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1 | BACKGROUND

Abstract

The current biodiversity crisis warrants accurate measuring of biodiversity, often
achieved by counting species or higher taxonomic units, with morphological or
molecular methods. Alternatively, trait-centred approaches categorise organisms
into distinct ecological roles and then count the number of occupied roles to meas-
ure biodiversity. Even combinations of trait-based and taxonomic approaches
are utilised. However, when investigating the theoretical aspects, all these ap-
proaches have significant shortcomings, which complicate a reliable biodiversity
measurement, that is, the ignorance of polymorphic species, the sensitivity to the
initial classification or the knowledge gap concerning the ecology of the organ-
isms. We outline a non-discrete ecospace approach for which neither pronounced
taxonomic expertise nor in-depth knowledge about the ecology of the organisms
is required. A morphospace based on quantitative morphological properties is
used as a proxy for an ecospace, thus resulting in a continuous morpho-ecospace.
With this, decision-making concerning taxonomy or ecology is reduced, as mor-
phology is directly used instead of being first interpreted. Differences usually not
considered due to polymorphism or ontogeny can be included in this approach,
as well as fossils without species determination. This morpho-ecospace approach
is easily applicable and can be combined with already existing approaches, mak-
ing it broadly applicable.
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such losses, tools for measuring biodiversity and its
changes are necessary. Hence, monitoring biological

1.1 | Objective: Improving measures of diversity on multiple levels is a cornerstone in mod-

evaluating biodiversity

ern public health, pest control in agriculture, water
management and conservation programs (Bartram &

In the age of a changing environment, the loss of bio- Ballance, 1996; Mei et al., 2012; Needham et al., 2007;
diversity is a major threat to humankind. To recognise Woodward et al., 2010; Yoccoz et al., 2001). Modern
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biomonitoring is directed towards inferring the changes
in the environment, often based on observing changes
in species richness and species diversity within biologi-
cal communities in time and space (Birk et al., 2012).
This approach has not changed with the application
of high-throughput molecular methodologies such as
next-generation sequencing (NGS) and metabarcod-
ing (Beermann et al., 2018; Elbrecht & Leese, 2015).
Ultimately, such monitoring approaches form the basis
of political decisions (Wilson et al., 2006).

We will outline the shortcomings of three com-
mon approaches of measuring biodiversity and point
out that there is in fact a significant gap in this area
of research, supporting earlier evaluations (e.g. Spaak
et al., 2017). Based on the recognised practical and con-
ceptual shortcomings, we will propose how a different,
or at least additional approach of measuring biodiver-
sity could look like.

1.2 | A short note on terminology

When describing and discussing the ecological proper-
ties of species, we face a common challenge: language.
One aspect to be considered in this context is the term
‘niche’. The niche is in principle a small area in a large
multi-dimensional ecological space, describing the au-
tecology of a single species and its biotic interactions
with other areas of the occupied multi-dimensional
space (Hutchinson, 1957; Sexton et al., 2017). In the
strict view, the niche itself is therefore always directly
associated with this specific species (‘realised niche’).
However, the term ‘niche’ has also commonly been
used to address a principal ecological function (factu-
ally also a part of a larger multi-dimensional ecospace),
which is not necessarily coupled to a specific species
(‘potential niche’). In principle, this is a ‘niche sensu
lato’. The difference in use becomes immediately ap-
parent in the expression ‘unoccupied niche’. This term
makes no sense in the strict application, where a niche
is coupled to a specific species, but only in the second,
wider sense, describing cases where a certain ecological
function known from one community is not present in
another one.

In the absence of a better term, we have to use the
term ‘niche’ in its wider meaning as well, as we make
theoretical cases comparing communities. Although
this might be seen critical by some readers, we feel
currently unable to come up with an alternative term
to describe a discrete part of an ecological space in a
theoretical discussion. This statement is necessary to
avoid any possible misunderstandings concerning the

following discussion. With the ground rules of the ter-
minology set, we will point out three examples, showing
inadequacies of the methods we use to measure biodi-
versity and its changes.

2 | EXAMPLE 1,
TAXONOMY-CENTRED
APPROACHES: DIVERSITY INDICES

2.1 | Taxonomy as a proxy for
biodiversity

Diversity indices are an important measure of existing
biodiversity and the rate of its change in modern ecology
and biodiversity research, but also in conservation biol-
ogy (Huang et al., 2016; Mshvildadze et al., 2010; Villéger
et al., 2008). They are most readily applied to the diversity
of the organisms of a single habitat or biotope (‘commu-
nity’), or generally in alpha diversity studies (Jost, 2007).
They basically summarise the diversity within a commu-
nity into a single value which then can be compared, for
example, between different communities or for the same
community at different times. With this function, diver-
sity indices have become important in conservation bi-
ology and represent a crucial evaluating tool in times of
drastic environmental change and the biodiversity crisis
in general (Dirzo et al., 2014; van Klink et al., 2020).

Typical examples for alpha diversity measures are the
Simpson index (Simpson, 1949) or the Shannon Index
(also known as Shannon-Wiener Index or Shannon-
Weaver Index; Keylock, 2005; Shannon, 1948; Spellerberg
& Fedor, 2003). Different indices differ in sensitivity for
specific aspects: the Simpson Index, for example, is more
sensitive to species richness, that is, the mere number of
species, while the Shannon Index is more sensitive to spe-
cies evenness, that is, the relative number of individuals
per species (Keylock, 2005).

Despite these differences in sensitivity, all such types of
diversity indices factually measure taxonomic properties
of a community, by counting species or in some cases also
supra-specific taxonomic units. As this counting of spe-
cies requires first the identification of species, the ‘archa-
ic-appearing’ field of taxonomy has become an important
scientific field of research. Taxonomy is back, contribut-
ing significantly to other fields of science such as diver-
sity research, ecology and conservation biology due to its
relation to diversity indices (Carvalho et al., 2005; Engel
et al., 2021).

It is a common strategy to use base assumptions to sim-
plify complex observations. Diversity indices also fall into
this category. The weakness of this approach results from
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the base assumptions behind these simplifications out-
lined in the following.

2.2 | The general niche width problem
For exploring the base assumptions behind diversity indi-
ces, we will look at simplified hypothetical communities
with very few components and sometimes extreme proper-
ties to demonstrate in which aspects common indices lack
sensitivity. We will think of these as entities in a multi-
dimensional ecological space or ecospace (e.g. Bambach
et al., 2007). First, we need to recognise that here, species
are used as proxies for ecological properties, without as-
signing traits. When counting species, these represent dis-
crete entities that are all of the same size (or value), as
each species is one count (although it is weighed differ-
ently in the formulae of the different indices). Why is this
approach problematic concerning ecological properties?

We assume a hypothetical community A, which con-
tains ten species. Each species is represented in the com-
munity by a similar number of individuals. All ten species
occupy comparably narrow niches. In another commu-
nity B, we have only five species, again all represented by
a similar number of individuals, but these species occupy
comparably broad niches. In both cases, the same ‘ecolog-
ical space’ may be filled as each niche of one of the five
species of community B roughly equals the niches of two
of the ten species of community A (Figure 1).

In such a case, most diversity indices would indicate
that the community containing more species is twice as
diverse as the other one. From a conservation biological
point of view, this case is not as simple, as both communi-
ties are similar concerning their ecological space. Which
leads to the question, whether it is more important to pro-
tect communities with species that have narrow niches
rather than those with broad niches? One could argue
that it could be ecologically more sustainable in the long
run to choose to protect communities with species with

narrow niche broad niche

n(species) = 10 n(species) =5

\j
/

FIGURE 1 The niche width problem. A lower number of
species (right) may occupy the same ecospace as a larger number of
species (left).
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comparably broader niches. Yet, this view may be over-
simplified as well.

To emphasise this in a monitoring aspect: When assess-
ing the functional state of two communities, which one
do we consider functionally more diverse? It is entirely
possible that community A (10 species) contains more
specialists, but community B (five species) with broader
niches may provide more diverse ecosystem functions
and therefore provide more ecosystem services (which
is relevant also for human wellbeing). In principle, this
effect is stronger in the Simpson Index, but also affects
the Shannon Index. There will be also other differences
between the communities. More species will mean more
interactions and more dependencies on a community.
This could indicate that a community with more species
may have more ‘weak spots’. Yet, so far diversity measures
have not considered aspects of interdependencies in a
community.

One could assume that this ‘niche width problem’
would relate to a simple generalist-versus-specialist prob-
lem: specialists having narrow niches, generalists having
comparably broader niches. The case is much more com-
plex though, relating to numerous different aspects of bi-
ology, further outlined in the following.

2.3 | Niche width problem:
Polymorphism

A broad niche of a species may be coupled to the fact that
the niche of each individual is very broad, but very similar
among all individuals. Yet, it is also possible that the niche
of each individual is narrow, being highly specialised, but
the different individuals of the species differ remarkably
from each other, that is, the species is strongly polymor-
phic (Figure 2). This polymorphism may be caused, for
example, by genetic variability or by phenotypic plasticity.

polymorphic species

generalists

FIGURE 2 Generalist vs. polymorphic species, or how do the
individuals of a species contribute to the occupied ecospace. All
individuals may occupy almost identical regions of the ecospace
(left). Alternatively, individuals may occupy smaller areas, but
differ in their position, overall occupying the same area as in the
first example (right).
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What does this mean for a community? If we look at
the famous example of the Darwin finches (Darwin, 1841;
Grant, 1999; Lack, 1947), is it really ‘relevant’ in an eco-
logical context that we have numerous different species
with different beak shapes? One could instead argue that
the real important aspect is the ecological and morpholog-
ical diversity. If we have a similar community, but several
of these forms represent fewer, but strongly polymorphic
species, the common diversity indices would be signifi-
cantly lower (Figure 3), while the occupied ecological
space would be the same. Does the lower index indeed
reflect an ecological difference between such two hypo-
thetical communities? These thoughts likewise reveal the
weakness of the assumption that the number of species is
a good proxy for the functional diversity of a community,
which does not seem to be the case (Mlambo, 2014).

2.4 | Niche width problem: Larval
diversity

But the niche width problem is even more complex. The
ontogeny of species within a community can play an im-
portant role in this respect. Species lacking discrete larval
forms (see Haug, 2020 for challenges of the term) seem
to occupy about the same ecological niche throughout
their entire post-embryonic ontogeny (although signifi-
cant differentiation related to size changes can occur;
Benson et al., 2014). Yet, in species with a pronounced
larval phase, the larvae often occupy a significantly dif-
ferent niche than the adults (Haug, 2020). In the case of
a complicated ontogeny, the ecological niche of the spe-
cies may consist of two disparate parts of the ecospace
(Body et al., 2015). Some species even have more than a
single distinct larval phase, possibly occupying three or
more distinct regions of the ecological space (resulting in
a similar space occupation as in the polymorphism exam-
ple, Figure 2).

Following these considerations, we again assume two
different communities, each with five species, all of them

similar occupation of ecospace

A

n(species) = 3 n(species) = 1

polymorphic species

equally abundant. If in the first community only species
without distinct larvae are present, while in the second
one, all species develop through a distinct larval phase,
the second community would be ecologically more di-
verse, that is, occupy more ecological space (Figure 4).
Such differences cannot be identified based on common
diversity indices.

While in many approaches the focus lays on ‘adult
only’, in fact often ‘adult males only’, other life stages can
be used as well; still these seem largely focused on a sin-
gle stage (Merritt & Cummins, 1996; Miiller et al., 2013).
Such approaches can hence obscure potential environ-
mental disturbance signals affecting only single life stages
(Hering et al., 2004).

2.5 | Niche distance and niche position
problem

Another basic assumption in diversity indices is that not
only all entities are of the same size, but also that they
have the same distance or spacing between them. Yet, if
we understand the niches of species as occupied areas in
the ecospace, this does not necessarily have to be the case
(and most often it is not).

We again assume two different communities with five
species, each species occupying a similar niche size, that
is, area within the ecospace, but the two communities can
still differ in the distance between these areas. In such a
case, the overall occupied ecospace is rather similar, but
not exactly the same (Figure 5). The exact configuration of
the ecospace is important since it would be reflected in the
ecosystem functions and services performed by the com-
munity. Basically, the difference is the ‘space in between’
or ‘negative ecospace’.

While the factually covered area is identical, the range
is slightly larger in a case in which the distances between
the individual areas are larger. In this case, the difference
appears more subtle, but in cases where there are not only
five species but hundreds, this subtle difference may sum

no larval forms including larval forms

n(species) =5 n(species) =5

adults

larvae

FIGURE 3 Similar ecospace occupied by three species (left) or
by one polymorphic species (right).

FIGURE 4 Including larval forms expands the occupied
ecospace (right) in comparison to species without larvae (left).

51017 SUOLUWIOD) AR 3|0l e aU) Aq peueA0B 812 SOILE YO 95N JO'S3IN 10} ARIGIT UIIUO /B|IA UO (SUONIPUOD-PUE-SLLLBILLCY" A3 | AR2.q 1BU |UO//SciU) SUOIIPUOD) PUE S | a1 39S *[1202/20/22] U0 AXiq i1 8UIIUO AB|IM ‘AUBLLBS SLRIUR0D Ad 98YZT 0Ze/TTTT OT/10p/LICO" A8 1M AZRiq]jbu|uo//Sdy Wol) Papeojumo ‘0 ‘S6E9E9rT



HAUG ET AL.

“adjacent” niches “distant” niches

n(species) =5 n(species) = 5

5
ECN 1 E Y-

similar ocupation of ecospace

A

n(species) = 3 1 n(species) = 1

FIGURE 5 Niche position problem 1: relative position to each
other. Even with the same number of species each occupying the
same area, a community can have a larger ‘negative space’ when
the relative positions are further apart (right) instead of being
closer together (left).

differring positions in ecospace
A

n(species) =5 n(species) = 5

Y
\

FIGURE 6 Niche position problem 2: absolute position in
ecospace. Even if not only the occupied space, but also the negative
ecospace (= ‘space in between’ the species) is identical, the position
of two communities may well differ.

up to a significant difference in the occupied range within
the ecospace.

Part of the example refers also to a different position-
ing of the individual areas within the ecospace, which can
again create disparities. In two different communities, we
may have five species each, all with similar niche sizes
(area within the ecospace) that are all similarly spaced
(touching each other in our example), that is, they do not
differ in distance. Yet, they may still differ by simply being
positioned in completely different areas of the ecospace
(Figure 6).

2.6 | The problem of cryptic species

With the advent of molecular-based species delineation
(or delimitation), numerous so-called ‘cryptic species’
have emerged in recent years (e.g. Bickford et al., 2007;
Rehman et al., 2021). This phenomenon leads to an in-
crease in the values measured by diversity indices. Yet, we
need to ask: What does the identification of cryptic species
actually mean for a community?

\
y

FIGURE 7 The recognition of cryptic species does not change
the occupied ecospace. While there are three recognised species
in one community (left), and one in the other (right), in both
scenarios exactly the same space is occupied.

The answer is: possibly not that much. If species are
truly cryptic, they occupy the same ecological niche
(Figure 7). It is, however, increasingly clear that the term
‘cryptic species’ often simply means a species indistin-
guishable from another one, based on conventionally used
morphological characters. Interestingly, the opposite can
be true as well: Two seemingly morphologically distinct
species may turn out to be a single species genetically
(Lee et al., 2020). Such cases of pronounced differences
(e.g. due to phenotypic plasticity) can result in different
ecological functions of the two different morphotypes,
leading to species with very broad realised niches (Miner
et al., 2005). But also ‘cryptic’ species often become mor-
phologically distinguishable later, as more specimens of
the ‘cryptic’ and ‘initial’ species are compared and diag-
nostic morphological characters are identified. Therefore,
many ‘cryptic’ species are presumably also ecologically
distinct from the species with which they were originally
lumped.

However, assuming that some cryptic species are oc-
cupying the same ecological niche, one question arises:
Is a community in which the same niche is occupied by
numerous species ecologically more diverse and ‘valuable’
from an ecological function standpoint? Common diver-
sity indices would indicate so.

In principle, many discussions about cryptic species
relate to a rank-height problem (see also next section). A
discrete entity that had previously been recognised, for
example, as a population may now be recognised as a spe-
cies. Thus, the entire problem may indeed be a matter of
recognition (see, e.g. Scholtz, 2014). Whether it also relates
to a difference in ecological impact remains to be seen.

Despite these conceptual uncertainties, this discussion
has a direct bearing on the conservation policies and prac-
tices. The case of the giant Chinese salamander (Andrias
davidianus-complex) is a good example of this impact.
The salamander was originally considered a single species
but was later re-interpreted as a complex of five cryptic
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species (Yan et al., 2018). Similar cases have been made
for other large animals such as giraffes (e.g. Coimbra
et al., 2021 and references therein). In all such cases, the
split-up into several species has led to some of the new
species being considered endangered and becoming pro-
tected subsequently.

In the end, the problem comes down to the old question:
what is a species? Even if a formulated concept is available,
the question can be expanded to how such a species can be
practically recognised (Haug & Haug, 2017). This practical
recognition is especially problematic as most species con-
cepts lack a well-formulated frame of recognising species
over longer time spans (Haug & Haug, 2017). Yet, exactly
this aspect is crucial for any monitoring approach.

2.7 | Further rank-related aspects

So far, we have talked about species. However, diversity
indices have also been applied to higher ranks (genus,
family, order, etc.). This application seems to occur espe-
cially in palaeontological studies (e.g. Collins et al., 2018;
He et al., 2018; Shackell & Frank, 2000), but can also
be found in studies of extant organisms (e.g. Baldrighi
et al., 2017; Malviya et al., 2016; Miiller et al., 2013; van
Klink et al., 2020).

It is noteworthy, that many ecological studies are mix-
ing supra-specific groups of different ranks in the same
analysis (e.g. Baranov et al., 2017; Miiller et al., 2013).
Hence even these approaches seem aware that rank height
is not comparable in different lineages. The used ranks
seem dependent on taxonomic expertise and available
equipment required for identification, or simply on tradi-
tions existing in regional groups of experts dealing with
ecosystem biomonitoring. In Germany for example, it is a
tradition to generally ignore the species richness and eco-
logical diversity of non-biting midges (Chironomidae) in
the course of routine biomonitoring studies, despite their
tremendous functional and structural importance and di-
versity in freshwater communities (Armitage et al., 1995;
Sundermann et al., 2008). Without any scientific rationale,
they are lumped into a single category ‘Chironomidae’ (e.g.
single ID code in the AQEM software package commonly
used in biomonitoring data assessment in Germany;
Hering et al., 2004). This leads to a widely inaccurate as-
sessment of the ecological status and ecosystem functions
of the communities sampled (Orendt, 2018). Other coun-
tries such as Finland and some states of the USA have suc-
cessfully integrated a more differentiated determination
of non-biting midges into their monitoring approaches
(Orendt, 2018; Orendt & Spies, 2012).

The principal problem of applying diversity indices to
higher ranks arises from problems of ranks themselves.

Ranks lack any scientific basis, as there are no objective cri-
teria for deciding in which case which rank should be ap-
plied (e.g. Avise & Liu, 2011; Baranov et al., 2019; Baranov,
Wang, et al., 2020; Bertrand et al., 2006; de Queiroz &
Donoghue, 1988; Ereshefsky, 2002; Griffiths, 1976; Haug,
Baranov, et al., 2020; Hennig, 1969; Lee, 2003; Mayr, 1942 p.
291, line 3; Minelli, 2000; Miiller et al., 2013; Zachos, 2011).
It is evident that this notion is not new either, there is a
body of literature discussing the issue of incomparability
of higher ranks (Minelli, 2000; Schaefer, 1976). Therefore,
diversity indices applied to higher ranks seem mostly to
be a reflection of the taxonomic practice. For example, the
comparison of different communities through time may
tell us whether taxonomists working in a specific geo-
logical age tend to be splitters or lumpers (Burkhardt &
Smith, 1990; Endersby, 2009). Both habits heavily influ-
ence the indices that will be calculated. With this sensi-
tivity for decisions of experts, which are not necessarily
reproducible, common diversity indices are a weak tool
for time-related approaches.

2.8 | Non-taxonomy-related questions

As pointed out further above, larvae may occupy very dif-
ferent ecological niches, that is, areas of the ecospace than
their corresponding adults. This niche differentiation may
be one important point for the evolutionary success of spe-
cies with larvae as it ensures that the different conspecific
life phases avoid exploitation competition (Ayala, 1970;
De Beer, 1958; Ebenman, 1992; Pechenik, 1999; Werner
& Gilliam, 1984).

It seems to be generally assumed that adult morphol-
ogy is more diverse than the morphology of larvae (e.g.
Hoeg & Moller, 2006). Yet, as already De Beer (1958) has
pointed out, there are cases in which larval morphology
within a certain group is quite high, while the adults are
comparably uniform (see also Yamaguchi et al., 2000).
Such differences may be important for conservation bi-
ology for recognising the life stages (or phases) with the
highest impact on a community. Common diversity indi-
ces cannot be applied here as these are taxonomy-sensi-
tive, making them insensitive when the compared groups
represent the same taxonomic entity at different points
within their life history.

This is only one example that should point out that
not all diversity-related questions are taxonomy-related.
Especially life history-related questions may prove to be
important here. It is worth noting that in some fields of bio-
monitoring, such as river quality assessment, larvae are his-
torically taking precedence before adults in the calculation
of some of the diversity metrics (Merritt & Cummins, 1996),
while this seems uncommon in other approaches.
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2.9 | Summary of the weaknesses of
common taxonomy-centred approaches

We can shortly summarise the shortcomings of common
diversity indices. They are related to the fact that they:

- are only sensitive for taxonomic properties of a com-
munity, not for ecological properties of its components;
factually species number is used here as a proxy for
ecology;

« ignore width, distance and position of niches and eco-
logical ‘negative space’, or ecological impact of key
species;

« ignore polymorphic species or species with distinct
larvae;

« inflate ecosystem importance of species with almost
identical niches (i.e. cryptic species);

 are sensitive to rank-correlated problems (including
cryptic species);

« are sensitive to the taxonomic expertise distribution and
therefore are often subjective.

3 | EXAMPLE 2, A
TRAIT-CENTRED APPROACH:
THE ‘CUBE-ECOSPACE’

3.1 | A trait-only concept

The term ‘ecospace’ has so far been used for different
purposes. Above we have used it as a principle descrip-
tion of a multi-dimensional space with each dimension
representing the range of a specific ecological property.
The question remains how such an ecospace for a specific
community can be more directly recognised. As pointed
out above, diversity indices appear to proxy this space by
the number of present species.

Bambach et al. (2007) have outlined an approach to
compare communities through time, based on their eco-
logical components. This approach is different from tax-
onomy-based indices as it is not based on the taxonomic
properties, but purely on ecological properties.

Practically, each organism is classified in such an ap-
proach according to distinct properties of the organism,
for example, concerning its locomotory characteristics
or its feeding style (e.g. Bambach et al., 2007; Ghodrati
Shojaei et al., 2015; Hajializadeh et al., 2020; Lam-Gordillo
et al., 2021). In the traditional approach, there are three di-
mensions (locomotion, feeding, habitat) with six different
states each, resulting in a cube composed of 216 smaller
cubes. Each cube more or less equals an ecological guild.
A comparison between different communities can then
be based on comparing which cubes are filled and which
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ones are empty and furthermore which cubes are filled
to which amount, that is, which percentage of organisms
in a community is in which category (= cube). The first
aspect, the number of filled cubes, roughly equals diver-
sity indices that emphasise species richness. The second
aspect roughly equals diversity indices that emphasise
species evenness.

So far, this approach to outline an ecospace of a com-
munity appears to have been mainly applied to palaecon-
tological questions, but rarely to modern communities
(e.g. Bambach et al., 2007; Mondal & Harries, 2016;
Novack-Gottshall, 2007). While this approach can over-
come certain shortcomings of the taxonomy-related in-
dices, it itself suffers from severe limitations outlined in
the following.

3.2 | Size and distance

Similar to the traditional diversity indices, a cubic
ecospace is strongly simplifying complex multi-dimen-
sional ecospaces into 216 discrete units. As outlined above,
discrete units implicate a similarity of each unit concern-
ing the size of each unit and distance between adjacent
units. Unlike the diversity indices, there is a certain level
of reproducibility and quantitative characterisation of the
position within the space. Hence, communities with an
identical number of filled cubes (and equally filled cubes)
can still be recognised as different based on which cubes
are filled (e.g. an upper row of five cubes vs. a lower row
of five cubes).

Still, it must be clearly recognised that a complex
multi-dimensional ecospace is proxied in this case by a
rather simple three-dimensional space that uses sizes and
distances of cubes that are unlikely to reflect the true sizes
of areas in the ecospace and distances between them. This
does not seem to be a significant improvement when com-
pared to common diversity indices.

3.3 | Classification

As it was applied by Bambach et al. (2007), the cube-
ecospace approach is based entirely on a classification of
the different organisms within a community into discrete
categories. Hence, the concept heavily relies on the qual-
ity of the primary classification, suffering from the same
subjective problems as trait assignments to the supra-spe-
cific groups.

As discussed above for species and ranks, classifica-
tion can be difficult or at least challenging. It needs to be
based on reliable criteria, which allow other research-
ers to come to the same (or at least largely comparable)
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conclusions. Therefore, comparing communities with
such an approach may end up in comparing the quality
(or practice) of the classification of the organisms into
discrete classes.

3.4 | Reproducibility

Bambach et al. (2007) have specifically designed their
approach for comparing different communities through
time. Therefore, it is designed specifically to be applied to
fossil communities. Yet, some (if not many) of their cat-
egories cannot be directly observed in a fossil but have
to be inferred to a certain degree from comparison with
living relatives. While one could argue that this is a spe-
cific problem of studying fossils, it also applies to a con-
siderable number of modern organisms. Our capabilities
to observe organisms living in hard-to-access habitats, for
example, in the deep sea or the interstitial hyporheos are
still very limited. Hence, also here certain aspects of their
ecology need to be inferred (e.g. Drazen & Sutton, 2017)
based on the observed morphologies. Even common
freshwater species used in biomonitoring are relatively
difficult to observe at different life stages, which leads to
extrapolation of the data from their morphology or better-
studied-related species (Cranston, 1990).

The difficulty of such estimations is that different re-
searchers will come to different conclusions. Hence, the
reproducibility of the classification into Bambachian cube
categories is not always given.

3.5 | Coarseness

As applied by Bambach and colleagues, the entire scheme
of ecological classification remains rather coarse or ‘pix-
elated’. While it may be sufficient for recognising differ-
ences in certain communities through time, it seems to be
too coarse to recognise differences in modern communi-
ties. We can also expect to recognise a difference between
desert communities and rainforest communities, but can
we expect to find differences between different rainforest
communities?

This coarseness is partly related to the classification
problem. If we were able to capture finer differences in
the community structure, we would be able to gain a finer
resolution.

This aspect also comes back to another problem,
namely a priori assumptions of the states and traits of an
ecosystem that have to be made to create such an ecospace.
These are, of course, limited to our knowledge about the
organisms, which is mostly not an issue for a wet meadow,
but clearly one for the deep sea.

3.6 | Dealing with polymorphism

The cube-ecospace also has difficulties in dealing with
polymorphic forms and especially with differences be-
tween larvae and adults. While most representatives of
Reptantia (Eucrustacea), Eleutherozoa (Echinodermata)
and Mollusca are benthic as adults, many of them are
planktic during their larval life (Pechenik, 1999).

In principle, this difference in life habits could be sim-
ply coded as a single species occupying two of the cubes.
However, concerning fossil communities we face the chal-
lenge of taphonomic bias as certain life habits as well as
certain life stages are more likely preserved than others.

Can we infer the presence of the larvae based on the
presence of certain adults? Most likely not. Larvae may
live in quite different habitats than corresponding adults.
Also, larvae and adults do not necessarily evolve at the
same speed (e.g. Klingenberg, 1998; McNamara, 1986).
Certain adult forms may have already evolved and not yet
possessed the highly specialised larvae known from mod-
ern forms (Haug, Audo, et al., 2015) or vice versa (Haug,
Martin, & Haug, 2015). Hence, although the cube-eco-
space could in principle deal better with the polymor-
phism, the practical application is also quite challenging.

3.7 | Summary of the weaknesses of the
trait-centred approach

We can shortly summarise the shortcomings of the cube-
ecospace. They are related to the fact that it:

« ignores width, distance and position of niches and
ecological ‘negative space’, or ecological impact of key
species;

« ignores polymorphic species or species with distinct
larvae;

« is sensitive to the quality of the initial classification.

4 | EXAMPLE 3, COMBINED
TAXONOMY-TRAIT APPROACH:
FRESHWATER BIOMONITORING
4.1 | Taxonomy and traits combined

The German saprobic index focuses on a correspond-
ence between the quality of the environment and taxo-
nomic composition of a community. It was pioneered by
Kolkwitz and Marsson (1902) and remained conceptually
unchanged ever since. The base assumption is, that dif-
ferent species occupy different habitats and have differ-
ent levels of tolerance of environmental factors (Kolkwitz

51017 SUOLUWIOD) AR 3|0l e aU) Aq peueA0B 812 SOILE YO 95N JO'S3IN 10} ARIGIT UIIUO /B|IA UO (SUONIPUOD-PUE-SLLLBILLCY" A3 | AR2.q 1BU |UO//SciU) SUOIIPUOD) PUE S | a1 39S *[1202/20/22] U0 AXiq i1 8UIIUO AB|IM ‘AUBLLBS SLRIUR0D Ad 98YZT 0Ze/TTTT OT/10p/LICO" A8 1M AZRiq]jbu|uo//Sdy Wol) Papeojumo ‘0 ‘S6E9E9rT



HAUG ET AL.

& Marsson, 1902; Merritt & Cummins, 1996). Knowing
these traits of the species should facilitate making com-
plex inferences on the environmental conditions, based
on the taxonomic composition of the communities.

Applying this approach to freshwater monitoring (e.g.
Brown et al., 2007) has one severe problem, leading to fur-
ther challenges: the knowledge of the biology of many in-
dicator species is incomplete (Merritt & Cummins, 1996),
despite 200years of study of freshwater-inhabiting forms.
Looking at the freshwater ecology database (https://www.
freshwaterecology.info)—the chief source of data on eco-
logical traits — reveals this quite drastically: There are
323 species of caddisflies (Trichoptera) in Germany. Of
these, 87% of trait state cells are empty, that is, the traits
are unknown. For 127 species of stoneflies (Plecoptera)
in Germany, there are 91% empty cells, for 142 species of
mayflies (Ephemeroptera) 93% empty cells, for 117 species
of freshwater (non-insectan) crustaceans 98% empty cells
and finally for 73 species of true bugs (Heteroptera) 99%
empty cells.

While one can argue that some of these trait states are
redundant data, which are partially overlapping with each
other, the state of our knowledge of the ecology of com-
mon indicator species in one of the best-studied countries
in the world is simply poor (Baranov, Jourdan, et al., 2020).
It has been demonstrated empirically with a concept of
‘taxonomic sufficiency’ that decreasing resolution of iden-
tification leads to a poor fit between environmental moni-
toring and the functional state of communities (Beermann
et al., 2018; Miiller et al., 2013).

4.2 | The structural problem of too much
work for too few experts

Missing knowledge of the biological aspects of so many
species led authors to interpolate the traits from their
better-studied relatives (Jdhnig et al., 2021). Hence, many
current monitoring schemes reconstructing the func-
tional aspects of communities based on trait space are
operating on the assumption that entire groups of spe-
cies, genera or even families do occupy similar niches
(Hering et al., 2018). While such an approach may have
certain merits, it also has the potential to lead to severe
errors in biomonitoring, as even closely related species
can have vastly different traits (Bouchard et al., 2005;
Cranston, 1990; Prat & Garcia-Roger, 2018). An ideal solu-
tion to this problem would be more research on the ecol-
ogy and biological traits of indicator organisms, but such
studies are time-consuming and expensive.

In addition, there is, nowadays, a structural problem:
The advent of biomedical research in the second half
of the 20th century together with a changing mode and
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priorities in funding basic research has led to a steady
decline in the number of professionals dealing with the
field of organismic biology (Daglio & Dawson, 2019).
Universities have experienced a steady decline of chairs
and courses dedicated to the field of organismic biology
and all its sub-disciplines. Similarly, the number of zo-
ological and botanical curators in museums and com-
parable institutions has declined significantly (by 10%
in Australia and New Zealand in 25years; Taxonomy
Decadal Plan Working Group, 2018). On the backdrop of
the declining number of the experts in organismic biology,
the number of challenges requiring this very expertise has
significantly increased.

The continuing deterioration of the biosphere has led
to an increasing pace of the extinction of species. The
rate of the new extinction event is so prominent against
common background levels that many people already talk
about the ‘Sixth Great Extinction’ (Cowie et al., 2022; Dirzo
et al., 2014). The expertise of fewer organismic biologists
becomes stretched across more fields (Hutchings, 2020)
leading to the ‘taxonomic impediment’—a growing gap
between the societal need for organismic biologists and
their number.

This leads not only to a severe backlog of work in
organismic biology, but also to a decreased amount of
training for a new generation of organismic biologists.
As the biomonitoring approach discussed here relies on
trained organismic biologists able to reliably identify or-
ganisms (Carvalho et al., 2005; Collen et al., 2008; Engel
et al., 2021), the ‘taxonomic impediment’ has a direct im-
pact on it.

As a result of the lack of sufficient organismic biolo-
gists, identifying organisms in surveys mostly relies on so-
called ‘parataxonomists’. A ‘parataxonomist’ is a person
involved in biodiversity studies with a lower-level training
than an organismic biologist, but can assist in studies via
labour division (Krell, 2004). Originally, they were tasked
with specimen collecting and cataloguing in large proj-
ects to free up trained organismic biologists for specimen
identification. Information in biodiversity studies was
supposed to flow from parataxonomists collecting speci-
mens to organismic biologists identifying them to ecolo-
gists using the collected data to make conclusions about
the ecosystems (Ward & Stanley, 2004).

Nowadays, information often flows from a parataxan-
omist directly to an ecologist, and, in principle, that can
work well enough. In worse cases, all three tasks are com-
bined into a single person, as most of the research and
monitoring institutions conducting surveys of biodiversity
are permanently understaffed. Practically, lab technicians
and students often perform the identifications, while
lacking a proper in-depth training to do so. Additionally,
most of the monitoring laboratories are dealing with a
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huge number of samples and have only a limited qualified
workforce available. That situation can lead to fatigue and
cause mistakes in identification. This in turn leads to the
proliferation of identification errors, which again lead to
errors in the assessment of the ecosystem status, which
finally leads to faulty decision-making down the line. In
consequence, specimens are often not identified to species
level, but to supra-specific groups (see discussions above).
Automated approaches (Wiihrl et al., 2022) have the po-
tential to at least partly improve this situation but are still
at their infancy.

4.3 | Summary of the weaknesses of
freshwater biomonitoring

We can shortly summarise the shortcomings of freshwater
biomonitoring:

« Determining species is time-consuming, and too few
people are available for this task.

« Reliably assigning traits to species is factually not possi-
ble due to a severe knowledge gap.

« Assigning traits to supra-specific groups is basically
meaningless.

Basically, as a combined taxonomy-trait approach, this
one suffers from similar problems as taxonomy-only and
trait-only approaches.

5 | COMPARISON OF THE
COMMON APPROACHES

Despite these outlined limitations, ecospace approaches,
as the one proposed by Bambach et al. (2007), have the
advantage, compared to diversity indices, of not being
dependent on arbitrary taxonomic ranks, from which
combined taxonomy-trait approaches suffer as well.
Trait-only approaches are also superior in not relating
to the structural properties of the community, but actu-
ally involve functional properties, as do taxonomy-trait
approaches. Still, due to the constraints of the habits of
‘assigning traits’, both approaches share problems with
common taxonomy-only approaches: all are strongly sen-
sitive to the quality of the input data, which are factually
decision-dependent.

This problem relates to the fact that all three examples
measure discrete entities (guilds and taxonomic units re-
spectively). The quality of these approaches is therefore
strongly dependent on the quality of the grouping of the
discrete entities. As pointed out above, this sorting is
currently largely arbitrary for species (even more so for

supra-specific groups), but also for ecological entities such
as guilds (which often remain rather coarse).

Another weakness shared by these approaches is that
all recognised entities are treated as if they would have
an equal weight in the system. They are treated as if they
would be equal in ‘size’ (niche size, guild size) and ecolog-
ical impact, but also equally different, that is, in an equal
distance in the real ecospace.

Assuming that all guilds have the same weight in the
community is an oversimplification. The functional and
structural distance between some guilds may be large,
while others may be closer to each other. This again re-
lates to the problem of recognition. For some areas of the
ecological space, it may be easier to differentiate between
different guilds. In such a case, the resolution of our struc-
tural models will be higher compared to the areas of the
ecological space, where it is more difficult to provide min-
ute subdivisions.

These considerations point out that a different type of
measure for comparing the ecological properties of two
communities (and comparable approaches) could, or bet-
ter should be a non-discrete-ecospace approach. In the
following part of this communication, we discuss possible
advantages of such an approach. We furthermore will at-
tempt to outline how such an approach could be practi-
cally applied.

6 | A POSSIBLE WAY: A
NON-DISCRETE ECOSPACE

6.1 | A non-discrete-ecospace approach
and its possible advantages

We are proposing the term ‘continuous’ or ‘non-discrete’
ecospace to denote an approach for ecospace construc-
tion, which does not involve arbitrarily classified discrete
units as its basis. Hence, it would not depend on assign-
ing (largely unknown) ecological traits to higher ranked
groups.

Such an approach would also be generally indepen-
dent from taxonomic rank problems. It would, therefore,
not depend on the recognition (or lack of recognition) of
cryptic species or the ‘correct’ identification of family vs.
sub-family (short note: there can be no ‘correct’ in this
discussion). Also, comparisons of communities through
time, that is, palaeo-communities, which are currently
often represented by simple lists of the supra-specific tax-
onomic units, would be less prone to artefacts. Compared
to cube-ecospace approaches, a continuous, non-discrete
one would not suffer from the coarseness of too few rec-
ognised niches. It would also not depend on the quality of
niche recognition.
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The core challenge remains now how such a continu-
ous ecospace could look like. Moreover, we need to outline
how such an approach can be practically applied.

6.2 | Towards a non-discrete
ecospace approach

How could we practically design a non-discrete ecospace
approach? The ecospace of an individual species should
be a reliable proxy of the ecological niche of the species.
We know that ecological niches are in principal certain
areas within a multi-dimensional ecospace. Inferring
all these dimensions for a single species is practically
impossible. So, how can we expect to be able to do this
for an entire community? We simply cannot. Hence, we
need to use strategies already established for more tradi-
tional approaches of diversity and conservation biology
research.

6.3 | Entire samples or proxy groups
Depending on the exact question behind the compari-
son, it can be feasible to simply take entire communities
represented in a sample into account. For others, it can
be necessary to restrict such a comparison to a specific,
well-delineated systematic group, or several of these, but
these should not be limited to a specific taxonomic rank.
Instead, such well-delineated groups should be monophy-
letic. Well-delineated usually means a comparably long
evolutionary branch (a group with a characteristic mor-
photype, normally as earlier derivatives of this lineage
went extinct and at best have not left fossils of their early
lineage); hence the recognition of ‘the lower end’ of such a
proxy group should not be problematic. Still, for compari-
son through time such delineations may be more difficult
and should thus at best be correlated to apomorphy-based
monophyletic groups.

While it may appear that in this case, taxonomy
would still play an important role, the use of an apomor-
phy-based ‘threshold’ is not a matter of taxonomy, but
of phylogenetic systematics. Such an approach would
be less depending on decisions and should be reliably
repeatable.

What groups could be used here? This decision would
partly depend on the focus of the study. For comparing
entire communities, species-rich groups with a possible
broad impact would be good candidates. Possible candi-
dates from Euarthropoda (which are generally considered
ecologically important) for terrestrial communities could
be beetles (Coleoptera), or an ingroup of it, or true bugs
(Heteroptera). For freshwater, water fleas (Cladocera) or

Loy

mosquitoes in the strict sense (Culicidae) could be good
representatives. For other questions, these groups may be
less informative. In any case, the practice to choose proxy
groups for comparing communities seems to be an already
well-established practice in common diversity compari-
sons (e.g. Bonada et al., 2006; Mellin et al., 2011; Tyler &
Kowalewski, 2017).

6.4 | Morphospace as a proxy

Diversity measures involve either taxonomic proper-
ties of a community (examples 1 and 3 from above) and/
or assigned traits (examples 2 and 3) as a proxy for the
ecological diversity of a community. These taxonomic or
assigned-trait properties are practically not directly ob-
served, but usually are identified on morphological prop-
erties of an organism.

To come back to example 3: in freshwater commu-
nities, the interactions of organisms with currents and
buoyancy are one of the main drivers of the morpho-
logical evolution of aquatic animals. Freshwater ani-
mals have developed a range of body shapes to adapt
to the range of hydrological conditions, temperatures
and feeding modes. Hence, their shape is directly cou-
pled to ecological properties. When specialists assess the
ecosystem status using the taxonomic diversity of organ-
isms, they make a double inference. As outlined above,
first they infer the taxonomic position of the organism,
then they, however, equivocally infer which ecological
traits should be associated with this organism.

Although the genetic species concept has started to
change this two-step inference (Baloglu et al., 2018),
most species known so far are not based on differ-
ences in genes or on actual recognition of reproduction
boundaries out in the field. Instead, morphology is the
most commonly used method to recognise species as
such initially. Furthermore, when inferring the diver-
sity of a certain community, usually morphology is used
to determine specimens as representatives of a specific
species. For fossil communities, this is, of course, the
only possible way.

We are proposing to approach the construction of
morphospaces from the principles of morphometry
by using methods to capture the simplified shape of
organisms, by measurements, landmarks or outlines
(Cameron & Cook, 1989; Guillerme et al., 2020). Since
shape is a reflection of function, documenting shapes
of organisms in the community is capable of represent-
ing functional diversity in the studied system (Baumiller
et al., 2010).

The advantage of directly using the morphospace as a
proxy is that the decision-making process of interpreting

51017 SUOLUWIOD) AR 3|0l e aU) Aq peueA0B 812 SOILE YO 95N JO'S3IN 10} ARIGIT UIIUO /B|IA UO (SUONIPUOD-PUE-SLLLBILLCY" A3 | AR2.q 1BU |UO//SciU) SUOIIPUOD) PUE S | a1 39S *[1202/20/22] U0 AXiq i1 8UIIUO AB|IM ‘AUBLLBS SLRIUR0D Ad 98YZT 0Ze/TTTT OT/10p/LICO" A8 1M AZRiq]jbu|uo//Sdy Wol) Papeojumo ‘0 ‘S6E9E9rT



HAUG ET AL.

12
“LwiLey- EEE—

morphologies into discrete units (species, traits) is elimi-
nated. If used as a proxy for ecospace, the morphospace
consequentially becomes a morpho-ecospace. It is also
possible to additionally augment morpho-ecospaces with
measured ecological traits (temperature, salinity, etc.), at
least in extant communities.

6.5 | Ecologically important structures
Morphometry can be applied to entire body shapes (e.g.
Baranov, Wang, et al., 2020; Haug, Baranov, Wizen,
et al., 2021; Haug, Haug, & Haug, 2021). But in many
cases, individual structures of the body are better to be
considered, for example when certain body parts are
stiffer and less prone to distortion. In such cases, the
morphospace used as a proxy for ecospace should in-
volve properties of morphological structures that are
of ecological meaning. Genitalia structures are often
used in taxonomic approaches to differentiate species,
therefore interestingly influencing diversity indices.
Yet, these structures seem less important for a morpho-
ecospace as they have little to no influence on the eco-
system functions of an organism. Properties describing
the overall body organisation, locomotion (or anchor-
ing) structures, feeding apparatus and alike seem to be
most important. In principle, these are also morpho-
logical structures that would be important for the cube-
ecospace approach.

6.6 | Quantifying, not ‘qualifying’

The cube-ecospace approach and the diversity indices
are discrete. Many morphospaces are discrete as well,
using, for example, absence or presence of certain char-
acters. All these approaches are quantitative in a way
that they count or measure certain properties. However,
the entities counted or measured have been catego-
rised before. This categorisation is not quantitative, but
qualitative.

As pointed out, we aim at using a non-discrete ap-
proach. Hence, the morphospace used as a proxy for the
ecospace should be a continuous one. Morphological
characters used in such a morphospace should be plas-
tic (measured) and not meristic (counted). In principle,
simple length, area and volume measurements could be
appropriate. Yet, more complex properties such as shape
have even more potential.

Measurements should be used as standardised de-
nominated values to get rid of the absolute size-dif-
ference effects. Also, real size of the organisms might
be recorded and later applied, as it may reveal distinct

size differences between certain communities (Baranov
et al., 2022).

6.7 |
so far

Morphospace diversity approaches

In ecology, morphospace analyses have so far only been
used sparsely and almost never to study the shifts in
the ecological properties in a community. For exam-
ple, Lombarte et al. (2012) have dealt with shifts in
fish morphospace after disturbance in a river, showing
that the ‘Ecomorphological Diversity Index’ (EMI), a
measure of the morphological complexity of the com-
munity, was decreasing in response to a disturbance (in
their case removal of macrophytes). Likewise, Pausas
and Verdu (2008) have shown that disturbance from
fires is causing a reduction in the morphospace occu-
pancy by terrestrial plants. Heller (1987) and Cameron
and Cook (1989) used the shape and size of land snail
shells to predict habitat use. For comparing the diversity
of fossil larvae to their extant counterparts in various
lineages of Insecta, we and colleagues have used shape
analyses, successfully identifying changes in diversity
through time (e.g. Baranov, Wang, et al., 2020; Haug
et al., 2023; Haug, Baranov, Wizen, et al., 2021; Haug,
Haug, et al., 2020, 2022; Haug, Haug, & Haug, 2021;
Haug, Haug, Zippel, et al., 2021; Haug, Posada Zuluaga,
et al., 2022).

6.8 | Disadvantages of the suggested
approach

The suggested approach has certain disadvantages com-
mon for methods of community assessment methods
(Navarro et al., 2004) that are all related to the elimi-
nation of classification. Classifying a single individual
may be very simple and comparably fast. A short look
can in some cases already allow the identification of a
specimen to a certain species or a guild. The suggested
approach demands instead that each specimen is, for
example, measured at numerous dimensions, land-
marks are set or outlines of certain structures are reg-
istered. It, therefore, will take more time to record the
same number of individuals for a specific community.
This disadvantage will be immediately balanced by the
larger amount of data recorded for each specimen and
even more by the advantages discussed in the following.
Moreover, such data may potentially be gathered with
automated set-ups.

Furthermore, this approach, like most other assess-
ments, is dependent on which sampling protocols are
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applied. Organisms still have to be caught, and the man-
ner of which dictates which organisms can be obtained.
Sampling protocols should be therefore carefully consid-
ered. The time of day and year for sampling is also im-
portant, as morphologies within a community are not
expressed equally all year round, larvae and adults of the
same species often peak at different points in time.

6.9 | Advantages of the suggested
approach

In the outlined approach, not a species or a guild is reg-
istered, but each individual is plotted into the morpho-
ecospace. This approach will therefore reflect variation
within a species or guild much better.

As the approach is less dependent on decision-making,
identification errors by non-specialists will not influence
the results. This aspect makes such an approach attractive
also for citizen science projects. Ultimately, the suggested
approach even has the potential to become automated.

A morpho-ecospace approach might circumvent the
taxonomic gap and lack of workforce limiting morpho-
logical identification as well as material and equipment
costs required for DNA barcoding. Collection and mea-
surements could be done quite cheaply. Even specimens
that cannot be properly identified to a species or guild can
be included. Fossil specimens that are not well preserved
with taxonomically important features can be included, if
the structures to be measured/analysed are preserved. In
this way, it is possible to make use of fossils that are often
considered of low value for such studies.

Larvae and other immatures that can often not be eas-
ily identified to species, in samples of fossil and extant spe-
cies, can be included without problems. Larvae will most
likely plot in other areas of the morpho-ecospace than
their corresponding adults, with this reflecting the ecolog-
ical differences. Larvae and adults of a certain group can
even be compared for their morpho-ecological diversity, a
possibility not provided by most current approaches.

While taxonomic identification is not a prerequisite,
there is no harm in identifying specimens to a certain tax-
onomic level. The morpho-ecospace can, therefore, well
be combined with taxonomic or phylogenetic questions
and approaches.

6.10 | Trait diversity

The limits of taxonomy-based diversity indices (such as
the Simpson or the Shannon Index) have been recog-
nised by numerous researchers in the past (e.g. Clarke &
Warwick, 2001; Desrochers & Anand, 2004; Schweiger

Loy

et al., 2008). In recent years, they have therefore been
amended by ‘trait diversity’ approaches or functional di-
versity indices (Diaz & Cabido, 2001; Menezes et al., 2010;
Schleuter et al., 2010; Villéger et al., 2008). So far, trait
diversity seems to be a kind of umbrella concept uniting
different types of data, including, for example, aspects of
the morphology, food composition or preferred ecological
factors (Mason et al., 2003; Schleuter et al., 2010). Some
of these data are measured in non-discrete dimensions,
others seem to depend on a priori classifications. This in-
consistency demonstrates that trait diversity is so far no
uniform concept, but a loose collection of different con-
cepts. How does it relate to the here outlined approach?

The morpho-ecospace approach could well be un-
derstood as a type of trait diversity, but an explicitly
non-discrete one. As pointed out above, it is in principle
unproblematic to amend the morpho-ecospace by true
ecological axes, such as the preferred temperature of ac-
tivity, time of activity or preferred salinity.

7 | CONCLUSIONS

In summary, the here outlined morpho-ecospace ap-
proach has the following advantages over taxonomy-cen-
tred, trait-centred or combined approaches:

« The decision-making is reduced, hence it is less depen-
dent on the quality of the initial classification.

« Itdirectly uses morphology as a basis, while in other ap-
proaches morphology is also used as the basis, but first
interpreted; hence, the level of inference is reduced.

 Aspects usually not considered, such as ontogeny or
polymorphism, can be incorporated.

« There is no dependence on arbitrary entities such as
species, which lack proper time boundaries, hence all
time-correlated comparisons, including fossils, can be
performed.

« Specimens that cannot be classified in other approaches
can be included.

« The approach can be combined with already established
ones.

AUTHOR CONTRIBUTIONS

Conceptualisation: Joachim T. Haug, Carolin Haug;
methodology: Joachim T. Haug, Viktor Baranov, Florian
Braig, Carolin Haug; formal analysis and investigation:
Joachim T. Haug, Viktor Baranov, Florian Braig, Carolin
Haug; writing-original draft preparation: Joachim T.
Haug, Viktor Baranov, Florian Braig, Carolin Haug; writ-
ing-review and editing: Joachim T. Haug, Viktor Baranov,
Florian Braig, Carolin Haug; funding acquisition: Joachim
T. Haug.

51017 SUOLUWIOD) AR 3|0l e aU) Aq peueA0B 812 SOILE YO 95N JO'S3IN 10} ARIGIT UIIUO /B|IA UO (SUONIPUOD-PUE-SLLLBILLCY" A3 | AR2.q 1BU |UO//SciU) SUOIIPUOD) PUE S | a1 39S *[1202/20/22] U0 AXiq i1 8UIIUO AB|IM ‘AUBLLBS SLRIUR0D Ad 98YZT 0Ze/TTTT OT/10p/LICO" A8 1M AZRiq]jbu|uo//Sdy Wol) Papeojumo ‘0 ‘S6E9E9rT



HAUG ET AL.

14
“Lwiev- S

ACKNOWLEDGEMENTS

We thank Lennart Olsson for swift handling of the
manuscript as well as an anonymous reviewer for help-
ful comments. We are grateful to J. Matthias Starck for
long-standing support and to all people spending their
free time for programming free software used for this
study. Open Access funding enabled and organized by
Projekt DEAL.

FUNDING INFORMATION

This research was supported by the German Research
Foundation (DFG HA 6300/3-3) and by the Volkswagen
Foundation with a Lichtenberg professorship to JTH.
VB is funded by Agencia Estatal de Investigacion (Spain)
Ramon y Cajal Fellowship (RyC2021-0321441).

CONFLICT OF INTEREST STATEMENT
The authors declare that there are no competing interests.

ORCID

Joachim T. Haug ® https://orcid.
org/0000-0001-8254-8472

Viktor Baranov  https://orcid.org/0000-0003-1893-3215
Florian Braig © https://orcid.org/0000-0003-0640-6012
Carolin Haug ‘© https://orcid.org/0000-0001-9208-4229

REFERENCES

Armitage, P. D., Cranston, P, & Pinder, L. C. V. (1995). The
Chironomidae: Biology and ecology of non-biting midges.
Chapman and Hall.

Avise, J. C., & Liu, J. X. (2011). On the temporal inconsistencies of
Linnean taxonomic ranks. Biological Journal of the Linnean
Society, 102(4), 707-714. https://doi.org/10.1111/j.1095-8312.
2011.01624.x

Ayala, F. J. (1970). Competition, coexistence, and evolution. In
M. K. Hecht & W. C. Steere (Eds.), Essays in evolution and
genetics in honor of Theodosius Dobzhansky (pp. 121-158).
Appleton-Century-Crofts.

Baldrighi, E., Giovannelli, D., D'Errico, G., Lavaleye, M., & Manini,
E. (2017). Exploring the relationship between macrofaunal bio-
diversity and ecosystem functioning in the deep sea. Frontiers
in Marine Science, 4, 198. https://doi.org/10.3389/fmars.2017.
00198

Baloglu, B., Clews, E., & Meier, R. (2018). NGS barcoding reveals
high resistance of a hyperdiverse chironomid (Diptera) swamp
fauna against invasion from adjacent freshwater reservoirs.
Frontiers in Zoology, 15, 31. https://doi.org/10.1186/s1298
3-018-0276-7

Bambach, R. K., Bush, A. M., & Erwin, D. H. (2007). Autecology and
the filling of ecospace: Key metazoan radiations. Palaeontology,
50(1), 1-22. https://doi.org/10.1111/j.1475-4983.2006.00611.x

Baranov, V., Goéral, T., & Ross, A. (2017). A new genus of
Buchonomyiinae (Diptera, Chironomidae) from Upper
Cretaceous Burmese amber, with the phylogeny of the subfam-
ily revisited. Cretaceous Research, 79, 146-152. https://doi.org/
10.1016/j.cretres.2017.07.007

Baranov, V., Hoffeins, C., Hoffeins, H. W., & Haug, J. T. (2019).
More than dead males: Reconstructing the ontogenetic series
of terrestrial non-biting midges from the Eocene amber forest.
Bulletin of Geosciences, 94(2), 187-199. https://doi.org/10.3140/
bull.geosci.1739

Baranov, V., Jourdan, J., Hunter-Moffatt, B., Noori, S., Scholderle, S.,
& Haug, J. T. (2022). Global size pattern in a group of important
ecological indicators (Diptera, Chironomidae) is driven by lat-
itudinal temperature gradients. Insects, 13, 34. https://doi.org/
10.3390/insects13010034

Baranov, V., Jourdan, J., Pilotto, F., Wagner, R., & Haase, P. (2020).
Complex and nonlinear climate-driven changes in freshwater
insect communities over 42years. Conservation Biology, 34(5),
1241-1251. https://doi.org/10.1111/cobi.13477

Baranov, V., Wang, Y., Wedmann, S., & Haug, J. T. (2020). Eco-
morphological diversity of larvae of soldier flies and their clos-
est relatives in deep time. PeerJ, 8, €10356. https://doi.org/10.
7717/peerj.10356

Bartram, J., & Ballance, R. (1996). Water quality monitoring: A prac-
tical guide to the design and implementation of freshwater qual-
ity studies and monitoring programs. Chapman & Hall (E & FN
Spon).

Baumiller, T. K., Salamon, M. A., Gorzelak, P., Mooi, R., Messing,
C. G., & Gahn, F. J. (2010). Post-Paleozoic crinoid radiation in
response to benthic predation preceded the Mesozoic marine
revolution. Proceedings of the National Academy of Sciences of
the United States of America, 107(13), 5893-5896. https://doi.
org/10.1073/pnas.0914199107

Beermann, A. J., Zizka, V. M., Elbrecht, V., Baranov, V., & Leese, F.
(2018). DNA metabarcoding reveals the complex and hidden
responses of chironomids to multiple stressors. Environmental
Sciences Europe, 30, 26. https://doi.org/10.1186/s1230
2-018-0157-x

Benson, R. B., Campione, N. E., Carrano, M. T., Mannion, P. D,,
Sullivan, C., Upchurch, P., & Evans, D. C. (2014). Rates of di-
nosaur body mass evolution indicate 170 million years of sus-
tained ecological innovation on the avian stem lineage. PLoS
Biology, 12, e1001853. https://doi.org/10.1371/journal.pbio.
1001896

Bertrand, Y., Pleijel, F., & Rouse, G. W. (2006). Taxonomic surro-
gacy in biodiversity assessments, and the meaning of Linnaean
ranks. Systematics and Biodiversity, 4(2), 149-159. https://doi.
0rg/10.1017/S1477200005001908

Bickford, D., Lohman, D. J, Sodhi, N. S., Ng, P. K. L., Meier, R.,
Winker, K., Ingram, K. K., & Das, I. (2007). Cryptic species as
a window on diversity and conservation. Trends in Ecology &
Evolution, 22(3), 148-155. https://doi.org/10.1016/j.tree.2006.
11.004

Birk, S., Bonne, W., Borja, A., Brucet, S., Courrat, A., Poikane, S.,
Solimini, A., van de Bund, W., Zampoukas, N., & Hering, D.
(2012). Three hundred ways to assess Europe's surface waters:
An almost complete overview of biological methods to imple-
ment the Water Framework Directive. Ecological Indicators, 18,
31-41. https://doi.org/10.1016/j.ecolind.2011.10.009

Body, M., Burlat, V., & Giron, D. (2015). Hypermetamorphosis in a
leaf-miner allows insects to cope with a confined nutritional
space. Arthropod-Plant Interactions, 9, 75-84. https://doi.org/
10.1007/s11829-014-9349-5

Bonada, N., Rieradevall, M., & Prat, N. (2006). Benthic macroin-
vertebrate assemblages and macrohabitat connectivity in

51017 SUOLUWIOD) AR 3|0l e aU) Aq peueA0B 812 SOILE YO 95N JO'S3IN 10} ARIGIT UIIUO /B|IA UO (SUONIPUOD-PUE-SLLLBILLCY" A3 | AR2.q 1BU |UO//SciU) SUOIIPUOD) PUE S | a1 39S *[1202/20/22] U0 AXiq i1 8UIIUO AB|IM ‘AUBLLBS SLRIUR0D Ad 98YZT 0Ze/TTTT OT/10p/LICO" A8 1M AZRiq]jbu|uo//Sdy Wol) Papeojumo ‘0 ‘S6E9E9rT


https://orcid.org/0000-0001-8254-8472
https://orcid.org/0000-0001-8254-8472
https://orcid.org/0000-0001-8254-8472
https://orcid.org/0000-0003-1893-3215
https://orcid.org/0000-0003-1893-3215
https://orcid.org/0000-0003-0640-6012
https://orcid.org/0000-0003-0640-6012
https://orcid.org/0000-0001-9208-4229
https://orcid.org/0000-0001-9208-4229
https://doi.org/10.1111/j.1095-8312.2011.01624.x
https://doi.org/10.1111/j.1095-8312.2011.01624.x
https://doi.org/10.3389/fmars.2017.00198
https://doi.org/10.3389/fmars.2017.00198
https://doi.org/10.1186/s12983-018-0276-7
https://doi.org/10.1186/s12983-018-0276-7
https://doi.org/10.1111/j.1475-4983.2006.00611.x
https://doi.org/10.1016/j.cretres.2017.07.007
https://doi.org/10.1016/j.cretres.2017.07.007
https://doi.org/10.3140/bull.geosci.1739
https://doi.org/10.3140/bull.geosci.1739
https://doi.org/10.3390/insects13010034
https://doi.org/10.3390/insects13010034
https://doi.org/10.1111/cobi.13477
https://doi.org/10.7717/peerj.10356
https://doi.org/10.7717/peerj.10356
https://doi.org/10.1073/pnas.0914199107
https://doi.org/10.1073/pnas.0914199107
https://doi.org/10.1186/s12302-018-0157-x
https://doi.org/10.1186/s12302-018-0157-x
https://doi.org/10.1371/journal.pbio.1001896
https://doi.org/10.1371/journal.pbio.1001896
https://doi.org/10.1017/S1477200005001908
https://doi.org/10.1017/S1477200005001908
https://doi.org/10.1016/j.tree.2006.11.004
https://doi.org/10.1016/j.tree.2006.11.004
https://doi.org/10.1016/j.ecolind.2011.10.009
https://doi.org/10.1007/s11829-014-9349-5
https://doi.org/10.1007/s11829-014-9349-5

HAUG ET AL.

N 1 Ey-

Mediterranean-climate streams of northern California. Journal
of the North American Benthological Society, 25(1), 32-43.
https://doi.org/10.1899/0887-3593(2006)25[32:BMAAMC]2.0.
CO;2

Bouchard, R. W,, Jr., Huggins, D., & Kriz, J. (2005). A review of the
issues related to taxonomic resolution in biological monitoring
of aquatic ecosystems with an emphasis on macroinvertebrates.
Kansas Biological Survey.

Brown, L. E., Hannah, D. M., & Milner, A. M. (2007). Vulnerability
of alpine stream biodiversity to shrinking glaciers and snow-
packs. Global Change Biology, 13(5), 958-966. https://doi.org/
10.1111/j.1365-2486.2007.01341.x

Burkhardt, F., & Smith, S. (1990). The Correspondence of Charles
Darwin, vol 6: 1856-1857. Cambridge University Press.

Cameron, R. A. D., & Cook, L. M. (1989). Shell size and shape in
Madeiran land snails: Do niches remain unfilled? Biological
Journal of the Linnean Society, 36(1-2), 79-96. https://doi.org/
10.1111/j.1095-8312.1989.tb00484.x

Carvalho, M. D., Bockmann, F., Amorim, D., Vivo, M. D., Toledo-
Piza, M. D., Memenzes, N., de Flgueiredo, J. L., Castro, R. M.,
Gill, A. C., McEachran, J. D., Compagno, L. G. V., Schelly, R.
C., Britz, R., Lundberg, J. G., Vari, R. P., & Nelson, G. (2005).
Revisiting the taxonomic impediment. Science, 307(5708), 353.
https://doi.org/10.1126/science.307.5708.353b

Clarke, K. R., & Warwick, R. M. (2001). A further biodiversity index
applicable to species lists: Variation in taxonomic distinctness.
Marine Ecology Progress Series, 216, 265-278. https://doi.org/
10.3354/meps216265

Coimbra, R. T. F., Winter, S., Kumar, V., Koepfli, K.-P., Gooley, R. M.,
Dobrynin, P., Fennessy, J., & Janke, A. (2021). Whole-genome
analysis of giraffe supports four distinct species. Current
Biology, 31, 2929-2938. https://doi.org/10.1016/j.cub.2021.04.
033

Collen, B., Ram, M., Zamin, T., & McRae, L. (2008). The tropical bio-
diversity data gap: Addressing disparity in global monitoring.
Tropical Conservation Science, 1(2), 75-88. https://doi.org/10.
1177/194008290800100202

Collins, K. S., Edie, S. M., Hunt, G., Roy, K., & Jablonski, D. (2018).
Extinction risk in extant marine species integrating palaeon-
tological and biodistributional data. Proceedings of the Royal
Society B, 285(1887), 20181698.

Cowie, R. H., Bouchet, P., & Fontaine, B. (2022). The sixth mass ex-
tinction: Fact, fiction or speculation? Biological Reviews, 97(2),
640-663. https://doi.org/10.1111/brv.12816

Cranston, P. S. (1990). Biomonitoring and invertebrate taxonomy.
Environmental Monitoring and Assessment, 14(2-3), 265-273.
https://doi.org/10.1007/BF00677921

Daglio, L. G., & Dawson, M. N. (2019). Integrative taxonomy: Ghosts
of past, present and future. Journal of the Marine Biological
Association of the United Kingdom, 99(6), 1237-1246. https://
doi.org/10.1017/S0025315419000201

Darwin, C. (1841). Birds Part 3 of The zoology of the voyage of H.M.S.
Beagle by John Gould. Smith Elder and Co.

De Beer, G. R. (1958). Embryos and ancestors. Clarendon.

de Queiroz, K., & Donoghue, M. J. (1988). Phylogenetic systematics
and the species problem. Cladistics, 4, 317-338. https://doi.org/
10.1111/j.1096-0031.1988.tb00518.x

Desrochers, R. E., & Anand, M. (2004). From traditional diversity
indices to taxonomic diversity indices. International Journal of
Ecology and Environmental Sciences, 30, 85-92.

Diaz, S., & Cabido, M. (2001). Vive la différence: Plant functional
diversity matters to ecosystem processes. Trends in Ecology &
Evolution, 16(11), 646-655. https://doi.org/10.1016/S0169-
5347(01)02283-2

Dirzo, R., Young, H. S., Galetti, M., Ceballos, G., Isaac, N. J., &
Collen, B. (2014). Defaunation in the Anthropocene. Science,
345(6195), 401-406. https://doi.org/10.1126/science.1251817

Drazen, J. C., & Sutton, T. T. (2017). Dining in the deep: The feeding
ecology of deep-sea fishes. Annual Review of Marine Science,
9, 337-366. https://doi.org/10.1146/annurev-marine-01081
6-060543

Ebenman, B. (1992). Evolution in organisms that change their
niches during the life cycle. The American Naturalist, 139(5),
990-1021. https://doi.org/10.1086/285370

Elbrecht, V., & Leese, F. (2015). Can DNA-based ecosystem assess-
ments quantify species abundance? Testing primer bias and
biomass—Sequence relationships with an innovative metabar-
coding protocol. PLoS One, 10(7), €0130324. https://doi.org/10.
1371/journal.pone.0130324

Endersby, J. (2009). Lumpers and splitters: Darwin, Hooker, and the
search for order. Science, 326, 1496-1499. https://doi.org/10.
1126/science.1165915

Engel, M. S,, Ceriaco, L. M., Daniel, G. M., Dellapé, P. M., Lobl, 1.,
Marinov, M., Reis, R. E., Young, M. T., Dubois, A., Agarwal,
1., Lehmann, A. P., Alvarado, M., Alvarez, N., Andreone, F.,
Araujo-Vieira, K., Ascher, J. S., Baéta, D., Baldo, D., Bandeira,
S. A, ... Zacharie, C. K. (2021). The taxonomic impediment: A
shortage of taxonomists, not the lack of technical approaches.
Zoological Journal of the Linnean Society, 193(2), 381-387.
https://doi.org/10.1093/zoolinnean/zlab072

Ereshefsky, M. (2002). Linnaean ranks: Vestiges of a bygone era.
Philosophy of Science, 69(S3), 305-315. https://doi.org/10.1086/
341854

Ghodrati Shojaei, M., Gutow, L., Dannheim, J., Pehlke, H., & Brey,
T. (2015). Functional diversity and traits assembly patterns of
benthic macrofaunal communities in the southern North Sea.
In G. Lohmann, H. Meggers, V. Unnithan, D. Wolf-Gladrow, J.
Notholt, & A. Bracher (Eds.), Towards an interdisciplinary ap-
proach in earth system science (pp. 183-195). Springer.

Grant, P. R. (1999). Ecology and evolution of Darwin’s finches.
Princeton University Press.

Griffiths, G. (1976). The future of Linnaean nomenclature. Systematic
Zoology, 25,168-173. https://doi.org/10.2307/2412743

Guillerme, T., Cooper, N., Brusatte, S. L., Davis, K. E., Jackson, A.
L., Gerber, S., Goswami, A., Healy, K., Hopkins, M. J., Jones,
M. E. H,, Lloyd, G. T., O'Reilly, J. E., Pate, A., Puttick, M. N,
Rayfield, E. J., Saupe, E. E., Sheratt, E., Slater, G. J., Weisbecker,
V., ... Donoghue, P. C. (2020). Disparities in the analysis of mor-
phological disparity. Biology Letters, 16(7), 20200199. https://
doi.org/10.1098/1sb1.2020.0199

Hajializadeh, P., Safaie, M., Naderloo, R., Shojaei, M. G., Gammal, J.,
Villnis, A., & Norkko, A. (2020). Species composition and func-
tional traits of macrofauna in different mangrove habitats in
the Persian Gulf. Frontiers in Marine Science, 7, 575480. https://
doi.org/10.3389/fmars.2020.575480

Haug, C., Braig, F., & Haug, J. T. (2023). Quantitative analysis
of lacewing larvae over more than 100 million years re-
veals a complex pattern of loss of morphological diversity.
Scientific Reports, 13, 6127. https://doi.org/10.1038/s4159
8-023-32103-8

51017 SUOLUWIOD) AR 3|0l e aU) Aq peueA0B 812 SOILE YO 95N JO'S3IN 10} ARIGIT UIIUO /B|IA UO (SUONIPUOD-PUE-SLLLBILLCY" A3 | AR2.q 1BU |UO//SciU) SUOIIPUOD) PUE S | a1 39S *[1202/20/22] U0 AXiq i1 8UIIUO AB|IM ‘AUBLLBS SLRIUR0D Ad 98YZT 0Ze/TTTT OT/10p/LICO" A8 1M AZRiq]jbu|uo//Sdy Wol) Papeojumo ‘0 ‘S6E9E9rT


https://doi.org/10.1899/0887-3593(2006)25%5B32:BMAAMC%5D2.0.CO;2
https://doi.org/10.1899/0887-3593(2006)25%5B32:BMAAMC%5D2.0.CO;2
https://doi.org/10.1111/j.1365-2486.2007.01341.x
https://doi.org/10.1111/j.1365-2486.2007.01341.x
https://doi.org/10.1111/j.1095-8312.1989.tb00484.x
https://doi.org/10.1111/j.1095-8312.1989.tb00484.x
https://doi.org/10.1126/science.307.5708.353b
https://doi.org/10.3354/meps216265
https://doi.org/10.3354/meps216265
https://doi.org/10.1016/j.cub.2021.04.033
https://doi.org/10.1016/j.cub.2021.04.033
https://doi.org/10.1177/194008290800100202
https://doi.org/10.1177/194008290800100202
https://doi.org/10.1111/brv.12816
https://doi.org/10.1007/BF00677921
https://doi.org/10.1017/S0025315419000201
https://doi.org/10.1017/S0025315419000201
https://doi.org/10.1111/j.1096-0031.1988.tb00518.x
https://doi.org/10.1111/j.1096-0031.1988.tb00518.x
https://doi.org/10.1016/S0169-5347(01)02283-2
https://doi.org/10.1016/S0169-5347(01)02283-2
https://doi.org/10.1126/science.1251817
https://doi.org/10.1146/annurev-marine-010816-060543
https://doi.org/10.1146/annurev-marine-010816-060543
https://doi.org/10.1086/285370
https://doi.org/10.1371/journal.pone.0130324
https://doi.org/10.1371/journal.pone.0130324
https://doi.org/10.1126/science.1165915
https://doi.org/10.1126/science.1165915
https://doi.org/10.1093/zoolinnean/zlab072
https://doi.org/10.1086/341854
https://doi.org/10.1086/341854
https://doi.org/10.2307/2412743
https://doi.org/10.1098/rsbl.2020.0199
https://doi.org/10.1098/rsbl.2020.0199
https://doi.org/10.3389/fmars.2020.575480
https://doi.org/10.3389/fmars.2020.575480
https://doi.org/10.1038/s41598-023-32103-8
https://doi.org/10.1038/s41598-023-32103-8

HAUG ET AL.

16
= Lwiev- S

Haug, C., Posada Zuluaga, V., Zippel, A., Braig, F., Miiller, P., Gr6hn,
C., Weiterschan, T., Wunderlich, J., Haug, G. T., & Haug, J. T.
(2022). The morphological diversity of antlion larvae and their
closest relatives over 100 million years. Insects, 13, 587. https://
doi.org/10.3390/insects13070587

Haug, G. T., Baranov, V., Wizen, G., Pazinato, P. G., Miiller, P., Haug,
C., & Haug, J. T. (2021). The morphological diversity of long-
necked lacewing larvae (Neuroptera: Myrmeleontiformia).
Bulletin of Geosciences, 96, 431-457. https://doi.org/10.3140/
bull.geosci.1807

Haug, G. T, Haug, C., & Haug, J. T. (2021). The morphological di-
versity of spoon-winged lacewing larvae and the first possi-
ble fossils from 99 million-year-old Kachin amber, Myanmar.
Palaeodiversity, 14, 133-152. https://doi.org/10.18476/pale.v14.
a6

Haug, G. T., Haug, C., Pazinato, P. G., Braig, F., Perrichot, V., Grohn,
C., Miiller, P., & Haug, J. T. (2020). The decline of silky lace-
wings and morphological diversity of long-nosed antlion larvae
through time. Palaeontologia Electronica, 23(2), a39. https://
doi.org/10.26879/1029

Haug, G. T., Haug, C., van der Wal, S., Miiller, P., & Haug, J. T. (2022).
Split-footed lacewings declined over time: Indications from the
morphological diversity of their antlion-like larvae. PalZ, 96,
29-50. https://doi.org/10.1007/512542-021-00550-1

Haug, J. T. (2020). Why the term “larva” is ambiguous, or what
makes a larva? Acta Zoologica, 101, 167-188. https://doi.org/10.
1111/az0.12283

Haug, J. T., Audo, D., Haug, C., Abi Saad, P., Petit, G., &
Charbonnier, S. (2015). Unique occurrence of polychelidan
lobster larvae in the fossil record and its evolutionary impli-
cations. Gondwana Research, 28, 869-874. https://doi.org/10.
1016/j.g1.2014.05.004

Haug, J. T., Baranov, V., Schidel, M., Miiller, P., Grohn, P., & Haug,
C. (2020). Challenges for understanding lacewings: How to
deal with the incomplete data from extant and fossil larvae of
Nevrorthidae? (Neuroptera). Fragmenta Entomologica, 52, 137-
167. https://doi.org/10.13133/2284-4880/472

Haug, J. T., & Haug, C. (2017). Species, populations, and mor-
photypes through time—Challenges and possible concepts.
Bulletin de la Société Géologique de France, 188, 20. https://doi.
0rg/10.1051/bsgf/2017181

Haug, J. T., Haug, G. T., Zippel, A., van der Wal, S., Miiller, P., Grohn,
C., Wunderlich, J., Hoffeins, C., Hoffeins, H.-W., & Haug, C.
(2021). Changes in the morphological diversity of larvae of
lance lacewings, mantis lacewings, and their closer relatives
over 100 million years. Insects, 12, 860. https://doi.org/10.3390/
insects12100860

Haug, J. T., Martin, J. W., & Haug, C. (2015). A 150-million-year-old
crab larva and its implications for the early rise of brachyuran
crabs. Nature Communications, 6, 6417. https://doi.org/10.
1038/ncomms7417

He, J., Kreft, H., Lin, S., Yang, X., & Jiang, H. (2018). Cenozoic
evolution of beta diversity and a Pleistocene emergence
for modern mammal faunas in China. Global Ecology and
Biogeography, 27, 1326-1338. https://doi.org/10.1111/geb.
12800

Heller, J. (1987). Shell shape and land-snail habitat in a Mediterranean
and desert fauna. Biological Journal of the Linnean Society, 31(3),
257-272. https://doi.org/10.1111/j.1095-8312.1987.tb01992.x

Hennig, W. (1969). Die Stammesgeschichte der Insekten. Waldemar
Kramer.

Hering, D., Borja, A., Jones, J. I, Pont, D., Boets, P., Bouchez, A,
Bruce, K., Drakare, S., Hénfling, B., Kahlert, M., Leese, F.,
Meissner, K., Mergen, P., Reyjol, Y., Segurado, P., Vogler, A., &
Kelly, M. (2018). Implementation options for DNA-based iden-
tification into ecological status assessment under the European
Water Framework Directive. Water Research, 138, 192-205.
https://doi.org/10.1016/j.watres.2018.03.003

Hering, D., Moog, O., Sandin, L., & Verdonschot, P. F. (2004).
Overview and application of the AQEM assessment system.
Hydrobiologia, 516(1-3), 1-20. https://doi.org/10.1023/B:
HYDR.0000025255.70009.a5

Hoeg, J. T., & Moller, O. S. (2006). When similar beginnings lead to
different ends: Constraints and diversity in cirripede larval de-
velopment. Invertebrate Reproduction & Development, 49, 125-
142. https://doi.org/10.1080/07924259.2006.9652204

Huang, J., Huang, J., Liu, C., Zhang, J,, Lu, X., & Ma, K. (2016).
Diversity hotspots and conservation gaps for the Chinese en-
demic seed flora. Biological Conservation, 198, 104-112. https://
doi.org/10.1016/j.biocon.2016.04.007

Hutchings, P. A. (2020). Major issues facing taxonomy—A personal
perspective. Megataxa, 1(1), 46-48. https://doi.org/10.11646/
MEGATAXA.1.1.9

Hutchinson, G. E. (1957). Concluding remarks. Cold Spring Harbor
Symposia on Quantitative Biology, 22, 415-427.

Jahnig, S. C., Baranov, V., Altermatt, F., Cranston, P., Friedrichs-
Manthey, M., Geist, J., He, F., Heino, J., Hering, D., Holker,
F., Jourdan, J., Kalinkat, G., Kiesel, J., Leese, F., Maasri, A.,
Monaghan, M. T., Schifer, R. B., Tockner, K., Tonkin, J. D., &
Domisch, S. (2021). Revisiting global trends in freshwater insect
biodiversity. Wiley Interdisciplinary Reviews: Water, 8(2), €1506.
https://doi.org/10.1002/wat2.1506

Jost, L. (2007). Partitioning diversity into independent alpha and
beta components. Ecology, 88(10), 2427-2439. https://doi.org/
10.1890/06-1736.1

Keylock, C. J. (2005). Simpson diversity and the Shannon-Wiener
index as special cases of a generalized entropy. Oikos, 109(1),
203-207. https://doi.org/10.1111/j.0030-1299.2005.13735.x

Klingenberg, C. P. (1998). Heterochrony and allometry: The analysis
of evolutionary change in ontogeny. Biological Reviews of the
Cambridge Philosophical Society, 73(1), 79-123. https://doi.org/
10.1017/S000632319800512X

Kolkwitz, R., & Marsson, M. (1902). Grundsitze fiir die biolo-
gische Beurtheilung des Wassers, nach seiner Flora und
Fauna. Mitteilungen der Koniglichen Priifungsanstalt fiir
Wasserversorgung und Abwasserbeseitigung, 1, 33-72.

Krell, F. T. (2004). Parataxonomy vs. taxonomy in biodiversity
studies—-pitfalls and applicability of ‘morphospecies’ sorting.
Biodiversity and Conservation, 13(4), 795-812. https://doi.org/
10.1023/B:BIOC.0000011727.53780.63

Lack, D. (1947). Darwin's finches. Cambridge University Press.

Lam-Gordillo, O., Baring, R., & Dittmann, S. (2021). Taxonomic and
functional patterns of benthic communities in southern tem-
perate tidal flats. Frontiers in Marine Science, 8, 723749. https://
doi.org/10.3389/fmars.2021.723749

Lee, K. M., Zeegers, T., Mutanen, M., & Pohjoismiki, J. (2020).
The thin red line between species-genomic differentiation of
Gymnosoma Meigen, a taxonomically challenging genus of

51017 SUOLUWIOD) AR 3|0l e aU) Aq peueA0B 812 SOILE YO 95N JO'S3IN 10} ARIGIT UIIUO /B|IA UO (SUONIPUOD-PUE-SLLLBILLCY" A3 | AR2.q 1BU |UO//SciU) SUOIIPUOD) PUE S | a1 39S *[1202/20/22] U0 AXiq i1 8UIIUO AB|IM ‘AUBLLBS SLRIUR0D Ad 98YZT 0Ze/TTTT OT/10p/LICO" A8 1M AZRiq]jbu|uo//Sdy Wol) Papeojumo ‘0 ‘S6E9E9rT


https://doi.org/10.3390/insects13070587
https://doi.org/10.3390/insects13070587
https://doi.org/10.3140/bull.geosci.1807
https://doi.org/10.3140/bull.geosci.1807
https://doi.org/10.18476/pale.v14.a6
https://doi.org/10.18476/pale.v14.a6
https://doi.org/10.26879/1029
https://doi.org/10.26879/1029
https://doi.org/10.1007/s12542-021-00550-1
https://doi.org/10.1111/azo.12283
https://doi.org/10.1111/azo.12283
https://doi.org/10.1016/j.gr.2014.05.004
https://doi.org/10.1016/j.gr.2014.05.004
https://doi.org/10.13133/2284-4880/472
https://doi.org/10.1051/bsgf/2017181
https://doi.org/10.1051/bsgf/2017181
https://doi.org/10.3390/insects12100860
https://doi.org/10.3390/insects12100860
https://doi.org/10.1038/ncomms7417
https://doi.org/10.1038/ncomms7417
https://doi.org/10.1111/geb.12800
https://doi.org/10.1111/geb.12800
https://doi.org/10.1111/j.1095-8312.1987.tb01992.x
https://doi.org/10.1016/j.watres.2018.03.003
https://doi.org/10.1023/B:HYDR.0000025255.70009.a5
https://doi.org/10.1023/B:HYDR.0000025255.70009.a5
https://doi.org/10.1080/07924259.2006.9652204
https://doi.org/10.1016/j.biocon.2016.04.007
https://doi.org/10.1016/j.biocon.2016.04.007
https://doi.org/10.11646/MEGATAXA.1.1.9
https://doi.org/10.11646/MEGATAXA.1.1.9
https://doi.org/10.1002/wat2.1506
https://doi.org/10.1890/06-1736.1
https://doi.org/10.1890/06-1736.1
https://doi.org/10.1111/j.0030-1299.2005.13735.x
https://doi.org/10.1017/S000632319800512X
https://doi.org/10.1017/S000632319800512X
https://doi.org/10.1023/B:BIOC.0000011727.53780.63
https://doi.org/10.1023/B:BIOC.0000011727.53780.63
https://doi.org/10.3389/fmars.2021.723749
https://doi.org/10.3389/fmars.2021.723749

HAUG ET AL.

17
ECN 1L Ey-

parasitoid flies (Diptera: Tachinidae). Systematic Entomology,
46(1), 96-110. https://doi.org/10.1111/syen.12450

Lee, M. S. Y. (2003). Species concepts and species reality: Salvaging
a Linnaean rank. Journal of Evolutionary Biology, 16, 179-188.
https://doi.org/10.1046/j.1420-9101.2003.00520.x

Lombarte, A., Gordoa, A., Whitfield, A. K., James, N. C., & Tuset, V.
M. (2012). Ecomorphological analysis as a complementary tool
to detect changes in fish communities following major pertur-
bations in two South African estuarine systems. Environmental
Biology of Fishes, 94(4), 601-614. https://doi.org/10.1007/s1064
1-011-9966-0

Malviya, S., Scalco, E., Audic, S., Vincent, F., Veluchamy, A.,
Poulain, J., Wincker, P, Iudicone, D., de Vargas, C., Bittner, L.,
Zingone, A., & Bowler, C. (2016). Insights into global diatom
distribution and diversity in the world's ocean. Proceedings
of the National Academy of Sciences of the United States of
America, 113(11), 1516-1525. https://doi.org/10.1073/pnas.
1509523113

Mason, N. W. H., MacGillivray, K., Steel, J. B., & Wilson, J. B. (2003).
An index of functional diversity. Journal of Vegetation Science,
14, 571-578. https://doi.org/10.1111/j.1654-1103.2003.tb02184.x

Mayr, E. (1942). Systematics and the origin of species. Harvard
University Press.

McNamara, K. J. (1986). A guide to the nomenclature of heteroch-
rony. Journal of Paleontology, 60(1), 4-13. https://doi.org/10.
1017/S0022336000021454

Mei, L., Guan, Z. G., Zhou, H. J,, Ly, I, Zhu, Z. R., Cheng, J. A,,
Chen, F. J., Lofstedt, C., Svanberg, S., & Somesfalean, G. (2012).
Agricultural pest monitoring using fluorescence lidar tech-
niques. Applied Physics B, 106(3), 733-740. https://doi.org/10.
1007/s00340-011-4785-8

Mellin, C., Delean, S., Caley, J., Edgar, G., Meekan, M., Pitcher,
R., Przeslawski, R., Williams, A., & Bradshaw, C. (2011).
Effectiveness of biological surrogates for predicting patterns
of marine biodiversity: A global meta-analysis. PLoS One, 6(6),
€20141. https://doi.org/10.1371/journal.pone.0020141

Menezes, S., Baird, D. J., & Soares, A. M. V. M. (2010). Beyond tax-
onomy: A review of macroinvertebrate trait-based community
descriptors as tools for freshwater biomonitoring. Journal of
Applied Ecology, 47, 711-719. https://doi.org/10.1111/j.1365-
2664.2010.01819.x

Merritt, R. W., & Cummins, K. W. (1996). An introduction to the
aquatic insects of North America. Kendall Hunt.

Minelli, A. (2000). The ranks and the names of species and higher
taxa, or a dangerous inertia of the language of natural history.
In M. T. Ghiselin & A. E. Leviton (Eds.), Cultures and institu-
tions of natural history. Essays in the history and philosophy of
science (pp. 339-351). California Academy of Sciences.

Miner, B. G., Sultan, S. E., Morgan, S. G., Padilla, D. K., & Relyea,
R. A. (2005). Ecological consequences of phenotypic plasticity.
Trends in Ecology & Evolution, 20(12), 685-692. https://doi.org/
10.1016/j.tree.2005.08.002

Mlambo, M. C. (2014). Not all traits are ‘functional’: Insights from
taxonomy and biodiversity-ecosystem functioning research.
Biodiversity and Conservation, 23(3), 781-790. https://doi.org/
10.1007/s10531-014-0618-5

Mondal, S., & Harries, P. J. (2016). Phanerozoic trends in ecospace
utilization: The bivalve perspective. Earth-Science Reviews, 152,
106-118. https://doi.org/10.1016/j.earscirev.2015.10.005

Mshvildadze, M., Neu, J., Shuster, J., Theriaque, D., Li, N., & Mai, V.
(2010). Intestinal microbial ecology in premature infants assessed
using non-culture-based techniques. The Journal of Pediatrics,
156(1), 20-25. hitps://doi.org/10.1016/j,jpeds.2009.06.063

Miiller, M., Pander, J., & Geist, J. (2013). Taxonomic sufficiency in
freshwater ecosystems: Effects of taxonomic resolution, func-
tional traits, and data transformation. Freshwater Science, 32(3),
762-778. https://doi.org/10.1899/12-212.1

Navarro, N., Zatarain, X., & Montuire, S. (2004). Effects of mor-
phometric descriptor changes on statistical classification and
morphospaces. Biological Journal of the Linnean Society, 83(2),
243-260. https://doi.org/10.1111/j.1095-8312.2004.00385.x

Needham, L. L., Calafat, A. M., & Barr, D. B. (2007). Uses and is-
sues of biomonitoring. International Journal of Hygiene and
Environmental Health, 210(3-4), 229-238. https://doi.org/10.
1016/j.ijheh.2006.11.002

Novack-Gottshall, P. M. (2007). Using a theoretical ecospace to
quantify the ecological diversity of Paleozoic and modern ma-
rine biotas. Palaeobiology, 33(2), 273-294. https://doi.org/10.
1666/06054.1

Orendt, C. (2018). Results of 10years sampling of Chironomidae
from German lowland running waters differing in degradation.
Journal of Limnology, 77(s1), 169-176. https://doi.org/10.4081/
jlimnol.2018.1790

Orendt, C., & Spies, M. (2012). Chironomus (Meigen) (Diptera:
Chironomidae). Key to the larvae of importance to biological
water analysis in Germany and adjacent areas. Bilingual edition
(German/English). Ehnert & Blankenburg.

Pausas, J. G., & Verdu, M. (2008). Fire reduces morphospace occupa-
tion in plant communities. Ecology, 89(8), 2181-2186. https://
doi.org/10.1890/07-1737.1

Pechenik, J. A. (1999). On the advantages and disadvantages of lar-
val stages in benthic marine invertebrate life cycles. Marine
Ecology Progress Series, 177, 269-297. https://doi.org/10.3354/
meps177269

Prat, N., & Garcia-Roger, E. M. (2018). Are there so many conge-
neric species of chironomid larvae in a small stream? Journal
of Limnology, 77(s1), 65-80. https://doi.org/10.4081/jlimnol.
2018.1757

Rehman, M., Chakraborty, P., Tanti, B., Mandal, B., & Ghosh, A.
(2021). Occurrence of a new cryptic species of Bemisia tabaci
(Hemiptera: Aleyrodidae): An updated record of cryptic diver-
sity in India. Phytoparasitica, 49(5), 869-882.

Schaefer, C. W. (1976). The reality of the higher taxonomic categories.
Zeitschrift fiir Systematische Zoologie und Evolutionsforschung,
14,1-10.

Schleuter, D., Daufresne, M., Massol, F., & Argillier, C. (2010).
A user's guide to functional diversity indices. Ecological
Monographs, 80(3), 469-484. https://doi.org/10.1890/08-2225.1

Scholtz, G. (2014). Evolution of crabs—History and deconstruction
of a prime example of convergence. Contributions to Zoology,
83, 87-105. https://doi.org/10.1163/18759866-08302001

Schweiger, O., Klotz, S., Durka, W., & Kiihn, I. (2008). A comparative
test of phylogenetic diversity indices. Oecologia, 157, 485-495.
https://doi.org/10.1007/s00442-008-1082-2

Sexton, J. P., Montiel, J., Shay, J. E., Stephens, M. R., & Slatyer, R. A.
(2017). Evolution of ecological niche breadth. Annual Review
of Ecology, Evolution, and Systematics, 48, 183-206. https://doi.
org/10.1146/annurev-ecolsys-110316-023003

51017 SUOLUWIOD) AR 3|0l e aU) Aq peueA0B 812 SOILE YO 95N JO'S3IN 10} ARIGIT UIIUO /B|IA UO (SUONIPUOD-PUE-SLLLBILLCY" A3 | AR2.q 1BU |UO//SciU) SUOIIPUOD) PUE S | a1 39S *[1202/20/22] U0 AXiq i1 8UIIUO AB|IM ‘AUBLLBS SLRIUR0D Ad 98YZT 0Ze/TTTT OT/10p/LICO" A8 1M AZRiq]jbu|uo//Sdy Wol) Papeojumo ‘0 ‘S6E9E9rT


https://doi.org/10.1111/syen.12450
https://doi.org/10.1046/j.1420-9101.2003.00520.x
https://doi.org/10.1007/s10641-011-9966-0
https://doi.org/10.1007/s10641-011-9966-0
https://doi.org/10.1073/pnas.1509523113
https://doi.org/10.1073/pnas.1509523113
https://doi.org/10.1111/j.1654-1103.2003.tb02184.x
https://doi.org/10.1017/S0022336000021454
https://doi.org/10.1017/S0022336000021454
https://doi.org/10.1007/s00340-011-4785-8
https://doi.org/10.1007/s00340-011-4785-8
https://doi.org/10.1371/journal.pone.0020141
https://doi.org/10.1111/j.1365-2664.2010.01819.x
https://doi.org/10.1111/j.1365-2664.2010.01819.x
https://doi.org/10.1016/j.tree.2005.08.002
https://doi.org/10.1016/j.tree.2005.08.002
https://doi.org/10.1007/s10531-014-0618-5
https://doi.org/10.1007/s10531-014-0618-5
https://doi.org/10.1016/j.earscirev.2015.10.005
https://doi.org/10.1016/j.jpeds.2009.06.063
https://doi.org/10.1899/12-212.1
https://doi.org/10.1111/j.1095-8312.2004.00385.x
https://doi.org/10.1016/j.ijheh.2006.11.002
https://doi.org/10.1016/j.ijheh.2006.11.002
https://doi.org/10.1666/06054.1
https://doi.org/10.1666/06054.1
https://doi.org/10.4081/jlimnol.2018.1790
https://doi.org/10.4081/jlimnol.2018.1790
https://doi.org/10.1890/07-1737.1
https://doi.org/10.1890/07-1737.1
https://doi.org/10.3354/meps177269
https://doi.org/10.3354/meps177269
https://doi.org/10.4081/jlimnol.2018.1757
https://doi.org/10.4081/jlimnol.2018.1757
https://doi.org/10.1890/08-2225.1
https://doi.org/10.1163/18759866-08302001
https://doi.org/10.1007/s00442-008-1082-2
https://doi.org/10.1146/annurev-ecolsys-110316-023003
https://doi.org/10.1146/annurev-ecolsys-110316-023003

HAUG ET AL.

18
* Lwiev- S

Shackell, N., & Frank, K. T. (2000). Larval fish diversity on the
Scotian Shelf. Canadian Journal of Fisheries and Aquatic
Sciences, 57(9), 1747-1760. https://doi.org/10.1139/f00-111

Shannon, C. (1948). A mathematical theory of communication. The
Bell System Technical Journal, 27, 379-423. https://doi.org/10.
1002/j.1538-7305.1948.tb01338.x

Simpson, E. H. (1949). Measurement of diversity. Nature, 163, 688.
https://doi.org/10.1038/163688a0

Spaak, J. W., Baert, J. M., Baird, D. J., Eisenhauer, N., Maltby, L.,
Pomati, F., Radchuk, V., Rohr, J. R., Van den Brink, P., & De
Laender, F. (2017). Shifts of community composition and pop-
ulation density substantially affect ecosystem function despite
invariant richness. Ecology Letters, 20(10), 1315-1324. https://
doi.org/10.1111/ele.12828

Spellerberg, I. F., & Fedor, P. J. (2003). A tribute to Claude Shannon
(1916-2001) and a plea for more rigorous use of species rich-
ness, species diversity, and the ‘Shannon-Wiener’ index. Global
Ecology and Biogeography, 12(3), 177-179. https://doi.org/10.
1046/j.1466-822X.2003.00015.x

Sundermann, A., Pauls, S. U, Clarke, R. T., & Haase, P. (2008).
Within-stream variability of benthic invertebrate samples
and EU Water Framework Directive assessment results.
Fundamental and Applied Limnology, 173(1), 21-34. https://
doi.org/10.1127/1863-9135/2008/0173-0021

Taxonomy Decadal Plan Working Group. (2018). Discovering bio-
diversity: A decadal plan for taxonomy and biosystematics in
Australia and New Zealand 2018-2027. Australian Academy of
Science and Royal Society Te Aparangi.

Tyler, C. L., & Kowalewski, M. (2017). Surrogate taxa and fossils
as reliable proxies of spatial biodiversity patterns in marine
benthic communities. Proceedings of the Royal Society B, 284,
20162839. https://doi.org/10.1098/rspb.2016.2839

van Klink, R., Bowler, D. E., Gongalsky, K. B., Swengel, A. B., Gentile,
A., & Chase, J. M. (2020). Meta-analysis reveals declines in ter-
restrial but increases in freshwater insect abundances. Science,
368(6489), 417-420. https://doi.org/10.1126/science.aax9931

Villéger, S., Mason, N. W., & Mouillot, D. (2008). New multidimen-
sional functional diversity indices for a multifaceted frame-
work in functional ecology. Ecology, 89(8), 2290-2301. https://
doi.org/10.1890/07-1206.1

Ward, D. F., & Stanley, M. C. (2004). The value of RTUs and paratax-
onomy versus taxonomic species. New Zealand Entomologist,
27(1), 3-9.

Werner, E. E., & Gilliam, J. F. (1984). The ontogenetic niche and spe-
cies interactions in size-structured populations. Annual Review

of Ecology and Systematics, 15, 393-425. https://doi.org/10.
1080/00779962.2004.9722118

Wilson, K. A., McBride, M. F., Bode, M., & Possingham, H. P. (2006).
Prioritizing global conservation efforts. Nature, 440(7082), 337-
340. https://doi.org/10.1038/nature04366

Woodward, G., Friberg, N., & Hildrew, A. (2010). Science and
non-science in the biomonitoring and conservation of fresh-
waters. In F. de Carlo & A. Bassano (Eds.), Freshwater eco-
systems and aquaculture research (pp. 277-288). Nova Science
Publishing.

Wiihrl, L., Pylatiuk, C., Giersch, M., Lapp, F., von Rintelen,
T., Balke, M., Schmidt, S., Cerretti, P., & Meier, R. (2022).
DiversityScanner: Robotic handling of small invertebrates with
machine learning methods. Molecular Ecology Resources, 22,
1626-1638. https://doi.org/10.1111/1755-0998.13567

Yamaguchi, M., Miya, M., Okiyama, M., & Nishida, M. (2000).
Molecular phylogeny and larval morphological diversity of
the lanternfish genus Hygophum (Teleostei: Myctophidae).
Molecular Phylogenetics and Evolution, 15(1), 103-114. https://
doi.org/10.1006/mpev.1999.0726

Yan, F,, Li, J., Zhang, B., Yuan, Z., Zhao, H., Huang, S., Wei, G., Mi,
X., Zou, D., Xu, W., Chen, S., Wang, J., Xie, F., Wu, M., Xiao, H.,
Liang, Z., Jin, J., Wu, S., Xu, C,, ... Che, J. (2018). The Chinese
giant salamander exemplifies the hidden extinction of cryptic
species. Current Biology, 28(10), 590-592. https://doi.org/10.
1016/j.cub.2018.04.004

Yoccoz, N. G., Nichols, J. D., & Boulinier, T. (2001). Monitoring
of biological diversity in space and time. Trends in Ecology
& Evolution, 16(8), 446-453. https://doi.org/10.1016/S0169-
5347(01)02205-4

Zachos, F. E. (2011). Linnean ranks, temporal banding, and
time-clipping: Why not slaughter the sacred cow? Biological
Journal of the Linnean Society, 103, 732-734. https://doi.org/10.
1111/j.1095-8312.2011.01711.x

How to cite this article: Haug, J. T., Baranov, V.,
Braig, F., & Haug, C. (2023). Morpho-ecospaces, or
how to measure biodiversity in a different way.
Acta Zoologica, 00, 1-18. https://doi.org/10.1111/
az0.12486

51017 SUOLUWIOD) AR 3|0l e aU) Aq peueA0B 812 SOILE YO 95N JO'S3IN 10} ARIGIT UIIUO /B|IA UO (SUONIPUOD-PUE-SLLLBILLCY" A3 | AR2.q 1BU |UO//SciU) SUOIIPUOD) PUE S | a1 39S *[1202/20/22] U0 AXiq i1 8UIIUO AB|IM ‘AUBLLBS SLRIUR0D Ad 98YZT 0Ze/TTTT OT/10p/LICO" A8 1M AZRiq]jbu|uo//Sdy Wol) Papeojumo ‘0 ‘S6E9E9rT


https://doi.org/10.1139/f00-111
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1038/163688a0
https://doi.org/10.1111/ele.12828
https://doi.org/10.1111/ele.12828
https://doi.org/10.1046/j.1466-822X.2003.00015.x
https://doi.org/10.1046/j.1466-822X.2003.00015.x
https://doi.org/10.1127/1863-9135/2008/0173-0021
https://doi.org/10.1127/1863-9135/2008/0173-0021
https://doi.org/10.1098/rspb.2016.2839
https://doi.org/10.1126/science.aax9931
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1080/00779962.2004.9722118
https://doi.org/10.1080/00779962.2004.9722118
https://doi.org/10.1038/nature04366
https://doi.org/10.1111/1755-0998.13567
https://doi.org/10.1006/mpev.1999.0726
https://doi.org/10.1006/mpev.1999.0726
https://doi.org/10.1016/j.cub.2018.04.004
https://doi.org/10.1016/j.cub.2018.04.004
https://doi.org/10.1016/S0169-5347(01)02205-4
https://doi.org/10.1016/S0169-5347(01)02205-4
https://doi.org/10.1111/j.1095-8312.2011.01711.x
https://doi.org/10.1111/j.1095-8312.2011.01711.x
https://doi.org/10.1111/azo.12486
https://doi.org/10.1111/azo.12486

	Morpho-ecospaces, or how to measure biodiversity in a different way
	Abstract
	1|BACKGROUND
	1.1|Objective: Improving measures of evaluating biodiversity
	1.2|A short note on terminology

	2|EXAMPLE 1, TAXONOMY-CENTRED APPROACHES: DIVERSITY INDICES
	2.1|Taxonomy as a proxy for biodiversity
	2.2|The general niche width problem
	2.3|Niche width problem: Polymorphism
	2.4|Niche width problem: Larval diversity
	2.5|Niche distance and niche position problem
	2.6|The problem of cryptic species
	2.7|Further rank-related aspects
	2.8|Non-taxonomy-related questions
	2.9|Summary of the weaknesses of common taxonomy-centred approaches

	3|EXAMPLE 2, A TRAIT-CENTRED APPROACH: THE ‘CUBE-ECOSPACE’
	3.1|A trait-only concept
	3.2|Size and distance
	3.3|Classification
	3.4|Reproducibility
	3.5|Coarseness
	3.6|Dealing with polymorphism
	3.7|Summary of the weaknesses of the trait-centred approach

	4|EXAMPLE 3, COMBINED TAXONOMY-TRAIT APPROACH: FRESHWATER BIOMONITORING
	4.1|Taxonomy and traits combined
	4.2|The structural problem of too much work for too few experts
	4.3|Summary of the weaknesses of freshwater biomonitoring

	5|COMPARISON OF THE COMMON APPROACHES
	6|A POSSIBLE WAY: A NON-DISCRETE ECOSPACE
	6.1|A non-discrete-ecospace approach and its possible advantages
	6.2|Towards a non-discrete ecospace approach
	6.3|Entire samples or proxy groups
	6.4|Morphospace as a proxy
	6.5|Ecologically important structures
	6.6|Quantifying, not ‘qualifying’
	6.7|Morphospace diversity approaches so far
	6.8|Disadvantages of the suggested approach
	6.9|Advantages of the suggested approach
	6.10|Trait diversity

	7|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


