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Species abundance distributions (SADs) are increasingly used to investigate how
species community structure changes in response to environmental variations. SAD
models depict the relative abundance of species recorded in a community and express
fundamental aspects of the community structure, namely patterns of commonness
and rarity. However, the influence of differences in environmental conditions on SAD
characteristics is still poorly understood. In this study we used SAD models of carabid
beetles (Coleoptera: Carabidae) in three grassland ecosystems (desert, typical, and
meadow steppes) in China. These ecosystems are characterized by different aridity
conditions, thus offering an opportunity to investigate how SADs are influenced by
differences in environmental conditions (mainly aridity and vegetation cover, and hence
productivity). We used various SAD models, including the meta-community zero sum
multinomial (mZSM), the lognormal (PLN) and Fisher’s logseries (LS), and uni- and
multimodal gambin models. Analyses were done at the level of steppe type (coarse
scale) and for different sectors within the same steppe (fine scale). We found that the
mZSM model provided, in general, the best fit at both analysis scales. Model parameters
were influenced by the scale of analysis. Moreover, the LS was the best fit in desert
steppe SAD. If abundances are rarefied to the smallest sample, results are similar to
those without rarefaction, but differences in models estimates become more evident.
Gambin unimodal provided the best fit with the lowest a-value observed in desert steppe
and higher values in typical and meadow steppes, with results which were strongly
affected by the scale of analysis and the use of rarefaction. Our results indicate that
all investigated communities are adequately modeled by two similar distributions, the
mZSM and the LS, at both scales of analyses. This indicates (1) that all communities
are characterized by a relatively small number of species, most of which are rare, and
(2) that the meta-communities at the large scale maintain the basic SAD shape of the
local communities. The gambin multimodal models produced exaggerated a-values,
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which indicates that they overfit simple communities. Overall, Fisher's a, mZSM 6, and
gambin a-values were substantially lower in the desert steppe and higher in the typical
and meadow steppes, which implies a decreasing influence of environmental harshness
(aridity) from the desert steppe to the typical and meadow steppes.

Keywords: species abundance models, gambin models, Carabidae, ground beetles, Asia, arid environments,

grasslands

INTRODUCTION

Biodiversity loss is the most common consequence of the
increasing environmental degradation due to anthropogenic
changes (Barnosky et al, 2011; Redford et al., 2015; Kehoe
et al, 2017). The current biodiversity crisis is not limited
to the increasing rates of species extinctions, but involves all
levels of biodiversity (Western, 1992; Borges et al., 2019). Local
extinctions or even changes in species’ relative abundance lead
to alterations in community structure and hence in ecosystem
functioning (McCann, 2000; Balvanera et al., 2006). Thus, studies
that model variations in community structure in response to
changes in environmental characteristics may provide important
information to predict how biodiversity will be affected by
alterations in the balance of rare versus dominant species (Tsafack
et al., 2019a; Ibanez et al., 2020).

Although the study of species abundance distributions (SADs)
has a long tradition in ecology (Raunkiaer, 1909; Preston, 1948),
the recent development of new statistical tools have led to an
increasing interest in the use of SAD models to investigate
patterns of species commonness and rarity in biotic communities
(Matthews and Whittaker, 2014a, 2015; Fattorini et al., 2016;
Picango et al., 2017; Haddad et al., 2019; Matthews et al,
2019; Pennino et al.,, 2019). Also, SAD models may be used in
conservation studies to predict species extinction risk (Kitzes
and Harte, 2015) and ecosystem health (related to disturbance)
(Dornelas et al., 2009) and, hence, to inform management actions
(Kim et al., 2013; Milic¢i¢ et al., 2017).

Several models have been proposed to describe the SADs
(see Matthews and Whittaker, 2014a,b, 2015; Baldridge et al,,
2016; Fattorini et al., 2018). One of the most commonly used
models is the so-called log-normal (McGill, 2003). This model
has been derived as a null form of the distribution resulting
from the central limit theorem (May, 1975), and it is classified
among the purely statistical models (McGill et al., 2007), but
can be the limit of population dynamics (Engen and Lande,
1996), or niche partitioning (Bulmer, 1974; Sugihara, 1980). The
lognormal, however, is problematic because it is a continuous
distribution, thus allowing fractional abundances, and does
not have an associated sampling theory. To address these
problems, it has been proposed to use a Poisson sampling of
individuals from a standard lognormal distribution (Matthews
and Whittaker, 2014a). Thus, the resulting Poisson lognormal
distribution describes the abundances of species in a Poisson
sample of a community that follows a lognormal SAD. A SAD
model frequently used in opposition to the lognormal is the
Fisher log-series, which was initially derived as a purely statistical
distribution (Fisher et al., 1943) and subsequently interpreted in

relation with ecological processes (Hubbell, 2001; Volkov et al.,
2003; Pueyo et al, 2007; Harte et al,, 2008). The lognormal
distribution is generally considered to best describe SADs of
undisturbed and species rich communities, whereas SADs of
disturbed communities tend to follow the Fisher logseries (May,
1975; Matthews and Whittaker, 2015; Ulrich et al., 2016). For
example, Haddad et al. (2019) found that the log-series best
fitted spider abundance distributions in riparian woodlands and
grasslands which represent disturbed environments in the study
area, while the Poisson log-normal best fitted spider abundance
distribution in the hillside, the less disturbed environment.

Another popular SAD model is the metacommunity zero-sum
multinomial (mZSM) distribution, which describes the SAD of
a sample taken from a neutral metacommunity under random
drift (Alonso and McKane, 2004). The mZSM follows one of the
three assumptions of the neutral theory, that is, the zero-sum
assumption [the two others are the neutrality assumption and the
point mutation assumption: see Hubbell (2001) and Etienne et al.
(2007)]. The zero-sum assumption states that the resources in the
environment limit the individual abundance of the community
species to a constant total number, because of zero-sum stochastic
processes of birth, death and immigration. Therefore, resources
are fully saturated at all times and a community following the
mZSM model may be considered like a stable community. The
neutral theory predicts that species abundance distribution in a
local community is the mZSM distribution rather than the log-
normal distribution. Compared to the log-normal distribution,
the mZSM distribution has a long tail at the end of rare species,
and its length depends on the community size and migration
from the metacommunity (Zhou and Zhang, 2008).

As the log-series distribution is a limiting case of the mZSM,
and the 0 parameter of the mZSM tends to Fishers a as the
number of individuals in the sample increases, the two models
typically provide similar fits to SADs (Prado et al., 2018).

A recently proposed model that is gaining increasing
popularity in the last years is the so-called gambin model (Ugland
et al., 2007; Matthews and Whittaker, 2014a; Ibanez et al., 2020).
The gambin model has been proposed as a very flexible model
able to fit a wide ranges of distributions (Ugland et al., 2007;
Matthews et al., 2014). The gambin model is a combination of
a gamma distribution and a binomial sampling method. The
gambin model is considered to date as the most parsimonious
general model (Ugland et al., 2007; Matthews et al., 2019) as it
has one parameter a which describes the shape of the species
abundance curve. The gambin model may be uni- or multimodal.
Multimodal gambin models have multiple a-values (i.e., one «
per mode) (Matthews et al., 2019), and their interpretation is
more complex. Gambin has been shown to provide good fits to
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a wide variety of empirical datasets, with low a-values indicating
logseries-distributions (and hence communities where most
species are rare) and higher values indicating more lognormal-
distributions (and hence communities where most species are
dominant) (Matthews and Whittaker, 2014a; Matthews et al.,
2019). It has been also suggested that gambin o could be
considered as a diversity index based on species equitability
within the community (Ugland et al., 2007; Fattorini et al., 2016).

Use of these models to fit SADs of communities experiencing
different environmental conditions may help understanding how
habitat changes influence community structure (Fattorini et al.,
2016; Picango et al., 2017; Haddad et al., 2019; Matthews et al.,
2019; Pennino et al,, 2019). In the present study, we used the
carabid beetles (Coleoptera Carabidae) of Chinese grassland
ecosystems to investigate how SAD shapes are influenced by
differences in environmental conditions, mainly aridity and
vegetation cover, and hence productivity.

In China, there is a great variety of steppes, which are classified
into four major types on the basis of the main differences in
their vegetation, fauna, resource uses and management processes:
desert, typical, meadow and alpine (Sun, 2005; Kang et al.,
2007). Chinese steppes are undergoing degradation due to
climate change and land-use intensification (mainly overgrazing
with the increasing of livestock) (Li et al., 2011; Werger and
van Staalduinen, 2012; Tsafack et al., 2019a). These anthropic
impacts are changing highly productive grasslands, such as
the so-called meadow steppes, into arid areas with sparse
vegetation, such as the so-called desert steppe. To slow down
the degradation, several measures for grassland diagnosis have
been suggested and among them are the unveiling of indicator
species (Akiyama and Kawamura, 2007). However, there are
no studies that use SAD models to investigate how species
abundances vary among different types of steppes. Here, we
used SAD models to depict the commonness and rarity of
carabid species of three steppes characterized by different climatic
conditions: the desert steppe (which is the most arid ecosystem),
the typical steppe (which has intermediate conditions) and
the meadow steppe (which is the less arid ecosystem). These
different climatic regimes are associated with different forms of
vegetation and hence productivity. The desert steppe, because
of the highest aridity and lowest vegetation cover, is the less
productive ecosystem, and it has been already shown that
aridity and these parameters influence total carabid abundances
(Tsafack et al., 2020).

Carabids are a prominent component of the ground dwelling
fauna worldwide (Dajoz, 2002) and one of the most frequently
used insect groups as model organisms in ecological and
conservation studies (Koivula, 2011; Kotze et al., 2011; Roume
et al,, 2011; Cardarelli and Bogliani, 2014; Duan et al., 2016;
Labruyere et al., 2016; Gobbi et al., 2017; Jouveau et al.,, 2019).
Despite the recognized importance of carabids as indicators
of environmental conditions, variations of carabid SADs in
response to environmental changes remain poorly explored.
However, a study on carabids of coniferous boreal forests
revealed that SADs vary according to the forest maturity: mature
forests are characterized by a distinct pattern with almost no
intermediate species between the scarce ones and the very few

abundant ones; interestingly, this “gap” is filled in recently cut
forests, but emerges again when trees reach the age of 20-
30 years, possibly because mature forests are less favorable to
carabids (Niemeld, 1993). A study on the changes occurred in
carabid community structure of Alpine environments between
the years 1980 and 2009, showed that SADs changed from the
lognormal model (or other models expressing good equitability)
to the geometric series (a SAD model characteristic of simple and
highly dominated communities), thus suggesting a regression
toward the first stages of the ecological succession, probably
because of habitat changes mainly due to global warming
(Pizzolotto et al., 2014).

In this study, we predict that the carabid SAD in the
desert steppe, which is the ecosystem with the most challenging
environmental conditions, should deviate from log-normal
model and should be closer to the log-series. By contrast, in the
meadow steppe, which represents the less arid grassland, carabid
SAD should deviate from log-series models, while SAD in the
typical steppe might converge to either that of the desert steppe
or that of the meadow steppe.

After assessing which distribution best captures the SAD of
each community, we also applied the gambin model, to explore
its feasibility in capturing these SADs and the use of the indicator
a-value to compare steppes.

Because the landscape within steppes may be not
homogeneous, we conducted the analyses also by subdividing
steppes into more homogeneous sectors each occupied by a
different form of vegetation. Community delimitation is always
problematic; thus, it is difficult to say whether the communities
at the steppe level are true local communities, or if they are
an aggregation of different local communities associated with
the various sectors. This may have profound impacts on SAD
shapes at a broad scale. If different local communities are
merged into a single pooled community, the SAD may show
a large number of species with few individuals, which, in fact,
belong to different local communities: the resulting SAD might
therefore follow, for example, a log-series, whereas the SADs of
the different local communities might be better approximated
by log-normal distributions (Borda-de-Agua et al., 2012). With
coarse (steppe level) and fine (sector level) analyses, we used
SAD modeling to see how the scale of analysis influences the
associated SADs.

The very different values of total abundance recorded in
the various steppes or steppe sectors pose the problem of
comparing SADs parameters obtained with samples of different
size (Stier et al, 2016; Borges et al., 2020). To explore this
problem, we applied two different procedures of rarefaction,
using as alternative references the desert steppe (which was the
less sampled ecosystem) and the smallest sample in each steppe
separately (Table 1).

MATERIALS AND METHODS
Study Sites and Data Collection

Our study was carried out in a mountain area in the Ningxia
Hui Autonomous region (northern China). Three types of
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steppes (desert, typical, and meadow steppes) are present in
this region. The desert steppe is characterized by a semi-arid
continental monsoonal climate typical of desert environments,
shows a low and discontinuous vegetation cover, and is the
most arid of the three types of steppe considered in this study.
The typical steppe is characterized by a continental monsoon
climate. This steppe represents an intermediate state between
the desert steppe and the meadow steppe. The meadow steppe
is characterized by a dense ground level vegetation and by a
semi-humid climate. To reflect within-ecosystem variability of
the typical and meadow steppes, on the basis on vegetation
characteristics, we identified three habitat types within the typical
steppe (tsl, ts2, and ts3), and two habitat types within the
meadow steppe (called ms1 and ms2). The tsl and ts2 sectors
were located at the top of the mountain, in natural patches of
grass vegetation and in fire belts, respectively; the sector ts3
was selected at the bottom of the mountain occupied by crop
fields and natural vegetation. The msl and ms2 sectors were
located at the south-west side and at the bottom of the mountain
peak, respectively. Data were gathered from 90 sampling sites
distributed as follows: 15 sites in the desert steppe, 45 sites in
the typical steppe (15 sites in each sector) and 30 sites in the
meadow steppe (again 15 sites in each sector). Sites were selected
haphazardly (i.e., without any regular spatial arrangement) and
separated by at least 150 m to avoid, or at least reduce, possible
autocorrelation.

At each sampling site, five pitfall traps (separated by at least
five meters from each other) were installed. Pitfall traps consisted
of 7.15-cm diameter plastic cups, sunk in the ground with the

TABLE 1 | Schematic description of the various forms of analyses developed
in this article.

Model tested Scale of analysis Rarefaction

Sectors of the same No rarefaction

steppe merged

Classical models
(Lognormal,
Poisson-lognormal,
Fisher’s log-series, and
metacommunity
Zero-Sum Multinomial)

Rarefaction with desert
as a reference
Rarefaction with the
smallest sample in each
steppe as a reference

Sectors separated No rarefaction

Rarefaction with desert
as a reference
Rarefaction with the
smallest sample in each
steppe as a reference
Sectors of the same No rarefaction
steppe merged

Gambin models

Rarefaction with desert
as a reference
Rarefaction with the
smallest sample in each
steppe as a reference

Sectors separated No rarefaction
Rarefaction with desert
as a reference
Rarefaction with the
smallest sample in each
steppe as a reference

cup-lip level with the soil surface, and filled with 60 ml of a
mixture of tap water and vinegar (8%), sugar (4%) and 70%
alcohol (4%). Sampling was done from May to September 2017.
During the sampling period, pitfall traps were placed in the sites
once a month in mid-month, and left in the field for ca. 72 h
prior to collection. Traps were composed of two buckets, with
the smaller inserted into the larger. At each sampling session,
the smallest were extracted to collect the trapped beetles and
then placed again in the largest, which were left dug into the
soil. This ensured that trap position remained exactly the same
over the sampling period and disturbance reduced to minimum.
Specimens were identified by trained people lead by the expert
taxonomist Professor Liang Hongbin. Further details about study
area have been published in a companion paper (Tsafack et al.,
2019b). Original data are provided in Tsafack (2018) (see section
“Data Availability Statement”).

Data Analysis

Comparing Models of Species Abundance
Distributions

We modeled carabid species abundance distributions (SADs)
with the most commonly used fitting models to identify which
distribution best approximated each community. Specifically, we
modeled each community using the lognormal (LN), the Poisson-
lognormal (PLN; zero-truncated version), the Fisher log-series
(LS), and the metacommunity Zero-Sum Multinomial (mZSM)
distributions with the function “fitsad” in the library “sads”
(Prado et al., 2018) of the software R version 3.5.

Following current best practices in the study of species
abundance distributions (Connolly et al., 2014; Matthews and
Whittaker, 2014a), we used chi-square tests to assess deviations
of the observed distributions from the expected ones, and
likelihood-based model selection to compare competitive models
(Burnham and Anderson, 2002). For this, we used Akaike’s
information criterion corrected for the small sample size (AICc)
(Baldridge et al., 2016) and selected the model with the lowest
AICc value as the best one, but alternative models with AAIC
values < 2 were also considered as receiving equal support
(Burnham and Anderson, 2002).

We performed the analyses at two spatial scales. A first
set of analyses was performed at the steppe type scale (coarse
scale analyses). In this case, data from different sectors of the
same type of steppe were merged, to highlight between-steppe
differences. In a second set of analyses (fine scale analyses), we
considered each sector separately, to better highlight possible
differences between different sectors of the same type of steppe
(within-steppe differences). Aim of these sets of analyses was
to assess if different steppes, and sectors within them, followed
different types of SADs, and hence to infer the possible
underlaying mechanisms.

Fitting Species Abundance Distributions With the
Gambin Model

In addition to the aforementioned methods, we fitted our data
also using the gambin model with the following two aims:
(1) to identify possible multimodal patterns (which cannot be
modeled with the aforementioned types of distributions: LN,

Frontiers in Ecology and Evolution | www.frontiersin.org

April 2021 | Volume 9 | Article 603436


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Tsafack et al.

SADs Models to Depict Beetles Communities

Number of species

Octaves

FIGURE 1 | Species abundance distribution (SAD) of carabid beetles in a Chinese
Poisson-lognormal (PLN; zero-truncated version), the Fisher log-series (LS), and th

graphical comparison with gambin models, which require binning.

bimodal and trimodal gambin models (B). LN, PLN, LS, and mZSM distributions were fitted to the raw abundance data (i.e., not binned). The data were binned for

Number of species

desert steppe. SAD was modeled using the lognormal (LN), the
e metacommunity Zero-Sum Multinomial (mZSM) distributions (A) and unimodal,

>

- MZSM
4 LS
I & PLN
% - LN
e
M
<
-
Se
E
=
4
-
-
B- C-
.. -
L £
g g
o 2~
s s
4 £
2. 2n
E E
H 3
z z
- .
- -

4

2 3

Octaves

done for the whole steppe (A) and three different sectors separately [(B): ts1 sectol

Octaves

FIGURE 2 | Species abundance distribution (SADs) of carabid beetles in a Chinese typical steppe. SADs were modeled using the lognormal (LN), the
Poisson-lognormal (PLN; zero-truncated version), the Fisher log-series (LS), and the metacommunity Zero-Sum Multinomial (mZSM) distributions. Analyses were

data (i.e., not binned). The data were binned for graphical comparison with gambin models, which require binning.

s

0D

Octaves
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PLN, LS, and mZSM) and (2) to have a parameter (gambin
a) that can be compared across models. Using the model
selection procedure described above to identify which type of
distribution best describes a certain SAD, we tested whether
the various communities followed the same type of distribution,
or if different communities followed different models, possibly
as a result of different processes. Of course, communities
that follow different models cannot be compared in terms of
model parameters. With the use of the gambin model, all
communities are fitted with the same model (the gambin), which
is sufficiently flexible to approximate various shapes. In this case,
the objective is not that of finding which type of distribution
is best followed by a given community, but to use the same
distribution (the gambin) to fit all communities and to see

how, given this distribution, its parameter a changes between
communities. Thus, the gambin model is not a competitive
model to be contrasted with the LN, PLN, LS, and mZSM
distributions. Rather, the simultaneous use of the gambin model
and the aforementioned distribution models allows a deeper
understanding of the studied SADs through the identification
of the best fitting distribution (which may vary from a model
to another) and the use of the same model (the gambin) whose
parameter o can be compared. We used unimodal, bimodal and
trimodal gambin models to fit the species abundance distribution
of carabid beetles in each type of steppe and in each sector of three
steppes separately. To fit gambin models, we used the function
“fit_abundances” in the “gambin” library (Matthews et al., 2014)
of the software R version 3.5.
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FIGURE 3 | Species abundance distribution (SADs) of carabid beetles in a Chinese meadow steppe. SADs were modeled using the lognormal (LN), the
Poisson-lognormal (PLN; zero-truncated version), the Fisher log-series (LS), and the metacommunity Zero-Sum Multinomial (mZSM) distributions. Analyses were
done for the whole steppe (A) and two different sectors separately [(B) ms1 sector, (C) ms2 sector]. Distributions were fitted to the raw abundance data (i.e., not
binned). The data were binned for graphical comparison with gambin models, which require binning.

Rarefaction

Given that SAD model parameters are sensitive to variations
in sample size (Maurer and McGill, 2011) and that we were
interested in comparing model parameters across communities
that are best fitted by the same models, we used a rarefaction
procedure where, for each sample, we subsampled 338
individuals (which corresponded to the number of individuals
collected in the desert steppe, the least abundant sample)
and fitted the models to this subsample for a coarse-scale
(between-steppe) approach.

Using the number of individuals collected in the desert steppe
as a reference is appropriate for comparing the three types of
steppes with sectors aggregated, because the typical and the
meadow steppes have more sectors, and hence were subject to a
higher sampling effort (more pitfall traps), than the desert one.
However, how conducting rarefaction for a fine-scale (within
steppe) approach is less obvious. Using desert sample as a
reference has the advantage of allowing comparisons among
sectors belonging to different steppes; but to compare different
sectors of the same steppe, it might be more appropriate selecting
the sector with the lowest total abundance as the reference
sample for that given steppe. This might be ecologically sounder,

because it uses as a reference the smallest sample of the ecosystem
under study, not that of a different ecosystem. For this reason,
we conducted analyses using both approaches, i.e., using as a
reference sample both the desert steppe sample for all samples,
and the smallest sample within each steppe for the various
steppes separately.

Rarefaction, however, poses also another problem. If, one
hand, rarefaction can be important to obtain comparable model
parameters, on the other hand it may change considerably
the shape of the distribution. Thus, use of rarefaction in a
model selection procedure can be questionable. The aim of
our model selection procedure was that of finding the model
that best described each community; but, if data are rarefied,
the consequent reduction in the number of species due to the
exclusion of the rarest ones (because their rarefied abundance
becomes zero), might artificially transform a certain original
SAD, characteristic of a species rich-community, into a spurious
one, characteristic of a species-poor community. When the
objective is not that of testing how the parameters of a certain
model change across communities, but is that of contrasting
models with possibly completely different parameters to find
which model best performs in each case, rarefaction might be
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not only unnecessary, but also inappropriate. Thus, to explore
the effect of rarefaction on the model selection procedures, we
conducted the analyses by using both original and rarefied data,
and compared the results. A summary of all forms of analyses
conducted in this study is given in Table 1.

RESULTS

Overall Abundances

Overall, we collected 6,873 individuals belonging to 25 carabid
species: 19 species were collected in the meadow steppe, of which
12 in the first sector (ms1) and 19 in the second sector (ms2); 18
species in the typical steppe, of which 16 in the first sector (ts1),
15 in the second sector (ts2), and 12 in the third sector (ts3); and,
finally, 12 species in the sole sector of the desert steppe.

Globally, the most abundant species was Carabus vladimirskyi,
accounting for about 25% of all collected carabids. However,
dominant species varied according to the steppe type. In the
desert steppe, the most abundant species was Carabus glyptoterus,
which accounted for about 75% of the carabid individuals
sampled in this steppe type. In the typical steppe, the most
dominant species were Carabus glyptoterus (29%) and Carabus
vladimirskyi (27%). Namely, Carabus vladimirskyi was the most
dominant species in the typical steppe sector tsl, where it
accounted for 40% of sampled individuals, followed by Poecilus
gebleri (24%). Similarly, in the typical steppe sector ts2, Carabus
vladimirskyi accounted for 33% of all sampled individuals, and
Poecilus gebleri for 31%, respectively. In the typical steppe sector
ts3, the most dominant species was Carabus glyptoterus (53%),
followed by Poecilus gebleri (22%). Carabus vladimirskyi was the
dominant species in the meadow steppe (35%). This species
accounted for 42% of total sampled individuals in the meadow
steppe sector msl.

Best Fitting Distributions

Steppe-Level Analysis

The comparative analyses of SADs for the different types of
steppes highlighted some differences between ground beetle
communities (Figures 1-3). For the desert steppe (Figure 1),
the best model for the carabid SAD was, in terms of AICc
value, the LS distribution, although also the mZSM and the
PLN gave similarly supported models. Both the typical and the
meadow steppe communities were best modeled by the mZSM
and the LS distributions. Fisher’s a increased in the order: typical
steppe < desert steppe < meadow steppe, whereas mZSM 6
increased in the order: desert steppe < typical steppe < meadow
steppe (Table 2).

When samples were rarefied to the number of individuals
collected in the desert steppe, both the typical and the meadow
steppe communities were best modeled by the mZSM and the
LS distributions, and both mZSM 6 and Fisher’s o increased
in the order: desert steppe < typical steppe < meadow steppe,
with differences slightly more marked compared to non-rarefied
samples (Table 2). Using the smallest within-steppe sample as
a reference for rarefaction, results remained virtually identical
(Supplementary Table 1).

Sector-Level Analysis

The three sectors of the typical steppe were best modeled
by the mZSM and the LS distributions (Figure 2), showing
similar values of mZSM 6 and Fisher’s a. The third sector
was best modeled by the PLN distribution regarding the
AICc value, but carabid distribution was significantly different
from the PLN distribution (Table 3). Both sectors of the
meadow steppe were best modeled by the mZSM and the
LS distributions (Figure 3); the second was in fact best
modeled only by PLN distribution, but the distribution
deviates significantly from this model. In addition, the two
meadow sectors had very different values of 6 and Fisher’s
o (Table 3).

When samples were rarefied to the numbers of individuals
collected in the desert steppe, all sectors were best modeled by the
mZSM and the LS distributions, with ts3 showing lower estimates
of 6 and Fisher’s a than ts1 and ts2. All other models received
equal support (Table 3). Both sectors of the meadow steppe were
best modeled by the mZSM and the LS distributions. Values of 6
and Fisher’s a were virtually identical to those obtained without
rarefaction (Table 3). Using the smallest within-steppe sample
as a reference for rarefaction, results remained virtually identical
(Supplementary Table 2).

Gambin Models

Steppe-Level Analysis

The gambin unimodal model provided the best fit for the three
types of steppe (Figures 1, 4, 5) regarding the AICc values.
However, we found that the observed values deviated significantly

TABLE 2 | Model selection results for the species abundance distributions of
carabid beetles in various types of Chinese steppes.

Without rarefaction With rarefaction
Model parameter  Estimate AlCc
Desert steppe
LS (Fisher’s ) 2.428 92.067
mZSM (0) 1.763 92.565
PLN () 1.302 93.368
LN (meanlog) 1.937 94.801
Typical steppe
mZSM (9) 2.580 208.920 2.715 104.850
LS (Fisher’s o) 2.411 209.550 2.654 106.247
PLN () 3.051** 214.155 1.681 109.413
LN (meanlog) 3.614** 215.639 2.247 111.253
Meadow steppe
mZSM (0) 2.937 201.964 3.071 113.842
LS (Fisher’s a) 2.830 202.480 3.068 115.025
PLN () 2.745"* 206.486 1.644 117.192
LN (meanlog) 3.217%* 207.871 2.194 118.880

Analyses conducted at the steppe-level without and with rarefaction.

Asterisks indicate significant deviations from the model (*p < 0.01, **p < 0.001).
Tested models were the lognormal (LN), the Poisson-lognormal (PLN; zero-
truncated version), the Fisher log-series (LS), and the metacommunity Zero-Sum
Multinomial (mzZSM) distributions. AlCc, corrected Akaike Information Criterion.
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TABLE 3 | Model selection results for the species abundance distributions of carabid beetles in various types of Chinese steppes.

Without rarefaction With rarefaction
Typical steppe ts1 ts2 ts3 ts1 ts2 ts3
mZSM (6) 2.576 (158.528) 2.342 (164.737) 2.045 (116.790) 2.552 (97.957) 2.539 (100.408) 2.186 (98.981)
LS (Fisher’s a) 2.458 (159.095) 2.213 (165.340) 2.113(117.168) 2.403 (97.366) 2.494 (101.259) 2.285 (98.696)
PLN () 1.780 (163.870) 3.066*** (167.889) 2.797** (116.783) 1.111 (102.166) 1.609 (104.537) 2.211(99.149)
LN (meanlog) 2.874*** (166.362) 3.373*** (168.609) 2.869*** (117.050) 2.223 (103.637) 2.339 (104.245) 2.402 (99.453)
Meadow steppe ms1 ms2 ms1 ms2
mZSM (8) 1.868 (130.960) 4.273* (147.846) 1.822 (82.935) 4.265 (139.844)
LS (Fisher’s ) 1.706 (131.675) 4170 (148.374) 1.653 (83.032) 4.181 (140.408)
PLN () 2.019 (137.601) 1.612* (153.055) 2.339 (86.640) 1.638 (144.025)
LN (meanlog) 3.293** (139.353) 21117 (154.418) 2.712 (85.393) 2.046 (146.229)

Analyses conducted at the sector level without and with rarefaction.
Asterisks indicate significant deviations from the model (*o < 0.05, **p < 0.001).

For each sector model parameter estimates are given and, in parentheses, the corrected Akaike Information Criterion (AICc). Tested models were the lognormal (LN), the
Poisson-lognormal (PLN; zero-truncated version), the Fisher log-series (LS), and the metacommunity Zero-Sum Multinomial (mZSM) distributions.

from the expected values calculated with the gambin unimodal
model. As regards a-values for the unimodal models, the typical
and meadow steppes had similar values, much higher than that
recorded in the desert steppe. The a-values were consistent
between the three modes in desert steppe. In contrast, the a-value
for the second mode of bimodal gambin in typical and meadow
steppes appeared particularly high (Table 4).

Using rarefaction with the desert steppe as reference, the
Gambin uni- and bimodal models provided similar fits for both
the typical and the meadow steppes, but the a-values for the
bimodal models appeared extremely high. As regards a-values for
the unimodal models, the typical steppe had a higher value than
the meadow steppe (Table 4). Using the smallest within-steppe
sample as a reference for rarefaction, results remained virtually
identical, although a-values for the unimodal model decreased
(Supplementary Table 3).

Sector-Level Analysis

For the typical steppe sectors (Figure 4), the bimodal and
trimodal gambin models provided equally supported best fits
for the first sector (ts1), but the a-values for the second mode
of the bimodal model and for the second and third modes of
the trimodal model were extremely high (Table 5). For another
sector (ts2), the gambin unimodal model provided the best fit
regarding the AICc value, but this model showed a significant
deviation from observed data. The a-values for the first mode
of the bimodal model and for the second and third modes of
the trimodal model were extremely high (Table 5). Finally, in the
third sector (ts3) the gambin unimodal model provided the best
fit (Table 5).

When the two sectors of the meadow steppe were considered
separately, gambin unimodal models provided similar best fit
for both sectors. However, p-values were significant in both
sectors for the unimodal model. In addition, the a-values
of the second modes of the bimodal model of both sectors
appeared particularly high. The trimodal gambin model seems
to be preferable for both sectors, but a-values for the first
and third modes in msl and for the third mode in ms2 were
extremely high. Thus, at the sector level, the gambin models

did not provide an acceptable fit of the data (Table 5 and
Figure 5).

Using the desert steppe as a reference for rarefaction, the
unimodal gambin model provided the best fit for the three sectors
of the typical steppe, with similar a-values. Regarding the AICc
values, the bimodal model was the best model for the three
sectors; however, this bimodal model provided extremely high
values in ts2 and relatively high values in tsl and ts3 (Table 5).
When the two sectors of the meadow steppe were considered
separately, gambin unimodal models provided the best fit for
sectors ms1 and ms2 (Table 5). Using the smallest within-steppe
sample as a reference for rarefaction, for the typical steppe
sectors, the unimodal gambin models provided the best fit for the
two sectors ts1 and ts2 (Supplementary Table 4).

DISCUSSION

We constructed SADs for carabid beetles of three types of Central
Asian steppes at different scales, i.e., for different habitats within
each steppe type and for each steppe type as a whole. We found
that the basic results (i.e., SAD shape) of the analyses conducted
at the smaller scale (sectors within steppe types) mirrored those
obtained at the larger (steppe type) scale. This finding suggests
that the various sectors within the same steppe type are relatively
homogeneous, at least for the SADs of carabid communities.
Thus, the hypothetical communities that can be delimited on a
sector basis actually overlap each to other and the resulting single
pooled community arising at the steppe type level maintains the
basic SAD shape of the constituting local communities. This is
very interesting since in general SAD shapes tend to change with
the addition of sub-communities, i.e., with increasing sampling
effort (Borda-de-Agua et al., 2012).

In all cases, SADs were best modeled by the Fisher log-series
(LS) and the metacommunity Zero-Sum Multinomial (mZSM)
distributions. This contrasts with our expectation that the best
fitting models were different among steppes. In particular, the
fact that the LS distribution fitted well also the meadow steppe
community was an unexpected result. The LS distribution is
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FIGURE 4 | Species abundance distributions (SADs) of carabid beetles in a Chinese typical steppe fitted with unimodal, bimodal and trimodal gambin models.
Analyses were done for the whole steppe (A) and three different sectors separately [(B) ts1 sector, (C) ts2 sector, (D) ts3 sector].
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FIGURE 5 | Species abundance distributions (SADs) of carabid beetles in a Chinese meadow steppe fitted with unimodal, bimodal and trimodal gambin models.
Analyses were done for the whole steppe (A) and two different sectors separately [(B) ms1 sector, (C) ms2 sector].
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TABLE 4 | Values of gambin « and model’s corrected Akaike Information Criterion (AICc) for species abundance distributions of carabid beetles in various types of

Chinese steppes.

Without rarefaction With rarefaction

ol o2 o3 AlCc
Desert steppe
Gambin 1 mode 2.346 - - 51.664
Gambin 2 modes 0.643 2.346 - 66.331
Gambin 3 modes 1.542 2178 2.380 110.331
Typical steppe
Gambin 1 mode* 4.328 - - 99.619 5.939 - - 58.677
Gambin 2 modes 2.410 259.829 - 101.112 8091.081 108.341 - 66.915
Gambin 3 modes 26.491 90.910 120.406 114.151 19.536 30.973 120.334 106.290
Meadow steppe
Gambin 1 mode 4.267 - - 98.185 4.934 - - 63.490
Gambin 2 modes 2.651 54175 - 101.662 23.797 2849.67 - 71.693
Gambin 3 modes 0.858 16.105 38.49039 116.454 9.534 31.437 78.996 98.130

Analyses conducted at the steppe level without and with rarefaction.
Asterisks indicate significant deviations from the model (*p < 0.01).

TABLE 5 | Values of gambin o and model’s corrected Akaike Information Criterion (AICc) for species abundance distributions of carabid beetles in various types of

Chinese steppes.

Without rarefaction With rarefaction

ol o2 o3 AlCc ol o2 o3 AlCc
Typical steppe (ts1)
Gambin 1 mode 3.002 - - 77.686 5.097 - - 56.101
Gambin 2 modes 3.511 50.663 - 71.561 53.278 196.029 - 64.782
Gambin 3 modes 5.589 30.528 70.575 71.469 27.324 47.242 169.779 197.674
Typical steppe (ts2)
Gambin 1 mode 5.216 - - 78.477 5.973 - - 55.772
Gambin 2 modes 108.551 2.515 - 84.799 13168.640 2443.329 - 65.283
Gambin 3 modes 14167 50.683 73.221 106.028 156.301 14.231 93.214 112.813
Typical steppe (ts3)
Gambin 1 mode 5.586 - - 56.047 5.348 - - 50.596
Gambin 2 modes 0.000 7.125 - 70.110 2.194 25.905 - 66.012
Gambin 3 modes 0.581 3.463 7.231 114.038 14.471 18.080 17.608 120.185
Meadow steppe (ms1)
Gambin 1 mode™* 3.499 - - 70.644 7.437 - - 45.030
Gambin 2 modes 0.929 132.736 - 73.158 13.022 27.274 - 68.361
Gambin 3 modes 91.872 0.929 150.278 117.153 8.926 13.465 47.152 127.649
Meadow steppe (ms2)
Gambin 1 mode* 4.527 - - 84.240 4.191 - - 79.982
Gambin 2 modes 1.155 44.233 - 86.904 3.400 29.257 - 84.438
Gambin 3 modes 0.021 14.946 41.568 102.521 4.462 12.212 39.270 100.574

Analyses conducted at the sector level without and with rarefaction.
Asterisks indicate significant deviations from the model (*o < 0.05, **p < 0.001).

known to fit a wide range of communities, particularly those that
have a high frequency of rare species and that are not particularly
species rich (Kempton and Taylor, 1974; May, 1975; Magurran
and Henderson, 2003; Magurran, 2004; McGill et al., 2007),
which is exactly the case of carabids inhabiting arid and semiarid
environments. The LS has been criticized as it might result
for inadequate sampling (Borda-de-Agua et al., 2012; Chen and
Shen, 2017). With increasing sampling, the number of collected

species also increases, as well as the abundance of species that
seem rare at low sampling intensity (Magurran and Henderson,
2003; Green and Plotkin, 2007). As sample size increases, and
Preston’s “veil line” (Preston, 1948) is pulled back to reveal the
mode of the distribution, the log-series turns into log-normal
(LN) distribution (Ulrich et al., 2010). However, and at very large
sampling efforts (scales) the LS can be recovered again due to

the addition of many specialist species or spatially rare species
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(Borda-de-Agua et al., 2012). We can exclude that our data are
affected by these sampling problems, not only because of the
intensity of our sampling, but also because carabid communities
of Asian arid and semiarid environments are always characterized
by a low number of species and a high dominance (see, for
example, Li et al., 2016; Liu et al., 2016; Khurelpurev and Pfeiffer,
2017). The good fit provided by the LS distribution also for the
carabid community of the meadow steppe indicates that even this
ecosystem, which is the less arid of the three investigated here, still
hosts a relatively simple and highly dominated community.

The mZSM distribution is strictly related to the LS (the log-
series distribution is a limiting case of the mZSM) and so it is
not surprising that they provided similar fits. The a parameter
of Fisher’s LS is a measure of diversity, and reflects the number
of singleton species in the community (Kempton and Taylor,
1974; Magurran and Henderson, 2003). The 6 parameter of the
mZSM tends to Fisher’s a as the number of individuals in the
sample increases, and this is clearly reflected in our study, with
differences between a- and 0-values being very small in the
meadow and typical steppes, compared with the desert steppe,
from which much fewer individuals were collected.

In our study, Fishers a increased in the order: typical
steppe < desert steppe < meadow steppe, whereas 6 increased in
the order: desert steppe < typical steppe < meadow steppe. These
contrasting results can be a consequence of unequal sampling
efforts. As both the overall shape of an empirical SAD (and
hence its best fitting model), as well its parameter value(s),
are influenced by the overall number of collected individuals
(which, in turn, may depend on the sampling effort), it has
been proposed of using rarefaction techniques to compare SADs
of communities with different total abundances (Stier et al,
2016; Chen and Shen, 2017; Borges et al., 2020). At first glance,
this sounds perfectly logical, but one should consider whether
different sample sizes are the result of different sampling efforts
or reflect true differences in community structure. While in the
first case rarefaction is correct, in the second one it can turn a
true SAD into a spurious one by unjustifiably wiping out the
species with the lowest abundances from a community where
they are present. In our case, rarefaction applied to the steppe
level appeared justified, because of the different sampling effort
(sampling effort in the typical and meadow steppes was two and
three times that of the desert steppe). With the use of rarefaction,
both Fisher’s a-values and 6-values increased in the order: desert
steppe < typical steppe < meadow steppe, which indicates an
increasing diversity from the most to the least arid type of steppe,
which can be in turn related to the increasing vegetation cover,
as it seems that communities of ground-dwelling arthropod
predators and detritivores are mainly determined by vegetation
cover and aboveground plant biomass (Pan et al., 2018; Niu
et al., 2020). These results are also consistent with our findings
in a previous study (Tsafack et al., 2020), where the desert
steppe showed lower Brillouin and Shannon-Wiener diversity
indices, while typical and meadow steppes showed equally higher
species diversity values; the species richness indices Chao and
Margalef showed the same results, increasing in the order: desert
steppe < typical steppe < meadow steppe. In a simulation study,
Beck and Schwanghart (2010) found that Fisher’s a distribution
values lose their stability when approaching full completeness

sampling, so they recommend to prefer Shannon index or
biased-controlled indices to assess biodiversity in full sampled
communities. The present study confirms that Fisher’s a can
be as reliable as Shannon-Wiener index to measure diversity
in quite completely sampled sites (as it seems the case in this
study) when distributions are correctly rarefied. Regarding the
similar increasing values of a- and 6-values, this equivalence have
been also described by Hubbell et al. (2008) and Matthews and
Whittaker (2014b). In addition, He and Hu (2005) found an
analytical relationship between the parameter 6 and Simpson’s
diversity index.

At the sector level, without rarefaction, results were less clear.
Fisher’s a-values for the typical steppe sectors were similar to that
of the desert steppe sector (slightly higher in one case, and slightly
lower in two cases), whereas those for the meadow steppe sectors
were substantially lower in one case and higher in the other.
B-values for the typical steppe sectors were higher than that of the
desert steppe sectors in all three cases, whereas in the meadow
steppe one sector had a 6 larger than the typical steppe sectors,
but the other was lower. Thus, for 0-values, the pattern desert
steppe < typical steppe < meadow steppe was confirmed, with
the exception of one meadow sector.

These results indicate that, although the basic SAD shape is
not influenced by the scale, parameter values are, and a-values
were more influenced than 0-values. We also found that, if data
are subject to rarefaction, the overall change was a decrease in a-
and 0-values. This indicates that the exclusion of the rarest species
following rarefaction reduces diversity. As at the sector level
sampling effort was homogeneous (same number of traps and
same number of days of sampling), rarefaction altered diversity
estimates unduly.

The use of gambin model allowed the possibility of
investigating how its parameter a (which should not be
confused with Fisher’s a) varies across carabid communities.
Although gambin multimodal models provided an apparently
good fit in some cases, their a-values appeared exaggeratedly
high, which suggests that the multimodal models actually
overfitted the data. The multimodal pattern may indicate that
communities are composed by different guilds (Marquet et al.,
2004) or groups of species with different dispersal abilities
(Borda-de-Agua et al., 2017).

At the steppe type level (large scale), the desert steppe was
characterized by a gambin a-value much lower than those of
the typical and meadow steppes, whereas the typical steppe had
a value slightly higher than the meadow steppe. When data
were rarefied, the difference between the typical and the meadow
steppes became more evident, and gambin o-values followed
the same pattern of 6-values for non-rarefied data. At sector
level, results were complex and variable. The typical and meadow
sectors had gambin a-values always higher than the desert steppe.
However, two sectors of the typical steppe had gambin a-values
larger than the meadow steppe sectors, but one was lower. Using
a rarefaction based on desert steppe sample size, one sector of
the meadow steppe had a gambin a-value distinctly higher than
those of the typical steppe sectors, and the other lower. Finally,
using rarefactions based on within steppe smallest samples, one
sector of the meadow steppe had the highest gambin a-value,
and the other a value which felt within the range of the typical
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steppe sectors. Thus, the gambin a parameter resulted efficient
in indicating a strong difference between the most challenging
environment (desert steppe) on one hand and the other two
steppes on the other hand, but did not provide a clear distinction
between the typical and the meadow steppe. On this regard,
Fisher's a and mZSM 6 values provided a clearer response.
However, Fishers o, mZSM 6, and gambin a values are all
substantially lower in the desert steppe and higher in the typical
and meadow steppes, which implies a decreasing gradient of
environmental harshness from the desert steppe to the typical
and the meadow steppes. Possibly Carabus glyptoterus, which
accounted for about 75% of the carabid individuals sampled in
desert steppe, is a generalist species able to cope with severe
climatic conditions, but the ecology and biology of this species
is still poorly known.

CONCLUSION

In line with previous studies on SADs, the present study
contributes to highlight the multiple uses of these models. We
compared the SADs of carabid communities of three types
of steppes with different aridity conditions (desert, typical
and meadow steppes) in China to identify how SADs change
between these ecosystems. Contrary to our expectation, all
species distributions, including that of the meadow steppe,
were best fitted by the LS and the mZSM distributions.
However, parameters values (o and 0) were different between the
three environments.

Using rarefied data to account for the unequal sampling effort,
we found that both Fisher’s a- and mZSM 6-values increased
in the order: desert steppe < typical steppe < meadow steppe,
which indicates an increasing diversity from the most to least
arid type of steppe. Regarding gambin models, contrary to
our expectations, they were not always efficient in modeling
all distributions, although the a-value of the unimodal model
clearly indicates a lower diversity of the desert steppe compared
to the typical and meadow steppes. In some cases, gambin
multimodal models provided good fit, which indicates that
communities are composed by different guilds, but we found
exaggeratedly high gambin a-values. In conclusion we found
that (1) rarefaction emphasized the differences observed between
parameters (Fisher’s o, mZSM 6, and gambin «) and (2) SAD
shapes were not influenced by the scale, but parameter values are,
and Fisher’s a- and gambin a-values were more influenced than
0-values.
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