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ABSTRACT 
 

A wide series of commonly used metrics of abundance-evenness (or -unevenness) have been 
proposed to characterize synthetically the distributions of species-abundances, accounting for the 
hierarchic-like organization of species within natural communities. Among them, most – if not all–
have been relevantly criticized on their serious limitations regarding both their “descriptive” and their 
“interpretative” capacities. From the descriptive point of view, many authors have already repeatedly 
emphasized the formal non-independence of conventional (un-)evenness metrics with respect to 
species-richness, leading, in particular, to unacceptable bias when comparing communities differing 
by their species-richness, thus making these metrics unreliable descriptors in this respect.  Now, as 
regards the capacity to provide relevant ecological interpretations, especially in terms of the intensity 
of competition among co-occurring species, the weakness of conventional (un-)evenness metrics is 
readily highlighted by the usual absence of any associated interpretation of this kind in the literature: 
the conventional (un-)evenness metrics being restricted to purely descriptive purpose only. 
Accordingly, a newly designed abundance-unevenness metric – the “standardized abundance-
unevenness” index is proposed, positively addressing both kinds of limitations evoked above. By 
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standardizing a conventional measure, U, of abundance-unevenness to the corresponding measure, 
U’, of the abundance-unevenness in the well-known “broken-stick” model, the resulting 
“standardized unevenness” index (Istr = U/U’) proves to be efficient against both the major limitations 
pointed-out above: indeed, the new index does benefit by being both (i) formally independent from 
species-richness, thereby allowing reliable, unbiased comparisons of abundance unevenness 
between species-communities, whatever their difference in species-richness; (ii) able to relevantly 
quantify the mean intensity of interspecific-competition within community, in term of its direct 
outcome upon the degree of species-abundance unevenness. This double success being, of 
course, the direct consequences of the properties of the “broken-stick” distribution model, originally 
put forth in a well-known, yet insufficiently thoroughly exploited paper by the regretted Robert 
MACARTHUR. 
 

 

Keywords: Species-abundance; evenness; niche-diversification; niche-overlap; standardized 
unevenness index. 

 

1. INTRODUCTION 
 

The total number of co-occurring species within a 
natural community, and how vital resources of all 
kinds are partitioned among these species, both 
play a major role in the hierarchized organization 
of species abundances. Thereby making these 
two notions central to community ecology [1,2]. 
In practice, the hierarchized organization of 
species abundances is classically accounted for 
by the so-called Species Abundance Distribution 
(“S.A.D.”). In turn, the “S.A.D.” itself can 
conveniently be further synthesized, in terms of 
its two major features: the total species-richness 
and the degree of unevenness of the distribution 
of species abundances. 
 
Now, although the total species-richness and the 
species-abundance unevenness seem, at first 
sight, being simple notions, with straightforwardly 
unambiguous meanings, both notions (including 
species-richness!) face, in fact, very tricky 
issues: on a practical ground as regards the 
species-richness and on a more conceptual 
ground regarding the species-abundance 
unevenness, as will be detailed hereafter. 
 
    * As concerns species-richness, the practical 
issue is to get a reliable access to the true – i.e. 
the total – species richness of the studied 
community. This can turn out to be very 
problematic in practice, as soon as speciose 
communities are dealt with, that include a 
significant part of rare, hard to record species. 
And this situation of practically unavoidable 
sampling incompleteness is becoming 
increasingly common, in particular with the 
generalization of the so-called “rapid biodiversity 
assessments”, especially in tropical terrestrial or 
marine ecosystems [3,4]. Thus, quoting KERY & 

ROYLE [3]: "virtually always, species richness 
cannot be observed but needs to be estimated 

because some species may be present but 
remain undetected. This fact is commonly 
ignored in ecology and management, although it 
will bias estimates of species richness and 
related parameters”.  
 
However, an alternative to impractical exhaustive 
samplings is now made available, in terms of 
achieving fairly reliable “least-biased” numerical 
extrapolation of such incomplete samplings. So 
that the practical issue with species-richness is 
now in process of being satisfactorily solved. 
Accordingly, this topic will only be briefly covered 
in some more detail in the next section. 
 

    * As regards, now, the species-abundance 
unevenness, the associated, more conceptual 
issue is to carefully define this notion, in order to 
ensure both (i) its reliability in term of descriptive 
representativeness and (ii) its relevance as an 
ecologically self-significant parameter. Here, the 
problem with conventionally used (un-) evenness 
indices arises from their lack of required formal 
independence from species-richness, as already 
repeatedly underlined by many authors: see [5-
18]. In turn, this lack of formal independence 
makes these conventionally-defined indices 
unable to comply with the requirement of 
descriptive representativeness, as already 
strongly emphasized in [10]. And this, precisely, 
because the comparison of abundance (un-) 
evenness values between communities that 
substantially differ in their species-richness is 
severely biased, as a direct consequence of this 
formal dependence of conventional (un-) 
evenness upon species-richness.  
And, for the same reason, relevant ecological 
interpretation of species-abundance unevenness 
cannot be derived when using conventional (un-) 
evenness indices, as will be more thoroughly 
detailed hereafter. 
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It is, therefore, the main object of the present 
work to address both issues highlighted above, 
aiming at providing appropriate answers by 
defining a new type of abundance unevenness 
index – complementing conventional indices – 
and satisfying both a reliable descriptive 
representativeness and a relevant ecological 
self-significance, as understood above. 
 

2. NUMERICAL EXTRAPOLATIONS OF 
BOTH (i) THE NUMBER OF 
UNRECORDED SPECIES AND (ii) THE 
RESPECTIVE ABUNDANCES OF EACH 
OF THEM 

 

For a long time, the numerical extrapolation of 
incomplete samplings has been restricted to the 
estimation of the number of unrecorded species 
by arbitrarily choosing one among a set of 
nonparametric estimators, among which the 
series of “Jackknife” and the “Chao” estimators 
were the more often implemented. This 
procedure yet remained rather unreliable and 
inaccurate as the different estimators, being quite 
differently expressed, often lead to substantially 
different estimates for, yet, a same community! 
As underlined by BROSE et al. in their seminal 
paper [19], it is – in principle – possible to gain in 
accuracy by non-arbitrarily choosing, in each 
case, which one, among the available estimators, 
would be the least-biased. Further improvement 
of the rational basis of selection of the least-
biased type of estimator was subsequently 
derived, based on the theoretical establishment 
of a rigorous relationship constraining the 
kinetics of species discovery along progressive 
sampling [20-25]. This has resulted in being able 
to propose a fully rational procedure of selection, 
of the best (i.e. least biased) estimator of the 
number of unrecorded species in each practical 
case. Finally, deriving least-biased estimate of 
the total species-richness [22,23]. Moreover, it 
revealed possible to reach the ultimate purpose 
of estimating the respective abundances of each 
of the unrecorded species and, thereby, to 
numerically extrapolate the complete Species 
Abundance Distribution, while yet disposing only 
from incomplete sampling [26]. Concrete 
examples of applications of these procedures are 
provided in the references proposed in Fig. 1. 
 

Thus, taking a reliable account of the set of those 
rarer species (remained unrecorded but having 
their respective abundances numerically 
restored) is all the more important that such rare 
species – beyond their own intrinsic interest – 
can disproportionately contribute to the functional 

structuring of communities, as already repeatedly  
emphasized [27-37]. As stated in [37]: “rare 
species are critical for bio-assessment”.  
In practice, ignoring the set of more or less rare 
species that remained unrecorded would 
inevitably lead to biased inferences [38]. 
 

3. INTRODUCING A NEW METRIC OF 
SPECIES ABUNDANCE UNEVENNESS: 
THE “STANDARDIZED SPECIES-
ABUNDANCE UNEVENNESS” 

 

3.1 Preliminary: Defining the “Crude” 
Unevenness of Species-Abundance 
Distribution 

 
As mentioned in the Introduction, besides total 
species richness ‘St’, it is the degree ‘U’ of 
unevenness of the distribution of species 
abundances that synthetically characterizes the 
hierarchic organization of species within natural 
communities. 
 
Although habit has been taken to evoke 
abundance evenness, rather than abundance 
unevenness, it is the latter which, logically, 
should be preferred to properly address the 
degree of hierarchic structuring of species 
abundances within natural communities, 
following in that references [39,40]. And, in 
compliance with the usual mode of 
representation of Species Abundance 
Distributions, it goes natural to quantify the 
degree of “crude” abundance unevenness “U” as 
the average slope of the log-transformed 
abundance decrease, as already proposed in 
[41], that is: 
 

   U = [log10 (a1) – log10(aSt)]/(St – 1)   
 

   U = [log10 (a1/aSt)]/(St – 1)                              (1)                                           
with a1 and aSt standing for the highest and the 
lowest relative abundances in the studied 
community (relative abundances: Σ ai = 1).  

 
Note that choosing this mode of definition of 
abundance-unevenness preserves the symmetric 
consideration of minor and abundant species and 
thus, the equitable account of every co-occurring 
species, independently of their respective 
abundances – which is admittedly desirable [10]. 
Contrasting in that with many commonly used 
metrics of (un-) evenness which - conventionally 
and rather arbitrarily - attribute different weights 
to co-occurring species, according to their 
commonness or rarity [10]. 
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3.2 Standardizing Species-Abundance 
Unevenness to Derive a Relevantly 
“Descriptive” Metric, Allowing 
Unbiased Comparisons Whatever the 
Difference in Species-Richness 

 

From a descriptive point of view, the “crude” 
abundance-unevenness U has the major 
inconvenience of being partly dependent upon 
species richness, as already emphasized by 
numerous authors for most, if not all, the 
conventionally designed (un-) evenness metrics 
[5-18]. 
 

Further, based on an extensive survey of 38 
marine communities (involving either fish or 
various groups of invertebrates), Fig. 1 provides 
an illustration – and a further ample additional 
empirical confirmation – of this trend for a 
(negative) dependence of crude species-
abundance unevenness upon species-richness 
[incidentally, it is worth noting that the 
dependence of the crude unevenness U upon 
species-richness is mainly due to the 
corresponding variation of the lowest species-
abundance aSt with species-richness since the 
corresponding variation of the highest species-
abundance a1 remains comparatively quite weak: 
see Appendix 1 for argumentation]. 

The formal (negative) linkage to species-richness 
of the conventional (un-) evenness indices 
(among which the defined-above crude 
abundance-unevenness U) makes all these 
conventional metrics quite inappropriate (a 
potentially severe source of bias), when 
comparing communities differing in species 
richness, as already said, and especially 
claimed, for example, by SMITH & WILSON [10]: “to 
make sense, (un)evenness must be independent 
of species richness”.  

 
It would, thus, feature relevant to consider, 
besides the crude unevenness itself, a 
standardized unevenness metric, “Istr”, defined by 
rationalizing the crude unevenness U to a curve 
accounting for this overall trend of decrease of 
crude unevenness with species richness. 
Thereby making this standardized unevenness 
metric mathematically independent of this trend 
(once more, as required by many authors and 
SMITH & WILSON [10] in particular). 
 

Various possibilities arise to define this 
referential curve, intended to serve as the 
standardization basis for this new unevenness 
metric: for example, the regression of the 
variations of crude unevenness U with species 
richness St, shown in Fig. 1. 

 

 
 

Fig. 1. Crude species abundance unevenness “U” plotted against total species richness St for 
38 marine communities (derived from references [42-52] ) 

0,00

0,05

0,10

0,15

0,20

0,25

0 20 40 60 80 100 120

ab
u

n
d

an
ce

s 
 u

n
ev

en
n

es
s 

  U

total  species  richness   St



 
 
 
 

Béguinot; ARRB, 36(4): 48-71, 2021; Article no.ARRB.67322 
 

 

 
52 

 

Yet, another, more appropriate and – as will be 
seen – far more interesting possibility, arises 
alternatively. Namely, by referring to the 
unevenness, U’, of the well-known “broken-stick” 
distribution, originally proposed by MACARTHUR 

[53]. Since it turns out that the overall trend of 
negative dependence of crude unevenness upon 
species richness, highlighted in Fig. 1, is 
remarkably paralleled by the decrease of the 
“broken-stick” unevenness U’ with respect to 
species-richness, as highlighted in Fig. 2. More 
precisely, the broken-stick unevenness 
adequately positions itself as a fair base-line for 
the empirical distribution of the crude abundance 
unevenness values plotted against species-
richness (Fig. 2).  In fact, this parallelism is not 
surprising – and could even have been expected 
– given that the “broken-stick” distribution (and, 
in particular its abundance unevenness) 
disposes of the unique property of being both 
solely and univocally dependent upon species-
richness [9,53,54], see also Appendix 2). This 
univocal dependence upon St being more 
explicitly emphasized when literally writing U’ as 
“U’(St)”.  
 
The broken-stick unevenness, U’ (= U’(St)), thus 
being especially adequate to take reliable 
account of the influential trend of dependence of 
the crude unevenness U upon species-richness. 

Accordingly, for descriptive purposes (aiming in 
particular to allow unbiased comparisons of 
species-abundances unevenness among 
communities whatever their difference in 
species-richness), it is therefore appropriate to 
define a “standardized” expression of species-
abundance unevenness, as the ratio, U/U’(St), 
between the crude unevenness U and the 
unevenness U’ of the broken-stick           
distribution. 
 
The “standardized unevenness index “Istr” (equal 
to U/U’) is thus defined as: 
 

Istr  =  [log10 (a1/aSt)/(St-1)]/[log10 (a’1/a’St)/(St -1)] 
 

that is: 
 

Istr  =  U/U’  =  log10 (a1/aSt)/log10 (a’1/a’St)          (2) 
 

with a1 and aSt standing for the highest and the 
lowest relative abundances in the studied 
community and a’1 and a’St standing for the 
highest and the lowest relative abundances in 
the corresponding “broken-stick” distribution for 
the same species richness St. The distribution of 
the relative abundances (a’i) for the broken-stick 
distribution and the corresponding abundance 
unevenness U’(St) being easily computed 
according to references [9,53,54], with practical 
indications also given in Appendix 2. 

 

 
 

Fig. 2. Crude species-abundance unevenness U (grey discs) plotted against total species-
richness St for 38 marine communities (after [42-52]). The overall trend for a negative linkage 

between the crude unevenness U and the total species-richness St is remarkably paralleled by 
the decrease of the broken-stick unevenness, U’, with respect to species-richness (double-

line). More precisely, the broken-stick unevenness U’ adequately positions itself as a fair base-
line for the overall distribution of the crude abundance unevenness U. 
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Thus defined, the “standardized” abundance 
unevenness, Istr = U/U’, relevantly complies with 
the formal independence from species richness, 
required for making reliable comparisons 
between communities, whatever their difference 
in species richness. 
 

Moreover, as will be shown below, selecting the 
“broken-stick” distribution as the referential 
standard for unevenness will – also – reveal 
especially relevant in the perspective of deriving 
an ecologically self-significant metric for species-
abundance unevenness. 
 

3.3 Standardizing Species Abundance 
Unevenness to Derive an 
“Ecologically Self-Significant” Metric 

 

An overall trend exists, for increasing species-
richness being accommodated by improved 
niche diversification. Thereby allowing better 
resource-partitioning among co-occurring 
species and limiting, or even avoiding, the risk for 
an increasing proportion of niche-overlaps, as a 
consequence of growing species-richness – and 
thus, the potential onset of interspecific contest 
for shared resource at niche-overlaps, triggered 
when sufficient density in individuals is reached 
among competing species [55-58]. 
 

Now, admittedly, it is not so frequent to 
encounter, in nature, an “ideal” accommodation 
of species richness, that is the accommodation of 
an increasing number of species while avoiding 
the onset of niche-overlaps (or, at least, avoiding 
that niche-overlaps become “functional” due to 
the density of individuals reaching sufficient level 
to trigger significant interspecific contest for 
shared resource at these overlaps [55,57]). In 
other words (referring to the notions developed 
by MACARTHUR [53]), the “ideal” situation of 
“contiguous non-overlapping niches” pattern 
(avoiding interspecific contest for shared 
resource) is not so commonly achieved. Even if 
this “ideal” situation proves being more frequent, 
or even usual, within some particular groups of 
“higher” taxa, such as birds or mammals – 
possibly resulting from their capacity to improve 
the auto-regulation of their densities in 
individuals, thereby depressing or even canceling 
the functionality of possibly existing niche-
overlaps. 
 
So that, except for such particular cases, the 
common rule is for various degrees of 
interspecific-competition to occur (and even to 
more or less lengthily maintain) within natural 
communities, at almost any level of species-

richness (as exemplified further at Fig. 9 & 10). 
And this, despite the reduction of interspecific-
competition is generally considered as being 
selectively positive and, thus, an “attractive” 
trend, indeed supported by some pieces of 
empirical data (as highlighted further below). 
 
In short, more or less lengthy interspecific 
contests for shared resources of any kind (food, 
space, protection,…) between co-occurring 
species is obviously the common, or at least 
transient situation observed in nature [58,59]. 
 
Thus, the “attractive” situation of a “continuous, 
non-overlapping” display of occupied niches, 
defined by MACARTHUR[53] as ideally avoiding 
interspecific-competition, correspond precisely to 
this particular abundance distribution – the 
“broken-stick” – already shown above as being 
efficient to provide a reliable descriptive capacity 
to the standardized unevenness index Istr.   
With, moreover, still the same “broken-stick” 
distribution providing also – and surely not 
coincidentally – a fair base-line for the empirical 
distribution of the “crude” abundance 
unevenness U according to species-richness 
(Fig. 2). All that make the “broken-stick” 
distribution an obvious “focal-pole” for community 
ecology, well beyond what was generally 
considered, or admitted, up to now! 
 

Now, coming back to the goal of deriving relevant 
ecological interpretations from abundance-
unevenness data, the crude abundance-
unevenness U, as such, also reveals 
inappropriate in this last respect – and this 
precisely for the same reason which makes the 
crude abundance unevenness already 
inappropriate for reliable descriptiveness: the 
overall trend for the (negative) dependence of 
crude abundance-unevenness U upon species-
richness, see references [5-18] and Fig.1.  
 

Accordingly, here also, it is the standardization of 
the crude unevenness U to the unevenness 
U’(St) of the “broken-stick” distribution which will 
allow the standardized unevenness index Istr to 
provide relevant ecological interpretations. By 
adequately disentangling and separating what, in 
crude unevenness U, actually results from the 
intensity of interspecific-competition from what 
simply depends directly upon species-richness. 
 

So that, the standardized unevenness index “Istr”, 
defined at first to ensure reliable descriptive 
representativeness, proves now being adequate, 
as well, to relevantly mirror the mean intensity of 
interspecific-competition resulting from the 
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interspecific contests (if any) at functional niche-
overlaps. 
 
In compliance with that, Figs. 3 and 4 provide a 
schematic representation of the conception of 
MACARTHUR, in term of the linkage between (i) 
the crude unevenness U of species abundances 
(at any given level of species richness) and (ii) 
the corresponding ecological background, that is, 
the pattern of niches display, intended to drive 
the existence and the intensity of interspecific-
competition. 
Thus – and once more not coincidentally – it is 
one and the same index which reveals able to 
appropriately account for both the descriptive 
and the ecological points of view. With the 
“broken-stick” distribution, originally promoted by 
MACARTHUR, being the common focal node 
involved in each of these two perspectives. 
 
To summarize, for practical use, the ecological 
interpretation attached to the standardized 
unevenness ‘Istr’ values: 
 

        * Istr = 1: the niches are contiguous but, yet, 
without overlaps among them (at least 
functionally speaking): thus, no competitive 
interaction (no interspecific-contest) actually 
occurs, which would enhance the unevenness of 
species abundances beyond what results from 
the disparity between niches respective rewards 

to their respectively associated species [60-63]. 
Disparity of rewards which is modeled, in an 
aptly stochastic manner, by the broken-stick 
distribution, as argued in [53]. 

 
        * Istr  > 1: the niches are partially overlapping 
(not only geometrically but also functionally 
according to the density of individuals mutually 
contesting for shared resource at niche-
overlaps), thereby inducing competitive 
interactions between co-occurring species – 
competitive interactions all the more intense than 
Istr exceeds unity; 

 
        * Istr <1: the niches are said to be “separate” 
[53], which means, in practice, that only part of 
them are actually occupied – with those 
preferentially occupied niches being expectedly 
the more (or, less likely, the less) rewarding to 
their respectively associated species. In either 
alternatives, the occupied niches are more 
similar among them than the average, in terms of 
the respective rewards provided to their 
respectively associated species. Accordingly, in 
such cases, the level of abundance unevenness 
is lower than in the case of contiguous non-
overlapping niche, due to the preferential 
occupancy of more similarly rewarding niches. 
And all the lower than Istr falls more below        
unity. 

 

 
 

Fig. 3. The schematic ecological interpretation to be given to the “crude” species-abundance 
unevenness, U, in terms of the different patterns of niches display, by reference to the 

conception of MacArthur [53]. The “broken-stick” distribution (double-line) denoting the 
“contiguous, non-overlapping niche” pattern – the latter separating: (i) the “separate niches” 

pattern for U < U’(St) and (ii) the “functionally overlapping niches” pattern for U > U’(St) 
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Fig. 4. Same as Fig. 3, slightly magnified to include the corresponding functional 
interpretation, in terms of the interspecific-competition intensity – aptly mirrored by the 

“standardized unevenness index” Istr = U / U’(St), complying with MACARTHUR conception [53] 
 

 
 
Fig. 5. A summarized guidance to the ecological interpretation attached to various range of 
values taken by the “standardized abundance-unevenness index” Istr 
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be chosen for the crude abundance-unevenness 
index and – even – mutatis mutandis, to any 
definition of crude abundance evenness, among 
the numerous metrics proposed in the literature. 
Being understood that in the latter case, i.e. 
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values lesser than unity (instead of higher) which 
would mirror the intensity of interspecific-
competition. 
 

3.4 Quantifying the Mean Intensity of Inter 
Specific Competition within 
Community 

 
Interspecific competition is a process: as such its 
relevant quantification is not intrinsic but 
appropriately expressed in terms of its direct 
outcome, namely the resulting increase in 
species-abundance unevenness, characterized 
by the steepness of the slope of the species 
abundance distribution. Thus, the mean intensity 
of interspecific competition is reliably quantified 
by the resulting increase of species-abundance 
unevenness. And it has been shown above that it 
is precisely the standardized unevenness index 
Istr which measures by how much the species-
abundance unevenness is multiplied, as the 
consequence of interspecific competition. This is 
explicitly highlighted by the following equation 
immediately derived from the expression (2) of 
Istr: 
 

U = [U’(St)].[Istr]                                           (3) 
 
where U’(St) (the corresponding “broken-stick” 
unevenness) stands for what would be the 
unevenness level in the absence of interspecific-
competition for shared resource at niche-
overlaps. 
 
Thus, the “standardized abundance unevenness” 
Istr not only simply “mirrors” the interspecific 
competition. It actually relevantly quantifies the 
mean intensity of interspecific-competition within 
community, expressed in the appropriate term of 
its straightforwardly measurable outcome: 
namely, its contribution to the uneven distribution 
of species-abundances, as a multiplicative factor 
applying to what would be the abundance-
unevenness (= U’) in the absence of competition. 
 
Equation (3) thus highlights also the essentially 
“composite” nature of crude species-abundance 
unevenness – regrettably ignored in conventional 
metrics of (un-)evenness. A composite nature 
which combines multiplicatively:  
 

(i)  the contribution U’ (i.e. the broken-stick 
unevenness) that would stand in the ideal 
absence of interspecific-competition at 
niche-overlaps and is, thus, uniquely 
related to the degree of ideal niche-
diversification, allowing in turn the 

accommodation of the realized species-
richness St (the reason why U’ is a univocal 
function U’(St) of species-richness); 

 (ii) the contribution Istr which quantifies the 
mean intensity of interspecific-competition 
within community, in the appropriate term 
of its multiplicative outcome upon the 
degree of species-abundance unevenness 
(see Box 1 in Appendix 3 for a schematic 
outline). 

 

3.5 About the Relative (Meta-) Stability of 
the Different Kinds of Niches’ 
Displays 

 
The focal role of the “contiguous non-overlapping 
niche” pattern – broadly emanating from all the 
considerations above – is implicitly conducive to 
consider this pattern as playing the role of a kind 
of “attractor”, as already rightly suggested in [58]. 
And this, despite natural communities can, 
however, remain apart from the ideal “contiguous 
non-overlapping niche” pattern (more or less 
transitorily and even durably) as a consequence 
of more or less intense interspecific-competition 
[64]. But being understood, yet, that natural 
selection is generally expected to finally favor the 
reduction of such interspecific-competition at 
niche-overlaps [55,65]. 
 
As argued in [58], reducing niche-overlaps would 
likely contribute to the stability of natural 
communities: in substance, “better resource 
partitioning among co-occurring species, thanks 
to improved niche diversification, favors low 
niche (functional) overlaps and the relaxation of 
interspecific competition, therefore likely resulting 
in more stable species assemblages”.  
By contrast, severe interspecific-competition 
(strong contest for shared resource at large 
functional niche overlaps) is more likely 
conducive to instability of species-richness: 
indeed, severe interspecific-competition sharply 
enhances the degree of species-abundance 
unevenness and, thereby, especially depresses 
the level of lowest species-abundances. Which, 
in turn, may ultimately lead to the extinction of 
the rarer species [66] and thus, destabilizes 
species-richness. Additional empirical evidence 
supporting this envision also comes from reports 
by several authors [40,59,64,67,68].  
 
In particular, a detailed analysis of the recovery 
process of a reef-associated Gastropod 
community, previously submitted to thorough 
destruction by experimental nuclear blasts [59], 
provides demonstrative arguments in this 
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respect, as shown in Figs 6 & 7. Clearly 
highlighted in these Figures is the onset of a 
transient but strong interspecific-competition, 
subsequently followed by a more or less 
progressive return to low levels of interspecific-
competition. A trend that has been advocated as 
being of rather general relevance by some 
authors [2,66,69,70]. 
 

This is a strong empirical evidence of the 
attractive trend towards stabilization thanks to 
the reduction and ultimate cancel of interspecific-
competition [68,71]. 
 

Yet, as already underlined, it is generally 
recognized that natural communities may often 
subsist in more or less non-equilibrium states, 
involving the remanence of appreciable 
interspecific-competition [60]. This is also 
apparent from the survey of 38 marine 
communities as shown above in Fig. 2 and 
further in Figs. 9 & 10. Indeed, many causes can 
contribute to prevent or at least to bridle the 
tendency towards low-competitive equilibrium, 
such as demographic cyclicity, predation 
hazards, fluctuations and instability in physical 
and biotic environment [60,72] or, stochasticity in 
the continuous species recruitment [73]. 

3.6 On the Relevance of the MACARTHUR 
Conception of Niche Display and Inter 
Specific-Competition  

 
According to MACARTHUR [53], when niche 
display corresponds to the “contiguous, non-
overlapping niche” pattern, the resulting absence 
of geometrical niche-overlaps prevents 
interspecific-competition (with, accordingly, a 
relatively even species abundance distribution, 
complying with the “broken-stick” model). Now, 
the increase in the number St of co-occurring 
species – that is the increase of the (same) 
number of species-associated niches – will likely 
render the ideal niche-diversification increasingly 
difficult, likely triggering a progressive niche 
“overcrowding” and the resulting onset of niche-
overlaps. All other things remaining equal, the 
interspecific-competition within community is 
therefore expected to increase with higher 
species-richness St. And expected to increase 
also, with the overall density D of individuals, 
since the intensity of contest among co-occurring 
species for shared resource at niche-overlaps is 
exacerbated by the density of                 
individuals. 

 

 
 

Fig. 6. Variations of the crude species-abundance unevenness U and the true species-richness 
St along the following recovery process, from 1968 (before destruction by nuclear testing) up 

to 1997: black discs. Also plotted, as a background context, is a series of other marine 
communities comprising either invertebrates or fishes: light-grey discs. Note, in particular, the 

transient substantial increase in species-richness, inducing in turn a strong increase in 
interspecific-competition, quantified by the transient sharp discard of unevenness U from the 

corresponding unevenness U’(St) of the “broken-stick” distribution and the final return to 
weak interspecific-competition (adapted from [59]. 
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Fig. 7. Ecological interpretation of the variations in the intensity of interspecific-competition 
(quantified by the standardized abundance unevenness Istr) driven by the severity of 

interspecific-contests for shared resource at functional overlaps among partially intersecting 
niches. The degree of “functional overlap” depending on both (i) the extent of geometrical 
overlapping (promoted by increasing species-richness and the corresponding number of 

species-associated niches) and (ii) the density of individuals sharing the same kind of 
resource at niche overlaps (results according to [59]) 

 
This expected, positive correlation of Istr with both 
St and D, when all other things remain equal, 
deserves and can be tested empirically, provided 
appropriate field data is made available, that is 
the concomitant variations of both species-
richness St and the overall individuals-density D 
on a same site. Such a rare opportunity is 
obtained by the monitored recovery of the reef-
associated Gastropod community, reported in 
reference [59] and already considered in the 
preceding section. Based on the observed values 
of Istr, St and D along the recovery process, a 
linear regression of Istr against St and D yields: 
 
Istr  =  0.0794 St + 0.1987 D – 0.740                 (4) 
 
the regression being statistically significant as 
regards the dependence of Istr upon both (i) the 
species-richness St: t-test, df = 2, t = 10.0, p = 
0.01 and (ii) the overall density D of individuals 
per unit of area (m2): t-test, df = 2, t = 4.6, p = 
0.04. 
 
This linear regression not only fairly well 
complies with qualitative expectations regarding 
the respective, positive roles of species richness 
St and individuals’ density D in promoting 
interspecific-competition within the community. It 
further exhibits a fairly good quantitative fit with 

the observed data: Fig. 8. This provides 
additional empirical support – now in precise 
quantitative terms – to the rationally expected 
positive answer of standardized unevenness Istr 
(reliably accounting for the intensity of 
interspecific-competition) to both species-
richness St and overall density of individuals D. 
 
Finally, this result provides complementary 
convincing support in favor of the niche-pattern 
appraisal of species organization within 
communities (as opposed, incidentally, to the 
purely stochastic view advocated by the so-
called “Neutral Theory”, at least when the latter 
theory is considered stricto-sensu).  
 
And – still more precisely – the results above 
clearly comply fairly well with the conception 
developed by MACARTHUR, in his seminal paper 
on the subject [53]. In particular, the results 
highlighted in both sections § 3.5 & 3.6 jointly 
provide strong empirical support to the 
interpretation of the broken-stick model of 
abundances distribution as relevantly reflecting 
the “contiguous, non-overlapping” niche pattern 
advocated by MACARTHUR, thereby clearly 
dismissing other alternative interpretations of the 
broken-stick distribution, formerly put forward 
[74] (and already duly criticized in [75]).
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Fig. 8. Comparison between the observed and the computed variations of the intensity of 
interspecific competition (aptly quantified by the standardized abundance unevenness Istr) with 

St and D. As observed: white discs; as computed according to equation (4): grey triangles.  
 

3.7 Deriving Suggestive Relationships 
between the Main Parameters Driving 
the Hierarchic Organization among 
Species within Community 

 
Based on the solid foundations just highlighted 
above, one can envisage establishing some 
suggestive quantitative relationships between: 
 

        - on the one hand, the species-richness St 
and the overall density D of individuals, as the 
input data, and 
        - on the other hand, a series of parameters 
characterizing the species organization within 
community, such as: (i) the crude species-
abundance unevenness U, (ii) the degree of 
"species-packing" (1/U) [76-79], that is the 
degree of niche-diversification and the resulting 
refined resource-partitioning [56,76,80-86], (iii) 
the intensity of interspecific-competition, aptly 
quantified by the standardized abundance-
unevenness Istr, (iv) the lowest relative 
abundance aSt, (v) the lowest density (= absolute 
abundance ) dSt. The latter being of particular 
practical concern, as it is expected to condition, 
in turn, the subsistence of the rarer species (in 
particular with reference to the “Allee effects” 
thresholds [87,88]) – thereby determining the 
expected degree of resilience of the level of 
species-richness.  

 
In this perspective, empirical data derived from 
the recovery process of the reef-associated 

gastropod community [59] leads to the following 
empirical relationships: 
 

*Istr  =  0.0794.St + 0.1987.D – 0.740              (4) 
 

*aSt = 0.00195.D.(Istr)– 6.63, that is: 
 

*aSt = 0.00195.D / (0.0794.St + 0.1987.D – 
0.740)6.63                                                          (5) 

 

The two relations above being, each, empirically 
derived from the regression (i) of Istr with respect 
to St and D and (ii) the regression of aSt with 
respect to D and Istr, using empirical data from 
[59].  
 

Then, the two relations below are directly derived 
from the two preceding ones: 
 
* dSt = aSt.D = 0.00195.D2.(Istr)– 6.63,  that is: 
 
* dSt = 0.00195.D2

 / (0.0794.St + 0.1987.D – 
0.740)6.63                                                          (6) 
 

* [1/U] = (1/U’(St)).(1/Istr), that is (accounting for 
result in Appendix 2): 
 
* [1/U] = (1.006.St

+0.767) / (0.0794.St + 0.1987.D – 
0.740)                                                               (7) 
 

And, more generally: 
 

* Istr  =a.St + b.D – c                                    (4 bis) 
 

* aSt = e.D/(a.St + b.D – c)f                                        (5 bis) 
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* dSt = e.D2 / (a.St + b.D – c)f                      (6 bis) 
 

* [1/U] = (g.St
h ) / (a.St + b.D – c) = (1.006.St 

0.767 ) 
/ (a.St + b.D – c)                                         (7 bis) 
 
with, among the coefficients ‘a’, ‘b’, ‘c’, ‘e’, ‘f’, ‘g’: 
 

- ‘a’ and ‘b’, being essentially positive, in 
accordance with the frame of the niche-
pattern hypothesis; 

- ‘e’ and ‘f’, being obviously positive to make 
sense; 

- ‘g’ and ‘h’ remaining unchanged (g = 1.006, h 
= 0.767), since these coefficients are two 
characteristics of the broken-stick model; 

- the sign of ‘c’ cannot be prescribed but, yet, 
remains such that (a.St + b.D – c) remains 
always essentially positive. 

 

4. DISCUSSION 
 

Following both the theoretical argumentation and 
the empirical evidence provided above, the newly 
conceived “standardized” unevenness index, Istr, 
benefits from being relevant and self-significant 
at both the descriptive and the interpretative 
points of view. Thereby complying with those 
requirements already claimed by many authors 
[5-18]. Requirements, however, having remained 
unsatisfied, up to now, by conventional metrics of 
abundance (un-) evenness.  
Namely: 
 

         (i) the standardized unevenness index, Istr, 
is cleared out from the overall trend for (negative) 
dependence of the crude abundance 
unevenness U upon species-richness: 
accordingly, the standardized unevenness Istr on 
the one hand, and the total species-richness St 
on the other hand, are truly complementary, 
instead of being, partly redundant descriptors, as 
is the case with crude abundance-unevenness U 
– and more generally with all conventional (un-) 
evenness metrics.  
With the resulting major practical advantage that 
the standardized unevenness index now makes 
intrinsic sense, as required in particular in [10], 
thus allowing reliable (non-biased) comparisons 
between communities, whatever their differences 
in species-richness. This remarkable and 
desirable property of the standardized index Istr 
having been achieved by opportunely 
standardizing the crude unevenness U to the 
broken-stick unevenness U’, after having 
recognized the latter as precisely conveying the 
part of the crude unevenness which is formally 
dependent on species-richness, as empirically 

highlighted in Fig. 2. This being also further 
supported, on a theoretical basis, by the 
demonstration of the entire and univocal 
dependence of the broken-stick unevenness U’ 
upon species-richness [9,53,54], see also 
Appendix 2. 
 
        (ii) the standardized unevenness index, Istr, 
is self-significant at the ecological point of view, 
since this index relevantly reflects the proper 
contribution of interspecific-competition intensity 
to the degree of abundance-unevenness. The 
intensity of interspecific-competition being all the 
stronger than Istr exceeds unity – with competition 
being understood as the result of interspecific 
contests for shared resource arising among 
species co-occurring at functional niche overlaps 
(following the classical theoretical framework 
proposed by MACARTHUR in his seminal paper 
[53]). 

  
Note that the theoretical framework by 
MACARTHUR – despite having been challenged in 
the past on the basis of speculative 
argumentations [74] (but see [75]) – receives, 
here, still further empirical support from the 
evidence provided in Figs 6 & 7, successfully 
replicated in Fig. 8. Empirical evidence fairly well 
complies with the schematic interpretative 
background highlighted in Figs 3 & 4. 

 
Moreover, and most interestingly, this highlights 
that the baseline position of the “broken-stick” 
unevenness, with respect to the overall 
distribution of crude unevenness U in a large 
series of marine communities (see Fig. 2), is far 
from being coincidental but, indeed, deeply 
rooted in the ecological process which rules the 
hierarchized internal structuration of species 
within natural communities (see also Appendix 
3).   

 
In other words, beyond the varying intensity of 
interspecific-competition among natural 
communities (usually within the range 0.8 < Istr  < 
2, see Figs 9 &10), it is definitely the ideal pattern 
of “contiguous non-overlapping niche” – i.e. the 
absence of interspecific-competition – which 
actually provides impetus to (and thus explains) 
the trend for decrease of the crude abundance 
unevenness U with increasing species richness 
St.  A trend which becomes obvious as soon as a 
sufficiently large range of variation of species 
richness is considered, as clearly highlighted in 
Figs 1 and 2. 
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Fig. 9. Crude species abundance unevenness U plotted against total species richness St for 38 
marine communities (as shown in Fig. 2), superimposed upon the interpretative frame 

proposed in Fig. 3. 
 

 
 

Fig. 10. The “standardized abundance unevenness” Istr plotted against total species richness 
St for 38 marine communities (after [42-52]). 

 
A final remark: the central role plaid by the 
“broken-stick” model – deeply rooted in the 
process of internal organization of species within 

communities – may seem surprising, since it is 
now commonly admitted that species abundance 
distributions generally better fit the “log-normal” 
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model that any other kinds of models [54,89-92]. 
Yet, in fact, there is no inconsistency at all, 
because the “broken-stick” distribution actually 
merges fairly well into the “log-normal” family, 
within which the “broken-stick” represents, 
simply, a special case – as further argued in 
Appendix 4. 
 

5. CONCLUSION 
 
Splitting the “crude” (as-recorded) abundance 
unevenness U into two contributions, the 
“broken-stick” unevenness U’(St) – 
mathematically related to species-richness St – 
and the “standardized” unevenness Istr – formally 
independent of species-richness – has first 
answered practical purposes. Thus, thanks to 
having disentangle the standardized 
unevenness, Istr, from the crude unevenness U, it 
becomes now possible: 
 

        (i) to make relevant comparisons of species-
abundance unevenness between communities 
whatever their differences in species richness, 
thereby conferring to the standardized 
unevenness index Istr a true descriptive 
representativeness – while this is not allowed 
with the crude unevenness U and, more 
generally, with any of the  conventional metrics of 
abundance (un-) evenness;  
 

        (ii) to uncover the specific contribution to the 
level of species abundance unevenness of the 
intensity of interspecific-competition, triggered by 
contests among species exploiting a same 
shared resource at niche-overlaps                     (if 
any). 
 
This, indeed, is of major interest, since none of 
the conventional descriptors of species-
abundance unevenness – by lacking 
standardization – can relevantly satisfy the two 
fundamental objectives of reaching true 
descriptive representativeness and allowing 
ecological self-significance (in term of the 
consequence of the severity of interspecific-
competition on the degree of species-abundance 
unevenness).  
 
Beyond the practical purposes just evoked above 
– addressing a more general appraisal of the 
processes involved in the internal organization 
within species communities – the splitting of 
abundance unevenness in its two (multiplicative) 
components – U’(St) and Istr – clearly 
disentangles and highlights separately:  
 

(i) what does contribute to reduce the 
unevenness of species abundances, 
namely an improved niche diversification – 
relevantly quantified by [1/U’(St)] which 
measures the degree of species “packing” 
[77,93], 

(ii) from what contributes, on the contrary, to 
(multiplicatively) increase the unevenness 
of species abundances, namely the 
intensity of interspecific competition. 

 
With this essential remark that:  
 
        - while the contribution “Istr” of interspecific 
competition is of purely deterministic nature and, 
as such, is idiosyncratically attached to the 
particular community under consideration, 
        - the contribution [1/U’(St)] of improved 
niches diversification – although being also 
deterministic in essence – can yet be fairly well 
accounted for in simply stochastic terms (i.e. the 
“broken-stick” process of niches’ apportionment 
to co-occurring species), as a univocal function 
of the species-richness, whatever the other 
characteristics of the community, as thoughtfully 
suggested by MACARTHUR [53].  
 

Moreover, strongly supported by empirical 
evidence – the central role played by the 
“broken-stick” model in this interpretative 
approach thus fairly complies with MACARTHUR 
conception of species-abundance distribution in 
relation with geometrical niches’ display.  
Thereby providing renewed credit to MACARTHUR 

original intuitions. 
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APPENDIX 1 
 

Demonstration that the variation of the overall range Ra of species abundance is mainly related 
to the variations of the lowest species-abundance aSt 

 
The variations, with species-richness, of the overall range of species abundances, Ra = [log10 (a1) – 
log10 (aSt)], are mainly driven by the corresponding variations of the lowest abundance aSt. And, 
accordingly, the same holds true for the variations of the crude abundance-unevenness U. This is 
because the highest species-abundance, a1, proves remaining quite less variable than is the lowest 
abundance, aSt, as shown by Figure 11, from empirical data.  
 

 
 

Fig. 11. The respective abundances of the dominant species (a1): white discs and of the rarest 
species (aSt): grey discs, both plotted against species richness St for 38 marine communities 
(after [42-52]).   As a trend, the increase with species-richness of the overall range of species 
abundance, Ra = [log10 (a1) – log10 (aSt)], mainly results from the corresponding rapid decrease 
of the abundance (aSt) of the rarest species, while the abundance (a1) of the dominant species 

remains almost constant, comparatively. 
 
This trend can, moreover, be generalized on theoretical basis. For the purpose of simplified 
demonstration, let consider an assemblage of species with a species-abundance distribution ideally 
fitting a geometric series, with a constant ratio ‘k’ = ai /ai+1 between the abundances of two successive 
species, i and i+1, ranked by their decreasing values of abundance. It comes for the most and the 
least abundant species a1 and aSt: 
 

a1  = (kSt – kSt–1)/(kSt – 1)   and aSt= (k – 1)/(kSt – 1)          (A.1) 
 

Then: 
 

∂a1 /∂St = – (k – 1).kSt-1.ln(k)/(kSt – 1)2              (A.2) 
 

∂aSt /∂St = – (k – 1).kSt.ln(k)/(kSt – 1)2                (A.3) 
 

and 
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∂ln(a1) / ∂St = (1/a1).∂a1 /∂St = – ln(k)/(kSt – 1)                (A.4) 
 

∂ln(aSt) / ∂St = (1/aSt).∂aSt /∂St = – kSt.ln(k)/(kSt – 1)       (A.5) 
 

Thus: 
 

∂ln(aSt) / ∂St = kSt.∂ln(a1)/∂St          (A.6) 
 

As soon as k >1, kSt rapidly exceeds unity, considering usual values of species richness St. It follows 
that ln(aSt) decreases much faster with species richness than does ln(a1). In practice, as soon as k > 
1.07, ln(a1) remains substantially constant while ln(aSt) steadily decreases rapidly with increasing 
species richness.   
 

APPENDIX 2 
 

Derivation of the expression of the abundance unevenness U’(St) of the broken-stick 
distribution 
 
Following MACARTHUR [53] the relative abundance a’i of the species of rank ‘i’ in the broken-stick 
distribution of species abundances is given by: 
 

a’i  = (1/St) Σn = i to St (1/n)          (A.7) 
 

the summation on (1/n) being extended from n = i to n = St. 
 
In particular: 
 

a’1  = (1/St) Σn = 1 to St (1/n)            (A.8) 
 

a’St  = (1/St) Σn = St to St (1/n)  = 1/St
2        (A.9) 

 
Besides, the direct derivation of the expression of U’(St) proceeds from reference [9] by MAY. In the 
“Table 3” of this reference, MAY defines the dominance, ‘d’, in the broken-stick distribution as d = 
ln(St)/St (at least for St not too low, say > 10). As the dominance is defined as the higher relative 
abundance, namely a’1 in the broken-stick, it comes: 
 

a’1 = ln(St)/St                    (A.10) 
 

Then, ‘J’, the inverse of the lowest relative abundance a’St (his equations (1.1) in reference [9]) is 
identified to St

2 (his equation (D.6)), so that:  
 

a’St = 1/St
2          (A.11) 

 
and thus: 
 

a’1/a’St = [ln(St)/St]/(1/St
2) =  St.ln(St) 

 
Accordingly, from the definition of U’(St): 
 

U’(St) = (log10 (a’1/a’St)) / (St – 1)  
 

it comes finally: 
 

U’(St)=  (log10 [St.ln(St)]) / (St – 1)               (A.12) 
 

Alternatively, U’(St) can be, also, fairly well approximated by a power regression of the type:  
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U’(St) ≈ a.St
 –b                     (A.13) 

 
For example, the following approximation can be considered suitable in the range of species richness 
St between 10 and 120: 
 

U’(St) ≈ 0.994 St
 – 0.767 ≈ St

 – 0.767              (A.14) 
 

 

APPENDIX 3 
 

Intending to be a pedagogical supplement, Box 1 provides a schematic summary of the link between 
the niche theory, interspecific competition and the outcome of both, in term of the more or less uneven 
distribution of species abundances within communities – and, consequently, about how species-
richness is accommodated, schematically. 
 

 
 
BOX 1 – Schematic representation of how the accommodations of both species-richness and species-
abundance unevenness are partially (i) inter-dependent and (ii) dependent on (ii.a) the environmental 
parameters and (ii.b) the composition of the regional pool of species. Species richness ‘St’ and the 
standardized unevenness ‘Istr’ are the two main (and mutually independent) descriptive and functional 
factors which, by themselves alone, suffice to characterize important quantitative aspects which 
highlight how proceeds the internal organization of species within communities. Two additional, 
subordinate factors, the crude abundance unevenness U and the overall range of species 
abundances Ra are, for their own, entirely dependent upon the formers, St and Istr. The broken-stick 
abundance unevenness U’(St) – due to its meaningful linkage with the “non-overlapping niches 
display” [53] – thereby plays the role of a sort of “compass” supporting the relevant functional 
interpretation of the “hierarchical” organization among co-occurring species within community. 

 

APPENDIX 4 
 

The broken-stick distribution, relevantly considered as an ‘asymptotic member’ of the log-
normal family 
 
One point may deserve further discussion, regarding the status of the “broken-stick” distribution 
among the wide catalogue of species abundance models (reviewed in [94]). The “broken-stick” 
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distribution itself belongs, as the “log-normal” model, to the subset of stochastically generated models. 
Within this subset, the “log-normal” has now gain large admittance. And this despite the alternative 
“log-series” model had been advocated still recently as having equal or even a better goodness of fit 
than the “log-normal” model [95]. Yet, there is now sufficiently increasing evidence that the apparent 
success of the “log-series” model likely results from (and is therefore restricted to) its applications to 
substantially incomplete Species Abundance Distributions (“S.A.D.s”), themselves resulting from 
substantially incomplete samplings [54, 89-92].  Such incomplete samplings being most common in 
practice, as already underlined in the Introduction. The resulting, incomplete, “S.A.D.s” – therefore 
more or less truncated towards the rarer species – may thus seem to comply with “log-series” while, in 
fact, they truly are “log-normal” distributions but artificially truncated towards rarer species, due to 
sampling incompleteness. Appropriate numerical extrapolations of incomplete samplings additionally 
support also this interpretation [42-52].  So that, complying with references [54, 89-92, 96], it can be 
considered that “S.A.D.s” – at least most of them – are better fitted by “log-normal”- like models. 
 
It may thus seem rather surprising that the “broken-stick” distribution plays such a focal role in 
community ecology, as highlighted above.  
 
In fact, the “broken-stick” distribution is asymptotically close to the family of “log-normal” distributions.  
This, indeed, is logically related to the stochastic character of the “broken-stick” procedure of niches’ 
apportionment to co-occurring species. This procedure being, in fact, quite close to the stochastic 
conception of the “log-normal” distribution, apart from the marginal difference that the number of 
stochastic events involved in the “broken-stick” process is fewer than is the virtual infinity of stochastic 
events ideally involved in the “log-normal” process. But, in practice, as the convergence is rapid, the 
“broken-stick” distribution merges fairly well into the “log-normal” family. This may be easily verified 
empirically, at least for species richness greater than ≈ 10. Fig. 12 provides an illustrative example for 
St = 60. 
 

 
 

Fig. 12. The “broken-stick” distribution (here for species-richness St = 60: double line) fits 
reasonably well the log-normal distribution corresponding to the same species-richness and 

computed with an appropriate standard deviation, here = 0.46 (dotted curve). 
_________________________________________________________________________________ 
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