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It is becoming increasingly apparent that the species abundance distribution of many ecological communities contains
multiple modes, a phenomenon that has been largely overlooked. Here, we test for multiple modes in the species
abundance distribution using a combination of one, two and three mode Poisson lognormal distributions and an
extensive arthropod dataset from the Azores. We consider the abundance distribution of twelve native laurisilva forest
fragments and the combination of fragments within five islands, allowing us to detect whether patterns are consistent
across scales. An information theoretic approach is employed to determine the best model in each case. To explore the
processes driving multimodal abundance distributions we tested various potential mechanisms. We classified species
as core if they are present in over half the fragments in our study, and as satellite if they are sampled in fewer than
half the fragments. Furthermore, species are classified based on body size, whether they are indigenous (i.e. endemic
or native non-endemic) or introduced to the Azores, abundance in land uses other than native forest, and dispersal
ability. We find that models incorporating multiple modes perform best for most fragments and islands. A large
number of communities are bimodal, comprising a mode of very rare species and a mode of relatively common species.
Deconstructing the full assemblages into their constituent subsets reveals that the combination of ecologically different
groups of species into a single sample underpins the multimodal pattern. Specifically, the rarer mode prevailingly
contains a higher proportion of satellite taxa, introduced species and species that are more adapted to anthropogenic

land uses that surround the native forest.

The observation that ecological systems contain a small
number of very abundant species and numerous relatively
rare species is often described as one of ecology’s few uni-
versal laws, with very few known deviations (Fisher et al.
1943, Preston 1948, Pielou 1969, McGill et al. 2007,
Ulrich et al. 2010). A species abundance distribution
(SAD) describes the abundance of all species recorded
within an ecological community of interest (Ulrich et al.
2010). Over 25 different functions have been proposed to
model SADs (McGill et al. 2007, McGill 2011); the two
most widely used being the logseries (Fisher et al. 1943)
and the lognormal (Preston 1948). As the continuous
lognormal distribution allows fractional abundances, the
Poisson lognormal (Bulmer 1974) is often used instead of
the standard continuous lognormal. Several authors
(McGill et al. 2007) have called for a shift away from sim-
ply determining how well particular distributions fit differ-
ent datasets, to a more process and mechanistic oriented
approach. One particular emerging area of interest in this
regard has been the increased recognition of the possibility
of multiple modes within the SAD.

While the possibility of multimodal SADs has long
been discussed (Pielou 1969, Ugland and Gray 1982,
Gray et al. 2005, Borges et al. 2008, Borda-de-Agua et al.
2012) it has largely been overlooked and few studies
explicitly test for multiple modes when fitting SAD models
(but see Dornelas and Connolly 2008, Vergnon et al. 2012).
Even when multiple modes have been observed, the pattern
has often been dismissed as an uncommon anomaly (Gaston
1994). Pielou (1969) was one of the earliest to acknowledge
the possibility of multimodal SADs, postulating that increas-
ing a sample by broadening the type of species included, for
example from a focus on warblers to all bird species,
could result in the combination of multiple logseries distri-
butions, each with its own set of parameters. Ugland and
Gray (1982) also debated multimodal distributions, this
time in the context of communities disturbed away from
equilibrium. They argued that a realistic community model
should take account of the asymmetry in abundances typical
of ecological communities, illustrating this idea by subdivid-
ing data for a community into three distinct abundance
groups, roughly translated as rare, intermediately abundant
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and common (Ugland and Gray 1982, see an application
in Borges et al. 2008). Within each group the SAD is
symmetric, which leads to a mixture of three lognormal
distributions; the combination of which results in an asym-
metric SAD for the whole assemblage. More recently, Gray
et al. (2005, 2006a) found strong evidence of bimodal log-
normal distributions for a mixture of marine and terrestrial
datasets.

Dornelas and Connolly (2008) advanced this approach
to focus on multimodal Poisson lognormal (herein ‘PLN’)
distributions. They fitted a combination of one to four mode
PLN distributions in addition to the logseries for a large
sample of Australian coral communities and compared
the various distributions using maximum likelihood meth-
ods. At the scale of the entire sample the three-mode PLN
was found to have the greatest support (Dornelas and
Connolly 2008). Thus, it appears likely that multimodal
SADs are common in nature; it is simply that they have
been overlooked. Vergnon et al. (2012) provided further
evidence supporting this conjecture. Sourcing a number of
previously published datasets from the literature relating to
an array of taxa, Vergnon et al. (2012) confirmed that multi-
modality is not simply confined to a few anomalous systems.

Numerous potential mechanisms driving the aforemen-
tioned multimodality have been proposed. The combination
of multiple samples through space and/or time has been
shown to result in the amalgamation (the ‘amalgamation
hypothesis’) of two different groups of species (Hanski
1982, Magurran and Henderson 2003, Ulrich and Zalewski
2006, Unterseher et al. 2011). Firstly, there is a group of core
species: those which are widely distributed and present/
abundant within numerous samples (Ulrich and Zalewski
2006). The second group, often termed satellite or occasional
species (herein satellite), are only recorded in a few samples
and are generally viewed as representing migrants from the
surrounding species pool (Unterseher et al. 2011). The two
sets of species leave different signals in the SAD and when
grouped together can result in the multimodal SADs which
have been observed (Gray et al. 2005). In addition to the
core/satellite dichotomy, it is possible that the grouping of
other distinct species subsets into one sample may lead
to multiple modes. For instance, dispersal ability has been
postulated as an important determinant of a species’ abun-
dance within a community (Borda—de—Agua et al. 2007,
Alonso et al. 2008). It has also been suggested that intro-
duced species may influence the SAD of a given community
(Labra et al. 2005): a process which is likely to be prevalent
on many islands, as such systems have received a dispropor-
tionate amount of species introductions (Whittaker and
Ferndndez-Palacios 2007). Moreover, it is likely that these
various subset divisions are not entirely independent;
for example, it is possible that in general satellite species
include many better dispersers than the core group and are
present in the native forest due to mass effects (Shmida and
Wilson 1985). Deconstructing entire assemblages into these
different subsets and analysing each subset for particular
patterns individually has been advocated as an effective
method for elucidating new perspectives on macroecological
and biogeographical patterns (Marquet et al. 2004).

Emergent neutrality theory (Scheffer and van Nes 20006,
Segura et al. 2011, Vergnon et al. 2012; herein ‘ENT’) has
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also been put forward as a potential explanation for multi-
modal SADs (Vergnon et al. 2012). ENT contends that spe-
cies are organised along a niche axis such that multiple
modes of coexisting species are observable. The species within
the ‘core’ of these niche axis modes are relatively abundant
while the species in the ‘valleys’ are relatively rare, which
results in a bimodal SAD (Vergnon et al. 2012). Multimodal
SADs are also observed if the species within the different
niche axis modes differ significantly in terms of their
abundance. Finally, neutral theory proper has also been
shown to result in multimodal SADs (Borda—de—Agua et al.
2007), but testing this proposition is beyond the scope of the
present study.

In this paper, we test for multimodal PLN SADs using an
extensive arthropod dataset from the Azores comprising
12 fragments of native laurisilva forest, across five islands.
Analyses are performed at both the fragment and island
scale to determine whether the presence of multiple modes
is dependent on the scale of amalgamation of samples. We
will show that, while not a universal pattern, multiple modes
are present in the SADs of numerous samples. In order to
infer the processes driving the observed multimodal SADs,
we test various potential explanatory variables. The full
assemblage is deconstructed into various subsets, including
core and satellite groups, and the proportions of these
different subsets within the different modes are examined.
We also test the possibility that self-limiting similarity along
a body size niche axis appropriately characterises Azorean
laurisilva forest arthropod assemblages.

Methods

Study site and sampling methods

The data used in the current manuscript are part of a
long-term ecological study conducted in the Azores archi-
pelago, the BALA project (1999-2004; Biodiversity of
Arthropods from the Laurisilva of the Azores; Borges et al.
2005, Ribeiro et al. 2005). As part of this study a total of
100 transects (150 X 5 m) were randomly placed within 18
fragments of protected native forest in seven Azorean islands.
In each transect, arthropods from the soil (mainly epigean)
and herbaceous vegetation were surveyed with a set of 30
pitfall traps (Borges et al. 2005), while arthropods associ-
ated with dominant woody plant species were sampled using
a beating tray, focused on three tree species (10 samples per
tree; for details see Ribeiro et al. 2005). In total, 6770
samples (3420 pitfall traps and 3350 beating samples) were
collected. The taxonomic groups were selected to cover the
majority of arthropod diversity, excluding only those groups
for which taxonomic expertise was not available. All
Araneae, Opilionida, Pseudoscorpionida, Myriapoda and
Insecta (excluding Diptera and Hymenoptera) were assigned
to species or to morphospecies through comparison with a
reference collection. Most taxa were assigned additional
classifications based on colonization status (termed here
‘indigenous’” or ‘introduced’) and ecological information
(predator, herbivores, saprophagous). We classified as
introduced those species known from regions outside the
Macaronesian archipelagos and that are believed to have



been introduced after human settlement in the Azores in
the 15th century. This was generally inferred either from
historical records of detected species introductions, or
from the current distribution of a species being closely asso-
ciated with human activity. Otherwise, we assumed the
species to be indigenous (Borges et al. 2010). For roughly
16% of the morphospecies only the family or genus is
known. We classified such morphospecies as indigenous or
introduced based on the dominant category (i.e. introduced
or indigenous) of species in the family or genus (Borges
etal. 2010). The majority of species (84% of the overall spe-
cies richness) belong to four taxonomic orders (Araneae,
Hemiptera, Coleoptera and Lepidoptera; more details in
Gaspar et al. 2008).

As fitting the various multimodal SAD models was very
time intensive a subset of 12 fragments and five islands were
selected from the BALA dataset for analysis (Fig. 1). For
each fragment the individual transects were grouped
together to form the dataset for that particular fragment.
The minimum number of transects sampled within the
fragments is four, and thus in order to maintain consistency
across the samples four transects were pooled in all
fragments. For fragments in which more than four transects
were sampled, four were selected at random. To create the
island datasets the same transects that were combined
to form the individual fragment samples were pooled for all
fragments on a particular island. A detailed description of
the sampling methods and study sites can be found in
Gaspar et al. (2008). Hereafter ‘sample’ refers to the unit of
analysis for which a SAD was constructed, i.e. fragment
or island. Thus, a reference to ‘all samples’ relates to all 12
fragment and five island datasets.

Species classification

In order to facilitate greater understanding of the mecha-
nisms behind multimodal SADs, the entire assemblage
was deconstructed into distinct subsets. Species were classi-
fied as possessing either high or low dispersal ability by a
trained taxonomist (PAVB). Following Magurran and
Henderson (2003; see also Hanski 1982), species were fur-
ther classified into core and satellite subgroups. However,
this was achieved through focus on the pooling of species
through space as opposed to time (Gray et al. 2005, Ulrich
and Zalewski 2006). A species was classified as a core species
if it was present in more than 50% of the fragments in our
study (cf. Ulrich and Zalewski 2000), or a satellite species if
it was present in 50% or less. However, as Ulrich and
Ollik (2004) note, it is likely that there is a ‘continuum’
between core and satellite species and any dichotomy is likely
to be a simplification of the ecological reality. Therefore, by
way of a sensitivity analysis, we also used a different core/
satellite classification method to determine whether our
choice of 50% affected results. For this purpose we split
species into three groups: those present in 25% or fewer
fragments, 26-75%, and 76-100% of fragments.

As part of a separate project three other land-uses in addi-
tion to native forest were sampled (Cardoso et al. 2009,
2013): exotic plantation forest, semi-natural pasture, and
intensive pasture. This allowed a further classification of
species based on the abundance of species in these other
land uses. As such, species were classified as tourist species
(Borges et al. 2008) if they were recorded as having a greater
abundance in a land-use other than native forest. Thus,
tourist species are either those species that are more adapted
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Figure 1. Map of study sites in the Azores. The names of the five islands are given and the numbers in parentheses refer to the correspond-
ing island information in Table 2. Within these five islands the locations of the 12 native forest fragments are presented alongside the
fragment codes which correspond to the individual fragment information in Table 1. Due to issues with clarity the figure is not to scale; in
particular, the native forest fragments have been enlarged to allow them to appear visible.
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to anthropogenic land uses and are present in the native for-
est due to ‘mass effect’ like processes, or species which are
habitat generalists and are found in large numbers in all four
land uses. In order to keep sample size constant across land
uses, transects were selected at random, and pooled, for
each of the three additional land-uses based on the number
of transects used to construct individual fragments. The body
size of each species was also measured: 1) for spiders, body
length was collated from the literature, separately for males
and females to address the possible effects of sexual dimor-
phism. As female and male body lengths were highly corre-
lated (Pearson correlation = 0.96, p<<0.001), the average
value between females and males was used; 2) for the other
arthropods, we measured specimens available in our collection.
Finally, species were classified as indigenous or introduced.

Statistical analyses

Model selection

To determine whether the SADs of the various samples
exhibited multiple modes, a combination of one, two and
three mode Poisson lognormal distributions (PLN, PLN2
and PLN3 respectively) were compared using a multi-
model information theoretic framework (Burnham and
Anderson 2002). The models were fit to each of the 12
fragments and five islands and model performance was
calculated with the Bayesian information criterion (BIC)
and Akaike’s information criterion corrected for small
sample size (AIC)). The BIC is a useful measure in studies
of this nature as it penalises to a greater extent for addi-
tional parameters than does AIC_ (Burnham and Anderson
2004). As the PLN2 and PLN3 models have five and eight
parameters respectively, the number of parameters is of
particular importance in comparing model fits in our
study. The AIC_ was preferred to the standard Akaike’s
information criterion (AIC) as it is more applicable when
datasets are small, and because AIC_ converges to AIC
when the sample size is large (Burnham and Anderson
2004). The best model(s) within each sample was selected
by setting a minimum difference criterion in BIC and AIC,
of two (Burnham and Anderson 2002).

Due to the complexity involved in fitting the PLN2
and PLN3 distributions, and the increased chance of numer-
ous local maxima, parameter searches were launched from
multiple starting values, and the parameter values corre-
sponding to the lowest negative log likelihood selected for
use in the multi-model comparison. Initially, starting values
were estimated from analysing the frequency distributions
of the raw data. A more objective parameter search method
was also conducted. This involved setting upper and lower
limit boundaries for each parameter and then creating a
loop that randomly selected values within these bounds
for each parameter and then running the optimisation
algorithm using these values, reporting the likelihood,
parameter values and whether convergence was successful,
after each iteration. Furthermore, a variety of maximum
likelihood optimisation algorithms in R (ie. ‘optim’,
‘nlminb’) were employed in the parameter searches.

The functions used to fit the PLN models were derived
from Dornelas and Connolly (2008), particularly their
supplementary material, and readers are directed there for
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the probability distribution formulae and full R code. In
order to determine whether the PLN was in fact a good
choice of model to begin with, a logseries distribution was
also fitted to each sample. A likelihood ratio test (LRT) based
on a x° distribution was also used following the multi-
model comparison to determine if the increase in fit of more
complex models was significant. Considering only nested
models, a more complex model (i.e. more parameters) will
always provide a better fit than a less complex model, and
while AIC_ and BIC take the number of parameters into
account, it can be useful to check the LRT statistic. The
degrees of freedom for each model were the number of free
parameters pertaining to each model. As LRT can only be
used for nested models, the logseries was not included in this
particular analysis. All analyses were carried out in the R
statistical environment. In addition to the statistical
approach, all samples were plotted on histograms using a
log, binning method whereby bin 1 equals the number of
singleton species, bin 2 equals the number of species with
2-3 individuals, bin 3 equals 4-7, and so on (method 3 in
Gray et al. 2006b). Fits of the best distributions were analy-
sed by eye in each case to check for any issues or peculiar fits.

Post model selection

We tested various mechanisms that may result in multimodal
SADs. To test the effect of combining species subsets on
the SAD, for each of the samples in which the PLN2 or
PLN3 distributions provided the best fit, the octaves corre-
sponding to the modes of the distribution were recorded and
the species within these octaves labelled accordingly. For all
samples in which the PLN2 distribution provided the
best fit, a Welch’s two sample t-test (0.05 significance level)
was used to determine if the percentage of core, tourist,
indigenous and high dispersal ability species significantly
varied between the first and second mode. Furthermore, to
determine whether the proportion of particular subsets
within each mode were significantly different from a random
sample of the same amount of species from the regional
pool, a null distribution was created. For each of the modes
within the samples in which the PLN2 provided the best fit
the number of species representing the modal octave class
was recorded. This number of species was then randomly
sampled without replacement from the regional pool and
the proportion of core, tourist, indigenous, and high disper-
sal ability species calculated. The same method was used for
mean body size. The number of iterations of this procedure
was set at 10 000 for each mode. In order to make the
regional pool sample more ecologically realistic, for any
particular fragment the regional pool was restricted to data
from the island in which the fragment was located. A 0.05
significance level was employed and thus an observed pro-
portion falling in the top and bottom 2.5% of the sampled
distribution was deemed to be significant. In addition to
comparing the percentage of core and satellite species
between modes within each sample, the PLN, PLN2 and
logseries were calculated separately for the core subsets, and
the PLN and logseries for the satellite subsets. It was then
possible to determine for each sample if the core and satellite
subsets were best modelled by separate distributions (sensu
Magurran and Henderson 2003, Gray et al. 2005, Ulrich and
Zalewski 2006). The PLN2 distribution was not calculated



for the satellite subsets as the reduction in sample size cou-
pled with the large number of singletons made optimisation
convergence problematic.

To determine if ENT provided an explanation for multi-
modality, we followed Vergnon et al. (2012) and used
body size as the basis of the niche axis along which assem-
blages were theorised to be organised. Body size frequency
distributions were created for each of the samples using both
untransformed and log(base ten) transformed body size val-
ues and any modes identified through visual inspection.
Additionally, for each sample, body size was plotted against
species abundance (again, using untransformed and log
transformed data) and all plots examined. Lastly, within
samples that exhibited a significantly bimodal SAD, the
mean body size of all species within the modal octaves was
calculated and a Welch’s two sample t-test used to assess
whether the differences in body size between the two modes
was significant across samples. Obviously, measures other
than body size can be used to construct a niche axis,
and equally factors other than ENT can lead to multimodal
body size distributions (Holling 1992), but we use body size
as it has been recommended as an apt way of testing ENT
(Segura et al. 2011, Vergnon et al. 2012).

Results

In total, 56 338 individuals representing 399 unique
species were analysed. Sample size varied from 3107 to 7366
individuals (mean = 4879) at the fragment scale (Table 1),
and from 8942 to 17 973 individuals (mean=11 702)
at the island scale (Table 2). Ecological information for all
species used in the analyses is presented in Supplementary
material Appendix 1 Table Al.

Model comparison

The data showed significant evidence of multimodality in a
number of samples. Six of the twelve fragments were
best represented by the PLN2 distribution according to both
BIC and AIC_ (Table 3). Three were best represented by the

Table 1. Site information for the different native forest fragments
from the Azores used in the analyses, including the area and the
number of arthropod individuals (n) and species (S) sampled
within the four transects used to create the sample in each instance.
Arthropods were sampled using a standardised pitfall trap and
canopy beating methodology between 1999 and 2004. ‘Island’
relates to island within the Azores in which the fragment is located.

Fragment Area (ha)  Island n S
1. Cabeco do Fogo 36  Faial 5586 92
2. Caldeira do Faial 191  Faial 3356 80
3. Lagoas Funda e Rasa 240  Flores 5989 117
4. Morro Alto 1331  Flores 3107 89
5. Pico Pinheiro 74 Saojorge 7366 107
6. Topo 220 SaoJorge 4939 102
7. Atalhada 10  Sao Miguel 3990 130
8. Pico da Vara 306 Sao Miguel 6204 118
9. Caldeira Guilherme Moniz 223 Terceira 6018 86

10. Pico Galhardo 38 Terceira 4608 111

11. Serra de Santa Barbara 1347  Terceira 3131 89

12. Terra Brava 180  Terceira 4216 103

Table 2. Site information for the different Azorean islands used in
the analyses. For each island the number of fragments that were
combined to create the island dataset is provided along with the
combined area, which is the summed area of the combined
fragments. + This is not indicative of the actual number of native
forest fragments that have been studied in the BALA project on a
particular island, it is simply the number selected for this study.
The number of arthropod species (S) and number of individuals (n)
sampled in each island is also given.

Number of Combined
Island fragments + area (ha) n S
1. Faial 2 227 8942 125
2. Flores 2 1571 9096 141
3. Sao Jorge 2 294 12305 145
4. Sao Miguel 2 316 10194 178
5. Terceira 4 1788 17973 175

PLN3 distribution, again according to both model selection
criteria. The remaining three fragments did not have a clear
best model. For fragment 1 and 2 (both from Faial) the
PLN2 distribution provided the best fit according to
AIC,_. However, according to BIC, the PLN2 and PLN, and
PLN2 and logseries were both in the best model set (i.c.
either the lowest BIC value or within a value of two of the
lowest value) for fragment 1 and 2, respectively (Table 3).
For fragment 3 (Flores island) the PLN provided the best
fit according to BIC, but PLN, PLN2 and PLN3 were all
within the best model set according to AIC_ (Table 3). At the
island scale, two island samples were best fic by PLN2
(Sao Miguel, Terceira), and one by PLN3 (Flores), according
to both criteria. The remaining two islands (Faial and Sao
Jorge) had different best models if one used BIC or AIC,
(Table 4). The LRT results are largely concurrent with model
selection based on BIC and AIC_ (All LRT results are pre-
sented in Supplementary material Appendix 2 Table A2),
indicating that the better fit of PLN2 and PLN3 compared
to PLN is significant despite the increase in number of
parameters. The difference in goodness of fit between PLN2
and PLN3 was often not significant (Supplementary
material Appendix 2 Table A2), suggesting that there is often
no significant improvement in fit going from a bimodal
to a trimodal model, although in all samples in which the
PLN3 distribution provided the best fit according to the
information criterion, the LRT results confirmed this.

For the samples in which PLN2 provided the best fit, one
mode was apparent at the rare end of the distribution
with the second modal octave generally being 16-32 or
33-64 individuals (see Fig. 2a for an example). Datasets best
fit by PLN3 followed this pattern but with a third modal
class at the more abundant end of the distribution (Fig. 2b).
Nonetheless, visual inspection of the SAD histograms for
certain samples indicated that the multimodal pattern
was not always obvious despite the best model being either
PLN2 or PLN3 (see Fig. 2¢ for an example). In sum, multi-
modality within the SAD, while not a universal pattern, does
appear to be a common occurrence within natural Laurisilva
forest arthropod communities in the Azores.

Post model selection

The percentage of core, tourist, and indigenous species was
found to differ significantly between mode one (rarer species)
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Table 3. Model selection results for arthropod SADs of twelve
fragments of native Laurisilva forest in the Azores. Arthropods
were sampled using a standardised pitfall trap and canopy beating
transect methodology between 1999 and 2004. Each fragment
consists of four transects. For each fragment the maximum log
likelihood (MLL) is provided for each of the four SAD models: the
standard Poisson lognormal (PLN), the two (PLN2) and three (PLN3)
mode Poisson lognormal, and the logseries. The Bayesian informa-
tion criterion (BIC) and Akaike’s information criterion corrected
for small sample size (AIC,) calculated using the MLL are also
presented. The PLN distribution has two parameters, PLN2 has five,
PLN3 has eight, and the logseries one parameter. Fragment codes
and abbreviated island name/initials relate to those in Table 1.
Values in bold represent the best model for the corresponding
fragment, for both BIC and AIC.. Where several models are within
an AIC, or BIC value of two of one another, each is highlighted
in bold.

Fragment SAD Model MLL BIC AlC,
PLN 366.90 747.36 740.06
1 FAI PLN2 359.40 745.92 731.78
PLN3 356.91 754.51 734.01
Logseries 370.75 750.54 745.63
PLN 321.23 656.02 648.73
2 FAI PLN2 312.77 651.84 638.70
PLN3 311.53 662.49 643.63
Logseries 322.13 653.01 648.41
PLN 44717 908.65 900.54
3FLO PLN2 444.09 916.75 900.94
PLN3 440.45 923.75 900.57
Logseries 451.83 913.18 907.76
PLN 331.02 676.32 668.25
4 FLO PLN2 328.17 683.27 669.37
PLN3 315.93 671.19 652.48
Logseries 332.94 674.86 670.02
PLN 422.58 858.31 851.48
559G PLN2 413.82 855.67 840.48
PLN3 412.89 867.84 845.64
Logseries 428.67 866.68 861.45
PLN 385.12 784.11 776.48
695G PLN2 374.64 777.03 762.16
PLN3 373.16 787.94 766.27
Logseries 385.70 780.64 775.51
PLN 473.41 960.69 953.06
7 SMG PLN2 461.99 953.18 936.66
PLN3 461.52 966.84 942.54
Logseries 473.50 956.74 951.10
PLN 474.65 963.91 955.49
8 SMG PLN2 464.08 956.78 940.91
PLN3 442.90 928.74 905.47
Logseries 474.51 958.56 953.12
PLN 364.18 741.82 734.63
9TER PLN2 356.03 738.78 725.12
PLN3 307.86 655.81 636.09
Logseries 363.55 736.02 731.25
PLN 419.17 851.70 844.63
10 TER PLN2 409.65 847.56 832.11
PLN3 407.48 857.34 834.74
Logseries 420.79 851.00 845.69
PLN 211.20 436.52 428.62
11 TER PLN2 197.20 420.61 407.56
PLN3 194.54 426.23 410.55
Logseries 208.35 424.96 420.91
PLN 400.22 812.82 806.85
12 TER PLN2 388.77 803.76 790.71
PLN3 386.57 812.47 793.75
Logseries 398.68 806.62 801.47
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Table 4. Model selection results for arthropod SADs of five Azorean
islands. Arthropods were sampled in the native Laurisilva forest
using a standardised pitfall trap and canopy beating transect
methodology between 1999 and 2004. Column and model abbre-
viations and the number of parameters of each model are as
for Table 3. Values in bold represent the best model for the corre-
sponding island, for both BIC and AIC.. Where several models
are within an AIC, or BIC value of two of one another, each is high-
lighted in bold.

Island SAD Model MLL BIC AlC,
PLN 400.22 814.34 806.68
1 Faial PLN2 388.77 805.35 790.42
PLN3 387.57 818.67 794.69
Logseries 398.68 806.62 801.47
PLN 568.17 1151.21 1142.52
2 Flores PLN2 560.22 1150.18 1133.07
PLN3 550.77 1146.15 1120.91
Logseries 572.87 1155.65 1149.83
PLN 582.15 1179.25 1170.47
3 S30 Jorge PLN2 573.19 1176.28 1158.99
PLN3 567.85 1180.56 1155.03
Logseries 593.13 1196.23 1190.35
PLN 766.36 1548.52 1538.84
4 Sio Miguel PLN2 756.69 1544.99 1525.83
PLN3 754.65 1556.71 1528.28
Logseries 775.09 1560.72 1554.25
PLN 704.63 1424.66 1415.40
5 Terceira PLN2 695.57 1421.95 1403.65
PLN3 693.92 1434.05 1406.96
Logseries 710.62 1431.51 1425.31

and mode two (more common species) for samples best
modelled by PLN2 or PLN3 according to a Welch’s two
sample t-test (Table 5); mode one at the rarer end of the
distribution always had a higher percentage of satellite
and tourist species and a lower proportion of indigenous
species. These results were consistent at both the fragment
and island scale (Table 5), although the difference in the
proportion of indigenous species across modes was not sig-
nificant at the island scale. The percentage of species with
high dispersal ability was also found to differ significantly
between mode one and two, but the direction of the change
was inconsistent among samples, that is, in some samples
mode one had a higher percentage of species with high dis-
persal ability than mode 2, and vice versa. Thus, the effect of
differences in dispersal ability as a mechanism for multi-
modal SADs in the Azores is unclear. No significant differ-
ence was found between any of the subsets between the
second and third mode for samples best modelled by PLN3
(results not presented); although the degrees of freedom was
reduced as PLN3 provided the best fit for fewer samples.
We found minimal evidence for the structuring of
communities within each sample along a body size niche axis
as outlined by ENT. Body size distributions were all dis-
tinctly unimodal, and the body size-abundance plots did not
produce any apparent patterns. Mean body size was not
found to significantly differ between mode one and mode
two for datasets best modelled by PLN2 or PLN3 (Table 5).
While the randomly sampled null distribution varied
between samples because they were drawn from different
subsets of the archipelagic species pool and because of the
number of species in each modal octave class, a rough rule
of thumb in relation to the proportion of core species was
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Figure 2. Exemplar multimodal species abundance distributions with fit lines for Azorean arthropods sampled using a standardised pitfall
trap and canopy beating sampling methodology. Data were gathered from 1999-2004. (a) Fit of the PLN2 distribution (black line) to
the data from fragment 1 (located on the island of Faial). (b) Fit of the PLN3 distribution (black line) to the data from island 2 (Flores).
(c) Example of a SAD for which the PLN2 provides the best fit according to both information criterion (BIC and AIC) but for which
the bimodal pattern is not immediately striking. Data are from island 4 (Sio Miguel). Island samples were created by pooling the fragment
data on each island. In each plot abundances are grouped into Log, octaves: octave 1 contains the number of species with 1 individual, octave
2 the number of species with 2-3 individuals, octave 3 the number of species with 4-7 individuals, and so forth.

Table 5. Welch’s two sample t-test results for the composition of the different modes within the SAD, with the degrees of freedom (DF)
and the corresponding p-value, for both the fragment and island samples, and the direction of change. The values only relate to samples in
which the PLN2 distribution provided the best fit, that is, there were two distinctive modes. The direction of change relates to whether the
proportion of a subset was consistently higher or lower in the more common mode across samples. For instance, considering dispersal
ability, in some samples the rarer mode had a higher proportion of high dispersal ability species and in other samples the opposite pattern
was observed. Values in bold represent results significant at the 0.05 level.

Subset Direction of change t DF p
Fragments
Percentage of tourist species lower in more common mode 7.76 20 0.000
Percentage of core species higher in more common mode —13.43 19 0.000
Percentage of high dispersal ability species mixed 2.82 20 0.011
Body size not applicable —0.38 15 0.708
Indigenous species higher in more common mode -1.07 17 0.002
Islands
Percentage of tourist species lower in more common mode 4.59 8 0.002
Percentage of core species higher in more common mode —5.26 4 0.005
Percentage of high dispersal ability species mixed 2.32 8 0.049
Body size not applicable -1.38 8 0.204
Indigenous species higher in more common mode -2.36 6 0.059
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that the 2.5th and 97.5th percentiles were located at
5% and 35% core species. Thus, at both the fragment
and island scale it was universally the case that there were
more core species in the more abundant mode than expected
by chance. For the rarer mode, there was never a lower
proportion of core species than expected by chance at the
fragment scale, but at the island scale three of the four
samples in which PLN2 provided the best fit had a signifi-
cantly lower proportion of core species than expected
by chance. At the fragment scale, the rarer mode always had
a higher proportion of tourist species than expected by
chance, although this difference was significant (p <0.05)
in only five of the eight cases. No significant differences in
proportion of tourists were found at the island scale. In rela-
tion to the more abundant mode, two fragments and
three islands had a lower proportion of tourist species
than expected by chance. Considering the proportion of
indigenous species, for two fragment samples and one island
sample there were more indigenous species in the more
common mode than expected by chance, and in no case was
there significantly fewer indigenous species in the rarer
mode. No consistently significant results in terms of the
proportion of species with high dispersal ability or the mean
body size were found.

Re-running the model selection using the core and sat-
ellite subsets separately revealed mixed results (BIC and
AIC_ values for all models and for each sample are pre-
sented in Supplementary material Appendix 3 Table A3).
For the core subset at the fragment scale it was often unclear
which of the logseries or PLN provided the best fit as in
only seven samples did a particular distribution provide the
best fit according to both BIC and AIC_ using a minimum
difference in each criterion of two. Nevertheless, apart from
the single fragment where the PLN2 distribution was the
best model, and a further two fragments where the PLN2
distribution was within the best model set according to
AIC,, the good fit of the PLN2 more generally, and thus
the presence of multiple modes, was not apparent when
focusing purely on the core subset of species. For the satel-
lite subset the PLN performed best according to both crite-
ria for all but one fragment. Results at the island scale were
similar. Considering the core subset, the PLN provided the
best for all island samples according to BIC and in four out
of five instances according to AIC. The PLN performed
best in all five instances for the satellite subset, according to
both criteria.

That the PLN provided a better fit than the logseries for
the satellite species in most samples is intriguing as analysis
of the SAD frequency distributions reveals a logseries type
pattern in the majority of instances. Figure 3 illustrates the
pattern exhibited in most samples, although the exact form
of the relationship varies between samples. The complete
assemblage (Fig. 3a) exhibits two distinct modes, one of
very rare species represented by only one individual in
the sample, and one of relatively more common species.
Deconstructing into core and satellite subsets indicates that
the core subset exhibits a more lognormal type pattern,
with the mode corresponding to the common species mode
in the complete assemblage SAD. Accordingly, the satellite
subset SAD exhibits a more logseries pattern (but is best fit
by the PLN; Fig. 3¢). It is clear then, for this sample at least,
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that combining the core and satellite subsets within the
complete assemblage results in two distinct modes in the
SAD. Results were largely consistent between the two sets of
core/satellite classification methods and we are thus confi-
dent that our choice of 50% as the grouping threshold did
not affect the results. For example, Fig. 3 (d-f) shows
the plots for the same data as Fig. 3 (a—c) but using the
three group classification. It is evident that it is the 25% or
fewer group’ which is generating the first mode in the SAD
of the whole assemblage (Fig. 3a), and that the 76-100%
group is generating the second mode.

Discussion

The performance of Poisson lognormal SAD models that
incorporate multiple modes was compared with the tradi-
tional one mode PLN and logseries distributions for twelve
forest fragments, and the combination of fragments within
five islands. Multiple modes were found in a large number of
samples, with the PLN2 distribution most prevalent, fol-
lowed by the PLN3 distribution. Consistent with what we
have termed the amalgamation hypothesis (Introduction) it
appears that the amalgamation of core and satellite, and
indigenous and introduced subsets leads to the observed
multiple modes. The presence of tourist species, which in
many (but not all) instances are also satellite species, and
which are present in larger abundances in more anthropo-
genic land uses, inflates the number of rare species in the
samples and thus leads to the emergence of a rare mode in

the SAD.

A deconstruction approach

Combining assemblage deconstruction within a multimodal
SAD framework has been put forward as a promising way of
advancing SAD research (McGill et al. 2007). Nonetheless,
our finding that grouping together core and satellite species
into one assemblage results in two distinct components of
the SAD is not unique. For instance, some studies have
reported different SAD patterns for core and satellite subsets
using time series data (Magurran and Henderson, Ulrich
and Ollik 2004). Ulrich and Zalewski (2006) have also
found different SAD patterns for core and satellite groups, in
their case using a very similar methodology to the present
study, determining group membership based on the propor-
tion of samples across space in which each species was
recorded (and see Unterseher et al. 2011 for an example
using molecular taxonomic units).

Our findings differ from the aforementioned studies in
that the satellite subsets were best modelled by a PLN distri-
bution and the core species by a mixture of PLN, PLN2
and logseries distributions. Thus, in certain instances both
the core and satellite subsets were best modelled by PLN
distributions but with different modal octaves, a pattern
similar to that observed by Ugland and Gray (1982) in
marine benthic communities. Regardless of which distribu-
tion best fits the core subsets, for the bimodal samples it is
clear that the proportion of core species is significantly
higher in the more common mode. Examining the concept
of core species reveals that this finding is to be expected.
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Figure 3. The SAD of arthropods from the island of Faial in the Azores (Table 2, Fig. 1). Species were sampled using a standardised pitfall
trap and canopy beating sampling methodology from 1999-2004. Plots correspond to the SAD of: (a) the whole assemblage, decon-
structed into, (b) core species and, (c) satellite species. Two modes are clearly present in (a) which correspond well with modal octaves
in (b) and (c). (d—f) correspond to the three group core and satellite approach, whereby d) represents species found in 25% or fewer frag-
ments, () 26-75% of fragments and (f) 76-100% of fragments. In each plot abundances are grouped into log, octaves: octave 1 contains
the number of species with 1 individual, octave 2 the number of species with 2—3 individuals, and so forth.

Core species, as classified herein, are those which are theo-
rised to be the constituent members of the community,
organised according to traditionally invoked deterministic
niche-based processes, such as competition and predation
(Begon et al. 1990, Ulrich and Zalewski 2006). As such, it
intuitively makes sense that they will, by and large, obtain
higher abundances than the satellite species, which are pre-
dominantly immigrants from outside the community. It is
also possible that our method of classifying species as core
and satellite has influenced our findings. While our method
of classification is independent of species abundance at the
fragment scale in that a species classified as core or satellite
can theoretically have any abundance in a particular frag-
ment, and we found that our 50% threshold was robust, a
positive occupancy—abundance relationship is known to
exist for a variety of taxa and systems, including for Azorean

arthropods (Rigal et al. 2013). As we have classified species
based on incidence, it is possible that the core species have a
higher abundance simply as a result of this relationship.
However, the large overlap in identity between satellite and
tourist species indicates that many satellite species obtain
much larger abundances in other land uses and we are con-
fident that our results are not simply a result of a positive
occupancy—abundance relationship. Equally, as we have
pooled data from individual fragments to create our island
datasets, there is a chance that a degree of circularity exists
in our island datasets, i.e. whereby the classification of a spe-
cies as core is not independent of its abundance. For exam-
ple, if an island contained two thirds of the fragments in our
dataset, the pooled abundance of any core species would
have to be greater than one, and thus the species could not
be represented in the singleton octave of the SAD. In reality,
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this is only an issue if any islands contain a large proportion
of the fragments used in the core-satellite classification. As
the island in our dataset which contains the most sampled
fragments (Terceira; Table 2), only contains four fragments,
it is unlikely that this circularity is driving the observed
patterns at the island scale.

While we found no evidence of communities being
structured along a body size niche axis, this does not dis-
prove ENT in respect to our study system. We only focused
on body size as a measure of the niche, which while
recommended by Vergnon et al. (2012), is not the sole
niche axis along which ecological communities could be
structured (Scheffer and van Nes 2006, Vergnon et al. 2012).
As no additional measures of a niche axis were tested, all we
can say with surety is that ENT based on body size as an
indicator of the niche is not the cause of the observed multi-
modal SADs in our data. It is also possible that focusing on
the body size of arthropods in general obscures any general
pattern as this grouping comprises a mix of various taxa, e.g.
spiders, beetles, and Lepidoptera, each with a different body
size plan or ‘bau plan’.

Satellites, tourists and introduced species

It has been postulated that satellite species dynamics are
mainly controlled by stochastic processes, specifically ran-
dom dispersal, as opposed to the niche-based mechanisms
hypothesised to be structuring core species (Magurran and
Henderson 2003, Ulrich and Ollik 2004). Our results seem-
ingly back up this line of argument. In the Azorean inverte-
brate arthropod community it appears that species classified
as satellite species are predominantly, but not universally,
also tourist species. That is, they are not simply species which
are only occasionally found in a set of samples (i.e. satellite
species), but are also species which are more abundant in
other non-native habitats (i.e. tourist species; Borges et al.
2008). Thus, it is the immigration of small numbers of indi-
viduals from these different habitats into the native forest
that results in the mode of rare species. This is a key finding.
While other studies have focused on the core/satellite dichot-
omy and assumed that satellite species have different habitat
requirements, we have gone a step further and shown that
the presence of tourist species in an assemblage significantly
affects the signal in the SAD.

Our data derive from native forest fragments on the
Azores, a system where there has been large scale conversion
of native forest to semi-natural and intensive pasture along-
side a long and continuing process of anthropogenic intro-
duction of non-native species (Borges et al. 2008, Cardoso
et al. 2010). Exotic forestry plantations are also a common
feature of the landscape and, currently, native forest repre-
sents only a small amount of the total Azorean land use
(Cardoso et al. 2009). These changes, in combination, mean
that many arthropod species now found in the Azores are
better adapted to the more anthropogenic habitats. It is thus
evident that the concepts of satellite species and tourist spe-
cies are interlinked. The species sampled in only a few frag-
ments, i.e. the satellite species, are largely immigrants from
land uses outside the fragment and will thus naturally
be represented in our samples by only a few individuals
(see also Gray et al. 2005, 2006b). However, linked to the
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issues described above, it is possible that our classification of
tourist species influenced our results. We classified a species
as tourist if it possessed a greater abundance in any of the
three anthropogenic habitats relative to the native forest.
Thus, implicit in this classification is our assumption that
species should be abundant in one habitat (e.g. native for-
est) and rare in the others (e.g. the more anthropogenic
habitats). However, this is not necessarily the case and it is
possible that a positive relationship between abundance in
the different habitat types exists, such that certain species
are abundant in both sets of habitats and vice versa. Obvi-
ously, this positive relationship will characterise certain spe-
cies. For instance, in our data roughly 10-20% of tourist
species are core species, depending on the sample in ques-
tion, and these are likely to be predominantly habitat
generalists; species found in large abundances in multiple
habitats (Shmida and Wilson 1985, Borges et al. 2008,
Cardoso et al. 2009, 2013). Nonetheless, in general we do
not think this assumption is problematic in our analysis, as
overall we found a negative correlation between abundance
in the native forest and maximum abundance in the addi-
tional habitats (both variables log transformed; Pearson’s
product-moment correlation: r =-0.23, p = 0.008).

It is also the case that there is a higher proportion of
introduced species in the rarer mode of the bimodal SADs.
The Azorean invertebrate arthropod fauna includes a vast
number of introduced species (Borges et al. 2010), evidenced
by the observation that even in the common mode of the
SAD up to 40% of the species in the modal octave were
classified as introduced. For instance, one of the most
widespread introduced species in man-made habitats, the
millipede Ommatoiulus moreletil, was also successful in
invading native forest, where it is now abundant. It has
been shown that introduced species are integrated alongside
indigenous species in the contemporary Azorean arthropod
communities such that they are mostly undetectable through
the study of abundance—occupancy plots (Rigal et al. 2013).
This implies that current island faunas with a high propor-
tion of introduced species may have an inflated number of
rare species in native habitats due to source-sink dynamics
(see also Borges et al. 2008).

Distinguishing between two and three modes

While the grouping of core and satellite, and indigenous and
introduced species in a sample appears to explain bimodal
SADs, it does not provide an answer as to why certain
samples were best modelled by the PLN3 distribution.
For instance, taking fragment 9 (Table 1) as an example it
can be seen that PLN3 provides the best fit for the whole
assemblage (Table 3), and PLN2 the best for the core species
(Supplementary material Appendix 3 Table A3a). Inspection
of the frequency distributions reveals the modal octaves
for the core species are 8-15 and 64-127 species, which is
largely congruent with the pattern for the whole assemblage
(although without the mode of very rare species), while the
satellite species have a large number of singletons. Hence,
the two more common modes of the whole assemblage
are both mainly comprised of core species, with few to
zero tourist species, meaning that there must be a further



causal mechanism driving this pattern. The grouping of spe-
cies into ecological guilds may add some explanatory power
(Borges et al. 2008) and it is also possible that in such
communities there are three distinct groups of species, as
postulated by Ugland and Gray (1982, see also Borges et al.
2008). Further research is needed to elicit the structuring
mechanism(s) governing these multimodal groupings.

We found that for certain samples distinct multiple
modes were not particularly evident visually (e.g. cf.
Fig. 1¢), although they were detected to be multimodal in
our analyses. Thus, it may be the case that many well stud-
ied communities are in fact multimodal: it is simply that
appropriate statistical methods have not been applied to
detect this (see also McGill et al. 2007, Vergnon et al. 2012).
As the R code is now available (Dornelas and Connolly
2008) to test multimodal PLN distributions we call on
researchers who are exploring SAD patterns in different
datasets to statistically test for these patterns, even if they are
not immediately apparent visually.

In sum, the amalgamation of samples through time and
space can lead to a bimodal — or even trimodal — SAD
within which there is a discernible group of occasional spe-
cies each represented by only a few individuals, leading to a
distinct mode at the rare end of the SAD. In the Azorean
laurisilva forest arthropod community many of these
satellite taxa are introduced species best adapted to non-
native land uses but occasionally present and sampled in
the native forest. Thus, deconstructing the full assemblage
into various subsets (Marquet et al. 2004, Borges et al.
2008) can aid in elucidating the underlying patterns
and we therefore recommend this approach for future
analyses of SADs. Nonetheless, it is imperative that care is
taken in determining ecologically rational deconstructions
as simply classifying all relatively rare species from a sample
as satellite species, for example, will obviously result in a
change in the form of the core and satellite SADs. Multi-
modal SADs may be more common than originally per-
ceived and we advocate testing for them using appropriate
rigorous statistical methods.
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