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The traits of organisms provide critical information for understanding changes in
biodiversity and ecosystem function at large scales. In recent years, trait databases
of macroinvertebrates have been developed across continents. Anyone using different
databases to search for traits will encounter a series of problems that lead to uncertain
results due to the inconsistency of the trait information. For example, traits for a particular
macroinvertebrate taxon may be inconsistent across databases, coded in inconsistent
ways, or cannot be found. However, most of the current studies do not clearly state their
solutions, which seriously hinders the accuracy and comparability of global trait studies.
To solve these problems, we collected representative databases from several continents,
including the United States, Europe, South Africa, Bolivia, Australia, and New Zealand.
By comparing the inconsistency of similar trait classifications in the nine databases,
we harmonized 41 of these grouping features. We found that these databases differed
widely in terms of the range and category of traits. And the method of coding traits
also varies from database to database. Moreover, we showed a set of trait searching
rules that integrate trait databases from different regions of the world, allowing traits
to be identified more easily and uniformly using different trait databases worldwide.
We also applied this method to determine the traits of 155 macroinvertebrate taxa
in the Three Parallel Rivers Region (TPRR). The results showed that among a total
of 155 macroinvertebrate taxa, the 41 grouping features of all genera were not fully
identified, and 32 genera were not recorded (thus using family-level data). No trait
information was found at all for two families, which contain two genera. This suggests
that many macroinvertebrate taxa and their traits have not been fully studied, especially
in those regions, including China, where macroinvertebrate trait studies are lagging.
This inadequacy and unevenness have seriously hindered the study and development
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of macroinvertebrate trait and functional diversity worldwide. Our results complement
the information on stream macroinvertebrate traits in the TPRR, a global biodiversity
hotspot, and greatly promote the uniformity of global trait research and the accuracy
and comparability of trait research in different regions.

Keywords: macroinvertebrate, the Three Parallel Rivers Region, stream ecology, trait, trait harmonization, trait

determination

INTRODUCTION

The study of functional traits has a long history. Cummins
(1973) was the first to apply the functional trait approach
to stream biology. Kerans and Karr (1994) proposed a
benthic index of biotic integrity (B-IBI) that can be effectively
applied to riverine environmental monitoring, incorporating
macroinvertebrate traits. After that, many countries began to
develop macroinvertebrate trait information for biological
monitoring and biodiversity The earliest
development was in Europe. Usseglio-Polatera et al. (2000)
started to compile information on macroinvertebrate traits
in 2000. Europe uses a fuzzy coding method to code traits,
considering the uncertainty of macroinvertebrate traits, which
indicates how strongly a taxon expresses a particular trait based
on affinity (Chevenet et al., 1994; Usseglio-Polatera et al., 2000).
At the same time, the United States began to synthesize the
traits of its macroinvertebrate. The trait database of USGS
(Vieira et al., 2006) comprehensively summarized the traits of
macroinvertebrates in North America for the first time. After
that, Twardochleb et al. (2021) and the US EPA (2012) released
more comprehensive databases of macroinvertebrate traits by
integrating relevant domestic studies. However, unlike Europe,
the United States applied a binary approach in which each taxon
was assigned to only one trait. These two methods have been
used in Australia, New Zealand, and South Africa.

With the development of trait-based ecology, researchers have
demonstrated the efficiency of analyzing functional traits and
functional diversity in ecological studies (McGill et al., 2006;
Alahuhta et al., 2019). A trait is a well-defined and measurable
property of organisms at the individual level (McGill et al,
2006; Mouillot et al., 2013). There are several advantages of
using trait data for analysis compared to species data: (1) Traits
directly reflect the behavior of organisms and control their
interrelationships with the environment and other organisms, so
that traits can deepen the mechanistic understanding of species-
environment and even interspecies relationships (Thornhill
et al., 2018; Desrosiers et al., 2019); (2) Traits vary less across
geographic regions and can be analyzed across a wide geographic
range or even across species (Bernhardt-Roemermann et al,
2011; Heino et al.,, 2013); (3) Trait data have low requirements
for taxonomy and are less susceptible to taxonomic ambiguities
or inconsistencies in long-term data (US EPA, 2012) for that
genus or family-level traits have long been used in biological
assessments (Vieira et al., 2006; Schaefer et al., 2011; Rodil
et al, 2013); (4) Traits can be used to calculate a range of
functional diversity indices, to detect changes in the functional
characteristics of communities, or as indicators to estimate

conservation.

ecosystem function (Carmona et al., 2016; de Bello et al., 2017;
Laughlin et al., 2018). With increased human disturbance and
warming, the study of biological traits will allow us to better cope
with the effects of such changes on ecosystems.

Although trait-based research has developed rapidly in the
past few years, trait information of organisms is still the
foundation of research. However, it is often difficult to obtain
the trait information of species, and the collection and collation
of trait data are time-consuming and laborious (US EPA, 2012).
This difficulty is especially true for the small and diverse
macroinvertebrates in alpine streams. To date, descriptions of
macroinvertebrate traits have been scattered among numerous
studies. The development of trait databases that focused on
aquatic organisms has progressed the most in Europe and
North America compared to other regions. The European
database contains 8586 taxa (Schmidt-Kloiber and Hering,
2015), making it the largest database. Researchers have recently
collated a new database on disperse-related traits of European
macroinvertebrates (Sarremejane et al., 2020). Twardochleb et al.
(2021) developed a North American database of freshwater insect
traits by referring to the research of Poft et al. (2006), the US
Geological Survey (USGS; Vieira et al., 2006), the US EPA (2012),
and other studies on North American freshwater insects. There
are 3,791 macroinvertebrate taxa, which is second only to Europe
in terms of data volume. In addition, similar trait databases are
available for South Africa (Odume et al., 2018), Australia (Kefford
et al,, 2020), New Zealand (Phillips and Smith, 2018), and Bolivia
(Tomanova and Usseglio-Polatera, 2007). These databases are not
unique, but rather describe the same taxa from different traits,
forming a complementary.

Unfortunately, there are three obvious problems when using
these different databases: (1) There is no uniform way to describe
traits information in these databases, and the ways used to
describe traits may vary considerably. For example, US EPA
(2012) classified macroinvertebrate sizes into 3 categories: small
(<9 mm), medium (9-16 mm), and large (>16 mm), whereas
Sarremejane et al. (2020) classified them into 7 categories,
with the smallest < 0.25 mm and the largest > 8 mm.
This inconsistency hampered the development of comparative
studies on macroinvertebrate traits worldwide and may lead
to erroneous results (Schmera et al., 2015). Kunz et al. (2021)
harmonized seven grouping features from six databases in
four regions, greatly facilitating the study of traits among
different regions. However, many grouping features are scattered
in various databases that need to be harmonized, such as
rheophily and thermal preference etc., which are all important
to macroinvertebrates. Moreover, recent trait-based studies have
highlighted the importance of standardizing traits and trait
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terminology to ensure that data can be integrated more easily
in the future (Schmera et al.,, 2015; Kunz et al., 2021). In this
study, we follow the suggestion of Schmera et al. (2015). We use
“grouping feature” to refer to the general properties of related
traits (rather than “trait”), and “trait” refer to traits that can
be measurable at the individual level (rather than “trait state,”
“modality” or “trait modality”). (2) These databases contain
many duplicate species, but there are inconsistent descriptions of
similar traits in these same species. They may all be accurate, but
this has caused great confusion for researchers in other regions
to determine the macroinvertebrate traits. (3) There are still
many macroinvertebrates whose traits have not been described
so far. Many species are found in areas with poorly studied
macroinvertebrate traits, including some biodiversity hotspots.

The Three Parallel Rivers Region (TPRR) in China has long
been recognized as a global biodiversity hotspot (Myers et al.,
2000; Xing and Ree, 2017), but studies on macroinvertebrate
traits in this region are still scarce (Liu et al., 2021). Three
international rivers, including the Yangtze, Mekong, and Salween
rivers, flow parallel from north to south in a 100 km wide area
and are recognized by UNESCO as a World Natural Heritage Site
and a priority area for biodiversity conservation (Myers et al.,
2000). In our six study regions, the northernmost Three-River
Headwaters region has an average altitude of over 4,000 m and
a cold and dry climate. The Dulong River, Zhubaluo River, and
Gangqu River in the center are distributed parallel to each other
from west to east and are located in the area where the three
rivers are closest to each other. And due to the blockage of
the summer monsoon by the mountains, precipitation gradually
decreases from west to east (Xing and Ree, 2017). These regions
and the Cangshan Mountains region have a great altitude span
with a distinct vertical climate classification (Wu et al., 1988;
Zeitler et al., 2015). The southernmost region of Dehong is below
1,000 m above sea level and has a much warmer climate.

By harmonizing the trait information of macroinvertebrates
from different world regions, we proposed a set of trait searching
rules with clear steps to help people identify macroinvertebrate
traits using different trait databases. At the same time, we
applied this set of rules to the TPRR and determined the
macroinvertebrate traits in this region. Our aim is not only to
extend the seven grouping features harmonized by Kunz et al.
(2021) to more grouping features and to extrapolate this trait
information to the TPRR in China, but also to try to find
an accurate and comprehensive method for trait determination
using different databases. This will provide a methodological
basis for future research on macroinvertebrate traits in China
and even the world. At the same time, it will help us improve
the uniformity of research on stream macroinvertebrate traits in
China and around the world and further understand the unique
and rapidly changing alpine stream ecosystems.

MATERIALS AND EQUIPMENT

Study Area
The study area is located in the TPRR of Yunnan, China.
The north-south-oriented Hengduan Mountains located at the

southeastern rim of the Tibetan Plateau, separate Asia’s major
rivers in the TPRR, including the Yangtze, Mekong, and Salween
rivers. The region has high mountains and deep valleys, with
snowcapped mountains over 6,700 m above sea level, most of
which are in the national nature reserves and belong to global
biodiversity hotspots and priority conservation areas (Myers
etal., 2000; Xing and Ree, 2017). The average annual temperature
in this region is only 6°C. The average annual precipitation is
624.7 mm and decreases from west to east due to the blocking
effect of the Hengduan Mountains on the summer monsoon
with abundant water vapor, and 73% of the precipitation is
concentrated from June to September (Yu et al., 2018).

This study was conducted mainly in six regions of the
TPRR, which are the Three-River Headwaters, Dulong River,
Zhubaluo River, Gangqu River, Cangshan Mountain, and Dehong
Prefecture region (Supplementary Figure 1 in Supplementary
Material). The Three-River Headwaters region has the highest
average altitude of more than 4,000 m, the lowest annual
precipitation of less than 300 mm, and the lowest average annual
temperature below 0°C (Shi et al., 2016). The Dehong Prefecture
region has the lowest average altitude of fewer than 1,000 m and
the highest average annual temperature of 20°C.! Furthermore,
the Dulong River has the highest average annual precipitation,
once recording average annual precipitation of up to 4,800 mm
(Li, 1996). Due to this huge difference in altitude, precipitation,
and temperature, the TPRR can be a good microcosm of entire
China to some extent.

Macroinvertebrate Sampling

A total of 213 sampling sites were collected from six regions,
most of which were located at the headwaters of the streams and
were wadable. The sites in Dehong were sampled in September
2020, Three-River Headwaters in September 2018, Dulong River
in November 2018, Zhubaluo River in November 2017, Cangshan
Mountain in November 2012, and Gangqu River in May 2005.
All the samplings were carried out in the dry season with stable
hydrological conditions. Macroinvertebrates were collected using
a 500 wm mesh surber net (30 x 30 ¢cm) within a 100 m river
reach. All samples were preserved in 95% ethanol concentrations
and brought back to the laboratory for identification (Morse et al.,
1994; Merritt et al., 2019). In our sampling, we only focused
on aquatic insects, which were identified to genus level, except
Chironomidae to subfamily level.

Trait Databases

A total of 213 sampling sites were collected from six regions,
most of which were located at the headwaters of the streams and
were wadable. The sites in Dehong were sampled in September
2020, Three-River Headwaters in September 2018, Dulong River
in November 2018, Zhubaluo River in November 2017, Cangshan
Mountain in November 2012, and Gangqu River in May 2005.
All the samplings were carried out in the dry season with stable
hydrological conditions. Macroinvertebrates were collected using
a 500 wm mesh surber net (30 x 30 cm) within a 100 m river
reach. All samples were preserved in 95% ethanol concentrations

'http://data.cma.cn/
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and brought back to the laboratory for identification (Morse et al.,
1994; Merritt et al., 2019). In our sampling, we only focused
on aquatic insects, which were identified to genus level, except
Chironomidae to subfamily level.

METHODS

Trait Harmonization

In this study, we chose the binary approach to determine
macroinvertebrate traits. The fuzzy coding method is applied
in the trait database in Europe and other regions. However, we
used the binary method (i.e., each taxon was assigned to only
one trait) for the following reasons: (1) The development of
macroinvertebrate trait research is lagging in China, and there
is not much detailed trait information available. This is one of
the critical reasons why Poft et al. (2006) used a binary approach
to build a database of macroinvertebrate traits in the first place.
(2) There are still many studies on macroinvertebrate traits in
China and the world using the binary method (Krynak and
Yates, 2018; McKie et al., 2018; Wang et al., 2020). (3) The
advantage of this approach is that it simplifies functional and
even phylogenetic analyses, thus allowing an exploration of the
dominant relationships between traits and macroinvertebrate
taxa (Poff et al., 2006).

The main taxonomic resolution we considered was the genus
level (except for some Chironomidae where the tribe was used).
There are several reasons for this: (1) Aquatic insect larvae
have great taxonomic uncertainty at the species level, but it
is more likely that congeneric species have similar functional
traits (Gayraud et al., 2003; Poff et al, 2006). Using genus-
level traits dramatically simplifies the identification work of
macroinvertebrates for researchers and reduces the error rate of
identification. (2) Trait assignment is inevitably more difficult
at higher taxonomic resolution (e.g., species). In contrast, trait
information is relatively more abundant and complete at lower
taxonomic resolutions (e.g., genus or family; Kefford et al.,
2020). (3) Trait information at the genus and family level
has long been successfully used in biological assessments in
many countries (Vieira et al., 2006; Schaefer et al., 2011; Rodil
et al,, 2013). Moreover, we ignored the unique grouping features
in each database (including some grouping features that look
similar but are challenging to harmonize. For example, in the
freshwaterecology.info database, there is the grouping feature
“dietary preference;” which includes specialist, moderate, and
generalist. While another grouping feature “food” specifically
describes whether macroinvertebrates eat detritus, animals, or
plants. Although these two grouping features look similar, they
are difficult to harmonize.) and only harmonized those that
appear in at least two databases because these grouping features
are unavailable for most of the taxa.

In the process of finding traits, we mainly have the following
problems:

(1) When there are multiple sources of trait data for a
particular macroinvertebrate, which one should we choose to use?

(2) How can different trait classifications from different
sources be harmonized?

(3) If only species-level trait information is available, how
should we determine genus-level trait information? What if
congeneric species have different traits?

(4) What if a taxon fits multiple traits within a grouping
feature?

(5) What if the taxon cannot be found in any of these
databases?

Almost anyone searching multiple macroinvertebrate trait
databases will encounter these problems. However, many studies
do not provide a clear solution, especially those studies where the
development of macroinvertebrate trait databases is lagging and
need to refer to trait databases in other regions. These studies only
provide references to databases or relevant literature and may
incorporate expert advice (Addo-Bediako, 2021; Li et al., 2021;
Shrestha et al., 2021). Although macroinvertebrate trait databases
are described in reports and papers including their process of
acquiring trait information, the use of these databases can still be
confusing. For example, while the Australian database states its
traits as originating from multiple published articles, the database
provided simply integrates all the traits from these articles. There
are both fuzzy coding data and binary data in this database, and
the trait classification methods differ. For a given species, the
same grouping feature also has different results. While all this
information is valuable, this undoubtedly causes great confusion
to database users and may lead to uncertainty in trait studies.

However, the EPA database is an exception. It integrated
trait databases from 14 sources in the United States and gave
specific harmonization rules. This rule can be summarized as
follows: (1) Use the Poff, USGS (Vieira et al., 2006), and other
databases in sequence; (2) If traits vary among species within the
genera, use the most frequently recorded trait [Twardochleb et al.
(2021) also used this rule]; (3) If different traits occur with the
same frequency, select the more typical traits that mentioned by
other sources (e.g., medium size, univoltine), or select a trait at
random. However, these three rules can only solve part of the first
three of the five problems mentioned above. Additional rules are
needed to determine more traits using databases from multiple
regions worldwide.

When we encountered the above problems, we developed a
set of rules for determining taxon traits in combination with
the US EPAs method to harmonize trait classification to ensure
consistency in the treatment of all traits. For question one
(“When there are multiple sources of trait data for a particular
macroinvertebrate, which one should we choose to use?”), we
consider mainly the zoogeographic realm and the similarity of
regional climate. Ecological and historical factors shape species
assemblages and thus their trait composition (Southwood, 1977;
Cavender-Bares et al., 2009). For example, as the oldest fauna
in the world, Australia experienced a long period of isolation
from the Mesozoic to Pliocene, making the creature more unique
(Holt et al., 2013). And many macroinvertebrate traits may vary
with altitude and climate (Magiafoglou et al., 2002; Corbet et al.,
2006; Bonada and Dolédec, 2018). Thus regions with similar
climates are more likely to have similar traits, especially those that
are evolutionarily stable (Poft et al., 2006; Nussey et al., 2007).
Based on latitudinal, climatic similarities (Beck et al., 2018) and
the zoogeographic realm (Holt et al., 2013), we considered the
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trait databases of North America (The Nearctic Realm), Europe
(The Palearctic realm), South Africa (The Ethiopian Realm),
South America (The Neo-Tropical Realm), and Australia and
New Zealand (The Australian Realm) in turn. In North America,
traits from the latest CONUS database were given priority,
followed by the Poft and EPA databases (Since EPA chose the Poff
database as the first, we consider the Poff database prior to the
EPA.). In Europe, traits from the latest Sarremejane database were
given priority, followed by the freshwaterecology.info database.
For question two (“How can different trait classifications
from different sources be harmonized?”), we determined the
harmonization result of many similar grouping features and
traits based on the databases mentioned above (Table 1). For
question three (“If only species-level trait information is available,
how should we determine genus-level trait information? What
if congeneric species have different traits?”), consistent with the
US EPA (2012), we use the majority rule to determine genus-
level traits. For question four (“What if a taxon fits multiple traits
within a grouping feature?”), we have two cases: for binary data,
we used the trait with the most records; for fuzzy-coded data, we
used the trait with the highest affinity (Except for the secondary
habit, secondary feeding style, and emerge season two, which
used traits with the second-highest affinity). We do not select less
special traits or randomly select a trait following the EPA method
to reduce the uncertainty of the results. For question five (“What
if the taxon cannot be found in any of these databases?”), we
tried to replace genus-level traits with family-level traits. Many
species within the same family have similar traits (Gayraud et al.,
2003; Poft et al., 2006), and most databases also provide traits
at the family level. Even so, there may still be undetermined
traits. Therefore, like most databases, we use NA to indicate
indeterminate traits.

Trait Searching Rules
The following are the specific rules we developed for determining
traits within a grouping feature at the genus level (Figure 1):

(1) Sequentially, using the CONUS, Poff, EPA,
Sarremejane, freshwaterecology.info, South African, Bolivian,
Australian, and New Zealand databases. (The Australia and
freshwaterecology.info databases contain many similar or
identical grouping features. When we search these two databases,
we combine similar grouping features and use them as one.
For example, use the result when the results of multiple similar
grouping features are consistent or when only one grouping
feature can determine the results. Otherwise, this grouping
feature is considered in an uncertain state.) It is worth noting
that when the study area changes, the search order of the database
should be changed according to the similarity of the area. And
the local study of macroinvertebrate traits should be prioritized.

(2) When using different trait classifications from different
databases, the trait classifications are determined according to
the harmonization results in Table 1. The selection of standard
grouping features was determined primarily by their ability to
include as many trait categories as possible within all other
grouping features and by the extensiveness of their use. And
other similar grouping features from different databases were
harmonized according to the classification of the standard
grouping features.

(3) When the genus that to be found available in the database,
find the trait information of the genus. If the genus fits more than
one trait under a grouping feature, i.e., the trait varies within the
grouping feature. Use the most frequently occurring trait (binary
data) or the highest affinity trait (fuzzy coded data). For example,
suppose the respiration mode is both tegument and gills. The
number of tegument respiration records is three and gills is one
(binary data), or the affinity of tegument respiration is three and
gills is one (fuzzy coded data). In that case, the respiration mode
of this genus is tegument.

(4) If the database has the genus but no information on
a particular grouping feature or multiple traits has the same
frequency of occurrence (binary data), or multiple traits have the
same affinity (fuzzy coded data), then use the next database.

(5) If only species-level trait information is available in the
database but not genus-level, use the trait that occurs most
frequently among species. The number of the same trait should be
at least three, and only calculate the trait with the highest affinity
when encountering the fuzzy-coded data). If the rule cannot
determine the trait, search the trait information at the family level
of the genus. For example, if three or more of the five species
within a genus have an identical trait, the genus is considered to
have this trait. Otherwise, use the next database.

(6) When a grouping feature of the genus could not be
determined after searching the last database, search the trait
information at the family level from the first database.

(7) Use the information when a family-level grouping feature
needs to be searched available in the database. If the traits within
the grouping feature vary, then the most frequently occurring
trait (binary data) or the one with the highest affinity (fuzzy coded
data) within the grouping feature was used as in step 3 above.

(8) If the family could not be found, or different traits have
the same frequency of occurrence (binary data), or multiple
traits have the same affinity (fuzzy coded data), then use
the next database.

(9) If the grouping feature cannot be determined after using
the last database, the grouping feature is considered currently
undetermined (noted as NA).

TABLE 1 | Detailed information contained in the databases.

Database Code method Number of Number of
taxa grouping features

Twardochleb et al., Binary/Fuzzy 3791 1

2021

Kefford et al., 2020 Binary/Fuzzy 2292 ~80

Odume et al., 2018 Binary 3604 40

Poff et al., 2006 Binary 311 20

US EPA, 2012 Binary 3857 ~50

Sarremejane et al., Fuzzy 480 9

2020

Schmidt-Kloiber and Fuzzy 8586 40

Hering, 2015

Phillips and Smith, Fuzzy 495 16

2018

Tomanova and Fuzzy 82 8

Usseglio-Polatera,
2007
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FIGURE 1 | Flowchart for determining genus-level grouping features (GF) from the databases. The oval represents a start or end point, the rectangle represents a
process, and the diamond represents a decision. According to the databases searching sequence, the databases are considered as databases one to nine,
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RESULTS

In the table of harmonization results for different trait
classifications we identified, 41 grouping features with 154
traits were harmonized (Table 2). Of the 41 grouping features,
seven standard grouping features from Kunz et al. (2021)
were selected as standard grouping features, six in the
CONUS database, nine in the Poff database, nine in the
EPA database, two in the Sarremejane database, one in the
freshwaterecology.info database, three in the South African
database, three in the Australian database, and one in
the New Zealand database. All other grouping features are
harmonized with the standard grouping features mentioned
above. More detailed trait harmonization results are presented in
Supplementary Material for convenient use by researchers.

In our process of harmonizing traits, there are roughly
3 scenarios: (1) Harmonizing grouping features with specific
ranges. Examples include size, thermal preference, and adult
life span. These traits are relatively easy to harmonize due
to their clear ranges. (2) Harmonizing entirely categorical
grouping features. It is easy to harmonize if the trait categories
are consistent within the grouping features. Examples include

voltinism, emergence season, and female dispersal. Conversely,
if inconsistent, it is difficult to harmonize. For example, in the
freshwaterecology.info database, reproduction type includes both
the location of eggs (terrestrial or aquatic) and the type of eggs
(free isolated. cemented isolated, fixed clutches, or free clutches).
While in the South African database, the location of eggs and the
type of eggs are two grouping features. (3) Harmonizing grouping
features containing both categories and specific ranges. These
grouping features are relatively the most difficult to harmonize,
even impossible to harmonize. For example, in the EPA database,
salinity tolerance is classified as fresh, brackish, and saline, while
the Australian database classifies salinity tolerance according to
the magnitude of electrical conductivity. Examples also include
rheophily and development speed.

A total of 153 genera, 71 families, and 10 orders
(Ephemeroptera, Odonata, Plecoptera, Hemiptera, Neuroptera,
Megaloptera, Trichoptera, Lepidoptera, Coleoptera, and Diptera)
of macroinvertebrates were found in our study (including three
subfamilies of Chironomidae). When we applied the rules
to determine the traits, the results showed that the grouping
features of all genera were not fully determined. Furthermore, 32
genera had no records (thus using family-level traits), accounting
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TABLE 2 | Harmonization results of different trait classification (partial).

Grouping
feature

Combined grouping features

Trait Combined traits

Maximum body Max Size, Size at maturity, Maximal potential size

size
Locomotion Habit, Morphology, Mobility, Locomotion type, Attachment to
substrate of aquatic stages, Mobility and attachment to
substrate
Female
dispersal

Small (<9 mm) <10 mm
Medium (9-16 mm) 10-20 mm
Large (>16 mm) >20 mm

Burrower Burrow, Epibenthic burrower, Endobenthic
burrower, Burrowing/boring
Crawler Sprawler, Walking, Climber, Climb, Clinger,
Cling, Sprawl, Sprawler
Sessile Attach_perm, (Semi)Sessile, Attached,
Temporarily attached
Swimmer Swim, Diving, Full water swimmer,
Swimming/diving, Skate, Skater, Surface
swimmer, Swimming/skating
Weak
Strong

The first and third columns represent the standard grouping features and traits, respectively. The second and last columns represent the grouping features and traits
combined for harmonization (empty means no combining is required). Only partial results are shown, considering the table is too big. The complete results are shown in

Supplementary Material.

for 20.9% of the total taxa. These genera belong to 10 orders
and 22 families, which indicates that all families in this region
contain genera for which no records could be found. No trait
information was found for two families (Deuterophllobldae
and Phryganopsychidae), which contain two genera. (See
Supplementary Material for detailed results.)

DISCUSSION

Worldwide, there are approximately 50,000 species of
aquatic insects (Balian et al, 2008). However, there are
fewer than 20,000 species in the United States, European,
Australian, South African, New Zealand, and Bolivian
databases without considering the same taxon. It is evident
that the current study of macroinvertebrates is still far
from adequate in terms of species numbers. This problem
is particularly evident in the TPRR. Our results showed
that a total of 34 genera were not recorded, accounting for
approximately 22% of the total. Moreover, two families have
no records. This reflects not only the inadequacy of global
studies on macroinvertebrate traits but also unevenness.
Many developing countries, including China, often do not
have enough macroinvertebrate studies to establish a trait
database. However, at the same time, numerous endemic
macroinvertebrates are scattered in various regions of the
globe. As a result, many studies have to exclude species
without trait information (Krynak and Yates, 2018), which
seriously hinders the development of comparative studies on
macroinvertebrate traits worldwide and may lead to erroneous
results (Schmera et al., 2015).

The trait classifications used in current research are often
predefined by scientists. However, studies using such predefined

and variable numbers of traits undoubtedly impact many
research results. The negative impact is mainly reflected in
the following points: (1) How macroinvertebrate traits are
described and their numbers vary significantly from database to
database. For example, the Poff database described a total of 59
traits for 20 grouping features, while the freshwaterecology.info
database described nearly 40 grouping features with hundreds of
traits. (2) Several similar traits of macroinvertebrates have been
described in different ways. For example, dispersal is defined
in the European and South African databases as aquatic active,
aquatic active, aquatic passive, aerial active, and aerial passive.
In contrast, the dispersal traits in the EPA and New Zealand
databases are described as the level of dispersal distance before
female spawning, the strength of adult flight ability, and the
frequency of drift occurrence. (3) Many species have different
trait descriptions in different databases. They may all be true
for reasons such as differences in geographic regions and the
presence of many interference factors, but the reason for this is
not apparent. (4) Insufficient research on some specific species.
For example, many Coleoptera adults and larvae live in water,
and their morphology is entirely different, so their traits should
be different. However, only the Australian and Bolivian databases
classified this condition, and many other databases do not take
this into account. In addition, synonymy is one of the factors
leading to uncertain results. However, these problems should be
left to professional taxonomists and are not the focus of this
paper. (5) An unstated assumption of trait-based analyses is
that characterizing traits for late instars are adequate to account
for organism-environment relations, but this may not always
be the case (Poff et al., 2006). Although recently Kunz et al.
(2021) harmonized traits within six databases in four regions, it
is undeniable that different traits provide valuable information
on different aspects of trait research. Therefore, we harmonized
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the traits that appeared in at least two of the eight databases to
promote the use of more traits.

Although we assigned most macroinvertebrate grouping
features to only one trait, trait values are usually characterized by
their uncertainty. The uncertainty is because macroinvertebrate
traits may change at different life stages (e.g., feeding groups,
respiration) and to our lack of knowledge of most taxa (Kefford
et al., 2020). Some databases, including those in Europe, use
the fuzzy coding method to solve this problem. However, for
the reasons stated in the method section, we applied the binary
method. We do not deny that the fuzzy coding method provides
precious information for describing different taxon traits. This
method takes into account some intraspecific variations of
macroinvertebrate traits. Perhaps fuzzy coding of different traits
or multi-state binary approaches should be considered in the
future as research progresses. For example, Li et al. (2020) found
that the voltinism of the Drunella submontane (Ephemeroptera:
Ephemerellidae) varies with altitude: univoltine below 1,600 m
and semivoltine above 2,100 m. Therefore, in future studies, the
voltinism of the species should be determined to be univoltine or
semivoltine, depending on the sampling elevation.

It is worth noting that the method we provide has its
limitations. Although it is generally believed that the traits vary
less across geographic regions (Bernhardt-Roemermann et al.,
2011; Heino et al., 2013). And many studies have used trait
information from other regions without validation. For example,
studies in China referenced traits from North America and
Europe (Addo-Bediako, 2021; Shrestha et al., 2021), and studies
in Nepal and South Africa referenced traits from North and
South America (Addo-Bediako, 2021; Shrestha et al., 2021).
However, the use of trait information from other regions may
not be appropriate for evolutionary labile traits, i.e., traits
that are not constrained by phylogeny and thus respond to
environmental change (Poff et al., 2006). Examples include traits
describing body size, feeding type, and voltinism (Bonada and
Dolédec, 2018; Wilkes et al., 2020). Consequently, individuals
of the same species may have different traits when they inhabit
habitats with different environmental conditions. In contrast, for
phylogenetically constrained traits like respiration or locomotion
type, it is possible to use trait information from different regions
(Poff et al., 2006; Bonada and Dolédec, 2018). However, the
lability of macroinvertebrate traits has not been sufficiently
studied (Bonada and Dolédec, 2018; Wilkes et al., 2020). This
important work will not only enable us to use trait databases more
accurately but also improve our understanding and prediction of
trait-environment relationships.

Despite the rapid development of trait-based ecological
research, the trait-based approach has its limitations. First, traits
do not evolve independently in response to single environmental
stress (de Bello et al., 2017) but are related because of mechanistic
relationships or phylogenetic constraints (Verberk et al., 2013;
Hamilton et al., 2020), and thus appear as specific combinations
of traits (Poff et al., 2006). For example, multivoltine species
necessarily have rapid development and small size (Resh et al,,
1988; Hamilton et al., 2020). Consequently, a causal mechanism
by which a trait appears to influence a species’ persistence
may be related to another correlated trait (Hamilton et al,

2020). And spurious causality may seriously confound trait-
based applications (Poff et al., 2006; Piliére et al., 2016; Hamilton
et al., 2020). Second, although a large number of functional
diversity indices have been developed to explore the relationship
between traits and the environment, the current use of functional
diversity indices is confusing (Mammola et al, 2021). And
the number of traits to be included in the initial trait matrix
for functional diversity calculation to adequately reflect the
relationship between organisms and their environment is still
unresolved (Maasri, 2019). Some studies used approximately a
dozen traits (Statzner et al., 2005; Wang et al., 2020), while others
used more than sixty (Feld et al., 2014). This significantly hinders
relevant comparative studies and meta-analyses.

A large number of macroinvertebrate trait databases have
been developed worldwide, yet data usage remains challenging
due to inconsistencies in trait classification. By comparing
inconsistencies in trait classification in nine trait databases
across six continents worldwide, we harmonized 41 common
grouping features. Moreover, we try to propose a set of
methods to help researchers determine traits using a unified
procedure. These results link macroinvertebrate trait databases
from different regions of the world, laying a solid foundation
for the establishment of a globally unified trait database, and
may contribute to the accuracy and comparability of trait
studies in different regions in the future. However, the current
macroinvertebrate trait studies are still far from adequate,
especially in areas where macroinvertebrate trait studies are
lagging with many macroinvertebrate taxa and their traits remain
undetermined. Before reaching the goal of global harmonization,
vigorous development of local macroinvertebrate trait studies in
each region of the world is still needed. Therefore, this paper
advocates the development of macroinvertebrate trait research
in China, a region where macroinvertebrate traits are currently
poorly studied and lack integration.
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