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1. INTRODUCTION 

The ecological niche is a multidimensional spcace defined by environmental factors 

as its axes, within which populations of species are able to exist (Chase & Leibold, 2003; 

Hutchinson, 1978; MacArthur & Levins, 1967). Identifying and exploring these hypothetic 

axes are key issues in ecology, that lead us at the same time towards a better understanding 

of driving forces behind species distribution. Exact values, local differences and long-term 

changes of these environmental parameters have a direct effect on the presence or absence 

of certain species, and can also be key facilitators of speciation (i.e. the evolutionary 

process of new species formation) (Hughes et al., 2009; Mayr, 1973). 

Special scenes of such processes are riverine ecosystems where the uni-directional 

flow creates a continuous gradient of many biotic and abiotic variables, for example that of 

discharge, mean velocity, mean annual temperature, substrate particle size or riparian 

inputs, all of which, in addition, change from headwaters towards estuaries in a rather 

predictable way. These environmental gradients produce longitudinal zonation patterns in 

several groups of lotic organisms, e. g. fish or benthic invertebrates (Allan, 1995; Gordon 

et al., 1992; Hynes, 1970; Illies, 1961; Statzner & Dolédec, 2011; Vannote et al., 1980). 

Such zonation can be observed in the case of net-spinning caddisfly larvae (Trichoptera: 

Hydropsychidae). 

Larvae of Hydropsychidae, especially the members of the eponymic genus 

Hydropsyche are known to exhibit an overlapping downstream sequence of characteristic 

species, or more commonly a combination of two or three of them along river networks 

(Roux et al., 1992). 

The worldwide similarity of their sequential zonation, as well as the wide range of 

sensitivities and tolerance of organic pollution, anthropogenic effects or changes in water 

quality make net-spinning caddisfly larvae ideal bio-indicators and an ideal group of model 

organisms for studying species distribution in relation of environmental factors (Bonada et 

al., 2004; Higler & Tolkamp, 1983; Pîrvu et al., 2015). Despite their renowned suitability 

in applied ecology and in different ecological quality assessment methods based on benthic 

invertebrates, there is still more to reveal about or model the types and extent of impacts 

certain environmental factors have in shaping the sequential distribution of Hydropsyche 

species. 

Gradient-like longitudinal environmental parameters, such as annual water 

temperature range (Statzner & Dolédec, 2011), flow velocity (Hildrew & Edington, 1979; 
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Tachet et al., 1992) or substrate particle size (Alstad, 1980, 1982; Fuller & Mackay, 1980; 

Fuller et al., 1983; Wallace, 1975; Wallace et al., 1977) have a special importance in 

shaping the longitudinal zonation of Central-European Hydropsyche, while some 

indicators of ecological quality, such as the annual mean of dissolved oxygen (Becker, 

1987; Philipson, 1954; Philipson & Moorhouse, 1974), the inorganic forms of phosphorous 

and nitrogen (Buczyńska, 2013; Camargo et al., 2005; Pirvu et al., 2015; Vuori, 1995), 

salinity (Piscart et al., 2005; Sala et al., 2016; Zinchenko & Golovatyuk, 2013), heavy 

metal content (Bonada et al., 2005; Tszydel et al., 2016; van der Geest et al., 1999) as well 

as organic pollution in general (Engels et al., 1996; Higler & Tolkamp, 1983; Stuijfzand et 

al., 1999; Vuori, 1995) could still be defined determining. Biotic factors, like species-

specific traits, habitat and resource partitioning, staggering life cycles or competition 

influence primarily the coexistence of species in the same stretch, some of them, such as 

net-building characteristics, or differences in food paticle size preferences, however, could 

have and indirect effect on longitudinal distribution patterns (Alstad, 1982; Malas & 

Wallace, 1977; Wallace, 1975; Wallace et al., 1977). 

Species distribution modelling (SDM) has a central role in ecological and 

conservation studies to explain species occurrence based on environmental variables 

(Franklin, 2010). SDMs could reveal and evaluate the relationship between a certain 

environmental predictor and the presence (or absence) of species, while also being suitable 

for the estimation of effects that changes of these predictors cause. Models based on 

carefully selected, adequately complex set of environmental variables can predict the 

occurrence of species in formerly undiscovered or uninhabited locaions. 

After focusing mainly on linear, descriptive statistics and ordination techniques as 

key tools of SDM, attention has recently turned towards the application of machine 

learning (ML-) algorhytms due to their ability to handle missing or imbalanced data (a 

frequent feature of ecological studies), flexibility of fitting functions, automatic variable 

importance estimation and powerful predictive performance (Elith et al., 2006; Guisan et 

al., 2002, Knudby et al., 2010; Olden et al., 2008, Šmilauer & Lepš, 2014, Valavi et al., 

2021). Furthermore, single ML methods can be combined to work as an ensemble in order 

to improve performance and precision by learning from the predictions of base learners 

(Rokach, 2010, Wolpert, 1992). 
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2. AIMS 

Due to the worldwide similarity of the sequential zonation of species and also to the 

wide range of sensitivity to organic pollution and other adverse anthropogenic factors, 

larvae of the genus Hydropsyche are excellent bio-indicators, and ideal model organisms 

for studying species distribution in relation of environmental factors. Although members of 

the family Hydropsychidae are often used in applied ecological research, as well as in 

ecological quality assessment methods based on aquatic invertebrates, there is still more to 

reveal about the types and extent of impacts certain environmental factors have in shaping 

their sequential distribution. 

The aims of our research were: 

(1) to identify the main physical, chemical, habitat related and landuse parameters 

that influence the distribution of 10 Hydropsyche species occurring in the area 

investigated, 

(2) cluster species into groups based on similar ecological preferences, 

(3) to build an ensemble of machine learning (ML-) models based on the selected 

parameters that could explain and predict the distribution patterns of these 

groups.  

By the evaluation of the results obtained from the above mentioned steps, we could 

get an insight into the direct and indirect effects of the most important environmental 

factors, that shape the distribution of species. Using these factors as variables in an 

accurately built distribution model, occurrence of species or species groups can be 

predicted for habitats with unknown assemblages. Expected changes of distribution 

patterns can also be predicted in case of different environmental scenarios. 

 

3. MATERIALS AND METHODS 

Field samplings were carried out at 94 different sampling sites, all located on the 

right hand catchment of river Tisza in North-Hungary and the Northern Great Plain 

between 2009 and 2018. Net-spinning caddisfly larvae were collected as part of the benthic 

invertebrate fauna investigations determined by the EU's Water Framework Directive 

(WFD) according to the pro-rata multi-habitat AQEM protocol (AQEM Consortium, 

2002). 
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Physical and chemical parameters of water were determined by the Department of 

Public Health, Laboratory for Environmental Protection, Government Office of Borsod-

Abaúj-Zemplén County according to certified standards, while habitat-related parameters 

were recorded at the time of sampling of the biota. Some hydrological parameters were 

provided by the North-Hungarian Water Conservancy Directorate (ÉMVIZIG). 

Data were analized using three main types of statistical methods: dimesionality 

reduction techniques, decision tree based machine leaning (ML-) algorithms and regression 

analysis.  

Reduction of data dimensionality – like in the case of e.g. redundancy analysis 

(RDA), or hierarchical clustering – means the transformation of a high dimensional data 

set – containing, in our case, a high number of environmental predictors – into a low 

dimensional space, using the linear combination of the original features. It also includes 

the identification of features, according to which certain elements of the data set can be 

separated from each other and/or grouped into clusters. 

Decision tree based machine learning techniques include predictive algorithms, that 

first create base-learner decision trees with weak predictive power, then combine, improve 

or summarize their predictions in order to achieve higher accuracy, specificity, sensitivity, 

etc. The algorithms used in our study – Random Forest (RF – Breiman, 2001), Bagged 

Adaptive Boosting (AdaBag – Freund & Schapire, 1997), Gradient Boosting (GBM – 

Friedman, 2001) and Extreme Gradient Boosting (XGB – Chen & Guestrin, 2016) – apply 

two basic types of ensemble: bootstrap aggregating („bagging”), and boosting. 

As one of the final steps of analysis we applied Penalized Multinomial Logistic 

Regression (PMLR – Anderson & Blair, 1982), a type of regression analysis, in which the 

probabilty of a possible outcome is predicted as a linear combination of one or more 

independent variables (predictors). 

After data preprocessing the top most important predictors per species equal to 1/10 

the count of cases indicating presence were determined according to the results of a 5-fold 

cross-validated Random Forest model (Liaw & Wiener, 2002). 

For the clustering of species to ecologically relevant groups the dissimilarity matrix 

of species scores on the first four axes of a redundancy analysis (RDA – Oksanen et al., 

2020) was subjected to hierarchical clustering (Kassambara & Mundt, 2020). Species 

belonging to the same cluster were then handled together as groups in subsequent analyses. 

„Stacking ensemble” technique (Wolpert, 1992) was used to model the relationship 

between species(-groups) and the retained environmental variables, where the 5-fold cross-
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validated predictions of four different base learner (Level 1) models – RF, GBM, AdaBag 

and XGB – trained on the stratified 3/4 split of the modelling dataset were “stacked” as 

predictors in a final „meta”-model. 

Level 2 models, with hyperparameters, determined during Level 1 were used to give 

predictions on the hold-out 1/4 split of the dataset. This resulted in a test set of data in 

which the dependent variable is the dominant species(-group), while the independent 

variables are predictions of Level 2 models. 

As a final step, predictions of a PMLR-model – trained on the stacked predictions of 

base leraners, thus „combining their predictive power” – were tested on the predictions of 

Level 2 ones. Performance of each model were assessed calculating accuracy, Cohen’s 

kappa (κ) and the area under the Receiver Operating Characteristic (ROC-) curves. 

 

4. RESULTS AND DISCUSSION 

Faunistical results 

A total 9376 larval specimens of ten different Hydropsyche species – H. 

angustipennis, H. bulbifera, H. bulgaromanorum, H. contubernalis, H. fulvipes, H. 

incognita, H. instabilis, H. modesta, H. pellucidula and H. saxonica – were recorded from 

278 samples during the ten-year sampling period. Less sensitive species with higher 

tolerance of adverse anthropogenic effects were found most frequently and had the highest 

relative abundancies as well. Aggregation of environmental parameters and species’ 

abundance data yielded a final raw dataset of 215 cases for further analyses. 

The ten species of the net-spinning caddisfly genus Hydropsyche found in the 

investigated area represent a wide range of environmental preferences. H. fulvipes, H. 

instabilis and H. saxonica inhabit small and medium sized streams of the crenal and upper 

rhithral zones, H. incognita and H. pellucidula are characteristic all along the rhithral 

zones, while H. contubernalis and H. bulgaromanorum are typical large-river species, 

living in the potamal zone. H. angustipennis, H. bulbifera and H. modesta are known to be 

among the most tolerant hydropsychids in Central Europe, usually occurring in the middle 

sections of the stream–river continuum (Waringer and Graf, 2011). Faunistical results 

reflecting the sequential zonation patterns that are characteristic for the genus. 

 

The influence of environmental factors on the distribution of net-spinning caddisfly larvae 
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13 environmental variables were identified to be relevant to the presence of one or 

more Hydropsyche species. Members of the group fulv_inst_saxo (H. fulvipes, H. instabilis 

and H. saxonica) prefer sites at higher altitudes, that have larger particle sized substrates 

under waters with lower average temperature, lower salinity and lower levels of nitrate, 

while characteristic species of the potamal region (H. modesta, H. contubernalis and H. 

bulgaromanorum) unsurprisingly occur in larger rivers with higher discharge, farther from 

sources. Species inhabiting small and medium sized streams of rhithral regions have wider 

range of preferences, the higher tolerace of the least sensitive ones, however – especially 

that of H. angustipennis in case of chemical oxygen demand (COD) and orthophosphate-

phosphorous content (PO4P) – is markedly obvious. 

It is also remarkable that the 13 most important variables are measured in various 

spatial scales. They include spot-like measurements (such as conductivity, chemical 

oxygen demand, orthophosphate-phosphorous content, etc.), parameters, recorded for a 50-

100 m reach of watercourse (e.g. substrate particle size composition) as well as variables 

defined at the range of geographical scales (e.g. above mean sea level, land use variables). 

 

Clustering of species to ecologically relevant groups 

 

First four axes of the redundancy analysis (RDA) explained 38.23%, 19.44%, 

18.94% and 11.91 % of variance in the species abundance data constrained by the selected 

environmental variables. 

The clustering of species resulted in the formation of 6 different “groups”, three of 

which contained only one species (H. bulgaromanorum, H. contubernalis and H. modesta), 

while others had two (H. incognita + H. pellucidula and H. angustipennis + H. bulbifera) or 

three (H. fulvipes + H. instabilis + H. saxonica) members. The groups created by clustering 

distinctly reflect the sequential zonation, ecological preferences and also the distinction in 

the tolerance of species according to Dohet (2002), Lechthaler & Stockinger (2005), Pitsch 

(1993) and Waringer & Graf (2011). The only member of the bulg group, H. 

bulgaromanorum is a characteristic species of the potamal zones of large lowland rivers. 

Species of the closely related clusters cont and mode (containing H. contubernalis and H. 

modesta repectively) inhabit similar habitats, typically at higher altitudes in the 

investigated area. Members of the angu_bulb group, H. angustipennis and H. bulbifera 

rarely occur in the potamal zones, but mostly prefer small and medium sized rivers in the 

rhithral zone (Lechthaler & Stockinger, 2005; Waringer & Graf, 2011). Similar zonal 
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preferences characterize the group inco-pell, the sensitivity of its members, H. incognita 

and H. pellucidula, however, are much higher than that of the former group. H. fulvipes, H. 

instabilis and H. saxonica form a well-defined, distinct group – these species inhabit 

headwaters and small streams at the highest altitudes while being the less tolerant of 

environmental degradation, water pollution and adverse anthropogenic effects (Edington & 

Hildrew, 1995; Graf et al., 2008, Higler & Tolkamp, 1983; Statzner & Dolédec, 2011). 

 

Results of modelling the relationship between environmental variables and the dominant 

occurance of species(groups) 

Level 1 (base learner) models showed mediocore or poor performance in predicting 

the dominant occurrence of the clusters above. The list of the most important 

environmental variables in these models, however, were highly similar, and their multi-

scalar nature remained the same, despite the decrease in the detail of the dependent 

variable, i.e. the dominant taxon, as a result of hierarchical clustering. Bagged Adaptive 

Boosting performed the worst (AUC = 0.715, Accuracy = 0.475, Kappa = 0.269) followed 

by Extreme Gradient Boosting (AUC = 0.760, Accuracy = 0.468, Kappa = 0.296) and 

Generalized Boosting (AUC = 0.777, Accuracy = 0.506, Kappa = 0.332) while the best 

performance was measured for the Random Forest base learner (AUC = 0.802, Accuracy = 

0.526, Kappa = 0.347). The weak performance of base learners – at least compared to their 

predictive power reported by e.g. Valavi et al., 2022 and Zhang et al., 2019 – is most 

probably the result of classs imbalance (Benkendorf et al., 2013), the relatively small 

number of cases (van Proosdij et. al., 2016) and the strict validation criteria applied. 

All three evaluation metrics showed a significant increase in the case of the final 

(meta-) model (AUC = 0.847, Accuracy = 0.769, Kappa = 0.686), which appeared to have 

maximum sensitivity (TPR – true positive rate) for groups bulg (TPR = 1.000) and cont 

(TPR = 1.000), while being still impressively high for the group angu_bulb (TPR = 0.908). 

Balanced accuracy, used for an „overall”, group-wise evaluation of the model performance 

and expressed as the mean of sensitivity and specificity, was the highest in case of groups 

bulg, cont and fulv_inst_saxo (1.000, 0.978 and 0.888 respectively), while being the lowest 

in case of groups angu_bulb, inco_pell and mode (0.856, 0.689 and 0.621 respectively). 
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5. SUMMARY 

According to our results, gradient-like environmental parameters are the most 

important predictors of the longitudinal zonation of Hydropsyche species, while some 

indicators of ecological quality – whose values are typically related to certain acute or 

diffuse anthropogenic impacts – can also have significant effect. 

Investigating the complex effects of the most important environmental variables on 

the distribution of Hydropsyche species resulted in clusters of single species or species-

groups, reflecting the similar ecological demands of their members. 

 

According to the performance of our final, machine learning (ML-) ensemble model 

that can accurately predict the presence or absence of spcies and/or species-groups based 

on selected environmental variables we can conclude, that 

– the distribution patterns of Hydropsyche larvae in the river network of a 

(sub)basin can be adequately modelled by machine learning algorithms based on carefully 

selected environmental parameters; 

– due to the heterogeneity of microhabitats and the peculiar longitudinal 

connectivity of a dendritic stream-river network, it is particularly important to include 

variables measured on various spatial scales in case of modelling riverine ecosystems; 

– the mediocre or poor performance of ML-algorithms with strictly supervised 5-

fold cross-validation – applied to compensate the natural bias in species occurrence data – 

can be highly improved by stacking ensemble to give accurate predictions; 

– a model, constructed this way, could accurately predict the dominant 

occurrence of Hydropsyche species/groups at sites with previously unknown fauna; 

– it could also be used to examine or predict the changes of distribution patterns 

or areas of species under different environmental or climate change scenarios; 

– the modelling approach we applied here can be suitable to study the 

distribution patterns of further species or taxa in other aquatic invertebrate groups 

constrained by their environmental preferences. 
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