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1 Introduction
Biodiversity, the variety of life forms on Earth, is essential for the functioning and stabil-
ity of ecosystems[4, 8]. Understanding and quantifying biodiversity is therefore critical
for conservation efforts and ecosystem management[10]. However, the sheer complexity
of ecosystems often poses a formidable challenge in assessing biodiversity comprehen-
sively, therefore the use of proxies and metrics becomes necessary[12, 14].
Among the myriads of organisms inhabiting Earth, insects are by far the most diverse

group with over 1 million described species[23]. They therefore constitute approximately
half of all ≈ 2.1 million described species in the world[9]. Terrestrial arthropod biomass
constitutes around 200Mt of which the majority are insects[5]. This is over three times the
global biomass of humans and 20 times that of wild terrestrialmammals[1, 5]. In addition to
being incredibly speciose and abundant, insects are found in virtually every terrestrial and
aquatic ecosystem on the planet with almost every ecological life history imaginable[19].
Insects are therefore great candidates for monitoring biodiversity across the planet, but

traditional methods of insect biodiversity monitoring are labor intensive and require bi-
ological expertise[13]. However, with the advent of automated sensor solutions such as
the Volito[18] and evoSense sensor[15], gaining large-scale continuous monitoring of in-
sect abundance and biomass is possible without intensive manual labor. These sensor
estimates are based on registration of flying insects using photonic[18] and electrostatic
field[15] technologies, which can detect and measure the insect’s wing beat frequency
(WBF).
In this paper we describe the principles of traditional biodiversity indices followed by

the introduction of a novel index (evolito diversity index), based on the distribution of in-
sect WBFs. The WBF data used is derived from the Volito sensor[18]. However, both the
Volito and evoSense sensors[15] register WBFs of insects, so the approach outlined in this
paper applies for both technologies. Since WBF to some degree is used to distinguish
specific insect taxa, such as mosquito species[11], andWBF is, at least partly, explained by
phylogenetic relationships[24], we propose that WBF distribution can function as a proxy
for insect taxa distribution (evenness). We explore the rationale behind this approach, how
it relates to traditional indices, its strengths and limitations, and the various ways in which
it can contribute to our understanding of ecosystem dynamics, conservation efforts and
human impact.

2 Background

2.1 Diversity indices[22]
Themost important componentsof biodiversity arespeciesrichnessSandspecieseven-
ness. The first refers to the number of different species present in a community and it is a
simple count of the number of unique species. A community with a high species richness
has a greater variety of species, while a community with low species richness has fewer
species.
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The latter refers to the relative abundance of individuals among the different species in
a community. It quantifies how evenly the individuals are distributed among the species.
A community with high evenness has a relatively similar number of individuals of each
species, while a community with low evenness is dominated by one or a few species, with
others being rare. It is worth noting thatmeasures of richness and evenness are not limited
to species-level analyses but can also be applied to higher taxonomic levels such as fam-
ily or genus. This is particularly relevant in studies of insect diversity, where identification
to species may be challenging, yet lower taxonomic resolution can still yield meaningful
ecological insights[2, 3, 25].
Various metrics and indices have been developed to quantify biodiversity concepts.

The two prominent ones often cited in literature are the Simpson’s diversity index and the
Shannon-Wiener index.

Simpson’s index[21]. The Simpson diversity index D, also known as the Gini-Simpson
index, is ametric used in ecology tomeasure species diversity. It focuses on the probability
that two individuals randomly selected from the community belong to different species.
Thus, this index is particularly useful for identifying ecosystems with low diversity due to
the dominance of a few species, which can be important in conservation efforts. If pi is the
proportion of the total individuals represented by species i (relative abundance), then it is
calculated as

D =
∑
i

p2i (1)

With only one species present, so in absence of diversity, the Gini-Simpson index is 1
and approaches to 0 as both species richness and evenness increase. Relatedmetrics are
the Simpson’s index of diversity 1 −D and Simpson’s evenness (1/D)/S, where S is the
value of species richness.

Shannon’s index[20]. The Shannon diversity index, also known as Shannon-Wiener
index, is another widely used measurement in ecology to quantify the diversity of species
within an ecosystem over time. It also takes into account both the species richness and
their relative abundance. It can be obtained as

HS = −
∑
i

pi ln pi (2)

In absence of diversity the value is 0. It approaches the maximum value HMAX = lnS
when all S species are equally present. The Shannon’s evenness, also known as Pielou’s
index[17] can then be calculated as

EH = HS/HMAX (3)

which is comprised between 0 and 1.

In terms of reflecting species evenness and richness, both indices have their strengths
and weaknesses. Simpson’s index may provide more insight into the dominance of par-
ticular species within a community. Because it squares the proportion of each species, it
tends to give more weight to dominant species, potentially under-representing the influ-
ence of rare ones.
On theotherhand, Shannon’s index is lesssensitive to thepresenceofdominant species

and it is often seen as a better reflection of species evenness, as it gives equal weight to all
species regardless of their abundance.

3 Methods
Our measure for biodiversity Eev is based on the Shannon Entropy of the WBF distribution
divergence from an homogeneous distribution. The WBF of an insect is the number of
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Figure 1: Example of a weekly WBF distribution for a field sensor in a specified interval of
time.

times it flaps its wings in a second. It is the primary attributes calculated by analyzing the
signal originated by such an event and recorded by our sensors. The Shannon Entropy[20]
is amathematical concept used tomeasure the diversity or uncertainty in a set of data and
the formula to calculate is similar to the one in Eq. 2, but pi represents the proportion of
insect events with a WBF comprised within a certain interval (or bin) i

Hev =
∑
i

pi ln pi (4)

In Fig. 1 is shown an example of aWBF distribution for a specific session over a specific
interval of time. Each bar represents the count of insects with a WBF within a certain bin.
In the context of continuous distributions, the choice of bin size (or binning), so indirectly
the choice of the number of binsNbin within a certain range becomes crucial. The resulting
number is then subtracted to the Shannon Entropy of a homogeneous distribution with the
same binning, soHref = ln(Nbin) and

Eev = 1− (Hev +Href )/Href (5)

It is worth noting that in Eq. 5, themaximumentropy reference valueHref depends solely
onNbin, making it a constant determined a priori. In contrast, in Eq. 3, themaximumentropy
referenceHMAX is a function of the richness S, and therefore varies depending on the sam-
pled population.
Since Hev is negative and in absolute value always lower or equal than Href , Eev is a

number comprised between 0 and 1. A higher value indicates less divergence from the
homogeneousdistribution, which is considered as the casewith a great number of families
(all binsarepopulated)withnodominant one (all familieshave thesameabundance). When
Hev → −Href we have max evenness, in fact Eev → 1. On the other hand, when Hev → 0−,
which occurs for highly dominating families, then Eev → 0.
To assess and validate our method, labelling sessions, i.e. the recording of insect flight

events in an enclosed setup containing only a specific family of insects, were carried out
with representatives from 16 different insect families. The insect families used and the re-
sulting WBF distributions are shown in Fig. 2. It can be noted that some families have
irregular and overlapping distributions.
Using the data from the labelling sessions, we can control the exact number of insect

families present for calculating the three diversity indices EH ,D andEev . This was done as
follows: for each size of family richnessS (ranging from2 to 16), a randomized set of families
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Figure 2: WBF distributions of labelled insect families.

has been sampled (e.g. [Apidae,Muscidae, Thripidae]whenS = 3), aswell as a randomized
set of proportions pi (e.g. [0.15, 0.55, 0.3]). Events from each family have been randomly
sampled according to the proportions defined in pi for a total ofNTOT events. These events
collectively represent a session of events for which we draw a WBF distribution as the one
in Fig. 1 and calculate evolito diversity index to compare to Shannon’s evenness (which is
bound between 0 and 1) and Simpson’s index of diversity (which is expected to grow with
S).
Note that pi is enough for the calculation of theShannon’s evenness andSimpson’s indexof
diversity, while for evolito diversity index we make use of the aggregated WBF distribution,
formally ignoring the number of families present in the session. We repeat this process
fifteen times for each size of family collections.

4 Results
In Fig. 3 the results for each process and for each method are shown as shadowed cir-
cles, while in solid lines are the averages for evolito diversity index, Simpson’s diversity and
Shannon’s evenness. Parameters’ choice (NTOT = 1000, NBIN = 30,WBFrange = (25, 600))
has been driven by numerical tests and heuristic evaluation, but further investigation may
lead to improved results.
TheaveragePearson’s correlationscoresandp-values for a seriesof analysis are shown

in Table 1. In Fig. 4a is better shown the strong correlation between Shannon evenness
index and the evolito diversity index, after a linear fitting of data shown in Fig. 3. While
the results obtained may suggest a very strong correlation, it’s important to note that such
a high correlation may not necessarily be observed in individual tests, due to statistical
fluctuations and method limitations highlighted in the next section. In Fig. 4b is shown
one of themany examples encountered during this analysis that none the less corroborate
the correlation between our richness-agnostic method and the Shannon evenness index.
We can see that for S = 7, the random selection of few sessions with strongly unbalanced
proportions between families produces a drop in evenness. This affects the Shannon’s
evenness index (in yellow) more than the Simpson diversity index (in red) as expected, but
the evolito diversity index (dark green) is able to capture this feature too.
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Figure 3: Statistical analysis and comparison between Shannon evenness and Simpson
diversity.

(a) (b)

Figure 4: (a) linear transformation Y = 1.42x− 0.11 between Shannon evenness and evolito
diversity index. (b) Case study in randomized sets.

We finally conducted a series of stress tests to ascertain the predominant factors af-
fecting our metric, whether it leans more towards insect family richness or evenness. The
averages have been run over fifteen resampling of families (shadowed circles). Fig. 5 il-
lustrates the scenario of maximum evenness, wherein all families are equally represented
within the session, denoted by an array proportion of [1/S]∗S. It is observed that the evolito
diversity index exhibits an increasing trend with higher values of S. This trend suggests a
notable influence of richness on themetric, albeit with a less pronounced steepness. Both
the Shannon and Simpson evenness indices maintain a numerical value of 1 by definition
(Figure 5a). Despite this, the evolito metric demonstrates a moderate correlation with the
diversity indices, particularly with the reciprocal Simpson diversity function (which in this
case becomesD = 1− (1/S)) and also ranges between 0 and 1) (Figure 5b), rather than the
logarithmic Shannon function (HS = logS).
In Fig. 6, we examine the scenario of a sessionwith a dominant family, where 70%of the

insectswithin the sessions originate froma single family, while the remainder are randomly
distributed among the other S-1 families. In this context, both the Shannon and Simpson
evenness (see Fig. 6a) exhibit rapid declines as S increases, signifying the growing promi-
nence of the dominant family (always set at 70%). Conversely, the diversity indices show
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less susceptibility to dominance, with a gradual increase as S expands (in Fig. 6b). Notably,
our evolito measurement appears to maintain an almost consistent, relatively low value,
combining both the decline in evenness and the rise in richness as S increases.

Correlation p-value
Shannon evenness 0.82 <0.05
Simpson evenness 0.62 <0.05
Simpson diversity 0.84 <0.05

Table 1: Pearson correlation for randomized sets.

(a) (b)

Figure 5: Maximum evenness test: (a) comparison with evenness indices and (b) compar-
ison with diversity indices

(a) (b)

Figure 6: Dominant class test: (a) comparison with evenness indices and (b) comparison
with diversity indices
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5 Discussion andConclusions
The numerical method employed to assess biodiversity within our study ecosystem, uti-
lizing insect WBF distributions as a proxy for family-level biodiversity, has yielded valuable
insights. However, it is essential to acknowledge its limitations to ensure the integrity of our
findings.

• Incomplete Taxonomic Coverage. One notable limitation of our study is the incom-
plete taxonomic coverage of insect families. We acknowledge that not all families
have been accounted for in our dataset, primarily due to taxonomic challenges and
data availability constraints. As a result, our assessment may not provide a compre-
hensive representation of the ecosystem’s true biodiversity used in this study.

• Data Quality and Reliability. It is known that insect behavior can be significantly influ-
enced by environmental factors, including light[6], temperature and humidity[16, 7].
The data used for this analysis is from sensors in controlled environments, like cages.
As a consequence, our analysis may not fully capture the nuances and variability of
insect behavior (including their WBF) under field conditions. Moreover, in real-world
sessions, rain or other forms of noise sources may lead to a number of false positive
events with a WBF falling within the range of interest and altering the distribution (es-
pecially in the low frequency region): this is to a good extent already addressed in the
data acquisition process by specifically developed event extractors procedures and
rain/noise filters[15].

• Inherent complexities of WBF distributions. In Fig. 2 a significant overlap in WBF dis-
tributions can be observed across various insect families which can obscure the dis-
tinction between different families (e.g. Braconidae, Megachilidae, Muscidae,...). The
method, reliant onShannonentropyderived from thesedistributions,may fail to delin-
eate the unique contributions of individual insect species to overall biodiversity. Fur-
ther research into examining features other than the fundamental WBF (such as WBF
harmonics), could prove useful in enhancing differentiation between insect families.
Furthermore, the presence of certain insect groups, such as Culicidae (mosquitoes),
withdisproportionately highwingbeat frequencies, exacerbates this issue. Especially
for real-world field sessions, they may contribute with a pronounced peak at higher
frequencies, distorting the overall shape and skewness of the distribution. For the
same reason, they may yield to a significant gap within the range of 300 and 400 Hz,
contributing to the sparsity of the distribution and complicating the numerical calcu-
lation of evenness.

Despite these limitations, ournumericalmethodhasyieldedpromising results and these
findings align well with other widely-used biodiversity metrics in the literature. The current
consistency underscores the validity of our method and suggests that it can provide valu-
able insights into the ecosystem’s ecological health. Future research should prioritize val-
idating our numerical method against real-world sensor data. Comparing these sensor-
derived insights with established benchmarks such as Malaise trap diversity data could
enhance the robustness of our approach or the development of new ones. This alignment
with empirical data would not only strengthen the method’s applicability in practical set-
tings but also highlight its potential to complement or even improve upon traditional bio-
diversity assessment tools.
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