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Abstract

Non-native rodents pose a grave threat to many species on islands where they have been 
introduced. We surveyed the accumulated food contents of husking stations, sheltered areas that 
rats use to process their collected food items, to gain insight into the diets of invasive rodents and
their potential effects on plant communities on the Hawaiian island of Oʻahu. We examined 59 
husking stations in four forests across the island in the summer of 2015.  Camera traps 
documented only black rats (Rattus rattus) using the stations. A combination of vegetation 
surveys and seed rain traps were used to compare the abundance of plant species in husking 
stations with their abundance in the forest.  Overall, we identified 13,007 potential food items, 
including seeds or husks from 15 plant species, plus the remains of snails, arthropods, and other 
invertebrates. The only native plant species was the tree Nestegis sandwicensis (Oleaceae). We 
found almost no evidence of successful germination, indicating that rodents, at least in the 
context of items brought to husking stations, are acting primarily as seed predators in this 
system.
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Introduction

While much research has been done describing the impacts of invasive rodents on insular fauna 

(Towns et al. 2006, Ruffino et al. 2009, Towns et al. 2009, Banks and Hughes, 2012), somewhat 

less attention has been paid to the effects of rats on insular flora. However, previous studies of 

rats in their native environments have shown that they play important roles as seed predators and 

dispersers (Osunkoya 1994, Hulme 1997, Sanchez-Cordero and Martinez-Gallardo, 1998), 

suggesting that they would have similar impacts in their introduced ranges. Post-dispersal seed 

predation can affect the recruitment and spatial patterning of vulnerable plants (Hulme 1998) as 

well as overall tropical plant community structure (Asquith et al. 1997). In the Hawaiian 

archipelago, which lacks native rodents (Tomich 1986) and where approximately one third 

(440/1,375) of native vascular plant taxa are federally listed as threatened or endangered (US 

Fish and Wildlife Service n.d.), seed predation by invasive rodents may pose a serious threat to 

conservation. Additionally, many invasive plant species in Hawaiian forests produce fleshy fruits

attractive to small mammals (Wagner et al. 1999). Non-native rodents acting as seed dispersers 

for these invasive plants may facilitate their spread and population growth (Meyer and Florence 

1996, Shiels 2011), potentially creating a positive feedback loop furthering the spread of both 

groups. In Hawaiʻi, where native seed dispersers are largely extirpated or extinct (Chimera and 

Drake 2010), introduced rodents have the potential to limit regeneration of poorly-dispersed 

native plants (Chimera and Drake 2011) and thereby alter forest community structure (Campbell 

and Atkinson 2002).

Invasive black rats (Rattus rattus) are predominantly herbivorous rodents abundant in the 

forests of Oʻahu (Cole et al. 2000, Shiels et al. 2013). In experimental feeding trials they have 

been shown to preferentially consume certain invasive plants, destroying the seeds of some, but 

potentially dispersing the seeds of others via gut passage or discarding intact seeds (Shiels 2011).
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 In complementary field experiments, seeds of the same invasive plants left exposed to small 

mammal predation were preferentially taken (Shiels and Drake 2011). While these studies 

demonstrate the potential for seed predation in the lab and dispersal from exposed sites, their 

results are limited to seed consumption. The fate of such seeds after they have been harvested 

remains to be studied; potentially some fraction survive gut passage or processing at husking 

stations to germinate and successfully disperse. Therefore, a holistic understanding of the effect 

of rodents on plant communities, including germination and recruitment, requires integration of 

multiple study types. Studies of husking stations can provide supplementary information on diet, 

dispersal, and germination to contribute to our overall understanding of the dynamics of 

Hawaiian forests.

Rodent species introduced to Pacific islands commonly leave food remains in areas called

husking stations (Campbell 1984). Husking stations, originally described by Campbell (1978), 

are small, semi-sheltered sites often located underneath overhanging rocks or downed trees 

where rodents can strip food items of their hard, inedible coatings (husks) to access the edible 

contents, safe from inclement weather, predators, and competition from other rodents (Figure 1). 

The inedible components are left to accumulate in middens at the husking stations, with the 

persistence of different species’ remains varying according to their decomposition rates.  

Although this may make estimates of husking station composition biased toward species with 

persistent remains (McConkey et al. 2003), husking stations can provide valuable supplementary 

data on rodent diets and their potential effects on plant communities. Yet there are few papers in 

the literature documenting them.

<<<Figure 1 near here>>>

In one of the only papers to quantify husking station contents, McConkey et al. (2003) 
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showed that invasive rats have the potential to significantly impact forest regeneration in the 

Tongan Islands via seed predation. Among the 53 husking stations examined, they found 13,555 

empty husks (each consisting of the hard remains from one fruit or seed) but only 165 viable 

seeds or seedlings, suggesting that rats in Tonga serve more as seed predators and less as seed 

dispersers for the documented species. Similar studies have yet to be done on other Pacific 

islands which have invasive rats, such as the Hawaiian archipelago.

The purpose of this study was to increase our knowledge of invasive rodents’ diets, 

including native and non-native plants, and their potential effects on plant communities via seed 

predation or dispersal on the island of Oʻahu. Here, we describe the contents of rat husking 

stations at four sites on Oʻahu and compare them with annual available seed rain and 

surrounding adult vegetation. Additionally, we used game cameras to identify rat species visiting 

the husking stations. 

Materials and Methods

We carried out surveys for husking stations at four study sites across the island of Oʻahu. 

Two sites were located in the Koʻolau mountain range: a lowland wet forest at Moanalua (115m 

asl, 21°22'37.1"N/157°52'27.6"W) and a montane wet forest at Tantalus (560m asl, 

21°20'16.6"N/157°48'40.7"W). The other two sites were located in the Waiʻanae range: a 

lowland mesic forest at Ekahanui (400m asl, 21°26'41.3"N/158°04'49.9"W) and a montane mesic

forest at Pahole (650m asl, 21°32'15.5"N/158°11'05.5"W). The vegetation in both lowland 

forests consisted almost entirely of alien species. The montane forests, while dominated by alien 

species, also included significant amounts of native vegetation. Aside from a single species of 

bat, there are no small mammals native to Hawai‘i; thus, all mammals present in these forests 

were non-native, including the highly abundant black rat (Rattus rattus), the less common Pacific
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rat (R. exulans), the rare Norway rat (R. norvegicus), and the largely carnivorous house mouse 

(Mus musculus) (Lindsey et al. 1999, Shiels et al. 2013). We monitored 15 husking stations per 

field site, though in the case of Ekahanui one husking station was subsequently determined to be 

inactive and was removed from the study. Field surveys were conducted between May and 

August of 2015.

We located husking stations by searching for rock overhangs, downed trees, or any other 

form of natural shelter. We defined husking stations as sites that contained a dense collection of 

seeds, fruits, husks, or other food items, as well as evidence of rodent activity. At each site, we 

recorded the first 15 such stations found and collected their contents for analysis. In addition, we 

identified to species any seedlings growing within the husking station which could potentially 

have germinated following rodent dispersal. At stations with the most signs of rodent activity, we

placed camera traps to identify rodent species and monitor frequency of husking station use.

The contents of each husking station were sorted into five categories: seeds, husks, fleshy

fruits, invertebrates, and other. Only invertebrates that showed signs of rodent depredation (e.g. 

dismemberment and teeth marks) were counted, to avoid misclassification of animals not 

associated with rodents and husking stations. Following McConkey et al. (2003), we defined a 

husk as the hard, protective part of a diaspore. Fragments that were less than 50% intact were 

only identified to species and not counted individually to avoid overestimating. All partially or 

wholly intact seeds, husks, and fruit were identified to species, except for 36 items from 

potentially 7 species which could not be identified. 

To classify plant species composition around the husking stations, vegetation was 

surveyed along 5–14 transects per site, distributed in a stratified random pattern. Transects 

ranged from 40–150m long, for a total of 595–1271m total length per site. Plant cover was 

recorded every meter. At every point, each species that touched a vertical pole was recorded as 
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present in up to three separate strata: ground (0–2m), understory (>2–4m), and canopy (>4m). 

Each species was potentially recorded as present in multiple strata at each sampling point but 

was recorded as present only once within any one stratum.

Seed rain traps were used to measure annual seed production of all plant species at each 

site from October 2015–October 2016. Seed rain traps were constructed from plastic 26.25cm 

diameter pots covered with chicken wire to restrict animal access to the seeds (Drake 1998). The 

number of seed rain traps used at each site varied with plant diversity. At Ekahanui and 

Moanalua, two sites with lower diversity and dominated by non-native plant species, 100 traps 

were used. At Pahole and Tantalus, high diversity sites with mixed communities of native and 

non-native plant species, 150 and 146 traps were used, respectively. At Ekahanui, Moanalua, and

Pahole, seed rain traps were placed along haphazardly selected transects 10m apart. At Tantalus, 

traps were placed along four transects at five-meter intervals, as part of a separate field study. 

Traps were emptied every four weeks, dried, and sorted in a laboratory. For multi-seeded whole 

fruits, seed production was calculated using a mean number of seeds/fruit (based on field 

collections). The only multi-seeded whole fruit found in both the seed rain traps and husking 

stations was Psidium cattleianum, which had a mean of 15 seeds/fruit.   

Results

Husking stations contained generally similar items across sites: seed husks, whole seeds, 

invertebrates (insects, arachnids and snails), and fruits (Figure 2).  A variety of other objects 

were occasionally found in stations such as feces (primarily rat) and human litter (e.g. plastic).

 Contents were counted individually for a total of 13,007 items, including 4,462 husks, 7,678 

seeds, and three fruits. 
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<<<Figure 2 Here>>>

Of the plant species detected in the husking stations (either as seeds or husks), 14 out of 

15 were nonnative (Table 1). Aleurites moluccana was the most commonly found species in 

husking stations (43%). At Ekahanui, A. moluccana was abundant in 100% of the husking 

stations, yet it composes only 11% of the forest canopy there (Table 2), suggesting that it is 

disproportionately represented in husking stations. Moreover, given an average husking station 

size of 0.24m2 and an annual seed rain of 4.6 seeds/m2 for this species we would expect an 

average of 1.1 seeds/husking station, yet we found an average of 86 husks/station (Table 1). 

Thus, the density of A. moluccana at the husking stations (359 husks/m2) is 78 times greater than 

the seed rain of the surrounding area. The number of husks present in a 1m2 husking station is 

equivalent to the annual seed production of 78m2 of forest, demonstrating that rodents are 

actively gathering and concentrating A. moluccana seeds. Similarly, Eleaocarpus angustifolius 

(17% of husking stations, 0.5% cover, 41.1 x seed rain) and Macadamia integrifolia (14% of 

husking stations, 1.6% cover, 46.1 seeds/m2 found vs. seed rain of 0 seeds/m2) were 

overrepresented in husking stations relative to their availability as a food source.

Large numbers of intact Psidium cattleianum and P. guajava seeds were found at husking

stations, but none had successfully germinated, and very few husks or fruits were found. Three 

species that were present in small to moderate amounts in the husking stations—Cinnamomum 

burmannii, Eucalyptus spp., and Schinus terebinthifolius—were highly abundant in the canopy in

the surrounding forest. Other fleshy fruited species that were abundant in the vegetation (e.g. 

Clidemia hirta and Alyxia stellata) were never found in husking stations.

<<<Table 1 Here>>>
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<<<Table 2 Here>>>

Although intact seeds were found in 29 of the 59 husking stations, seedling establishment

appeared to be rare; seedlings were found in only two stations.  In both instances the species was 

Coffea arabica, which in one case was also common in the nearby vegetation.  

Using camera traps, we were able to positively identify only black rats (25 positive 

images out of 14 nights of camera trapping) suggesting that R. rattus is the most common user of

husking stations in our study areas; on one occasion two individual rats were seen at the same 

station at different times.

Discussion

The results of our study were generally consistent with the findings of previous lab and 

field studies on Oʻahu. Several species that we collected from husking stations were selected by 

black rats in feeding trials (Shiels 2011), including Psidium spp., Ardisia spp., Coffea arabica, 

Aleurites moluccana, and Schinus terebinthifolius. We also identified large numbers of items 

from species not considered in previous studies, such as Elaeocarpus angustifolius, Macadamia 

integrifolia, and Grevillea robusta, demonstrating that husking stations provide valuable 

supplemental information for surveying rat diet content. The vast majority of seeds and husks 

found in the husking stations were from non-native plant species (99.9%). We identified only one

native species, the endemic tree Nestegis sandwicensis, which was found in only two husking 

stations, both at Pahole. Given the relative infrequency of native species in husking stations, it is 

likely that rats are consuming predominantly non-native seeds at these sites, at least for fruits 

with hard seed coats. As an important food source for invasive rodents, these plants potentially 

contribute to higher population growth rates and are an important consideration in management 
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efforts. 

Interestingly, at many stations there were layered accumulations of thousands of guava 

(Psidium guajava and P. cattleianum) seeds buried up to 10 cm deep in the soil (beneath our 

threshold for collection), but no germinating seeds or seedlings. Guava species are aggressive 

invasive trees in Hawaiian forests, forming dense stands and displacing native vegetation 

(Wagner et al. 1999). While they are fruiting, the forest floor is covered with fruits, making it a 

superabundant food source for pigs, birds, and rodents. Though rats are dispersing some guava 

seeds away from parent trees, the concentration of seeds at husking stations may inhibit 

establishment via negative density dependence (Metz et al. 2010). Of the 59 husking stations 

monitored, we found only two germinating seedlings present at two different husking stations. 

This indicates that neither invasive nor native plant species are establishing from the few intact 

seeds that black rats are dispersing to husking stations in this system. It may be that extremely 

high seed densities increase resource competition such that none can successfully germinate. It 

could also be that husking station microhabitats (shaded areas under rock overhangs or dead 

logs) are not suitable environments. It is possible that rats may effectively disperse seeds they 

drop when en route to husking stations, though this cannot be assessed from our current study. In

other systems, seed dispersal takes place when rodents cache seeds for future consumption, 

however there is no evidence that black rats engage in seed caching here (Vander Wall 1990). 

We did not find evidence of two fruits with very small seeds that rats consumed in 

feeding trials: Clidemia hirta and Rubus rosifolius. These species survive gut passage and thus 

are potentially dispersed by small mammals (Shiels 2011). This represents one drawback of 

using husking stations—it is difficult to obtain evidence of consumption of small-seeded fruits 

that are consistently consumed in their entirety and whose seeds either do not survive gut 

passage or, if they do, are too small to be easily seen with the naked eye on the ground. It is 
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difficult to know whether such fruits are ever brought to husking stations, as they can be easily 

consumed in situ due to their lack of hard outer coatings. 

Using husking stations to assess rat diets is potentially biased by the fact that species 

differ in the nature of remains they leave after rat predation. Husks with hard woody shells decay

relatively slowly and will thus be overrepresented in comparison to their abundance in the 

material collected and transported by rats. In our surveys, we found more individual Aleurites 

moluccana husks than any other item. However, in captive feeding trials and field exposure 

experiments, Aleurites was the least attractive food item for black rats (Shiels 2011). This high 

prevalence at husking stations is almost certainly due to their thick seed coat, which becomes a 

slow-decaying husk after being processed by rodents. 

Invasive rodents have been widely shown to impact island ecology (Towns et al. 2006, 

Drake and Hunt 2009, Shiels 2014). They disrupt seed dispersal (Duron et al 2016), reduce tree 

recruitment (Shiels and Drake 2015), and prey upon numerous vertebrate (Drake et al. 2011) and 

invertebrate (Gibbs 2009, Hadfield and Saufler 2009) species. Given how highly dispersed 

invasive rodents are on islands throughout the world (Atkinson 1985), studies that contribute to 

our understanding of their effects on plant communities are crucial to the conservation of 

vulnerable island ecosystems (Towns et al, 2006). 

This study demonstrates the utility of husking stations as supplementary data sets to lab 

feeding trials and field exposure experiments. Lack of successfully germinating seeds at husking 

stations suggests that invasive black rats are acting predominantly as seed predators and, at least 

at husking stations, do not appear to increase establishment rates of the invasive plant species 

observed. Although this and previous studies demonstrate results biased towards plant species 

with hard remains, future studies could quantify this bias by clearing the contents of stations and 

then observing the accumulation of plant materials over successive visits. 
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Table 1. Number of items found at Husking Stations for each plant species plus annual seed rain at all study sites. Cells with a Y 
represent species for which item fragments were found but none were intact. ‘NA’ represents species for which seed rain could not 
be counted because only fleshy fruited species were examined at Ekahanui and Moanalua field sites. All species present were non-
native with the exception of Nestigis sandwicensis. 



Table 2. Absolute % cover of plant species that either are present in husking stations (Y/N) or made up 
more than 5% of plant cover for at least one site. Values are given for the vertical stratum (in meters) in 
which plants are most abundant as well as reproductively active. Status is either Alien, Endemic, or 
Indigenous.

HS
Y/N Species Status

Ekahanu
i Stratum Moanalua Stratum Pahole Stratum Tantalus

Stratu
m

Y
Aleurites 
moluccana A 8.8 >4 1.8 >4 0.3 >4 0 -

Y Ardisia spp. A 0 - 0 - 0 - 6.3 <2

Y
Cinnamomum 
burmannii A 0 - 0 - 0 - 27.6 >4

Y
Citharexylum 
caudatum A 0 - 0 - 0 - 1.2 -

Y Coffea arabica A 3.1 2-4 0 - 0 - 7.2 >4

Y
Elaeocarpus 
angustifolius A 0 - 0 - 0 - 0.5 >4

Y Eucalyptus spp. A 23.8 >4 3.1 >4 0 - 0 -

Y Grevillea robusta A 7.9 >4 0 - 11.3 >4 0 -

Y
Livistona 
chinensis A 0 - 9.0 >4 0 - 0 -

Y
Macadamia 
integrifolia A 0.7 >4 0 - 0 - 0 -

Y
Nestegis 
sandwicensis E 0 - 0 - 1.1 >4 0 -

Y
Psidium 
cattleianum A 12.6 2-4 9.8 >4 27.5 >4 0.3 >4

Y Psidium guajava A 1.0 >4 1.0 >4 4.0 >4 0.3 >4

Y
Schinus 
terebinthifolius A 24.9 >4 7.1 >4 36.6 >4 0 -

N Alyxia stellata I 0 - 0 - 13.2 <2 0 -

N
Bischofia 
javanica A 0 - 0 - 0 - 6.2 >4

N Clidemia hirta A 0.4 <2 1.8 <2 14.2 <2 6.7 <2

N Fraxinus uhdei A 10.7 >4 0 - 0 - 0 -

N
Freycinetia 
arborea E 0 - 0 - 0.6 <2 8.2 <2

N Hedychium sp. A 0 - 1 <2 0 - 15.7 <2

N Hibiscus tiliaceus I 0 - 22.8 >4 0 - 0 -

N
Melaleuca 
quinquinervia A 5.6 >4 0 - 0 - 0 -

N
Metrosideros 
polymorpha E 0 - 0 - 18.3 >4 5.4 >4

N Paederia foetida A 0 - 6.3 <2 0 - 1.2 <0

N Syzygium cumini A 0.5 >4 23.6 >4 0 - 0 -

N Fern 5.9 <2 44.7 <2 30.2 <2 21.0 <2

N Grass 31.9 <2 33.3 <2 12.7 <2 22.6 <2
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Figure 1. A) Black rat, (R. Rattus) captured on camera chewing on a Kukui nut (Aleurites 
moluccana), a hard shelled nut whose husks accumulate in large piles and make husking stations 
easily identifiable. B) A collection of kukui husks demonstrating the presence of a husking 
station beneath an overhanging boulder. A 9x13cm field notebook is shown for scale.
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Figure 2. Proportion of husking stations at each site that contained fruits, seed husks, depredated 
invertebrates (insects, arachnids and snails), seeds (intact and fragments), and other items.  
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