence integrity is sustained. One falling tree or large branch could jeopardize the entire 

ecosystem intended for protection. This maintenance would require numerous man-hours 

and money. Unfortunately, Hawai'i's DLNR is not properly armed to carry out this task 

by itself. DOFA W is constrained by limited budgets and few personnel. 
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1.6.6 Control Method Summary 

The preceding material justifies the fact that one method does not hold the key to 

effective feral pig management. Rather, a combination of each would seem most useful 

in achieving the desired balance between environmental quality and feral pig populations. 

It is also important to mention that the execution of whatever land management plan 

decided on must have the cooperation of the entire community. Failure to incorporate all 

stakeholders could translate into continued unsuccessful policies. 

1.7 Study Site: MAnoa Watershed 

Manoa watershed encompasses approximately 2,528 ha in southeast Oahu. It is 

considered a typical Hawaiian watershed in that it contains both high mountainous and 

low-level coastal lands within a relatively small area. This associated steep terrain, as 

well as a defInitive rainfall gradient that increases significantly with increasing altitude 

are two characteristics that embody the classic Hawaiian watershed. The extent of this 

study encapsulated two sub-watersheds, formally named the Manoa-Palolo watershed, 

but is commonly referred to as Miinoa. Runoff from Manoa watershed is carried away by 

two main streams, Manoa and Palolo Streams, which join each other before emptying 

into the Ala Wai Canal (Fig. 1). This single point of drainage for both streams is why 

they are not considered distinct. Historically, the area surrounding the Ala Wai, as well 

as all of Waikiki formed a much larger coastal wetland and the streams of Miinoa and 

Palolo flowed into this area separate from one another. This expansive marsh was able to 

not only accept the large amounts of water brought by these two streams, but it was also 

able to act as a sediment deposit and purifIcation area before the water reached the ocean. 
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Furthermore, the area was ideal for numerous fishponds, rice paddies, and taro fie lds 

(Glenn and McMurtry 1995). Over the years, an increasing human population and the 

subsequent need for urban expansion would quickly consume the coastal wetland. 

Construction of the Ala Wai Canal was completed in 1928, seven years after 

commencement. The canal performed its intended function of draining the surrounding 

wetlands, including agricultural lands, to allow for further development. In all , 

approximately 26 1ha were drained (Glenn and McMurtry 1995). However, since its 

construction issues such as dredging, water quality, and flood control have posed 

numerous concerns to local residents, engineers and lawmakers. 

NAD83IUTN4N 
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Figure I. The Milnoa stream network shows a majority of water is ca rried away by the numerous 
streams in the northwest portion of the watershed. 
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Currently Manoa is a heavily-populated urban watershed located just north of 

downtown Honolulu and Waikiki Beach. Although highly-developed in the lower and 

middle reaches, the upper reaches remain mostly forested and uninhabited by people (Fig. 

2). Development in the watershed has subsided and primary land use has remained the 

same for the last couple of decades (Danninger 2003). Therefore, in terms of land cover, 

the analysis conducted in this study was based on a stable watershed rather than one in 

transition. 
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Figure 2. A GIS map of land use in the Manoa Watershed. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Site Selection 

In order to quantify runoff and soil loss in the upper Manoa watershed, eight sites 

were selected based on their slopes, accessibility, and vegetation. Only sites within the 

upper forested areas of the watershed were considered. Slope was the primary factor in 

site selection to accommodate the construction of fencing, as well as the collection of 

accurate runoff data that would be influenced by a range of observable factors in addition 

to slope. Pig activity was not expected to be as high in areas of steep slope (greater than 

30%) (Baber and Coblentz 1986), and a slope of9% is considered the standard in most 

agricultural studies that incorporate runoff plots (Mutchler et al. 1994). A geographic 

information system (GIS) analysis of Manoa watershed indicated that the average slope 

throughout the watershed was 47%. The predominance of high slope areas throughout 

the watershed caused much of the study area to be considered unfeasible for construction 

of runoff plots. Using a map of slope characteristics throughout the watershed, areas with 

slopes between 5-30% were identified as potential sites (Fig. 3). Final site selection was 

based on accessibility from existing trail networks and the presence of areas with 

homogeneous slope and vegetation determined during onsite visits. The eight sites 

chosen are listed in Table I, along with their associated characteristics. 
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Figure 3. A GIS map of the variation in slope across the Manoa watershed with the locations of all 
eight sites of study. 
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Table 1. Characteristics of 8 sites in Manoa watershed. Elevation and soil series 
information was obtained through a GIS analysis, while slopes were recorded on site 
using a handheld clinometer. 
Site Elevation (m) Slope (%) Soil Series 
Lyon 215 15-16 Lolekaa 

Manoa Cliffs 450 8 Rough Mountainous Land 

Manoa Falls 171 16-18 Lolekaa 

Palolo 225 25-27 Rough Mountainous Land 

PauoaFlats 538 6 Rough Mountainous Land 

PuuPia 209 26 Lolekaa 

Round Top 340 25-26 Tantalus 

Wa 'abila Ridge 340 14 Manana 

2.2 Site Layout 

Each site was 10 meters long by 10 meters wide. Within each site, two paired 

plots were established that consisted of a 10 m by 5 m exclosure and an adjacent 10 m by 

5 m unexclosed plot (Fig. 4). The fence material used was 14-gauge utility fencing, 0.91 

m tall. 1.5 m metal posts were implanted at each comer and at the 5 m mark along the 10 

m length. totaling six all together. Additionally, six 0.91 m tall metal posts were installed 

at the 2.5 m increments between each of the 1.5 m posts. Fenced areas were also 

bounded by barbwire along the ground surface to provide further protection from pig 

browsing. Rain gauges were affixed to the 1.5 m post located in the center of both plots 

to quantify throughfall (Fig. 4). Plots were oriented down the slope to effectively capture 

the natura1 processes of hill-slope erosion and runoff. 
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Figure 4. The basic layout of each site in study. Each site was oriented so both sides had relatively 

similar slope and vegetation. 

2.3 Initial Soil Sampling 

Three months after completion of fencing and runoff plot installation, three soil 

cores were collected from both the fenced and unfenced plots (48 for entire project). 

Each plot was divided into thirds perpendicular to the slope and named accordingly (H-

highest third within plot! M - mid-plot! L - lowest within plot). This sampling design is 

shown in Figure 5. The design ensured that each of the samples would be located in one 

of three designated zones within the plot. Actual locations of the samples were selected 

randomly and consideration was taken to not remove so il samples from within the 

established runoff plot. Cores were taken to a depth of 20 cm, unless obstructed, in 

which case cores were taken to the furthest depth possible. This depth was recorded and 

used to adjust soi l bulk density calculations. After collection, the 48 soil samples were 

taken back to the laboratory for analysis of physical and chemical properties. Cores were 
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split in half vertically with a sharp knife. Half of the core was dried for determination of 

soil moisture and bulk density (BD). Specifically, percent moisture was computed 

gravimetrically by weighing a subsample, drying it at L05°C for 24 hours, and re-

weighing. This mass of moisture was then divided by the core volume to determine 

water content by volume. Bulk density was calculated by dividing the dry mass by the 

core volume (180.9 cm\ The other halfofthe core was delivered to the UH Miinoa 

Agricultural Diagno tic Service Center (ADS C) for analysis of chemical properties. 
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Figure S. Layout or soil sampling locations. Six total samples were retrieved per site, one ror each 
slope orientation within fenced and unfenced areas. 

At the ADSC the cores were tested for pH, N03, Nl-L" Ca, P, K, Mg, total N, and 

total C. pH levels were determined using a 1: 1 water to soil ratio. Nitrate-nitrogen and 

NH4-Nconcentrmions were quantified with a 2M KCI extraction followed by detection 

using a Systea Easy Chem Plus auto-analyzer (Systea, Anagni, Italy) . Extractable P was 

determined with the Olsen-P methodology (Olsen et al. 1954) combined with the use of a 
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Technicon autoanalyzer (Technicon, Saskatoon, Canada). Extractable cation 

concentrations were measured with an inductively coupled plasma atomic emission 

spectroscopy (lCP-AES) after a IN ammonium acetate extraction at pH 7. Total N and 

total C were determined via combustion with a LECO CN2000 analyzer (LECO, 

Warriewood, Australia). 

2.4 Runoff Plot Design 

After fence installation, a runoff plot was set up within both the unfenced and 

fenced plots. These small-scale runoff plots were 4.2 m long by 1.2 m wide and were 

oriented down the overall slope of the site. Plots were sheltered from additional runoff 

outside the plot by a 15 em tall, hard plastic divider buried approximately 7.5 em deep 

into the soil. Each plastic piece was 60 em long and was fastened to the next piece so as 

to exclude runoff from outside the plot. These plastic pieces formed the framework that 

channeled runoff to a central collector (Fig. 6). At the down slope end of the runoff plot, 

a triangular metal runoff collector funneled all runoff into a 10 by 5 em opening. This 

opening was connected to an 18.9 L bucket via a metal feed tray bolted to the metal 

collector. The buckets had a rectangular opening into which the feed tray drained. 

Water-tight lids were also placed on top of each bucket. The lids prevented collection of 

direct rainfall into the bucket (Fig. 6). 
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Figure 6. A photo from the Round Top site displaying the runoff collection system (lid 
removed). 
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2.S Activation Periods 

Runoff samples were collected from November 2007 to February 2008. These 

are typically four of the wetter months in Hawai'i and likely contribute to a significant 

portion of annual runoff (USGS 2(08). For each month, a two-day period was targeted to 

activate all plots and initiate runoff collection. Activation occurred during a drier period 

at the beginning of each month to ensure that a rainfall event would be captured within 

the month. Activation of a site included emptying throughfall gauges. estimating ground 

and canopy cover, collecting soil moisture samples, and emptying the runoff collection 

buckets. Collection times were determined by observing an online USGS rain gauge 

located in Milnoa Valley. When recorded rainfall displayed a significant rainfall 

(typically greater than 2 em) after the time of activation, collection was initiated. Upon 

collection, we measured for total runoff, and runoff sub-samples were collected and taken 

back to the lab and analyzed for TSS, TOS and nutrient content. Throughout the course 

of the study, care was taken to not disturb the natural processes being studied. Recorders 

avoided walking within runoff plots and soil samples were taken within the site, yet 

outside the runoff plot. During periods between observations, runoff was able to 

continue its natural flow into the buckets. If the buckets began to overflow, the runoff 

drained out through the opening which it entered and proceeded down slope. Buckets 

were completely emptied during each activation period. 

2.6 Estimation of Antecedent Conditions 

To effectively monitor runoff and soil loss in different areas, it was important to 

understand a variety of different variables that influence these processes and how they 
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affected the quantity and quality of the runoff. This required the recording of site 

characterist ics prior to rain events and the analysis of runoff after the events. Figure 7 

provides a conceptual diagram for how the process was recorded. The antecedent 

conditions recorded were slope, soil series, vegetative cover, and so il water content. The 

following provides a summary of the methodology used to observe and quantify these 

characteristics. 

Figure 7. A conceptual diagram representing the variables that influence runoff and the contents 
found within. AU of tbe above variables were observed, recorded and analyzed through this study. 

2.6.1 Slope Recordings 

Slopes were measured using a handheld clinometer and ranged from 5% t027%. 

No site was recorded to have greater than a 2% difference between the fenced and 

unfenced plots. Ultimately, all eight sites represented a range of different slope types as 

shown in Table I. 
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2.6.2 SoU Series Determination 

Soil series for each site were retrieved from NRCS soil maps. Additionally, 

global positioning system (GPS) coordinates for each site recorded in the field were 

added to the GIS. These two data layers were overlaid to identify the soil series of each 

site based on the latest soil survey of Oahu (Foote et al. 1965). The eight sites 

represented four different soil series; Tantalus, Lolekaa. Manana, and Rough 

Mountainous Land (rRn (Table I). 

2.6.3 Estimation of Vegetation Cover 

Visual observations of vegetation cover included three separate categories; 

canopy, mid-story canopy, and soil cover. Each of these was estimated prior to activation 

of runoff plots. Canopy and mid-story canopy cover were estimated by observing the 

percent canopy cover located directly above the runoff plot Mid-story canopy was 

defmed as any cover that existed at breast height or higher directly over the runoff plot, 

yet still underneath the dominant canopy cover of that particular site. Percent soil cover 

recordings were based on percentage estimates of the following different cover types; 

understory vegetation, litter. bare soil, rocks, roots, and stems. Understory vegetation 

was defmed as green vegetation less than breast height. Detritus. leaf litter. and fallen 

branches were grouped as litter. Roots referred to only exposed roots when observing 

from a top down view, while stems were used to defme the bases of trees that formed the 

canopy or mid-story canopy. Estimations were determined visually on-site using the 

methodology outlined in (NREM 2(08). Photographs were also taken to compare sites 

amongst each other. 
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2.6.4 Calculation or Soil Water Content 

Soil moisture content was another important characteristic to quantify prior to a 

rainfall event. A 2 em diameter soil corer was used to collect samples from the upper 

5cm of the soil profile. One sample was collected during site activation from both the 

fenced and unfenced areas. Back in the laboratory, the sample was divided in half and 

the analysis was conducted on the two subsamples per plot. No soil samples were taken 

from within the runoff plots. Percent moisture was calculated gravimetrically as 

described in Chapter 2. The wet mass minus the dry mass produced the water mass 

which was then divided by the volume of the soil corer (7.85 em3)* to produce the 

moisture content in g em,3. 

2.7 Throughfall Recording 

Although not an antecedent condition, throughfall was recorded to obtain how it 

influenced runoff and soil loss. The gauge used was standard all weather rain gauge 

(Productive Alternatives, Fergus Falls, MN). Throughfall amount was recorded as a 

depth in mrn. This gauge was located under the canopy, and collected throughfall. 

Because canopy cover was not uniform across the entire site. canopy cover was also 

estimated directly above the throughfall gauge. This estimate was recorded along with 

the other vegetation monitoring during site activation. Estimation of canopy cover above 

the throughfall gauge included mid-canopy estimates as well. During each activation, 

throughfall gauges were emptied and a thin layer of oil was added to prevent evaporation. 

; 7.85cm3 is the volume of half the soU corer because soil samples were divided into halves before 
processing of soil moisture. 
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The opening diameter of the throughfall gauge was 10 em, which equates into a surface 

area of 0.00785 m2
• The surface area of the runoff plot was 5.19 m2

• Using a ratio 

between these two, the amount of throughfall collected by the gauge was calculated by 

multiplying throughfall by the area of the plot 

2.8 Runoff Collection and Analysis 

2.8.1 RunotT Amount 

Along with throughfall. the total amount of runoff was determined and a 

subsample of the runoff was collected after rain events. Before any sample was removed 

from the collection bucket, the depth of runoff in the collection bucket was recorded to 

calculate the total volume. During initial site selection. three of the eight sites (pauoa 

Flats, Manoa Cliffs, and Lyon) were observed to receive particularly large amounts of 

rainfall. In an attempt to prevent collection buckets from overflowing, these three sites 

were fitted with a feed tray that diverted half of all runoff into the collection buckets 

instead of receiving 100%. The other half was diverted around the bucket and continued 

down slope. For these sites, the volume was doubled after initial calculation to account 

for this adjustment. 

2.8.2 RunotT Content Analysis 

After the depth was recorded, the content of the collection bucket was thoroughly 

homogenized and a runoff water sample was collected in an acid-washed 500 mL bottle. 

Samples were taken back to the lab and analyzed for total suspended solids (TSS), total 

dissolved solids (TDS), NI4-N, N03-N, K, Mg, Ca, P, and total N. 

Measurement of TSS was completed by extracting 100 mL of mixed solution and 

pouring it onto an 11 em diameter, Whatman 5 filter paper (Whatman, Kent, United 
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Kingdom) within a Buchner funnel attached to a vacuum flask. As the solution was 

pulled through the ftlter. suspended particles 2.5 11m or greater were captured. The ftlter 

was then dried for 24 hours at lOS'C. Afterwards the ftlter was weighed and the original 

weight (prior to solution) was subtracted to produce the TSS amount in g L· t (EPA 1971). 

IDS was assessed through the use of a YSI 556 Multiprobe System (MPS) (YSI, 

Yellow Springs. OH). A well-mixed subsample was poured into the YSI MPS and the 

IDS concentration was recorded in g L· t
• The MPS was rinsed before each use to avoid 

cross-contamination. The analyzed sample was disposed of after use and not returned to 

the larger subsample. 

The remainder of the 500 mL subsample was analyzed for chemical content. 

Concentrations of Ca, K. Mg. N. P. as well as ND3-N and Nl4-N were calculated in 

using the same methods utilized during soil chemical analyses. An Atom Scan 16 ICP

AES (Therma1 Jarrell Ash Corp .• Franklin, MA) was used to measure all of the 

extractable cation concentrations. Nitrogen, N03-N. and Nl4-N concentrations were 

detected with the Systea auto-analyzer following a 2M KCl extraction. The Olsen-P 

methodology (Olsen et aI. 1954) was used to determine extractable P with the assistance 

of a Technicon autoanalyzer. 

2.9 Statistical Analyses 

Multiple statistical analyses were utilized to detect significant differences among 

groups of data. A one-way ANDY A was utilized to distinguish differences between 

fenced and unfenced plots. as wells as among sites. For all ANDY As. a post-hoc 

comparison of means was conducted using the least-square-means method. A Spearman 

correlation analysis was used to analyze the relationships among all variables related to 
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runoff and soil loss, while a Pearson correlation was utilized to examine the relationship 

between throughfall and TSS. All ANOY A and correlation analyses were conducted 

using SAS 9.1 (SAS Institute, Cary, NC).). A multiple stepwise regression (MSR) was 

also used to determine which properties were the best predictors of TSS in runoff. The 

MSR was conducted using S+ 8.0 (Insightful Corporation, Seattle, W A). 
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CHAPTER 3: ANALYSIS OF SOILS 

3.1 Introduction 

An analysis of the soils from each site was conducted to determine initial edaphic 

characteristics at the time of fence establishment Data collected from this sampling also 

assisted in understanding differences among sites with regard to soil loss and runoff. 

Soils may be classified into distinct orders or series. but every soil contains 

characteristics that are subject to alteration based on its surrounding environment. Bulk 

density and soil moisture content are two such traits. Bulk density is the simply the mass 

of particles divided by the volume in which they occupy. This can change over time due 

to influences such as compaction or the addition of organic material. Similarly. as 

precipitation varies throughout a year. so does the soil moisture content of a soil. An 

understanding of these traits allows for better interpretation of the processes of soil loss 

and runoff. They also provide a baseline data for which these soils can be evaluated over 

time to determine if differences will develop between fenced and unfenced plots. 

The soils of three of the sites. Lyon, Manoa Falls and Pu'u Pia were classified 

Lolekaa Silty Clay. Taxonomically. these soils are very-fine, parasesquic, 

isohyperthermic Typic Palehumults formed in alluvium and colluvium. These soils are 

also characterized as well-drained. with slow to rapid runoff (slope dependent) and 

moderately rapid permeability (NRCS 2(08). 

The Manana Silty Clay Loam was found at only one site. Wa'ahila Ridge. Like 

the Lolekaa series. this soil is an Ultisol and displays slow to rapid runoff depending on 

slope. This series differs from the Lolekaa however. as it is well-drained and formed 
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from the weathering of basic igneous rock. In terms of taxonomy this soil is classified as 

a fme. parasesquic. isohyperthermic Ustic Palehumult (NRCS 2008). 

The Tantalus soil series is classified as a Silt Loam and was also found at one site. 

Round Top. The official series description lists its taxonomic classification as medial 

over pumiceous or ci1likry. ferrihydritic. isothermic Typic Hapludonds. This soil is the 

only Andisol of all the study sites. The parent material consists of weathered volcanic 

ash and cinders and is considered well-drained with medium to rapid runoff and 

moderately rapid permeability NRCS (2008). 

rRT. is technically not a soil series. but rather a designation given to remote 

unclassified areas. Steep slopes and inaccessible passages have prevented adequate 

surveying of soils in the higher reaches of the Ko'olau Mountains. and other similar lands 

throughout Hawai'i. According to NRCS (2008). rRT is typically defined by very steep 

land with numerous intermittent drainage channels. The NRCS also states that the soil 

mantle is very thin, ranging from 2.5 to 25.4cm. Of the three sites in this study 

designated as rRT. all three exhibited slopes of less than 30% and soil mantles that 

exceeded 25.4cm. 

3.2 son Analysis Results 

3.2.1 Physical Properties 

Documenting the initial difference in SO between fenced and unfenced plots was 

important because this provided information on the range of compaction present in each 

plot. Average DO for fenced and unfenced soils is shown in Figure 32 (Appendix A). 

This figure showed a slightly higher SO average in the fenced soils. but a statistical 
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comparison of fenced versus unfenced soils using a one-way ANOV A showed that there 

were no significant differences between the two. Because fences were erected 

approximately three months prior to soil sampling, unique differences between fenced 

and unfenced areas were not expected after such a short timeframe. This initial 

comparison shows that the BO averages of fenced and unfenced soils were similar at the 

start of this study. 

A comparison of BO was also conducted to examine differences among sites (Fig. 

8). This analysis indicated that the Manoa Cliffs site had the lowest bulk density and was 

significantly lower than every other site with the exception of Pauoa Flats. The slope at 

Miinoa Cliffs is only 8%, which was one of the flattest among all sites and was witnessed 

to receive considerable amounts of runoff from the immediate surrounding areas. After 

heavy rainstorms standing water was observed in this area on more than one occasion. 

This could lead to the possibility of impeded decomposition and nitrification rates due to 

periods of anaerobic conditions, especially when compared to the other sites with much 

more slope and less runoff accumulation. If decomposition rates are slowed or staIIed 

altogether, then it is likely that this site would accumulate more organic matter and 

consequently have a lower bulk density. The Round Top site on the other hand, had a 

BO that was significantly higher than all other sites. Unlike Miinoa Cliffs, Round Top 

accumulates very little, if any organic matter. Bare soil is the most prevalent surface at 

this site. There was only a smail percentage «5%) of each runoff plot that contained 

understory vegetation, and the canopy cover, though significant (-90%) is also in excess 

of 12m above the forest floor. This leaves most of the site exposed to high impact 

rainfall, which results in the erosion of most of its topsoil containing what little organic 
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matter that may have been present. It also has a high slope of25-26%, which encourages 

leaflitter that does fall to continue to wash down slope and away from the site. A one-

way ANOV A showed that site location accounted for a significant proportion of the 

variance in the bulk density data (Table 2). 
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Figure 8. Mean soil bulk density of all eight sites. Error bars represent plus or minus one standard 
error. Bars with different letters are significantly different according to the post-hoc least squared 

mean test. 

Table 2. 

Site 
Error 
Total 

One-way ANOV A for site comparison of mean bulk density. 
df Sum of Mean F-statistic 

Squares Squares 
7 1.30 0.19 30.11 

40 0.25 0.01 
47 1.55 

P-value 

<0.000 

Soil water content is another important factor to consider when attempting to 

determine differences that influence runoff and soil loss. A drier soil is much more likely 

to absorb initial precipitation and impede runoff, whereas a saturated soil will contribute 

to runoff much sooner than the drier soil. Fenced and unfenced soils were compared for 

initial moisture content as well. A graphical illustration (Fig. 33, Appendix A) showed 
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fenced and unfenced plots to be very similar. The use of a one-way ANOV A confmned 

that there was no signi ficant difference between soil moisture in the fenced and unfenced 

plots. 

Water content was also compared among sites . The initial soi l sampling occurred 

in early September, which is at the end of the dry season in Hawai' i. The results in 

Figure 9 reflect this, as it was the driest soi l sampling throughout the study. Most of the 

sites contained similar amounts of moisture. The driest site was Wa'ahila Ridge which 

made sense based on its location in the watershed and southeastern-facing aspect. The 

one-way ANOV A (Table 3) indicated that site location accounted for a significant 

proportion of the variance in the soil moisture data. Specifically, Wa'ahila Ridge 

contained signi ficantly lower soi l water content than all other sites. Lyon contained 

simi lar soi l water content as Manoa Cliffs, but was significantly greater than the 

remaining six sites. 
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Figure 9. Mean soil water content for all 8 sites from initial soil sampling. Error bars represent plus 
or minus one standard error. Bars with different letters are significantly different according to the 

post-hoc least squared mean test. 
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Table 3. One-way ANOV A for site comparison of mean volumetric water content 
from initial sampling. 

Site 
Error 
Total 

df Sum of Mean F-statistic P-value 

7 
40 
47 

Squares 
0.37 
0.13 
0.50 

Squares 
0.05 

0.003 
16.27 <0.000 

An analysis of physical properties among the spatial locations of soil samples 

(high, mid-plot, and low) was conducted to quantity the within-plot spatial variability that 

existed within the sites sampled. These differences are shown in Figure 10. A one-way 

ANOV A confirmed that the difference among high, mid-plot, and low locations were not 

significant. 
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Figure 10. Mean water content and bulk density from the three different spatial arrangements of 
soils samples (high, mid-plot, low). 

3.2.2 Chemical Properties 

Results of the statistical analyses of the soil chemical properties are displayed in 

Appendix B. Tables 4 and 5 provide a summary of chemical content analysis within all 

plots, fenced or unfenced. Of all the chemical properties observed, only pH displayed 
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low variability among all soil samples. All other properties exhibited wide variations, 

especially 1(, Ca, and Mg. However, it was the intent of this study to focus on observed 

differences of the most influential chemical properties, in terms of biomass productivity 

and nutrient runoff. Therefore, initial results were statistically examined for NH4-N, 

N03-N, Extractable P, total N (%) and total C (%). Statistical analysis was completed 

using one-way ANOY As that tested the effects of fencing and site location. 

from 

Site pH N N P K Ca MIl N e DD we 
Pauoa 
Flats 
Mean 4.8 16.9 19.4 57.8 130.4 194.6 232.3 1.22 17.44 0.397 0.429 

Sid Error 0.02 2.04 11.94 3.55 14.11 35.49 27.66 0.09 1.15 0.01 0.02 
SldDev 0.05 4.99 29.25 8.70 34.56 86.94 67.75 0.21 2.82 0.03 0.05 
Manoa 
CIlft's 
Mean 5.4 40.9 40.2 13.8 268.9 1262.8 881.1 2.60 31.29 0.312 0.480 

Sid Error 0.08 3.39 4.04 1.30 55.29 243.49 147.16 0.11 1.50 0.02 0.03 
SldDev 0.19 8.31 9.89 3.19 135.43 596.43 360.48 0.26 3.68 0.05 0.08 
Round 

Top 
Mean 6.4 17.9 8.6 59.7 431.6 3028.0 1605.8 0.53 6.52 0.894 0.402 

Sid Error 0.10 1.19 0.36 5.98 87.39 245.88 76.00 0.03 0.39 0.05 0.01 
SldDev 0.26 2.92 0.88 14.65 214.06 602.28 186.16 0.07 0.97 0.12 0.04 
Manoa 
Falls 
Mean 5.0 24.0 24.6 3.2 105.1 83.4 198.9 0.88 15.02 0.560 0.441 

Sid Error 0.03 0.43 0.89 0.24 5.57 12.78 22.79 0.02 0.29 0.04 0.03 
SldDev 0.08 1.05 2.17 0.60 13.64 31.30 55.82 0.04 0.72 0.10 0.06 

Lyon 
Mean 5.5 10.3 12.6 2.1 362.5 1823.6 1091.8 0.45 6.90 0.628 0.511 

Sid Error 0.09 1.14 1.18 0.07 27.65 282.12 167.05 0.02 0.51 0.04 0.04 
SldDev 0.22 278 2.89 0.18 67.74 691.05 409.19 0.05 1.25 0.09 0.10 
PnnPla 

Mean 5.5 8.6 22.7 2.2 239.4 801.5 533.5 0.48 10.49 0.601 0.399 
Sid Error 0.08 0.94 6.04 0.55 30.05 75.36 35.63 0.03 0.70 0.02 0.01 
SldDev 0.19 2.31 14.79 1.34 73.60 184.58 87.28 0.08 1.73 0.05 0.03 
WaahDa 

Ridge 
Mean 5.5 62.4 20.4 3.5 706.2 3180.6 923.8 0.80 11.39 0.624 0.213 

Sid Error 0.14 13.34 2.70 0.77 61.30 390.95 87.98 0.06 1.06 0.04 0.01 
SldDev 0.35 32.68 6.62 1.89 150.15 957.62 215.51 0.16 2.60 0.10 0.03 
Palolo 
Mean 4.9 12.5 26.1 2.3 183.7 260.5 363.3 0.% 12.85 0.478 0.330 

Sid Error 0.03 0.73 1.30 0.13 18.87 22.31 24.90 0.04 0.62 0.02 0.01 
SldDev 0.08 1.79 3.19 0.33 46.21 54.64 61.00 0.10 1.51 0.04 0.03 
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Table 5. Summary statistics for soil chemical 2ro2!:rties of ail sites. 

e.H NO:rN NH".N ExP K Ca M/l. %N %C 
Mean 5.36 24.2 21.8 18.1 303.5 1329.4 728.8 0.99 13.99 

Median 5.35 16.4 20.4 3.0 240.9 888.3 604.6 0.86 12.68 

Standard 0.08 3.0 2.1 3.6 30.7 183.2 72.8 0.10 1.12 
Error 
Standard 0.53 20.8 14.6 24.7 212.8 1269.3 504.3 0.7 7.7 
Deviation 

Range 2.10 115.2 74.4 77.7 892.5 4382.6 1804.8 2.6 31.7 

Minimum 4.70 5.2 4.6 0.3 81.9 43.4 154.4 0.4 5.4 

Maximum 6.80 120.4 79.1 78.0 974.4 4426.0 1959.2 2.9 37.1 

3.2.2.1 Fenced vs. Unfenced Comparisons 

Examination of all soil chemical properties with a one-way ANDV A showed that 

there were no significant differences between fenced and unfenced plots. The mean 

concentrations for both fenced and unfenced soils were plotted for each nutrient 

(Appendix C). Though significant differences were not detected, certain chemical 

properties portrayed a large difference between fenced and unfenced soils. Two 

properties that displayed the greatest differences were NJ4-N and ExP (Appendix C, 

Figures 35 and 36, respectively). A complete display of all chemical properties in fenced 

versus unfenced soils is provided in Appendix C. The comparison of fenced versus 

unfenced sites proved that initial soil characteristics were relatively similar and thus, will 

allow for detection of other differences such as the effect of site location or fencing over 

time. 

3.2.2.2 Site Comparison 

Comparisons of mean nutrient concentrations for each site indicated that site 

differences were more apparent than fenced versus unfenced differences. The statistical 

analyses confirmed these distinctions as significant. This too, was somewhat expected as 

45 



the eight sites covered four different soil series. as well as a range of different slopes. 

vegetation. and rainfall. Table 6 displays the results from the one-way ANDY A of each 

chemical component. Each of these properties is discussed in detail below. 

Table 6. One-way ANOY A for site comparison of soH nutrient concentration. 
Sum of Mean 

elf Squares Squares F -statistic P-value 
mL-N 
Site 7 3800 543 3.5 0.005 
Error 40 6198 155 
Total 47 9998 
N~-N 
Site 7 14394 2056 13.9 «l.OOO 
Error 40 5939 148 
Total 47 20333 
P 
Site 7 27137.7 3876.8 101.2 <0.000 
Error 40 1532.3 38.3 
Total 47 28670 
TotalC 
Site 7 2632.44 376.06 82.3 <0.000 
Error 40 182.71 4.57 
Total 47 2815.15 
TotalN 
Site 7 20.62 2.95 142.6 <0.000 
Error 40 0.83 0.02 
Total 47 21.45 

Input of NJ4-N into soil can range from animal waste to leaf litter. Typically 

ammonium introduced into the soil is quickly converted into ND3-N. unless the soil is 

highly-compacted or under anaerobic conditions. Based on visual observation of each 

site. the results displayed in Figure 11 appear to be adequate in terms of leaf litter, with 

the exception of Manoa Cliffs. Dfthe two sites with the lowest NJ4-N content, Lyon 

and Round Top, Round Top contained the least amount of soil vegetation cover and was 

dominated by bare soil. Lyon, on the other hand, contained very little bare soil, but the 

litter layer was extremely thin. Besides Manoa Cliffs, the other sites all contained a 
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comparable amount ofleafiitter, which can be observed through their similar NH4- N 

concentrations. Pauoa Flats contained one sample with a NH4-N concentration of79 J.tg 

g.l. This may have been a result of a soil core that included animal waste or a large 

amount of organic matter. Manoa Cliffs was found to have a significantly higher 

concentration than all other sites with the exception of Lyon and Palolo sites. This high 

reading from Mlinoa Cliffs was more difficult to explain, but there were a number of 

different factors that could have caused such high concentration. As stated in an earlier 

section, the topography of Manoa Cliffs is rather fiat, and this site received runoff with 

nutrients and organic matter from the immediate watershed. This has led to the presence 

of standing water, which may have caused temporary anaerobic conditions that slowed or 

stopped the nitrification process, resulting in high NH4- N concentrations. Another factor 

was the increased presence of feral pig activity at Manoa Cliffs. On several di fferent 

instances, we observed evidence ofrecent pig activity, such as hoof prints, browsing, and 

even the spotting of 3-4 pigs on one occasion. 
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Figure 1 L Mean NH.-N concentrations from initial sampling of all 8 sites. Error bars represent plus 
or minus one standard error. Bars with different letters are significantly different according to the 

post-hoc least squared mean test. 
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The NOy-N concentrations observed in Figure 12 were more difficult to interpret 

than the preceding NH!-N figure (Fig. 11). Wa'ahila Ridge. the only site located in a 

ironwood (CaslNlrina glauca) forest, had the highest NOy-N concentration and was 

significantly greater than all other sites. The forest floor at this site was covered with 

ironwood needles approximately 5-10 em thick, with no bare soil. The thick layer of 

forest litter most likely minimizes compaction. Also. the Wa'ahila Ridge site was the 

driest site throughout the study period. The lack of heavy rainfall prevented runoff from 

ponding in or around the site and possibly kept soils drier and nitrification rates high. 

Soil water content may have been a key indicator of NOy-N content at each of the sites 

because the site with the third highest NOy-N content was Manoa Falls, which was 

located at the top of a ridge and therefore. had the lowest soil moisture content after 

Wa'ahila Ridge. Manoa Cliffs was the site that had the second highest mean N03-N 

concentration and, although less than Wa'ahila Ridge, it too was significantly greater 

than all other sites. Again, this was believed to be a result of the large amounts of runoff 

that feed into this area and subsequently introduce more nutrients and organic matter. 

Despite high soil water content and carbon concentration, which provide optimal 

conditions for denitritification, large amounts of N03-N were recorded. As stated earlier, 

Manoa Cliffs was not a dry site, nor well drained, but perhaps due to its hydrologic 

location and abundance of observed pig activity. it was a hotspot for N03-N. 
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Figure 12. Mean NO,-N concentrations from initial soil sampling of all 8 sites. Error bars represent 
plus or minus one standard error. Bars with different letters are significantly different according to 

the post-hoc least squared mean test. 

Extractable P concentrations in five of the eight sites had minimal amounts ofP, 

as might be expected (Fig. 13). However, Round Top and Pauoa Flats contained quite 

high ExP concentrations that were significantly greater than the other six sites. The soil 

series of the Round Top site, Tantalus, is classified as an Andisol. A distinctive 

characteristic of Andisols is their ability to fix P, which makes it unavailable to plant 

uptake. This could be an explanation as to the limited understory vegetation observed at 

this site. Pauoa Flats was classified as rRT, but could possibly be an Andisol as well. 
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Figure 13. Mean extractable P concentrations from initial soil sampling of all 8 sites. Error bars 
represent plus or minus one standard error. Bars with different letters are significantly different 

according to the post-boc least squared mean test. 

Total concentrations were greatest in Manoa Cliffs and Pauoa Flats (Fig. 14). 

Mllnoa Cliffs contained significantly greater concentrations than all other sites, including 

Pauoa Flats, while Pauoa Flats was also found to be significantly greater than the 

remaining six sites. Mllnoa Cliffs was previously discussed as the site having the highest 

NH4- N and the second highest NOr N concentration, therefore it was not sUIprising that 

it also contained the most total N. Pauoa Flats on the other hand, had the lowest slope of 

all sites (6%). This may have allowed decomposing leaflitter and its byproducts to 

remain on site and therefore, may account for its high total N concentration. Two of the 

three lowest concentrations of total N (Round Top and Puu Pia) both had large 

percentages of bare soil. The other site, Lyon contained a majority ofleaf litter, but little 

understory vegetation was recorded. This factor and its relatively steeper slope (15-16%) 

may have influenced the lower concentrations of N. 
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Figure 14. Mean percent total N from initial soil sampling of all 8 sites (g of N per 1 g of soil). Error 
bars represent plus or minus one standard error. Bars with different letters are significantly 

different according to the post-hoc least squared mean test. 

Percent total C concentrations across the sites (Fig. 15) were quite comparable to 

the total N concentrations discussed above (Fig. 14). Manoa Cli ffs and Pauoa Flats were 

the two sites with the highest concentrations of total C, though the one-way ANOV A 

only showed that Manoa Cliffs was significantly greater than aU other sites, while Pauoa 

Flats was comparable to Manoa Falls, but significantly greater than the others. The high 

concentrations at Manoa Cliffs and Pauoa Flats were believed to be a result of the low 

slope and heavy inputs of runoff and organic matter that can accumulate over time. This 

eventually may lead to increased amounts of detritus and ultimately higher carbon 

deposits. Likewise, Round Top and Lyon sites had low total C for the opposite reason, 

higher slopes and less litterfall. 
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Figure 15. Mean percent total C from initial soil sampling of aU 8 sites (g of C per 1 g of soil). Error 
bars represent plus or minus one standard error. Bars with different letters are significantly 

different according to tbe post-hoc least squared mean test. 

3.2.2.3 Spatial Arrangement of Soil Sampling 

utrient concentrations were compared between the three different plot locations 

they were retrieved from to determine if unique differences existed. The differences in 

nitrogen and carbon concentrations among the different positions show a decreasing trend 

in from samples located in the highest third of the plot to the lowest (Fig. 16). Analysis 

of P concentrations (Fig. 17) displayed an opposite trend, with concentration increasing 

further down slope. These differences however, were minor and showed no significance 

in a one-way ANOV A. 
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Figure 16. Mean nitrogen and carbon concentrations of the three locations soils samples were taken 
from (high, mid-plot, low) to determine whether in-plot variation existed. Decreasing concentrations 
were observed with samples located lower within tbe plot, however differences were not significant. 
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Figure 17. Mean P concentration rose with samples taken from lower areas within the plots, 3n 

opposite trend from wbat Fig. 16 displaycd. These differences too, were not significant. 

3.3 Summary 

The analysis of soils displayed large heterogeneity between sites, yet showed little 

variability locally between fenced and unfenced plots, as well as among different spatial 
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locations within the plots. Table 6 displayed significant differences among sites for every 

chemical property tested. The source of these differences could range from parent 

material, vegetation, hydrology, rainfall patterns, feral pig activity or a combination of 

each. Although no significant differences were apparent between fenced and unfenced 

plots, these differences are likely to become more evident over time dependent on pig 

activity. Significant differences between the spatial arrangements of soil samples were 

also not observed, but whether or not these differences become more divergent with time 

remains to be seen. 
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CHAPTER 4: RUNOFF, AMOUNT AND CONTENT 

4.1 Antecedent Vegetative Cover and Soil Water Content Results 

Antecedent conditions were recorded to quantify the conditions present at each 

site prior to each rain event. Canopy cover for all sites remained constant from the first 

recording in November, and was graphed once to show variability among sites and 

between fenced and unfenced areas. As observed in Figure 18, the canopy cover, 

whether fenced, unfenced, or over the throughfall gauge, was relatively similar. Wa'ahila 

Ridge was the exception as at this site nearly 30% difference was observed between the 

canopy cover above the runoff plots and that above the throughfall gauge. The dense 

canopy cover recorded at all sites is indicative of Hawaiian wet forests (Mueller-Dombois 

2000). 
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Figure 18. Percent canopy cover of fenced and unfenced plots at all sites. 
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Mid-story canopy cover remained generally constant throughout all 4 events. 

Unlike the upper canopy, the mid-canopy provided significantly less cover and showed 

greater variability. Because mid-canopy coverage was relatively low, it was not expected 

to have a significant effect on throughfall at most sites. Puu Pia and Manoa eli ffs were 

the only two sites that contained considerable mid-story canopy (Fig. 19). The mid-story 

canopy at these two sites provided an extra layer of protection from throughfall. This 

was important because the upper canopy at most of the sites was greater than 12 m above 

the forest floor. Even if a falling raindrop was slowed or altered by the upper canopy, a 

fall from that height still would create a significant impact, especially when striking bare 

soil. The mid-canopy was primarily made up of saplings, so the cover they provided was 

relative to the dominant tree species at each site. Table 7 sUIllIllarizes this information. 
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Figure 19. The mid-story canopy cover for fenced and unfenced plots among all sites. 
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Table 7. Dominant tree species found at each site. 
Site Dominant Tree Species 
Lyon Elaeocarpus grandis (blue marble) 
Minoa Cliffs Psidium guajava (guava) 
Minoa Falls Psidium cattleianum (strawberry guava) 
Palolo Psidium cattleianum (strawberry guava) 
Pauoa Flats Cinnamomum burmanni (Indonesian cinnamon) 
Puu Pia Scheffler a actinophylla (octopus tree) 
Round Top Scheffler a actinophylla (octopus tree) 
Wa'ahila Ridge Casuarina glauca (ironwood) 

The vegetation cover for each site was graphed over the four months of 

observation based on the categories described earlier. Appendix E provides a display of 

the change in percent cover for all sites over time. These graphs showed the variability in 

cover among the sites and between the fenced and unfenced plots. For example, the 

ground cover of the Wa'ahila Ridge site was dominated by ironwood needle litter with no 

exposed soil, whereas the Round Top site was largely covered by bare soil and contained 

very little vegetation. It was expected that a change in vegetation cover would be 

observed over time. Specifically, a positive increase in fenced areas and a negative trend 

in unfenced. Four of the eight sites (Lyon, Palolo, Pauoa Flats, and Wa' ahila Ridge) 

showed little or no change during the four month time span. In contrast, Manoa Cliffs, 

Puu Pia, Round Top, and particularly Manoa Cliffs (Fig. 20) showed a decrease in cover. 

As discussed earlier, Manoa Cliffs was the site that had the highest observed pig activity 

in and around the plot. Pig activity was also observed at Puu Pia, where the fenced site 

exhibited a decrease in bare soil over the four months while the unfenced site showed a 

reduction in vegetation cover in the same time span. Obvious pig activity was not 

observed at Manoa Falls and Round Top, but both showed similar results to Manoa 

Cliffs, although the changes at these sites were not as dramatic. The four sites that 
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showed little to no change may have displayed constant soil cover characteristics due to a 

lack of pig activity at each location. Feral pigs were spotted on three separate occasions 

within 100 m of the Palolo site. yet pig presence was not detected within the immediate 

area surrounding each plot. As the Wa'ahila Ridge site was located within a ironwood 

forest. it is possible this site may not have been as attractive to feral pigs. For example. 

the forest offered no fruits and was covered with a thick layer of pine needles that would 

make browsing for earthworms difficult. 
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Figure 20. Total soH cover observed over 4 months at MAnoa Cliffs fenced vs. unfenced plot. An increase in green vegetation and a de(TCaSe in ban: soil 
is presented in the fenced graph. In contrast, the unfenced plot displayed an increase in bare soi l and a decrease in vegetation 



Soil moisture content fluctuated from November to February based on variability 

in duration and intensity of rainfall that occurred at each site. Analysis of the soil 

moisture content produced two important results. First, the mean soil moisture among all 

sites displayed an increasing trend over the four months. This was expected because 

Hawai'i's wet season typically begins in October and the start of runoff coIlection period 

for this study was November. Monthly rainfall amount usually remains high through 

March and April and subsides for the dry season (May through October) (USGS 2(08). 

This is shown in Figure 21 as weIl as a decrease during the month of January. There 

were two factors that may help to explain these results. First, soil samples were taken at 

the beginning of the month during site activation. This was important to note because it 

was likely that the preceding month's precipitation was what contributed to the current 

month's soil moisture content. Secondly, due to the almost constant accumulation of 

rainfall during Hawai'i's wet season, it may take a considerable amount of time for the 

soils to drain. 

The reason January had lower soil moisture than the previous month was probably 

due to a lack of intense rain events observed during the month of December. The rain 

event observed in December was characterized by small amounts of rainfall each day for 

greater than a week. This was unlike the other three sampling periods where large 

amounts of rain were observed within a week. The low rainfall in December was 

somewhat of an exception to historical data. Despite this, the trendline sti1l signified an 

overall increase over the 6-month period. September was the timeframe of the initial soil 

sampling and was added to further demonstrate how soil moisture changes with 

Hawai'i's seasons. 
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Figure 21. Mean soil water content trend for observed months at all sites. September was included 
from initial soil sampling. Error bars represent plus or minus one standard error. 

The second key result observed from soil moisture analysis was that moisture 

content was quite variable among sites (Fig, 22). A one-way ANOY A among the sites 

indicated location accounted for a significant proportion of the variance in the moisture 

data (Table 8). Specifically, the results showed that Manoa Cliffs site was significantly 

greater than all other sites with the exception of Lyon. Moisture at Wa'ahila Ridge was 

also found to be significantly lower than all the other sites, 
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Figure 22. Mean soil water content among all 8 sites over the study period (September sa mples 
included). Error bars represent plus or minus one standard error. Bars with different letters are 

significantly different according to the post-hoc least squared mean test. 

Table 8. One-way ANOV A for site comparison of mean volumetric water content 
over tbe study period (including intial soil sampling from September). 

df Sum of Mean F-statistic P-value 

Site 
Error 
Total 

7 
168 
175 

4.2 Throughfall Analysis 

Squares 
1.58 
1.97 
3.55 

Squares 
0.23 
0.01 
0.24 

19.27 <0.000 

Analysis of throughfall illustrated variability both in time and location over the 

four-month period (Fig. 23). The month of February had the highest recorded 

through fall , whi le January had the lowest. Throughfall values from November and 

December were similar, although the ovember event showed nearly identical amounts 

at 6 of the 8 sites, whereas the December event characterized a gradient that was more 

representative of orographic rainfall. It was difficult to make assumptions about rainfall 
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because each of the gauges recorded through fall. but the canopy cover above all of the 

gauges did not vary more than 30%. Five of the eight were within 8% coverage of each 

other. Nonetheless, the primary objective was to understand how much throughfall each 

site received regardless of how the canopy cover varied among sites. Site specific 

throughfall was then used as a predictor of runoff and soil loss for each site . 
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Figure 23. leasured Ihrougbfall al all 8 sites over the four month study period. 

In terms of location, Figure 23 displayed the variability of the recorded 

throughfall at each site. It showed that the largest amount of throughfall was consistently 

observed at the Miinoa Cliffs and Lyon sites. It also showed that Wa 'ahila Ridge 

received the smallest amount. As discussed earlier, Wa'ahila Ridge was the one site 

where there was a significant difference between canopy cover above the throughfall 

gauge and above the runoff plots (approx. 30% more above gauge). Figure 23 does not 

account for this so the data is slightly underrepresented in the figure . Despite this 
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difference. Wa"ahila Ridge still received the smallest amount of thro ugh fall among all 

sites which may be related to its location at the drier end of the watershed and its 

southeast facing aspect. This data correlate wi th the annual rainfall observed in Miinoa 

watershed (Fig. 2-l). 
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Figure 24. lsohyets oCthe annual precipitation aOlOunt (mm) experienced throughout Manoa 

Watershed. 

4.3.1 Runoff Amount 

Using the methodology outlined earlier, the quantity and quality runoff was 

analyzed after each observed rainfall event. The average runoff amount for each plot for 

the study period is displayed in Figure 25. Excessive runoff in a majority of the plots 

caused the collection buckets to overflow on several different occasions. Therefore, the 
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averages given are a low estimate. These averages may not be definitive. but it does 

signi fy that a 5.04 m~ area produced a minimum average in exce 's of 25 L at the wettest 

sites. while at the drier sites a minimum average of 5 L of runoff was recorded per event. 
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Figure 25. Average runoff amount recorded for each site over the study period. Due to excessive 
amounts overflowing the buckets on occasion, tbe data represents a low estimate. However, a range 

of at least 25L per rainfall event observed at the wetter sites and 5L from driest site, represcnts a 
large amount of runoff produced from a 5.04m' area. 

Quantity of runoff was recorded and plotted as a function of throughfall (Fig. 26). 

The trendline displayed a logarithmic curve that is characteristic of increasing runoff with 

increasing rainfall. When the data was divided between fenced and unfenced plots, the 

resulting trendlines showed a steeper logarithmic curve from unfenced data than the 

fenced (Fig. 27). 
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Figure 26. Throughfall versus recorded runolf for all 8 sites over the four month period. Each point 
represents a recorded runoff amount. 
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Figure 27. Througbfall versus runolf with fenced data compared to unfenced. The red annotates 
unfenced runolf amounts recorded. while blue represents fenced data. The figure shows a slightly 

higher trend of recorded runolf in the unfenced plots. 

4_3_2 Physical Characteristics of Runoff 

A comparison of total TSS recorded per month is displayed in Figure 28. The 

high throughfall data recorded in February caused this month to have the highest TSS 
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values. A one-way ANOY A used to compare the TSS across all four months showed that 

there was a significant difference between the February TSS values and the TSS values 

from the other three months (Table 9). No difference was detected between the months 

of November through January. The information from Figure 23 (recorded throughfall) 

and Figure 28 indicated that there may be a direct relationship between amount of net 

throughfaJl and soil loss. A Pearson correlation confirmed that a significant relationship 

did, in fact exist between net throughfall and soil loss across all months (R2 = 0.593, P-

value < 0.000). 
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Figure 28. Mean monthly TSS calculations of all 8 sites. A one-way ANOV A determined the 
February event to be significantly greater than the three preceding months. Error bars represent 

plus or minus one standard error. Bars with different letters are significantly different according to 
the post-hoc least squared mean test. 

Table 9. 

Site 
Error 
Total 

One-way ANOY A for month comparison of mean TSS amounts. 
df Sum of Mean F-statistic P-value 

Squares Squares 
3 0.06 0.02 26.07 <0.000 
58 0.04 0.00 
61 0. 10 
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When the TSS data was compared among sites and between fenced/unfenced 

plots, the following trends were noted (Fig. 29). First. Wa'ahila Ridge. which had no 

exposed bare soil, received the lowest amount of throughfall, and had the driest soil, 

produced the least amount of TSS in runoff. The small amount recorded was not 

necessarily from suspended soil particles, but rather from an abundance of soil 

macroinvertebrates that inhabited the soil and litter layers, and were washed or migrated 

into the collection bucket. A second observation was that by averaging TSS data from 

both fenced and unfenced plots per site, the three sites with the most TSS in runoff were 

Lyon, Manoa Cliffs, and Round Top. Two of these three, Manoa Cliffs, and Round Top 

were suggested earlier to be highly-susceptible to soil loss. Lyon was believed to 

contribute excessive amounts of TSS because it was the second highest in soil moisture 

and throughfall received (only Manoa Cliffs was higher), and it also had a relatively steep 

slope at approximately 15-16%. Lyon also contained very little mid-canopy cover, which 

was particularly important at Lyon due the extremely high canopy cover provided by the 

dominant blue marble (Elaeocarpus grandis) trees. These trees were estimated to be an 

excess of 30m tall. 

A third trend related to the individual site differences between fenced and 

unfenced plots. Five of the eight sites showed significantly higher TSS amounts in the 

unfenced plots. Only Pauoa Flats, Round Top, and Wa'ahila Ridge had higher amounts 

ofTSS recorded in the fenced plots, and there were reasonable explanations for each of 

these results. First, the unfenced plot at Pauoa Flats had nearly four times as much mid

story canopy cover compared to the fenced plot. Also, the fenced plot had higher 

percentages of bare soil in the first two months of observation, although this percentage 
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decreased over time and equal estimates of bare soil at each plot were recorded for the 

following months. Second, a closer examination of soil cover at Round Top may explain 

why high TSS values were produced from the fenced site. The initial soil cover estimates 

from Round Top were observed to be as 73% bare soil from the fenced plot and 45% bare 

soil from the unfenced plot. These observations changed only slightly over the four-

month period due to what could possibly be poor soil conditions§ that may have 

prevented understory vegetation fTom increasing even after fencing . 
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Figure 29. Mean TSS amounts of fenced and unfenced plots per site. Error bars represent plus or 
minus one standard error. 

The large error bars from Figure 29 are indicative of the high variability of 

recorded TSS amounts between fenced and unfenced areas over the study period. This 

lack in definitive differences between fenced and unfenced TSS amounts may have been 

§ Round Top was classified as an Andisol, which is characteristically known for making P unavailable to 
plants. 
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attributed to the abbreviated observation period. Because both the fenced and the 

unfenced plots were studied shortly after initial exc1osure, unique differences may have 

yet to develop. Therefore, it was important to look at the contrast of TSS between fenced 

and unfenced plots over time. It was expected that with time, fenced plots would be less 

susceptible to soil erosion because soil cover and vegetation would be able to recover. A 

comparison between fenced and unfenced TSS amounts over time is shown in Figure 30. 

In this figure, unfenced TSS amounts were subtracted from fenced amounts for each site 

per month. The differences between these two were graphed along the y-axis, while a 

line connected the differences for each of the four months (x-axis). The overall trends of 

five of the eight sites were negative, meaning that TSS amounts in the unfenced plots 

were becoming greater over time when compared to the fenced plots. Pauoa Flats and 

Round Top were the only sites to show a positive trend. and Wa'ahila Ridge appeared to 

stay neutral throughout. There were subtle differences in the first three months, but the 

month of February displayed the largest difference. This seemed to be a function of high 

amounts of throughfall, but could also be a result of it being the final month of the study, 

which may have allowed for differences between fenced and unfenced plots to be more 

readily observed. A possible example of this was that the negative trends were much 

steeper in slope than the two sites (Pauoa Flats and Round Top) showing a positive trend. 

In the previous figure (Fig. 29), Lyon was described as being one of the three sites with 

the highest TSS average. A look at TSS amounts from Lyon over time showed a positive 

trend for the fIrSt two months that drastically reversed direction over the final two 

months. Manoa Falls showed a similar, yet less subtle trend. 
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Figure 30. A display of TSS difference between fenced and unfenced plots over time. Negative 
trends were recorded for 5 of the 8 sites by the final month of the study (Feb.). Only two sites sbowed 

a positive trend, while the third displayed a neutral trend. 

A number of different variables contributed to the TSS results observed at each 

site. In order to obtain a general idea of which variables were most important in their 

influence on TSS, a Spearman correlation analysis among these variables was conducted 

(Table 10). Results from the Spearman correlations reflected some interesting 

relationships or lack thereof. One set of signi ficant relationships that did not exist was 

the relationship of slope to any other variable. The sites in this study encompassed a 

large range of different slopes, yet slope had no significant correlation with variables 

such as TSS, runoff amount, or soil moisture. This finding did not support the first 

hypothesis of this thesis. Although not anticipated to have a large impact, mid-story 

canopy cover did not have any significant relationships with other variables. 
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Some of the other correlations were more obvious than others. As expected with 

hypothesis one. throughfall played a major role in determining runoff amounts. Other 

examples were correlations of runoff amount and bare soil with TSS. The most 

influential of all variables. according to the correlation analysis was soil moisture. Soil 

moisture was found to have significant correlations with every variable except for slope. 

mid-story canopy cover. and bare soil. Of the variables that were correlated with soil 

moisture. the most significant correlation was with runoff amount. However, soil 

moisture also showed a strong correlation with TSS. 

Table 10. Spearman correlation results (Rz above p.value). Non·signific:ant results 
labeled as NS • 

Mi 
RO Thru Slop SMois Canop d Bare 
Amt TSS TDS ·fall e t yCov Cov Cov 

ROAmt 
I 0.66 -0.55 0.64 NS 0.76 NS NS NS 

(0.006) (0.029) (0.007) (0.001) 

TSS 
I NS NS NS 0.70 0.72 NS 0.50 

(0.003) (0.002) (0.0476) 

TDS I NS NS -0.61 NS NS NS 
(0.012) 

Tbru· I NS 0.61 NS NS NS 
faD (0.011) 

Slope I NS NS NS NS 

SMolst I 0.61 
(0.013) 

NS NS 

Canopy I NS NS 
COY 

MldCoy 1 NS 

Bare I 
Coy 
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Bare soil, throughfall, and soil moisture were also input into a multiple stepwise 

regression. This analysis indicated that soil moisture and bare soil cover were the best 

predictors ofTSS in runoff (F= 15.31, P-value < 0.(00). 

Equation 1. Model for predicting TSS produced througb moItiple stepwise regIe!Mon. 
TSS = -0.03 + 0.10(SoilMotsture) + O.03(BareSotlCover) 

It should be noted that soil moisture and bare soil are two variables that are directly 

influenced by feral pig activity. 

Another interesting correlation was the positive relationship between canopy 

cover and TSS and soil moisture. This result was believed to be somewhat biased due to 

the rainfall gradient that existed in the watershed. Wa'ahila Ridge was the driest site of 

the eight sites and was also the site with the least amount of canopy cover. This was 

most likely due to its location in a drier area that caused it to have less biomass than the 

other sites. Thicker canopies were found deeper in the watershed as average rainfall 

increased, and subsequently contained higher soil moisture content and produced 

significantly more TSS. Also, because Wa'ahila Ridge was located in a ironwood forest 

with a thick litter layer and no exposed soil, it was unlikely to produce TSS. A more 

effective comparison would have included a site located in a drier region, yet not within 

an ironwood forest. 

IDS results for all sites are displayed in Figure 31. Wa'ahila Ridge plots 

contained the highest IDS per sample for most months. The lone exception was the 

month of November in which the Palolo fenced plot contained higher IDS than the 

Wa'ahila Ridge unfenced plot, but significantly less than the Wa'ahila Ridge fenced plot. 
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Wa'ahila Ridge contained the lowest TSS amounts among all sites. It was for this reason 

that Wa'ahila Ridge was believed to have the highest TDS amounts. At the other seven 

sites, nutrients in solution may have been able bind with suspended soil particles. It was 

likely that TDS was highest at Wa'ahila Ridge because there were little to no suspended 

soil particles to bind with the dissolved solids. 
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Figure 31. Monthly TDS recordings for all 8 sites. 

4.3.3 Chemical Characteristics of Runoff 

Results from the chemical analysis of runoff samples demonstrated a recurring 

theme. Wa 'ahila Ridge contained the highest mean concentrations ofN, P, NH4-N, Ca, 

and Mg in runoff. The difference between this site and the others was considerable. 

Most ofthe concentrations from Wa'ahila Ridge were 5-7 times greater than the mean 

concentrations ofthe other seven sites. The one exception to this was Mg concentrations. 

Mean Mg concentrations at Wa'ahila Ridge were slightly higher than Round Top 
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concentrations and were only about twice as great as the mean concentrations from the 

other six sites. Appendix F can be referred to for figures of mean nutrient comparisons 

among sites. The two nutrients that were not highest at Wa'ahila Ridge were N03-N and 

K. Potassium concentration (Appendix F, Fig. 58) for Wa'ahila Ridge was less than the 

Palolo fenced plot and the Round Top unfenced plot. A possible reason as to why 

Wa'ahila Ridge contained the highest concentrations of these nutrients could be that its 

soil, an Ultisol, was highly aged and no longer has a cation exchange capacity (CEC). 

Instead, it may have a high anion exchange capacity (AEC), which would explain its high 

N03-N concentrations found in the initial soil sampling (Fig. 12). Consequently, N03-N 

concentration in runoff (Appendix F. Fig. 56) was the one chemical property where 

Wa'ahila Ridge did not stand out from the rest of the sites, which further supports the 

argument of a high AEC in the soil at Wa'ahila Ridge that may be binding with N03-N, 

an anion, and releasing cations. The fenced plot at Manoa Cliffs had the highest recorded 

N03-N concentrations within its runoff. This site was analyzed during the initial soil 

sampling (Ch. 2) as having the highest amounts of NJ4-N, total C and total N. It may be 

that the soil at Manoa Cliffs is completely opposite of the Wa'ahila Ridge site, in that it 

may have a high CEC. If true, this would lead to a high rate of N03-N leaching from the 

soil due to its negativity. The fact that the Manoa Cliffs site received large amounts of 

organic matter and runoff input from the surrounding watershed may also justify the high 

N03-N readings. 

Examination of nutrient differences in runoff between fenced and unfenced plots 

showed slightly higher results from fenced areas for each parameter, with the exception 

of Mg (Appendix G). A one-way ANOVA proved these differences to be insignificant. 
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However, the higher results in fenced areas were not anticipated given the higher nutrient 

averages that were found in the unfenced soils during initial sampling. A primary source 

of this difference was the extremely high concentrations found in the Wa' ahila Ridge 

fenced plot If the assumption is made that the soil at Wa'ahila Ridge did indeed, have a 

high AEC, then its contribution to high cation concentrations would be explained. It is 

also important to note that this site, due to low throughfall and considerable leaf litter 

produced the lowest amount of total runoff and soil loss. When this site is removed from 

the averages, fenced sites only had a higher total in three categories; P, N03-N, and K. 

With or without the addition of Wa' ahila Ridge nutrient concentration, the differences 

between fenced and unfenced averages were minor. The error bars throughout Appendix 

G displayed overlapping ranges for both fenced and unfenced averages. The examination 

of nutrient concentration did not produce distinguishable conclusions. The abbreviated 

observation period of four months may have been too short to detect noticeable 

differences in chemical content of runoff. 

4.4 Summary 

The analysis from this chapter displayed that a large heterogeneity exists 

throughout Manoa watershed, in terms of antecedent conditions, as well as soil loss and 

runoff. Nearly every site was recorded to have different antecedent conditions. Of these 

antecedent conditions, soil water content proved to be a significant factor in influencing 

runoff and soil loss. Contributions to soil loss and runoff were also highly variable 

throughout the watershed and over time. TSS recordings ranged from 0.0 g L-1 to 0.155 g 
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L-1 during observed rainfall events. The recorded runoff amount showed that large 

amounts of runoff were being produced during each rainfall event, ranging from an 

average of 5 L to an upwards of 26 L among sites. In terms of content of the runoff, 

considerable amounts of N03-N were observed at all sites, both fenced and unfenced 

plots (Appendix F. Fig. 56). Regardless of pig activity, sites throughout Manoa 

watershed could possibly be contributing to large amounts of N03-N into the local 

waterways. Average N03-N concentrations ranged from 0.70 f,lg mL-1 to 1.96 f,lg mL- l
• 

Although significant differences between fenced and unfenced plots were not observed in 

terms of runoff and soil loss. trends in runoff amount, TSS. and vegetation were 

becoming noticeable as the study period progressed and are expected to become more 

divergent with time. 
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CHAPTER 5: DISCUSSION AND CONCLUSIONS 

5.1 Discussion 

This project met its stated objectives, albeit to varying degrees of success. The 

first objective of quantifying runoff amount in the watershed was met, although issues 

with collection of the unexpectedly high runoff amounts may have resulted in 

underestimation of total runoff amounts. The remaining three objectives were all 

successfully achieved as discussed in the previous chapters. The results of this study 

either rejected or partially accepted each of the three hypotheses. For hypothesis one, 

throughfall intensity was shown to be significantly related to runoff and soil loss, yet 

slope showed no such correlation. Hypothesis two however, was partially accepted. 

Although significant statistical differences of runoff and TSS amounts were not detected 

between fenced and unfenced areas, a trend displaying increasing TSS amounts in 

unfenced areas over the study period was observed in five of the eight sites (Fig. 30). It 

is our assumption that these differences may become more apparent over time if soil 

cover continues to increase in fenced areas, while decrease in those areas subject to pig 

activity. Hypothesis three was also rejected because significant differences in nutrient 

concentrations were not detected between fenced and unfenced plots. 

One of the most significant fmdings of this study, in terms of contribution to soil 

loss and runoff, was the documentation of the complex heterogeneity in cover, 

throughfall, slope, and soils that exist throughout the Manoa watershed. A casual 

observation of the upper portions of the watershed may invoke thoughts of homogeneous 

vegetation, throughfall, slope, and soils in these forested areas. However, an analysis of 
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the watershed shows that it contains high diversity in all of these characteristics. 

Vegetation and rainfall, which are directly related, may be the two most obvious traits 

that seem to co-vary. Scanning the ridges from the southern portion of the watershed to 

the back (northern), a change from a brown, sparsely-vegetated landscape to a 

progressively greener landscape with a dense cover of vegetation can be observed. Even 

in the highest portions of the watershed, however, the variation in rainfall and vegetation 

was significant. In this study, sites that were within 1500 m of each other exhibited 

differences in throughfall in excess of 45 em during the same rain event Given what is 

known of orographic rainfall, these differences were not unexpected. Instead, this study 

provided insight as to how these traits, along with rainfall, interacted and affected soil 

loss and runoff. 

A dense canopy cover may have been the most consistent characteristic across the 

majority of the study sites. This however, did not translate into uniform soil cover on all 

sites. The thickness of the canopy was only the top layer of soil cover. The layers of 

mid-canopy and soil surface cover proved to be just as, if not more important, than the 

top layer. It was in these two lower layers that the most diversity in cover was observed. 

Three of the plots had no mid-story, while four plots were estimated to have 20% or 

greater mid-story cover. This diversity may be attributed to such things as invasive 

species and plant competition, soil type, and feral pig activity. Native ferns generaI1y 

compose a majority of a Hawaiian forest'S mid-canopy and understory (Allison and 

Vitousek 2004), but feral pig feeding on these ferns may be a reason for which low mid

canopy estimates were recorded at all sites. The importance of mid-story canopy cover 

was discussed in the previous chapter, but is worth noting again that mid-story cover 
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provides more surface area to disrupt and absorb the intense rainfall and throughfall thal 

is typical in Hawai'i. 

While the mid-canopy added a vital layer of protection. it was the cover at the soil 

surface that was one of the most important factors contributing to soil loss and runoff. 

Each month, sites with the highest percentages of bare soil were found to contain the 

highest amounts ofTSS. The three sites of Manoa Cliffs (with an average of 40% bare 

soil between the fenced an unfenced plots). Puu Pia (26%). and Round Top (60%) 

contained the largest amounts of bare soil. For the months of November and December. 

Puu Pia had the highest TSS amounts among all plots. while Round Top recorded the 

most during the months of January and February. Other sites such as Wa'ahila Ridge and 

Manoa Falls contributed little to no TSS each month. Wa'ahila Ridge was discussed as 

being unique due its location and thick litter layer. however Manoa Falls shared similar 

characteristics with many of the other sites. Bare soil was estimated at Manoa Falls to be 

as high as 15% over the four month evaluation period, which was higher than Lyon, 

Palolo. and Pauoa Flats. all of which contributed to more monthly TSS amounts than 

Manoa Falls. Additionally. Manoa Falls received the fourth highest amount of average 

monthly throughfall. The two variables of throughfall and bare soil were significant 

indicators of soil loss, but in the case of Manoa Falls a third variable, soil moisture, 

proved to more significant in determining TSS amounts. 

The Spearman correlation showed soil moisture to be a key variable in 

determining soil loss. The significance of this correlation was not anticipated at the onset 

of the study. Manoa Falls was typically calculated as having one of the lowest monthly 

average soil moisture contents. Only the drier sites of Round Top and Wa'ahila Ridge 
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had lower soil moisture. Manoa Falls was located on the top of a small, narrow ridge 

located in the deeper and wetter area of Manoa. It was due to this local topography that 

most likely allowed the soils to rapidly drain after inundation from rainfall. Significant 

sheet flow was not able to accumulate over the short run on top of the ridge where Manoa 

Falls was located. Despite the steeper slopes of the other sites. they were still subjected 

to overland flow from large areas above their location. 

Though the reasoning for low soil moisture at Manoa Falls may have been due to 

local topography. this study also demonstrated how variability in the timing of rainfall 

can attribute to considerable amounts of soil loss and runoff. This variability is common 

and well-documented in Hawai'i, especially given the flashy nature of the typical 

Hawaiian watershed. Heavy rainfall events have been known to quickly become 

dangerous by causing stream banks to overflow and creating new destructive flow paths. 

These heavy rainfall events can result in major soil loss. In terms of watershed 

management. little can be done to prevent such events from occurring. but what seems to 

be overlooked is the importance of antecedent conditions. particularly soil moisture. 

plays in such events. A strong downpour following an extended dry period would 

typically induce far less damage. than one after a period of sustained rainfall. Given this 

reasoning. it is likely that the February rain event resulted in high TSS amounts because it 

occurred after three months of moderate, but steady rainfall. Similar TSS loads may not 

have been observed if this same rain event occurred during the dry season. 

The mention of antecedent conditions in the preceding paragraph helped to 

illustrate the vulnerabilities of a watershed that is impacted by feral pig activity. The 

correlation analysis conducted in Chapter 3 indicated that the two most important 
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antecedent conditions that influence runoff and soil loss were soil moisture and soil 

cover. Both of these characteristics are directly impacted by feral pig activity. Pig 

activities such as digging and browsing directly reduce soil cover. In doing so they 

remove organic matter that contributes to the soil's water holding capacity. The removal 

of this organic matter causes the soil to become saturated from less rainfall. Continued 

rainfall after saturation instantly becomes runoff. and subsequently causes more soil loss 

and runoff through sheet erosion. The exposure of bare soil by pigs also leads to crusting 

of the soil surface. especially in areas that received large amounts of rainfall. Soil 

crusting. in turn thwarts future soil cover by preventing seedling emergence. and 

encourages further runoff by preventing infiltration. In the forested areas of the 

watershed no other organism is capable of having such a profound effect on the 

characteristics of soil cover and moisture. 

Significant differences between fenced and unfenced sites were not detected for 

most parameters in this study. Recording distinguishable differences in such a short 

time-period may have been overly optimistic. However. despite the abbreviated 

observation period. trends were starting to become noticeable. Besides TSS (Fig.30). 

four of the eight sites were also beginning to show distinguishable differences in soil 

cover and biomass (Appendix E). This contrasting trend of soil cover between fenced 

and unfenced plots is also expected to become more divergent with time. 
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5.2 Recommendations for Improvement 

This study attempted to improve the current understanding of watershed dynamics 

with relation to soil loss and runoff, and the added influence of feral pig activity. As the 

project evolved, several key issues were identified to improve the efficiency and 

methodology. For example, one deficiency of this study was a lack of estimation of pig 

densities. Several studies have suggested different techniques for monitoring feral pig 

presence (Hone 1988; Hone and Martin 1998). Sites where feral pigs were observed 

either physically or via past presence (i.e. tracks, rooting, etc.) were recorded in a log 

during on-site visits and were highlighted in the previous chapters. This however, failed 

to provide quantification as to how much pig activity, if any, was experienced at each 

site. All unfenced plots were open to pig activity, but to what extent pigs actually visited 

and browsed in this areas is unknown. 

Another variable that should be considered to improve research of runoff and soil 

loss in forested watersheds is the calculation of stemflow. This was not quantified in this 

study, but the introduction of added water from stemflow could have been significant. 

Three of the plots contained predominant stands of Psidium cattleianum (strawberry 

guava) which are characterized by a smooth bark and thus likely to have high rates of 

stemflow (Gerrard 2000; Steinbuck 2002). By not considering this important variable, 

the quantity of precipitation added to each plot may have been underestintated. It should 

be noted, though that while the calculation of stemflow is important, the major 

assumption of what causes soil loss revolves around direct impact from raindrops. 

Therefore, it is assumed that the absence of this data did not have significant effects on 

the results of this study. 
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A third discrepancy that may have hindered accurate data collection was the use 

of smaller 18.9 L buckets to collect runoff. Because areas deep in the watershed received 

high amounts of rainfall, it was not uncommon for many to be completely filled upon 

collection. Once full, added runoff would overflow the bucket and proceed down slope. 

This occurred even in the sites that were anticipated as being high runoff volume sites 

and were fitted with a feed tray that only collected half of all incoming runoff. This 

. meant an unknown quantity of runoff was not measured each time overflow occurred. 

While this did not likely affect analysis of TSS and chemical content, it may have had a 

significant effect on measuring runoff amount The smaller bucket was chosen because 

of its ease of burial and because its installation would disturb less soil. A future 

recommendation would be to add a secondary bucket slightly down slope from the 

primary to collect any overflow that may occur. 

5.3 Conclusion 

Runoff and soil loss within a typical Hawaiian watershed is highly dynamic and 

controlled by a number of variables that co-vary across the landscape. Exactly how each 

of these variables interacts remains a challenging question for soil scientists, 

hydrologists, and land managers. While different research of runoff and soil loss may 

disagree on smaller details, one thing that can be agreed upon is that feral pig activity 

contributes to runoff and soil loss. The extent of the burden feral pigs place on such 

processes is directly related to pig density, as well as location. A thorough understanding 

of these ideas calls for effective population control to minimize the degree of disturbance, 
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but it also calls for the identification of areas that are particularly susceptible to pig

induced erosion so that they may be prioritized for fencing or other control activities. 

The presence and effects of feral pigs in Hawaiian watersheds is a sensitive. 

multi-faceted issue. The long-tenn economic. social. and ecological effects of feral pigs 

may not be absolutely clear until it is too late to reverse the damage done. In the mean 

time it is imperative that the allocation of funds and conservation efforts are directed 

towards using the best control methods available and also implementing these efforts in 

areas that can yield maximum protection of biodiversity. watershed services and 

prevention of pathogen propagation. Furthennore. there is a need for additional studies 

to quantify of the effects of feral pigs on watershed processes. Studies like this one that 

attempt to close this knowledge gap will better assist in concentrating appropriate control 

measures where they are needed most. 
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APPENDIX A 

INITIAL SOIL SAMPLE PHYSICAL PROPERTIES 
FENCED VS. UNFENCED 
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Figure 32. Mean bulk density of fenced vs. unfenced soils from initial soil sampling. 
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Figure 33. Mean soil water content of fenced vs. unfenced soils from initial soil sampli ng. 
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APPENDIXB 

INITIAL SOIL SAMPLE CHEMICAL ANALYSIS RESULTS 

T bl 11 R ul fr h • I I . f'" I il a e . es ts om c emlC8 analysIS 0 mltia so I samples. 
Sample Fenced N03 NH4 

1# Site ? oH -N -N P K Ca MIl N C BD WC 

gI em" 
< > % em' em' 

Panoa 
1 Flats No 4.8 24 79 51 116 258 271 1.18 17.67 0.420 0.48 

Panoa 
2 Flats No 4.8 12 4.6 64 101 48 289 1.17 16.68 0.432 0.45 

Panoa 
3 Flats No 4.7 13 8.0 69 123 209 154 0.95 13.75 0.409 0.40 

Panoa 
4 Flats Yes 4.7 15 7.3 58 179 181 312 1.40 19.37 0.347 0.41 

Panoa 
5 Flats Yes 4.8 16 8.6 60 96 170 161 1.07 15.48 0.360 0.36 

Pauoa 
6 Flats Yes 4.7 22 9.1 45 167 301 206 1.52 21.69 0.413 0.47 

Mlinoa 
7 Cliffi; No 5.4 48 45 18 305 2004 1221 2.95 37.11 0.253 0.43 

Mlinoa 
8 Cliffi; No 5.1 45 24 11 249 512 532 2.72 32.52 0.329 0.47 

Mlinoa 
9 Cliffi; No 5.4 38 38 10 124 1072 608 2.41 28.73 0.254 0.43 

MlInoa 
10 Cliffs Yes 5.s 47 53 14 511 1790 937 2.80 33.25 0.353 0.60 

Mllnoa 
11 Cliffs Yes 5.7 26 45 17 258 1485 1388 2.42 28.79 0.314 0.41 

Mllnoa 
12 Cliffs Yes 5.4 41 36 13 166 713 601 2.28 27.35 0.369 0.54 

Round 
13 Top Yes 6.4 20 9.1 47 444 3620 1599 0.61 7.54 0.687 0.42 

Round 
14 Top Yes 6.4 17 8.3 42 30S 2790 1538 0.51 5.98 0.963 0.44 

Round 
IS Top Yes 6.1 14 6.9 52 191 2414 1500 0.45 5.45 0.961 0.43 

Round 
16 Top No 6.S 22 9.2 72 764 3870 1959 0.63 7.84 0.866 0.35 

Round 
17 Top No 6.6 19 8.8 67 591 3012 1613 0.52 6.44 0.856 0.40 

Round 
18 Top No 6.2 16 8.9 78 292 2462 1426 0.48 5.85 1.032 0.38 

Mlinoa 
19 Fails No 4.9 24 27 3.9 109 72 184 0.93 15.84 0.482 0.39 

Mlinoa 
20 Fails No 5.0 25 26 2.6 101 106 191 0.87 14.71 0.432 0.36 

Mllnoa 
21 Fails No 5.0 23 25 2.6 82 65 187 0.84 14.16 0.688 0.50 

MlInoa 
22 Fails Yes 5.1 23 24 3.9 124 132 310 0.89 15.09 0.535 0.41 
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.,- vJ cm3J 
< % em' em' 

Sample Fenced N03 NH4 
# Site ? DH -N -N P K Ca M& N C BD WC 

Manoa 
23 Falls Yes 5.0 23 21 2.9 108 43 158 0.91 15.88 0.630 0.51 

Manoa 
24 Falls Yes 4.9 26 25 3.1 \07 83 164 0.83 14.43 0.595 0.48 

25 Lyon No 5.3 10 12 2.4 357 1997 1246 0.47 6.65 0.714 0.59 

26 Lyon No 5.5 14 13 1.9 266 2514 1657 0.42 5.90 0.488 0.37 
27 Lvon No 5.8 10 11 2.1 466 2676 1430 0.36 5.40 0.565 0.39 

28 Lyon Yes 5.4 11 18 2.1 405 1589 796 0.53 8.89 0.630 0.54 
29 Lyon Yes 5.2 5.2 10 2.1 340 1055 685 0.46 7.66 0.696 0.58 

30 Lvon Yes 5.6 11 11 1.9 341 1\\0 737 0.45 6.90 0.678 0.59 
0.3 

31 PuuPia No 5.7 8.9 23 1 269 791 544 0.41 9.10 0.541 0.40 
32 PuuPia No 5.5 12 25 1.6 359 986 651 0.47 10.08 0.695 0.35 

33 PuuPia No 5.3 9.2 SO 4.4 135 614 435 0.54 11.86 0.570 0.41 

34 PuuPia Yes 5.2 5.2 6.1 1.9 213 784 492 0.36 7.97 0.625 0.42 

35 PuuPia Yes 5.6 8.5 20 2.4 218 1041 619 0.57 12.28 0.572 0.38 

36 PuuPia Yes 5.6 7.8 13 2.4 243 593 460 0.53 11.66 0.606 0.44 
Waahila 

37 Ridee Yes 5.4 38 16 2.6 592 2284 703 0.67 9.06 0.673 0.25 
Waahila 

38 Ridge Yes 6.0 120 32 4.2 598 4426 998 1.00 14.52 0.582 0.16 
Waahila 

39 Ridge Yes 5.5 38 20 2.9 792 3020 851 0.70 9.57 0.644 0.21 
Waahila 

40 Ridge No 4.9 37 13 2.1 646 1909 717 0.61 8.57 0.754 0.23 
Waahila 

41 Ridse No 5.6 68 22 2.1 635 3756 998 0.94 13.10 0.460 0.21 
Waahil. 

42 Ridge No 5.5 72 18 7.0 974 3688 1276 0.88 13.49 0.631 0.22 

43 Palol0 Yes 4.9 16 30 1.9 239 220 359 0.98 13.01 0.493 0.36 

44 Palol0 Yes 5.0 13 27 2.1 127 353 449 0.94 12.35 0.446 0.32 
45 Palol0 Yes 4.9 11 21 1.9 132 216 405 0.79 10.59 0.527 0.32 
46 Palol0 No 4.9 11 27 2.6 221 301 377 1.08 14.94 0.501 0.36 

47 Palol0 No 4.8 11 26 2.6 201 230 300 1.06 13.97 0.413 0.29 

48 Palol0 No 4.8 13 25 2.4 182 243 290 0.92 12.22 0.490 0.33 
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APPENDIXC 

INITIAL SOIL SAMPLE CHEMICAL ANALYSIS RESULTS 
FENCED VS. UNFENCED 
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Figure 34. Mean nitrate-nitrogen (NO,-N) concentrations in fenced vs. unfenced soils from initial 
soil sampling. 
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Figure 35. Mean ammonium-nitrogen (NH,-N) concentration in fenced vs. unfenced soils from initial 
soil sampling. 
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Figure 36. Mean extractable phospborus (P) concentrations in fenced vs. unfenced soils from initial 
soil sampling. 

Figure 37. Mean percent total nitrogen (N) in fenced vs. unfenced soils from initial soil sampling. 
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Figure 38. Mean percent total C in fenced vs. unfenced soils from initial soil sampling. 
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Figure 39. Mean calcium (Ca) concentration in fenced vs. unfenced soils from initial soil sampling. 
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Figure 40. Mean potassium (K) concentration in fenced vs. unfenced soils from initial soil sampling. 
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Figure 41 . Mean magnesium (Mg) concentration in fenced vs. unfenced soils from initial soil 
sampling. 
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APPENDIX 0 

I~ITIAL SOIL SAMPLE CHEMICAL ANAL YSIS RESULTS 
SITE DIFFERENCES OF OTHER CHEMICAL PROPERTIES 
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Figure 42. Mean pH from initial soil sampling of all 8 sites. 
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Figure 43. Mean calcium (Ca) concentrations from initial soil sampling of all 8 sites. 
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Figure 44. Mean potassium (K) concentrations fro m initial soil sampling of a ll 8 sites. 
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Figure 45. Mean magnesium (Mg) concentrations from initial soil sampling of all 8 sites. 
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APPENDIXE 

RESUL TS OF SOIL COVER ESTIMATION OVER FOUR MONTH OBSERVED TlMEFRAME 

Lyon (fenced) Lyon (unfenced) 
100% 100% 

90% 90% 

80% 80% • Rocks 

\D 
70% 70% • Roots 

U\ 60% 60% 

50% 50% • Green Veg 

40% 40% 
• Litter 

30% 30% 

20% 20% • Bare Soil 

10% 10% 

0% 0% 

NOV DEC JAN FEB NOV DEC JAN FEB 

Figure 46. A comparison of fenced vs. unfenced soil cover al Lyon over the 4 monlh observed lime period. 
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Figure 47. A comparison of fenced vs. unfenced soil cover at Manoa Cliffs over the 4 month observed time period. 
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Figure 48. A comparison of fenced vs. unfenced soil cover at Manoa Falls over the 4 month observed time periud. 
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Figure 49. A comparison of fenced vs. unfenced soil cover at Palolo over the 4 month observed time period. 
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Figure SO. A comparison of fenced vs. unfenced soil cover at Pauoa Flats over the 4 month observed lime periud. 

• Stems 

• Roots 

• Green Veg 

• Litter 

• Bare Soi l 



Puu Pia (fenced) Puu Pia (unfenced) 
100% 100% 

90% 90% 

80% 80% 
• Stems 

70% 70% 

60% 60% • Root s 

0 50% 
0 

40% 

30% 

50% 

40% 

30% 

• Green Veg 

• litter 

20% 20% • Bare Soil 

10% 10% 

0% 0% 

NOV DEC JAN FEB NOV DEC JAN FEB 

Figure 51. A comparison of fenced vs. unfenced soil cover at Puu Pia over the 4 month ohserved time period. 
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Figure 52. A comparison of fellced .s. unfenced soil cover at Round Top over the 4 month observed time period. 
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Figure 53. A comparison of fenced vs. unfenced soil cover at Wa'ahila Ridge over the 4 month observed time p.riud. 
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APPENDIX F 

MEAN NUTRIENT CON CENTRA TIONS WITHIN RUNOFF 
COMPARISON OF SITES 
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Figure 54. Mean total nitrogen (N) concentrations in runoff ror a ll 8 sites over the 4 month observed 
time period. 
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Figure 55. Mean pbospborus (P) concentrations in runoff for all 8 sites over the 4 month observed 
time period. 
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Figure 56. Mean nitrate-nitrogen (NO,-N) concentrations in runoff for all 8 sites over the 4 month 
observed time period. 
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Figure 57. Mean ammonium· nitrogen (NH.,.N) concentrations in runoff for all 8 sites over tbe 4 
month observed time period. 
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Figure 58. Mean potassium (K) concentrations in runoff for aU 8 sites over the 4 month observed 
time period. 
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Figure 59. Mean calcium (Ca) concentrations in runoff for all 8 sites over the 4 month observed time 
period. 
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Figure 60. Mean magne ium (Mg) concentrations in runoff for all 8 sites over the 4 month observed 
time period. 
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APPENDIX G 

MEAN NUTRIENT CON CENTRA nONS 
FENCED VS. lJ~FENCED RUNOFF 
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Figure 61. Fenced vs. unfenced mean total nitrogen (N) concentrations in runoff from all 8 si tes. 
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Figure 62. Fenced vs. unfenced mean phospborus (P) concentrations in runoff from all 8 sites. 
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Figure 63. Fenced vs. unfenced mean nitrate·nitrogen (NOj-N) concentrations in runolT from all 8 
sites. 
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Figure 64. Fenced vs. unfenced mean ammonium-nitrogen (NH,-N) concentrations in runoff from all 
8 sites. 
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Figure 65. Fenced vs. unfenced mean potassium (K) concentration in runoff from all 8 sites. 
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Figure 66. Fenced vs. unfenced mean calcium (Ca) concentrations in runoff from all 8 sites. 
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Figure 67. Fenced .s. unfenced mean magnesium (Mg) concentrations in runoff from all 8 sites. 
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