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Abstract: The term “rare in space and time” is often used to typify the spatial and temporal patterns
of occurrence of heterobranch sea slugs. However, “rare” in this context has not been clearly defined.
In an attempt to provide more insight into the concept of rarity in sea slug assemblages, we analysed
abundance data from 209 individual surveys conducted over a 5-year period in a subtropical estuary
and a 7-year period on a shallow coastal reef, on the Sunshine Coast, Qld, Australia. Using an
‘intuitive’ method (<10 individuals recorded over the study), and the ‘quartile’ method we assessed
numerical rarity (number of individuals of a species seen over the study period) and temporal rarity
(frequency of observation). We also assessed numerical rarity using octaves based on log2 abundance
bins. The quartile method did not effectively capture either measure of rarity. The octave method,
however, fitted closely to subjective classifications of abundance and defined a similar number of
species as rare when compared to the intuitive method. Using the octave method, 66% of species in
both the estuary and on the reef, were considered as rare. Consequently, we recommend the octave
method to allocate abundance classifications. To address the poor fit for temporal classifications
based on quartiles, we propose the following as a working model for wider testing: rare ≤25% of
surveys; uncommon 26−50%, common 51−75%; and abundant >75%.
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1. Introduction

Ecologists have long recognised that many species within a community are represented by very few
individuals (e.g., [1]) and highlighted the importance of these species in terms of potential extinction risk
and, more recently, for broader ecosystem function (e.g., [2]). For example, Rabinowitz [3] recognised
7 forms of rarity, which reflected combinations of differences across 3 descriptive variables—geographic
range, habitat specificity and local population size. Species with both narrow geographic range and
strong habitat specificity typified the “classic” concept of rarity, but different combinations of restrictions
across each of these 3 variables may result in a species being considered rare. Whilst recognising
the variety of causes and classifications of rarity, there has nevertheless been an attempt to generate
unifying metrics to numerically define rarity [4]. However, application of “universal” metrics is
unlikely to fit all cases [2,5], especially when dealing with taxonomic subsets of a broader community
that may be typified by low abundance across most of their range.

Heterobranch sea slugs (Mollusca: Gastropoda) are often referred to as being “rare in space and
time” [6–8] and thus represent an interesting taxon for exploring the broad use of commonly-used rarity
metrics. The initial use of the term “rare in space and time” [9] did not provide a clear quantitative
context for its application and, while other authors have also reported sea slugs as rare [6,10], they have,
likewise, not quantified the use of the term. Rarity is not only a relative concept, but also an intuitive
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concept (as cited in [4] (p. 2)), the latter being used by Marshall and Willan [8] as the basis for an
abundance scale for sea slug taxa occurring at Heron Island, Great Barrier Reef, Queensland. In taking
this approach, the authors also note that their species-specific abundance scale was unlikely to apply
to the same species in different geographic locations, and was applied on the basis that low abundance
is expected to dominate in sea slug assemblages [8]. More broadly, communities generally include
many rare and few common species [11], and there is recognition that standard definitions of rarity are
required [5,12], and that multiple measures of rarity may be needed in order to effectively compare
among assemblages [2]. Indeed, Gaston [4] lists a number of studies across different taxa and the
various criteria used by the authors to numerically define rarity, very few of which provide a rationale
for setting cut-off points, whilst other authors [13] have applied 6 abundance categories including
rare and very rare. To achieve a standardised method of attributing rarity, Gaston [4] proposed a
relative cut-off of the 25th percentile (the first quartile) for abundance. This method ranks species,
from lowest to highest, based on their abundance, with the dataset then divided into quarters, the 25th
percentile containing species in the lowest quartile. However, as rarity is not evenly distributed
across phyla [5], this approach may be difficult to apply to species with different life histories [14] and
may not be applicable when assessing sea slugs for which rarity may be more widespread among
species [8]. A variation of this method was suggested by Gray et al. [15] in which abundance is
summarised on a log2 scale, with relative abundance definitions then based upon quartiles of the
resultant histogram bins.

The quartile method [4] has previously been applied to studies of molluscs [2,11,16]. Benkendorff
and Przeslawski [2] used this approach to assess distributions of abundance in rocky shore assemblages,
allocating 4 categories (rare, uncommon, common, abundant) to the quartile groups. However, because
of the large number of low abundance species in their meta-communities of stream invertebrates,
Siqueira, Bini, Roque, Marques Couceiro, Trivinho-Strixino and Cottenie [11] extended the definition
of rare to species within the first 3 quartiles (to 75%) with the top quartile considered as common.
The quartile method has also been applied to the assessment of temporal rarity [2]. These examples
clearly indicate the variability in the distribution of abundance among species in different habitats and
for different taxa. However, it is also clear that viewing species abundance distributions through this
process provides insight into relative rarity amongst different assemblages and may therefore be a useful
comparative tool. In the current context, it provides the opportunity to more clearly define the concept
of rarity for sea slugs and to explore the likely causes of species abundance distribution patterns.

A number of factors can affect the presence and abundance of sea slugs including water
temperature [17,18], availability of food sources [19], larval dispersal [19], and survey method
and effort [20–22]. Some sea slug species are known to undergo population fluctuations as part of
their normal life cycle [23]. They also have limited life spans ranging from weeks to approximately
12 months [19,24].

The majority of studies of sea slug diversity are based on short-term or sporadic data [7,10,17],
or data collected in widely-spaced surveys [6,25], with the consequent risk that species may be identified
as rare due to data insufficiency [2]. Long-term data are necessary to assess patterns of rarity and to
determine if this is due to: temporal variability linked to normal seasonal fluctuations [26]; persistent
presence but numerical rarity; or vagrancy. Climate-change-driven poleward range extensions of
several species of sea slug [27–29] is also resulting in designation of rarity for species occurring at novel
locations [30], or as single observations [28]. Although some species may be spatially or numerically
rare, there are others that are very common within specific locations [8,31] and to which the blanket
term “rare in space and time” does not apply.

The objectives of this study were to: (i) describe patterns of abundance for sea slug assemblages
from 2 sites in subtropical eastern Australia; (ii) assess patterns of numerical and temporal rarity
using the quartile method [4], quartiles based on bins of abundance on a log2 scale (octaves) [15],
and the abundance scale applied to assessments at Heron Island [8]; and, (iii) conduct preliminary
exploration of associations among water temperature, species richness and the appearance of rare
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species. We hypothesised that the data set would contain a high percentage of rare species and a low
percentage of frequently observed species. We also hypothesised that there would be a correlation
between species richness, numbers of rare species and water temperature based on recent findings
from a warm temperate location on Australia’s east coast [32].

2. Materials and Methods

Surveys of heterobranch sea slugs (Heterobranchia: Gastropoda: Mollusca) were conducted on
scuba by the first author and colleagues at an estuarine site (La Balsa Park) and a reef site (Nudi Ledge)
on the Sunshine Coast, Qld., Australia. Target species included those typically regarded as “sea slugs
and allies” [33] which are the main focus of general surveys of marine sea slugs [6,34,35], and recent
community-run events (e.g., the Sea Slug Census program [32]). In a formal sense, this included
heterobranchs from the infraclass Euthyneura (see Table S1). Data collection from La Balsa Park, in the
Mooloolah River, Buddina, (26.6843◦ S, 153.1356◦ E) occurred between 8 March 2014 and 7 June 2019,
and from Nudi Ledge, Currimundi Reef, (26.7549◦ S, 153.1583◦ E) between 6 November 2011 and 19
March 2019 at (Figure 1).
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Figure 1. Location of the 2 study sites—Mooloolah River and Nudi Ledge, Sunshine Coast,
QLD, Australia.

The highest astronomical tide (HAT) at Mooloolah River is 2.21 m, with a mean tidal range of
1.4 m during spring tide and 0.68 m during neap tide (measured upstream at Parrearra Weir) [36].
The river channel is regularly profiled and the river bar regularly dredged (pers. obs.) to maintain clear
access for commercial and recreational vessels utilising the harbour. The site is dominated by sandy
substrate with scattered rocks that support varying amounts of turf algae, sponges, scattered hydroids,
ascidians, hard corals and octocorals (e.g., Melithaea spp. and Dendronephthya spp.). As the site is
subject to tidal currents, it was generally surveyed 1 h either side of high tide, with an average survey
time of approximately 2 h. The average maximum diving depth was approximately 6 m. This site was
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surveyed haphazardly over an area approximately 5 m wide by 100 m long per survey. Surveys were
conducted both during the day and at night.

Nudi Ledge is a rocky reef that is dominated by leathery soft corals (Sarcophyton spp. and
Lobophyton spp.) with low-growing hard corals, ascidians, hydroids, sponges, bryozoans and algae.
This site was also surveyed haphazardly, generally over 2 dives per day, giving an average of 2.5 h of
survey time per sample day. Diving depth varies from approximately 14 m to 16 m. The search area
was generally limited to a maximum of 30 m in any direction from the anchor. The second dive survey
was conducted in a different direction to the first dive to avoid double counting.

The following details were recorded for each survey: abundance of each sea slug species found;
duration of dive; number of divers; water temperature; and underwater visibility. While there was
no a priori defined temporal sequence to the dives, they occurred on a regular basis with intervals
between surveys generally no longer than 3 months, except when diving was precluded due to
inclement weather.

During each survey, the dive team photographed all heterobranch sea slugs sighted. Species present
in high abundance were initially photographically recorded, with additional specimens tallied on
an underwater slate. Each diver prepared a list of species and count of specimens from their
photographs/slates following each survey. The list was later collated between all divers and the highest
individual count of specimens per species was recorded.

As records span >5 years, names were updated prior to data compilation to comply with
recent taxonomic reclassifications. Nomenclature in this paper follows the World Register of Marine
Species [37]. It is noted that taxonomic revision of Coryphellina rubrolineata (O’Donoghue, 1929) has been
undertaken resulting in the identification of a new species (Coryphellina lotos Korshunova, Martynov,
Bakken, Evertsen, Fletcher, Mudianta, Saito, Lundin, Schrödl and Picton, 2017). However as the
revision by Korshunova et al. [38] did not include any specimens from the survey site, the name
Coryphellina rubrolineata has been retained for the purposes of this paper. All photographs were
reviewed and species identifications checked against published references [33,39,40]. When no exact
match was available, species were assigned a genus and species number. The dataset included
156 undescribed species (see Results, below). Where the potential exists for these species to be colour
variations of another species, they were combined. Species recorded only as empty shells were removed
from the dataset to avoid inclusion of those that may not be present in the survey location as live
specimens [41].

The distribution of species abundance, and rarity, were initially described using descriptive
plots, and then analysed in 3 different ways—using the abundance scale defined by Marshall and
Willan [8], whereby species represented by <10 individuals over the survey period are classified as rare,
using the quartile method [4], and using quartiles based on log2 abundance bins [15,42]. Species rarity
is commonly assessed on local abundance (numerical) [43], percentage of surveys (temporal) [2] and
size of geographical range [4]. As our data were limited to 2 study sites, only 2 measures of rarity could
be assessed, local abundance and percentage of surveys in which they occurred. Numerical rarity
was based on the rank of total number of individuals of a species seen over the entire study period.
A cut-off of 25% (the 25th percentile or first quartile) was applied, with those species falling within
the first quartile designated as rare. To visualise the abundance, a frequency distribution plot was
developed using groupings starting at 1 individual, then 2 and 3 individuals, 4–5, 6–10, then in groups
of 10 to 50, then 51–100, 101–500 and >500. These groupings follow those utilised by Benkendorff and
Przeslawski [2] to explore patterns for intertidal molluscs. We also assessed abundance distributions
by plotting a histogram of abundances (octaves) on a log2 scale and allocating quartiles to the bins
(e.g., with 8 bins, the 4 quartiles comprise bins 1 and 2, 3 and 4, 5 and 6, 7 and 8, respectively) [15,42].
The rank of percentage of surveys in which a species was recorded was used to calculate temporal
rarity. Numerical and temporal values for the 2nd (50th percentile), 3rd (75th percentile) and 4th
quartile were also calculated. To explore patterns in frequency of observation, frequency distribution
was calculated based on survey groups of 1%, 2%, 3%, 4–5%, 6–10%, then values of 11% up to 100%,
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in groups of 10 following Benkendorff and Przeslawski [2]. Following perceived limitations of the
objective classification, we also explored the use of alternate cut-off values for temporal rarity.

To evaluate patterns of seasonal abundance of frequently observed species (those observed on
more than 75% of surveys), data were first averaged over replicate surveys conducted within a specific
season, and rounded up to provide a single data point (which is the average number of specimens
sighted per survey per season). Averaging of the data was required to allow for multiple dives per
month per season where applicable. Thus, data were averaged over the month for months with
multiple surveys and rounded up to provide an average number of species sighted per survey per
month. The Pearson correlation coefficient was used to test for correlation between average monthly
species richness, average monthly water temperature and number of rare species.

3. Results

We recorded a total of 251 species from 41 families in the Mooloolah River, which included 156
undescribed species. The data were recorded over 168 surveys over the >5 year duration of the study.
Abundance per species ranged from 1 to 2964 individuals and frequency of sightings from 1 to 151
(90%) surveys. At Nudi Ledge, over the >7 year duration of the study, we recorded 188 species from
35 families over 41 surveys. Species abundance ranged from 1 to 935 individuals and frequency of
sightings from 1 to 41 (100%) surveys. Only 62 species were common to both sites (see Table S1).
The distributions for species abundance (Figure 2A), and frequency of sighting (%) (Figure 2B) are
both skewed to the right due to the large number of low abundance and infrequently sighted species.
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3.1. Numerical Rarity

Utilising the abundance scale of Marshall and Willan [8], 173 of the 251 species in the Mooloolah
River (68%), and 131 of the 188 species at Nudi Ledge (69%), could be considered rare with
<10 individuals recorded over the entire survey. Using the quartile method [4] to define numerically
rare species, both sites returned similar values; the first quartile occurred at 1 individual and so only
85 species (34%) in the Mooloolah River and 61 species (32%) at Nudi Ledge could be considered
numerically rare. The second quartile cut-off occurred at 3 individuals and included 52 species (21%)
for the Mooloolah River and 40 species (21%) for Nudi Ledge. The third quartile cut-offs differed
slightly at 14 individuals (52 species, 21%) for the Mooloolah River and 13 individuals (41 species,
22%) for Nudi Ledge. The fourth quartiles contained 62 species (25%) for the Mooloolah River and
46 species (24%) for Nudi Ledge (Table 1A).

Table 1. Cut-off values (in quartiles—increments of 25%) for measures of numerical rarity, including
number (percent) of species falling into each category for (A) the quartile method, and (B) the octave
method based on log2 bins. Percentages rounded to nearest whole number.

Quartile Mooloolah River a Nudi Ledge a

A
First quartile (rare) 1, 85 (34%) 1, 61 (32%)

Second quartile 2–3, 52 (21%) 2–3, 40 (21%)
Third quartile 4–14, 52 (21%) 4–13, 41(22%)
Upper quartile >14, 62 (25%) >13, 46 (24%)

B
First quartile (rare) 1–7, 165 (66%) 1–7, 124 (66%)

Second quartile 8–63, 65 (26%) 8–63, 48 (26%)
Third quartile 64–511, 15 (6%) 64–511, 15(8%)
Upper quartile >511, 6 (2%) >511, 1 (1%)

a Bold numbers indicate number of individuals sighted over the entire survey period.

The octave method provided very similar results for the two locations identifying 66% of species
as rare, and 26% as uncommon (Figure 3, Table 1B). In the Mooloolah River, 6% of species were
considered common and 2% abundant; at Nudi Ledge, these values were 8% and 1%, respectively
(Table 1B).

Diversity 2019, 11, x FOR PEER REVIEW 6 of 14 

 

3.1. Numerical Rarity 

Utilising the abundance scale of Marshall and Willan [8], 173 of the 251 species in the Mooloolah 
River (68%), and 131 of the 188 species at Nudi Ledge (69%), could be considered rare with <10 
individuals recorded over the entire survey. Using the quartile method [4] to define numerically rare 
species, both sites returned similar values; the first quartile occurred at 1 individual and so only 85 
species (34%) in the Mooloolah River and 61 species (32%) at Nudi Ledge could be considered 
numerically rare. The second quartile cut-off occurred at 3 individuals and included 52 species (21%) 
for the Mooloolah River and 40 species (21%) for Nudi Ledge. The third quartile cut-offs differed 
slightly at 14 individuals (52 species, 21%) for the Mooloolah River and 13 individuals (41 species, 
22%) for Nudi Ledge. The fourth quartiles contained 62 species (25%) for the Mooloolah River and 46 
species (24%) for Nudi Ledge (Table 1A). 

The octave method provided very similar results for the two locations identifying 66% of species 
as rare, and 26% as uncommon (Figure 3, Table 1B). In the Mooloolah River, 6% of species were 
considered common and 2% abundant; at Nudi Ledge, these values were 8% and 1%, respectively 
(Table 1B). 

1 2 3 4 5 6 7 8 9 10 11 12

Nu
m

be
r o

f s
pe

ci
es

0

20

40

60

80

100
Mooloolah River
Nudi Ledge

 

Figure 3. Distributions for species abundance using octaves (abundance bins based on log2 
abundance) for heterobranch sea slugs at 2 sites on the Sunshine Coast, Qld. 

Table 1. Cut-off values (in quartiles—increments of 25%) for measures of numerical rarity, including 
number (percent) of species falling into each category for (A) the quartile method, and (B) the octave 
method based on log2 bins. Percentages rounded to nearest whole number. 

Quartile Mooloolah River a Nudi Ledge a 

A 
First quartile (rare) 1, 85 (34%) 1, 61 (32%) 

Second quartile 2–3, 52 (21%) 2–3, 40 (21%) 
Third quartile 4–14, 52 (21%) 4–13, 41(22%) 
Upper quartile >14, 62 (25%) >13, 46 (24%) 

B 
First quartile (rare) 1–7, 165 (66%) 1–7, 124 (66%) 

Second quartile 8–63, 65 (26%) 8–63, 48 (26%) 
Third quartile 64–511, 15 (6%) 64–511, 15(8%) 
Upper quartile >511, 6 (2%) >511, 1 (1%) 

a Bold numbers indicate number of individuals sighted over the entire survey period. 

3.2. Temporal Rarity 

Figure 3. Distributions for species abundance using octaves (abundance bins based on log2 abundance)
for heterobranch sea slugs at 2 sites on the Sunshine Coast, Qld.



Diversity 2020, 12, 423 7 of 14

3.2. Temporal Rarity

The first quartile for temporal rarity occurred at 1% of the surveys in the Mooloolah River and 2%
of the surveys at Nudi Ledge. Therefore, 96 and 71 species (38%), respectively, could be considered
temporally rare. The remaining quartiles differed slightly. For Mooloolah River the second quartile
occurred at 2% of surveys (52 species, 21%), the third quartile at 5% of surveys (42 species, 17%) and
the fourth quartile at >5% of surveys (61 species, 24%). The second-quartile cut-off for Nudi Ledge
occurred at 5% of surveys (27 species, 14%), the third quartile at 20% of surveys (44 species, 23%) and
the upper quartile at >20% of surveys (46 species, 24%) (Table 2).

Table 2. Cut-off values (in quartiles—increments of 25%) for measures of temporal rarity, including
number (percent) of species falling into each category. Percentages rounded to nearest whole number.

Quartile Mooloolah River a Nudi Ledge a

First quartile (rare) 1, 96 (38%) 2, 71 (38%)
Second quartile 2, 52 (21%) 3–5, 27 (14%)
Third quartile 3–5, 42 (17%) 6–20, 44 (23%)
Upper quartile >5, 61 (24%) >20, 46 (24%)

a Bold numbers represent percentage of surveys on which species were sighted.

The results (Table 2) indicate a species observed on 5% or 20% of surveys is not classified as rare,
therefore, temporal variation cut-offs were recalculated as a direct percentage of surveys, being ≤25%
(rare), 26−50% (uncommon), 51−75% (common) and >75% (abundant). Using the revised cut-off values
based on percentage of surveys, the number of species classified as temporally rare increased to 238 in
the Mooloolah River and 147 at Nudi Ledge. The number of species classified as temporally abundant
was reduced to 4 in the Mooloolah River and 10 at Nudi Ledge (Table 3).

Table 3. Revised cut-off values for measures of temporal rarity, including number of species falling
into each category and their percentage (rounded to whole number) of the total species pool.

Cut-Off Value and Classification Mooloolah River Nudi Ledge

25% of surveys (rare) 238 (95%) 147 (78%)
50% of surveys (uncommon) 7 (39%) 25 (13%)

75% of surveys (common) 2 (1%) 6 (3%)
>75% of surveys (abundant) 4 (2%) 10 (5%)

3.3. Frequently Observed Species

Only 4 species were observed on more than 75% of the surveys in the Mooloolah River. These were
Hypselodoris obscura (Stimpson, 1855) (90% of surveys), Goniobranchus daphne (Angas, 1864) (83% of
surveys), Goniodoridella sp. (undescribed) (82% of surveys) and Pteraeolidia semperi (Bergh, 1870)
(82% of surveys). A total of 10 species was observed on more than 75% of the surveys at Nudi
Ledge. These were Doriprismatica atromarginata (Cuvier, 1804) (100% of surveys), Phyllida ocellata
Cuvier, 1804 (98% of surveys), Phyllidiella pustulosa (Cuvier, 1804) (98% of surveys), Phyllidiella lizae
Brunkhorst, 1993 (95% of surveys), Hypselodoris jacksoni N. G. Wilson and Willan, 2007 (93% of surveys),
Sagaminopteron ornatum Tokioka and Baba, 1964 (93% of surveys), Pteraeolidia semperi (Bergh, 1870)
(85% of surveys), Bornella anguilla S. Johnson, 1984 (78% of surveys), Chromodoris kuiteri Rudman,
1982 (78% of surveys) and Dermatobranchus ornatus (Bergh, 1874) (78% of surveys) (Figure 4).
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Figure 4. Images of the most frequently observed species in surveys at both sites. (A)—Goniodoridella sp.,
(B)—Pteraeolidia semperi, (C)—Hypselodoris obscura, (D)—Goniobranchus daphne, (E)—Hypselodoris jacksoni,
(F)—Chromodoris kuiteri, (G)—Bornella anguilla, (H)—Phyllidiella lizae, (I)—Phyllidia ocellata,
(J)—Sagaminopteron ornatum, (K)—Doriprismatica atromarginata, (L)—Dermatobranchus ornatus,
(M)—Phyllidiella pustulosa.

3.3.1. Trends for Frequently Observed Species—Mooloolah River

Pteraeolidia semperi showed the clearest seasonal pattern of abundance in the Mooloolah River with
yearly peaks in autumn, with the exception of 2019. Hypselodoris obscura initially peaked in abundance
during summer in 2015, 2016 and 2017. However, the peak occurred in autumn in 2018 and 2019.
Goniodoridella sp. initially peaked during winter in 2014 to 2017, with autumn maxima in 2018 and
2019, whilst Goniobranchus daphne was generally observed in lower abundance during winter. None of
the species were recorded in Autumn 2015 due to a significant flood event.

3.3.2. Trends of Frequently Observed Species—Nudi Ledge

The species with the clearest seasonal pattern of abundance were Pteraeolidia semperi which
generally exhibited yearly peaks in autumn and Doriprismatica atromarginata which generally peaked
in spring. Phyllidiella pustulosa, Phyllidia ocellata and Phyllidiella lizae remained relatively constant all
year, whilst the remaining species did not appear to follow an obvious seasonal pattern.

3.4. Correlation between Biotic Variables and Water Temperature

Mean seasonal water temperature and mean seasonal species richness in the Mooloolah River did
not show matching peaks (Figure 5) (r = 0.017, p > 0.05). However, for that analysis to be significant
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would imply an instantaneous response to water temperature which is unlikely. It is more likely
that, while larvae may be transported from tropical locations during peak temperatures (partially
mediated by the East Australia Current), increases in species richness will lag and also be dependent
on availability of food resources. Repeating the analysis with a one-season (r = 0.316, p = 0.034) and
two season lag in mean species richness improved the correlation coefficient with the best fit for the
two-season lag (r = 0.452, p = 0.002). Note that species richness declined significantly in March 2015 due
to flooding caused by a low pressure system (ex-tropical cyclone Marcia). No significant correlation
was detected between the number of rare species recorded each season and the water temperature,
but there was a strong correlation between average number of species and number of rare species
(r = 0.571, p < 0.001).

Figure 5. Trends in mean seasonal species richness per survey, mean water temperature and mean
number of rare species per season—Mooloolah River.

Associations between mean seasonal species richness and mean seasonal water temperature
were less clear for Nudi Ledge with no significant relationships for contemporaneous comparisons
(r = 0.097, p = 0.660) or for a one-season (r = 0.144, p = 0.523), or two-season (r = 0.107, p = 0.644), lag.
A significant positive correlation (r = 0.618, p = 0.002) was detected between mean number of species
and number of rare species in each season.

4. Discussion

Using long-term data sets that provide much-needed, additional ecological data on sea slug
assemblages in a subtropical location, this study explored the distribution of abundance among
species to see if commonly-used models are useful for describing rarity. Studies assessing distribution
typically use the categories of rare, uncommon, common and abundant [2,44], although extra categories
are sometimes included [8,13,45]. We found that the quartile method as applied in other studies
underrepresented rarity and over represented abundant species. In contrast, the octave method
provided data which matched a priori, subjective impressions, and were most consistent with the
intuitive method applied to sea slug abundance from long-term studies at Heron Island. For classifying
temporal rarity, quartile groupings were likewise considered of limited value and we therefore propose
alternative cut-offs to better represent this component of rarity.

Using the abundance scale adopted by Marshall and Willan [8], 173 species (68%) could be
considered rare in the Mooloolah River and 131 species (69%) rare at Nudi Ledge (i.e., less than
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10 individuals observed over the survey period). These values are similar to those observed during
an 18-year study at Heron Island in which 174 species from 262 species (66%) were considered to be
rare [8]. This differs from the results obtained following the Gaston [4] quartile definition of rarity
which suggested 85 numerically rare species (34%) for Mooloolah River and 61 species (32%) for Nudi
Ledge. With the lowest quartile containing an average of 1 individual per species, our results are
similar to those recorded for molluscs in New Caledonia [16], and the NSW south coast [2]. However,
the additional quartile cut-offs (3 individuals—uncommon; 14/13 individuals—common; >14/>13
abundant) do not adequately reflect expected usage of these terms [2]. Thus, the second quartile
includes species for which only 2 or 3 specimens were sighted over the entire study period, but 8
of these species found in the Mooloolah River, and 7 at Nudi Ledge, were observed in just 1 survey.
The likelihood of observing these species on a survey at the study site would be considered very low
and therefore a classification other than rare cannot be supported. At the higher end of the abundance
classification, the upper abundance quartile for Mooloolah River is defined as >14 specimens. As the
survey period covers >60 months, this means that a species represented by only 4 specimens per year
would be classified as abundant which, again, cannot be supported.

In contrast, the octave method provided similar definitions of rarity to the intuitive method and
also provided definitions of other abundance classifications that aligned with what we considered to
be intuitive cut-offs. While this method has been discussed in the broader literature covering species
abundance distributions, we were unable to find many practical applications of the method in the
published literature [15,42], but our results support this as a useful, objective approach.

As has been noted before [2,5], application of “standard” definitions of categories are unlikely to fit
all situations and that is clearly the case here for assessments of temporal rarity. An octave approach to
this analysis is likely to be obviated in many cases due to the limited number of surveys available—thus,
there would be very few bins on which to base the assessment of quartiles. Here, using the quartile
method, the first quartile cut-off is 1 survey or 0.60% of surveys at Mooloolah River and 2% of surveys
at Nudi Ledge. This classifies 96 species (38%) at Mooloolah River and 71 species (38%) at Nudi Ledge
as temporally rare. The temporal upper quartile for Mooloolah River is >9 observations over the
survey period. This equates to an observation rate of approximately 5% of surveys at the lowest end of
the quartile range. Given that the survey period encompasses 168 surveys this rate is not intuitively
suitable to categorise a species as abundant. The upper quartile at Nudi Ledge is >20% of surveys
which differs from the Mooloolah River due to a greater number of species observed on more than 25%
of surveys. Applying an intuitive approach to the data, we suggest cut-off values as: rare ≤25% of
surveys; uncommon 26−50%; common 51−75%; abundant >75% of surveys. The majority of species at
both sites were sighted <20% of the time (Figure 2B). Using these values, at Mooloolah River, only 13
species (5%) were observed on more than 25% of surveys, and only 4 species were observed on more
than 75% of surveys. In contrast, 41 species at Nudi Ledge were sighted on more than 25% of the
surveys, with 10 species sighted on more than 75% of surveys. Therefore, we consider the proposed
temporal cut-off values better represent sea slug populations at the study site. Further testing of these
cut-off values on additional datasets is required to explore their wider applicability.

This study was limited to 2 sites, so a regional scale of rarity was not assessed. However, species
may be spatially rare but locally abundant with 2 of the species observed frequently in the Mooloolah
River, Unidentia sp. and Goniodoridella sp. only being recorded as singletons (one individual sighted in
a survey period) and uniques (only recorded on one survey) on coastal reefs in the surrounding area by
JS and colleagues (pers. obs.). Therefore, whilst they may be considered common or abundant in the
Mooloolah River, they would be classified as rare on the coastal reefs. Therefore, although they may
be rare at a survey site, larger populations may exist elsewhere on a regional scale. There is also the
potential for species to be numerically rare but not spatially rare [2], only occurring in small numbers
but at a large number of locations. Clearly, further study is required to establish rarity of species over a
larger geographic scale.
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The trends in abundance for the frequently observed species confirm the need to conduct surveys
over all seasons and multiple years, with the average abundance changing throughout the year.
A species may therefore move from one classification to another (e.g., abundant to rare) and may
not be correctly classified if the survey is time-limited, although it is acknowledged that long-term
monitoring may be subject to logistic and monetary constraints. The abundance of some species is
reported to correlate with seasons [16] and, whilst a species may be rare in some months, at other
times it may be locally abundant due to life cycle population fluctuations. The cause of the population
fluctuations of the most frequently observed species was not investigated. However, no sea slugs
were encountered in the river for several weeks following the significant flood event in late February
2015. Although quantitative data were not collected, personal observations note that the river no
longer supported hydroids and had greatly reduced sponge populations. Goniobranchus daphne and
Hypselodoris obscura are sponge feeders and Pteraeolidia semperi feeds on hydroids [40]. The food source
of the undescribed Goniodoridella is unknown as it has not been observed feeding.

The area of this study is considered a transition zone between tropical waters to the north and
temperate waters to the south [46]. The South Equatorial Current flows from east to west across the
Pacific Ocean joining the East Australian Current (EAC) in the north of the Australian continent which
then transports warm waters southward [47]. The majority of sea slug species produce planktonic
larvae [19] which are transported by currents: it is therefore considered likely that vagrant species will
be observed in some samples and thus classified as rare. With reports of poleward range extensions
of sea slugs due to climate change [21,27,28,48], it could be expected that some of the rare species at
the study site will transition from a rare classification to a more abundant category if populations are
able to establish. A large number of the species in this dataset (156) are undescribed and whilst some
of the species are a match to undescribed species in the Indo-Pacific [33], others are not. Based on
the “commonness of rarity” as discussed by Lim et al. [49], these may be genuinely rare species.
Many of these species will therefore remain undescribed unless taxonomists have access to specimens
and are willing to describe a species based on a single specimen. If species remain undescribed,
the geographical range and rarity of that species is difficult to assess.

The results of this study highlight the issues surrounding the use of the quartile model to define
rarity in sea slugs when using a dataset with high numbers of low abundance species, and the
comparative utility of the octave method using quartiles of bins based on log2 abundance to allocate
species to categories. Using this method, the percentage of species in each abundance classification
was similar at both sites despite the difference in number of surveys and total species observed. It is
also clear that outcomes of classification will depend on the frequency of surveys, their geographical
extent, and the duration of the survey, all of which need to be carefully considered in the planning
stage, or during the subsequent interpretation of findings.

5. Conclusions

This dataset fits with the common perception that communities generally comprise numerous
rare species with fewer common species. However, whilst the majority of species in this study were
classified as rare, the abundance and almost constant presence of certain species implies that “rare in
space and time” does not apply to all sea slug species. Species may be rare in one habitat but abundant
in another, geographically-close location, so the label of rarity needs to include information about the
classification method and scales over which it is determined. Our results support the octave method
using quartiles of bins based on log2 abundance as a useful, objective approach. However, we also
recognise the need for a consistent approach for defining temporal rarity and provide a working model
for broader testing.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/11/423/s1,
Table S1: Summarised list of species, number of specimens and frequency of sighting.
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