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Animals play an important role in structuring plant communities and modifying 

and maintaining ecosystem function (Janzen 1970; Gilbert 1980; Vitousek 1990; Jones et 

al. 1997).  Through such processes as pollination, seed dispersal, and seed predation, 

animals can directly affect plant reproduction (Janzen et al. 1976; Regal 1977; Gilbert 

1980; Jordano 2000; Forget et al. 2005).  In tropical ecosystems, most plant species 

depend on animals for seed dispersal (Howe and Smallwood 1982; Howe 1986; Janson 

1983; Jordano 2000).  Fruit and seed removal by animals can have both positive and 

negative effects on plant fitness, depending, in part, on whether seeds are destroyed or 

left intact for germination.  Seed dispersal is a critical component of regeneration and the 

spatial heterogeneity of vegetation (Schupp and Fuentes 1995; Reed et al. 2000).  Seeds 

dispersed further from the parent tree often have relatively high fitness (Janzen 1970; 

Ausgspurger 1984; Portnoy and Willson 1993), thus highlighting the importance of the 

dispersers.  Birds, bats, and primates are often the dominant groups of organisms 

contributing to primary seed dispersal (i.e., dispersal from the parent plant to the ground) 

in tropical regions (Howe 1986), yet secondary dispersal of fruit and seed (i.e., dispersal 

after the seed is on the ground) is also important for plant recruitment and determining 

vegetation structure (Janzen 1971; Schupp 1995; Schupp and Fuentes 1995).  Tropical 

trees often experience extensive seed predation following animal dispersal (Janzen 1971; 

DeSteven and Putz 1984; Howe et al. 1985; Wenny 2000), including seed predation by 

rodents (Crawley 1992; Forget 1993; Wenny 2000), and this results in the termination of 

the regeneration process.   

Plant-animal interactions on island ecosystems are unique because of the general 

paucity of both plant and animal species present (although there are proportionally more 
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endemics) relative to continental equivalents (MacArthur and Wilson 1967; Carlquist 

1974).  The Hawaiian Archipelago is a prime example of this; the extreme isolation from 

other land masses is a strong barrier to plant and animal colonization.  As a result, many 

of the descendants of the species that successfully colonized Hawaii experience close 

interactions with other organisms that affect both the functioning (e.g., diet) and 

reproduction (e.g., pollination, seed dispersal) of the organism (Freed et al. 1987).   

Rapid ecosystem changes occur following human colonization of islands, such as 

Hawaii where over 1000 native species have gone extinct (Allen 2000).  Land conversion 

and the introduction of non-native species, both actions directly caused by humans, can 

drastically change island habitats and plant-animal interactions (Vitousek 1990; Vitousek 

et al. 1997; Wilcove et al. 1998).  While some non-native species have pronounced 

effects on particular biota (e.g., erythrina gall wasp, Quadrastichus erythrinae, on coral 

trees, Erythrina spp.; Rubinoff et al. 2010) or particular habitat types (e.g., non-native 

fountain grass, Pennisetum setaceum, in dry forests; D‘Antonio and Vitousek 1992), 

there is one non-native species that appears to be affecting multiple species at multiple 

levels of the food web, and in all terrestrial habitats in Hawaii:  the rat (Rattus spp.).        

Rodents, such as rats, commonly act as seed predators in tropical environments 

(Crawley 1992; Forget 1993; McConkey et al. 2003).  For example, in a montane forest 

in Costa Rica, post-dispersal seed predation was high (99.7%) for a dominant tropical 

tree, and over 50% of seed removal was due to small rodents (Wenny 2000).  

Additionally, rodents may have positive effects on plant recruitment by scatterhoarding 

seeds or only partially consuming them (Forget 1993; Hulme 1997; Vander Wall 2005).  

The impacts of seed removal on plant regeneration can be species dependent, and this 
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process may be substantially influenced by rodents (Mendoza and Dirzo 2007).  In the 

Pacific, invasive non-native animals such as pigs (Sus scrofa), rats, and mice (Mus 

musculus) can have pronounced effects on the flora and fauna of insular ecosystems 

(Williams et al. 2000; McConkey et al. 2003; Bieber and Ruf 2005; Towns et al. 2006) 

like those in Hawaii (Atkinson 1977, 1989; Tomich 1986; Cabin et al. 2000, Staples and 

Cowie 2001).  For example, the introduction of the Polynesian rat or Pacific rat (Rattus 

exulans) is often proposed as a major contributor to the decline of the native Hawaiian 

palm loulu (Pritchardia spp.) that was once a common, perhaps dominant, tree across 

Oahu as well as much of the lowland forests on other Hawaiian Islands (Athens 1997; 

Athens et al. 2002).  In contemporary Hawaii, rats (probably R. rattus), not pigs or mice, 

were found to rapidly remove Pritchardia affinis and P. hillebrandii fruits (> 50% 

removed within 6 days; > 80% within 22 days) from the forest floor (unpublished data).  

Mice in high-elevation shrubland on Maui fed on native and non-native fruit, grass seeds, 

and arthropods (Cole et al. 2000).  Chimera (2004) showed variable patterns of seed 

removal by non-native rodents in a Hawaiian dry forest; all of the seeds of some species 

were removed within hours or days, whereas other species that were tested were never 

removed.  Therefore, certain species of Hawaiian plants may be at risk due to seed 

predation by non-native rodents whereas other species are unlikely to be affected.  

Clearly, the potential exists for non-native rats and mice to alter forest structure 

(composition, distribution, diversity) by destroying and/or dispersing native and non-

native plant species, yet few quantitative data on this subject exist.  Instead, current 

management activities addressing the interaction of non-native rodents and plant 

communities are largely based on anecdotal information.  Thus, further study is needed to 
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understand the impact of non-native rodents (particularly rats) on Hawaiian plant 

communities, and this will be the focus of my research.  In particular, I will address the 

following questions: 

 

1. How pervasive are rats and mice in Hawaiian mesic forests?  What are their 

distributions, habitat uses, and seasonal fluctuations? 

2. What are the diets of rats and mice in Hawaiian mesic forest?   

3. Which of the dominant species in Hawaiian mesic forest have their diaspores 

(fruits + seeds) removed from the forest floor by rats and mice?  What are the 

fates of such rodent-handled seeds?   

 

These questions are focused to test the overall hypothesis that rats affect seed fate of 

some Hawaiian forest species through seed predation and seed dispersal.   

 

Study Site 

This study will occur in three mesic forest sites in the Waianae Mountains, 

northwest Oahu:  Kahanahaiki in Makua Valley (KHI), Honouliuli Preserve in Kaluaa 

Valley (HON), and Makaha in Makaha Valley (MAK) (Fig. 1).  Hawaiian wet and dry 

seasons, as defined by Blumenstock and Price (1967), include:  a warm, dry 5-month 

summer (May-September) and a wet, cooler, 7-month winter (October-April).  All three 

sites are in mesic forest spanning 500-660 m a.s.l. and have a similar, mixed flora that 

includes both native and non-native plant species.  Vegetation phenology and species 
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composition were described at the focal study site, KHI (Chapter 1; Appendix A, B, C), 

and at HON (Bakutis 2005) and MAK (T. Ticktin, unpublished data).   

 

Figure 1.  Map of the three study sites in the Waianae Mountains, Oahu, Hawaiian 

Islands.  The study sites, from NW to SE, include:  Kahanahaiki (KHI), Makaha (MAK), 

and Honouliuli (HON).  KHI and MAK are the sites closest to each other (ca. 5 km, not 

accounting for topography).  

 

At each of the three study sites, the dominant native trees include soapberry 

(Sapindus oahuensis), alahee (Psydrax odorata), lama (Diospyros hillebrandii; D. 

sandwicensis), and olopua (Nestegis sandwicensis).  The native understory is dominated 

by maile (Alyxia stellata).  Non-native vegetation, such as strawberry guava (Psidium 

cattleianum), coffee (Coffea arabica), Brazilian pepper tree (Schinus terebinthifolius), 
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and silk oak (Grevillea robusta) are interspersed with the natives throughout the study 

sites.   

Non-native animals appear to be common at, or adjacent to (e.g., Welton 1993), 

all three study sites.  Sightings and physical evidence (e.g., chewed seeds and vegetation, 

soil and litter disturbance) of feral pigs, non-native rats (probably Pacific rats, Rattus 

exulans, and black rats, R. rattus), mice (Mus musculus), Erckel‘s francolin (Francolinus 

erckelii), mongoose (Herpestes javanicus), and feral cats (Felis catus) are common.  All 

three sites have been fenced to exclude feral goats (Capris hircus) and pigs (Sus scrofa) 

and are actively managed to protect native species by Oahu Army Natural Resources.  

Despite the current and proposed management efforts for protecting native species, the 

effect of non-native animals (particularly the role of rats) on vegetation in the Waianae 

Mountains largely remains a mystery. 

 

Rat History in Hawaii 

 The Pacific rat (Rattus exulans) was purposely or accidentally introduced to the 

Hawaiian Islands upon Polynesian arrival ca. 1000 years ago (Athens et al. 2002).  This 

animal represents the first flightless arboreal mammal, and one of the first ground-

dwelling mammals (pigs and dogs were also introduced by Polynesian voyagers) in 

Hawaii (Tomich 1969).  Although this rat was a food source for Polynesians in New 

Zealand, Tomich (1969) explains that it may not have been a food source, but was a 

sporting animal for the Polynesian settlers who hunted it with miniature bows and arrows.  

Native to Southeast Asia, the Pacific rat is characteristically a lowland rodent in Hawaii 

but it has been recorded in montane rainforest up to 2000 m elevation (Sugihara 1997).  It 
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is especially abundant in sugarcane and pineapple fields, wooded areas, grassy gulches, 

and disturbed areas (Tomich 1969).    

Upon Captain Cook‘s landing in 1778 and the discovery of Hawaii by Europeans, 

the house mouse (Mus musculus) was introduced, followed by the Norway rat or brown 

rat (R. norvegicus) and the black rat or ship rat (R. rattus) during the 1870s (Atkinson 

1977).  Each of these three rodents is native to Asia, and was unintentionally introduced 

to the Hawaiian Islands.  The Norway rat is native to temperate Asia, and most abundant 

in cities and farms in Hawaii where food from domestic and agricultural sources are 

plentiful.  Thus, it is an uncommon rodent in Hawaiian forest unless the forest is a low-

to-mid-elevation wet forest (Lindsey et al. 1999) or planted forest (Tomich 1969).  The 

black rat is endemic to the Indian subcontinent, and it spread to Britain with the Romans 

in ca. 20 B.C. (Reumer 1986).  In contemporary Hawaii, the black rat is found in nearly 

every terrestrial habitat below 3000 m, and is particularly common at lower and middle 

elevations.  The house mouse is perhaps the most ubiquitous rodent across Hawaii, and is 

found in most places that the black rat is found; however, the house mouse elevation 

range extends higher than the black rat, and on one occasion mice were documented in a 

cave at 3750 m in Hawaii (Tomich 1969).   

Owing to the prolific nature of rodents, rapid, exponential increases in 

populations are common (Krebs et al. 1973), especially on islands (Granjon et al. 1992; 

Martin et al. 2000).  For example, the Pacific rat is capable of having four to six litters (of 

just over four young each) per year on average (Kramer 1971), whereas black rat litters 

are similar and average 3-6.5 individuals (Tobin et al. 1994).  On a small New Zealand 

island, Moller and Craig (1987) found that female black rats produced 19-21 young per 
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year (in three litters).  Because these rats are not monogamous, evidence of multiple 

paternity in a single litter has been recently demonstrated for wild black rats and Norway 

rats (Miller et al. 2010).  Many of the early studies in Hawaii were inspired by the 

periodic and dramatic increases in rat population density.  These studies focused on 

arresting crop damage by rats (e.g., sugarcane, macadamia nut; Fellows and Sugihara 

1977; Tobin et al. 1993).  Human diseases associated with introduced rodents stimulated 

further studies. 

Rodents in Hawaii have been known carriers of the following diseases:  murine 

typhus, leptospirosis, salmonellosis, and bubonic plague (the latter transmitted to humans 

by fleas that colonize rodents).  Plague (infection by Yersinia pestis) was present in 

Hawaii for the period 1899-1957 and caused at least 370 fatalities.  Several areas of 

Hawaii and Maui were bubonic plague epidemic hotspots, and the last reported case of 

human infection of bubonic plague occurred in 1949 (Sugihara 2002).  The disease 

arrived from black rats and/or Norway rats from the Orient, and the carriers then 

contaminated rats that were already in Hawaii.  There were two fleas—one that 

accompanied Pacific rats and one that accompanied black rats—that became carriers of 

the bacteria.  Thankfully, the disease was unable to be maintained over time; perhaps 

because of improved sanitation, mechanized agriculture, and the collapse of reservoir and 

vector populations during droughts (Tomich et al. 1984).     

Introduced rats have been a major threat to agriculture and human health in 

Hawaii for at least the past 170 years (Tobin et al. 1990).  In 1990, it was estimated that 

annual revenues from sugarcane alone in Hawaii exceeded $350 million (Tobin et al. 

1990).  Although some estimates of annual losses from rat destruction of sugarcane 
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averaged ca. 11% (Tobin et al. 1990), it was not uncommon to lose ca. 30% of a 

sugarcane crop to invasive rodents (Hood et al. 1971).  To combat these severe economic 

losses, substantial funding was allocated to research and control of invasive rodents in 

Hawaiian agricultural settings (e.g., Hawaiian Sugar Planters‘ Association; Denver 

Wildlife Research Center; Tobin et al. 1990).  Control measures that were quickly 

implemented included:  large-scale trapping, poisoning, and the introduction of bio-

controls such as the small Indian mongoose (Herpestes javanicus) in 1883 (Doty 1945).  

Although mongoose was a substantial predator of rodents, and diet analysis from 

mongoose captured in sugarcane fields revealed primarily rodent parts (Baldwin et al. 

1952), rodents continued to thrive.  Extensive trapping campaigns were also ineffective.  

For example, between 1914 and 1922, averages of 141,000 rats were removed annually 

from sugarcane plantations on Hawaii Island, yet there was no apparent effect on the 

populations of the rats or on sugarcane damage (Pemberton 1925).  Additional rat control 

methods that were attempted and proved unsuccessful included:  fumigating rat den sites 

with poison gas, destroying habitat around sugarcane fields, using dogs, and introducing 

viral diseases (Doty 1945; Sugihara et al. 1977; Tobin et al. 1990).   

Rodenticides (e.g., 1080, strychnine) have been used by Hawaiian sugarcane 

growers since the early 1900s, and despite their early effectiveness, they became less 

useful because of their sublethal poison bait promoted subsequent bait shyness (Doty 

1945; Tobin et al. 1990).  In 1958, Hawaii‘s Commissioners of Agriculture and Forestry 

approved the introduction of the barn owl (Tyto alba) to help control rodents (Tomich 

1962), but this measure largely failed despite barn owls consuming many rats.  

Anticoagulants (e.g., warfarin, diphacinone) became the toxicants of choice beginning in 
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the 1950s and were applied by placing the poison in plastic baggies and tossing them into 

agricultural fields and surrounding habitat.  Threats to non-target animals, including 

humans eating contaminated feral pigs, prompted the use of tamperproof bait stations 

(Tobin et al. 1990).  Such bait stations are used in natural areas in contemporary Hawaii 

to help control rodents, despite their ineffectiveness to control rodents in agricultural 

fields (Lindsey et al. 1971).  Additionally, bait degradation by fungi and slug 

consumption reduces bait-take and subsequent sublethal consumption of the poison 

reduces its effectiveness (Mosher et al. 2010).  Continuous application of rodenticide and 

trapping campaigns almost certainly increases trap shyness (Hood et al. 1971; Tobin et al. 

1990; Mosher et al. 2010).  Campaigns to sterilize wild rats were also attempted where 

the chemosterilant was administered in bait.  Despite the successful sterilization of male 

rats in the laboratory, field trials failed as evidenced by portions of female rats 

impregnated in populations containing ‗sterile‘ males as being equal to those in control 

populations where males were not sterilized (Bowerman and Brooks 1971).  In modern 

Hawaii, variations of each of the aforementioned trapping and poisoning techniques have 

been applied in efforts to control invasive rodents, and new technology like aerial 

broadcast of toxicants has recently (February 2008) eliminated rats from one very small 

offshore island (4 ha Mokapu Island) in Hawaii; however, rats continue to thrive in most 

terrestrial habitats on all of the major Hawaiian Islands.   

Following the closure of the sugarcane industry in Hawaii, research has largely 

shifted from reducing rodent effects on agricultural resources to documenting the 

negative effects of rats on Hawaiian snails (Hadfield et al. 1993) and birds (Kepler 1967; 

Atkinson 1977; Amarasekare 1993; VanderWerf 2001; VanderWerf and Smith 2002; 
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VanderWerf 2009).  Understanding the ecosystem impacts resulting from these novel, 

non-native animals is essential for land-management and the conservation of biodiversity.  

Because the Hawaiian biota evolved largely without defenses against mammalian 

consumers, the native flora and fauna of Hawaii are particularly vulnerable to the 

negative effects of introduced mammals (Atkinson 1977; Athens 1997; Athens et al. 

2002).  

 

Questions, Hypotheses, and Workplans 

 

Question I:  How pervasive are rats and mice in Hawaiian mesic forests?  What are 

their distributions, habitat uses, and seasonal fluctuations? 

 

Factors contributing to rat and mice densities and distributions 

 Habitat characteristics (e.g., resources, abiotic attributes), predation, and 

competition are well-know factors that influence the density and distribution of animals 

(Krebs et al. 1973).  In tropical environments, where seasonal changes are less 

pronounced than in temperate environments, the annual fluctuations in rodent populations 

have been attributed to changes in fruit production (Fleming 1971; Gliwicz 1984).  

However, in tropical India, where black rats are native, canopy connectivity and canopy 

cover can influence rat densities (Chandrasekar-Rao and Sunquist 1996).  On islands, the 

degree of fragmentation and island size can affect rat densities but not always in 

consistent patterns.  For example, one study showed that native rat densities on larger 

islands were higher than on smaller islands (Adler 1994), whereas other studies found 
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that non-native rat densities on islands decreased with increasing area (Granjon et al. 

1992; Martin et al. 2000).  In Hawaii, estimated densities of rats range from < 1 to 50 

indiv/ha depending on the type of habitat, elevation, and sampling methodolgy (Table 1).   

 

Table 1.  Density estimates for rats (Rattus spp.), with primary emphasis on studies in the 

Hawaiian Islands.  Each study used mark-and-recapture to estimate densities except for 

Beard and Pitt (2006), which used kill-traps, and Granjon et al. 1992 did not report their 

trapping method. 

 

Species Location Habitat Elevation 

(m) 

Density 

(indiv/ha) 

Reference 

R. rattus Toro Island, 

Mediterranean 

Scrub 5-350 50 Granjon et al. 

1992 

 

R. rattus India Tropical 

evergreen 

forest 

340-2400 14.5 Chandrasekar-

Rao and 

Sunquist 1996 

 

R. rattus India Tropical 

forest/grassland 

1800-

2500 

2-36 Shanker and 

Sukumar 

1999 

 

R. rattus Big Island, HI Dry, grassy, 

woodland/shrub 

1600-

3000 

0.7 Amarasekare 

1994 

 

R. rattus Lava Tree 

State Park, HI 

Wet forest 180 3.6 Beard and Pitt 

2006 

 

R. rattus Oahu, HI Dry forest 15 8-18 Tamarin and 

Malecha 1971 

 

R. rattus 

+ R. 

exulans 

Hakalau Nat‘l 

Refuge, HI 

Mesic/wet 

forest 

1500-

1650 

50 Mosher et al. 

1996 

 

R. exulans Lava Tree 

State Park, HI 

Wet forest 180 5 Beard and Pitt 

2006 

 

R. exulans Oahu, HI Dry 15 1.5-8 Tamarin and 

Malecha 1971 
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Interestingly in Hawaii, the presence of particular species of rodents may be 

related to elevation and rainfall (Table 1).  Pacific rats were not present at 1600-3000 m 

elevation on the western slope of Mauna Kea where both black rats and mice were 

present (Amarasekare 1994).  At 1500-1650 m elevation on the eastern (wetter) slope of 

Mauna Kea, both black rats and Pacific rats co-occur, yet black rats outnumber Pacific 

rats nearly 2:1 (Mosher et al. 1996; Lindsey et al. 1999).  Similarly, at 1600-2000 m 

elevation on the northeastern slope of Haleakala (rainforest), black rats outnumber both 

Pacific rats and house mice (8.85 indiv/100 continuous trap nights (CTN) for black rats, 

5.65 indiv/100 CTN for Pacific rats, and 5.1 indiv/100 CTN for mice; Sugihara 1997).  

Studies of mice in Hawaii are less common than those of rats, yet mouse abundance from 

high elevation (1500-2500 m) on Maui and Hawaii islands ranged from 3-8 mice/100 

CTN (Sugihara 1997) to 9-16 mice/100 CTN (Banko et al. 2002).  Additionally, mice 

were trapped at 33-188 m a.s.l. and 2500-2935 m a.s.l. on Hawaii Island and at 2 m a.s.l. 

on Oahu (unpublished data).  Taken together, these studies suggest that black rats and 

mice can occur from sea level to 3000 m elevation in Hawaii, yet Pacific rats are 

generally in lower elevations and may reach higher elevations (up to 2000 m) only in wet 

habitats.  Additionally, interspecific competition between black rats and Pacific rats is 

another possibility that may explain why these two species do not always co-occur.     

Predation on rats and mice may also affect their densities.  Although studies 

separating the direct impacts of mice and rat predators (such as cat and mongoose) on 

population densities are lacking, diet analysis and anecdotal evidence reveals that both 

rats and mice make up some part of the diets of feral cats and mongoose in Hawaii 

(Tamarin and Malecha 1971; Amarasekare 1994; Appendix D).  Tamarin and Malecha 
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(1971) observed mongoose either wounding or killing rats that were caught in live-traps 

on Oahu.  Sugihara (1997) examined stomach contents of rats and found that black rats, 

but never Pacific rats, had rodent fur and flesh in their stomachs.  However, it is probable 

that such cannibalism was on mice and rats that were caught in snap traps and it is 

unclear if rats and mice commonly cannibalize.  In a detailed study of the diets of rodent 

predators on Mauna Kea, Hawaii, Amarasekare (1994) determined (from scat) that black 

rats make up 21%, and mice make up 47%, of feral cat diets, and both rat and mouse 

bones were found in mongoose scat.  Therefore, predators of mice and rats in Hawaii 

include feral cats and mongoose, and these predators may affect population densities and 

rodent behavior.   

 Sampling early in this study revealed an absence of Norway rats (R. norvegicus) 

at my sites; therefore, Norway rats are no included in any of the hypotheses outlined in 

this dissertation. 

 

Hypothesis 1:  The abundance of coexisting rodent species is highest for the dominant 

rodent, R. rattus, second highest for M. musculus, and lowest for R. exulans. 

 

Background—Animal populations fluctuate based on rates of birth, death, immigration 

and emigration (Krebs et al. 1973).  One of the most important factors controlling 

demographic changes in populations is the availability of resources (Krebs et al. 1973; 

Staddon 1983; Forget et al. 2001).  Because seasonality results in predicable changes to 

food availability, animal population densities respond in non-random patterns (Danell 

and Bergström 2002).  Seasonal fluctuations in population densities of the spiny rat 
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(Proechimys semispinosus) were studied at four different sites across Panama, where it 

was determined that population densities are highest in the late rainy season, and lowest 

at the end of the dry season and beginning of the rainy season (Fleming 1970, 1971; 

Adler 1994).  In tropical India, a similar pattern was shown with the native black rats:  

the highest densities were during the wet season, which is oddly when fruit production 

for this region is relatively low (Shankar and Sukumar 1999).  However, in a separate 

study in India, the wet monsoon season revealed the lowest densities of rodents 

(including the black rat; Chandrasekar-Rao and Sunquist 1996).   

In Hawaii, densities of black rats, Pacific rats, and Norway rats did not show clear 

seasonal patterns in wet forest (Hakalau Forest National Wildlife Refuge; Lindsey et al. 

1999).  Wet season rat densities were higher than dry season densities (for both Pacific 

and black rats) in dry forest on Oahu (Bellows Air Force Station; Tamarin and Malecha 

1971).  In contrast, a species-specific pattern was revealed in wet forest on Maui where 

Pacific rats showed seasonal patterns (peak densities in the wet season) but black rats did 

not (Sugihara 1997).  Although it cannot be generalized that rat densities change 

seasonally in Hawaii, some species-specific and site specific evidence for non-random 

patterns exist (Tamarin and Malecha 1971; Sugihara 1997).  Associating rat densities 

with food availability (e.g., fruit/seed) may help explain patterns of population 

fluctuation.    

 

Workplan—Live trapping (mark-and-recapture technique; Seber 1982; Johnson 1994, 

Lindsey et al. 1999) of rats and mice will be conducted each 2-3 months at each of the 

three sites for at least one year to determine the distribution and abundance of each rodent 
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species.  Although several different techniques have been used to estimate rodent 

densities, the mark-and-recapture method is the most robust (Nichols and Pollock 1983; 

Bookhout 1994).  Because many of the other methods used for animal rodent measures 

are simpler and do not require handling rodents (e.g., track plates, chew sticks, visual 

estimation), simultaneous sampling with tracking tunnels will complement mark-and-

recapture and will be used to compare and assess techniques for future use.  Haguruma 

live traps will be spaced at 25 m intervals along parallel transects spaced 30-50 m apart.  

The spacing between traps in trapping grids in other Hawaiian studies have ranged from 

7.6 m (Tamarin and Malecha 1971) to 15-20 m (Siguhara 1997; Cole et al. 2000), to 50 m 

(Lindsey et al. 1999).  Each trap will be opened just before dusk and checked at dawn 

daily for a 4-day sampling interval (Watts and Halliwell 1996).  Trapped rodents will be 

identified to species, sexed, weighed, marked with an ear tag, and released (Lindsey et al. 

1999).  Abundance will be determined based upon the number of trap nights (one trap is 

equal to one trap opened for one night) in a sampling interval.  Density can then be 

calculated for each site based on the number of individuals captured and the area sampled 

(Johnson 1994; Watts and Halliwell 1996). 

 

Hypothesis 2:  The location of each rodent species’ nest/den site, and activity, differs 

among rodent species:  Black rats den and are more active in trees than on the ground, 

whereas Pacific rats and mice den in, and are more active on, the ground than in trees. 

 

Background:  Environmental heterogeneity may allow species to coexist through uses of 

different microhabitats.  For example, particular rodents prefer or avoid arboreal 
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microhabitats more than non-arboreal microhabitats (McCartney 1970; Chandrasekar-

Rao and Sunquist 1996; Lindsey et al. 1999).  Although it is generally recognized that 

some mammals occupy three-dimensional space, home-range estimates of animals are 

most often confined to the two-dimensional, planar surface of the ground.  Sampling 

methods that fail to account for use of arboreal habitats affect interpretations of the 

behavior, densities, and home ranges of animals that are both ground-dwelling and 

arboreal (e.g., see Wodzicki 1969, McCartney 1970).  In Hakalau Forest National 

Wildlife Refuge, Lindsey et al. (1999) determined that all the nests/dens of black rats 

were in cavities in the canopies of trees, whereas dens of Pacific rats were always 

underground.  A similar habitat preference was found in the study by Stecker (1962), 

where only black rats were caught in trees in an island environment where both black and 

Pacific rats coexist.  This apparent dichotomy in den site location and animal activity in 

Hawaiian forests is most likely the result of competition between the rat species, and this 

was suggested by McCartney (1970), who found that Pacific rats prefer nesting in trees in 

a laboratory setting where black rats were absent.  Interspecific competition is highly 

probable when black rats are present because they are extremely opportunistic and 

aggressive compared to other rodents (Philips 1981), and they have been suggested to 

competitively exclude other small mammals (Chandrasekar-Rao and Sunquist 1996) 

including native rats in both Australia (Stokes et al. 2009) and the Galápagos Islands 

(Harris and MacDonald 2007).  Additionally, animals often respond to physical 

characteristics in their environment by choosing particular microhabitats that favor 

predator avoidance, such as high shrub cover (Amarasekare 1994; Chandrasekar-Rao and 

Sunquist 1996), or particular palm fronds in a given tree (McCartney 1970).   
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Workplan—Live trapping, radio telemetry, and a spool-and-line tracking will be used to 

determine species-specific habitat use at multiple scales for rats at each study site.  Live 

trapping will take place in the trees and on the ground to determine the extent to which 

each rodent species uses these two different habitats.   

  Rat home-ranges will be determined using radio-tracking technology (Millspaugh 

and Marzluff 2001).  It is necessary to determine home-ranges in order to understand 

some aspects of rat behavior, and this technique will provide an understanding of meso- 

to macro-scale habitat use to complement the microhabitat sampling (e.g., spool-and-line 

tracking).  Specifically, the information from home-range evaluation will provide a 

quantification of the area that rats utilize (e.g., for foraging, mating, nesting), and to help 

understand the spatial arrangement of some individuals within the forest.   

 Up to twelve adult rats will be collared with radio transmitters at the KHI and 

MAK sites.  Rats will be caught using Haguruma live traps, anesthetized, and measured 

(see methods above) immediately prior to attaching a radio collar and releasing.  

Nocturnal (i.e., during peak rat activity) locations of the radio-collared individuals will be 

determined using triangulation (Millspaugh and Marzluff 2001), and the accuracy of the 

locations using triangulation will be determined following blind tests where triangulation 

coordinates will be checked against locations of known radio transmitters.  Diurnal 

measurements will be made in order to determine locations of den sites, and to assess 

activity and mortality.  Locations of each fix for all radio-collared rats will be entered 

into program Hawth‘s tools in ArcMap to generate fixed kernel home-ranges. 
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 Higher resolution assessment of habitat use by rat and mice will be determined by 

using spool-and-line tracking (Jones and Barmuta 2000; Cox et al. 2000; Hoare et al. 

2007).  This method entails attaching (gluing) a small spool of thread to the dorsal fur of 

individual rodents after anaesthetizing them.  One end of the thread is secured to a fixed 

object in the environment, and the rodent is released.  Because the spool of thread 

(bobbin) unravels from the inside, the animal‘s movement through the vegetation is not 

impeded by drag on the thread.  This method has proven successful in New Zealand 

(Hoare et al. 2007) and Australia (Cox et al. 2000) to follow rats ca. 200 m, allowing 

microhabitat assessment at intervals along the thread-line (Hoare et al. 2007).  This 

technique will help assess species-specific microhabitat use including choice of den sites.    

 

Question II:  What are the diets of rats and mice in Hawaiian mesic forest?   

 

Resource partitioning and diets among coexisting rodent species 

Animals with similar life-history traits and close phylogenetic associations, such 

as different species of rodents in the same habitat, must partition resources across time 

and space in order to coexist (Gause 1934; Grant 1972).  Although microhabitat 

partitioning among introduced rodents has been described previously (Lindsey et al. 

1999), food is another type of resource that may be partitioned by coexisting rodent 

species.  For example, Harper (2006) found that there was no obvious food partitioning, 

at least at the trophic level scale, between black rats and Pacific rats, but that black rats 

and Norway rats partitioned food resources in a near-shore New Zealand environment.   
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Identifying prey consumed by introduced predators provides insight into native 

species‘ vulnerability and can help improve strategies of native and non-native species 

management (Stapp 2002; Caut et al. 2008a).  Introduced rodents may consume a wide 

variety of prey, including plants (e.g., fruits, seeds, vegetative material) and animals (e.g., 

arthropods, mollusks, birds; Sugihara 1997; Campbell and Atkinson 2002; Stapp 2002), 

and their diets can shift depending upon a number of factors, including the availability of 

food items, the chemical and nutritional quality of the food items, and the rodents‘ 

competitive ability relative to other animals that coexist in the environment (Clark 1982).   

 

Hypothesis 3:  The diets of introduced rodents differ by species in the following pattern:  

diets of black rats are dominated by plant material, those of mice by animals, and those 

of Pacific rats by nearly equal proportions of plant and animal material.   

 

Background—Much of the literature describing stomach contents (short-term diet) of 

black rats suggests the main food item in their diet is plant material (Willig and Gannon 

1996; Cole et al. 2000; Beard and Pitt 2006); however, arthropods can also make up a 

substantial portion of rodent diets, and wetas (large, flightless Orthoptera) were the 

dominant food found in black rat stomachs in several New Zealand studies (Innes 1979; 

Gales 1982; Miller and Miller 1995).  On Haleakala, Maui, Pacific rats ate les plant 

material than they did invertebrates (Sugihara 1997).  In a recent review, Angel et al. 

(2009) suggested that arthropods are the prey of choice for mice in the Southern Ocean.  

Stable isotopes (δ
15

N and δ
13

C) have been widely used to determine the trophic 

levels at which animals have fed during tissue development (Peterson and Fry 1987; 



22 

 

Lajtha and Michener 1994), and bone collagen is useful for determining the long-term 

average feeding of a mammal because bone collagen is deposited and reworked during 

the lifetime of an animal (Lajtha and Michener 1994; Caut et al. 2008b).  The use of 

stable isotopes to determine long-term diets of introduced rodents in Hawaii has not 

previously occurred.  However, using isotopes to study diets and differentiate trophic 

feeding among predators may not always give a clear depiction of predator-prey 

interactions without supplemental dietary analysis such as stomach contents (Strapp 

2002; Caut et al. 2008a; Quillfeldt et al. 2008; Flaherty and Ben-Davis 2010). 

 

Workplan—Rodents will be kill-trapped at KHI approximately once a month.  In order to 

avoid the impacts of kill-tapping on live-trap sampling at KHI, kill-traps will be no closer 

than 350 m distant from the nearest live-trap.  Rodent stomach contents will be extracted 

and sieved (through 0.4 mm mesh; Sugihara 1997), and recovered contents will be 

analyzed for 1) frequency of occurrence of each food type, and 2) relative abundance of 

each food type for each individual using a transparent grid (5 x 5 mm for rats; 3 x 3 mm 

for mice) positioned beneath the sample and viewed under a dissecting microscope 

(Sugihara 1997; Cole et al. 2000).  The plant food types that will be classified will 

include fruit, seed, and other plant material (including leaves, flowers, stems, wood); 

whereas the arthropod food types will be classified by family and perhaps by lower 

taxonomic levels if possible.   

To determine the long-term (lifetime) diets of rodents, a subset of the trapped 

rodents will have their bone collagen extracted and analyzed for δ
15

N and δ
13

C values 

using methods described in Lajtha and Michener (1994).  In order to provide reference 
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for the trophic feeding of each rodent species, their probable prey items (plants and 

animals) will also be analyzed isotopically.  The types of prey items will be based on the 

stomach content analysis and will be collected fresh from the study site.   

  

Question III:  Which of the dominant species in Hawaiian mesic forest have their 

diaspores (fruits + seeds) removed from the forest floor by rats and mice?  What are 

the fates of such rodent-handled seeds?   

 

Factors influencing seed fate 

Few studies exist that explicitly determine the seed fate, or the pathway a seed 

follows between production and germination (Vander Wall et al. 2005; Fig. 2).  However, 

such an understanding will elucidate the most critical steps that determine whether a seed 

survives or dies; and may partially influence whether or not a seedling establishes and 

survives.  The few studies that have successfully described seed fate are outlined in 

Vander Wall et al. (2005) as: Holthuijzen et al. 1987; Kjellsson 1991; Hughes and 

Westoby 1992; Vander Wall 1994; Feer et al. 2001; and Lambert 2002.  As shown in 

Figure 2, many different seed fates can occur.  The forces exerted by an animal (e.g., rat) 

on the plant, which can be both positive (dispersal) and negative (predation), interact with 

those conditions of the natural environment (favorability of microsites) to determine 

whether or not seedling establishment and survival will occur (Fig. 2).   
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Figure 2.  The processes that affect plant recruitment.  Animal (e.g., rat) forces on the 

seed (black oval) that will determine the seed fate include:  pre-dispersal seed predation, 

post-dispersal seed predation, and the placement of the seed (dispersal) into a particular 

microsite.  A seed may arrive into a favorable (clear) or unfavorable (shaded) microsite 

for seedling establishment via primary- or secondary-dispersal.  A complete 

understanding of the plant recruitment process cannot occur without knowledge of each 

of these stages.    

 

Plant-animal interactions affect island flora 

Oceanic islands are often assumed to have disharmonic floras in part because of 

chance dispersal to such isolated landmasses (Carlquist 1974).  Birds are the most 

common vector for long-distance dispersal to isolated islands (Ridley 1930; Carlquist 

1974).  As a result, many fruits in Hawaii are fleshy, and they are consumed and 

dispersed by animals (Wagner et al. 1999). 

 Because fruit-eating animals tend to consume a wide range of fruit types and 

species, it is uncommon for characteristics of specific fruigivores to influence the 

evolution of fruit traits (Hedge et al. 1991; Mazer and Wheelright 1993; Lord et al. 2002; 

Lord 2004).  However, it is widely accepted that frugivores are attracted to fruit based on 

fruit physical traits, such as color, presentation, accessibility, insect damage, and fruit 
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size (Moermond and Denslow 1983; Jordano 1987; Hedge et al. 1991; Puckley et al. 

1996; Sanders et al. 1997), and it is also likely that such attractive fruits are more 

susceptible to seed predation than are other types of species with abiotic or unspecialized 

dispersal mechanisms (Hulme 2002).  Therefore, the interaction between animals and 

plant diaspores is important because the animal‘s action can affect seed fate (Fig. 2), or 

whether a seed is destroyed, damaged, dispersed, or avoided (Vander Wall 1994; Forget 

et al. 2005).  Such outcomes will be influenced by both the type of animal and the type of 

diaspore present in the interaction (Janson 1983; Howe 1986).   Additionally, because of 

the size of the seed reward and the ability of the rodent to move and swallow the seed, 

seed size may be one of the most important characteristics that determine seed removal 

and seed fate (Thompson 1987; Crawley 1992; Hulme 1998).   

 

Hypothesis 3:  Vulnerability to diaspore harvest and seed predation by rats is more 

strongly associated with diaspore size (mass and greatest diameter) than other 

characteristics. 

 

Background—Rodents can be seed predators or seed dispersers (Price and Jenkins 1986; 

Crawley 1992; Foget 1993; McConkey et al. 2003), and the likelihood and frequency of 

seed dispersal depends on whether the individual hoards or caches seeds (Price and 

Jenkins 1986; Forget 1993; Forget et al. 2001, 2005), or otherwise fails to locate them 

after moving them (Campbell et al. 1984; Vander Wall 1994; McConkey et al. 2003; 

Vander Wall et al. 2005).  Seed size also influences whether a seed is found by a rodent, 

removed or consumed in place, and destroyed or remains intact (Cowan 1992; Izhaki et 
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al. 1995; Williams et al. 2000).  Therefore, seed size can directly influence seed fate.  

Large seeds are more likely to be removed by rodents than small seeds (Thompson 1987; 

Crawley 1992; Hulme 1998), in part because the large seeds are usually the easiest for 

rodents to find and are the slowest to be incorporated in the soil (Thompson et al. 1994; 

Bekker et al. 1998).  Small seeds are more likely than large seeds to be swallowed and 

passed through rodent‘s digestive system (Williams et al. 2000).  Size restrictions in 

gape, mouth, and/or digestive tract of the animal are well known factors that can limit the 

size of seed that an animal can ingest (Jordano 1995; Williams et al. 2000).   

Determining whether diaspores (fruit + seed) of particular species are vulnerable 

to rodents can be tested using field trials (Estrada and Coates-Estrada 1991; Moles and 

Drake 1999; Grant-Hoffman et al. 2010; Chimera and Drake, in revision), analyzing food 

items in husking stations (Campbell et al. 1984; McConkey et al. 2003), captive feeding 

trials (Estrada and Coates-Estrada 1991; Amarasekare 1994; Williams et al. 2000; Pérez 

et al. 2008), and also by analyzing stomach contents from captured rodents (Sugihara 

1997; Cole et al. 2000; Beard and Pitt 2006).  High quantities of large diaspores (> 10 

mm diameter) are commonly removed from the forest floor by rodents in wet, tropical 

environments, such as Mexico (> 50% for 7 out of 8 species; Estrada and Coates-Estrada 

1991), Panama (> 85% for Gustavia superba; Forget 1992), and Hawaii (> 80% for 

Pritchardia spp.; unpublished data).  However, 11 large-seeded species in a New Zealand 

secondary forest had low seed removal (3.8-23.8%), despite evidence of introduced 

rodents (rats and/or mice) removing some of the seeds (Moles and Drake 1999).  The 

important limitation to diaspore removal trials is that they do not regularly assess further 

aspects of seed fate (i.e., whether a removed diaspore‘s seed was dispersed intact or 
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destroyed).  Determining seed fate of diaspores harvested by rodents has been successful 

when the study animal commonly hoards (stores) seeds (e.g., agoutis in the Neotropics: 

Forget 1992, 1993; Forget et al. 2005; chipmunks in North America: Vander Wall 1993, 

1994; squirrels in temperate and boreal forests:  Steele et al. 2005).  However, there is no 

apparent evidence that rats in the Pacific hoard seeds (Vander Wall 1990; McConkey et 

al. 2003), and only one study postulates seed hoarding may be occurring with black rats 

introduced to an Atlantic island (Delgado-Garcia 2000).  Middens (partially aggregated 

food remains) in rat habitats give evidence that rats move food items to distinct areas for 

processing.  Such areas (husking stations) are common throughout the Pacific (Campbell 

et al. 1984; McConkey et al. 2003), including Hawaii.  Rats may use husking stations to 

reduce exposure to predators or competitors (Begg and Dunlop 1980).  Additionally, the 

husking station probably acts as a rain shelter (Campbell et al. 1984), as common husking 

stations are:  in rock piles, amongst tree roots, under large bases of shed palm fronds, 

under logs (Campbell et al. 1984; McConkey et al. 2003).  Husking stations differ from 

seed caches because seeds are not hoarded or intentionally stored in husking stations like 

they are in caches.  If rats move seeds but do not hoard them, the seeds are either 

consumed (partially or fully) or discarded.  While discarded seeds can be tracked and 

recovered relatively easily, ingested seeds are much more complicated to track and 

recover.    

The most controlled method of determining if seeds are destroyed or remain 

viable after rodent handling is to conduct feeding trials with caged rodents from wild 

populations (Estrada and Coates-Estrada 1991; Amarasekare 1994; Williams et al. 2000).  

The main limitation with such a method is that animals commonly behave differently in 
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captivity than they do in their natural environment (Wilson 1982; Brent 1992).  

Therefore, a more accurate method to determine the outcome of seed handling by rodents 

is to combine field and captive feeding trials, and to assess the overlap in results between 

the two methods (Mendoza and Dirzo 2007).   

 

Workplan—A combination of field trials and captive feeding trials will be used to assess 

diaspore harvest by rats, seed predation, and the likelihood of seed dispersal.  The species 

of diaspores that will be used in the trials will be based on those that are readily available 

at each study site.  The dominant trees (native and non-native) listed above (see ―Study 

Site‖ section) will provide the minimum set that I propose to study.   

Field trials— One of the greatest difficulties in studying the impacts of rats on plants is 

to show unequivocally that rats, rather than any other small vertebrate with overlapping 

diet and behavior (e.g., birds, mice, mongoose) are truly the animals responsible for the 

effects on the plant community.  To resolve this, a combination of vertebrate exclosures 

(Inouye et al. 1980; Bowers and Dulley 1993) and photo documentation using motion-

sensing cameras, (Karanth and Nichols 1998; Jansen and den Ouden 2005; Aliaga-Rossel 

et al. 2006) will be used to assess diaspore removal in single species trials.  Field trials 

will occur at KHI, and possibly at MAK for fewer species.   

Captive feeding trials—Adult black rats will be captured from wild populations in the 

Waianae Mountains, Oahu, including forest adjacent to KHI, and taken to laboratory 

facilities at the University of Hawaii in Honolulu.  Each rat will be individually caged 

and allowed to acclimate for at least one week before beginning feeding trials, during 

which time the rats will be fed a diet of mixed seeds (e.g., corn, sunflower, wheat, barley, 
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oats, sorghum) and occasionally wedges of fruit (tangerine).  Rats will be checked daily 

to ensure there is ample food and fresh water, and to clean urine/fecal trays.  Captive 

feeding trials will use the same plant species as those used in the field.  For each feeding 

trial, fruits of a single species, collected fresh from the respective field site, will be placed 

in each cage with a rat for 24 hours.  After 24 hours of exposure to each rat, diaspores 

will be visually inspected to estimate the proportion of pericarp (fruit material) mass and 

seed mass remaining, and to assess seed survival.  A seed will be considered destroyed if 

the embryo is not intact or > 50% of the seed was eaten (Pérez et al. 2008).  For the 

smallest seeds (< 3 mm length), it will be necessary to microscopically inspect rat 

droppings and extract seeds that had passed through the digestive tracts of rats.  To test 

for viability of such seeds, they will be sown on agar, and their germination compared to 

conspecific, unconsumed seeds sown on agar.   

Diaspore and seed characteristics will be measured for all chosen species, and 

these measurements will include:  seed and diaspore mass, length, and width; as well as 

fruit fleshiness and the average number of seeds in each fruit.   

 

Hypothesis 4:  Seed survival is inversely correlated with seed size, and the upper limit for 

survival is ca. 2.5 mm.  

 

Background— Small seeds of fleshy-fruited species are commonly ingested and 

dispersed by animals via gut passage (Traveset 1998).  The sizes of seeds that pass intact 

through digestive tracts of animals vary by species, and may be influenced by a number 

of characteristics of the seeds and their fruits such as shape and fruit fleshiness (Traveset 
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1998; Traveset et al. 2008).  The body size of vertebrates may also correlate with the 

sizes of seeds that pass intact through digestive tracts (Wheelright 1985; Vander Wall 

1990).   In New Zealand, the maximum reported lengths of the seeds that passed through 

digestive tracts were 2.5 mm for introduced black rats, and 0.11 mm for introduced 

Pacific rats (Williams et al. 2000).  No seeds, including those as small as 0.11 mm, 

passed intact through the house mouse in New Zealand (Williams et al. 2000).  

If these findings are applied to Hawaiian flora, it could mean that small-seeded native 

species (e.g., Cyrtandra spp., Clermontia spp.) may be less vulnerable to seed predation 

than larger-seeded species that rats harvest; alternatively, rats may be spreading small-

seeded non-native species in Hawaii by ingesting the seeds and dispersing them via gut 

passage.  Rats could be limiting populations of non-native plants through seed predation 

if they destroy copious amounts of their (relatively large) seeds. 

 

Workplan—See above section on ―Captive Feeding Trials‖; the same methodology will 

be applied to test this hypothesis. 

 

 

 

 

 

 

 

 




