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Abstract Terrestrial micromolluscs (snails with an adult maximum shell dimension
<5 mm) constitute a considerable proportion of the land snail fauna of the Pacific.
However, micromolluscs are often underestimated in biological surveys because of size
bias. It has been argued that visual searches are preferable on Pacific islands because: (1)
size biases are limited based on the understanding that most native Pacific island land
snails are very small, and (2) amount of labor is less than other methods such as soil
surveys and adequate for inventory purposes (though not for abundance assessments). To
test whether visual surveys and soil surveys were accurately recording all taxa, land snail
inventories were completed in three forest reserves (5 sampling sites in each) on the island
of Oahu, Hawaii. Visual surveys involved 30-min visual search in a 10 m?> site; soil
surveys involved sieving leaf litter and topsoil from four 0.3 m? quadrats and extracting
snails with the aid of a microscope. The data indicate a size and microhabitat bias asso-
ciated with both techniques. Visual surveys consistently collected large arboreal and litter-
dwelling species but missed a significant portion of micromolluscs, while soil surveys
collected micromolluscs but missed larger snails. Because of such biases, employing both
methods is critical for collecting all taxa at a survey location. As such, we recommend that
future land snail surveys on Pacific Islands incorporate both survey techniques. Obtaining a
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complete inventory is critical if we are to understand species distributions and patterns of
diversity and make well-informed conservation recommendations.

Keywords Gastropoda - Inventory - Micromolluscs - Mollusca -
Sampling methods

Introduction

The native Hawaiian land snail fauna is highly diverse, with more than 750 species, of
which more than 99 % are endemic to the Hawaiian Islands (Cowie et al. 1995). Habitat
destruction, impacts of invasive species and other anthropogenic changes (e.g. climate
change) have drastically reduced the numbers of extant species (Lydeard et al. 2004).
Estimates of extinction are as high as 90 % and the majority of the remaining species are
now found only at higher elevations where human impact is less than at lower elevations
(Solem 1990; Cowie 2001a). However, insufficient empirical data have been acquired to
estimate this loss of biodiversity accurately, as is the case for land snails worldwide
(Régnier et al. 2009). Effective conservation relies on accurate knowledge of the remaining
species, which requires extensive survey work that uses efficient, rigorous and compre-
hensive sampling methods (Cameron and Pokryszko 2005).

Terrestrial micromolluscs (snail species with an adult maximum shell dimension of
<5 mm) constitute a considerable proportion of the snail fauna in many locations and
habitats (Liew et al. 2008). For example, in eastern North America they represent almost
75 % of land snail species (Nekola 2005), on the island of Bali 55 % (Vermeulen and
Whitten 1998) and in one location in New Zealand 88 % (Barker and Mayhill 1999).
However, because of their small size and for many species their soil and leaf litter habitat,
micromolluscs are often under-sampled in biological surveys (Menez 2001; Rundell and
Cowie 2003; Cameron and Pokryszko 2005). Of the 752 taxonomically valid land snail
species in Hawaii, excluding Ellobiidae, taxa of unknown systematic placement and taxa
that may not be Hawaiian, as explained by Cowie (1995), ~26 % are <5 mm; 32 %
6-10 mm and 42 % >10 mm. Among Hawaii’s ten native families of land snails, more
than 50 % of the species in Endodontidae, Helicinidae and Zonitidae are micromolluscs.
Three of the families, Hydrocenidae, Punctidae and Pupillidae, are composed entirely of
micromolluscs. These assessments are based on measurement of type material and infor-
mation from the literature.

Two methods are commonly used for sampling land snails: (1) visual surveys—timed
visual searches in the field that quantify person survey hours by recording the number of
people and the time each area is surveyed; and (2) soil surveys—collection of soil with
associated leaf litter, either a standard volume or from a standard area, followed by
sequential sieving through a series of progressively finer mesh sieves and picking the
molluscs from the resulting fractions, under a microscope for the smaller fractions (Em-
berton et al. 1996; Menez 2001; Cameron and Pokryszko 2005; Nekola 2005; Liew et al.
2008; Fontaine et al. 2011). Recent surveys in Hawaiian habitats have employed timed
visual searches, but not soil surveys (e.g. Rundell and Cowie 2003; Cowie et al. 2008;
Meyer and Cowie 2010). It has been argued that visual searches alone are preferable in
Hawaii and other Pacific islands for land snail species inventory (though less so for
assessments of abundance) because with limited resources the far greater number of
samples that can be processed and therefore the greater potential geographic coverage
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outweigh the disadvantages of under-sampling the very small species that are more dif-
ficult to see/collect (Cowie 2001b; Rundell and Cowie 2003). It has also been argued that
because most native Pacific island land snails are very small, biases related to size are
limited (Cowie and Robinson 2003). These methods have been discussed in detail by
Cameron and Pokryszko (2005).

However, a rigorous comparison between the two methods has never been conducted in
the Pacific. Ultimately, discerning the most effective survey approach for finding micro-
molluscs, critical for compiling comprehensive inventories, is crucial for understanding
species distributions, and developing effective conservation management plans. Our
objective in conducting this study was to examine the efficacy of both techniques (visual
and soil) to accurately record all species present. Based on the results, a methodology
suitable for land snail surveys in Hawaii and other Pacific islands is recommended. Our
analyses complement similar analyses of methods used in Madagascar (Emberton et al.
1996) and Europe (Cameron and Pokryszko 2005) and will lead to a more generally
accepted and rigorous approach to land snail inventory that will also permit more rigorous
comparison among studies in different parts of the world, a need previously identified in
particular by Emberton et al. (1999).

Methods
Study sites and sampling strategies

Surveys took place in three forest reserves in the Waianae mountain range of the Hawaiian
island of Oahu: Mt. Kaala, Kahanahaiki and Palikea (Fig. 1). These areas harbor native and
non-native snails, both macromolluscs and micromolluscs, in a variety of habitats. Sam-
pling took place at each forest reserve from April to August 2011.

At each forest reserve five 10 m* sampling sites, spaced at least 100 m apart along a
transect, were chosen. Maximizing the number of different microhabitats sampled was the
focus. The Palikea sites were visited twice and the Mt. Kaala and Kahanahaiki sites were
visited three times. However, only three of the five sites at Kahanahaiki were surveyed on
the third visit. At each site, sampling first involved a 2 person, 15 min visual search of all
suitable microhabitats (including on plants) by experienced snail collectors. These visual
searches were followed by collection of leaf litter and 1 cm of topsoil within 0.3 m?
quadrats from four haphazardly selected areas within each site, including places of deep
litter accumulation and around the bases of rocks and trees. All leaf litter and topsoil was
concentrated in the field using a 7 mm mesh sieve, with the material that remained in the
sieve being visually searched in the field to find any larger snails or slugs (cf. Fontaine
et al. 2011). The material that passed through the sieve was brought to the lab for further
processing. All specimens collected, using both collection methods, were brought back to
the lab for identification, with the exception of any federally listed Achatinella spp. and
other species readily identified in the field, which were simply counted. All species were
identified to the lowest taxonomic level possible. In some instances it was not possible to
refer specimens to a particular species but only to a family, subfamily or genus.

Laboratory processing was completed by separating the concentrated samples through a
series of sieves (5, 2, 0.5 mm), which facilitated faster searches and easier removal of
molluscs from the different size fractions. Each size fraction was then searched for
specimens with the aid of a stereomicroscope. Due to the extensive amount of time
necessary to process and sort the soil/litter, it was often not possible to determine if an
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Fig. 1 Map showing the location of the Hawaiian Islands in the Pacific, with the three surveyed forest
reserves on the island of Oahu (numbered stars). From north to south: /—Kahanahaiki, 2—Mt. Kaala and
3—Palikea

individual died prior to collection or during storage. As such, live and dead (shell only)
counts were pooled. A subset of the live specimens was preserved in 95 % ethanol as
representative vouchers and for future genetic analysis. All vouchers were cataloged and
deposited in the malacological collections of the Bishop Museum, Honolulu (BPBM
277352-277535, 277543-277603).

Analyses

To determine the relative effectiveness of the visual and soil techniques for collecting all
taxa at different scales (i.e. entire forest reserves and sites within forest reserves), we
compared richness at each forest reserve and examined differences in the mollusc com-
position at each site. We also recorded the amount of time necessary for each method to
evaluate better the most effective allocation of research efforts for future studies.

Three rarefaction curves were created for each forest reserve using EcoSim 7.0 (Gotelli
and Entsminger 2004) to examine patterns of richness as the number of samples increased.
Two curves examined patterns of taxonomic richness for each sampling method inde-
pendently and the other examined patterns of taxonomic richness combining the data from
both sampling methods.

To investigate statistically whether the two techniques collected different components
of the snail community at each site, we used a permutation-based hypothesis test (ANO-
SIM analyses) implemented in PRIMER 5.2.9 (Clarke and Gorley 2001). Separate analyses
were conducted for each sampling site. Prior to each ANOSIM analysis, a presence/
absence matrix of all taxa by site was assembled for each sampling site. A presence/
absence matrix was used because the visual search method was aimed at assessing taxo-
nomic richness not relative abundances. Similarity matrices for each forest reserve were
created using the Bray—Curtis similarity coefficient (Legendre and Legendre 1983).
Because we expected differences in land snail communities among sites within each forest
reserve, we used a two-way crossed ANOSIM (9,999 permutations) with sampling tech-
nique and sampling site as factors. This allowed us to test for differences between sampling
techniques averaged within blocks of sites for each of the three forest reserves, an analysis
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that is a permutation analogue to a complete randomized block ANOVA. We report both
the ANOSIM test statistic (R-values) and the permutation based P values for just the
sampling technique factor. The R-statistics are the average rank dissimilarities among and
within groups, scaled so that R-values vary between roughly O and 1 (there may be some
negative values); a value of 0 indicates that there are no differences among treatments, and
a value of 1 indicates that all dissimilarities between samples in different treatments are
larger than the average dissimilarity among samples within each treatment. The P values
test whether R-statistics differ significantly from zero (i.e. that there are significant dif-
ferences among treatments). To determine the relative contribution of the various taxa to
the dissimilarity between the two sampling methods, we also ran a similarity percentage
analysis (SIMPER) for each forest reserve using the presence/absence matrices.

We also used ANOSIM tests to examine if the two methods reveal similar patterns of
community structure (i.e. do they identify similar land snail community patterns among
forest reserves). We ran two ANOSIM tests, one using only the soil data and the other
using only the visual data. Analyses again used presence/absence matrices and the Bray-
Curtis similarity coefficient. Pair-wise differences among sampling locations were exam-
ined only following a significant ANOSIM test and with P values adjusted for multiple
testing (3 pairwise comparisons) using a Bonferroni procedure (o = 0.016).

Results

In total, 23 taxa were collected at the three forest reserves (Table 1). A substantial pro-
portion of the taxa collected were found either only using the visual method (Euglandina
rosea, Achatinella mustelina, Deroceras laeve, Kaala subrutila, Auriculella spp., Amastra
sp., Limax maximus) or only the sieving technique (Helicinidae sp., Pronesopupa spp.,
Paralaoma servilis). In general the species collected using the visual technique were either
large ground-dwelling species (e.g. Deroceras laeve, Kaala subrutila) or arboreal species
(Achatinella mustelina), while those collected using the soil technique were primarily
ground-dwelling micromolluscs. No snails or slugs were found in the material retained by a
7 mm sieve when collecting soil and leaf litter in the field.

The rarefaction curves indicate that using both survey techniques is the only way to
insure that a complete inventory of the species present is obtained at a sampling location
(e.g. a forest reserve). For example, at Mt. Kaala, combining the two methods led to
recording higher taxonomic richness than using either method alone (Fig. 2). The visual
method did not record Paralaoma servilis, Helicinidae spp., Pronesopupa spp. or Allopeas
clavulinum, while the soil method did not recover Deroceras laeve, Kaala subrutila or
Auriculella spp. (Table 1). Conversely, the rarefaction curves for Kahanahaiki and Palikea
(though not Kaala) indicate that given enough effort (>8 samples) both soil and visual
search techniques will collect approximately the same level of diversity and collect the
majority of the taxa present at a forest reserve (Fig. 2). The rarefaction curves also indicate
that many fewer sites can be visited in a sampling location (approx. 4-5 sites) if both
techniques are employed at each site.

ANOSIM analysis revealed that the land snail assemblages collected by the two sam-
pling techniques differed among sites within all three forest reserves: Mt. Kaala
(R = 0.553, P = 0.003), Kahanahaiki (R = 0.562, P = 0.006), and Palikea (R = 0.461,
P = 0.03). SIMPER analysis showed that different taxa were collected with differing
regularity using the two survey techniques (Table 1). Micromolluscs were more often
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Table 1 Results from SIMPER analyses, listing each species recorded at the three forest reserves according
to its contribution to the dissimilarity between the two sampling techniques

Forest reserve and taxa  Proportion of sites present Ave. dissimilarity &= 1 SD % Contribution
Visual Soil

Mt. Kaala
Pronesopupa spp.* 0 0.53 9.25 £ 131 14.33
Nesopupa spp.* 0.13 0.33 7.72 £ 0.82 11.98
Helicarionidae spp. 0.26 0.40 7.05 £ 0.93 10.93
Elasmias spp.* 0.26 0.27 6.25 + 0.8 9.70
Pacificellinae sp.* 0.20 0.27 6.22 + 0.93 9.65
Paralaoma servilis* 0 0.33 5.86 &+ 0.66 9.09
Tornatellidinae spp.* 0.20 0.33 3.97 £ 0.62 6.16
Hawaiia minuscula*® 0 0.27 3.39 £ 0.58 5.25
Deroceras laeve 0.26 0 3.21 £ 0.61 4.98
Succineidae spp. 0.53 0.27 242 £ 0.44 3.75
Oxychilus alliarius 0.47 0.47 2.16 £ 0.27 3.35
Auriculella spp. 0.20 0 1.9 + 0.40 2.95

Kahanahaiki
Paralaoma servilis* 0 0.69 792 £ 1.92 15.59
Pacificellinae sp.* 0.15 0.77 7.57 £ 1.47 14.89
Hawaiia minuscula*® 0.15 0.46 4.82 £ 1.02 9.47
Allopeas clavulinum 0.46 0.69 472 + 0.84 9.29
Pronesopupa spp.* 0 0.31 4.38 £ 0.83 8.61
Elasmias spp.* 0.62 0.77 4.07 £ 0.71 8.01
Helicarionidae spp. 0.08 0.38 3.75 £ 0.75 7.39
Leptachatina sp. 0.23 0.15 3.25 £ 0.64 6.40
Zonitoides arboreus 0.08 0.23 3.06 £+ 0.61 6.03
Euglandina rosea 0.23 0 1.94 £+ 0.49 3.83
Deroceras laeve 0.15 0 1.91 £ 0.46 3.77

Palikea
Pacificellinae sp.* 0.50 0.70 7.02 £ 0.80 17.78
Pronesopupa spp.* 0 0.50 5.86 + 1.06 14.84
Succinidae spp. 0.40 0 5.18 £ 0.80 13.12
Elasmias spp.* 0.70 0.30 4.93 + 0.86 12.49
Tornatellidinae spp.* 0.80 0.70 4.72 £ 0.51 11.94
Paralaoma servilis* 0 0.30 3.29 + 0.68 8.34
Helicarionidae spp. 0.40 0.40 2.37 £ 0.51 6.01
Nesopupa spp.* 0 0.10 1.81 £ 0.33 4.57
Limax maximus 0.10 0 1.25 £ 0.34 3.16

Micromolluscs are asterisked

collected in soil surveys while larger molluscs (ground-dwelling and arboreal) were col-
lected more often in visual surveys.

The ANOSIM analyses for each of the two sampling techniques identified significant
differences in land snail communities among forest reserves (soil, R = 0.387, P = 0.001;
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Fig. 2 Rarefaction curves of
taxonomic richness as the
number of sampling sites
increases using either the soil or
visual technique or both
techniques combined for the
three sampling locations
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visual, R = 0.19, P = 0.02). Using the visual technique only we found significant dif-
ferences among all forest reserves, while using only the soil technique significant differ-
ences were found only between Kahanahaiki and Mt. Kaala and between Kahanahaiki and
Palikea but not between Mt. Kaala and Palikea (Table 2).

Discussion

The soil technique has not been used in most recent land snail surveys in the Hawaiian and
Samoan islands (e.g. Cowie and Robinson 2003; Cowie et al. 2008; Meyer and Cowie
2010). This is because it has been suggested that biases related to size are limited, because
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Table 2 Results for pair-wise ANOSIM tests examining differences in snail communities among forest
reserves

Survey type Pairwise comparisons R statistic P value

Soil survey Mt. Kaala vs. Kahanahaiki 0.447 0.001*
Mt. Kaala vs. Palikea 0.108 0.055
Kahanahaiki vs. Palikea 0.608 0.001*

Visual survey Mt. Kaala vs. Kahanahaiki 0.230 0.006*
Mt. Kaala vs. Palikea 0.187 0.014%*
Kahanahaiki vs. Palikea 0.188 0.007%*

Significant differences following sequential Bonferroni adjustment are asterisked

most native Hawaiian and Pacific island land snails are very small (Cowie and Robinson
2003), meaning that since surveyors are focused on small snails, they are unlikely to miss
small snails. Our results contradict this assumption. We have demonstrated that there is a
size and habitat bias associated with both visual and soil sampling techniques. Timed
visual surveys consistently find large arboreal and litter-dwelling species but miss a sig-
nificant portion of micromolluscs, while soil surveys find micromolluscs but miss larger
snails, particularly arboreal snails. For example, the soil collection method failed to find
arboreal snails like A. mustelina and large litter-dwelling slugs like D. laeve. This is
probably due to the limited area surveyed using the soil/litter collection technique, which
results in missing these larger, less abundant species. Other studies have found that large
species and slugs are often missed in soil surveys (Emberton et al. 1996; Cameron and
Pokryszko 2005; Fontaine et al. 2011). Also, the extended processing and storage time
associated with the soil/litter collection technique may have led to the slugs decomposing
(Cameron and Pokryszko 2005), as slugs were documented in subsequent sampling that
included storing the soil/litter at 4 °C during the laboratory processing phase.

Due to these biases, employing both methods is critical for collecting all taxa at a
sampling location, and is especially important for collecting all taxa at sites within a
sampling location. While rarefaction curves for Kahanahaiki and Palikea suggest that
employing either method with sufficient effort (>8 sites) may result in the collection of
most taxa, both the rarefaction curve for Mt. Kaala and the SIMPER results indicate that
efforts that only employ one technique will often miss taxa (e.g. Pronesopupa spp. and
Succineidae spp. at Palikea, despite both species being relatively common). Most micro-
mollusc taxa were commonly found at sites when soil surveys were used, but were rare in
visual surveys, and the opposite pattern was found for large arboreal mollusc species.

The soil sampling technique is not often used because of the labor required. The time
required to collect and sort the soil samples in this study was 4—8 h per site. This is in sharp
contrast to the 1-3 h it took for the visual survey method. Neither estimate includes the
time to identify specimens, nor travel time, which would increase dramatically with the
number of sites. While the additional steps involved in the laboratory processing of the soil
increased the time it took to complete a soil survey compared to a visual survey, fewer sites
may need to be surveyed if both techniques are employed. For example, based on the
rarefaction curves and average time per site for each method (2 h visual, 6 h soil), at Mt.
Kaala, collecting at just six sites using both techniques would yield more species with 48 h
of effort than sampling at 14 sites using just one of the techniques, which would require
28 h (visual) or 84 h (soil). While four times as many sites could be surveyed visually in
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the time needed to complete six sites using both methods, there is no guarantee of
recovering the same numbers of species and the added travel time would probably be
prohibitive.

Determining whether or not to employ both methods in surveys will also depend on the
question being addressed. For example, to examine possible differences in snail assem-
blages among sampling locations one technique may be sufficient. In this study both soil
and visual surveys identified differences in the land snail assemblages among most sam-
pling locations. Soil surveys identified no difference between Mt. Kaala and Palikea, while
visual surveys did, although the difference was only marginally significant (P = 0.014)
following Bonferroni correction (o0 = 0.016). This suggests that using either technique will
yield similar results. Which technique will be more sensitive for addressing such questions
will probably depend on both the areas being surveyed and the taxonomic level to which
the specimens are identified. For instance, if the Helicarionidae spp. were identified to the
species level, we may have seen significant differences among the Mt. Kaala and Palikea
sampling locations in the soil survey results. Using only one sampling technique may
reveal differences among sampling locations, but using a single technique will often result
in an incomplete inventory of the mollusc fauna at a given location. Similarly, single
technique approaches may not allow a clear understanding of the distribution of all species
in an area, because of the size and habitat biases of the different techniques.

Although both methods can provide quantitative assessments (using area or volume for
soil/litter, time for visual), the direct comparability among researchers and across studies
arguably make soil/litter sampling more objective and therefore a key component of land
snail biodiversity surveys. The importance of implementing the soil/litter collection
methodology in Hawaiian land snail biodiversity surveys was made especially clear by the
novel recording of Paralaoma servilis on Oahu during this study (Christensen et al. 2012).
Despite being widespread, this species was not found in the multiple visual surveys that
have been conducted in the Waianae mountain range prior to this study. In the current
study, it was missed entirely in visual surveys and only discovered, often widespread and
abundant, in the soil surveys.

As such, we recommend that future land snail surveys on Pacific Islands, especially
Hawaii, incorporate both survey techniques. Using both techniques reduces biases related
to size and microhabitat (e.g. arboreal species missed by soil/litter collecting). Micro-
molluscs constitute a significant proportion of the Hawaiian and Pacific fauna and to assess
their conservation status adequately requires comprehensive surveys employing soil sur-
veys (e.g. Gargominy 2008; Sartori et al. 2013). If researchers are reluctant to employ the
soil technique because of the time required to sort through the remaining soil and leaf litter
to find the smaller snails, we suggest reducing the number of sites visited but still
employing both techniques. We make this recommendation because it is the only way to
obtain a complete inventory of the species present at a site, which is critical if we are to
understand patterns of diversity across a landscape and make species-specific conservation
recommendations based on their distributions.
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