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Simple Summary: There are a lot of only a few kinds of birds. Scientists want to describe this
fact with the right statistical distribution. Most of the time, the lognormal distribution is used. A
new study, however, finds that the number of bird species is best described by a log left-skewed
distribution. For the same set of data, we examine the rank abundance distribution rather than the
species abundance distribution. In this case, the number of birds in each rank is based on a power
law distribution.

Abstract: Only a few bird species are abundant. Understanding the abundance distribution of bird
species is critical for conservation efforts because rare species may be more vulnerable to habitat loss,
climate change, and other threats. According to new data, a log left-skewed distribution, rather than
a lognormal distribution, better adjusts to the abundance distribution of bird species. We look at the
rank abundance distribution rather than the species abundance distribution that use the same data
and find three power laws: for the top four species; for the abundant species minus the top four; and
for the rare species.

Keywords: abundance distribution; bird species; conservation efforts; log left-skewed distribution;
lognormal distribution; rank abundance distribution; power laws; rare species; biodiversity

1. Introduction

Ecologists have long been interested in the distribution of the number of species
occupying different numbers of sites independent of their abundance [1-7]. One of the few
universal patterns in ecology is the distribution of species abundance [8]. The fact that some
species are common but many more are rare is a crucial aspect of life’s diversity [9]. The
lognormal distribution is widely accepted in the ecology literature for the distribution of
species abundance [10]. A lognormal distribution emerges when the number of individuals
or another measure of abundance is plotted on a log scale, usually of base 2.

Callaghan et al. [11] used the most recent influx of citizen science data to estimate the
number of individuals (abundance) for 9700 bird species, accounting for roughly 92 percent
of all birds. They merged counts from the app eBird (https:/ /ebird.org/home, accessed
on 27 October 2022), which allows users to record bird sightings, with data from 724 well-
studied species. They then utilized an algorithm to extrapolate sample estimates. As a
result, they discovered a large number of species with small populations confined in niche
habitats, as well as a limited number of species spread throughout a large area.

Callaghan et al. [11] note that few of the species in their data are extremely abundant,
and most have low population estimates. However, they also note that there would be
about 200 more bird species than anticipated if the abundance of bird species followed a
true lognormal distribution. They, therefore, propose a log left-skewed distribution.

A rank abundance curve (also known as a Whittaker plot) [12,13] is used by ecologists
to show the relative abundance of species, which is a component of biodiversity. It can
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also be used to depict the richness and evenness of species [14]. The number of different
species on the chart, or how many species were ranked, is referred to as species richness.
The slope of the line that fits the graph indicates the number of species. When there is
a steep gradient, the species at the top are more common than those at the bottom [14].
Because the abundances of different species are similar, a shallow gradient indicates high
evenness. Estimates of bird species abundance are critical for ecology, evolutionary biology,
and conservation, and progress in quantifying abundance is welcome. Rather than the
distribution of bird species abundance, we are interested in the distribution of bird rank
abundance using the same data as Callaghan et al. [11].

Instead of the lognormal and log left-skewed distributions, we use the Pareto dis-
tribution to model the bird rank abundance distribution. For the following reasons [15],
the Pareto distribution may be a better choice for modeling than the lognormal and log
left-skewed distributions: (1) Because the Pareto distribution has a long tail, it can bet-
ter capture the presence of rare but abundant bird species. This is meaningful because,
in ecological studies, rare species frequently have the greatest impact on the ecosystem;
(2) The Pareto distribution has a simple parameterization that requires only two parameters
(location and shape), making it easier to estimate and interpret than the lognormal and
log left-skewed distributions, which frequently require more parameters; (3) The Pareto
distribution is more robust to outliers than the lognormal and log left-skewed distributions,
implying that it is less affected by extreme values in the data. This is important because
ecological data frequently contains outliers, and the Pareto distribution can handle such
situations better; (4) The Pareto distribution has a power-law behavior, which means it can
capture the underlying mechanisms that generate bird species abundance patterns in an
ecosystem; (5) When focusing on the tail of the data distribution, the Pareto distribution is
more appropriate because the Pareto exponent is an index that describes the tail behavior,
known as the Pareto tail index.

2. Materials and Methods

The data are depicted in Figure 1a. There are four undomesticated species with billions
of individuals among the 50 billion birds: House Sparrows (Passer domesticus), European
Starlings (Sturnus vulgaris), Ring-billed Gulls (Larus delawarensis), and Barn Swallows
(Hirundo rustica). In comparison, each of the 5022 species has fewer than 500,000 birds.
Figure 1a shows a glimpse of the power-law pattern we discover and immediately draws
attention to the group of 1178 species that appear to deviate from the pattern, which we
will discuss later.
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Figure 1. (a) Only a few bird species are abundant (the numbers inside the bars represent the
number of species). (b) Three power laws emerge when we take In(rank) versus In(abundance).
(c) R? values versus sample size for the most abundant n 4 species (apart from the top four). The
crossing of the dotted lines indicates the optimal sample size (14 = 534) that provides a maximum
R? = 0.998, p < 0.0001 (left). R? values versus sample size for the rarer ng species; the optimal
sample size is ng = 89 with a maximum R? = 0.966, p < 0.0001 (right).

A power law governs a quantity when the probability of receiving a given value
varies inversely with its power [16]. Thus, a power law is a relationship between two
quantities in which a change in one causes a proportional change in the other. This holds
true regardless of the starting values. In the dynamics of hierarchical systems that arise
in physics, economics, and biology, power laws are common. A power law appears
geometrically as a straight line in a plot of the log of rank and the log of the quantity
at hand. After ranking the bird species from top to bottom, three power laws emerge.
Figure 1b is the result of plotting the log of rank against the log of bird abundance. The
power laws in Figure 1b can be quantified by calculating their Pareto exponents in relation
to the straight-line slopes.

One common approach is to use the survival function, S(x), in a Pareto type I
model [17]. Those bird species whose abundance exceeds x—that is, one minus the cumula-
tive distribution function P(x)—are given by

-

S(x) =1-P(x) = <x> )
Xm

where x,, is the lower bound on abundance, and x > x,, > 0. The Pareto exponent (tail

index) is the shape parameter « that describes the heaviness of the right tail, with smaller

values indicating a heavier tail.

We can estimate the three Pareto exponents associated with the rare and abundant
species by ordinary least squares regressions of the log of the survivor function on the log
of abundance and a constant term [17]. These result in straight-line intervals of slope—a
(Figure 1b).

To determine the group of the most abundant n4 species (aside from the top four),
we run linear regressions varying 14 from 10 to 5000 and record the corresponding values
of the coefficient of determination R2. Then, we do the same for the ng rarer species, also
ranging ng from 10 to 5000 (Figure 1c).

Our analysis focuses on the data distribution’s tail. The Pareto distribution is stable
to truncations and, thus, is useful for studying tail behavior. To see how the Pareto
distribution remains stable after a left truncation, consider a cutoff x., such as x; > x,; > 0
in Equation (1). We can write the truncated distribution using the conditional distribution

definition as S .
PO afx > ) = 50 = (B (£ - (%) @
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where x > x.. This indicates that the truncated distribution follows a Pareto with the same
index as the non-truncated Pareto.

3. Results and Discussion

For the most abundant species, model (1) fits well for the n4 = 534 most abundant
species, providing R? = 0.998 (p < 0.0001). As for the rarest species, the best fit presents
R% = 0.966 (p < 0.0001) for the ng = 89 rarest species.

We compute the Pareto exponents for the three subsamples (Table 1). The value of « is
very close to zero for rare species, suggesting a heavier tail. Thus, these species are in a
high uncertainty zone because there is no expected value for the number of rare species X.
As a result, such species are in a non-equilibrium state, in which they can be on the verge of
extinction (X = 0) or becoming increasingly rare. Apart from the top four, the distribution
of the most abundant species has an expected value of X for abundance. The distribution,
however, lacks a clear variability (as & < 2), implying that this group is still vulnerable to
abrupt hierarchical rank adjustments. Finally, the top four have the shortest tails.

Table 1. Finding the Pareto exponents.

Group Number of Species R? Pareto Exponent a Inx,,
Top four 4 0.972 3.485 (+£0.422) 1 73.90 (+8.85) t
Abundant minus top four 546 0.998 1.107 (£0.002) t 24.62 (+£0.04) +
Rare 89 0.966 0.0027 (£0.00005) t 9.18 (£0.0001) +

t p-value < 0.0001; 1 p-value < 0.015.

The heaviness of the tail in the species rank abundance distribution reflects an ecosys-
tem’s overall ecological stability and health, and can provide valuable insights into the
dynamics of species coexistence and interactions [12]. Here are a couple of examples:
(1) Endangered species are often scarce and have limited distributions. The heaviness of the
tail in the species rank abundance distribution can indicate that many rare species are on
the verge of extinction or have already gone extinct; (2) Rare species can have a significant
impact on ecosystem functioning and stability. Rare plant species, for example, may have
unique adaptations that allow them to survive in specific environmental conditions or
provide habitat and food for specific wildlife species. The extinction of such rare species can
have a domino effect on the rest of the ecosystem; (3) Rare species conservation is critical
for preserving biodiversity and ecosystem resilience. The heaviness of the tail in the species
rank abundance distribution may indicate that many rare species are at risk of extinction
and require conservation attention; (4) The presence of many rare native species in the
species rank abundance distribution may indicate that they are vulnerable to invasion and
competition from non-native species.

Our results are consistent with the literature, which shows that the risk of extinction
varies across the avian phylogeny [18]. Consider a hypothetical evolution of the values of
the Pareto exponent for the top four species as the k most abundant species are gradually
removed (Figure 2). Because no abundant species are removed in the benchmark of
Figure 1b, k = 0. The impact on the value of the Pareto exponent of removing the most
abundant species is represented by k = 1, and the impact on the remaining top four is
shown in Figure 2. The Pareto exponents are then computed after removing the two most
abundant species (k = 2), the three most abundant (k = 3), and so on. In a Loess smooth curve
fitting with a blue line (Figure 2), the shaded area represents a 95% confidence interval
for a. The results of the exercise show a pattern of interest in the impact of extinction on
the remaining (top four) species. The Pareto exponents, in particular, become unstable.
The alphas oscillate between light-tailed (¢ > 2) and heavy-tailed regimes. Of note, when
1 < a < 2, the Pareto has no variance, and when a < 1, it has no mean either. As a
result, the extinction of the big four significantly increases the overall uncertainty for the
other species.
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Figure 2. Changes in the value of the Pareto exponent (x) as we simulate the impact of the extinction
of the most abundant species (as k increases) on the other remaining four large species. The shaded
area represents a 95% confidence interval for . When & > 2, the red dot lines represent light-tailed
regimes; when & < 1, the Pareto distribution has no mean.

One could argue that more abundant species are less likely to become extinct than
less abundant species. However, there are three major scenarios in which the extinction
of the most abundant species is more likely than that of the less abundant species [12,19]:
(1) More abundant species have larger ranges and may be more dependent on specific
habitats. If their habitats are destroyed or altered, they may be unable to find suitable
alternatives, resulting in population declines. The Monarch butterfly, for example, is a
common species, but its numbers have declined due to the destruction of milkweed, the
only plant on which Monarch caterpillars can feed; (2) More abundant species may be
more appealing as hunting or fishing targets. Their populations can rapidly decline if
they are overexploited. The Passenger Pigeon, for example, was once the most abundant
bird in North America, but overhunting drove it to extinction in the early twentieth
century; (3) Climate change can affect species in a variety of ways, but more abundant
species are often more vulnerable to its effects. Corals, for example, are abundant in
many reefs, but they are vulnerable to warming waters, ocean acidification, and other
climate-related stresses, resulting in population and ecosystem declines. For the four most
common bird species—House Sparrows, European Starlings, Ring-billed Gulls, and Barn
Swallows—our hypothetical example may seem outlandish. The International Union for
Conservation of Nature revises the conservation status of species every few years. Taking
into account all relevant information, such as climate change, habitat degradation, and
human factors, a panel of scientists currently classifies the conservation status of all of them
as Least Concern, meaning that they are extremely unlikely to become extinct, barring
unforeseen circumstances. Although this is the current consensus, we emphasize that the
Pareto distribution’s ability to properly track outliers means that it also accounts for these
“unforeseen circumstances”.

The abundance of species is shaped by a variety of ecological processes [20]. Many
rarer species may have evolved to colonize a single island, for example, but human activity,
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such as deforestation, can also explain the pattern deviation in Figure 1a. Some species
may be rare as a result of our interference. From the standpoint of conservation initiatives,
this issue needs to be looked into further. Human activity, for example, is one of the most
important factors explaining species richness in urban environments [21], and increasing
urbanization has been shown to have a negative impact on bird species richness [22-26].
However, some species may benefit from urbanization and can be found in almost every
town on the planet, while others may suffer, and still, others may neither benefit nor
suffer [22]. Globally, urbanization causes taxonomic, functional, and evolutionary homog-
enization of urban animal and plant communities [27-30]. Rarer bird species were more
often found in land-sparing urban areas than in land-sharing areas across Europe [26].
Because of urbanization, the winter bird community has a structure with few widely dis-
tributed sedentary core species and many partially migratory or migratory satellite species
with a limited distribution [31].

A word of caution about the data is required here. Because bird enthusiasts tend to
record bird sightings primarily in remote or urban areas where they live, the data may
be biased. For example, if birders are more likely to observe and record birds in remote
areas, urbanization may appear to have little effect on bird populations when, in fact, bird
populations in urban areas may be declining. In contrast, if birders are more likely to
observe and record birds in cities, urbanization may appear to have a greater impact on
bird populations than it actually does.

4. Conclusions

Only a few bird species are abundant. Using new data, Callaghan et al. [11] propose
that a log left-skewed distribution, rather than a lognormal distribution, adjusts better to
the abundance distribution of bird species. Using the same data, we consider the rank
abundance distribution rather than the species abundance distribution. Three different
power laws are found: for the top four species; for the abundant species minus the top
four; and for the rare species. Because power laws emerge even when data are scarce, our
finding is not overly dependent on data quality.

The fact that many species, such as the third-most abundant Ring-billed Gull, have a
Nearctic distribution among the top ten most abundant species may be one limitation of
Callaghan et al.’s data. Because of this supposed limitation, the eBird database could not
reliably estimate the abundance of most species that do not occur widely in the Americas.
However, this criticism ignores the expert ornithologist knowledge that went into compiling
the dataset, and we cannot know any better.

Our findings have important implications for bird community studies because they
provide a more accurate picture of how bird populations are distributed in nature. This
information can be used to guide conservation and management efforts. Understanding
the power laws that govern the rank distribution of bird species, for example, can aid in
forecasting how populations will respond to changes in their environment or manage-
ment practices.
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