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CHAPTER 2 

PALATABILITY OF FIVE NATIVE HAWAIIAN PLANT SPECIES TO FIVE ALIEN 

SLUG SPECIES 

 

INTRODUCTION 

Hawai‘i has a very high number of endangered plants, with many species 

reduced to small and dwindling populations (Wagner et al. 1999). One of the 

most important threats to these disappearing species is predation by introduced 

herbivores. Introduced ungulates, for example, have devastated plant 

communities in a number of natural areas in Hawai‘i and elsewhere (Coblentz 

and Van Vuren 1987; Van Vuren and Coblentz 1987; Stone 1985). Terrestrial 

slugs (Mollusca: Pulmonata) are another group of introduced herbivores with no 

native representatives in Hawai’i (Cowie 1997). Slugs constitute a polyphyletic 

group distinguished from snails by the absence of an external shell (Runham and 

Hunter 1970). They are important seedling predators in native (Wilby and Brown 

2001; Hulme 1994) and introduced habitats (Ferguson 2004; Fritz et al. 2001) in 

many parts of the world. In Hawai‘i, there is copious anecdotal information 

suggesting that they harm native plants yet, to date, they have been the focus of 

little research. 

 

Theories of plant defense evolution hinge on the assumption that the resistance 

conferred by defense mechanisms involves an allocation of resources which, in 

the absence of herbivores, could be put towards other fitness-enhancing ends 
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(Coley et al. 1985). Plant defense mechanisms include structural defenses like 

spines or hairs that can interfere with feeding (Pollard 1992), as well as chemical 

defenses in the form of secondary compounds that can influence plant 

palatability or digestibility (Arnold 1980). Although the cost of defense is not 

always obvious (Siemens et al. 2002), a recent synthesis of 33 studies supports 

the idea of inherent trade-offs between allocation to plant defense and other 

fitness-enhancing activities such as growth and reproduction (Strauss et al. 

2002). Because Hawaiian plants evolved in the absence of slugs, it could be 

hypothesized that most native plants will be highly vulnerable to slug herbivory 

due to the loss of unnecessary defense mechanisms and hence increased 

palatability. In the Santa Cruz Islands, for example, Bowen and Van Vuren 

(1997) found higher acceptability to domestic sheep and lower chemical 

defenses in plant species relative to mainland congenerics. But Hawaiian plants 

have had to defend themselves against arthropod and avian herbivores (Givnish 

et al. 1994), and some of the mechanisms that protect them from these 

consumers may also be effective against novel ones. In addition, phylogenetic 

inertia may dictate that certain groups of native plants use different defenses, or 

retain them for longer periods of evolutionary time, than others. It has long been 

recognized, for example, that introduced ungulates prefer certain native plants to 

others (Scowcroft and Giffin 1983) suggesting rejected species may have 

retained defenses. Likewise, native Hawaiian plants may not be equally attractive 

to alien slugs, and further, food preferences may differ among different slug 

species. 
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Variability in the feeding relationships between native plants and alien slugs 

should have important implications for conservation in Hawai’i. Knowledge of 

which plant species are most palatable, and which slug species are most likely to 

eat them, will allow more informed management decisions regarding the 

protection and restoration of endangered plant populations. As a first effort to 

establish this base of information, I investigated five endangered plant species 

and five introduced slug species, and used relative acceptability indices (Dirzo 

1980) to assess whether there are differences among these taxa in either 

palatability or feeding preference. 

 

MATERIALS AND METHODS 

Study organisms 

Cyanea Gaud. (Campanulaceae), the largest genus of plants endemic to the 

Hawaiian archipelago, once contained 52 species, of which 14 are now extinct 

and 15 are listed as endangered by the U.S. federal government (Wagner et al. 

1999). Slugs have been observed to eat the leaves, stems and fruits of many 

Cyanea species (Chapter 1) and are suspected of contributing to their decline. 

Cyanea grimesiana Gaud. ssp. obatae (St. John) Lammers is a shrub, usually 

unbranched, 1-3.2 m in height, typically found on steep, moist, shaded slopes in 

diverse mesic to wet forests between 550 and 670 m elevation (Wagner et al. 

1999). Endemic to the Wai‘anae Mountains on the island of O‘ahu, only 13 

individuals of this subspecies remain in the wild (USFWS 1998c).  
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Brighamia A. Gray, also in the Campanulaceae, contains two species, both 

endangered. Brighamia rockii St. John is a stout unbranched succulent, 1-5 m 

tall, currently restricted to steep, inaccessible sea cliffs along East Moloka‘i’s 

northern coastline between sea level and 470 m elevation (Wagner et al. 1999). 

Fewer than 200 plants occur in the wild (USFWS 1996). Slugs may not be a 

serious concern for this species if they do not forage on sea cliffs. Nonetheless, 

this plant may have had a broader habitat range in the past, and introduced slugs 

could have played a role in restricting its range. Slugs readily consume plants 

grown under greenhouse conditions and are known to kill adult plants by 

burrowing into the fleshy stem and hollowing out the center (M. Sherman pers. 

comm.; K. Swift pers. comm.). 

 

Slugs have been observed to feed readily on a number of species of Scheidea 

Cham. & Schlechtend., non A. Rich. nec Bartl (Chapter 1), a speciose endemic 

genus. Scheidea obovata (Sherff) (Caryophyllaceae) is a branching subshrub 

attaining heights of approximately 1 m and possessing thick, fleshy, deep green 

leaves that are either opposite or whorled about the stem. This species occurs in 

diverse mesic forest from 550 to 800 m elevation on ridges and slopes in the 

Wai‘anae Mountains (Wagner et al. 1999). In 1994, the three known wild 

populations contained 11 individuals in total (USFWS 1994).  

 

Urera kaalae Wawra (Urticaceae) is a small tree, 3-7 m tall, with distinctive 

greenish sap that turns black when exposed to the air and has thin, heart-
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shaped, pale green leaves, serrate at their margins (Wagner et al. 1999). 

Endemic to the Wai‘anae Mountains, this species grows on slopes and gulches 

in diverse mesic forest at elevations of 300-820 m. About a decade ago, an 

estimated 40 plants remained in the wild (USFWS 1994). In an effort to prevent 

further decline, the Nature Conservancy has been augmenting natural 

populations with greenhouse seedlings but reports that slug predation of these 

plants is high (Sailer 2002). 

 

Solanum sandwicense Hook & Arnott (Solanaceae) is a shrub, 4-5 m tall, with 

simple unarmed leaves, occurring in diverse mesic forest between 760 and 1220 

m elevation on O‘ahu and Kaua‘i. Young parts are densely pubescent and 

reddish pubescence coats the underside of the leaves (Wagner et al. 1999). The 

O‘ahu population, which in 1995 shrank to one plant (USFWS 1995b), now 

numbers about 10 thanks to captive propagation and outplanting of seedlings by 

Nature Conservancy staff.  

 

The five slug species used in the present study are among the most common on 

O‘ahu, and at least three of them co-occur with the plant species tested here. 

Between 30 and 80 slugs of each species were collected between May and June 

2003 from two areas on O‘ahu: at 700 m elevation in the Kahanahāiki 

Management Unit (KMU), a preserve managed by the U.S. Army in the northern 

Wai‘anae Mountains; and at 60 m elevation in the Kaimuki residential district of 

Honolulu (Figure 2.1). Due to an apparent stratification in the distribution of these 
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slugs, the two veronicellid species: Laevicaulis alte (Férussac) and Veronicella 

cubensis (Pfeiffer) were more common at elevations < 300 m, in residential 

areas, while the other three, Limax maximus Linnaeus (Limacidae), Limacus 

flavus (Linnaeus) (Limacidae), and Meghimatium striatum van Hasselt 

(Phylomicidae) were more common in forested areas > 300 m (S. Joe pers. 

obs.). Despite these differences, all species survived well in Kaimuki, where they 

were housed outdoors in the shade and exposed to natural weather and light 

conditions through February 2004, after which they were killed. 

 

Feeding trial protocol 

Following capture, each slug was weighed and housed in a single 266 ml plastic 

cup containing a substrate of fine cinder 5 cm deep. A mesh top secured by a 

rubber band prevented escape. Holes punched into the bottom of the cups 

allowed for water drainage and a wet cloth placed over the top prevented 

dehydration. Study slugs probably included both juveniles and adults, as maturity 

was not confirmed prior to the feeding trials. Species identifications were made 

using external morphology. 

 

Slugs can remember unacceptable food for up to three weeks after a single 

encounter (Gelperin 1975); therefore, an interval of at least three weeks was 

allowed between feeding trials. In the intervals, slugs received  a diet of Beneful 

® (Nestlé Purina PetCare Company, St. Louis, Missouri, USA) dog kibble and 

Aloha brand (Aloha Seed & Herb Paia, Hawai’i, USA) buttercrunch lettuce 
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(Lactuca sativa L.). Palatability testing began in August 2003 and ended 6 

months later.  

 

An acceptability index (AI) was used to measure plant palatability (Dirzo 1980). 

On the day of testing, each slug was weighed, placed in a fresh cup containing 

only moistened filter paper and a pair of 15 cm2  leaf discs, one from the test 

species and one from a highly acceptable control species, in this case, lettuce, 

and allowed to feed for 48 hours, after which they were returned to their original 

cups. Although Dirzo (1980) allowed slugs to feed for only 12 hours, they were 

starved 24 hours prior to testing. In order to reduce the labor required to transfer 

slugs into new containers, slugs were not starved prior to testing as in Dirzo 

(1980). Instead the duration of each trail was increased. Uniformity of disc size 

was maintained using a hole puncher, and measurement of the leaf surface area 

both before and after slug feeding was made with a LI-3000A Portable Area 

Meter (LI-COR Environmental, Lincoln, Nebraska USA). The index was 

calculated as the area eaten from the test species leaf disc divided by that eaten 

from the lettuce disc. Thus, in order for a trial to be considered valid, some or all 

of the lettuce disc must be consumed by the slug. Instances in which the slug ate 

neither disc were discounted, along with instances in which the slug ate only the 

test disc. Multiple test plant species were then ranked by relative palatability 

according to their AI scores. AI scores have the benefit of controlling for slug size 

since the ratio remains the same for a small slug eating a small amount of food 

and a larger slug eating a large amount. 
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All plants with the exception of B. rockii, which came from the Hui Ku Maoli Ola 

Native Hawaiian Plant Nursery in Waimanalo, O‘ahu, and lettuce, which was 

grown by myself  from seed, were borrowed from the Nature Conservancy’s rare 

plant nursery in Wahiawa. Plant age can affect palatability (Fenner et al. 1999); 

thus I only harvested mature leaves from adult (i.e. reproductive) plants for use in 

feeding trials. No more than three plants per species (not including lettuce, which 

came from approximately 12 plants) served as leaf disc donors because of their 

extreme rarity. Intraspecific variation in plant palatability, if it exists, was not 

addressed in this study. After feeding trials had concluded, plants were returned 

to the Wahiawa nursery for use in restoration projects. None died as a result of 

leaf harvesting. 

 

Because test plant material was limited to a one-time harvest, it was necessary 

to present each plant species to all slugs on a single occasion rather than 

randomizing the order of plant presentation for each slug. Thus, the order of plant 

species presentation, determined randomly, and commencing on the date in 

parentheses, was as follows: C. grimesiana ssp. obatae (27 August 2003), S. 

sandwicense (27 September 2003), U. kaalae (31 October 2003), B. rockii (26 

November 2003), and S. obovata (28 December 2003). Because of the long 

interval between feeding trials, some slugs died before being offering all five 

plant species. Because these were not replaced, there was a very slight attrition 

in slug number over the study period. Mortality did not exceed two slugs per 
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species, a remarkably low number considering reported losses of greater than 

50% over three weeks for other studies of this type (Gebauer 2002; Glen et al. 

2000; Wilson et al. 1999). 

  

Statistical Analysis 

Because slug size was expected to differ among species, differences in slug 

weights were analyzed using a one-way ANOVA. The effects of plant species, 

slug species, and plant x slug interaction on AI scores were analyzed with a two-

way ANOVA, with all factors fixed. The AI scores did not meet all the 

assumptions of ANOVA, that is, residuals were not normally distributed and were 

heteroscedastic. However, variances among the different groups were not 

significantly different (Levene’s Test; P=0.243). Log transformation of the data 

yielded results almost identical to those of the untransformed data and did not 

improve the distribution of the model’s residuals. I judged that this violation of 

residual normality was preferable to using a combination of tests on subsets of 

the data. All statistical analyses were performed with Minitab® Release 14 

software (Ryan et al. 2005). 

 

RESULTS 

Feeding activity was low during each of the five trials regardless of slug species, 

with, on average, only one in every five slugs feeding (Fig. 2.2). This allowed 

estimation of AI scores based on sample sizes ranging from four to 20 AI 

replicates for each slug\plant species pair (Table 2.1). An AI of 0 indicates 
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complete rejection of the test species. A two-way ANOVA identified a significant 

difference in palatability among plant species, but no statistical difference in 

overall feeding among slug species, and no plant-by-slug species interaction 

(Table 2.2). Post-hoc testing indicated that palatability differences among plant 

species were significant (Tukey’s HSD) only between U. kaalae and the other 

four plant species, with U. kaalae being more palatable than the other species 

(Figure 2.3). The high frequency of AI scores close to zero (Figure 2.4) shows 

most of the test plant species offered to slugs were rejected and were not nearly 

as acceptable as the control.  

 

As expected, slug taxa differed significantly by weight (one-way ANOVA; 

F=42.23; P<0.0001), with groups differing at the family level (Figure 2.5). The two 

limacid species were heaviest, followed by the two veronicellids in the midrange 

and M. striatum the lightest of the group.  

 

DISCUSSION  

The results of this experiment indicate that there is significant variation in 

palatability among native Hawaiian plants, with U. kaalae significantly more 

palatable than the other four plant species tested. Urera kaalae was considerably 

more palatable, even, than the two Campanulaceae species (C. grimesiana and 

B. rockii), a plant family previously noted to be especially attractive to slugs in 

Hawai‘i (Sailer 2002).  
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Somewhat surprisingly, there was no significant difference among slug species in 

food preference. This may reflect similarities these slugs share as colonizing 

species, such as non-specialist feeding behavior stemming from the absence of 

tightly co-evolved relationships with local plants. Alternatively, small sample 

sizes, combined with high variation among trials, may have obscured more subtle 

differences in plant preference among the slug species.  

 

Even though I started with relatively large numbers of slug replicates, the majority 

of trials resulted in no feeding and had to be discounted. While failure to eat 

caused many trails to be omitted from analysis, no omissions occurred as a 

result of slugs eating the test plant but not the control. In order to account for this 

possibility, others (Kelly and Hanley 2005) have calculated AI from the area of 

the test disc eaten divided by the area of both discs eaten. Feeding might have 

been observed in a greater proportion of trails by starving the slugs for a period 

of time prior to testing or by increasing the length of each trail to more than 48 

hours. Gebauer (2002), for example, exposed test foods to slugs for 7 days. In 

addition, I suspect the slugs were overfed prior to and in between testing, as all 

gained weight and continued to gain weight during their months in captivity. 

Perhaps more importantly, the data reveal large variation in feeding preferences 

by individual slugs. For example, a single L. flavus ate 31 times more U. kaalae 

than lettuce, but failed to eat anything in any of the other trials. To a lesser 

degree, other individual slugs showed distinct preferences that may, or may not, 

have been in line with the average for their species. Other studies have typically 
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dealt with this problem by omitting “anomalous” (Brooks et al. 2003) or “deviant” 

(Dirzo 1980) slugs from the analysis. The frequency of such behavior, however, 

imply that while there may be valid preferences for a slug species as a whole, 

there is a lot of meaningful intraspecific variation that should be recognized. 

 

The distribution of AI scores close to 0 (Figure 2.5) was similar to that observed 

by Dirzo (1980) who found that slugs rejected, on average, 42% of the 30 plant 

species offered. He went on to characterize slug food preferences as falling 

within one of the following three categories: rejected or rarely chosen, moderately 

acceptable and very acceptable. Why so many species were rejected for rarely 

chosen remains the subject of much speculation. Slugs have complex feeding 

behavior. Food choice is driven not only by metabolic requirements and plant 

defenses, but is also subject to more subtle influences such as the prior 

experience of the animal (Gouyon et al. 1983). It has been demonstrated, for 

example, that the slug Limax maximus is capable of associative learning that 

subsequently guides its food choices (Sahley et al. 1981). Food preferences 

among slugs are not static, and depend in part upon the availability of other 

foods and the frequency with which they are encountered. Slugs often prefer 

novel foods over familiar ones (Cottam 1985; Mølgaard 1986a), and may 

consume up to 270% more when offered a choice of foods (Peters et al. 2000). 

This behavior has been described as “neophilic” by some authors (Cook et al. 

2000) and even extends to foods that are known to contain noxious compounds. 

Slugs tend to eat such foods too, at least until the novelty wears off (Whelan 
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1982). Thus, a rare plant may be more likely to be attacked by slugs just by virtue 

of being rare. 

 

The level of risk incurred by a native plant will largely depend on how palatable it 

is relative to other available plants. Unfortunately, few of these neighbors are 

likely to be lettuce. Though S. obovata had the lowest mean acceptability among 

the species tested, the area where it occurs is dominated by invasive strawberry 

guava, Psidium cattleianum Sabine. Herbivore damage to P. cattleianum in the 

field is negligible (S. Joe pers. obs.). Leaf extracts from Psidium guajava (L.), a 

related species, contain biologically active chemical compounds which can have 

an analgesic effect (Somchit et al. 2004) and disrupt reproduction in mammals 

(Lapçik et al. 2005) and these may have strong anti-herbivory properties. 

 

Whether seedling tissue in my test species is more acceptable to slugs than adult 

tissue, something that has been found to be true for other species (Fenner et al. 

1999), remains unknown; however, anecdotal reports suggest that adult plant 

parts are vulnerable as well (see Study Organisms Materials and Methods). 

Because of the rarity of plant species tested, and because the harvesting of 

seedling tissue would require the destruction of plants, only adult tissue was 

used in the present study. In order to explore differences in adult and seedling 

palatability, future studies should draw from a pool of non-endangered plant 

species the seedlings of which can be sacrificed.  
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The complex behavior of slugs and the variation in plant community composition 

make it difficult to extend results from lab-based preference trials to feeding 

behavior in nature. At the least, this study suggests that all five of the native 

species tested are likely to be fed upon to some degree in nature. It also 

identifies U. kaalae as a species that may be exceedingly vulnerable to slug 

herbivory. The predictive power of palatability trials such as this one, however, 

could be strengthened if correlated on a broad scale with plant defense 

structures and species-specific secondary compound content. For example, 

pubescence has been shown to deter slug herbivory in some plant species 

(Westerbergh and Nyberg 1995). The pubescence on S. sandwicense may have 

reduced its acceptability, but it clearly did not prevent slug feeding entirely. A 

number of secondary compounds are also known to deter slug herbivory (Table 

2.3). Swanholm et al. (1959; 1960) found alkaloids in a significant number of 

Hawaiian plants in various families, including the Campanulaceae species 

Cyanea angustifolia and Clermontia kakeana. Despite this finding, the two 

Campanulaceae species were eaten by slugs in this study, and Cyanea suberba 

is heavily fed upon by slugs in field trials (Chapter 3). It may be that these 

alkaloids are not especially effective in deterring slug herbivory, or there may be 

large intrafamilial or even intrageneric differences in chemical content. With 

additional research, some of these questions could be resolved. 

 

 

 




