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The aim of our work is to determine the importance of habitat features for the selection of the

aquatic beetle community. Insects are represented by their general ecological traits such as body size,
ecological element and trophic type, which are categorised into four body size ranges, four ecological
groups and four trophic types. To determine the importance of habitat selection of the studied insects,
we analysed the relationships between the above categories and the set of habitat features of the lake
and its surroundings. Ensemble machine learning modelling (XGBoost-SHAP) revealed the mechanism
of habitat feature selection in relation to the general ecological traits. We found strong interactions
between the body size, ecological element and trophic type of beetles, suggesting that these general
traits control the structure and functioning of the beetle community studied. The area of the lake and
the features of beetle occurrence in the aquatic environment play an important but secondary role,
and the importance of the characteristics of the lake’s riparian zone was minimised. We found several
categories of beetles as they select the number of the same habitat features. The study can provide
valuable information for the practical conservation and management of lake ecosystems.

Aquatic beetles are a group of organisms that play an important role in aquatic ecosystems thanks to their
biodiversity, ecological and functional (trophic) diversity. In this paper we will analyse general ecological factors
that are important for the occurrence of these organisms in relation to their habitat selection. The basic ecological
traits of insect communities are assessed using general characteristics that constitute this species community,
primarily body size?, including body size and trophic type®?, ecological element’or body size and ecological
element or environment more broadly®’. Each of the above traits can be divided into several categories covering
a wide range of aquatic beetle occurrences and environmental adaptations.

Aquatic beetles are sensitive to environmental factors and show clear habitat selection® . They form animal
communities that change as a result of environmental changes that are primarily due to human pressure. This
mainly concerns changes in habitat features in a landscape rich in inland waters and the associated systems
of aquatic and terrestrial ecotones. Habitat selection by aquatic beetle communities appears to be important
for their abundance, richness, species and ecological structure!®, may influence phylogeny'®or correlate with
taxonomic structure at the regional level”!”.

In the context of the cited works, we analysed the habitat selection of a regional community of aquatic beetles
characterised by the basic categories of the above-mentioned general ecological traits. This analysis is based on
the machine learning models and uses an extensive database from many years of research in the Olsztyn Lake
District (northern Poland). The question of habitat selection of beetles in relation to their general ecological
traits has not been found in the literature so far. Worth noticing, that machine learning methods have rarely been
used in studies on aquatic beetle biodiversity'3-2!. The study of habitat selection by aquatic beetles is related to
the broader context of applying the latest numerical methods of habitat selection analysis®2.

The aim of this work is to analyse the relationships of general ecological traits of aquatic beetles, such as
body size, ecological element and trophic type, as determinants of the species’ occurrence in the environment.
This analysis included the full range of categories consisting of the above-mentioned traits. Thus, four categories
of beetle body size were analysed, the ecological element categories of tyrphophiles, lake and river species,
argilophiles and eurytopes, and the trophic types of shredder, scraper and grazer, polyphages and predators.
To determine the importance of the habitat selection of the insects studied, we simultaneously examined
the relationships of these categories of general features with habitat features in a general sense, such as lake
developmental stage, lake surface, fractal nature of the ecotone or type of reservoir surroundings, as well as with
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more specific habitat features, such as type of substrate, water pH, depth of occurrence, associated vegetation and
others. These habitat features were categorised into 2 - 6 classes.

We have made a number of assumptions to fit the highly diverse reality of how aquatic beetle communities
function in the mosaic of lakeland habitats. It is worth noting that these insects have considerable dispersal
ability>??), which allows them to move between land habitats and water reservoirs?4-6). To follow this background,
we assumed the categories of ecological traits of aquatic beetle species as a dynamic, multidimensional system
of interactions between species in the biocenosis?’. This provides a conceptual basis for the application of the
boosting modelling technique?®?°. Furthermore, we assumed the concept of free choice defined by Morris*’and
thus the deliberate choice of discretised habitat patches®!.These accepted assumptions implies the use of
the most appropriate data mining tool to mimic this natural process. Therefore, the modelling in our work
is based on the multiple choice principle’?’and boosting method. This technique represented in our study by
The eXtremeGradientBoosting (XGBoost) algorithm is based on the random selection of interactions between
variables and utilises the boosting of individual variables (so-called weak learners). The aim is to obtain a model
with the highest accuracy that mimics the interactions between species in the biocenosis, which counteracts the
tendency to lose coherence and survival®.

To reinforce an element of interactive play between the beetle species and to visualise and interpret the model
prediction results obtained, the authors added SHapley Additive exPlanations (SHAP) modelling to the boosting
model. In the ensemble XGBoost-SHAP modelling, the authors assumed the existence of an adaptive game in
which populations of beetle species belonging to different categories of general ecological traits participate as
trophic or competing guilds®. This approach to species interactions covers the full spectrum of relationships,
such as competition for habitat, including response to population density®"**, trophic relationships as well as
non-antagonistic food guilds and mutualism*. A formal description of the functioning of such a system can be
found in mathematical game theory and in particular in the theory of corporate game?®. This approach consists
of measuring the weight of each sample representing the habitat features of the sampled beetle species based on
the modelling result with and without this sample. Thanks to this method, we get an insight into the interactions
of the beetle species and at the same time valorise this interactivity. The authors then used SHAP modelling*’to
model the responses of aquatic beetle categories to habitat features, taking into account the effects of the specific
interactions described above. This modelling based on binary classification and valorisation method “model
with sample and without it” makes it possible to show the importances of features expressed by the Shapley value
in a classification model that is built from the bottom up from the values of individual cases or observations.
The SHAP algorithm was used to calculate the effects of habitat variables on the analysed categories of body size,
ecological element and trophic type. In authors intention, application the explainable machine learning tool
fulfilled the requirement to use the modelling as close as possible to ecological reality™.

We investigated the importance of habitat selection of aquatic beetles in relation to their general ecological
traits such as body size, ecological element and trophic type. Namely, whether this selection is more or less related
to category as particular body size, e.g.>10 mm, ecological element, e.g. argilophiles, and trophic type, e.g.
predator. In the context of such a comprehensive approach to the problem of habitat selection by water beetles,
we formulated a series of hypotheses that, according to the authors, could be tested thanks to the incorporation
of advanced machine learning models.

We formulated hypothesis 1. that habitat features related to the aquatic and coastal environments might
be less important to the beetle community than their affiliation to categories of general ecological traits. To
test this hypothesis, we used a two-stage modelling approach based in the first stage on the involvement of
categories of the above-mentioned ecological traits in the habitat feature selection decision process (XGBoost)
and in the second stage on modelling based on the individual assessment of the impact of beetle species samples
on the model (SHAP). Here we refer to the idea of Kalinkata et al. who pointed out that general traits such as
body size and trophic interactions that regulate energy and nutrient flow within and between ecosystems are
underestimated in ecological studies on beetles*.

Our hypotheses regarding the phenomenon of habitat selection by the studied insects are as follows. 2.
Among aquatic habitat features, lake area should play an important role*!, both as a feature selected for its
larger and smaller surface area. 3. Detailed aquatic habitat features such as water pH, detritus content, depth of
occurrence or bottom character are also important features. 4. For aquatic beetles, the group of habitat features
associated with the coastal zone and aquatic vegetation does not play a major role compared to aquatic habitats.
5. It will be possible to find categories of beetles that select the same features of aquatic habitats in different
general ecological traits which can be a premise to find ecological guilds*? of aquatic beetles.

The study aims to contribute to a broader discussion on the usefulness of machine learning feature importance
metrics as indicators of organisms’ habitat selection.

Results

Classification of general ecological traits and habitat features

Three basic traits of beetles were selected for this study: body size, ecological element and trophic type. Each of
these traits was divided into four categories (Table 1). In order to find significant habitat features influencing the
above general traits of aquatic beetles, a number of discrete and continuous variables were analysed, described
and classified (Table 1).

The numbers in the column “Categories (1. - 4.) and classes (1. - 6.)” in Table 1 assigned to the individual
categories of ecological traits and classes of habitat features are also the nominal values of the respective category
and class. They are then modelled to determine their negative (low numbers) or positive (high numbers) effects
on the category of aquatic beetles under study.
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Ecological general traits
General and habitat Data numeric
characteristics features character Categories (1. - 4.) and classes (1. - 6.) Remarks
Body size discrete 1.1-1.99 mm, 2.2 -4.99 mm, 3.5 -9.99 mm, 4.> 10 mm
Ecqloglcal general Ecological element discrete Categories 1. tyrphophiles, 2. lakes and river species and rheobionts, 3. argilophiles,
traits 4. eurytopes
Trophic type discrete 1. shredders, 2. grazers and scrapers, 3. polyphages, 4. predators
lake area (ha) continuous Mean.67 ha
. . . 1. mesotrophic-a, 2. mesotrophic-{, 3. eutrophic, 4. polytrophic, 5.
Habitat general lake stadium discrete polyhumic, 6. oligohumics
features
habitat fractal discrete 1. ecotone, 2. rare macrophytes, 3. dense macrophytes, 4. Sphagnum mat
surroundings discrete 1. open, 2. forested
sampling depth discrete 1.<10 cm, 2. 10-20 cm, 3. 30-40 cm, 4.>40 cm
water pH continuous Mean 7.67
Interpretation
. 1. mud and sand, 2. sand, 3. sand and gravel, 4. sand, gravel and stones, for great lakes
Habitat detail bottom discrete Classes (>10 ha) - 4.,
5. Sphagnum mat
features small lakes
(<10ha) -5
detritus discrete 1. no detritus, 2. fine, 3. fine and abundant, 4. coarse and abundant
influxes discrete 1. absent, 2. present
shore discrete 1. steep, 2. flat
grass discrete 1. absent, 2. present
Vegetation elodeids discrete 1. absent, 2. present
habitat
features nympheids discrete 1. absent, 2. present
macrophytes discrete 1. absent, 2. present

Table 1. General ecological traits and habitat features of aquatic beetles. Nomenclature of traits, categories,
features and classes will be used in visualizations of model results.

Features important for aquatic beetles body size

We analysed how the importance of individual general ecological traits and habitat features was distributed in
the models for each of the four body size classes of aquatic beetles (see Table 1 above and Fig. 5 in Material and
Methods). In this case, we extended the analysis of trait importance by predicting that a particular feature would
relate more or less to the body size class of the insects studied.

Thus, for the smallest beetles (1-2.99 mm) it could be shown that the most important characteristic is
their general property of ecological preference, i.e. the ecological element, while belonging to the eurytopes
and argilophiles does not strengthen this category of body size. This feature is possessed by representatives of
tyrphophiles and lake and river species (Fig. 1a). A characteristic feature of the class of these smallest beetles is
also the lake surface area. Here, the larger surface area of the lakes is a feature that valorises this class in contrast
to lakes with a smaller surface area. In addition to other more important habitat features, the smallest body
size of the water beetles is favoured by a higher pH value of the water, the presence of detritus in it, a mud-free
bottom and a shallower depth of occurrence (Fig. 1a). By comparing the place in the ranking of importance of
traits measured in the XGBoost and SHAP sub-models, a clear positive influence of interspecific interaction
is visible in the case of the trait trophic type, with shredders, grazers and scrapers (nominal values 1 and 2)
being the categories that strengthen, by positive Shapley values, this trait (Fig. 1a). Species interactions have also
radically changed the importance of the surroundings of the lake (Fig. 1a, Table 1).

For the next class of beetle body size, 3-4.99 mm, the XGBoost model distinguishes two general ecological
factors, i.e. the ecological element (Ecol_Class) and the trophic type (Troph_Class), which play the most
important role in predicting this category. It is more favoured by eurytopes and predators (nominal value for
both 4 and positive Shapley value) than by tyrphophiles and shredders (nominal value 1) (Fig. 1b). As with the
previous body size class, lakes with a larger area than those with a smaller area are a reinforcing feature. Of note
is the significant increase in the importance of surroundings for this body size category in the SHAP model,
although the strongest feature here is the unwooded surroundings (Fig. 1b, Table 1).

The body size class 5-9.99 mm has a distinct and important feature, namely lake size, and as in the previous
classes it is reinforced by larger lakes. The importance of the ecological element is also the same as in the previous
class, with argilophilous and eurytopes species being favoured. The trophic type category has gained the most
importance due to the consideration of interspecific interactions, with the lower trophic levels of shredders,
grazers and scrapers playing a greater role here. Aquatic beetles in this body size class favour several lake habitat
features (Fig. 1c, Table 1).

The highest class of beetle body size (>10 mm) is still dominated by the importance of the habitat feature
lake area and the general trait ecological element. However, in contrast to the previous categories, in this class
the strongest feature in terms of lake area is the smaller surface area of lakes, and in the case of the ecological
element, the beetles with the largest body size are reinforced by tyrphophiles and lake and river species.
The presence of beetles with the largest body sizes can also be enhanced by lower water pH and other lake
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Fig. 1. Importance for body size, F-score of the XGBoost model, and mean Shapley values of habitat

features and general ecological traits, ecological element (Ecol_Class) and trophic type (Troph_Class) for

the differentiation of body size of aquatic beetles: (a) body size 1.0 -2.99 mm, (b) 3.0 - 4.99 mm, (c) 5.0 -

9.99 mm, (d) > 10.0 mm. The Shapley values indicate the predictions of the mean positive (+) or negative (-)
influence of the respective trait on the categories (a) — (d) of the body size of the beetles. Positive values (red
print) strengthen a particular category compared to the other three. Negative values (blue print) weaken this
category at the expense of strengthening the other categories. Red dots in the SHAP model diagram indicate
higher values of the feature, while blue dots indicate lower values of the feature. For ecological element (Ecol_
Class) nominal values of categories: 1. tyrphophiles, 2. lakes and river species and rheobionts, 3. argilophiles, 4.
eurytopes. For trophic type (Troph_Class) nominal values of categories: 1. shredders, 2. grazers and scrapers,
3. polyphages, 4. predators. F-scores and mean Shapley values are averages of 5 random repetitions of XGBoost
and SHAP models. Accuracy of the train and test subsets of the model, see Appendix S1: Table S2.
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characteristics (Fig. 1d). Regarding the effect of the relationship between beetle species, there is a clear change in
the importance of trophic type (from an intermediate feature to the most important for the category in question)
and a clear decrease in the importance of water pH (Fig. 1d, Table 1).

Features important for aquatic beetles ecological element

For beetles belonging to the ecological element tyrphophiles, body size is the most important feature according
to the XGBoost model, and this element is reinforced by smaller individuals. An almost equally important
feature is lake area, which includes smaller lakes. The third feature that is important for tyrphophiles is trophic
type, and this feature is enhanced by shredders rather than predators. At the same time, tyrphophiles seem to
favour shallower water and its lower pH (Fig. 2a, Table 1). Tyrphophiles show the greatest increase in importance
due to interspecific interactions in the case of surroundings and the presence of macrophytes. They favour a
forest surrounding and the absence of macrophytes (Fig. 2a, Table 1).

In the case of the ecological element lake and river species including rheobionts, body size, lake area and
trophy class dominate the validity of the prediction. In contrast to the previous element, the strengthening of the
characteristic here is determined by the larger body sizes of the beetles and the larger area of the lakes. Predators
are most important. This ecological element is reinforced by habitat features such as higher detritus content,
higher pH, shallower depth (Fig. 2b, Table 1).

For argilophiles, lake area is the most important feature, and this feature is enhanced by a larger surface. The
trait of body size also stands out, and here it is reinforced by individuals with a smaller body. The trophic type
feature was ranked relatively low, but it is clearly reinforced by lower levels, i.e. mainly by shredders. For the
habitat variables, the discussed element is enhanced by its deeper occurrence in the water column and high pH
(Fig. 2¢, Table 1). For the category of argilophiles, two important features should be noted, the importance of
which has increased significantly under the influence of species interactions: the trophic type and the nature of
the shore (Fig. 2c).

The eurytopic element is characterised by an almost equal importance of the three features. Body size, lake
area and trophic type have similar F-measures in the model and these features are strengthened for eurytopes
when larger beetle sizes, larger lake areas and more trophic types represented by polyphages and predators
dominate. In addition, the category of the eurytopes element is enhanced by its occurrence at greater depth and
higher water pH (Fig. 2d, Table 1).

Features important for aquatic beetles trophic types

The shredder category of the aquatic beetle community studied is strengthened primarily by smaller body sizes,
belonging to eurytopes and argilophiles, and by the smaller lake area. Other habitat features important for this
category include lower pH, shallower depth and muddier bottom (Fig. 3a, Table 1).

The water beetles in the grazers and scrapers category are eurytopes that favour much larger lakes and coarse-
grained bottom without detritus. The trait that showed a very significant increase in interactions between beetle
species in this category proved to be body size (reinforced by small size) (Fig. 3b, Table 1).

Polyphagous beetles are represented by argilophiles, eurytopes and lake and river species including
rheobionts. They generally have a smaller body size and favour larger lakes. This trophic type is favoured by
habitat features such as sandy and muddy bottoms, shallower depths and lack of detritus (Fig. 3c, Table 1). For
species of the polyphages category in the SHAP model, the importance of water pH and the presence of influxes,
increased significantly (Fig. 3c).

When it comes to the highest trophic level of predators, eurytopes are the favoured ecological element,
especially from the category of largest body size. Among the smaller beetles, the importance of other ecological
elements increases: tyrphophiles and lake and river species (Fig. 3d). An important reinforcing feature, apart
from body size, is the smaller surface area of the lakes. At the same time, among the habitat features that
strengthen the discussed trophic type, the following features are important: lower pH of the water and shallower
depth of occurrence in the water (Fig. 3d, Table 1).

Categories of aquatic beetles select habitat features — Synthesis

The “heat map” of average Shapley values shown in Fig. 4 was created from three analytical diagrams showing
the ranking of importance of habitat features and ecological categories (Figs. 1, 2, 3). The average Shapley values
calculated for ecological categories and habitat features are the results of the entire XGBoost-SHAP modelling
procedure, which is described in detail in Materials and methods section. The synthetic representation of the
modelling results (Fig. 4) allows a comparison of the importance of habitat features for different categories of
the three general ecological traits, including the search for those habitat features that are common in terms of
direction (+ or -) of impact on different ecological categories of beetles belonging to different general ecological
traits. In this comparison, we did not consider habitat features that had a very low level of average Shapley values
(<0.10), i.e. marginal importance to a particular category of beetle species.

Large beetles (> 10 mm), which are tyrphophiles and belong to the shredders or predators, opt for smaller
lakes, water with a lower pH value and a muddy bottom (black frames in Fig. 4, see also Table 1). Beetles with a
body size of 5-10 mm, which are also argilophiles, choose larger lakes with a higher pH, with a gravelly bottom,
without detritus, with influxes and with steep banks (red frames in Fig. 4, see also Table 1). However, this last
feature seems to be dominant for this ecological group of argilophiles (mean Shapley value —0.55). In turn, the
smallest beetle species (1-2 mm) with a eurytopic character, which feed polyphagously, are associated with the
selection of a larger surface area of lakes, a higher pH of their water and the presence of influxes (green frames in
Fig. 4, see also Table 1). Beetle species with medium body size (categories 2-5 and 5-10 mm) may belong to the
argiloiphiles or eurytopes and represent the trophic type of grazers and scrapers, and together they select larger
lakes and a similar depth of occurrence (exactly sampling) of more than 30-40 cm (blue frames in Fig. 4, see also
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Fig. 2. Importance for ecological element, F-score of the XGBoost model, and mean Shapley values of

habitat features and general ecological traits, body size (Size_Class) and trophic type (Troph_Class) for the
differentiation of the ecological element of aquatic beetles community: (a) tyrphophiles, (b) lake and river
species incl. rheobionts, (c) argilophiles, (d) eurytopes. The Shapley values indicate the predictions of the mean
positive (+) or negative (-) influence of the respective trait on the categories (a) - (d) of the ecological element
of the beetles. Positive values (red print) strengthen a particular category compared to the other three. Negative
values (blue print) weaken this category at the expense of strengthening the other categories. Red dots in the
SHAP model diagram indicate higher values of the feature, while blue dots indicate lower values of the feature.
For general trait body size (Size_Class) nominal values of categories: 1. 1 - 1.99 mm, 2. 2 - 499 mm, 3.5 -
9.99 mm, 4.> 10 mm. For trophic type (Troph_Class) nominal values of categories: 1. shredders, 2. grazers and
scrapers, 3. polyphages, 4. Predators. F-scores and mean Shapley values are averages of 5 random repetitions of
XGBoost and SHAP models. Accuracy of the train and test subsets of the model, see Appendix S1: Table S2.
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Fig. 3. Importance for trophic type, F-score of the XGBoost model, and means of Shapley values of habitat
features and general ecological traits, body size (Size_Class) and ecological element (Ecol_Class) for
distinguishing the trophic type of aquatic beetles: (a) shredders, (b) grazers and scrapers, (c) polyphages,

(d) predators. The Shapley values indicate the predictions of the mean positive (+) or negative (-) influence
of the respective trait on the categories (a) — (d) of the trophic type of the beetles. Positive values (red print)
strengthen a particular category compared to the other three. Negative values (blue print) weaken this
category at the expense of strengthening the other categories. Red dots in the SHAP model diagram indicate
higher values of the feature, while blue dots indicate lower values of the feature. For general trait ecological
element (Ecol_Class) nominal values of categories: 1. tyrphophiles, 2. lakes and river species and rheobionts,
3. argilophiles, 4. Eurytopes. For body size (Size_Class) nominal values of categories: 1. 1 - 1.99 mm, 2. 2 -
4.99 mm, 3. 5 - 9.99 mm, 4.> 10 mm. F-scores and mean Shapley values are averages of 5 random repetitions
of XGBoost and SHAP models. Accuracy of the train and test subsets of the model, see Table S2.
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Ecological traits Body size Ecological element Trophic type

Categories 1-2mm | 2-5mm | 5-10mm | >10 mm | Tyrphoph. | L.&R. sp. | Argiloph. | Eurytopes | Shredders | Graz.&Sc. | Polyphaga | Predators
Take area 0.33 0.22 0. 70.40 0.4 0. -0.42 2035 |
Lake stadium 0.14 -0,14 -0.21 0.21 -0.11 -0.17 -0.08 0.23 -0.11 -0.16 -0.23 020 |
Habitat fractal 0.06 0.04 -0.07 0.03 -0.09 -0.05 -0.11 0.06 0.06 0.21 0.06 -0.08
Surroundings 0.17 -0.14 0.09 -0.09 0.40 -0.08 -0.14 0.06 0.06 -0.20 -0.05 0.11
Sampling depth -0.12 I 0.13 I 0.16| 0.22 -0.18 -0.12 | 0.18 I O.1q -0.19 I 0.15| -0.19 -0.13
Water pH 0.18 -0.16 0.20 -0.19 -0.35 0.47 0.27 I 0.17 -0.23 -0.17 0.43 -0.20
Bottom 0.20 -0.12 0.20 -0.23 -0.26 0.26 0.26 -0.25 -0.18 0.37 -0.16 -0.16
Detritus 0.26 -0.14 -0.23 0.20 0.16 0.14 -0.11 -0.13 -0.17 -0.21 -0.14 0.13
Influxes 0.12 0.08 -0.18 -0.16 0.17 -0.09 -0.10 0.12 0.07 -0.17 0.20 -0.09
Shore 0.08 -0.07 -0.10 0.16 0.12 -0.06 0.07 -0.10 0.06 0.08 -0.09
Grass -0.04 -0.04 0.05 0.05 -0.07 -0.09 -0.03 0.09 -0.04 0.03 0.05 -0.03
Elodeids -0.02 -0.01 -0.01 0.01 0.10 -0.04 -0.04 0.04 -0.04 0.10 0.04 0.03
Nympheids -0.06 0.04 L0l -0.06 0.10 -0.06 -0.08 0.05 -0.04 {005 0.08 -0.04
Macrophytes -0.06 0.08 -0.06 -0.07 0.12 -0.06 -0.04 0.04 -0.04 -0.07 -0.09 0.07

Fig. 4. Distribution of mean Shapley values between categories of ecological traits and these categories

and classes of habitat features based on Figs. 1, 2, 3 and Table 1. Cell colours: The importance of habitat
features and categories is expressed by a colour scale: orange for positive Shapley values (the selection of a
habitat feature by beetles of a certain category is favoured by higher nominal values of habitat feature classes
or categories according to the classification from Table 1) and blue for negative values (favoured by lower
nominal values). Four intensities of these colours were distinguished in the ranges of mean absolute Shapley
values: > 1.00, 1.00 - 0.50, 0.50 - 0.20, 0.20—0.10 and 0.10 - 0 (Figs. 1, 2, 3). Frame colours: the same frame
colours (black, red, green, blue) indicate that the different beetle categories (more than 2) select certain habitat
features with the same ranges of nominal values of classes higher (orange cells) hb,or lower (blue cells). See
detail description in paragraph below. Font: only higher (> 0.10) Shapley values are marked in bold and only
these were considered in the presentation of habitat features for the different ecological categories of beetles.

Table 1). A whole series of ecological categories of aquatic beetles can also be found in Fig. 4, which together
select a single habitat feature.

Discussion

Approach and modelling

In our work, we assumed a very high variability of environmental factors affecting the phenomenon of habitat
selection by animals in general**and aquatic beetles in particular as objects of our research. To avoid the problem
of scaling in habitat selection**, we used habitat features rather than habitat type to model the habitat selection
of beetles. Most of the assumed habitat features were discrete data and the model identified habitat features
based on class selection in a binary or multiclass system (Table 1). Another previously unused measure aimed
at making the context of habitat feature selection by the studied organisms more realistic was the inclusion of
basic ecological traits such as body size, ecological element and trophic type in the set of variables characterising
habitats. This approach allows the selection of habitat features to be considered dependent on these general
traits, as larger species may have an advantage in selecting a specific habitat?and show evolutionarily determined
preferences for selected landscape types*°or search for habitats where they expect to find food resources?®. This
procedure led to the achievement of model fit and high indicators of model accuracy (Appendix S1: Table S2),
bringing the applied modelling closer to natural reality. In a comprehensive review of habitat selection modelling
in animals??, the authors found no analogy to our approach, which is based on the study of habitat features using
decision algorithms and elements of explainable machine learning.

The authors opted for modelling with a decision tree as the basic calculation algorithm and a further
multiplication to a random forest as the most effective algorithm, which guarantees the highest accuracy of the
models based on it and at the same time is relatively resistant to overfitting?’. These properties of random forest-
based models and they usefulness for XGBoost model in environmental research were confirmed by the work
of Park et al®8, Grbei¢ et al.* and Kruk et al.*>!. As the accuracy and fit results of the XGBoost models in this
paper show (Appendix: Table S2), very high approximations of these models to the ecological reality contained
in the database were mostly achieved for all four categories of general ecological traits (Figs. 1, 2, 3). Especially
when considering the predominantly discrete nature of the data based on 2 to 6 classes and, above all, the highly
variable and mobile nature of aquatic beetle species.

In this paper, for the first time in the ecological literature, we based the assessment of the phenomenon of
habitat selection on differences in the calculations of the feature importance measures of the XGBoost (F) and
SHAP (Shaley value) models. In the SHAP model we used an innovative method of comparative analysis that
revealed the effects of interactions between aquatic beetle species on the importance of a particular general
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ecological trait and a habitat feature. The first objective in using the SHAP model was to show how the selection
of a particular ecological category of aquatic beetles for a particular habitat feature may be influenced by the
relationships between a sample of species according to the comparative technique with the model with and
without the sample®. The results of this SHAP modelling are different from XGBoost itself, as they are based
on a different assumption: not on the frequency of co-occurrence of given features/traits (XGBoost), but on the
evaluation of the importance of the feature/trait based on its impact on the model, resulting from the calculation
of the model when it is missing for each observation (sample) with that when it is present in the model (SHAP).

In this system, traits (body size, ecological element, trophic type) are more valued in a SHAP model, while
habitat features lose importance. This is the result of the individual approach (for each sample representing
a species) in SHAP, i.e. the effect of the multiple interactions of each sample (species) with the other samples
(species). This seems intuitively understandable and is based on observations of communities of mobile
organisms. In other words, the XGBoost model itself provides information on the habitat selection of different
ecological categories of beetles, while the addition of the SHAP model, i.e. the interaction between samples
(species) in the modelling mechanism "with and without sample" indicates a greater importance for ecological
traits the categories of other ecological traits than habitat features. Some explanations have been added to the
text for clarity.

In our work, we also present a new approach to the definition of an object that selects a habitat and to the
concept of “habitat selection”. Namely, in this study, we have categories of general ecological traits (body size
ranges, ecological groups and trophic types), not species or taxonomic groups, on the side of the habitat-selecting
object. These categories of beetles do not select habitats in the sense of areas (shore, lake, littoral, etc.), but their
features discretized into classes. This approach to habitat corresponds most closely to the concept of “habitat
unit”, which is described as "discrete analyst-defined areas in geographic space, over which the environmental
variables representing habitat are quantified"?%. Thanks to SHAP modelling, an assessment of the importance of a
given habitat feature for its selection by the studied ecological category of beetles (e.g. with a body size > 10 mm,
predators, etc.) was implemented. This is one of the main innovations in this work, which aims to show the results
and conclusions of the work on more universal ecological categories in relation to species or their taxonomic
groups which are marked a significant proportion of the locality attribute. The modelling used also enabled an
innovative method to identify a common habitat feature selection for several different ecological categories from
different general traits of the beetles studied (Fig. 4).

The authors are also aware of the shortcomings of the solutions adopted when approaching the object of
research and its modelling. They mainly concern two elements. The first is the selection of habitat features and
their classification. The methods for selecting habitats for analysis can certainly be more formalised and the
separation and classification of their features improved. The second important element is the reliability of the
modelling carried out. Despite the use of a very extensive database of 2511 datasets and the utmost care in the
selection of models included in the XGBoost-SHAP model ensemble, it must be recognised that the modelling
is only a simplification of natural reality. Even when including a model (SHAP), based on the individualisation
of the modelling to a single sample and the construction of a model based on it (according to the bottom-up
principle), the results and conclusions relate to this mathematical simplification and not to more complicated
and variable real phenomena. SHAP modelling is not free from imperfections that require attention, such as: 1.
SHAP values assume that the contribution of each feature is additive, which may not always be the case in real-
life scenarios. 2. Shapley values are sensitive to the data used to train the model, which can lead to inconsistent
results if the data is skewed or noisy. The listed potential shortcomings in database creation and modelling
should be considered when conducting similar research projects in the future.

Importance of ecological traits and habitat features for aquatic beetles

Body size is a fundamental general ecological trait that characterises organisms in the environment, including
water beetles. For example, Bilton et al’. highlighted the importance of body size for the evolutionary success
of beetles, which is particularly important for their colonisation of new aquatic habitats. Relationships between
temperature and body size and the effects of climate change on the body size of ectothermic aquatic organisms
have also been observed"?). In our study, the body size of aquatic beetles was analysed to understand the
influence of habitat, ecological and trophic types on the four categories of this general ecological trait. The results
showed that the ecological element and lake size were the dominant feature influencing the body size of aquatic
beetles, and these features were about 1.5 times more important than trophic type and other habitat features,
such as water depth, bottom condition detritus thickness and developmental stage of the lake.

In beetles of the smallest size class (1-2.99 mm) belonging to tyrphophiles (e.g. Haliplus fulvicollis and
Hydraena palustris) and lake and river species (Oulimnius tuberculatus and Haliplus fluviatilis) and larger lake
surfaces, this size category increased, which is consistent with the observations of*!. The larger surface area of
lakes is also an important feature for the next two body size categories (3 — 10 mm). However, this trend does
not apply to the largest beetles (> 10 mm), for which a positive habitat feature is the smaller size of the reservoirs
(Fig. 4). These are mainly predatory tyrphophiles (Acilius canaliculatus, Colymbetes striatus, Colymbetes paykulli
and Ilybius ater) and lake and river species (Ilybius fuliginosus and Ilybius fenestratus). The characteristic of
the ecological element plays an important role for all body size categories. In this case, there is a division into
categories with the smallest and largest body sizes, which are reinforced by tyrphophiles and lake and river
species, and, on the other hand, categories with medium body sizes (3 — 10 mm), which are represented by
argilophiles and eurytopes. The latter effect could be related to specific habitat features that reduce the extreme
features of individuals”>?). An important feature for all body size categories is the water pH, which indicates that
for body sizes 1 - 2.99 and 5 - 9.99 mm it is indicative of more alkaline waters, while for sizes 3 - 4.99 and the
largest it indicates a neutral or acidic habitat. Interestingly, the largest predatory aquatic beetles are also found
in dystrophic waters (Fig. 1c), where at the same time the pressure of predatory fish is limited®*->°). A very clear

Scientific Reports |

(2024) 14:28903 | https://doi.org/10.1038/s41598-024-80083-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

feature of all body size categories of beetles in the studied community is a radical change in the importance of
trophic type in the SHAP model, which takes into account interspecific interactions in particular. The general
ecological trait trophic type becomes a dominant feature in all body size categories, confirming the conclusions
of many studies about a positive correlation between body size and occupied trophic level>*>7.

Aquatic beetles play a key role in assessing the quality of freshwater ecosystems due to their sensitivity
to environmental change™!2°¢58-63and therefore their general ecological traits are an important criterion for
determining the habitat selection of these organisms. The composition of aquatic beetle communities can be
influenced by various habitat features such as water pH or the stage of lake succession!?*!) as well as microhabitat
features such as habitat size and vegetation structure®-°6). These features contribute to the development of
certain ecological traits over the course of evolution and, at the same time, to the emergence of distribution
patterns of water beetles in different types of aquatic habitats®”.

In all categories of general ecological traits, body size and lake size occupied the positions of the most
important features strengthening or weakening these categories®*>®66686° The importance of trophic type
also increased significantly with the inclusion of interactions between beetle species in SHAP modelling. These
conclusions are consistent with the results described above on the importance of body size in aquatic beetles. The
modelling conducted revealed specific selection for general ecological and habitat features for different ecological
elements of aquatic beetles. Thus, tyrphophiles favour body size, lake area and trophic type, with smaller body
sizes and smaller areas of dystrophic lakes. Lower trophic levels (shredders, grazers and scrapers) strengthening
this ecological element, as evidenced by the numerous occurrence of the smallest beetles, including such as:
Anacaena lutescens and Hydraena palustris®*%). On the other hand, large predatory tyrphophiles such as Acilius
canaliculatus, Colymbetes striatus, Colymbetes paykulli and Ilybius ater live in the same lakes. Thus, tyrphophiles
generally prefer smaller lakes with habitat features such as shallows, lower pH, detritus content and muddy
bottoms (Fig. 4). The body size and trophic type of tyrphophiles are also related to the fractal structure of the
littoral zone>**® but only dystrophic lakes were analysed in the cited papers.

Features such as body size, lake area and trophic type were also most important for the elements of lake and
river species. However, larger body sizes, larger lake areas and affiliation with polyphages and predators (Gyrinus
aeratus, Hygrotus versicolor, Ilybius fenestratus, Ilybius fuliginosus or Platambus maculatus) strengthened this
ecological element. In addition, the detritus content, higher pH, shallower depth of occurrence of the species,
coarse-grained bottom and earlier stage of lake transformation are important for this category and confirm the
good condition and stable conditions in the lakes where these species occur®®.

Argilophiles clearly favour larger lakes and smaller body sizes (Fig. 4). For this category, the importance
of trophic types (shredders: e.g. Laccobius biguttatus, Laccobius bipunctatus, Laccobius minutus, Helophorus
granularis, Helophorus minutus, Helophorus pumilio) and predators (e.g. Hydroglyphus pusillus) has increased
significantly in the SHAP model. The species mentioned are usually associated with bare bottoms or those
sparsely covered with macrophytes®%?. Argilophiles are also influenced by features such as higher pH and
coarse-grained bottom®,

The features that strengthen the eurytopic element are larger body sizes and higher trophic levels. They are
also characterised by the importance of a larger lake area, greater water depths and higher pH. Such species
are the larger Polyphaga and the larger predators: Dytiscus marginalis, Colymbetes fuscus, Acilius sulcatus,
Graphoderus cinereus, Graphoderus bilineatus, Cybister lateralimarginalis).

The functioning of trophic structure in beetle communities, as in other organisms, is a factor that determines
their functioning, stability and survival’’. The results of modelling the categories of trophic types in aquatic
beetles showed the importance of different habitat features and general ecological variables in the differentiation
of trophic types in the studied beetle community. Our studies have shown that body size, affiliation to certain
ecological elements and lake surface area play a dominant role in trophic differentiation (Fig. 3). In addition,
habitat features such as the nature of the bottom, the depth of the beetle in the water profile and water pH value
of the water were also important for the differentiation of trophic types, albeit to a lesser extent.

We have demonstrated specific trait selection for different trophic types of aquatic beetles. For example,
the category of shredders was mainly strengthened by a smaller body size, belonging to the tyrphophiles,
and a smaller lake area (Fig. 4). In addition, we found that grazers and scrapers favour larger lakes, tended to
choose the role of argilophiles (e.g. Ochthebius minimus and eurytopes (e.g. beetles of the genus Limnebius)
and a coarser-grained nature of the bottom. These selections for certain habitat features are consistent with the
findings of”!, who described the contrasting effects of different aquatic habitats on the genetic characteristics of
water beetles. In the discussed category, an increase in the importance of body size as a result of interactions
between species is clearly evident. This effect could indicate considerable diversity in the grazers and scrapers
categories’?, but with a clear dominance of smaller individuals. The same is true for the polyphages category. This
group is also strengthened by smaller body sizes, but also by belonging to argilophiles (e.g. Haliplus confinis and
Haliplus immaculatus), eurytopes (Haliplus heydeni, Haliplus lineolatus, Haliplus ruficollis) and lake and river
species (Haliplus fulvus, Haliplus flavicollis, Haliplus fluviatilis) and a larger lake area. An interesting case for the
importance of features is the predators category. Here, as with the previous category, the reinforcing categories
are argilophiles and eurytropes, but, as with the shredders, a smaller lake area. However, if we consider the
SHAP model, the strongest overall ecological trait reinforcing the predators is body size, and these are clearly
individuals with larger body sizes, e.g. Dytiscus marginalis, Dytiscus circumcinctus and Dytiscus dimidiatus
(Fig. 3d). This is consistent with the analysis in which the largest beetles (> 10 mm) were the scored category and
predators upgraded the trophic type category (Fig. 1B, Fig. 4). It is worth drawing attention to the very species-
rich group of predators, confirming previous research, e.g’., which may be dominated by predatory species

whose food resources are not other beetle species, but e.g. zooplankton or larval forms and even fish fry®$6°73,
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Conclusion

The analysis of the habitat selection of the water beetle community, understood both from the general ecological
aspect and in the detailed habitat context, based on XGBoost-SHAP ensemble modelling represent novel
approach in the ecological data modelling. The ensemble modelling used explains the impact of the interaction
between species on the importance of general ecological and habitat features and evaluated their impact on the
beetle categories. Indeed, if the beetles only “select” features based on the frequency of their association in their
functioning (the XGBoost model itself), then the dominance of general ecological traits is lower and a feature of
the habitat, such as the lake area, appears as an equally important factor. At the top of the hierarchy of importance
of features are the water pH, the nature of the bottom, the presence of detritus in the water, the depth of beetles
occurrence in the water column. However, when we take into account the interactions between the beetle species
in the studied community (by addition SHAP model), we observe a clear increase in the importance of general
ecological traits for all their categories. Thus, for the beetle body size categories, the ecological element and
trophic type traits are the most important, for the ecological element categories the body size or trophic type
traits are of highest importance, and for the position in the trophic system of beetles the body size and ecological
element traits are crucial. The initial hypothesis 1. on the dominance of general ecological traits in relation to the
features of the habitats in which they occur was confirmed.

The modelling confirmed hypothesis 2. In fact, the lake area proved to be the most important habitat feature
for water beetles even after applying the SHAP model. In turn, for hypothesis 3, the position in the ranking of
importance of lake habitat features remained quite high, essentially only in terms of lake bottom and detritus
content. On the other hand, the ensemble modelling carried out negatively confirmed hypothesis 4. The
selection of riparian habitat features such as the fractal character of the littoral zone, the presence of forest and
the type of litoral submerged vegetation do not play a role in the selection of habitat by aquatic beetles. Regarding
hypothesis 5, it has been found that it is possible to group categories with different ecological traits that are linked
by the same choice of habitat features. We found four such systems covering almost all beetle categories studied
and a wide range of habitat features related to the aquatic environment.

The use of ensemble modelling, which is based on the “selection” of features by the beetle species represented
in the samples, and SHAP modelling, which allows an analysis of the interactions between these samples of
beetle species, is an approach that allows an assessment of the environmental situation of a community of
organisms at several levels. Analysing the importance of the habitat features for beetles ecological categories
can provide a picture of the priority environmental variables for the stability of the ecosystem and valuable
information for practical conservation and ecosystem management. The authors are planning further work in
which, among other things, they will use advanced machine learning models analyse habitat selection not for
ecological categories but chosen water beetle species.

Material and methods

Study area, sampling and material

We studied 25 lakes in northern Poland, in the Masurian Lake District. The analysed lakes differed in terms of
surface area, depth, degree of development and differentiation of the phytolittoral zone. The characteristics of the
lakes are included in the works of Pakulnicka and Zawal>*-%%,

The studies were conducted from 1998 to 2014 in spring, summer and autumn. A total of 624 samples were
collected. The fauna samples were collected with a dip net covering an area of approximately 1 m2. In the pressed
Sphagnum mats of the dystrophic lakes, 10 subsamples were taken with a 0.1 m’sieve. In total, we collected
11,799 beetles representing 146 species (Appendix S1: Table S.1). The sampling sites were chosen to represent the
greatest possible diversity of littoral habitats and areas of the individual water bodies. The methods and values for
the analysed variables have already been presented in previous publications®*>%5%79,

Modelling — general scheme

It should be first declared that our modelling objects, target variables, are general ecological traits, i.e. groups
of species with specific traits, related to habitat features, as predictors, characterized by classes (see Table 1).
We analysed the importance of different habitat features for basic ecological traits such as body size, ecological
element and trophic type in the studied aquatic beetle community using advanced machine learning classification
modelling. For this purpose, we used Extreme Gradient Boosting (XGBoost) and SHapley Additive exPlanations
(SHAP) algorithms. XGBoost modelling is based on decision tree and random forest techniques’*. The variables
used for the modelling (Table 1) consist mainly of discrete numerical data. The exceptions are two continuous
variables: lake area and water pH. The distribution of their values, due to their bias towards larger lakes and lakes
with alkaline water, prevented a sufficiently equal categorisation into classes. These variables were discretised as
random forest components in the basic decision tree model””. The accuracy results of the XGBoost models show
the stability of the modelling when using discrete and continuous data together (Appendix S1: Table S2).

The gradient boosting transforms any weak classifier into a strong classifier and reduces the residuals of
previous models in the direction of the gradient to obtain a new, stronger model’®. XGBoost with a decision
tree explainer is the most effective tool among the tools based on boosting techniques in machine learning?®.
In our model, the dependent target variable (Y) is, as in the classification models, a binary classification on
two classes 0 and 1, while the predictors are independent variables. For example, in the “Trophic type" model
(Fig. 3a), we try to explain which predictors: 14 habitat features and other 2 traits (X variables) play an important
role for category Shredders (1) compared to other categories (grazers & scrappers, polyphaga, predators) in
the Trophic Type trait (0). We used a dataset of 2511 samples split for classification modelling at a ratio of 0.8
for training and 0.2 for testing the model.. We adopted the following hyperparameters of the XGBoost model:
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n_estimators =200, max_depth =10, learning_rate=0.001. In our study, the XGBoost tool was also used as an
introductory model for SHAP modelling.

To assess the importance of interactions between beetle species (at the sample level) and the tendency
for a particular category of a general ecological trait to be more or less related to a habitat factor, we added
SHAP model to XGBoost™. This is a game-theoretic method that uses the Shapley value metric*®and is used to
predict the “global” (for the whole model) and “local” (for each observation) importance of variables in binary
classification tasks®. The general scheme and the idea of modelling pathway and is shown in the Fig. 5.

The runs of the XGBoost-SHAP ensemble model were repeated 5 times and the final results of modelling
accuracy and feature importance are the average of the results of these repetitions. Accuracy indicators for
training and test trials were calculated for the XGBoost models. Their aim was to determine the reliability of
the modelling results and to identify the effects of underfitting and overfitting. The modelling was performed in
Python version 3.9. We adapted the code from the Kaggle notebook "Ensemble and Model Stacking"””.

Modelling — feature importances

To assess the importance of general ecological features (other than the one studied) and habitat features for the
variability of the categories separated from body size, ecological element and trophic type, two measures from
the field of advanced machine learning were used: the F measure of feature importance in the boosting analysis
and the Shapley value in SHAP. Both indicate different aspects of the importance of features for the models to
be evaluated.

The XGBoost algorithm uses the F-score measure to determine the importance of a variable in the model
as the amount of usage of a particular variable in the boosting process, i.e. in the nodes that separate paths
(splitting), in all trained iterations of random forest decision trees as a submodel of XGBoost’® (Fig. 5). In other
words, the F-score is the frequency of a feature being used to split the classification trees in the random forest
used in our XGBoost model. In the Python script for the XGBoost model version 1.5.0. this is the default built-in
method “Weight”. This is a simple, easy to interpret method. From an ecological perspective, higher F-values of
variables mean that traits and habitats that occur more frequently when the beetles repeatedly select the studied
category are favoured over variables with low F-values. The eXtremeGradientBoosting (XGBoost) algorithm was
used to predict modelling results and assess the accuracy of the model. It confirmed the assumed categorisation
of general ecological traits of water beetles and the effects of these categories on the habitat selection of these
insects (see Table S2 in Supplementary Material).

XGBoost modelling for a particular feature (Figs. 1-3) consists of a multiple, random “decision" for a
particular feature or trait to select the habitat features and remaining traits. The model have taken into account
the co-occurrence or lack thereof in the decision tree sub-model (which is in the form of multiple trials in a
random forest) as the basis for calculating the importance of the variables in the XGBoost model. In this way,
the model “shuffles” the traits and features, and as a result, indicates the importance of the individual traits and
features resulting from their joint occurrence in the tree model.

The SHAP model is an “overlay” to the XGBoost model and its task is to evaluate the importance of traits
and features in relation to their role in the model of a particular trait, i.e. body size (Fig. 1), ecological element
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Fig. 5. Idea and modelling scheme of the habitat selection ecology of aquatic beetles. Background image
source: www.nsf.gov/news/mmg/mmg_disp.jsp?med_id=66886&from= Courtesy: National Science
Foundation.
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(Fig. 2) and trophic type (Fig. 3). Thus, we have three groups of models in which all habitat features and other
traits (as predictors) are counted as feature importance, except for the trait that is the target of the modelling (its
dependent variable).

The importance of a feature in the SHAP model, which is calculated with Shapley values®, is derived from
the importance of a particular feature for the prediction of the corporate game model”’, where the “win” is
determined by comparing the predictions of the model with and without the variable for one class, e.g. body
size>10 mm, and “lose" for classes with smaller body sizes. For models with more than two categories, the
SHAP model uses a sequential comparison of each category with the remaining categories treated as a second
category’®.

According to the formal definition, the method for calculating the Shapley ¢, value involves training the
model on all feature subsets S CF, where F is the set of all features (general-ecological and habitat features of the
studied beetle community) and S—the categories and classes of these features (Table 1). The method assigns an
importance value to each feature, which represents the influence of this feature on the predictions of the model.
To calculate this influence, the fsy(;; model is trained with this feature and the fS model is trained without
this feature. Then the predictions of the two models are compared in the expression fsu(} (Zsugiy) — fs(2s),
where Xrepresents the values in the set S, i.e. the values of the categories and classes in each instance {i}, i.e. the
sample of individuals of a particular beetle species. As the effect of omitting a feature depends on other features in
the model, the differences of the two models (with and without the feature) are calculated for all possible subsets
of SCF\{i} (i.e. all categories and classes of all samples). This results in the effect that the individual samples
interact with each other, which is reflected in a mutual interaction between the beetle species represented by
these samples. Through this double model training procedure, the Shapley values are then calculated and used
as feature attributes. They are a weighted average of all possible differences according to the formula’”:

SIN(|F| —|S| —1)!
i = Z 1=K ||F\|' ) [fsugiy (Tsugiy) — fs(xs)]
SCF\{i}

The interpretative value of the two importance measures (F in XGBoost and Shapley value in SHAP) thus
concerns other properties of the functioning of the beetle community in the environment. The F-measure in the
boosting model refers to the frequency of selection of a particular feature by insects belonging to a particular
category, whereas the Shapley value refers to the selection for every beetle sample of a particular feature for that
category relative to other categories of a common general ecological trait. The Shapley value thus takes into
account the interactions between species (competition, feeding or other relationships) of different categories
of water beetles in their preference for general ecological traits and habitat features selection (Fig. 5). It was
achieved by individual evaluation of the importance of every sample by the comparison the results of running
the model with this sample and without it.

In other words, interspecific relations between aquatic beetles studied refer to the results of the SHAP
modelling technique, which consists of calculating the importance (Shapley value) of each observation
(assigned to a sample of beetle species) from the difference between the modelling results with and without that
observation. In Figs. 1-3, the SHAP modelling results (Shapley values) are presented as a sets of points (Shapley
value of observations) whose location indicates the "favourability” (+) or “non-favourability” (-) of the general
trait under study (e.g. body size) for a given category (e.g.>10 mm) by the given habitat features and other
ecological traits (independent variables). The colour of points on the graph indicates the nominal value of the
habitat feature or trait feature category (e.g. lake area or predators).

If, for a given feature, the ranking of the Shapley value was higher than the ranking of the F value, the
importance of this variable for the general ecological feature studied is characterised to a greater extent by
interactions between species than just by the frequency of occurrence of a beetle category with a given feature or
in a given habitat. If this rank is lower, it means that the interaction effect does not occur for a particular feature
or category, i.e. it is so weak that it weakens the position of this variable in the importance ranking.

To predict the importance of one of the four categories of body size, ecological element or trophic type, the
Shapley values are treated as the importance of habitat variables and general ecological traits, apart from the
feature whose category is being analysed. These variables and features influence the predictions of the model with
different importance and direction (4 or—sign), which is expressed by Shapley values. Variables with Shapley
values with a positive sign contribute to the prediction of the gain of the tested category, while variables with a
negative sign contribute to the prediction of the gain of the other three categories, i.e. contribute negatively to the
prediction of the tested feature. In accordance with the principles described, four XGBoost-SHAP models were
created for each category of three general ecological traits:

a. Four models of body size category (1. 1—1.99 mm, 2. 2—4.99 mm, 3. 5 t0 9.99 mm, 4. > 10 mm), influenced
by the general ecological traits: ecological element and trophic type and 16 habitat features.

b. Four models of the ecological element category (1. tyrphophiles, 2. lakes, river species and rheobionts, 3.
argilophiles, 4. eurytopes), influenced by the general ecological traits: body size and trophic type, and 16
habitat features.

c. Four models of the trophic type category (1. shredders, 2. grazers and scrapers, 3. polyphages, 4. predators),
influenced by the general ecological traits body size and ecological element and 16 habitat features.

The influence of general ecological traits and habitat features on the above categories may tend to:
- Increase the impact on the importance of the tested category (positive Shapley values) and decrease the
impact on the importance of the other 3 categories,
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- Decrease the impact on the importance of the tested category (negative Shapley values), at the expense of

increasing the impact on the importance of the other 3 categories, or.

- No clear impact on the importance of all 4 categories (Shapley values close to 0).

Data availability
The data used in the study are available from the authors on request: joanna.pakulnicka@uwm.edu.pl, mkruk@
uwm.edu.pl.
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